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Abstract

ELECTROCHROMIC MATERIALS represent a special and intriguing class of redox
active compounds, characterized by a drastic change in their optical properties
upon reduction or oxidation. Many aromatic organic molecules, monomeric
or polymeric, are electrochromic, and some of them can even outperform their
inorganic counterparts in some aspects. In particular, the ability to easily tune
the colour of the redox states, represent an invaluable asset of this class of com-
pounds. Among the many different organic electrochromic materials, those
possessing a highly transmissive colourless state have gained much attention
for their potential application in smart windows, self-darkening eyeglasses,
anti-glare car rearview mirrors, etc. Moreover, a neutral tint of the coloured
form is desired for these applications in order to avoid colour distortion.

This work develops a novel class of discrete and polymeric electrochromic ma-
terials based on the violene structural motif. In particular, the class of diazinium
ethenes has been explored and the electrochromic properties of the deriva-
tives have been evaluated by electrochemical measures. These compounds
have shown to undergo a reversible two-electron transfer, accompanied by a
colourless == coloured electrochromic behaviour with high contrast in the
450-550nm region.

The new violene discrete electrochromes were then incorporated in a poly(3,4-
ethylenedioxythiophene) (PEDOT) matrix, developing an hybrid multichro-
mophoric system that take advantage of the characteristics of both systems to
achieve a panchromatic absorption in the reduced state and a very high contrast
value. In particular, the incorporation of the violene electrochromes has been
obtained linking them, through a tether, to an EDOT moiety, and subsequently
polymerizing (chemically or electrochemically) the modified monomers (ISOx).
The obtained polymers, poly(ISOx), display colourless highly transmissive ox-
idized states and reduced states with an extended colour palette (violet-red,
purple and brown). Moreover, an impressive electrochromic contrast in the

visible region has been achieved, with calculated luminance variations as high



as 72%. This result represent a big improvement compared to the literature re-
ported 52% for a system with comparable spectral characteristics.

In the last chapter, a novel and versatile synthon for EDOT derivatization,
exo-methylene-EDOT, is described and characterized along with some of its
derivatives. This compound readily react with alcohols under acid catalysis
to give Markovnikov addition products, and with thiols, in presence of radi-
cal initiators or photochemically, to give sulfides (anti-Markovnikov products).
The latter reactivity proved to be very interesting for the extreme rapidity and
high conversions achieved. An EDOT derivative with a pendant trialkoxysi-
lane moiety has been prepared using 3-mercaptopropyltrimetoxysilane as thiol
counterpart. This compound was subsequently tested as reagent for the func-
tionalization of surfaces with EDOT moieties. An alternative approach, relying
on an in situ thiol-ene reaction between exo-methylene-EDOT and a thiol func-
tionalized surface, was also tested to achieve such functionalization. Both pro-
cedures have demonstrated to provide the desired surface modification. This
kind of ultra thin films could find application as coupling layers for the depo-
sition of PEDOT-like polymers on metal oxides, solving the adhesion problems

that hamper the long-term operation of the devices.
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Chapter 1

Introduction to Electrochromic

Materials

1.1 Electrochromism

The phenomenon of electrochromism can be macroscopically defined as the
change, evocation or bleaching of colour as a consequence of an electron trans-
fer (redox) process occurring in a material. For practical applications this pro-
cess is required to be reversible.!” When an electrochromic material is incorpo-
rated in an electrochromic device, it is able to change its optical properties upon
application of a small electrical voltage and change them back to the initial state
upon inversion of the applied potential.* For a material to be electrochromic it

has to show:
e multiple stable, accessible redox states;
e absorption bands in the visible region (at least in one state);

e generation of different visible region electronic absorption bands on switch-

ing between redox states.

Electrochromism results from the generation of different visible region elec-
tronic absorption bands on switching between redox states. The colour change
is commonly between a transmissive (bleached) state and an absorptive coloured

one, or between two absorptive coloured states with different hues. In cases



1.2 - Electrochromic materials: Performance Evaluation

where more than two redox states are electrochemically available, the elec-
trochromic material may exhibit several colours and be termed polyelectrochro-
mic.

Likely applications of electrochromic materials include their use in:

e controllable light-reflective or light-transmissive devices for optical infor-

mation and storage,
e anti-glare car rear-view mirrors,
e sunglasses,
e protective eyewear for the military,
e controllable aircraft canopies,
e glare-reduction systems for offices,
e smart windows for use in cars.

Of these, electrochromic car rear-view mirrors have already achieved consid-
erable commercial success. These safety devices prevent mirror-reflected glare

which causes an after image to stay on the eye’s retina.

1.2 Electrochromic materials: Performance Evalua-
tion

In order to allow the comparison of the performances of different electrochromic
materials, we will briefly introduce some of the more common quantities adopted
in the literature. For most of them, a standardization of the measuring tech-
niques does not exist. Nevertheless, a clear understanding of them is of central
importance to correctly evaluate the right material for a certain application.

1.2.1 Contrast Ratio

The contrast ratio CR is a commonly employed measure denoting the intensity
of colour formed electrochemically as seen by eye (Eq. 1.1):
Ry

= 1.1
CR R, (1.1)
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where R, is the intensity of light reflected diffusely though the coloured
state of a display, and R, is the intensity reflected similarly but from a non-
shiny white card. The ratio CR is best quoted at a specific wavelength usually
at \,,,q. of the coloured state.

As in practice, a CR of less than about 3 is almost impossible to see by eye,
and an as high as possible value is desirable. Typical values of 60:1 can be ob-
tained in devices based on heptyl viologen radical cation, or 10:1 for the cell
WOj|electrolyte|NiO.® In the case of a transmissive device of the type em-
ployed in smart windows, sunglasses, etc., Eq. 1.1 can be reformulated consid-
ering the ratio between transmitted light in coloured and bleached sates at a

certain wavelength (Eq. 1.2):

CR= % = elae—)L (1.2)

where T}, and T, are the transmittaces of the device in bleached and coloured
state respectively. Another way to evaluate contrast is to use absorbance varia-
tion AA = log(C'R) between the two states.
However, both these expressions for contrast suffer from some limitations since
most of the applications of electrochromic materials (windows, sunglasses, etc..)
deal with the concept of color (or brightness) as perceived by human beings. As
a consequence, a good contrast parameter should take into account the phys-
iology of vision and color perception. As an example one should consider
that when the EC film is extremely thin, the brightness of an EC device in the
bleached state and in the colored state are indistinguishable as the film appears
almost colourless in both states, while the opposite happens for a very thick film
as both states are fully absorbing. Thus, in accordance with eye-perception, the
maximum contrast of an EC film is achieved at some intermediate thickness
while both CR from Eq. 1.2 and AA show a monotonical increase with layer
thickness L. A simple way to solve this problem is to express contrast of an EC

device as transmittance variation between the two states (Eq. 1.3):
AT(\, L) = Ty(A\, L) = To(\, L) = e~ WL _ gmac(VL (1.3)

obtaining a quantity that shows a maximum at a certain thickness L,,()) (Fig.
1.1a).%7

The expression in Eq. 1.3 is valid if the film is uniform and colouration
efficiency is constant, so that Lambert-Beer law A = ecL = oL can be applied.

The optimum value of thickness L,,()\) can thus be calculated easily solving
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Figure 1.1

d(AT)/dT = 0 obtaining:

(1.4)

where y(\) = ap(N) /ac(N) = Ap(N) /Ac(N), and is dependent on the chosen wave-
length A. From Eq. 1.3 and 1.4 follows that the maximum contrast achievable at
a certain wavelength ) is:

atu=(2-1)-(3)" (15)
gl gl

where () is simply the ratio of the absorbance spectra (0 < v < 1, Fig. 1.1b).
From the experimental point of view, values close to the optimal value are easy
to obtain since plotting AT /AT, (L/L,,) for some values of v one can see that
the function is quite "flat" near the optimal thickness value (Fig. 1.2). As a mat-
ter of facts AT is the most widespread parameter encountered in the literature
for the evaluation of electrochromic contrast. Nevertheless, it's a rough approx-
imation that relies on a single wavelength measure, ignoring the rest of spectral
data and human color perception. Consequently, it appears to be a simple way
to evaluate performance of ECDs exhibiting the same or a very similar visible
absorption band, but cannot be used for comparisons between electrochromes
with different spectral behaviour. In these cases the best parameter for contrast
evaluation is lightness variation AL* between the two states, where lightness
L* is a colorimetric coordinate in CIE 1976 L*a*b* color space. A short introduc-

tion to this color space will follow in section 1.2.7.3

4
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Figure 1.2 AT /AT, as a function of L/L,, for some values of y

1.2.2 Coloration Efficiency

During the operation of the ECD, the electrochemical process occurring at the
electrode can be depicted as in Eq. 1.6 where the electrochrome, in its oxidised

form O, accepts n electrons from the electrode changing to its reduced form R.
oxidised form, O +ne~ — reduced form, R (1.6)

Following Faraday’s first law, the number of color centres formed is hence pro-
portional to the amount of electrochemical charge passed for unit area (), and
one has, considering Lambert-Beer law, AA oc (). This faradaic charge equals to-
tal charge only in the absence of 'non-faradaic” processes in the cell, and in the
absence of unwanted side reactions. Even in the presence of a 100% efficient
process at the electrode, some deviations from Eq. 1.6 can be observed in solid
state systems because both the shape of the absorption band and the position
of its maximum can change somewhat with the extent of charge insertion.! The
proportionality factor between AA and () is called colouration efficiency (Eq. 1.7)
and is clearly dependent on the optical pathlength.
_AA

=" [em?C™] (1.7)
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Colouration efficiencies must be determined at a fixed, cited, wavelength; 7 is
defined as positive if colour is generated cathodically, but negative if colour
is generated anodically. Organic electrochromes usually show higher coloura-
tion efficiencies when compared to inorganic counterparts as a consequence of
the different nature of the electronic transitions responsible for the colouration.

Typical values of 7 for different electrochromes are listed in table 1.1.

Table 1.1 Colouration efficiencies of diffent elctrochromes

Electrochrome Amaz n Ref.
nm cm?C!

WO, 630-633 36-115 8-10
NiO 630 -37 1
Methyl Viologen 604 176 112
Indigo Blue 608 -158 112
Methylene Blue 661 -417 112
Safranin O 530 -274 112
Poly(3,4-propylenedioxypyrrole) 480 -520 112
Poly(3,4-propylenedioxythiophene) 551 275 112
Poly(3,4-ethylenedioxithiophene) 585 183 13

1.2.3 Electrochromic Memory Effect

In ECDs, colour is generated upon application of an external voltage which
causes charges (electrons and counterions) to flow. As a consequence, in such
a device colour can be easily modulated and controlled monitoring the ap-
plied potential and the amount of charge passed. In the absence of defects
(e.g.: electronic conduction in the electrolyte), when the external circuit is open
electron flow is inhibited, and hence the device preserves its state (bleached or
coloured). As a consequence, ECDs don’t need a continuously applied volt-
age (unlike liquid crystal based devices), and consume power only during the

switching process (memory effect).

1.2.4 Response Time

The response time (or switching time) 7 is the time required to the ECD to
change from one redox state to the other and vice versa. This parameter is es-

pecially important for applications like displays and ophthalmic lenses where

6
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a rapid colour change is desirable. It is usually defined as the time required for
some fraction of the final colour to form. Calculation is performed on single-
wavelength chronoabsorptometric and chronocoulometric data from an elec-
trochemical kinetic experiment where the device is switched from fully reduc-
ing to fully oxidizing potential values (potential steps). A lot of different factors
contribute in the determination of the kinetic of the ECD thus affecting 7, but
their role is very dependent on the class of materials under study, prapara-
tion/deposition technique, device structure, nature of the electrolyte, etc. For
electrochromic devices based on conjugated polymers ionic diffusion inside the
electrolyte and inside the electrochromic polymeric layer play a dominant role
as shown by Anson plots of chronocoulometric data.!* Reynolds et al.>15 re-
ported values of 0.36s and 2.2s/4.4s for PEDOT oxidation and for Prussian

Blue oxidation/reduction processes respectively.

1.2.5 Write-Erase Efficiency

The write-erase efficiency is the fraction of the originally formed colour that can
be sunsequently electrobleached. Values lower than 100% can result from the
presence of non-reversible processes at the electrode or when the electrochrome
is soluble, at least in one of its redox states, in the electrolytic solution and hence

able to diffuse away from the electrode.

1.2.6 Cycle Life

Cycle life represents the number of write-erase cycles that an ECD can perform
before any significant extent of performance degradation has occurred. The
measure of cycle life is usually performed switching the device repeatedly with
double potential steps between its coloured and bleached states with pulses
duration greater than 7. Since ECDs are quite complex, many different factors
can contribute to lower cycle life, and the determination of dominant ones is
a key aspect of the optimization process. Where organic electrochromes are
employed, long term stability of both redox states to operational conditions
must be carefully considered, and observed cycle lives are usually lower than
those of inorganic counterparts. Cycle lives in the order of 10° cycles are usually

required for applications.
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1.2.7 Colour Analysis

The ability to describe, measure and compare colours is a pivotal tool in all
those research areas where light interaction with human eye is somewhat in-
volved, and concepts like hue, lightness, brightness, saturation play a crucial role.
Electrochromic materials make no exception since color of light transmitted or
reflected by ECDs have to be considered in most of their applications (e.g.:
smart windows, sunglasses, etc.). Since colour is a visual perceptual property,
its measure is not directly possible. To solve this problem, the International
Commission on Illumination (Commission Internationale de I’Enclairage, CIE) has
developed the so called CIE colorimetry, which looks back over an evolution of
75 years. CIE colorimetry deals with the measure of the stimulus that causes
colour perception and can thus be defined as the metric of the psychophysical

color stimulus. 116

1.2.7.1 Introduction to the CIE System

Light sensation is produced by visible radiation; electromagnetic radiation falling
within the wavelength limits of 380nm and 780nm. Radiation from the short
wavelength range of this radiation usually produces the sensation of blue light;
radiation with wavelengths between 520nm and 550nm is seen as green light,
and above about 650nm we usually perceive the light to be of red color. These
limits are not well defined, and the actual perception depends strongly on the
adaptation state of the eye and on light stimuli surrounding the test object. Ba-
sic colorimetry, the description of the results of color matching experiments, is

built on additive color mixing and obeys to the following empirical rules:

1. Three independent variables are necessary and sufficient for the specifi-

cation of a color match.

2. For an additive mixture of color stimuli, only their tristimulus values are

relevant, not their spectral compositions.

3. If one or more components of the mixture are gradually changed, the re-

sulting tristimulus values also change gradually.

Once a colour matching experiment (Fig. 1.3) is performed between a tested
colour and three properly selected stimuli (e.g. monochromatic red, green and
blue lights with variable intensity), the colour can be characterized by the three

luminance values of the matching stimuli reaching the eye of the observer. The
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/— Intensity
regulation

Matching —\
stimuli

Test
stimulus —/

Figure 1.3 Basic color matching experiment

spectral power distributions (SPDs) of the test stimulus and of the additive
mixture of the three matching stimuli are usually different. In such cases we
speak about metameric colors: they look alike to the human observer (having
equal tristimulus values), but their SPD is different. It is apparent that, defining
clearly the matching stimuli (spectral composition, intensity units), is possible

to descibe a color match in the form:
[C] = R[R]+G[G]+ B[B] (1.8)

where [C] is the unknown stimulus and [R], [G], [B] are the matching stimuli.

The equation can be rewritten, for a nonmonochromatic test color stimulus, in

the form:
780 nm 780 nm ~780nm _
C]= /3 o TPV [R]+ /3 o INPANGI [ )P dA-[B]

(1.9)
where 7(\), g(\) and b()\) are the color matching functions (CMFs), and represent
the amounts of the three matching stimuli needed to match the monochromatic
constituent of the equienergy spectrum at wavelength A\. The CIE 1931 stan-
dard defines a standard observer and the spectral composition of the primaries
(single monochromatic wavelengths: 700nm for the red, 546.1 for the green and
435.8for the blue). The requirement that, for an equienergy spectrum, the ad-

dition of unit amounts of the three primaries gives the colour match leads to
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the following expression for luminance of a colour stimulus with tristimulus
values R, GG, B:
L =1.0000R+4.5907G' + 0.0601B (1.10)

as a consequence of the different energy content of the three monochromatic
radiations. Performing colour matching with the stated primaries, CMFs illus-

trated in figure 1.4a are obtained.

0A0 T T T T T ™

3 T\ -
0%0F g0 20 — )

: —DbN ] 1 y@®
020 E 1.5 — z
010f E 1.0+
000 0.5%

—0.10§...|...N ..... Lisuviiis, Lissuiia |..g O.G: { T } f
400 500 600 700 800 400 500 600 700
A(nm) A/nm
(a) CIE RGB color matching functions (b) CIE 1931 XYZ color matching functions
Figure 1.4

Negative lobes indicate that in some part of the spectrum a match can be
obtained only adding the matching function to the test stimulus. To avoid
this problem in 1931 CIE decided to transform from the real [R], [G], [B] pri-
maries to a set of imaginary primaries [X], [Y], [Z] where CMFs have no neg-
ative lobes (Fig. 1.4b). Further requirements were that the tristimulus values
of an equienergy stimulus should be equal (X =Y = Z), that one of the tris-
timulus values should provide a photometric quantity, and that the volume of
the tetrahedron set by the new primaries should be as small as possible. The

tranformation is described by Eq. 1.11.

X|  |2.768892 1.751748 1.130160| |R
Y| =1]1.000000 4.590700 0.060100| - |G (1.11)
Z 0 0.056508 5.594292| |B

In connection with Eq. 1.8 the amounts of primaries needed to achieve the

colour match are the tristimulus values. In CIE-XYZ system they are defined

10
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as:

~780nm
X=k [ or(Na(N)dA

380nm
780nm
Y==F 450 PA(N)y(N)dA, (1.12)
7=k 80 A)Z(A)dA
- 380 nm gbA( )Z( ) 9

where ¢, () is the colour stimulus function seen by the observer.

Colorimetry makes distinction between two different classes of color stimuli:

e stimuli reaching the observer directly from a primary light source (e.g.

sunlight, color monitor etc..);
e stimuli reaching the observer from a reflective or transmissive material;

and the constant £ in Eq. 1.12 assumes different values for the two cases. Our
interest is focused on non-self-luminous objects, called secondary light sources,
where light coming from a primary source falls on a trasmitting /reflecting ma-
terial and part of it reaches the observer. Being the spectral reflection and
transmission described by spectral reflectanace R()\) and spectral transmittance
T()\), we can write the colour stimulus function as:

PA(A) = R(A)-S(A) or ¢A(A) =T(A)-S(A) (1.13)

where R(\) is the spectral reflectance factor and 7'()\) the spectral transmittance
factor of the object color (evaluated following a standard geometric condition),
and S()) is the relative SPD of the illuminant (possibly one of those standard-
ized by CIE).

1.2.7.2 Chromaticity Coordinates

Since the colour stimulus is fully described by the tristimulus values X, Y, Z, a
tull plot all visible colours is a 3D figure. However, it is possible to divide the
concept of colour in two parts: brightness and chromaticity. For example, grey
and white are considered to have the same chromaticity but different bright-
ness. In CIE XYZ color space Y parameter is designed to measure brightness
(or luminance) of colour while chromaticity is measured by two derived pa-

11
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rameters x and y defined inside a derived colour space:

B X
T Xiv+z
Y
- 1.14
y X+Y+ 27’ (1.14)
TXiviz Y

The diagram that represents all the chromaticities visible to the average person
(gamut of human vision), is called chromaticity diagram and is represented
in figure 1.5. The curved edge of the gamut is called the spectral locus and
corresponds to monochromatic light, with wavelengths listed in pm.

C.LLE. 1931 Chromaticity Diagram
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Figure 1.5 CIE 1931 color space chromaticity diagram

1.2.7.3 CIELAB and CIELUV uniform color spaces

CIE Y,z,y color space is well suited to describe colour stimuli. However some
problems arise when looking to color differences (e.g. if someone want to know

12
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if two different samples will be indistinguishable by visual observation or not).
In 1942, Macadam'” showed that the chromaticity difference that corresponds
to a just noticeable color difference will be different in different areas of the z,y
chromaticity diagram, and that at one point in the diagram equal chromaticity
differences in different directions represent visual color differences of different

magnitudes (Fig. 1.6). In order to solve this problem and obtain a uniform

Figure 1.6 Ten times just noticeable chromaticity differences according to
MacAdam’s determination'”

chromaticity diagram, different transformation of CIE Yzy were attempted but
none was perfect. The following transformation for the uniform chromaticity
scale diagram (CIE 1960 UCS diagram) was reccomended by CIE in 1959 (and
amended in 1976, Fig. 1.7):

o — 4X B 4z
S X415Y +3Z  —22+12y+3’ (1.15)
o 9Y 9y '

T XF15Y 437 —20+12y+3

However, colour stimuli are three dimensional, and the request to extend the
UCS into a three dimensional space was already expressed at the time the 1960
UCS diagram. In 1976, CIE amended the UCS diagram and recommended two

13
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460 @& g

Purplish Blue

Figure 1.7 CIE 1976 uniform chromaticity scale diagram (UCS)

new color spaces: CIELAB and CIELUV. These new colour spaces are called
uniform colour spaces and are formulated in such a way that equal distances cor-
respond to colours that are perceptually equidistant. Both spaces can be used
with the CIE 1931 standard colorimetric observer if the samples are seen within

a visual angle between 1°and 4°.

CIELAB color space This color space is defined by the following equations:

L*=116f(Y/Y,) — 16,
a® =500 [f(X/Xn) = f(Y/Yn)], (1.16)
b* =200 [f(Y/Yn> - f(Z/Zn)] .

where

1/3 . 63
J) = t1 25; 2, 4 Tft> (269)3 (1.17)
3(% ) t+ g9, ift<(59)
and where X; Y; Z are the tristimulus values of the test object color stimulus
considered, and X,,, Y},, Z,, are the tristimulus values of a specified white object
color stimulus. In most cases, the specified white object color stimulus should
be light reflected from a perfect reflecting diffuser illuminated by the same light

source as the test object. In this color space the positive a* axis points approxi-
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mately in the direction of red color stimuli, the negative axis approximately in
the direction of green stimuli; positive b* points approximately in the direction
of yellow stimuli and negative b* approximately in the direction of blue stim-
uli. L* is coupled to the luminance of the stimulus, thus it is a crude correlate of
lightness. Therefore one can construct approximate correlates of the perceived
attributes lightness, chroma, and hue in the following form:

CIE 1976 lightness : L* asin Eq. 1.16 (1.18)
CIELAB chroma : = (a2 4531/ (1.19)
CIELAB hue angle : hqp = arctan(b* /a®) (1.20)

The CIE L*a*b* space is a standard commonly used in the paint, plastic and
textile industries.

CIELUV color space In 1976, the CIE was unable to select only one single
color space as representative "uniform color space”, and agreed to a second
one as well: CIELUV. The L*u*v* colour space is now used as a standard in
television, video and the display industries. The L* function of the CIELUV
space is the same as that of the CIELAB space, thus equations 1.16 and 1.17
describe CIE 1976 lightness also in the CIELUV space. In a three-dimensional

Euclidian space, the other two coordinates are:

(1.21)

where u’; v’ are the CIE 1976 UCS coordinates of the test stimulus (Eq. 1.15, and
un; vy, are those of a specified white object color stimulus. In the CIELUV space,

correlates of chroma, hue and saturation can be defined as follows:

CIELUV saturation: suv = 13[(v/ = up)? + (v/ = v},)?] (1.22)
CIELUV chroma : = W) =, (1.23)
CIELUV hue angle : hyy = arctan(v®/u*) (1.24)

1.2.7.4 Colorimetry of ECDs

When it comes to electrochromic materials, it is clear that their properties are

better described with the tools of colorimetry, and numerous examples of their

15,18-21

application can be found in literature . Considering all the assets and
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drawbacks of the three different colour spaces, generally in situ colorimetric
results are expressed graphically in the CIE 1931 Y zy colour space system. (In
addition, due to the common use of the CIELAB system, values of L*a*b* are
also often reported). As a consequence, electrochromic contrast can be better
described by luminance variation AL* since it is a far better representation
of lightness when compared to transmittance variation (described in section
1.2.1). Colorimetric measures on electrochromic films deposited on optically
transparent electrodes are usually performed under potential control in a spec-
troelectrochemical cell, mounting the sample inside a light box, and using a
commercial colorimeter (e.g. Minolta CS-100 Chroma Meter) in a 0/0 geome-
try. In this way, rather than simply measuring spectral absorption bands, the
human eye’s sensitivity to light across the whole visible spectral region is taken
into account, and a numerical description of a particular colour is given. As an
alternative one could calculate the colorimetric quantities starting from UV /Vis
absorption data as described in ASTM E308 standard using a simple numerical
spreadsheet. In this case, a calibrated light source that can be software corrected
to represent the standard illuminants suggested by the CIE is required. Colour
of ECDs in their redox states play a central role in many of their possible ap-
plications (e.g.: sunglasses, smart windows, displays). The need to expand the
available color palette has driven most of the research on electrochromics in the
last 10 years.2® Full color display applications require materials switching from
an highly transmissive state to an absorptive one with high color purity. 192627
On the other hand, the development of electrochromic materials able to change
from an highly transmissive state to absorptive one with a neutral hue (located
near the white point of the chromaticity diagram) is desired for some applica-
tions (windows, sunglasses, rearview mirrors) since this eliminates problems
of colour distortion. However, this has remained a challenge owing to the extra
requirement for simultaneous and efficient electrochemical bleaching of all ab-
sorption bands over the visible region, and there are only few examples of this

type in literature. 2021

1.3 Inorganic Electrochromic Materials

1.3.1 Metal Oxides

Among inorganic electrochromic materials, transition metal oxides occupy a

central role since many of them can be electrochemically switched to non-stoichiometric
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redox states with an intense electronic absorption band due to optical inter-
valence charge transfer. Metal oxides showing electrochromism include those
of: cerium, chromium, cobalt, copper, iridium, iron, manganese, molybdenum,
nickel, niobium, palladium, praseodymium, rhodium, ruthenium, tantalum,
titanium, tungsten and vanadium. The coloured forms of these materials usu-
ally show blue or grey to black colouration, and it is much less common for
transition-metal oxides to form other colours by intervalence transitions. The
oxides of tungsten, molybdenum, iridium and nickel show the most intense
electrochromic colour changes. The oxides IrO,, MoO;, Nb,O5, TiO,, NiO,
RhO, and WOj; posses a colourless redox state, so allowing the electrochromic
transition: colourless (clear) == coloured. This property is especially interest-
ing, as stated in section 1.2.7.4, and finds application in on-off or light-intensity
modulation roles.??8 Tungsten trioxide (WO3), a high-bandgap d° semicon-
ductor, is the most widely studied electrochromic material. In 1815, Berzelius
reported that pure WO; changed its colour from pale yellow when heated un-
der a flow of H, gas?’, and the first recorded color change following an electro-
chemical reduction of WO; was in 1930%. Thin-films of WO; with all tungsten
sites in oxidation state W ¥! are colourless or very pale yellow. On electrochem-
ical reduction, WV sites are generated, electrons and protons (or monovalent
cations) are injected from the electrolyte, and colour change follows. In the case
of Li* cations, which are often employed as the electrolyte cation, the reaction

can be written as:

WO;+z(Lit+e7) = Li, WYL 'WY0, (1.25)

(1-)
colorless deep blue

At low z the films have a deep blue color likely caused by photo-effected inter-
valence charge transfer (IVCT) between adjacent WY and W V! sites. At higher
z, insertion irreversibly forms a metallic "bronze" that is red or golden. The
details of the colouration mechanism in WOj are fairly complicate. Deb3! un-
derlined the critical role played by defects (oxigen vacancies) along with the
involvement of four other mechanisms: (a) IVCT, (b) polaronic absorption, (c)
interband excitations, and (d) transitions from the valence band to the split-
off WV state. As a consequence of its interesting electrochromic properties
and the many possible commercial applications, numerous production meth-
ods for WO; coatings were developed to produce thin (0.2-0.5pm) even films
on conductive substrates. These include a number of different deposition tech-

niques: thermal evaporation in vacuum, electrochemical oxidation of tungsten
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metal, chemical vapour deposition (CVD), sol-gel methods (spray pyrolysis,
dip and spin coating), sputtering in vacuum (DC magnetron, electron beam, RF
radiation), Langmuir-Blodgett deposition.! As stated above, many other metal
oxides are electrochromic. As an example, molybdenum and vanadium ox-
ides generate an intensely coloured redox state upon reduction with concurrent
cation insertion (Eq. 1.26 and 1.27).

MOO3+1‘(M++6_) —— MxMO(\{I_l,)MOXO:; (126)
colorless deep blue
brown-yellow very pale blue

In contrast, group VIII oxides offer an example of anodically colouring elec-
trochromic materials; as in the case of hydrated iridium oxide and hydrated
nickel oxide. The former follows one of the two mechanisms proposed in Eq.
1.28 while the latter, in basic electrolytes, follows the mechanism depicted in
Eq. 1.29.

Ir(OH)3 = IrOy- H,O+HT 4,

colorless blue-black (1 2 8)
Ir(OH);+OH™ == IrOy-H,O+H,O+e™.
colorless blue-black
Ni(OH), +OH ™~ = NiO-OH + H,0 +¢". (1.29)
pale green brown-black

1.3.2 Prussian Blue

Prussian Blue [PB; Iron(III) hexacyanoferrate(Il)], one of the first synthetic pig-
ments (firstly prepared by Diesbach in Berlin in 170432) is the prototype of a
number of polynuclear transition metal hexacyanometallates which form an
important class of insoluble mixed-valence compounds with general formula
Mll[M "(CN)6]1 (k, 1 integers), where M and M~ are transition metals with dif-
terent formal oxidation numbers. Prussian Blue is extensively used as a pig-
ment in the formulation of paints, lacquers and printing inks. Since its in-
tense blue colour arises from IVCT between the mixed-valence iron oxidation
states®3, it follows that it can be removed by reduction or oxidation showing
electrochromic properties. In 1978, a first report concerning the electrochem-
istry of PB thin films was reported by Neff3*, and extensive investigation of its

properties followed, including applications in ECDs as primary or secondary
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electrochrome. The preparation of PB thin films is usually performed by elec-
trochemical reduction (Eq. 1.30) of solutions of the brown-yellow soluble com-
plex Prussian Brown (PX, Fel[Fe III(CN)6]) which is present as an adduct in
equilibrium with free Fe M Fe III(CN)6] ions in solution (Eq. 1.30).

FeM[Fe™(CN),] == Fe®* + [Fe™(CN)¢]3~ 2% FeM[Fe' (CN)g].  (1.30)

PX PB
A subsequent three-stage electrodeposition mechanism for PB films has been
estabilished, with a nucleation stage where small PB nuclei cover the substrate
surface, and the following stages where the growth becomes three dimensional,
and is limited by diffusion of electroactive species (fall in growth rate is ob-
served).3® The obtained PB thin films can be either oxidized or reduced. Oxi-

dation electrochemistry is illustated in the following equation (1.31):

_ —2e” _—\_167
3FeIH[FeH(CN)6] :[Fe%II{FeIH(CN)G}Q{FGH(CN)6}] A
PB PG
(1.31)
3Fe M [Fe T (CON) ],
PX

where the intermediate oxidation state, Prussian green (PG), has the compo-
sition shown in Eq. 1.31 in the case of bulk material, but it is believed that a
continuous composition range exist, in the case of thin films; from PB to pPXx.36
In contrast, electrochemical reduction of PB leads to Prussian white (PW) (Eq.
1.32) which appears colorless in thin films, a characteristic that make this redox

process the most interesting from the point of view of ECDs.

[FelFel (ON),]~ == [Fe!TFe! (CN),]2". (1.32)

PB PW
The cyclic voltammetry showing the sharply peaked PB — PW transition
and sthe pectroelectrochemistry showing the PW,PB, PG and PX states are il-
lustrated in Fig. 1.8. A broad current peak characterize the PB — PX transi-
tion, supporting the involvement of a range of different compositions. Altough
there are example in literature where PB has been used as a sole electrochromic

material to build an ECD?37-38

, its use in conjuction with a complementary elec-
trochromic material is more common. An example of this latter case is rep-
resented by the use of PB in conjunction with WO; since they are anodically
and catodically colouring electrochcromes respectively.>*! In these comple-

mentary devices, both catode and anode are electrochromic, and are simulta-
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(b) Spectra of PB film at various potentials
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+0.90, and (vi) + 1.20 V (versus SCE)] with
0.2M KC1 + 0.01M HCl as supporting elec-
trolyte. Wavelengths are in nm.3¢

Figure 1.8

neously bleached/coloured switching the polarity with a synergistic effect on
contrast. The same approach has been applied with conjugated polymers us-
ing PB as a colouring counter electrode for polymeric electrochromic films of
polyaniline??=44, PEDOT*® and PProDOT“.
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1.4 Organic Electrochromic Materials

Many aromatic organic molecules exhibit multiple stable redox states with dif-
terent UV /Vis absorption spectra, thus being electrochromic. Some of these
compounds show very good electrochromic properties that can even outper-
form their inorganic counterparts in some aspects. The main advantages of

organic EC materials over inorganic ones are:
1. extended colour palette;

2. ability to easily tune the colour of the two states through functionaliza-

tion;
3. easy processability into thin films (at least for some of them);
4. potentially low cost.

As a consequence, the research on electrochromic materials, has focused a big
part of its efforts on organic electrochromes during the last 20 years. Many
different classes of these materials have been developed. Some of them are
molecular materials that are soluble, in one or both redox states, in the elec-
trolyte. Electrochromic materials of these types are classified as Type II and
I respectively.1*” A lot of small molecular organic electrochromic systems fall
in one of these two classes (viologens, TMPDs, TCNQs, quinones, TTFs, etc.).
On the other hand, Type III materials are those that are solid in all their redox
states. This last group represent the most interesting one from the point of view
of ECDs since these materials posses higher write-erase efficiency, higher cy-
cle lives, high memory effect, and can be applied to all-solid-state devices (e.g.
using a polymeric electrolyte). Conjugated polymers and metallophthalocya-
nines represent typical examples of Type III organic electrochromes. Different
strategies to immobilize discrete electrochromes have been developed, in order

to extend their applicability to devices.

1.4.1 Conjugated Polymers

After the discovery and rationalization of the properties of polyacetylene, 48>0

the interest in the study of these fascinating materials rise rapidly. They soon
found numerous applications, based on their unique conducting, semiconduct-
ing and electrochemical properties: sensors, solar cells, transistors, organic light

emitting devices (OLEDs) and, of course, electrochromic devices. Conjugated
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polymers are electroactive compounds since upon oxidation positive charges
are generated on the polymer backbone, balanced by negatively charged coun-
terions, and a so called p-doped state is reached. The positive charges are able
to migrate along the polymeric chain and to nearby chains being responsi-
ble for conductivity of the doped polymer. In conjugated polymers with a
non-degenerate ground state (like poly(heterocycles)), these positively charged
states are termed bipolarons, and corresponds to localized levels inside the gap
of the polymer.>! At very low doping levels, an ESR signal can be recorded from
samples of conjugated polymers, and is attributed to polaron states. These are
monocationic radicalic states that represent the first step of the oxidation pro-
cess. After polaron formation a structural relaxation take place causing a local
distortion of the chain in the vicinity of the charge that leads to a quinoid-like
structure in which single bonds assume double bonding character (Fig. 1.9a).
Further oxidation leads to the formation of bipolarons since they are predicted
tohave a ~0.4eV energy gain when compared to two polarons (lower oxidation

potential), despite the coulomb repulsion between similar charges.>? The pres-
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Figure 1.9 Band diagrams for bipolarons and polarons, in poly(heterocycles),
showing the localized gap states and their occupancy.>?

b) Eq

ence of mid-gap levels in doped (oxidized) polymers deeply influences their
spectroscopic properties that become dominated by two sub-gap (low energy)
transitions from the valence band to the localized bipolaronic states (Ej; and
Eyp in Fig. 1.9). This behaviour is the origin of the electrochromism in conju-
gated polymers since it result in a huge change in their absorption spectrum.
The main optical absorption band in the reduced neutral conjugated polymers

is determined by a m — 7* transition through the band gap, hence falling in the
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UV /Vis region, while the low energy bipolaronic transitions determine absorp-
tion bands located at longer wavelengths. The observed color change is depen-
dent on the energy gap of the polymer. Thin flms of polymers with £,>3eV
are colourless in the undoped states while their doped form is coloured be-
cause of absorption in the visible region. In contrast, those with lower band
gaps (I, ~1.5eV) show coloured reduced forms, but posses faintly coloured or
colurless doped forms, as an effect of absorption bands shifted to the NIR re-
gion with just small residual absorption in the visible.

The main advantages of conjugated polymers over other electrochromic sys-
tems are:

e high colouration efficiency;

e good mechanical properties;

ease of color tuning via structural modifications on the monomers;

low switching times;

potentially low cost;
e ease of processing.

The tuning of colour (hue) is certainly one of the most desired characteris-
tics in electrochromic materials, and the possibility to accomplish this task is
surely the most remarkable characteristic of conjugated polymers. Many re-
search efforts have been devoted, over years, to the expansion of the "colour
palette” of electrochromic conjugated polymers, and several approaches have
been adopted. These include:

e modification of the HOMO and LUMO positions of the building blocks

incorporated in the repeating unit;

e variation of the backbones planarity (r-overlap) using sterically hindering
substituents

e increase of the conjugation lengths using ring fused heterocycles that change
the bond length alternation

e use of a donor-acceptor structure in the repeating unit

A detailed review on electrochromic conjugated polymers and the different ap-
proaches to tune their colour has been recently published by Reynolds et al.*,
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and consequently the following discussion will cover only the most representa-
tive examples. A classification based on the nature of the parent monomer will
be adopted. An exception is represented by 3,4-alkylenedioxythiophenes and
3,4-alkylenedioxypyrroles that will be treated as separate from pyrroles and
thiophenes, as a consequence of their peculiar characteristics and their central
role in the literature of electrochromics. A final section will be devoted to donor-
acceptor systems since they recently gained popularity among electrochromic

polymers for their uncommon optical properties.

1.4.1.1 Polyanilines

In 1862, Letheby, a chemistry professor in the College of London Hospital, re-
ported about the formation of a layer of bluish-green pigment on a Pt electrode
by oxidation of a solution of aniline in sulfuric acid.>* This probably repre-
sents the first report on the electrochemical synthesis of a conjugated polymer.
Polyaniline (PANI) can be prepared by anodic polymerization, with the best
results obtained by galvanostatic technique in aqueous acidic solutions.>® The
electrochemical behavior of PANI in aqueous acidic solutions involve both re-
dox and acid /base equilibria being rather complicated, and several slightly dif-
terent mechanisms have been proposed. The structures of the various states are
depicted in Fig. 1.10b.

The fully reduced PANI form is called leucoemeraldine, and has a transmis-
sive yellow colour. This form can be oxidized to the green emeraldine form, in
equilibrium with its protonated form, thanks to the acidic conditions, becoming
conductive. This redox process is rather stable and located between —0.2 and
0.6V vs. SCE (see Fig. 1.10a).%>57 Further oxidation in the 1-4 pH range leads
to the fully reduced deep blue form pernigraniline. If the same film is placed in
solutions of pH>4, polyaniline turns black and no lorger switches. Neverthe-
less, cyclic stabilities up to 10° cycles for the yelllow == green transition have
been claimed.>®
Numerous substituted derivatives of PANI have been investigated. As an ex-
ample, the polymerization of o- and m- toluidine leads to the corresponding
polymers that have proved to posses enhanced stability when compared to
PANI In these derivaties the absorption maxima and the redox potentials are
shifted, as an effect of the lower conjugation length, while the response time
on switching is longer than in PANL 5% A variety of polyanilines, substituted
with methoxy, methyl and hydroxymethyl functionalities, have been investi-
gated by D’Aprano et al.® In their investigation they found that both the o-
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methyl and o-methoxy substituted monomers can be easily polymerized elec-
trochemically at a lower potential than aniline. The methoxy derivative was
found to posses a slightly red shifted absorption maximum as a result of the
electron donating effect of the substituents. The small entity of this shift is due
to the steric effect of the 2-substitution itself that induce an higher torsional
angle, and reduce the conjugation, inducing a blue shift of the maximum (as
observed for the methyl derivative). A stronger reduction of the band gap is
observed with 2,5-dimethoxyaniline that has an absoption maximum shifted
to 350nm. Copolymerization of aniline with o-anisidine was tested obtain-
ing better electrochromic properties.®! Gazotti et al. prepared soluble poly(o-
methoxyaniline) polymerizing the monomer in presence of a variety of organic
acids, and studied the electrochromic properties of films obtained by casting
solutions of the same.®? A more recent approach to soluble polyaniline involve
polymerization using an inverse emulsion technique to obtain a soluble mate-
rial with good conductivities.®® The use of poly(p-styrenesulfonate) (PSS) dur-
ing aqueous polymerization with ammonium persulfate has allowed the prepa-
ration of water dispersible nanoparticles of PANI-PSS with diameters in the 25-
30nm range. %465

Several examples of electrochromic devices employing PANI are present in lit-
erature. Mastragostino et al. reported of a solid state electrochromic device
based on prussian blue and PANI, using a polymeric electrolyte, but poor cy-
cling stability was achieved.*?#? Electrochromic smart windows using PANI, in
combination with prussian blue and WO;, have been reported.®® These dual-
electrochrome devices show a better cycling stability retaining 90% of their ini-

tial performance after 3700 cycles.

1.4.1.2 Polycarbazoles

Thin films of unsubstituted poly(carbazole) can be obtained by anodic polymer-
ization. They show a reversible p-doping process at reletively low potential,
accompanied by a colour transition from yellow to green.®”. Functionalization
on the N-position has proved to slightly hypsochromically shift the absorption
band of the reduced form. Chevrot et al. demonstrated a colorless = green-
blue transition in N-butyl- and N-dodecyl-substituted derivatives.%®% They
also obtained an N-oligoether-functionalized carbazole monomer that once poly-
merized demonstrates a very good stability on cycling in acidic water solutions
(95% of the initial charge density was maintained after 7000 cycles). Poly(carba-

zole)s with enhanced water solubilities have also been obtain using chains car-
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rying sulfonate terminal groups.”’ A carbazole analogous, fluorene, has been

1.7 obtained films

recently investigated for electrochromic devices. Bezgin et a
of poly(9-fluorenecarboxylic acid) by electrochemical polymerization in BF; - Et,O.
The obtained polymer has an high bad-gap of 3.1eV and shows a colorless — orange-
brown transition upon p-doping, with colouration efficiencies up to 232cm?C1.

The polymer was used to build a dual electrochrome device with PEDOT as a
cathodically colouring material with a resulting dark blue == colorless transi-

tion.

1.4.1.3 Polypyrroles

Pyrrole is an electron-rich heterocycle and hence posses a low-oxidation po-
tential. As a consequence, poly(pyrrole) can be easily obtained by oxidative
polymerization both chemically and electrochcemically. The films of the parent
polymer have yellow colour in their undoped state (£, ~2.7eV) and blue-to-

violet in their doped conductive state (Fig. 1.11).72 In an effort to improve me-
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Figure 1.11 Cyclic voltammograms of poly(pyrrole) at various sweep rates (in
0.5M KC(l, Pt electrodes, vs. SCE, sweep rates in mV s71) (a), and spectroelec-
trogram on SnO, coated glass electrode with 0.1V potential intervals (b) in the
same electrolyte.”?

chanical properties of polypyrrole polymer films in aqueous solutions, pyrrole
has been electropolymerized in presence of surfactants such as sodium dode-
cylsulfate.”® Obtained films switched from transmissive yellow in the neutral
state to violet in a partially oxidized state and brown when fully oxidized, and
showed remarkable cycling stabilities up to 2 x 10* cycles with a decay to the
75% of the initial contrast.”*

Functionalized derivatives, either at the nitrogen or at the 3- and/or 4- po-

sitions, have been prepared. Interestingly the N-functionalization with alkyl
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or phenyl groups proved to have almost no influence on the band gap and
on the hue of the doped and undoped states, testifying clearly the small en-
tity of the substituent-induced steric hindrance along the backbone.” On the
other hand, the N-substitution proved to rise the monomers oxidation thresh-
old and to reduce the conductivity measured on the doped polymers. Dimers
of N-methylpyrrole, possessing a lower oxidation potential than the parent
monomet, can be electropolymerized easier without risk of overoxidation in
the growing polymer. Using N,N’-dimethyl-2,2"-bipyrrole, an hypsochromic
shift of the optical absorption in the dedoped form of the resulting polymer has
been observed, along with higher conductivity in doped state and lower oxida-
tion potential . The resultant enhancement of the transmissivity of the bleached
form allowed the obtainment of a pale yellow = gray blue transition.”®"® Lit-
erature describing the redox properties of C-substituted poly(pyrrole)s is lim-
ited, as a consequence of the low air stability of the monomers and the cor-
responding polymers under atmospheric conditions. Nevertheless, the whole
series of pure N-methyl- and 3-methylpyrrole, monomethyl-substituted 2,2’-
dipyrroles (three substrates) and dimethyl-substituted 2,2’-dipyrroles (four sub-
strates) were prepared and studied by Zottiet al. under comparable experimen-
tal conditions that allow a comparison of the results.”””® Their findings demon-
strate that C-substitution is more efficient than N-substitution in electron injec-
tion on the ring. The loss of planarity, due to the methyl substitution in posi-
tions adjacent to the interannular bond, leads to an increase in A4, and a de-
crease in conductivity. Furthermore, some new synthetic approaches, aimed to
the obtainment of monomers with a further functionalizable alkyl-chain, have

been developed.”-8!

1.4.1.4 Polythiophenes

Poly(thiophene)s have attracted a lot of interest for electrochromic applications.
This can be attributed to their environmental stability, processability and ease
of electrochemical synthesis. In addition, further functionalization of the par-
ent monomer has proved to be easily achievable. A huge variety of exam-
ples are present in literature with particular emphasis on poly(3-substituted
thiophene)s and poly(3,4-disubstituted thiophene)s.®? The application of PTs

as electrochromes was first suggested by Garnier et al.3384

and Druy and Sey-
mour®. Their findings reveal that the parent poly(thiophene) films are blue in
the reduced state (\y,4,=730nm) and red (\;,q;,=470nm) in the undoped form.

A high cycling stability for poly(3-methyltiophene), with an 80% retainment of
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the electroactivity after 1.2 x 10° cycles, have been reported. This latter com-
pound was more extensively studied, as a consequence of its lower oxidation
potential, that prevents the polymer overoxidation during electrochemical syn-
thesis, and leads to lower switching potentials. Furthermore, the substitution
in the 3-position partially prevents the occurrence of insulative o — 3’ couplings
during the polymerization, leading to an increased conjugation length and an
higher conductivity.8? Poly(3-methylthiophene) is purple when neutral with
an absorption maximum at 530nm (2.34eV), and turns pale blue upon oxida-
tion.% The comparison between poly(thiophene) and poly(3-methylthiophene)
clearly demonstrates the possibility to achieve a control over the optical prop-
erties of poly(thiophene) derivatives through functionalization on the 3- and
4-positions of the monomer. This tunability of colour properties, as already
pointed out, represents one of the main advantages in the use of conjugated
polymers as electrochromes. Nevertheless, a simple increment on the length of
the alkyl chain in the 3-position of thiophene does not lead to any significant
change in electrochromic properties of the resulting polymers, but is benefi-
cial for solution-processability.?” On the other hand, a drastic variation of con-
jugation length end optical properties is observed moving from nonregioreg-
ular 3-substituted poly(thiophene)s (with both head to head (HH) and head
to tail (HT) configurations) to regioregular ones (only HT configurations).3889
The effect of regiochemistry on electrochromic properties was further demon-
strated by Arbizzani et al.?° that obtained poly(3-hexylthiopene)s with pale-
green reduced states through electropolymerization of 3-3" and 4,4’-dihexyl-
2,2"-bithiophenes. The use of oligomers, as in this latter example, represents
another common strategy to lower the oxidation potential and avoid overoxida-

tion during electropolymerization. 3-8

Other possibilities include the replace-
ment of common organic solvents with strong Lewis acids. In particular, ho-
mogeneous and smooth films of poly(thiophene) and poly(3-methylthiophene)
have been obtained by Reynolds et al.”1 with the use of BF;-Et,O as a solvent
(Fig. 1.12). A huge variety of different functional groups have been attached,
either directly or through an alkyl tether, to the 3- and/or 4-positions of thio-

phene in order to modify its properties. These include fluorinated chains??,

esters 93,94 96-98 .

, carboxylic acids®® and aromatic groups
In the class of ring-fused heterocyclic derivatives of thiophene, a representa-
tive example of low band gap polymer has to be quoted, namely polyisothi-
anaphtene (PITN). This material was developed following the idea of narrow-

ing the energy gap reducing the bond length alternation by the use of aromatic
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Figure 1.12 Cyclic voltammogram of thiophene (0.01M) in BF;-Et,O
(vs. Ag/Ag*, scan rate 100mV s™!) with inset showing the behaviour
in 0.1M BuyNPF;/MeCN (left) and spectrovoltammogram of the obtained
poly(thiophene) in the same electrolyte. Spectra were recorded at the follow-
ing potentials: a: —0.20, b: 0.50, c: 0.60, d: 0.70, e: 0.80, f: 0.90, g: 1.0, h: 1.1V vs.
Ag/Ag™ (right). Adapted from Reynolds et al.”!

systems with high resonance energies.” 1% Polyisothianaphtene, with a 1eV
energy gap, was the first reported example of cathodically colouring polymer
since it posses an highly transmissive greenish-yellow conductive state, and
switches to blue upon reduction. Nonetheless, it posses low stability to ambi-

ent conditions and a bad processability as a result of its insolubility. Another
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Figure 1.13 Structures of: a) poly(isothianaphtene) and b) poly(cyclopentadi-
thiophene).

approach to obtain a gap reduction in PTs and hence a bathocromic shift of
the absorption is the development of systems in which the heterocyclic rings

are forced to planarity.!0?

An example of this type is represented by substi-
tuted poly(cyclopentadithiophene)s (pCPDT). A derivative, (4,4’-dioctyl-cyclo-
penta[2,1-b:3,4-b’]-dithiophene, with a 1.73eV, show a switching between deep
blue and highly transmissive with high colouration efficiency (932cm? C~!) and

good cycling stability (8% contrast loss after 1000 cycles). 192

1.4.1.5 Poly(3,4-alkylenedioxythiophene)s

Poly(thiophene)s have attracted a lot of interest for their possible application in

electrochromic systems. The reason is that they posses an ideal combination of
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electronic properties and stability to environmental condition. Their moderate
band gap make the 7-7* transition to fall inside the visible region giving them
an highly coloured reduced form. Nevertheless, as discussed previously, an
electrochromic material possessing a completely colorless form (highly trans-
missive) is highly desirable. The achievement of such a result with polythio-
phenes require the NIR absorption band of the oxidized form to be shifted fur-
ther toward low energies. Furthermore, the onset of this band should also be
located in the NIR region, and tailing in the visible limited.

A poly(thiophene) derivative, poly(3,4-ethylenedioxythiophene) (PEDOT), ful-
filling all these constraints was discovered in 1987-1988 by the chemists work-
ing at Bayer AG.1% In fact, this alkoxy-substituted poly(thiophene) show a re-
duced band gap (~1.6eV) and a dark blue to highly transmissive sky-blue tran-
sition upon oxidation. Furthermore, its oxidized form is highly conductive and
stable in air up to very high temperatures, to humidity including moist air, also
at elevated temperatures, and, after only a few years of further development,
it demonstrated to be even processable in water. In those years, the main in-
terest was to find highly conductive polymers that could overcome the numer-
ous problems of the existing ones. In fact, despite the advances and the scien-
tific steps that followed the discovery of poly(acetylene), the existing polymers
still suffered from very limited environmental stabilities and insufficient con-
ductivity half-life values. 1% The development of alkoxysubstituted thiophenes
started as an attempt to overcome these difficulties. The idea was to take advan-
tage of the electron donating effect of the substituent to lower the band gap, and

stabilize the radical-cationic species (see Fig. 1.14). This class of compounds
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Figure 1.14 Radical cation (polaron) mesomeric stabilization with oxygen con-
tribution.

was initially studied by chemist at Hoechst AG in 1986-1988. In particular, they
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investigated the electrochemical polymerization of 3-alkoxythiophenes.195-107

Their initial results with 3-alkoxythiophenes were quite poor, but later, with
the introduction of a methyl group on the 4-position, a clear improvement of
conductivities was achieved.%® This observation is clearly due to the block-
ing of the 4-position, that inhibits -4’ and -4’ couplings to occur during the
polymerization. Later studies, that included both 3-alkoxy-4 methylthiophenes
and 3,4-dialkoxythiophenes, revealed the existance of a clear structural rela-
tionship in this class of compounds.®-! In particular, dimethoxythiophene
posses high conductivity, but this conductivity falls when n-buthoxythiophene
is considered, as a consequence of steric interaction between the substituents
that lowers the conjugation length. Furthermore, their stability to air and hu-
midity was not adequate for practical applications. Nevertheless, the key-factor
was to exploit the stabilization effect of the oxygen-bearing substituents min-
imizing the adverse effect represented by steric hindrance between them (re-
duction of conjugation). A technical breakthrough was achieved when the
Bayer researchers Friedrich Jonas and Gerhard Heywang decided to extend
the thiophene structures to bicyclic ring systems. In other words, ring clo-
sure of two alkoxy substituents had to be accomplished to form dioxolane-,
dioxane-, or dioxepane 3,4-anellated thiophenes.? They initially tried to syn-
thesize, without success, 3,4-methylenedioxythiophene, and then extended the
ring size of the anellated dioxolane to the six-membered dioxane ring in 3,4-
ethylenedioxythiophene (EDOT). The new monomer was found to be easily
polimerizable (with FeCl;), and the obtained doped polymer was highly con-
ductive and stable to environmental conditions. A long list of patent appli-
cations, claiming its application to capacitors and rechargeable batteries, was
deposited. More relevant to electrochromics, the so-called in situ polymer-
ization technique was invented, permitting to circumvent the complete insol-
ubility of doped PEDOT by forming it during processing and hence allow-
ing the deposition of thin-films of the polymer. A further breakthrough came
with the development of PEDOT:PSS complex, as a result of a collaboration
between Bayer AG and Agfa-Gavaert. This water dispersion of PEDOT, with
poly(styrenesulfonic acid) as stabilizer, opened the way to easy solution pro-
cessing of conductive polymeric films, and is currently sold under the trade
name of Clevios P™(formerly Baytron P™). In the context of electrochromics,
the use of PEDOT prevails over PEDOT:PSS due to the fact that the former can
be easier dedoped. As formerly mentioned, PEDOT posses a relatively stable

and highly transmissive sky-blue oxidized state, an invaluable characteristic for
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Figure 1.15 Spectroelectrogram of a poly[3,4-(ethylenedioxy)thiophene] (PE-
DOT) film on ITO/glass. The film was electrochemically deposited from 0.3M
EDOT and 0.1M Bu,ClO,/PC and switched in 0.1M Bu,ClO,/ACN. Inset
shows absorbance at )4, versus potential. The bandgap is determined by
extrapolating the onset of the m — 7* transition to the background absorbance.
Adapted from Mortimer28.
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a polymer based ECD. This was soon demonstrate with the realization of the
first electrochemically prepared PEDOT-based ECDs by Inganés et al.?®. As can
be noted from figure 1.15, the absorption band of reduced PEDOT lies in the
NIR region of the visible spectrum giving its distinctive dark blue-colour, and
its doped form has minimal tailing in the visible from its charged carriers transi-
tions. A variety of PEDOT derivatives with appended solubilizing chains were
soon prepared along with the first examples of soluble PEDOTs (with longer
chains, namely —CgH;; and —C;4H,).11*"117 The latter were usually obtained
by reduction of partially doped polymer with hydrazine. These substituents
proved to allow the modulation of PEDOT’s band gap in a way similar to what
had been observed for poly(thiophene)s. Furthermore, a drastic enhancement
of switching properties was obtained with a reduction of switching times (to the
12s range), along with a more effective depletion of the absorption of the neu-
tral state on full-oxidation. This was attributed to the ability of the lateral chains
to facilitate inward /outward migration of the dopant counterions.!® The solu-
bilizing chains proved to have an important influence also on cycling stability,
with PEDOT-Cy, withstanding 16000 cycles retaining 60% of its electroactivity,
compared to the 65% of parent PEDOT after 6000 cycles.!'® A further advan-
tage, in the use of chemically synthesized soluble PEDOTs, is the possibility
to purify them from the oligomers that are inevitably formed during the ox-
idative polymerization. These species (having four to six monomer units) are
trapped inside the polymeric film during electrochemical polymerization (or in
situ polymerization) and impair the optical properties. In particular, they re-
duce the transmissivity of the doped state. "’

A selenium analogue of EDOT, 3,4-(ethylenedioxy)selenophene (EDOS), has
been also synthesized and investigated. The obtained polymer (PEDOS), have
been electrochemically prepared by Cava et al.1?) EDOS, being more electron-
rich than EDOT, posses a lower oxidation potential (1.22V vs. Fc/Fc*), and
the corresponding PEDOS has a narrower band gap when compared to PE-
DOT (~1.4eV). Electrochemical properties of PEDOS and its simple derivatives
have been recently reinvestigated by Bendikov et al. 1217123 This polymer and its
derivatives prove to posses very interesting electrochromic properties. As an
example, PEDOS-Cg is claimed to posses a very high contrast ratio (AT=89% at
763nm), a fast switching time (0.7s), a colouration efficiency of 773cm? C~! and
a cycling stability comparable to that of PEDOT derivatives (AT decays to 48%
after 10000 cycles).1?3

Derivatives of PEDOT with expanded alkylene bridges have been tested (Fig.
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1.16). The size of this bridge was found to play an important role in determining
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Figure 1.16 Structres of substituted PEDOT analogues with expanded alkylene
bridges.

redox and optical properties. In particular, a systematic study of the structure-
electrochromic properties relationship of a series of polymers, differing by the
size of the alkylene bridge and the nature of the substituents, was carried out
by Reynolds et al. 124 The comparison clearly shows that, upon switching from
the ethylenedioxy bridge of PEDOT to the propylenedioxy (PProDOT) and to
buthylenedioxy (PBuDOT), better properties are obtained, namely: better re-
solved redox features in CVs, higher contrast and shorter switching times. This
effect was again attributed to the more open morphology induced by the larger
bridges that facilitates the diffusion of counterions.1?®> Moreover, the insertion
of extra methylenes in the EDOT ring distrupt its coplanarity with the adjacent
aromatic center, and alters its electron-donating effect. As a result, the poly-
mer HOMO is lowered relative to the air-oxidation threshold, enhancing its
environmental stability. A large library of different PProDOT derivatives was
developed by Reynolds et al.1267128 This comprises examples of highly homo-
geneous electrochromic films deposited by spray-casting using an airbrush. In
these examples, an increment of electrochromic contrast (A7=51% for dibutyl-
substituted PProDOT-Bu,, AT=70% for dihexyl-substituted PProDOT-n—Hex,
and AT=79% for the bis(2-ethylhexyl)-substituted PProDOT-EtHex,) was ob-
served elongating the alkyl substituents, with a red-purple to transmissive sky-
blue color transition. Nonetheless, a threshold exist, as testified by the worse
performances of PProDOT-(MeOCyg) 2.128

1.4.1.6 Poly(3,4-alkylenedioxypyrrole)s

Since the introduction of the 3,4-alkylenedioxy bridges on thiophene brought
to a drastic enhancement of the stability and electrochromic properties of the

resulting polymer, it is no surprise that the same approach was later extended
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to pyrrole. The resulting 3,4-alkylenedioxypyrrole can be polymerized exclu-
sively through its 2- and 5-positions, leading to a much more regioregular poly-
mer than poly(pyrrole). Moreover, the obtained poly(3,4-alkylenedioxypyrrole)s
(PXDOP) posses an highly tunable optical and electrochemical behaviour. This
tuning results from the structural modification of the parent monomers with
substituents on the alkylene bridge (as seen for PEDOT) and, in this case, even
on the nitrogen atom.!? As expected, PEDOPs have a low oxidation poten-
tial when compared to poly(pyrrole)s and an improved ambient stability in the
doped state. A comparison with PEDOT reveals a wider band gap (~2.0eV
vs. ~1.6eV) owing to the energy difference between the LUMOs. 130131 PE-
DOP shows a transition from bright red to transmissive blue-gray upon oxi-
dation with contrasts as high as 59%.!3° The propylenedioxy substituted ana-
logue PProDOP, has a band gap of ~2.2eV and shows enhanced electrochromic
properties, with higher optical contrast and transmissivity of the oxdized state.
This effect is due to the bathochromic shift of the polaronic and bipolaronic
bands observed with ring expansion.'®? The parent PProDOP exhibits colour
transition from orange to brown on partial oxidation to light grey-blue upon
tull oxidation, with an impressive cycling stability (10% loss of electroactiv-
ity after 40000 cycles on Pt electrode). Substituents on the alkylene bridge
allow to fine tune the colour of the redox states and modify solubility of the
resulting polymers. However, N-substitution have a greater effect on the elec-
tronic properties, as they alter steric hindrance, planarity and hence conjugation
length. As a result, PProDOPs with band gaps as wide as 3.4eV were obtained
with this strategy (see Fig. 1.17). The resulting polymers can be anodically
colouring with the coloured oxidized state determined by the absorption from
the charged carriers transitions, or even transmissive in both states, with elec-
trochromism confined in the UV and NIR regions.!3* A detailed report on this
interesting class of electrochromic polymers have been published in 2003 by
Reynolds et al.133

1.4.1.7 Donor-acceptor Polymers

This class of polymers is characterized by a repeating unit containing both elec-
tron donating (high lying energy levels) and electron withdrawing (low lying
energy levels) moieties. Structures of this type have been extensively inves-
tigated with the aim of obtaining polymers with very low band gaps, in or-

135

der to obtain intrinsic conductivity.*” This concept predicts that structures of

this type are expected to have very small band gaps and wide bands, follow-
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Figure 1.17 Cyclic voltammograms (left) of N-Gly-PProDOP in monomer-free
solution of 0.1M LiClO,/PC at different scan rates: a) 50 b) 100 c) 150 d)
200mV s7!, and its spectroelectrogram (right) at applied potentials of (a) —200,
(b) —70, (c) —60, (d) —50, (e) —40, (f) —30, (g) —20, (h) —10, (i) 0, (j) 20, (k) 60, (1)
200, (m) 300, (n) 400 and (o) 700mV.133

ing the idea that the valence band is formed close to the HOMO of the donor,
while the conduction band is close to the LUMO of the acceptor. This idea
has been strongly criticized since, considering perturbation theory, band for-
mation requires strong interaction, the latter being inversely proportional to
the energy difference between the orbitals of the fragments.!3¢ As an exam-
ple, copolymers of 4-(Dicyanomethylene)-4H-cyclopenta[2,1-b:3,4-b’]dithioph-
ene and EDOT posses a wide valence band and a very narrow conduction band,
better described as low-lying localized acceptor levels.'®” As a consequence, the
copolymer presents a mobility ratio of 500 between p-type and n-type charge
carriers and a very low n-type conductivity. From the point of view of elec-
trochromics, the presence narrow bands and of accessible localized states can
be beneficial, since this make possible to obtain a polymer with 2 absorption
bands in its neutral state. It has to be considered, in fact, that this latter con-
dition represents the way to obtain a saturated green hue. A donor-acceptor
(DA) polymer with this characteristics was prepared for the first time by Wudl
et al.¥ in 2004. The polymer was obtained by electrochemical polymerization
of 2,3-dithien-3-yl-5,7-dithien-2-yl-thieno[3,4-b]pyrazine (DDTP) and switches
from a green reduced state to a pale green one upon oxidation. The cycling sta-
bility also proved to be quite high with 1.5% loss in redox activity after 10000
cycles, but the observed contrast was quite poor (23% at 370nm and 12% at

725nm) as a consequence of the incomplete bleaching of the band associated
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with the localized acceptor transition and the tailing of the polaronic band in
the visible region. It was soon realized that it was possible to obtain a two-band
absorption from DA polymers without the need to incorporate a secondary

chromophoric unit in broken conjugation with the main chain. This possibility

].136-138

had been already predicted by Salzner et a calculating the band struc-

ture of DA polymers. In 2007, Toppare et al. reinvestigated the previously

reported BisEDOT-benzothiadiazole system (PBDT).!3%-141 The electrochemi-
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Figure 1.18 Colors of PBDT film on an ITO coated glass slide in the neutral and
oxidized states (left) and spectroelectrogram of PBDT film on an ITO coated
glass slide in monomer-free, 0.1 M BuyPF,/MeCN electrolyte/solvent couple at
applied potentials: (a) —0.8, (b) —0.5, (c) —0.2, (d) —0.15, (e) 0.0, (f) 0.1 (g) 0.3,
(h) 0.5, (i) 0.7, () 0.9, (k) 1.1V (right). Adapted from Durmus et al. 142

cally synthesized polymeric film was found to switch between a neutral green
state and a transmissive light blue one with high cycling stability (Fig. 1.18).142
The residual blue hue of the oxidized form can be ascribed to the tailing of the
NIR centered polaronic transition into the visible region. Numerous variations
on this basic structure followed, using either benzothiadiazole or substituted

143-145 With a slightly different approach, Reynolds

quinoxaline as acceptors.
et al. prepared the polymers in figure 1.19 by oxidative polymerization of the
pentameric oligomers constituting the repeating units. In these molecules a
benzothiadiazole acceptor unit is symmetrically functionalized with thiophene
derivatives (ProDOT, EDOT, and thiophene). With this approach two different
green hues were obtained and, more importantly, highly transmissive oxidized
states were achieved, but a residual absorption due to the tailing of charge car-

riers band was still present. Nevertheless, contrast values as high as 44% were
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Figure 1.19 Structures of the DA polymers developed by Reynolds et al. 146

achieved.4 Further development of these oligomeric units allowed to prepare
a library of polymers absorbing in different region of the visible spectrum. In
particular Reynolds et al. demonstrated the possibility to tune the intensity and
the overlap of the two transitions, associated with this class of DA polymers,
varying the contribution of donors and acceptors in the repeating unit. They
turther showed that copolymerization of one of these oligomers (a trimer), with
a ProDOT based monomer, leads to a material with a broad absorption over the
whole visible spectrum with a resulting black hue (Fig. 1.20). This material was
still switchable to a highly transmissive oxidized form with an electrochromic
contrast of 50% at the absorption maximum. Colorimetric measures showed
a luminance variation as high as 52% with an L* value of 85 for the colorless

form.20

1.4.1.8 Polymerization methods

Although most of it can be extended to other electrochromic conjugated poly-
mers, the forthcoming discussion will be focused on polymerization methods

used in the synthesis of PEDOT, which is by far the most popular of them.

Electrochemical Polymerization The controlled anodic oxidation of suitable
electron-rich monomers represent the most important electrochemical method
for the preparation of conducting polymers. The process involves a complex re-
action sequence in which the activated coupling of different species is involved.
The observed electrochemical stoichiometries range from 2.07 to 2.6F mol~".
The polymerization consumes 2F mol~!, but an additional charge is required
for the oxidation of the formed polymer. Since the oxidation potentials of poly-
meric oligomeric species is lower than the one required for monomer oxida-
tion, these processes occur simultaneously.!4” The first step of electrochemical
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Figure 1.20 Spectroelectrogram of the black to transmissive switching donor-
acceptor polymer developed by Reynolds et al. Polymeric film was spray-cast
onto ITO-coated glass from solution (4mg ml™') in toluene. The applied po-
tential was increased in 25mV steps: 0.04V — 0.74V. The picture shows the
colours obtained on electrochemical switching both in the neutral state (left)
and on full oxidation (right).2°

deposition of conjugated polymers films involve oligomerization in solution
and nucleation on the electrode surface. Diaz suggested that the mechanism of
chain growth involve the initial formation of radical cations of the monomer,
followed by their dimerization.1#814 In the case of pyrroles and thiophenes
this dimerization occurs at the « position. This dimerization leads to the for-
mation of the so called o-dimer that further evolves eliminating protons, and
forming an aromatic neutral dimer. This dimer, having lower oxidation poten-
tial than the starting monomer, is immediately oxidized to its radical cation,
and undergoes the next coupling step. Although it was initially believed that
the successive coupling steps involves the reaction of the growing oligomers
with monomeric species, it has now been accepted that the growth takes place
via successive "dimerization" steps leading from dimers to a tetramers and
then to octameric coupling products (Fig. 1.21).147 At higher concentrations of
the starting species, additional coupling reactions may occur which produce
intermediates such as trimers, hexamers, and so on. Electrochemical depo-
sition of polymers like poly(pyrrole)s and poly(thiophene)s on the electrode
surface, usually follow a mechanism involving (2D or 3D) nucleation and 3D
growth. 199151 The processes can be monitored using potentiodynamic, poten-
tiostatic and galvanostatic techniques. In particular, potentiodynamic experi-

ments, can provide simple information on the growth rate (increase in current
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Figure 1.21 Initial steps of electropolymerization taking place via o-bonded
intermediates. Only a-o’ couplings has been shown.4”

with each cycle in cyclic voltammograms), but no informations on nucleation
and growth mechanism can be obtained. This happens because, with this tech-
nique, the growing process is interrupted at each cycle. To summarize, the
electrochemical polymerization of conjugated polymers involves three differ-

ent steps:

e Oxidation of the monomer at the electrode and formation of soluble oli-

gomers in the diffusion layer (by successive dimerization steps);
e Deposition of oligomers, involving nucleation and growth processes;

e Solid state polymerization, producing longer chains and cross-linked ma-
terial.

In situ Oxidative Polymerization PEDOT and its derivatives can be easily
polymerized chemically by the action of FeCl;. In the case of PEDOT, this was
one of the first oxidant employed since its use was already known to be effective
for the synthesis of poly(pyrrole)s. Treatment of EDOT solutions with FeCl;
rapidly yields the polymer as insoluble powder with very high conductivity.
When performed in boiling acetonitrile (bp 82°C), this reaction yield PEDOT
tetrachloroferrate with conductivities (15S ecm™!) 3000 times higher than those
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of polypyrrole prepared under the same conditions. Better results can be ob-
tained using an higher boiling solvent such as benzonitrile (bp 188°C). Several
other oxidants have been tested. These include: MnO, 152133, Ce (IV) salts'54,
CuCl, %, phosphomolybdic acid!®® and Fe (III) sulfonates’>”. An example of
this latter class of compounds is iron (III) p-toluenesulfonate (Fe(OTs);). Ali-
phatic alcohols are able to dissolve large amounts of Fe(OTs); yielding sta-
ble solutions. Moreover, mixtures of EDOT and these oxidant solutions are
metastable (do not give immediate reaction with polymer precipitation), but
with very limited pot life. The addition of organic bases (.. imidazole %815 or
pyridine!®?) have proved to enhance the stability of the solutions. This obser-
vation is related to the buffering of the p-toluenesulfonic acid produced during
the polymerization. The presence of acidity can, in fact, have catalitic effect on
the polymerization. Peroxides are also used as oxidants for PEDOT in aqueous
environment. They are usually employed in the synthesis of PEDOT aqueous
dispersions such as PEDOT:PSS. The most popular oxidants for this purpose
being peroxidisulfates in the presence of catalytic amounts of iron salts (Fe'’ or
Fe'™). The presence of iron salts provide the catalytic decomposition of perox-
odisulfate at defined reaction rates and are pivotal for a high and reproducible
conductivity of the final product.

The metastability of some EDOT /oxidant solutions opened the way to in situ
polymerization for preparation conductive thin films of the polymer. In this
technique the freshly prepared solution of monomer, oxidant, stabilizers, ad-
hesion promoters and other additives in a suitable solvent (usually lower alco-
hols, up to buthanol) is deposited by spin-coating (or another tecnique) on the
substrate as a thin film. The film is then subjected to thermal treatment (cur-
ing process), so that polymerization take place forming a conductive polymeric
film. Up to now, in situ PEDOT is the polythiophene with the highest achiev-
able electric conductivity, although PEDOT:PSS is catching up. This explains
why in situ PEDOT is of great practical and commercial value. The oxidants
of choice for this process are iron (III) or manganese (IV) ions, or other metal
ions in an higher oxidation state. Among these, the most popular are iron salts
of sulfonic acids. In particular, Fe(OTs), is the most widely used for its good
solubility and reactivity.

The polymerization mechanism can be imagined as consisting of two steps. In
the first one, the monomer is polymerized to the neutral undoped form of PE-
DOT, with the formation of TsOH and Fe(OTs), as byproducts (Fig. 1.22). As
a consequence, 1:2 stoichiometry ratio exists. In the second step, the neutral
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PEDOT is readily oxidized by the excess of Fe(OTs), to its doped form, con-
suming about 0.25-0.33 additional equivalents of oxidant. More Fe(OTs), is
formed during this step, and the released tosylate ion act as a counterion for
the positively charged PEDOT. Nevertheless, as discussed previously, in prac-
tice these two steps occurs simultaneously as a consequence of the lower ox-
idation potential of the formed oligomers. The byproducts are then removed
form the formed polymeric film rinsing with a polar solvent (water, alcohol).

12,161 reveal that the initial formation of EDOT radical cation

Kinetic studies
represent the slowest rate-determining step. Once formed, the radical cation

rapidly dimerize. The dimers and oligomers are then rapidly oxidized and

O O -10 TSOH
6 + 12 Fe(OTs)3 T .
[\ -12 Fe(OTs),
S

Figure 1.22 Scheme for the polymerization of PEDOT tosylate. An hexamer is
shown as example.

their recombination leads to chain growth. As a consequence, reactions of bis-
EDOT derivatives (or longer structures) experience an enormous acceleration
in reaction rate (20000 times faster). This makes impossible to obtain stable,
processable solutions of these derivatives containing an oxidant, limiting the
application of in situ polymerization technique to derivatives with only one
isolated EDOT moiety.

Typical recipes involve the deposition of an adhesion layer on the substrate
prior to the deposition of the EDOT/oxidant solution. This is usually repre-
sented by a layer of PEDOT:PSS or a layer of v-glycidoxypropyltrimethoxysil-
ane.!'? The standard receipts allow to prepare PEDOT layers with conductiv-
ities as high as 500S cm™! with an easy solution based process. Higher val-
ues have been reported using different oxidants, such as iron (III) camphor-
sulphonate instead of tosylate.'®? In situ PEDOT:Tos layers tend to be mechan-
ically brittle. This problem can be solved adding alcohol soluble polymers to
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the formulation as plasticizers.191% An investigation on the influence of the
different parameters on the properties of in situ PEDOT has been published in
2004.164 In this report, a very good conductivity performance (900S cm™) from
an EDOT derivative, EDOT-MeOH, can be found. This good result has been
ascribed to the ability of this compound to inhibit crystallization of the oxidant
(Fe(OTs);) during polymerization, facilitating the formation of highly homo-
geneous films. A similar effect has been observed in vapour phase deposited
films: addition of PEG-ran-PPG to the layer of Fe(OTs), suppress the formation

of crystallites, allowing formation of better films with higher conductivities. 16>

Reductive Polymerization Ithasbeen demonstrated that 2,5-dihalogeno-EDOT
compounds tend to undergo spontaneous homopolymerization to produce the
polymer. 166167 These compounds can also be polymerized using organometal-
lic reactions. The first example of this type of polymerization was reported by
Yamamoto et al. in 1999. In this case, 2,5-Dichloro-EDOT was dehalogenated
in presence of a nickel(0) complex. 198199 They claimed the obtainment of neu-
tral undoped PEDOT using this new method. However, the black colour of the
product and its insolubility in organic solvents rise suspects over the presence
of residual charges or crosslinking in the polymer. With a modified reaction
protocol (Fig. 1.23), Chevrot et al. prepared a soluble PEDOT. This material was
not completely halogen-free (1.84% residual bromine was reported), but soluble
in organic solvents. The presence of residual bromine was ascribed to the pres-
ence of PEDOT oligomers with bromine end-groups instead of long polymeric

chains. 170171

/ N\ /\
o 0O NiBr,*bipy/PhsP o 0o
n ﬂ\ + n Zn > 7\
Br Br n ZnBr, X{T N7 X
n
X = H, Br

Figure 1.23 Organometallic PEDOT synthesis developed by Chevrot et al..170

1.4.2 Discrete Reversible Organic Redox Systems

Many different types of organic and metal-organic compounds are able to un-
dergo reversible redox processes. In some of them this process is accompa-
nied by a modification if the UV /Vis absorption spectrum, making them elec-
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trochromic. Such compounds have been used for more than a century as in-
dicators for titration procedures, mostly on a semi-empirical basis. A special
position is occupied by those compound that can undergo reversible redox re-
actions without involvement of hydrogen ions since these compounds don’t
have a pH dependent standard potential, and can be easily used with aprotic
organic solvents. In fact, the use of these solvent is highly desirable because
they present a larger potential window and minimize the possible side reaction
of the electrochromic material with O, and H, coming from water electrolysis.
For these reasons the forthcoming discussion will be restricted to these type of

electrochromes.

1.4.2.1 Violenes

The first report of a compound belonging to this class dates back to 1879 when
Waurster discovered the dye depicted in figure 1.24b, whose structure was lately
recognized by Weitz in 1925.172-175 A similar reaction, is the one depicted in Fig.
1.24a for 1,4-benzoquinone. The existence of the semiquinone radical anion as
the first step of this reduction was discovered only in 1938 due to the complica-

tion imposed by quinhydrone formation during the process. 176
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Figure 1.24 Structure and electrochemistry of: a) 1,4-benzoquinone b)
Wurster’s salt

From 1964 to 1999 Hiinig et al. published an impressive number of papers
about a large class of aromatic redox active compounds called "violenes", and
derived a general structural principle for the compounds that have the capacity
of two-stage electron transfer.1”7178 It has been found that a great variety of or-

ganic compounds, derived from the general structural types depicted in figure
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Figure 1.25 General structures for two-step reversible redox systems

1.25, are able to transfer two electrons in a stepwise fashion. The intermediate
oxidation state SEM represents radical cations, radical anions and neutral rad-
icals for A, B and C type respectively. The structural requirements for such a
compound to reversibly transfer two electrons in two stages can be summarized

as follows:

e the end groups of the reduced form (RED) have free electron pairs or 7-
systems available (X,Y=N, O, S, Se, P, m-systems);

e the end groups are connected by vinylene groups (n=0,1,2...), which can
be substituted, partially or completely, by ring systems. Aza substitution

of methine groups is also possible.

Although the structures of the intermediate radical cations in pictures 1.24 and
1.25 are depicted with a fixed unpaired electron, they are strongly delocalized.
As a consequence, low energy absorption bands are present in the UV /Vis spec-
tra of SEM form, and a thermodynamic stabilization is expected in comparison
to similar undelocalized radicals. In the case of type C violenes (Fig. 1.25), for-
mally obtained by "crossing" systems A and B, a neutral SEM state is present. In
systems of this type the radical is said to be merostabilized, and a lower stability
in comparison with type A and B is expected as an effect of its dissymmetry. 17’
Among compounds possessing these structural motifs, a further classifica-

tion can be made:

1. Open-chain redox systems: neither the end groups nor the vinylene groups

belong to a cyclic m-system;
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2. Wurster-type redox systems: end groups are located outside a cyclic 7-system

that has aromatic character in the reduced form,;

3. Inverse Wurster-type redox systems: end groups are located outside a cyclic

m-system that has aromatic character in the oxidized form;

4. Weitz-type redox systems: end groups are part of a cyclic m-system that has

aromatic character in the oxidized form;

5. Inverse Weitz-type redox systems: end groups are part of a cyclic m-system

that has aromatic character in the reduced form;

6. Semi-Weitz redox systems: one end group is part of a cyclic 7-system that

has aromatic character in the oxidized form.

Few examples, taken from the different subgroups, are depicted in figure
1.26. Between them, it is worth to mention TCNQs (compound f in Fig. 1.26)
and TTFs (compound n in Fig. 1.26), which are widely used as acceptor and
donor compounds respectively in materials science and supramolecular chem-

180182 Viologens (structure m.), which are simple and easily accessible

istry.
Weitz type electrochromes, represent another important group.13® They will be
discussed further in the next paragraph.

The reactivity of violenes is peculiar since at the equilibrium an amount of all
the three redox states is present, and available for reactions. In particular, the
RED form is sensitive to electrophiles, as a consequence of the presence of non-
bonded electron pairs and an electron rich 7-system. This property is expected
to be more pronounced the more negative is the potential of the RED/SEM cou-
ple. The opposite is valid for the OX form, which is sensitive to nucleophiles;

an effect that is increased at higher SEM/OX potentials.

Viologens Viologens, 1,1’-disubstituted-4,4’-bipirydinium dications, have a
special importance among other Weitz type violene compounds. Since their
discovery in 1933,18* these redox active organic compounds have been stud-
ied in detail over the years. At the beginning, they were investigated as re-
dox indicators, but later several different applications have been found. As an
example, they represent the parent compounds, of the "paraquat” herbicides
family. However, the interest in these compounds and their applications are
mainly related to their remarkable electrochemical properties. Beside ECDs,
viologens has been applied as redox switchable moieties in supramolecular

185,186 187,188

chemistry, or more generally as acceptor units.
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Figure 1.26 Examples of the different types of violene systems
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Figure 1.27 Methyl viologen (MV) electrochemistry

The simplest viologen is 1,1’-dimethyl-4-4"-bipyridinium, known as methyl
viologen (MV). A radical cation, stabilized by delocalization throughout the 7-
system, is formed upon reduction (Fig. 1.27). This form is intensely coloured,
as an effect of the presence of a charge transfer transition, with an absorption
band that can be slightly modulated changing the 1 and 1’ substituents. Simple
alkyl groups promote a blue/violet colour of the radical cation, whereas aryl
groups tend to impart a green hue (as in 1,1’-cyanophenyl-4,4’-bypyridinium,
¢=83300Lmol'em™! at \,,qp= 674nm in MeCN). Viologens radical cations can
dimerize in solution to form a diamagnetic dimer. This species posses differ-
ent spectral properties to the monomer (e.g. MV dimer is red) and has a slower
oxidation kinetic, giving a quasi-reversible behaviour.131% The di-reduced re-
dox state has very low colour intensity since it lacks any intense optical transi-
tion in the visible region. As a consequence of their reversible electrochemical
behaviour and intense electrochromism, viologens soon appeared to be good
candidates for electrochromic devices. The first reported viologen-based ECD
dates back to 1973, as an outcome of Philips Laboratories’s research on dis-
plays. 11
displays based on this type of materials.*”"1% The development of these tech-

In the same period IBM and Texas Instruments were also working on

nologies was then apparently abandoned, as an effect of the competition with
the better performing liquid crystal displays (LCDs).

The simplest viologen based ECDs make use of a solution phase Type I system.
To attain better performances, viologens with longer alkyl chains were adopted
in order to obtain insoluble radical cation species. In this way a type II sys-
tem with enhanced write erase efficiency was obtained, using heptyl viologen
dibromide (HV) as the compound of choice.'”! These devices had a maroon
colour due to incorporation of dimeric species in the deposited insoluble ma-
terial and had ageing problems due to the crystallization of the radical cation
inside the film.'% Formation of the HV" species was also found to affect write-
erase efficiency.1%

The Gentex Corporation’s patented Night Vision Safety (NVS) mirros employ
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viologen electrochemistry. 1%

In this system a propietary gel formulation, con-
tainig a viologen and an anodically colouring electrochrome (thiazine or pheny-
lene diamine), is placed between an ITO-glass electrode and a metallic mirror
counterelectrode. This type of device (see Fig. 1.28) has no memory effect and
requires a continuous passage of current since the coloured species can diffuse
in the electrolyte, and erase the formed colour through electron transfer (inverse
redox reaction). A similar dual-electrochromic system employing N,N’-di-n-
heptyl-viologen perchlorate and N,N-N’,N’-tetramethyl-p-phenylenediamine

(TMPD) has been used to prepare a 3x3 matrix array device.1%

|
I | 1

(colourless) (colourless)
TMPD -« <« TMPD HVZ?t ——>HV2t
/ diffusion diffusion \/
2
e
(blue) (violet) /
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diffusion recombination diffusion
[ electrolyte -

Figure 1.28 Working principle of the solution-phase heptyl viologen/TMPD
ECD

More complex viologen based electrochromic systems make use of a sur-

face modified electrode (using silanization)!®”

or polyviologen systems. In the
latter case, a preformed polymeric viologen system is prepared by reaction of
4,4’-bypyridyl and a difuctional haloalkane in a suitable solvent. The obtained
product is usually deposited by spin-coating on the electrode surface.'®® An-
other deposition method employs polyviologen and PSS in an alternate layer-
by-layer deposition procedure, to build a polyelectrolyte multilayer.19%200 A
third approach, make use of viologens functionalized with electropolymeriz-
able units (such as pyrrole,?’! thiophenes, 202203 EDOT?% etc.). These materials
can be oxidatively polymerized to form conjugated polymers thin films embed-
ding the viologen molecules. In these composite materials, both the viologen
and the polymeric matrix are electroactive (and electrochromic). These poly-

mers are likely to show an interesting multicolor electrochromism. Since this
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kind of electrochromic polymeric system are better classified as "hybrid", they
will be discussed in more detail in section 1.4.4.

A latter approach to viologen based ECDs make use of anchoring groups to
adsorb the molecules on the surface of electrodes coated with nanostructured
TiO,. This approach is similar to the one used for dye sensitized solar cells

(DSSC) and the same type of electrodes is used 2%

. In this way, an high coloura-
tion efficiency and a fast switching time can be obtained thanks to the high in-
ternal surface area and the surface confinement of the redox process.2%® These
characteristics have focused the interest of different groups on this technol-
ogy.207-213 Devices based on this technology are developed and commercialized
by NTera Limited as NanoChromics™1Ink System for the production of printed
displays on flexible supports (Fig. 1.29¢c).2!4 These devices (Fig. 1.29b) are based
on a viologen molecule, carrying a phosphonic acid group (compound i) in Fig.
1.29a), chemisorbed on a 4pm thick TiO, layer deposited on an ITO/PET sub-
strate. The counterelectrode is a 3pm thick film of high surface area SnO,:Sb
on carbon/PET substrate. A ion-permeable TiO, layer can be placed between
the electrodes to act as a diffuse reflector obtaining the effect of ink on white
paper. In another configuration, phosphonated phenothiazine molecules (com-
pound ii) in Fig. 1.29) can be absorbed on the counterelectrode obtainig a dual

electrochromic device able to change from colourless to purple. 215216

reflective layer
clear (ion clear

substrate permeable) carbont g pstrate

. oH
i HO-P —
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with adsorbed vio- Sn0O,:Sb film
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(@) Phosphonic acid func- (b) Device scheme (c) Coloured display
tionalized electrochromes devices
Figure 1.29 Scheme of a NanoChromics™device?14215

Phenothiazine, phenazine, phenoxathiin, thianthrene The title compounds

cannot be clearly classified since they can be considered both Weitz type and
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Waurster electrochromes. Phenothiazine derivatives are known to form very
stable, red coloured radical cations, and have already been mentioned in para-
graph 1.4.2.1 for their application in conjuction with viologens in electrochromic
devices based on TiO,-absorbed dyes. Application of phenothiazine alone in

simple electrochromic devices has also been reported.?!”

Arylene bisimides Compounds of this class have been extensively used as
acceptors as a consequence of their low LUMO level, and hence they can easily
form stable radical anions and dianions upon reduction at relatively high po-
tentials.?!® They can be considered to be Wurster type violenes with the imide
groups acting as redox centers. They show a two-step reversible reduction, with
two reversible cathodic waves in CVs. The first peak can be attributed to the for-
mation of the radical anion, while the second arise from the dianion formation.
The peak separation is dependent on the size of the arylene core as an effect of
the better delocalization of the radical anion and the lower coulombic repulsion
in the dianion. As a consequence, the difference is higher for the smaller py-
romellitic bisimides and naphthalene bisimides than for perylene ones. As an
example di-n-amyl-pyromellitimide has its two reduction wave at —0.74 and
—1.43V (vs. SCE) (which correspond to ~—1.14/—1.82V vs. Fc/Fc"), di-sec-
buthyl-naphtalenebisimide at —1.14 and —1.56V (vs. Fc/Fc™), while di-sec-
buthyl perylene bisimide has —1.08 and —1.27V (vs. Fc/Fc*).21821% Bisimides
with very large cores, such as terrylene or quaterrylene, show a single two-
electron reduction process.??? The electrochemical and spectroelectrochemical
properties of thin films obtained from polymeric pyromellitic bisimides and
naphthalene bisimides have been studied but no reports of their application in

electrochromic devices is present in literature. 219221

Aromatic dicarboxylic acids esters The electrochromic properties of these vi-
olene redox systems (Wurster type) have been reported in 1987 by Nakamura
et al.??2, but apparently no further developments followed their preliminary
findings. The investigation on the electrochromism of these compounds was
then reopened in 2004 by Kobayashi et al. who characterized the electrochem-
istry and spectroelectrochemistry of dimethyl terephtalate solutions in NMP.22
The compound is reduced at ~—2.0V vs. Ag/AgCl showing an increase in ab-
sorption at 530nm. In a following paper, they built a solution phase 8x8 ma-
trix ECD employing diacetylbenzene, dimethylterephtalate and biphenyl di-
carboxylic acid diethyl ester cells using ferrocene as redox counterpart.??* At-
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tempts to build flexible devices using PVB-based gel electrolyte has been con-
ducted but the data for these devices show a very slow switching speed (around
100s).22°

The electrochromism of 5-substituted 1,3-isophtalates have been studied by Lee
et al. who demonstrated the possibility to tune the colour of the reduced state
changing the substituent.?2

Biphenyl dicarboxylic acid diethyl ester show two-step reduction changing the
colour of the solution from colorless to yellow and finally to red. An electro-
chemical cell using a solution of this compound and a NiO counterelectrode
showed high colouration efficiency for the first reduction step (377cm?C!)
thanks to the adoption of a solid state counterelectrode material. Nevetheless,

a 50% decay in contrast (AT) is observed after 1000 cycles.

Triphenylamine functionalized aromatic polyamides and polyimides Triph-
enylamine derivatives are widely used as hole-transport donor compounds
in organic materials, TPD (N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine)
being one of the most popular.??” The charged states in this material are stable
highly delocalized radical cations with quinod character??®??%, hence it is no
surprise that a closer look to its structure reveals it to be a Wurster type violene.
According to Robin and Day?%, systems of this type are classified as class III
since a strong electronic coupling is present between the two redox centers.?3!

Nonconjugated polymeric triphenylamine based systems, similar to these, have
been extensively studied, since 2005, by Liou et al.2%23% They prepared and
tully characterized a lot of different polyimides and polyamides with N,N,N’,-
N’-tetraphenyl-1,4-phenylenediamine moieties and a variety of different aro-
matic and non-aromatic spacers in the main chain (see Fig. 1.4.2.1). The ob-
tained polymers are soluble in most of the polar aprotic solvent (NMP, DMSO,
DMAc, DME, m-cresol) allowing them to prepare amorphous films by a drop-
casting technique. These films are multichromic, showing a colorless —; green-
— blue transition upon oxidation, and exhibit high contrast values (>60% in
the visible region) and good cycling stabilities.?*? The introduction of methoxyl
substituents on the electrochromic unit (b. in Fig. 1.4.2.1) in p-position low-
ered the oxidation potential and allowed to obtain more stable radical inter-

235 These im-

mediates preventing dimerization reactions at these positions.
proved materials show contrasts values around 75% in the visible region and
cycling stabilities up to 1000 cycles with a decay in colouration efficiencies of

5% for the colourless == green transition and 10% for colourless == blue one.
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Switching times (colouring/bleaching) of these two transitions are 3.04s/1.87s
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Figure 1.30 Examples of polyimides and polyamides incorporating N,N,N’,N’-
tetraphenyl-1,4-phenylenediamine moieties developed by Liou et al.

and 4.02s/2.02s respectively which are rather high values in comparison to
those achieved with conjugated polymers (<0.5s).126 A further improvement
on the electrochromic properties of these polymers was obtained using N,N’-
bis(4-aminophenyl)-N,N’-di(4-methoxyphenyl)-1,4-phenylenediamine as func-
tional monomer (c. in Fig. 1.4.2.1).23¢ The obtained polymers retain 99% of their
electroactivity after switching 10000 times between 0 and 0.70V (vs. Ag/AgCl)
(colourless == green) with a decay in colouration efficiency of 4.89%. Similar
good results are obtained switching to 1.10V (vs. Ag/AgCl) with a decay of
5.60% after 3000 cycles.
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1.4.2.2 Violene/Cyanine Hybrids

The violenes (see section 1.4.2.1) represent most of the known organic elec-
trochromes. The main drawback of these system is the fact that the intensely
coloured redox state (long wavelenght absorbing and high ¢) is a radical ion.
These open-shell states, even the most stable ones, have the tendency to be
more reactive when compared to closed-shell ones. As a consequence, a sim-
ilar redox system switching between closed-shell states is expected to be less
prone to decomposition. In order to obtain reversible redox systems of this
kind, with an highly coloured closed-shell state, a new general structure has

been proposed by Hiinig et al.?3%-24! (see Fig. 1.31).

-4 10 +4 -3t0 +3 -21t0 +2
X X X
X +el-e X +e/-e X
Y n +el-e Y n +e/-e Y n
Y Y Y
n=0,1,2..

Figure 1.31 General structure for a Violene/Cyanine redox system

This new general structure is clearly inspired by the violene one, but con-
tains, as end groups, systems that in the reduced or oxidized form can be de-
scribed as polymethine dyes (cyanines, oxonols and merocyanines; X=C—Y in
Fig. 1.31). Highly delocalized closed-shell systems of this class are known to
posses strong thermodynamic stabilization. As a consequence, in such a system
the fully reduced or fully oxidized states in the RED <= SEM - == OX equilib-
rium are stabilized at the expense of the SEM radical species, with the result of
a redox process that approaches a two-electron one. Furthermore, the cyaninic
nature of one of the two accessible states make it strongly absorptive in the
visible region (loge ~ 5). As an example, tetrakis(dimethylaminophenyl)ethen-
e (TDAPE, compound b in Fig. 1.32), known since 1906%*2, show a reversible
RED — OX?* two-electron redox process at ~—0.30V (vs. Fc/Fc*) in its cyclic
voltammogram (Fig. 1.33a) 240,

This process has been closely studied revealing a very small equilibrium
concentration of SEM ** species??. In contrast, the second oxidation wave at
~—0.70V (vs. Fc/Fc"), show a broadened peak with shoulders, and can be
interpreted as closely spaced unresolved single electron processes. The spec-
troelectrochemistry of the RED —s OX?* transition, depicted in figure 1.33b,
show the appearance of broad and intense absorption bands in the visible re-

gion. Although this complex spectrum cannot be simply described as derived
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from the one of its cyaninic substructure (Michler’s hydroxol blue), it demon-
strates the possibility to obtain an highly coloured closed-shell state following
the violene/cyanine approach. Further studies on these type of systems have
been made by Ito ef al. who developed more complex systems based on azu-
lene moieties.?*3-247. Most of their structures do not fit in Hiinig’s simple vio-
lene/cyanine hybrid structure depicted in Fig. 1.31 and new types of hybrids

were developed (Fig. 1.34). It can be noted that some of these systems posses

Inverse Wurster type Violene/Cyanine Hybrids

X C :X +el-e X,S <: > :X +el-e X P
— — - \ - )

v Y +el-e v Y +el-e v Y

Cyanine-Cyanine Hybrids

a) with two cyanine substructures

+e/-e +el-e
7 N\ 4 X - 7 N\ _X _— mx /x(X
Z +e/-e Z +e/-e Z * Z
Y Y Y Y
* = @ , @

b) with two cyanine end groups

W NN sere WY vel-e WW\(Y

bd X +el-e z X +el-e Z X

Violene-Cyanine-Cyanine Hybrids

n=0,1,2..
Violene-Violene Hybrids
j N
+2e/-2e +2el-2e
% AN~ P e— z 7 —_ =
n +2el-2e nl| +2e/-2e | n
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Figure 1.34 Examples of violene/cyanine hybrids structural motifs

more than one cyaninic oxidation state, giving them intriguing electrochromic

properties (multichromic and highly absorptive). It is thus possible to specu-
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late that more systems based on the violene/cyanine hybrid structures will be
studied and some of them tested in ECDs.

1.4.2.3 Electrochromic systems based on intramolecular redox switching of
bonds

Although violene type and the related violene/cyanine hybrid systems account
for most of the organic electrochromic compounds, a further class have to be
considered. In contrast to violenes and similar systems, where reduction or
oxidation are accompanied by a small conformational change and a modifica-
tion in the bond lengths, in these systems the formation of new intramolecu-
lar bonds is observed as a consequence of valence tautomerization occurring
during the electrochemical process. This is usually accomplished through a
multistep process that involve an overall two-electron transfer and a bond for-
mation/cleavage. The underlining mechanism is often of the ECE type (electron
transfer-chemical event-electron transfer), where the valence tautomerization take
place after the transfer of the first electron.

One of the first reported compound of this class was reported by Hiinig et al. in
1977.248249 In this case, compounds with a 1,3-dimethylenecyclobuthane skele-
ton, show an homoconjugative interaction between the two chromophoric units,
that lead to the formation of a bicyclo[1.1.0]buthane skeleton upon oxidation to
the dicationic forms (Fig. 1.35a). The overall chemical process is reversible
since CV patterns are retained on multiscanning, but the electron transfer is ir-
reversible as is apparent from the large separation between the oxidation and
reduction waves (Fig. 1.35b). This characteristic is recurrent in this type of sys-
tems.

A series of systems of this type, based on a tetraaryldihydrophenenthrene skele-
ton, was published in 1997 by Suzuki et al.2>%?%1 These molecules exploits the
easy bond dissociation of hexaarylethane derivatives into trityl radicals to form
a bistable redox active system that can be switched upon a two-electron transfer
(with an ECE mechanism, see Fig. 1.36a). The cyclic voltammograms (Fig. 1.36b
for Ar=4-Me,NC¢H,) show irreversible electron transfers but the presence of a
reversible overall chemical process as in the previous case. The switching be-
tween the two forms is accompanied by drastic colour changes, with an oxi-
dized form showing strong absorption bands in the visible region (A4, (loge):
661nm (4.92), 604nm (5.05); for Ar=4-Me,NC¢H,, Fig. 1.36c).

Similar systems, using cyanine radicals, were later studied by Hiinig et al.?%32%,

who proposed the two general structural motifs depicted in figure 1.37. In this
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R1=H, CH3, R?= CH3, CsHsCH,

RED

(@) Equilibrium between reduced
(RED) and oxidized (OX) forms
involving valence tautomerization

Figure 1.35
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Figure 1.37 General structures of electrochromics based on single-bond redox
switching.?%3
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scheme the X=C—Y system indicate a cyaninic type substructure that is able to
stabilize the charge, T is a saturated or unsaturated tether and Z indicates N or
C—R. Due to the presence of cyaninic substructures, these systems posses at
least one strongly coloured, long wavelength absorbing state. In the case of a)
type system, this corresponds with the open form, while the opposite is veri-
tied for the b) type system. By virtue of these characteristics, the electrochromic
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Figure 1.38 Cyclic voltammograms (vs. Fc/Fc*, »=100mV s}, saturated solu-
tion) and spectroelectrograms (vs. Ag/AgCl) for reduction (up) and oxidation
(down) of the cyanine based compound depicted on the left.25

properties of these closed-shell systems are very interesting since they can the-
oretically achieve very high contrast values in ECDs, but their application has

not yet been reported.

1.4.3 Metal Coordination Complexes

Metal coordination complexes appear as promising electrochromic materials as
a result of their intense colouration and redox activity combined with the pos-
sibility to modulate their properties through easy modification of the organic
ligands.?*® In this class of compounds, the transitions involved in the chro-

mophoric properties are mainly: metal-to-ligand charge transfer (MLCT), in-
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tervalence charge transfer and intra-ligand excitations; thus involving valence
electrons. It follows that these transitions are altered or eliminated upon reduc-
tion or oxidation of the metal center, making these materials electrochromic.
The incorporation of electrochromic metal coordination complexes in all-solid-
state ECDs is of particular interest for applications but requires them to be pre-

pared as thin-films or as polymers.

Polypyridyl Complexes

Polypyrdyl ligands are known to form stable complexes with a variety of transi-
tion metals, and some of them show interesting electrochromic properties. An
example is represented by the bipyridyl complexes [MH(bipy)3]2+ (M = iron,
ruthenium, osmium; bipy = 2,2’-bipyridine) which appear as red, orange and
green respectively as a consequence of the presence of a MLCT band which is
suppressed on switching to the M redox state. Bipyridine based complexes in
which ligands are functionalized with electron-withdrawing groups also show
some ligand-based electrochemical processes, as an effect of the anodic shift
of the redox potentials, that lead to multicolor electrochromism.?>¢2%7 The in-
corporation of polypyridyl complexes inside thin-films is usually accomplished
through polymerization of properly functionalized ligands (carrying polymero-
genic functionalities). Two approaches are found in literature: oxidative poly-
merization and reductive polymerization.

Reductive electropolymerization of [M"(bipy);]%* complexes is usually em-
ployed with vinyl-substituted pyridyl ligands and exploits the ligand-centered
nature of the three sequential reduction shown by such ligands. Radical species
generated upon reduction lead to oligomeric metallopolymers through C—C
bond formation. The oligomeric species grow near the electrode surface and
are deposited onto it once a critical size is reached (due to their insolubility). 2>
Electroactive thin-film formation by oxidative electropolymerization has been
described for Fe' and Ru" complexes obtained from bipyridyl ligands substi-

tuted with amino?>® 260

moieties and aniline functionalized pendants
Recently, electrochromic films based on Os™ and Ru' supramolecular assem-
blies prepared following a layer-by-layer deposition method have been reported.
This approach uses polytopic vinyl-pyridyl based ligands to form metal com-
plexes that are subsequently crosslinked on the surface using PdCl,(PhCN),
with an alternate deposition procedure, leading to porous metal-organic as-

semblieg 261,262
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Metallophthalocyanines and porphyrins

Metalloporphyrins are naturally occurring pigments containing a porphyrin
ring chelating a metal ion. The most common examples are the hemes (found
in hemoglobins, myoglobins, cytochromes, catalases, and peroxidases), chloro-
phylls, and bacteriochlorophylls. Synthetic approaches to the synthesis of a
variety of different porphyrins have been developed. Excluding the case of
highly non-symmetrical derivatives, in synthetic phorphyrins substituents can
be present on the 3 positions of the pyrroles (figure 1.39) and /or at the meso po-
sition between the pyrrolic rings (in this case R is usually an aromatic ring).263

Phthalocyanines (Pc) can be considered as tetraazatetrabenzo derivatives of

R R R
R R
R R
R R
R R R
(a) Pyrrole 8 position (b) meso position

Figure 1.39 Common substitution patterns in synthetic porphyrins

porphyrins, which form coordination complexes with ions derived from more
than 70 different elements of the periodic table. The metal ion in metalloph-
thalocyanines is located either at the center of a single Pc ligand (Fig. 1.40a) or
between two of them forming a sandwich-type complex (1.40b). The first type
of complexes is common for transition metal ions while the latter is usually
encountered with lanthanides. Metallophthalocyanines find industrial appli-
cation as dyes and pigments (for inks, plastics and metal surfaces) while their
water-soluble sulfonate derivatives are used as dyestuff for clothing. They find
further applications as catalysts, liquid crystals, gas sensors, photosensitizers,
NLO dyes and electrochromes. The colour of metallophthalocyanine deriva-
tives is due to the presence of a very intense (¢ >10°Lmol-'cm™') absorption
band located in the red region of the visible spectrum (around 670nm), accom-
panied by weaker MLCT transitions in the region around 500nm. These tran-

sitions make possible to modulate the resulting hue by changing the metal ion.

The first electrochromic phthalocyanine based thin-film was reported in 1970.
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Figure 1.40

This material was obtained by vacuum sublimation of [Lu(Pc),] and was exten-
sively studied in the following years. Films obtained in this way show a brillant
green color (Apmax=605nm) and posses a complex multicolor electrochromism
(Eq. 1.33, 1.34, 1.35 and Fig. 1.4.3). Upon oxidation the film changes to a yel-
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Figure 1.41 Absorption spectra of Lu(Pc), in aqueous 1M KCl.265

low/tan form (Eq. 1.33) and then to a red one of unknown composition;266-268

upon reduction it switches firstly to a blue form and then to a violet-blue one. 2%
Limiting the colour transition to yellow —tan == green, cycle lives greater than
5x 10° cycles have been reported in suitable solvents with switching speeds
~40ms, but the contrast between these two redox states is not very good.2”
Devices containing Pc complexes also suffer from degradation problems corre-
lated to the mechanical stress caused by the inward /outward motion of coun-

terions in the electrochromic film during cycling. This factor, connected to the
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rigidity of the structure, can be minimized using smaller anions.?”1272

[Pe,Lub] * (s) == [Pc,Lu] * (s) + 1H*; (1.33)
green +1le yellow/tan
[Pe,LuH] * (s) #== [Pc,LuH](s); (1.34)
green —1le blue
[PeyLuH|(s) N [PcyLuH| ™ (s)
blue —le~ violet (1.35)

[Pe,LuH] ™ (5) o= [PeyLu] 2 (s)

—le—
Another problem, that prevents application of [Lu(Pc),] films in devices, is that
they are usually prepared by a vacuum sublimation. The intrinsic difficulties
associated with this manufacture technique (need for a vacuum apparatus),
are accompanied by a slow deposition rate, partial decomposition of the mate-
rial and presence of electrochemically inaccessible sites in the resulting film.2”3
Attempts to solve this problem include film preparation using the Langmuir-

Blodgett technique?74-276

and the use of polymerogenic phthalocyanines. The
tirst has demonstrated to allow the synthesis of thin-films with extended cycle
lives (up to 10° cycles), although with a very low contrast (low thickness).2””
The latter strategy use polymerogenic functionalities attached to the phthalo-
cyanines complexes, similarly to those used for polypyridyl complexes (see
section 1.4.3). These include pendant aniline and hydroxyl groups on ligands
that can be electropolymerized on the electrode surface.?’#?”® An interesting
example of the use of pyrrole, connected to the Pc via an alkylene spacer, as an
oxidatively polymerizable unit has also been reported.230

It has to be clarified that the sharply peaked absorption bands of this kind of
materials make them unsuitable for transmissive devices such as smart win-
dows or sunglasses (see 1.2.7.4), where a more neutral hue is desired. As a
consequence, their possible applications are in the field of electrochromic dis-
play devices.

Little knowledge on the electrochromic properties porphyrins is present in lit-
erature. Early results show the presence of pink == green —= amber electro-

chromic states for Zn(TPP) in solution upon reduction. 281,282

144 Composite multichromophoric polymeric systems

Conjugated polymers have proved to represent a fascinating class of electroch-

romic systems, showing very interesting properties in term of cycling stability,
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colouration efficiency, ease of processing and hue modulability through func-
tionalization. However, this latter characteristics appear to be rather limited if
one looks at the literature examples. In particular, conjugated polymer based
systems switching from a colourless highly transmissive state to one possessing
a neutral hue (brown, grey, green) are still missing. The advent of the donor-
acceptor approach solved the problem only in part since the known examples
lack the highly transmissive state of the best PEDOT analogues. Futhermore,
their coloured state exhibits pure hues that are unsuitable for application like
smart windows or sunglasses since they lead to distortion in colour percep-
tion, as a consequence of uneven filtering of some spectral regions. The only
exception is represented by the PProDOT based copolymer incorporating DA
units developed by Reynolds et al. that shows a bluish-black to transmissive
transition.2? Nevertheless, the transmittance of the bleached form in the visible
region ranges from 45% to 67% that are unacceptable values for the aforemen-
tioned applications. One possible solution to modify the colours of the exist-
ing electrochromic polymers is to incorporate a second, non-interacting, elec-
trochrome inside their structure. Supposed that the two systems, the polymer
and the embedded discrete electrochromic system, show independent redox
behaviours, an easy way to colour tuning can be obtained. Furthermore, if both
the polymer and the discrete electrochromic system (DES) posses a colourless
state in the same potential range, a colourless to coloured transition could in
principle be observed. There are few examples of this type of approach in liter-
ature.

In 1984, Bidan et al.2%! reported the electrooxidation of a pyrrole N-substituted
with an aliphatic chain bearing a 4,4’-bipyridinium (viologen) on a Pt electrode.
The cyclic voltammogram shows the presence of the polypyrrole redox pro-
cess along with the two sharp redox waves of the viologen unit. Interestingly,
a pre-peak superimposed to the poly(pyrrole) oxidation wave is also present.
The authors state that the amount of charge attributed to this pre-peak is iden-
tical to the observed difference between the integrated charges for reduction
and oxidation of the V?* unit. This modified electrode appears to be not so
stable, since a 15% charge drop in the viologen reduction peak was observed
after 450 cycles (between 0 and —0.9V vs. Ag/Ag™). A similar system, in
which the viologen unit was anchored to the 3-position of a thiophene unit
through an alkyl tether, was prepared by Lee ef al. in 2002.29 Even in this case
the cyclic voltammograms of the polymers showed an additional peak super-

imposed to the polymer oxidation process. Quantitative consideration on the
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charges involved in the redox waves, and additional experiments limiting the
scan range, confirmed a similar behaviour to the one observed by Bidan et al.
The authors explained this odd behaviour by the presence of a viologen medi-
ated electron transfer process. Their hypothesis is that, upon reduction of the
conjugated polymer backbone, charge trapping occur, leaving residual charges.
These species are then reduced at a lower potential through an electron transfer
process mediated by V*'. Reoxidation occurs at the same potential as the rest
of the polymeric chain. Nonetheless, the system appered to have fairly good cy-
cling stability, and spectroelectrograms of the system in its different oxidation
states were recorded. Similar redox behaviors were reported with different re-
dox active systems attached to conjugated polymers: viologen/poly(cyclopen-
tadithiophene)?33, viologen/polycarbazole?®, titanocene /polypyrrole%, tita-
nocene/PEDOT?¢, anthraquinone/PEDOT?¥”. However, in most of these sys-
tems, the presence of pre-peaks is associated with a loss in the electroactivity
of the attached redox-active unit. As an example, the cyclic voltammograms
of the anthraquinone/PEDOT system studied by Otero et al.?%”, and the violo-
gen/poly(cyclopentadithiophene) system studied by Lee et al.28® are reported
in figure 1.42. Nevertheless, in 2004 Lee et al.2%* reported the synthesis and elec-
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Figure 1.42 (a) CVs of p(AQ-EDOT) in monomer-free solution in 0.1 M BuyNPF¢
solution in CH3CN, scan rate: 50mV s71;287 (b) CVs of P(CPDT-V2"-Me) in
a monomer-free 0.1M BuyNPF, solution in CH;CN/CH,Cl, (1:3 by volume),
scan rate: 50mV s~!,283

trochemical characterization of a stable PEDOT film incorporating a pendant vi-
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ologen unit (Fig. 1.43). Interestigly, this system shows a stable electrochemical
behaviour, as opposed to the almost identical system published the same year
by Czardybon et al.?8, the only difference between the two being a butyl chain
on one of the viologen nitrogen atoms instead of a methyl group. The spectro-
electrogram of Lee’s polymer clearly shows a contrast enhancement and slight
modification of the hue of reduced PEDOT to a darker one, as a consequence of

the absorption of of V' species, after half-reduction of the viologen.
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Figure 1.43 Cyclic voltammograms of the electropolymerization of a 2mM
EDOT-V?" solution in 0.1M Buy,NPF, in MeCN/CH,Cl, 1:5, scan rate
50mV s7!, inset shows the CV of the obtained polymer in monomer-free so-
lution (0.1M BuyNPF, in MeCN, 50mV s7!) (left); and spectroelectrochemistry
of a p(EDOT—V2+) on ITO/glass at various potentials: a) 0.5, b) 0.2, ¢) 0.0, d)
—0.2,e) —04,f) 0.6, g) —0.7, h) —0.8 to —1.0,i) —1.2 and j) —1.4 to —1.6V vs.
Ag/Ag* (right).204

Conjugated polymers incorporating arylenebisimides?-2% and TTF** and tetra-
cyanoanthraquinodimethane?’! have also been reported. The different approaches
to the incorporation of discrete electrochromic systems in conjugated polymers
include post-functionalization of polymeric films via click-reaction?*® and the

use of functionalized polyelectrolites??®

. Using this latter approach Palmore
et al. prepared a PEDOT film doped with poly(3-methyl-2-[3-(4-vinyl-benzyl)--
3H-benzothiazol-2-ylidene]-hydrazono-2,3-dihydro-benzothiazole-6-sulfonic) acid

showing an interesting multichromic bahaviour.
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Chapter 2

Two step reversible discrete
electrochromes switching from

coloured to highly transmissive

2.1 Introduction

Organic electrochromic materials represent a well established alternative to the
inorganic ones, currently used in most of the devices. An overview of the differ-
ent classes have been presented in section 1.4 in the introduction. One of their
most intriguing properties is the possibility to tailor the hue of their coloured
states trough functionalization. This allows to expand, almost endlessly, the
colour palette of the existing electrochromes.

Among the different organic electrochromic systems, conjugated polymers have
certainly received much more attention, and most of the research efforts have
been focused on the development of new ones. This can be easily explained
considering their superior electrochromic performances and extended cycle lives,
combined with good processability. Applications like smart windows, rearview
mirrors or sunglasses require the material to posses an highly transmissive state
and a coloured one with a panchromatic absorption with a resultant neutral
hue. Currently available polymeric electrochromes are still far from reaching
these targets. The application in sunglasses, for example, would require a final

device with transmittance close to 90% in the bleached state and <20% over the
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2.2 - Concepts of molecular design of violenes

whole spectrum in the coloured one. The best example in literature?® shows a
transmittance of the colourless state ranging from 45% to 67% and an uneven
absorbing reduced state. This example attests the limitations of this class of
compounds. Firstly, it is intrinsically difficult to obtain a colourless state with
very high transmissivity as a result of the tailing of the polaron band in the vis-
ible region. This effect can be reduced by modification of the monomer and op-
timization of the parameters involved in the polymerization process.?” More-
over, the use of the donor-acceptor approach to modify the hue of the reduced
form is not satisfactory in this respect, and complicates the bleaching process as
a consequence of the presence of localized levels on the acceptor. This consider-
ations rise the interest in the development of different types of electrochromic
materials. As discussed in the introduction, several other classes exists. Vi-
olenes, in particular, possess very good electrochromic properties, and could

allow to access a wide spectrum of different colours.

2.2 Concepts of molecular design of violenes

Despite the huge number of different violene type molecules studied, just few
of them received some kind of development or device application: viologens,
N,N,N’,N’-tetraphenyl-1,4-phenylenediamine, 2,2"-Az0-3,3’-dialkylbis(benzoth-
iazol-3-ium) and phenothiazine. The first, in particular, have been the most
studied, with a huge variety of different functionalizations in order to modu-
late their solubility and colour, and have found application in solution-based
devices. Nevertheless, as already pointed out by Hiinig et al.?4?, their coloured
state is a radicalic open-shell structure. Structures of this type have the ten-
dency to be more reactive than the corresponding closed-shell ones, and hence
more prone to decomposition reactions that reduce the cycle life. On the other
side, the neutral direduced form of the viologen has very little absorption in the
visible region since its transition is not so intense and centred in the UV region.
As a consequence, a new electrochromic system should fulfill the following re-

quirements:
1. switch reversibly between a coloured and a colourless form;
2. both forms should have a closed-shell structure;
3. further functionalizable to allow an easy tuning of the properties;

4. posses chemical and photochemical stability (at least to visible radiation);
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5. be easily synthetically accessible, starting from cheap precursors.

The first of these can be easily fulfilled by a large number of violene type com-
pounds. The second one is far more difficult to achieve since most of the violene
type structures have a two step redox behavior with a wide stability range of
the intermediate radicalic form. This characteristic is usually evaluated from
the difference in potential between the two redox waves that characterize this

type of systems as follows: %

(Bo—E\)F 99gK . (Ea—E1) [SEM]2
K = RT = 1070059V = _— 1 2.1

Looking at the large library developed by Hiinig et al.178 it is possible to pick
few suitable structural types. Interestingly, in their review 177 the authors noted
that increasing the number of vinylene groups in violene systems has the effect
of reducing the K.,,. As an example, while the methyl viologen radical has
a reported stability constant of 2.5 x 107, those of the vinylogous systems have
stability constants of: 2.5 x 10% (n=1), 1.3 (n=2) and 4.8 x 10~2 (n=3) (Fig. 2.1).

_N@N@N—

Figure 2.1 Thermodynamic stability constraints K., of the vinylogous of
methyl viologen.17”

Kgem=1.3x 107
Kgem=2.5x 103
Keem=1.3
Kem=4.8 x 1072

5?55
WN = O

This trend has been associated, at least for nitrogen containing violenes, to
a variation in the Coulomb repulsion integral, and hence to the separation of
positive charges.?®® Further reduction in the stability of the radical interme-
diate have been correlated to the lack of planarity between the terminal het-
eroaromatic rings. An example of this effect is offered by the huge difference
in Ksem observed between N,N’-dimethyl-4-4’-bipyrydyl (Ksem=1.3 x 107) and
N,N’-dimethyl-2-2"-bipyrydyl (K., =20), which is believed to be a consequence
of the twisted conformation adopted by the latter.3%3%! For the same reason, a
shift of the reduction potential to more negative values is also observed in the
latter system. Benzocondensation has also proved to have an effect on both
potentials and K.,. This can be noted by comparison of the aforementioned
bipyridine vinylogous series to the one obtained from quinoline (Fig. 2.2).177
It can be noted, from the examples, that weitz type violenes systems that ex-

hibit bielectronic transitions between the two forms can be obtained by exten-
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n Ela Ema E2a Ksem
a. 0 —0.68 —0.27 13x107

1 —0.54 —034 25x10°

2 —0.43 1.3

3 —0.42 4.8%102
b. b. 0 —035 —028 21

1 -0.18 —0.10 30

2 —0.16 32x10°!

3 —0.18 4.8 x102

a) Potentials in V, vs. Ag/AgCl in acetoni-
trile, as reported by Hiinig et al. 177

Figure 2.2 Effect of benzocondensation on K., in the series of vinylogous
diazininium compounds on the left.

sion of the viologen structure. Although it has been demonstrated that simi-
lar bielectronic behaviour is achievable abandoning the violene structural mo-
tif, in favour of the so called "violene-cyanine hybrid", the higher complexity
of these systems make their synthesis and further functionalization challeng-
ing. 239240 The extended viologens are expected to provide a red shifted absorp-
tion band in the reduced form as a consequence of extended conjugation. This

has been confirmed by Muramatsu et al.3%2

measuring the properties of 1,2-
bis(1-methylpyridin-4(1H)-ylidene)ethane obtained by chemical reduction with
sodium amalgam of (E)-4,4’-(ethene-1,2-diyl)bis(1-methylpyridinium) tetraflu-
oroborate. In light of these considerations, these compounds can be considered
good candidates for electrochromic applications, and certanly deserve further
development.

In this contribution, the synthesis of a library of different diazium ethenes is
described, along with the characterization of their electrochemical and spectro-

electrochemical properties. In particular, the effect of:
¢ nature of the end groups (heteroaromatic azines);
e connectivity between the end groups;
e presence of substituents;

are detailed. These observation are exploited to develop the optimal strategy
to achieve colour modulation in this class of compounds. It is demonstrated

how colour modulation can be achieved by simple synthetic modifications of
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the general structure. Moreover, our approach uses versatile synthetic proto-
cols that make use of cheap starting materials, and can be easily upscaled to

multigram quantities.

2.3 Novel electrochromes based on heteroaromatic

diazinium ethenes

As outlined in section 2.2, azinium ethenes posses a series of favourable electro-
chemical properties, and it is worth to expand the library of known compounds
in order to understand the structure-properties relationships that affect them.
At first, a more rough investigation was accomplished, switching in a second
time to a more systematic approach directed to a fine tune of the electrochromic
properties.

In the section 2.2 we mentioned that, in the series of diazinium ethenes de-
veloped by Hiinig et al., an effect related to benzocondensation emerges, re-
sulting in a shift of the reduction potentials to less negative values. This can
be attributed to the strongly m-acceptor capabilities of quinoline ring with re-
spect to pyridine (lower LUMO and lower HOMO) and to the aromatic sta-
bilization of the reduced form. It has to be considered, in fact, that an aro-
matic to quinoid transition take place upon reduction to the fully reduced form.
Benzocondensation allows to retain a certain grade of aromatic stabilization,
as illustrated in picture 2.3, according to the fact that one of the two rings

in the terminal group gains full benzenoid aromaticity upon reduction. In

Figure 2.3 Stabilizing effect of benzocondensation on the reduced form of di-
azinium ethenes.

order to investigate this effect, we extended further the benzocondensation
and prepared 1,2-bis(10-methylacridin-9(10H)-ylidene)ethane (1), represent-
ing the reduced form of (E)-9,9’-(ethene-1,2-diyl)bis(10-methylacridinium) di-
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cation. This novel compound, isolated in its stable reduced form, have already
proved to be applicable as a donor for modification of the work function of
metal surfaces in a recent publication by our group.3®® It has to be noted that,
in this case, a clear-cut classification of the system in the Weitz or Wurster types
cannot be made since most of the aromaticity is retained upon switching (see
section 1.4.2.1). We also prepared compound 2 in order to have a reference
to evaluate the performances and stabilities of our molecules. This molecule
represent just a little modification of the known (E)-4,4’-(ethene-1,2-diyl)-bis(1-
methylpyridinium) dication. The longer alkyl chain on one of the two nitro-
gen atoms is intended to enhance the solubility of this derivative, extending
the range of possible applications in comparison to the parent compound. In
addition, the asymmetric substitution on the terminal nitrogen atoms can im-

prove the write erase efficiency of the system3%, and illustrates the possibility

N
e
-2e =

of monofunctionalization attained.

+2e
=z
) |
N
I
I
N
| ©
'29 =
—_—
< 2
+2e A
=
a® |
. N
CgHi3 CeHis

Figure 2.4 Redox equilibria in compound 2 and its benzocondensed analogous
1.

The other class of compounds is represented by 1,2-diazinium-ethenes with
quinolinium end groups. This class of compounds was extended to comprise
isoquinolinium end groups and most of the possible combinations of these
structural units. In particular, all the non-symmetrical isomers of this class
were unknown in literature (3, 4) along with the symmetric derivative 5 (ta-

74



2.3 - Novel electrochromes based on heteroaromatic diazinium ethenes

ble 2.1). In this way we tested the effect of the different connection patterns on
the reduction potentials and on the stability of the intermediate radical cationic
state. Most of these compounds can be obtained with different substituents on

Table 2.1 Quinolinium and isoquinolinium substituted ethenes studied in this
work.

o

the nitrogen atoms. This allows both to enhance solubility an to attain mono-
functionalization. This latter possibility is very important in view of further
development of these electrochromic compounds. An example of monofunc-
tionalization will be described in chapter 3.

Among these compounds, derivative 4 was selected as the most promising
for our purposes as a consequence of its good electrochromic properties and
easy synthetic access. The effect of the presence of different substituents on the
electrochemical and spectroelectrochemical properties of this compound were
tested with the aim of developing the optimal strategy to tune the colour of
its reduced state. For this purpose, derivatives 8, 9, 10 and 11 were prepared.
In order to maximise the effect of substitution, the halogen groups in deriva-

tives 8, 9 and 10 were placed in the p-position with respect to the position of
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the ethylene bridge. The choice of the tetrahydroacridine end group to explore
the effect of alkyl donating groups, in compound 11, was dictated by synthetic

convenience. On substitution with electron withdrawing groups, a little shift of

8 X=Br
9 X'=F
10 X2=Cl

Figure 2.5 Substituted derivatives of compound 4.

the redox wave to higher potential values is expected. On the other hand, the
effect on the electrochromic properties is difficult to predict a priori, justifying
such an empirical approach.

Despite the huge number of Weitz type violene systems studied by Hiinig et al.,
for some reason, they always limited their investigation to symmetric systems,
even in those cases where asymmetric derivatives were synthetically accessible.
In this respect our study clearly prove the possibility to mix different heterocy-
cles with similar redox potentials. In order to offer a further example in this
direction, we prepared the asymmetric compound 12, formally derived by sub-

stitution of one quinolinium moiety with a benzothiazolium one.

—\®

S / \ N—
co 8
N® o

\ OTf

2.3.1 Synthesis of the electrochromes
2.3.1.1 1,2-bis(10-methylacridin-9(10H)-ylidene)ethane

The synthetic protocol for the synthesis of the acridinyl based derivative 1 is il-
lustrated in scheme 2.1. The last synthetic step involves the dimerization of the
9,10-dimethylacridinium salt 13 in refluxing ethanol in presence of piperidine
as a base. This peculiar synthesis was discovered by chance in our laboratory
trying to condense the 9,10-dimethylacridinium salt 13 with an aldehyde un-

der base catalysis. The mechanism of the reaction is still under investigation
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and the reported yield is based on the assumption of a simple 2:1 stoichiome-

try. Intermediate 14 was prepared using Bernthsen reaction3*®> by modification

N
H 1) AcOH, ZnCl, O = O
(jNO 5h @ 215°C /

| >

P4 2) NHs3 (aq)

yield 54% 14

MeOTf 1.2 eq
dry toluene

yield 69%

|(§)Tf
piperidine RN g\
EtOH, 12h reflux </ =
yield 42%

13

Scheme 2.1 Synthetic scheme for the preparation of derivative 1

of a literature synthetic protocol3®. In particular, the chromatographic purifi-
cation step was replaced by multiple crystallization from EtOH/H,O mixture
obtaining pure 14 as yellow needles. Subsequent N-alkylation with methy] tri-
fluoromethanesulfonate in dry toluene yielded 13. The moderate yield of this

step, can be attributed to the low nucleophilicity of the acridine nitrogen.

2.3.1.2 Quinolinium/isoquinolinium substituted ethenes

Synthesis via base catalysed condensation We developed different synthetic
strategies for the synthesis of this class of compounds, as a consequence of their
different reactivities and the availability of the starting materials. Most of them
can be obtained following scheme 2.2. This synthetic strategy involves the con-
densation of the quinolinium or isoquinolinium methyl iodide with the proper
aldehyde in MeOH, using piperidine as a catalyst, to yield a monoalkylated in-
termediate. The solubility of the product has proved to play an important role
in determining the yield of this step. Early attempts with quinolinium and iso-
quinolinium triflates, instead of iodides, were unsuccessful. We believe this to

be a consequence of the higher solubility of the triflate derivatives. Prolonged
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heating was found to produce a complex mixture of decomposition products,
hampering the isolation of the desired ones.

The alkylation of the second nitrogen atom was then performed with an excess
of the strong alkylating agent MeOTf in cold dry MeNO,. More than twofold
excess of MeOTf is required in this second step, since a Finkelstein®"? type reac-
tion take place between the nucleophilic counterion (iodide) and MeOT{. This
last alkylation step has proved to be more problematic for 15, as consequence
of the lower reactivity of the hindered quinoline nitrogen. A similar effect has
been observed in the alkylation of the isomer of 16 carrying the methyl group
on the other nitrogen atom™.

The starting quinolinium and isoquinolinium methyl iodides were prepared
by reaction of 2- and 4-methyl quinolines and 1-methyl isoquinoline with methyl
iodide. In order to overcome their low reactivity, these reaction were performed
either without solvent or in a very concentrated acetone solution (~1M) at 95°C
under pressure in a microwave reaction apparatus. Thanks to this technique
short reaction times (<10 min) and high yields have been achieved.

Although commercially available, 1-methyl-isoquinoline (26) was prepared fol-

308

lowing two distinct literature procedures: Bischler-Napieralski~"® reaction, start-

309 modification of the Po-

ing from -phenethylamine, and the Schittler-Miiller
meranz-Fritsch3193! reaction, starting from a-phenethylamine (scheme 2.3).
The former involves a dehydrogenation of the intermediate 1-methyl-3,4-di-
hydroisoquinoline (25). This leads to the formation of a small quantity of 1--
methyl-5,6,7,8-tetrahydroisoquinoline as subproduct. As a consequence, the
latter proved to be superior for our scope since a purer product can be obtained
without any complex purification step. In order to overcome the lower reac-
tivity of the bromine substituted aldimine in the electrophilic cyclization step

leading to 6-bromo-1-methylisoquinoline (28), a modified procedure31?

, using
P,05/H,S0, as a solvent instead of H,SO, alone, was adopted. Using this lat-
ter reaction conditions satisfactory yields of the desired product were obtained.

The benzothiazolium/quinolinium substituted ethene 12 was prepared fol-
lowing a base catalysed condensation under similar conditions to those illus-
trated. The synthetic approach involves the condensation of 2,3-dimethylben-
zothiazolium iodide (30) with quinoline-4-carbaldehyde under basic catalysis
to produce a monoalkylated derivative 31 that is subsequently alkylated on
the quinoline nitrogen with an excess of methyl trifluoromethanesulfonate in

nitromethane obtaining 12 (scheme 2.4). Nevertheless, in this case the piperi-

*the synthesis of this compound has not been reported
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Scheme 2.2
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a. Bischler-Napieralski 1) POCI3 5 eq.
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dine catalysed condensation proved to be unsatisfactory, leading to a complex
mixture of products. Using N,N-diisopropylethylamine (DIPEA), as a non-

nucleophilic base, the desired product was isolated, although in low yield.

Synthesis via acid catalyzed condensation A different reaction sequence (sche-
me 2.5) was adopted for the preparation of the chlorine functionalized deriva-
tive 10 and the fluorine functionalized one 9. In the former case the choice
was motivated by an higher overall yield, while in the latter the base catalyzed
condensation was proved not to be applicable. In fact, the fluorine atom in
1,2-dimethyl-6-fluoroisoquinolinium iodide is easily displaced upon treatment
with piperidine or other bases of comparable nucleophilicity. Attempts with
non-nucleophilic bases such as N,N-diisopropylethylamine also failed. The al-
ternative reaction sequence involves the acid catalyzed condensation between
1-methylisoquinoline (26) and the proper 4-quinoline carboxyaldehyde in a
mixture of acetic anhydride and acetic acid under microwave irradiation. 313314
The product of this reaction is isolated as an adduct with acetic acid, which
is subsequently removed by treatment with aqueous NaHCO;. The obtained
compounds (32 and 33) were then doubly alkylated with MeOTf in conditions
analogous to those described for the monoalkylated derivatives. The 7-chlo-
roquinoline-4-carbaldehyde (35) was prepared, starting from the cheap 4,7-di-
chloroquinoline, following a literature procedure®!® to obtain the 7-chloro-4-
iodo-quinoline (36), that was subsequently converted in 35 with a Bouveault
aldehyde synthesis®1®. The 6-fluoro-1-methylisoquinoline was obtained from
the commercially available 1-(4-fluorophenyl)ethanamine (37), following the
already mentioned Schittler-Miiller modified Pomeranz-Fritsch reaction, and

isolated from the reaction mixture by steam distillation.

Synthesis via enaminones As a consequence of the initial difficulties we en-
countered in the synthesis of 1,2,3,4-tetrahydroacridine-9-carbaldehyde (38),
and the very low yield of the basic catalyzed condensation between compound
17 and isoquinoline-1-carboxyaldehyde (prepared by reduction of the corre-
sponding ester (39) with DIBAL-H), we adopted a different synthetic protocol
for the synthesis of compounds 11 (scheme 2.6) and 5 (scheme 2.7).

In these reaction schemes the methyl 1,2,3,4-tetrahydroacridine-9-carboxyl-
ate (40), or methyl 1-isoquinoline carboxylate (39) were reacted with isoquino-
line in dimethoxyethane, under inert atmosphere and using NaH as a base,

obtaining the desired condensation products as their enaminone tautomers (41
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Scheme 2.7

and 44). These intermediates were then reduced with zinc dust in aqueous
formic acid to the aldoles 42 and 45. A subsequent dehydration step with
acetic anhydride at 70°C yields the desired ethenes (43 and 46). An higher
reaction temperature in this last step was found to promote the the retro-aldol
reaction. A similar behaviour has been reported for 2-, and 4-(2-Hydroxy-2-
arylethyl)pyridines.?1” To the best of our knowledge, the first part of this se-
quence was first developed by Andrews et al.313 for the synthesis of 1,2-di-
2’-quinolyl-ethanol, 1-4’-quinolyl-2-2’-quinolyl-ethanol and 1-2’-quinolyl-2- 1'-
isoquinolyl-ethanol. The authors erroneously reported the structure of the con-
densation products in their ketonic tautomeric form. The assignment was made
following literature NMR data.3!8 The freebases 43 and 46 were subsequently
alkylated with MeOTf in MeNO, similarly to 32 and 33 described in section
2.3.1.2. The low yield observed in the alkylation of 46 can be attributed to steric
hindrance around the nitrogen atom.

The two esters 39 and 40, used as starting material, were prepared from the cor-
responding acids 47 and 48. The isoquinoline ester can be prepared by classic
acid catalyzed esterification with MeOH, either at reflux temperature or under
pressure (faster). Nevertheless, the esterification of acid 48 does not proceed

under these conditions, but can be carried out smoothly by nucleophilic es-
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terification. Both DBU/Mel and DBU /dimethylcarbonate proved to be useful
in this respect. The 1,2,3,4-tetrahydroacridine-9-carboxylic acid (48) was pre-
pared by Pfitzinger reaction®932% between isatin and cyclohexanone (scheme
2.8), while 47 is commercially available.

O
N N
oS OO0 w0
| o > Mel 1 eq N E
_ . —_—
KOH _ toluene
o) H,O/EtOH 4:1 48 0O ~OH 3h reflux 40 O O
g;&sg@éﬂlux yield 85% |
c
yield 87%
Scheme 2.8

2.3.2 Electrochemical and Spectroelectrochemical Properties

The properties of the new violene type redox systems were tested through
electrochemical measurements. In particular, cyclic voltammetry (CV) exper-
iments were conducted in order to identify the half wave potentials of the re-
dox processes involved. For most of the compounds spectroelectrochemical
measurements in solution were also performed, hence fully characterizing the
electrochromism of these systems.

2.3.2.1 (E)-1-hexyl-4-(2-(1-methylpyridinium-4-yl)vinyl)pyridinium iodide tri-
fluoromethanesulfonate

As explained in section 2.3, compound 2 was prepared and characterized in or-
der to have a reference for the further development of diazinium substituted
ethenes. Its cyclic voltammogram, depicted in figure 2.6, displays two mono-
electronic redox waves at —840mV and —1047mV vs. Fc/Fc™ with peak sepa-
rations of 59mV and 69mV respectively. These data demonstrate the presence
of a rather stable radical cation intermediate for this compound, and a stability

constant (Kep,) of 3.2 x 10° can be calculated.

2.3.2.2 1,2-bis(10-methylacridin-9(10H)-ylidene)ethane

The cyclic voltammograms of 1 (Fig. 2.7) display a single reversible redox wave
corresponding to the oxidation at both acridine end groups. The higher cur-
rent density obtained with the glassy carbon (GC) disc compared to the gold
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Figure 2.6 Cyclic voltammograms of a 10~*M solution of 2 in 0.1M
LiClO4/MeCN (scan rate 50mV s~!) on gold pin electrode. Reference electrode:
Ag/AgCl wire calibrated with 0.1 mM Fc solution in the electrolyte.
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Figure 2.7 Cyclic voltammograms of a 107*M solution of 1 in 0.1M
Bu,NPF,/MeCN (scan rate 100mV s™!) on gold pin (red dashed line) and
glassy carbon (black solid line) electrodes.
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disc is most probably due to the higher molecular coverage on the gold elec-
trode surface. In fact, the difference in potential between the oxidation and
reduction peaks is about 30mV, proving the simultaneous bi-electronic char-
acter of the electrochemical reaction. The oxidation potentials, referred to the
ferrocene (Fc/Fc™) redox couple, are the same for the two electrode materials
(ie. —0.28V). When reported versus the absolute vacuum scale3?! the corre-
sponding highest occupied molecular level of 1 is at —4.9eV. Figure 2.8 shows
the in situ spectroelectrogram of a 10~*M solution of 1 on stepwise oxidation.
The first absorption maximum of 1, centred at 471nm (e=30700L mol~! cm™1),
is shifted to 448 nm upon oxidation and a second absorption maximum appears
at 363nm. This electrochromic behavior couples with the red to yellow transi-
tion of a solution of 1, observed upon chemical oxidation of a CH,Cl, solution
with SbCls. Since the absorption of this derivative in the 400-550nm range is

Applied potentials
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—-021V
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Figure 2.8  Spectroelectrogram of a 107>M solution of 1 in 0.1M
BuyNPF,/MeCN on stepwise oxidation.

not completely bleached upon oxidation, its possible application to ECDs is
quite limited. Nevertheless, its completely reversible two-electron redox pro-
cess located at easily accessible potentials place this molecules among the most
interesting redox active organic molecules. The instability of the radical cationic
intermediate, when compared to the fully oxidized and fully reduced forms, is
likely to be a consequence of the lack of planarity between the two acridine
rings, that prevents an efficient delocalization to exist in the intermediate form.
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The oxidized form 12} have been isolated by chemical oxidation with Fe(OTs),

confirming its structure by NMR analysis.

2.3.2.3 Quinolinium/isoquinolinium substituted ethenes

The electrochemical properties of this class of compounds were also tested by
cyclic voltammetry measurements. The obtained voltammograms are depicted
in figure 2.9. It can be noted that all systems exhibit reversible redox processes
centred aroud —0.7V vs. Fc/Fc™. In particular, the presence of two separate
redox waves is evident in compound 3 and 7 with a separation of ~100mV.
A similar behaviour is likely to exist in 6, although the two processes cannot
be clearly resolved from the voltammogram. On the contrary, a highly re-
versible two-electron transfer process is involved in 5 as testified by the low
peak separation observed (AE=38mV) in the sharply peaked redox wave. Sim-
ilar behavior is observed in the asymmetric compound 4. In this case, the mea-
sured peak separation is somewhat larger (AE=62mV) but another measure
(not shown) with a different electrolyte (0.1M BuyNCIO,/MeCN) provided a
value of 40mV, thus confirming the involvement of a two-electron transfer pro-
cess. Peak data for all derivatives is summarized in table 2.9f.

These two latter compounds (4, 5), along with compound 7 were further
characterized by in situ spectroelectrochemical measurements using a 10~*M
solution of the compounds in a thin layer cell (Fig. 2.10). In the case of com-
pound 4, a lowering of the UV centred (~350nm) absorption band of the oxi-
dized form and the appearance of a strong absorption band, centred at 493nm,
are observed upon reduction. A weak absorption centred at 603nm is also
present at intermediate potentials, but is subsequently bleached, although not
completely, on further reduction. A similar behavior is observed with com-
pound 5. In this case, the absorption band of the reduced form is shifted to
lower wavelengths (456nm), and an almost complete bleaching of the weak
band centred at 593nm take place. The spectra of the oxidized forms are re-
covered upon reoxidation, by switching back to the initial potentials, although
not completely. As can be noted from the spectroelectrogram of compound 4,
a broad weak absorption from 400 to 700nm can be detected in the visible re-
gion, along with an incomplete recovery of the UV centred band. A similar
phenomenon is observed in the spectroelectrogram of compound 7. However,
in this case, it is far more evident since no variations of the spectrum can be
observed after switching back to oxidative potentials. Moreover, the typical ab-

sorption band of the reduced form of this class of derivatives, can hardly be
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Figure 2.9 Cyclic voltammograms of quinolinium/isoquinoliniium ethenes.
Table (f) summarise peak data. Peak potentials for 7 are obtained from a DPV
measure (scan rate 10mV s71).
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recognized at ~465nm in the spectrum recorded at an intermediate potential.

A reason for this kind of behaviour cannot be clearly identified. Neverthe-
less, a possible explanation can be the formation of stable intermolecular ag-
gregates or dimers. A similar phenomenon has been observed for viologens
during studies directed to solve ageing problems of ECDs comprising them
as electrochromic materials.! The possible causes have been related to the de-
position of radical-cation salt on the electrode surface, containing spin-paired
radical-cation dimers with sandwich type structure, and their reorientation into
a ordered phase during open-circuit periods.3?2%2% Further investigation on de-
posited heptyl viologens radicals (HV **), revealed the presence of a contribu-
tion from dimerization of radical cations in solution.32* A second mechanism
for dimer formation can involve a conproportionation reaction between the

neutral viologen and the oxidized form (Eq. 2.2).325326
VO+V2+ = (V2)2+ #2\/"" (22)

The dimer has diminished electroactivity, as a consequence of its very slow oxi-

327

dation rate,”*” and a lowering of the write-erase efficiency of the system is thus

observed.32® It has been demonstrated that the use of redox-mediators can have

beneficial effects, 194

304,329,330

as the functionalization of the nitrogen atoms or the bypyr-
dine core.
In our case, we suppose that a similar aggregation or dimerization process can
take place in solution during spectroelectrochemical measures, resulting in loss
of electroactivity and deviation of the observed spectrum from the one expected
from the reduced form. The symmetric structure and the higher stability of the
intermediate radical cation in 7 can both have a contribution in making this ef-
fect more evident in this derivative.

In view of its good electrochemical and specroelectrochemical behavior, 4 was
selected for further derivatization with different substituents. Compound 5 was
not further developed, despite its good properties, as a consequence of its more
difficult and less versatile synthetic access. Derivatives of 4 carrying halogen
substituents on the 6-position of the isoquinoline ring (F (9), Br (8)) or on the
7-position of the quinoline ring (Cl (10)) and one with a tetramethylene tether
connecting the 2- and 3- positions of quinoline ring (11) were prepared (see
section 2.3.1.2). The cyclic voltammograms of these derivatives are depicted in
tigure 2.11. All the derivatives show a two-electron reversible electron transfer
process around —0.75V vs. Fc/Fc™, with low peak separation (~40mV). The
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Figure 2.10 Spectroelectrograms of compounds 5, 4 and 7.
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Figure 2.11 Cyclic voltammograms of substituted derivatives of 4.
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Cl- and Br- substituted derivatives do not show a significant deviation from the
reduction potential measured on the parent compound 4. The difference is a lit-
tle more pronounced in the case of compound 9 and 11 in the direction of lower
reduction potentials. This can be explained, at least in the case of 11, as the
effect of the electron donating alkyl groups on LUMO energy. In this particular
derivative, one can also speculate that the presence of a substituents induced

deviation from planarity in the reduced form play a role.

Table 2.2 Electrochemical and spectroelectrochemical data for substituted
derivatives of 4.

Eyp AE  AjRP
mV mV nm
9 —800 44 490
8 —745 39 503
10 —735 48 506
11 —852 34 467

Table 2.2 shows electrochemical data of the compounds derived from cyclic
voltammograms (Fig. 2.12), along with the position of the absorption maxima
of the reduced forms. In derivatives 8 and 10 the absorption bands of the re-
duced form are centred at 503nm and 506nm respectively, thus being a little
red shifted in comparison with the parent compound. An opposite behaviour
is observed for compounds 9 (490nm) and 11 (467nm). In this case, in fact, a
blue shift of the band is observed. The effect is more intense in derivative 11
demonstrating that substituents on the 2- or 3- positions of the quinoline ring
can strongly alter the electrochemical and optical properties of the compound.
A closer look at the spectroelectrograms of compounds 9 and 10, reveal that
the reduction process is associated to the formation of a third species absorbing
around 455-460nm. The extra absorption is not bleached upon reoxidation; a
behaviour similar to the one previously observed for compound 7. As we al-
ready discussed before, this phenomenon can be ascribed to the formation in

solution of radical cation dimers with low electroactivity.
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Figure 2.12 Spectroelectrograms of substituted derivatives of 4.
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2.3.24 (E)-3-methyl-2-(2-(1-methylquinolinium-4-yl)vinyl)benzo[d]thiazol-3-

ium trifluoromethanesufonate

The cyclic voltammogram of the benzothiazolium/quinolinium substituted ethene
12 clearly displays two reversible monoelectronic redox waves at —465 and
—625mV with peak separations of 56 mV and 58 mV respectively. The presence

of two completely reversible electron transfer process clearly demonstrates that
the violene general structure can be extended to unsymmetrical systems. The
observed redox potentials are higher than those of the quinolinium ethenes. In
contrast, the stability of the intermediate radical cation is higher (K¢, =5.2 x 10%)
when compared to diquinolinium ethenes, but lower if a comparison with a
2,2’-dimethylbenzothiazolium ethene is made (K¢, =4 x 104)177.
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Figure 2.13 Cyclic voltammogram of compound 12 (5x 107*M) in 0.1M
BuyNPF,/MeCN. Scan rate 50mV s~

2.4 Conclusions

In this chapter, we have described the design, synthesis and characterization
of new discrete electrochromic systems of the Weitz type. We demonstrated
that systems showing two-electron redox processes and switching between two
stable closed-shell structures, can be obtained using simple diazinium ethenes

with the proper end-groups. The new isoquinolinium/quinolinium ethenes
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were investigated further in order to understand the effect of substitution on
the switching potential and the colour of the reduced form. Our findings re-
veal that halogen substitution on the 6-position of the isoquinoline ring or on
the 7-position of the quinoline ring has little effect on the position of the low-
energy absorption band of the reduced form, while substitution on the 2- and
3-positions of the quinoline ring with alkyl groups promotes a consistent blue
shift of this band. Spectroelectrochemical measures showed that substitution
has an unpredictable effect on the reversibility of the electrochemical process in
solution. The observed phenomenon was attributed to the formation of stable
radical cation dimers or other stable intermolecular aggregates under open cir-
cuit conditions.

However, our novel synthetically accessible electrochromes posses very inter-
esting electrochromic properties, showing a colorless to red transition with ab-
sorption centred around 500nm. This characteristics, combined with their unique
redox properties and the possibility to tune the absorption spectrum though
functionalization, make these new derivatives an important acquisition for this
class of electrochromic compounds. Moreover, the versatile synthetic approach
can allow to easily extend their functionality, and incorporate them in solid

state electrochromic systems, overcoming the limitations of current materials.

95



Chapter 3

Novel EDOT functionalized
diaziniuim ethenes (ISOx) and

polymers thereof

3.1 Introduction to multichromophoric polymeric sys-

tems

As discussed in section 1.4.4 in the introduction, although conjugated polymers
represent the state-of-the-art in organic electrochromic systems, some limita-
tions emerge when considering their practical application in ECDs that require

an highly transmissive to absorptive transition. These can be summarized as:

e low transmissivity in the transmissive state

e uneven absorption throughout the visible spectrum in the dark state.

As an example, in ophthalmic applications these limitations are clearly appar-
ent looking at figure 3.1 that compares the performances of the best panchro-
matic absorptive electrochromic polymer to the state-of-the-art of photochromic
lenses (Transition VI™ by Essilor). It is evident that the absorptive reduced
state of this DA conjugated polymer presents a little too low absorption around
450nm, while the transmissive state appears to be very absorptive. A compar-
ison with a ProDOTEt, derivative (also shown in figure 3.1) highlights the re-
duction in transmissivity "paid" in order to obtain the panchromatic absorption
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Figure 3.1 Comparison of the best known panchromatic absorptive elec-
trochromic polymer, developed by Reynolds et al.2? (black solid lines), with
Transition VI™ photochromic lenses (dashed red lines) and a p(ProDOTEt,)
derivative'?® (dotted blue lines).
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in the reduced state. In performing this comparisons, it has to be considered
that photochromics, despite their excellent contrast, still have the drawback of
very low switching times (744, ~1min, 7jeqcn ~10min) when compared to elec-
trochromics. Nevertheless, a strong motivation in finding an alternative to the
donor-acceptor approach in the development of transmissive to panchromatic
absorptive electrochromics emerges. One of the possible alternatives is repre-
sented by the adoption of multichromophoric polymeric systems. As explained
in section 1.4.4, in these systems a second electrochrome is incorporated in the
polymeric matrix. The underlying idea is that the conjugated polymer and the
discrete electrochrome (hereafter DE) remain electrochemically independent,
and the resulting absorption spectrum is given by the sum of the spectra of the
single components (conjugated polymer and DE). In light of these considera-
tions, and looking again at figure 3.1, one can speculate that a DE absorbing
in the 450-500nm can modify the colour of the reduced state of a PEDOT-like
polymer obtaining the desired neutral hue. The best example in this direction is
represented by the viologen functionalized PEDOT by Lee et al.?%* However, in
this system the absorption of the V*" species is too red shifted (around 600nm)
to attain the desired effect.

3.2 Incorporation of violenes in a PEDOT matrix

Few different strategies to incorporate redox active molecules in a conjugated
polymer can be imagined. The first one is to simply dissolve the compound
in the polymeric matrix. This approach is not feasible, especially in the case
violenes, for many reasons. It has to be considered that most of the violene sys-
tems posses low solubility and even after functionalization with solubilizing
alkyl chains, they still retain a tendency for phase segregation. These character-
istics favour the formation of separated phases that lead to a drastic reduction
of the fraction of redox active compound inside the film and/or to poor optical
properties (hazy films). Furthermore, the DE can diffuse away from the elec-
trode on prolonged cycling, leading to a drastic reduction in the performance.

An alternative approach, demonstrated by Palmore et al.2%

, uses a properly
functionalized eletrochrome to form a polyelectrolyte that, acting as a counteri-
ons for PEDOT chains, is incorporated in the polymeric matrix.

A more general approach uses modified EDOT monomers functionalized, through
a tether, with the desired discrete electrochromic system. Monomers of this

kind can be electrochemically polymerized to obtain thin films of the modified
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PEDOT. This appears to be the better strategy since it avoids the aforemen-
tioned problems. However, the electrochemical polymerization of electroactive
monomers carrying bulky substituents has proved to be more difficult, as a
consequence of lower reactivity and slow diffusion. To circumvent this prob-
lem pulsed techniques and copolymerization have been applied.3*! A last strat-
egy relies on post-functionalization of a formed polymer layer. As an exam-

ple, Segura et al.?*

polymerized an azide functionalized EDOT monomer, and
exploited the azide-alkyne Huisgen cycloaddition to incorporate redox active

compounds in the polymeric layer.

3.3 Novel poly(ISOx) electrochromic polymers

In view of the good electrochemical and spectroelectrochemical properties of
the novel violene type systems we developed (chapter 2), we decided to incor-
porate them in PEDOT layers. This choice was motivated by the possibility to
obtain a polymeric PEDOT based system with a strong enhancement of elec-
trochromic contrast in the 450-550nm region and a resulting modification in
the colour of the reduced state. In order to achieve this ambitious target, we
selected the best performing of our library of violene systems, and developed
it further to allow its incorporation in the PEDOT matrix. In particular, we

selected compound 4 since it combines:
e highly reversible two-electron process;

e blue shifted absorption in the oxidized state with minimal tailing in the

visible region;
e reduced state with absorption centered at 494nm;
e simple synthetic access;
e non-symmetric functionalizability on the two N-positions.

In order to incorporate our molecules, we adopted the strategy of direct func-
tionalization of the EDOT monomer and subsequent polymerization of the same
either electrochemically or chemically (using Fe(OTs); as an oxidant). We thus
prepared the series of monomers depicted in figure 3.2. An acronym (ISOx) has
been attributed to each monomer to allow faster referencing. Different varia-

tions on the basic chromophoric unit have been attempted in order to modulate
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Figure 3.2 Novel violene functionilized EDOT monomers (ISOx).
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the electrochemical and spectral properties of the resulting polymers. In par-
ticular, modifications with different alkyl substituents on the isoquinoline ring
have been performed since, as we demonstrated in chapter 2, this proved to be
the most effective way to blue shift the absorbance of the reduced form. An
example with a derivative of compound 6 was also prepared (ISO8 (56)) to fur-
ther expand the library. The aim of this approach was the develop a composite
system that can effectively cover the 450-550nm region compensating for the

lack of absorption exhibited by reduced PEDOT in this spectral region.

3.3.1 Synthesis of the monomers (ISOx)

For the synthesis of the ISOx monomers, we adopted the convergent synthetic
strategy illustrated in scheme 3.1. Although commercially available, the EDOT
starting material 58 was provided by COC - Centrum Organicé Chemie s.r.0. as
a mixture of ProDOT-OH and EDOT-MeOH isomers in a 1:4 ratio, unless dif-
ferently specified. This mixture was converted, by esterification with succinic
and glutaric anhydrides, in the corresponding mixtures 59 and 60. The EDOT
isomer of 59 was already known in literature, although prepared in slightly dif-
ferent conditions. 332333

The alcohol functionalized discrete electrochromes 75, 80, 81, 76 and 79 were
obtained by the same general synthetic protocol, while a little modification was
necessary in the case of derivatives 77 and 78. The synthesis of compound
82 followed the same strategy, but for reasons of clarity is reported in scheme
3.2. The process is rather similar to the one employed for the synthesis of the
dimethyl derivative 4 with some notable differences. In this case, an isoquino-
linium salt carrying an alcohol functionality is obtained by alkylation of 1-
methyl-isoquinoline with 3-bromopropanol, and subsequently condensed with
the proper aldehyde in refluxing methanol with piperidine as a catalyst. The
successive alkylation of the quinolinic nitrogen proved to be the most difficult
synthetic step, as a consequence of the low solubility of the reagents and their
low reactivity. Moreover, the highly polar nature of these systems ruled out the
possibility of a chromatographic purification of the raw products, especially
on a large scale. We coped with these problems using two different solutions.
The first one, that proved to work with most of our derivatives, consisted in
performing the alkylation with Mel in acetone under pressure in presence of
2 eq. of KPF¢. The presence of the KPFy generates the more soluble hexafluo-

rophosphate derivative in situ as a result of ion metathesis, and let the reaction
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2) NH4PFg(aq) 30%
MeOH reflux 20 min.

64

Scheme 3.2

proceed faster. The second solution, applied in the synthesis of compound 77
and 78, consisted in performing the ion exchange with LiOTf, followed by the
alkylation with MeOT{. In this latter case, careful controlled conditions and a
low excess of alkylating agent had to be adopted. In fact, with large excess of
MeOTf we observed loss of selectivity and O-alkylation on the alcoholic group.
The substituted quinoline-4-carboxyaldehydes used as starting materials for
this synthesis (a. in scheme 3.1) were prepared by three different routes. The
tirst one, adopted for derivatives 38, 62 and 63 uses the modified Friedldnder
synthesis developed by Ziegler et al.334-33¢ In this case, a ketone is reacted un-
der strongly basic conditions with o-aminophenylglyoxal dimethoxyacetal (85)
to obtain the acetal intermediate that gives the desired aldehyde after acid hy-
drolysis (scheme 3.3). The second route, adopted for aldehydes 64 and 65, re-

1) NaOMe/MeOH -0
1) SO,Cly, I )30m|n RT
1,4-dioxan @ 50°C +5m|n reflux
O 2) NaOH (aq) 1M

OH2)Ho

1) NaOEt/EtOH,

15 min reflux, O
12h RT
2) HC|(a.q) R N

10 min. reflux

n N
’d
H 1 38
H 0 62 RN
n-Pr 1 63 \o
Scheme 3.3
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lies on the reduction of the corresponding acids, easily prepared from isatin

319,320,337 This reduction is

H
N
O
A N\

and the proper aldoxime using Pfitzinger reaction.

o NH,OH*HCI (e |
Z — > N-OH ——— > P aC4
RN K,CO; . RN KOH 45% R
H,O 3h @ 5°C g, 24h @ 90°C b. COOK
12h @ RT
1) (COClI), or SOCI2,
DMF cat.
‘ a. b ¢ d. toluene @ 50-55°C
2) NaBH,
R= —-CH; 88 89 90 64 THF 0-5 °C to RT
—n-Pr|91 92 93 65 3) HCl(ag) 5%,
30 min reflux
N N
S MnO, 20 eq. (\ h
Z R CHCl; R
25h RT
d. o7 @ C. OH
Scheme 3.4

performed in multiple steps: at first the acids are converted in the correspond-
ing acyl chlorides (using SOCI, or oxalyl chloride), then reduced to alcohol by
NaBH, in THF, 3% and finally selectively reoxidised to aldehydes with activated
MnO,.% Purification can be conveniently performed by crystallization on the
high melting alcohol derivatives 90 and 93.

The obtained alcohol functionalized violene systems were coupled to the acid
functionalized EDOTs through esterification (scheme 3.1). In this step, a Stegh-
lich esterification protocol, using N,N-dicyclohexylcarbodiimide (DCC) and 4--
dimethylamino-pyridine (DMAP) in MeCN, was adopted.34° This mild esteri-
fication method allowed to obtain the desired products in good yields and with
a relatively easy workup procedure. After elimination of the insoluble dicylo-
hexylurea and solvent evaporation, in fact, pure product is recovered after pro-
longed washing with solvents (Et,O and EtOH). Pure ISOx monomers appear
as light brown powders, although impurities, undetectable by NMR, can give
them a greenish colour. This colouration can be removed with extended wash-
ing in EtOH or treating with activated charcoal a solution in MeCN/H,O. ISOx
are very soluble in polar aprotic solvents like MeCN, DMAc, DMF, DMSO, PC
or in MeNO,. In contrast, they exhibit low to very low solubility in alcohols, ke-
tones and chlorinated solvents. A slightly different behaviour is observed with
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compounds bearing trifluoromethanesulfonate counterions, resulting in higher
solubility in alcoholic solvents. As a result of their structure, they posses both
the reactivity of EDOT and quinolinium salts, being sensitive to acidic condi-
tions and strong nucleophiles. Nevertheless, they appear to posses very good
stability to environmental conditions. Samples stored in closed dark glass con-

tainers do not show any noticeable sign of degradation after a two year period.

3.3.2 Electrochemical characterizatioin of ISOx and p(ISOx) com-

pounds

In order to obtain polymeric films, ISOx derivatives were polymerized both
electrochemically and chemically on transparent electrodes (OTEs). The ob-
tained polymeric layers were subsequently characterized by cyclic voltamme-
try experiments and spectroelectrochemical measurements. A long optimiza-
tion procedure allowed to delineate the ideal conditions for the obtainment of
homogeneous and electrochemically stable films with good cycle life. Some of

the most relevant results will be reported in the upcoming section.

3.3.2.1 Electrochemical polymerzation

The members of the ISOx class posses many common features and they also
have very similar electrochemical behaviour. In the following, these charac-
teristic will be explained with the aid of some examples without listing all the
huge amount of data collected. However, some notable differences in the be-
haviour of the obtained polymers will be highlighted where needed.

A cyclic voltammogram of a solution of 50 in nitrobenzene is showed in figure
3.3. An oxidative process at 1.13V (vs. Fc/Fc™) is present on the first cycle, fol-
lowed by the onset of the oxidative polymerization at 1.44V. Polymer growth
is confirmed by the increase of anodic and cathodic currents in the region be-
tween 0 and 1.44V upon cycling. The choice of nitrobenzene as the solvent was
dictated by the failure of first attempts with other solvents that ended with the
formation of polymeric layers having very poor cycle life. The cyclic voltam-
mogram of the polymeric film in a monomer-free solution clearly shows the
presence of a redox wave centered at —0.704V with a peak separation of 31 mV
(figure 3.4). This process can be attributed to the electrochemistry of the violene
core 4. A comparison with the cyclic voltammogram of 4 reveals a minimal de-
viation in the half-wave potential with substantial broadening of both the ca-

thodic and anodic waves. This broadening is expected, as a consequence of in-
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(a) Cyclic voltammogram of a 10~3 M solution of 50 in 0.1M BuyNPF, /PhNO,.
Working electrode: FTO/glass; scan rate: 100mV s71; 10 cycles.
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(b) Linear scan voltammogram of a 107>M solution of 50 in 0.1M
Bu,NPF,/PhNO,. Working electrode: FTO/ glass; scan rate: 50mV s~1.

Figure 3.3
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homogeneities in the polymeric matrix and hindered diffusion of counterions.

In the region above —0.48V the doping/dedoping process of the PEDOT chain
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E/V vs. Fc/Fc*t

Figure 3.4 Cyclic voltammogram of a poly(ISO2) layer on FTO/glass in 0.1M
Bu,PF,;/MeCN monomer-free solution; scan rate 25mV s~!. Polymer was pre-
pared by cyclic voltammetry 0-1.6V vs. Fc/Fc™, 10 cycles.

takes place. The polymer posses a rather stable electrochemical behavior with
a slight decrease in the charge associated to the violene redox process upon
cycling. The material exhibits a remarkable multichromic behaviour, switch-
ing form a colourless fully oxidized state to a blue one in the region between
—0.50V and —0.65V, and finally a very dark violet-red colour. The spectroelec-
trochemical properties of poly(ISO2) and the other poly(ISOx) polymers will be
discussed in more detail in section 3.3.2.3.

The adoption of pulsed techniques for the electrochemical deposition of p(ISOx)
tilms proved to be beneficial for the cycle life of the resulting materials. As al-
ready mentioned, these techniques have been successfully used in literature to
circumvent the problems connected with diffusion-limited mass transport to
the electrode surface experienced with bulky monomers.3*! The resting peri-
ods between the pulses permit to replenish the diffusion layer, reestablishing
the bulk monomer concentration in front of the electrode. When using these
techniques, a subtraction of the charging current of the electrochemical double-

layer has to be performed in order to evaluate the Faradaic current. A pulsed
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galvanostatic deposition of p(ISO2) is depicted in figure 3.5a. Chronoabsorp-
tometric measures were also performed on the obtained films showing accept-
able switching times. Data obtained from a rather thick film, deposited with
a total deposition current of ~15mC, demonstrate switching times of 3.0/3.7s
and 3.3/1.9s for colouration/bleaching processes, at 505nm and 631 nm respec-
tively, to attain 95% ot the final AT (Fig. 3.5b). Films of p(ISO2) were also
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(@) Pulsed galvanostatic deposition of (b) Chronoabsorptometric data of a

poly(ISO2) from a 5 x 103 M solution of com- p(ISO2) layer in monomer-free 0.1M

pound 50 (ISO2) in 0.1M BuyNCIO;/MeCN. BuyNClO,/MeCN. Potential steps between

Pulse: 4s @ 0.75mA + 5s @ OmA. —1.15 and 0.25V vs. Fc/Fc'. Polymer was
deposited on FTO/glass substrate with
pulsed galvanostatic technique (5 pulses,
~15mC of deposition charge).

Figure 3.5

subjected to extended cycling tests and the obtained data is presented in fig-
ure 3.6. The polymer posses moderately good cycling stability, retaining 70%
of the initial reduction charge after 1000 cycles. It can be noted that the loss
of electrochemical activity involves mainly the violene redox process. As we
discussed in section 1.4.4, this is a common feature of viologen functionalized
polymers. The electrochemical irreversibility of p(ISOx) films gets higher when
other derivatives are considered. In particular, some p(ISOx)s derivatives (x=
3,4, 5,9) presented a rather high instability and very low cycle life, despite the
very good spectroelectrochemical properties. As an example, the cyclic voltam-
mogram of a p(ISO3) film is depicted in figure 3.8b. The cyclic voltammogram
is irreversible with the redox process associated with the attached redox active
unit gradually decreasing upon cycling. A concomitant gradual displacement
of the potentials of the anodic and cathodic waves from the middle point in
opposite directions is also observed. Nevertheless, the electrochemical activ-

ity of the PEDOT chains is retained, and the voltammetric charge associated
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Figure 3.6 Decay of the electrochemical activity of a poly(ISO2) film cycled in
0.1M BuyNBF,/MeCN. Film was obtained by pulsed galvanostatic deposition
(see fig. 3.5a) (8 pulses).

with their redox process is not affected by cycling. Another interesting feature
is the appearance of an irreversible steep anodic peak in the lower end of PE-
DOT oxidation, with an onset around —0.47V vs. Fc/Fc™. However, when the
film is cycled in the —0.6-0.3V range, the aforementioned peak is not present
(tig. 3.7a). It’s worth noting that the observed loss in redox activity is partially
recovered upon thermal treatment as depicted in figure 3.7b. The cured film
experiences the same decay trend observed on the pristine film.

This somewhat surprising behaviour closely resemble the one of similar sys-
tems in which a redox active unit is incorporated in a conjugated polymer
matrix. We partially discussed this phenomenon in section 1.4.4 with two ex-

amples taken from the literature.283287

As a consequence of the complexity
of the system, a definitive explanation of the phenomenon is difficult to find.
Nonetheless, on the basis of our evidences and those from literature, it is ap-
parent that, while scanning cathodically, the formation of some stable species
takes place during the reduction process at —0.84 V. These species then require
an high anodic overpotential to be reoxidized, giving rise to the pre-peak ob-
served on the cathodic scan, but cannot be reduced again, resulting in a loss in
electroactivity. However, the underlying mechanism is still an open question.

Different hypothesis exist but none is able to completely answer the question.
A first one considers the involvement of the variation of film conductivity. In
fact, after the complete reduction of the PEDOT chains, a drop in film conduc-
tivity is expected, and the charge conduction is driven by a hopping process

between the redox-active centres. As a result, if stable species having an higher

109



3.3 - Novel poly(ISOx) electrochromic polymers

J/mAcm2
o

j/ mA cm2

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
410 -08 -06 04 02 00 02 04
E/V vs. Fc/Fc*

(@) Cyclic voltammograms of an electrochemi-
cally deposited poly(ISO3) film on FTO/glass
in 0.1M LiClO;/MeCN monomer-free solu-
tion. The potential was cycled in the —1.0-
0.23V range (black dashed line), in the —1.0-
—0.65V range (red solid line) and in the
—0.6-0.3V range (blue solid line). Scan rate

0.4+

0.2

0.0+

-0.2

-0.4

-0.8 T T T T T T T T T
-04 -02 00 02 04 06

E/Vvs. Fc/Fct

(b) Cyclic voltammograms of chemically de-
posited poly(ISO3) films on ITO/PET sub-
strates in 1M LiTFSI/PC solution after 1, 10
and 25 cycles. Scan rate 50mV s™!. Dashed
lines represent voltammograms of the same
sample obtained after thermal curing at 120°C
for 30 min.
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Figure 3.7

oxidation potential are formed during the cathodic scan, their oxidation cannot
take place until a sufficient conductivity of the film is attained. This leads to a
shift of the oxidation wave of these species to higher potentials, where a good
conductivity of the matrix is obtained as a consequence of PEDOT oxidation.
This effect can explain the high overpotential that originates the pre-peak. A
similar effect can also be the result of film inhomogeneities that lead to trap-
ping of some of the reduced violene molecules in insulating regions where they
cannot be reoxidized. Another possible contribution involves the evolution of
the polymer structure during cycling. In fact, during reduction, the polymeric
matrix experiences a modification of its structure and morphology as a con-
sequence of the change in bond length alternation in both PEDOT chains and
violene moieties and the outward motion of counterions. On reoxidation, the
recovery of the initial situation can give rise to hysteresis phenomena. In this
framework, the observed pre-peak can result from a variation of film capacity
that accompanies the structural reorganization.

A last effect to be considered is related to the the irreversible spectroelectro-
chemical behaviour exhibited by some of our systems in solution (see section
2.3.2). We attributed that effect to the instability of the reduced form under open
circuit conditions that results in the formation of stable intermolecular aggre-

gates or dimers. A similar behaviour could be present even in the solid state,
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(b) Cyclic voltammogram of a poly(ISO3) layer on FTO/glass in 0.1M
Bu,BF,/MeCN monomer-free solution; scan rate 50mV s™. Polymer was
prepared by pulsed galvanostatic deposition: 7 x (55 @ 0.75mA + 5s @ OCV)
from a 5 x 1073 M solution of 52 in 0.1M Bu,ClO,/MeCN.

Figure 3.8

111



3.3 - Novel poly(ISOx) electrochromic polymers

thanks to the close proximity of the redox centres.

However, a clear evidence, is the striking dependence of the phenomenon on
minimal structural variations on the monomer. Examples of such surprising
behaviour were already present in literature. A comparison of the viologen
substituted PEDOTs published by Czardybon et al.?88 and by Lee et al.2%* tes-
tifies this effect. In this case, the substitution of a methyl group with a butyl
chain on one of the two N-positions apparently solved the problems of electro-
chemical instability exhibited by the polymer prepared by the former authors.
In view of these considerations, we tested many different functionalizations in

order to find the ideal trade-off between stability and colorimetric properties.

3.3.2.2 In situ chemical polymerization of ISOx derivatives

To the best of our knowledge, there are no reported attempts of in situ chemical
polymerizations on EDOT monomers functionalized with redox active units.
The reason probably is a combination of the fact that this approach consumes
larger amounts of monomers than the electrochemical one, and the lack of
knowledge on the proper conditions to adopt. In fact, as a consequence of
the large differences in solubility and chemical behaviour between the com-
mon alkyl functionalized EDOT monomers and these high molecular weight
charged derivatives, the usual procedures adopted with the former fails with
the latter. Nevertheless, in situ chemical polymerization is a key technological
achievement since it allows the depositions of films with larger surface area
when compared to the electrochemical methods. Moreover, the obtained films
are highly uniform. The possibility to fine tune the formulation with addition of
plasticizers, adhesion promoters or other additives, and the variation of deposi-
tion procedure or thermal treatment can allow to enhance both the electrochem-
ical stability and the optical properties. The drawback is that the huge amount
of variables to control make their optimization a difficult task. After several tri-
als with different formulations and treatment conditions we adopted the gen-
eral procedure described in the experimental section. Our formulation make
use of the same oxidant solution used for the in situ polymerization of PEDOT,
namely a 40% solution of Fe(OTs); in n-butanol. Nevertheless, this oxidant so-
lution is modified by the addition of PEG-ran-PPG since it proved to inhibit
the crystallization of the oxidant and the monomer during solvent evaporation,

165 This modified solution is then added to a solution

leading to better films.
of the monomer. In this case, a complex solvent mixture was adopted, com-

prising 1-methoxy-2-propanol, nitromethane and a small amount of propylene
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carbonate. The adoption of nitromethane was dictated by the good solubility
of the monomer in this solvent combined with its not so high evaporation rate.
The addition of 1-methoxy-2-propanol, a solvent commonly used as thinner for
paints, strongly enhance the film forming properties of the mixture. Finally, the
presence of a high boiling solvent, like propylene carbonate, prevents crystal-
lization to occur during solvent evaporation keeping the monomers in solution
till polymerization take place. As an example, electrochemical data on long
term cycling stability of a poly(ISO7) film obtained by in situ chemical poly-
merizaiton are depicted in figure 3.9.
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(@) Cyclic voltammogram of a poly(ISO7) (b) Ratio of the cathodic charge for cycle n to
layer deposited by in situ chemical the cathodic charge of the first cycle
polymerization on FTO/glass in 0.1M

BuyClO,/MeCN monomer-free solution; scan

rate 50mV s71.

Figure 3.9 Electrochemical data of a chemically polymerized poly(ISO7) thin
film on FTO/glass substrate.

3.3.2.3 Electrochromic properties of polyISOx polymers

Poly(ISOx) polymers posses a very interesting multichromic electrochromism.
As an example, figure 3.10 shows the spectroelectrogram of an electrochemi-
cally deposited p(ISO2) layer cycled in a monomer-free solution. A broad ab-
sorption band, centred at 632nm, gradually appears on cathodic scanning at
potentials below 0.3V vs Fc/Fc™. This absorption is attributed to the reduction
of the PEDOT chains. During this process the film colour changes from colour-
less to blue. On further cathodic scanning, another redox process takes place at
potentials between —0.65 and —0.9V. This process leads to the appearance of a
new absorption band, centered at 519 nm, that changes the colour of the film to

violet-red. Figure 3.11 shows, as an example, the absorption spectra of the re-
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Figure 3.10 Spectroelectrogram of a p(ISO2) layer in 0.1M Bu,ClO,/MeCN
monomer-free solution. Polymer was deposited by LSV on FTO/glass sub-
strate.

duced and oxidized states of a poly(ISO2) layer on a transmittance scale, along
with the contrast (calculated as AT'). This graph clearly testifies the impressive
enhancement of contrast achieved with our approach. In particular, a AT up
to 82% has been obtained in the region around 490nm. As a term of compari-
son, p(ProDOT—Et,), depicted in figure 3.1 at the beginning of this chapter, has
a contrast of 42% at this wavelength. Moreover, the oxidized state preserves
a very high transmissivity with an average transmittance in the visible (400-
800nm) of 77% that compares to the 54% exhibited by the polymer published
by Reynolds et al.?°

The normalized absorption spectra of the different poly(ISOx) derivatives
are displayed in figure 3.12. These graphs demonstrate the control over the ab-
sorption spectrum (and hence the hue) that has been obtained through func-
tionalization of the monomers. In particular, most of the alkyl substituted
derivatives (p(ISO3), p(ISO5), p(ISO7) and p(ISO9)) show a blue shifted absorp-
tion spectrum, with an absorption maximum around 490nm. This 15nm shift
(with respect to the p(ISO2)) is enough to modify the resultant hue giving rise
to desirable neutral tints (grey and brown). Although initially this achievement
was accompanied by the electrochemical instability of the resultant polymeric
layers (see section 3.3.2.1), a careful control of the substituents allowed to find
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Figure 3.11 Absorption spectrum of the neutral (black solid line) and oxidized
(red solid line) states of a poly(ISO2) layer obtained by galvanostatic pulsed
deposition. Deposition charge ~30mC cm~2. Optical contrast is represented by
a dashed green line.

the ideal trade-off in poly(ISO7). The latter combines very interesting spectral
properties with a promising electrochemical stability (fig. 3.9). The CIE 1931
colour coordinates of the reduced and oxidized states of p(ISO2) and p(ISO?)
layers were calculated from their UV /Vis spectra and plotted in figure 3.13.24
It is worth noting how the colour of the reduced state in p(ISO7) is very close
to the white point (or grey), indicating the achievement of a neutral hue with
this derivative. Both oxidized states have high luminance values (L*=91.39 for
p(ISO2) and 93.74 for p(ISO7) layer) that is drastically reduced upon switching
to the reduced form (L*=19.46 for p(ISO2) and 58.50 for p(ISO7) layer). The
higher luminance of the reduced state measured for p(ISO7) can be attributed
to the much lower thickness of this layer and an improvement is expected us-
ing thicker ones. The value of luminance variation (contrast) for p(ISO2) film is
very high (AL*=71.9%), especially if compared to the one reported by Reynolds
et al. for their panchromatic absorbing DA polymer (AL*=52%).20

In contrast, a red shifted absorption has been obtained with poly(ISO8). In
this case, a large absorption band having two maxima of almost equal inten-
sity at 525 and 554nm is obtained. This results in a saturated purple reduced
state and an highly transmissive oxidized state. Nevertheless, its blue shifted
absorption make it an interesting candidate for copolymerizations, in order to

enhance contrast in the 550nm region and fine tune the hue. Pictures showing
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Figure 3.12 Normalized spectra of the reduced forms of poly(ISOX) deriva-
tives.
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Figure 3.13 Colour coordinates on the CIE 1931 chromaticity diagram for
poly(ISO2) (squares) and poly(ISO7) (circles) reduced (p(ISO2): x =0.422 y =
0.271; p(ISO7): = = 0.388 y = 0.356) and oxidized forms (p(ISO2): = = 0.346
y = 0.363; p(ISO7): x = 0.341 y = 0.356). Values were calculated from the
recorded transmittance spectrum.?* Values for PEDOT (z = 0.314 y = 0.368 ox;
z = 0.206 y = 0.172 red) are also indicated for comparison.’® A D50 illuminant
was used in the calculations and its white point is indicated on the graph.
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3.4 - Conclusions

the colours of the reduced, intermediate and oxidized states of poly(ISOx) elec-
trochromic polymers are displayed in table 3.1. As can be noted, an interesting
colour palette has been obtained through structural modification of the starting

monomer. This comprises violet-red, grey and brown hues.

3.4 Conclusions

In this chapter we have described the design, synthesis and characterization of
a new type of conjugated electrochromic polymers. These are part of the class
of multichromophoric polymeric systems, composed of a conjugated polymer
backbone with pendant redox-active units. In particular, functionalization of
EDOT moieties with pendant electrochromic units is known to allow the ob-
tainment of electrochromic polymers with a desirable colourless oxidized state
and enhanced contrast in the reduced form.204

In doing this we exploited the remarkable electrochemical and electrochromic
properties of the new diazinium ethenes Weitz type violenes described in chap-
ter 2. These new electrochromes, in fact, show a reversible two-electron re-
duction process that leads to a coloured form absorbing in the region around
500nm. The developed convergent synthetic strategy, allowed to prepare multi-
gram quantities of monomers comprising an EDOT unit connected by a tether
to the new quinolinium/isoquinolinium ethenes. These new monomers were
polymerized both chemically and electrochemically obtaining electrochromic
layers with state-of-the-art electrochromic properties. Substitution on the vio-
lene core proved to have an effect on both colour and electrochemical stability
of the polymers. In particular, despite the unsatisfactory cyclability shown by
some of our polymers, we demonstrated the possibility to obtain stable elec-
trochromic layers through careful optimization of the monomer structure and
polymerization conditions. In this way, we obtained stable polymers possess-
ing a colourless highly transmissive oxidized form and an absorptive reduced
one with a variety of different colours (violet-red, purple, brown). These sys-
tems posses very high contrast in the visible region, thank to their panchro-
matic absorption, with a luminance variation between the two states up to 72%.
Moreover, one of our systems (p(ISO7)) posses a neutral tint, with colour coor-
dinates in its reduced state close to the white point. This latter characteristic
is of central importance for applications in light filtering ECDs like sunglasses,
rearview mirrors or smart windows, where colour distortion has to be avoided.

All these features, make our new monomers an important step forward for or-
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Table 3.1 Pictures of the reduced, intermediate and oxidized states of
poly(ISOX) polymeric layers.

Oxidized state Intel;l::hate Reduced state

ISO1

ISO2

ISO3

ISO4

ISO5

ISO7

ISO8

ISO9
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ganic electrochromic materials, redefining many aspect of the state-of-the-art in
this field.
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Chapter 4

emEDOT: a versatile new entry in
EDOT chemistry

4.1 Introduction

As we discussed in the introduction (section 1.4.1.5), PEDOT and its deriva-
tives represent the most important class of electrochromic conjugated polymers.
This reflects the unique combination of thermal, electrochemical and environ-
mental stability, processability and optical properties that characterize this class
of polythiophene derivatives. Furthermore, the stability of the monomer un-
der ambient conditions has allowed the preparation of a variety of derivatives.
From the point of view of electrochromic materials, it has been demonstrated
that even the simple derivatization with alkyl chains of different length, can
affect the polymer band gap and its absorption spectrum.>® Moreover, deriva-
tives with long alkyl chains possess higher ciclability and shorter switching
time, as a consequence of the facilitated inward /outward motion of counteri-
ons. ! Longer alkyl chains allow the obtainment of polymers that are soluble
in their reduced form with obvious improvements from the point of view of
processability.

Beside electrochromics, the interest in combining the characteristics of PEDOT
with various additional properties has driven the research efforts toward the
development of new derivatives and new synthetic approaches.11>34! The at-

tainment of EDOT derivatives that maintain the structural unit of the parent
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4.2 - Synthesis of exomethylene-EDOT (emEDOT)

monomer implies a derivatization on the ethylenedioxy bridge. The most used
intermediate for the development of this kind of derivatives is EDOT-MeOH.
This versatile building block can be obtained through a well established syn-
thetic scheme and is now also commercially available. This derivative can
be further functionalized through esterification,'® Williamson ether synthe-

oig 116,342

or reaction with isocyanates3#3. In order to overcome some limitations
imposed by the chemistry of EDOT-MeOH, opening the way to new EDOT
derivatives, EDOT-CH,Cl was synthesized. This derivative can undergo nucle-
ophilic substitution reactions with diplacement of the chlorine atom.290:291,344,345
Another interesting synthon is azidomethyl-EDOT that can easily undergo 1,3-
dipolar cycloadditions (click chemistry) with alkynes, even in a post-functiona-
lization approach.?®

In view of these considerations, the development of a new versatile intermedi-
ate for the preparation of EDOT derivatives, is of great interest since it would
allow to access new classes of functional compounds. In this contribution, we
describe the synthesis of a new EDOT derivative, exo-methylene-EDOT (emE-
DOT). The chemistry of this compound makes it the ideal synthon for the prepa-

ration of a new class of EDOT derivatives.

4.2 Synthesis of exomethylene-EDOT (emEDOT)

The title compound can be easily prepared following the scheme depicted in
scheme 4.1. The starting material for this preparation is the commercially avail-
able EDOT-MeOH. This starting material can be easily prepared following a
well established synthetic protocol.34¢ However, this synthetic scheme leads
to an isomeric mixture of EDOT-MeOH and ProDOT-OH that is difficult to
separate. It is worth noting that our synthetic protocol bypass this step per-
forming the separation by simple crystallization of the isomeric mixture of the
tosylate esters from methanol. These are obtained from the isomeric mixture of
EDOT-MeOH and ProDOT-OH by esterification with p-toluenesulfonyl chlo-
ride in CH,Cl, using a mixture of Et;N and Me;N-HCI as catalysts.3¥” The
obtained pure EDOT-MeOH tosylate 94, hereafter EDOT-MeOTs, is then dis-
solved in THF at room temperature and treated with KOt-Bu under N, atmo-
sphere. Under this conditions it readily undergoes elimination to yield the de-
sired exomethylene-EDOT in high yield as a colourless liquid. The reactivity
of compound 95 was subsequently tested. In particular the ability of its vinyl

ether functionality to undergo acid catalyzed addition of alcohols and radicalic
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addition of thiols were explored.

4.3 Reactivity of the exo-methylene group

4.3.1 Acid catalyzed isomerization

Product 95 undergoes a fast acid catalyzed isomerization (scheme 4.2) to give
compound 96, upon treatment of a toluene solution of the same with anhy-
drous p-toluenesulfonic acid at 90°C. This interesting compound is a methyl
substituted derivative of 3,4-vinylenedioxythiophene (VDOT). The latter rep-
resented a long-sough derivative, and was finally reported by Roncali et al.3%8
in 2005. The interest in this compound was dictated by the planarization of
the six-membered ring induced by the double bond.34%3% This effect deeply al-
ter the electrochemical properties of the monomer resulting in an unsuccessful
electropolymerization. In our case, the observed isomerization was attributed
to the higher thermodynamic stability of compound 96. This can be a simple
consequence of the higher substitution of the double bond (Saytzeff’s rule) but
a contribution from the electronic effects on the thiophene ring cannot be ex-
cluded.
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Scheme 4.2

4.3.2 Acid catalyzed addition of alcohols

Under similar conditions, but using lower temperatures and in the presence of
alcohols, an acid catalysed addition to the double bond is observed (scheme
4.3). This reaction can be performed both using solutions of the reagents in an
inert solvent (anhydrous toluene), or without solvent, with excess of alcohol.
A careful control of the reaction temperature proved to allow attainment of the
desired products in good yields. The alcohol addition proceeds, as expected,
on the more substituted position of the double bond, supporting an underly-
ing carbocationic mechanism (Markovnikov’s rule). The electrochemical prop-
erties of these new and easily prepared compounds have been tested. These
products posses a ketal functionality that might exhibit an equilibrium with the
corresponding emiketal and ketone under the proper conditions. However, this

reactivity has not been explored yet.

4.3.3 Radicalic addition of thiols

Although thiols can add to double bonds via a carbocationic mechanism giv-
ing the Markovnikov product, in presence of radical initiators or photochemi-
cally, a radicalic mechanism leading to the the anti-Markovnikov product takes
place. This latter pathway is also known as the thiol-ene reaction and has been

351855 This hydrothiolation reaction

the subject of a number of recent reviews.
has been known for 100 years®°¢, but has recently received a renovated interest
from the scientific community as a consequence of its unconventional character-
istics. These include an high versatility that make it applicable to a wide range
of different alkenes and thiols, extreme rapidity (can go to complete conversion
in a matter of seconds), regioselectivity and high yields. Furthermore, it is very
tolerant to the presence of oxygen and moisture. All these features made this
reaction to be considered part of the so-called "click" reactions, following the
criteria defined by Sharpless.3%” The mechanism of the reaction is depicted in

scheme 4.4.
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RS~ Rt RS—H

: RS
RS—H + photoinitiator (PI) L» R-S N—
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Scheme 4.4 Radicalic mechanism of the thiol-ene reaction.

Despite its general applicability, different substrates have different reactiv-
ities in the thiol-ene reaction. Nevertheless, general trends have been identi-
fied during studies in the field of polymer chemistry.3%83% In particular, the
reactivity of the alkene under radicalic conditions is known to follow the order:
norbornene > vinylether > propenyl > alkene ~ vinylester > N-vinylamide > al-
lylether ~ allyltriazine ~ allylisocyanurate > acrylate > N-substituted maleimide
> acrylonitrile ~ methacrylate > styrene > conjugated diene. Furthermore, the
reactivity of terminal alkenes is known to be higher compared to internal ones.
In light of this consideration, compound 95 is expected to be a perfect candidate
to exploit this reaction.

In order to test the reactivity of compound 95 in the thiol-ene reaction, we per-
formed a test reaction with 11-mercaptoundecanoic acid in CD;0D, following
the same by NMR. In absence of any initiator, under UV irradiation at 365nm
from an hendheld UV lamp, the reaction proceeds slowly. As demonstrated
by the NMR spectra in figure 4.1, after 3 days of irradiation the reagents are
still present in the mixture, and a 63% conversion is attained. Under otherwise
identical conditions, the presence of a catalytic amount of 2,2-dimethoxy-2-ph-
enylacetophenone (DMPA) as photoinitiator drives the reaction to a 91.7% con-

version in 90min (figure 4.2). Interestingly, a closer look at the spectrum reveals
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Figure 4.1 Photocatalyzed thiol-ene reaction between 95 (0.43mmol) and 11-
mercaptoundecanoic acid (0.43mmol in CD;O0D (0.7ml) under irradiation at
365nm in an NMR tube. a) before irradiation; b) after 3days of irradiation.
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the absence of the signal of the proton on the tertiary carbon on the ethylene-
dioxy bridge of 101, along with the couplings between this proton and the two
diastereoisomeric proton couples close to it. This phenomenon is due to the
deuteration of this position during the reaction as a consequence of a transfer
of the radical to the solvent. This hypothesis was confirmed performing the

same reaction in nondeuterated methanol. The excellent conversion achieved

—
n
OH
(/ HSM é 10 e}
(0] 0O B —
s st
S 95 hv 354nm 30 min S 101
M
l1 n
m
nl
n - i
- 1w
m

3.22
1.67
63. 67

12.57
206.17

Ao

{ T N L
f

i H

T \ \ T T T \ T
6.0 5.5 5.0 4.5 0 35 3.0 2.5 2.0 1 .0 0.5 ppm

12.88 ~—
7 op—
1Z.20
25.39 —
3.93 —
33.26

1.70>=

15.58 ~—

0o
[ 99 o=
22.13,—

&

6.

Figure 4.2 Photocatalyzed thiol-ene reaction between 95 (0.42mmol) and 11-
mercaptoundecanoic acid (0.42mmol in CD3;0D (0.7ml) under irradiation at
365nm in the presence of 10% of photoinitiator (DMPA), in an NMR tube. Spec-
trum was recorded after 90 min of irradiation.

testifies the applicability of the thiol-ene reaction on compound 95. Moreover,
it demonstrates the possibility to prepare the entire family of thioether deriva-
tives easily and in high yields under very mild conditions. A comparison with
known synthetic access to this class of derivatives clearly demonstrates the su-
periority of this protocol. 3¢

As a further example in this direction, we prepared the trimethoxysilane func-
tionalized EDOT derivative 102 by reaction of 95 with the commercially avail-
able 3-mercaptopropyltrimethoxysilane (MPTMS) without solvent in presence
of 1% of DMPA as a catalyst. Under these conditions the reaction proceeds to
completeness in less than 3min of irradiation” and the obtained product can
be used without further purification. To the best of our knowledge, there are

*monitored by ATR-IR spectroscopy
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no reported examples of EDOT monomers which posses an alkyl tether tied

to a trialkoxysilane moiety. Nonetheless, examples of this kind exist for pyr-

role361362 and thiophene3® monomers.

Si(OMe)s
S

/—( HS™ " si(OMe)s g—\

@) O > O @]
DMPA cat.
2/ \g hv 354nm Z/ \g
s” 95 s” 102

Scheme 4.5 Synthesis of the trialkoxysilane functionalized derivative 102.

4.4 Electrochemical characterization of the derivatives

44.1 emEDOT and methyl-VDOT

The cyclic voltammogram of compound 95, depicted in figure 4.3a, shows the
onset of an oxidative process at 1.2V. On further cycling current peaks in the
region between 0.3 and 0.8V appear as a consequence of the deposition of elec-
troactive oligomers and polymers on the electrode surface. However, the cur-
rent in this region rise very slowly with the number of cycles, and a very thin
film of material is obtained. Moreover, the deposited material posses low re-
versibility as testified by the difference in anodic and cathodic charges in the
cyclic voltammogram in figure 4.3b. This results demonstrate that 95 exhibits a
very inefficient polymerization process. The reason of this behaviour might be
related to a low reactivity of the cation radical as a consequence of the presence
of the double bond.

A similar behavior is observed for the isomer 96. Despite the presence of an
oxidation process with an onset around 0.6V, the cyclic voltammogram of this
compound (Fig. 4.4) does not show any increase in current upon repetitive cy-
cling. This clearly indicate that, in this case, polymerization is completely hin-

dered. This confirms the observations of Roncali et al. on the parent compound
VDOT. 34
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Figure 4.3 Electrochemical characterization of compound 95.
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Figure 44 Cyclic voltammogram of a 1072M solution of 96 in 0.1M
Buy,NCIO4/CH,Cl,; scan rate 50mV s~!, WE gold pin.
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4.4.2 2-alkoxy-2-methyl-2,3-dihydrothieno[3,4-b][1,4]dioxines

The title compounds, obtained by acid catalyzed additions of alcohols to the ex-
omethylene moiety, show a markedly different electrochemical behaviour from
their precursor. The cyclic voltammogram of 97 (Fig. 4.5a) shows the presence
of an oxidation process with an onset at 0.94V vs. Fc/Fc™ in the first cycle,
and a typical nucleation loop on the reverse scan. This features, combined with
the observed increment of current intensities upon cycling, clearly demonstrate
that a polymerization takes place with concomitant deposition of electroactive
material on the electrode surface. The cyclic voltammogram of the obtained
poly(97) in a monomer-free solution (Fig. 4.5b) displays a reversible redox pro-
cess between —0.8 and 0.4V that is unchanged upon cycling. The spectroelec-
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lution of 95 in 0.1M BuyNClO,/MeCN; scan 0.1M BuyNClO,/MeCN monomer-free solu-
rate 50mV s7!. tion; scan rate 50mV s™!. Polymer was de-
posited galvanostatically at 2.5mA cm™2 with
a total charge of 15mC cm~2 on FTO/ glass.

Figure 4.5

trogram of poly(97), depicted in figure 4.6, shows the emergence of a broad ab-
sorption band centred at 572nm on the cathodic scan. This transition is accom-
panied by a change in the colour of the film from light blueish-grey to indigo.
The spectrum of the oxidized film shows the presence of a very broad NIR cen-
tered band that tails in the visible region. However, this band does not seem to
decay smoothly, as in other EDOT derivatives, but presents many distinguish-
able shoulders. A similar feature can be noted also in the band of the reduced
form. In light of these observation, we suspect the presence of oligomers in
the deposited material, as a consequence of an inefficient polymerization pro-
cess. Polymerization proved to become more difficult on elongation of the alkyl

chains. In particular derivative 98, although still polymerizable, leads to a ma-
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Figure 4.6 Spectroelectrogram of poly(97) in 0.1M BuyNCIO,/MeCN
monomer-free solution; scan rate 50mV s~!. Polymer was deposited galvanos-
tatically at 2.5mA cm~2 with a total charge of 15mA cm™2.

terial with lower electrochemical reversibility. Its spectroelectrogram presents
a strongly absorptive, broad and featureless oxidized state resulting from the
presence of oligomers of different lengths and a broad blue shifted band in the
reduced state with very low contrast. Attempts to polymerize derivatives 99
and 100 lead to passivation of the working electrode due to inhomogeneous
growth of insulating material.

4.4.3 EDOT-(methyl)(3-(trimethoxysilyl)propyl)sulfide

As we will discuss in more detail in the forthcoming section, the title compound
102 represent a fascinating EDOT derivative. The trialkoxysilane functionality
can in principle strongly enhance the adhesion of the deposited material to the
metal oxide substrates and impart rigidity to the matrix through crosslinking
of the PEDOT chains. Our preliminary tests demonstrate that this derivative
can be successfully electrochemically polymerized obtaining stable polymeric
layers. The cyclic voltammogram of 102 (Fig. 4.7a), in fact, shows an oxidation
process with an onset at 0.92V vs. Fc/Fc™. This process is accompanied by an
increase in current in the 0.0-0.6 V potential window that testifies the deposition
of electroactive material on the electrode surface. Moreover, the cyclic voltam-
mogram of the polymeric layer, cycled in monomer-free electrolytic solution,
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Figure 4.7

shows the presence of a reversible redox process that is stable upon repetitive
cycling. This redox activity is confined in a rather narrow potential window
(—0.35-0.15V) with respect to common EDOT derivatives. This effect may be
due to the presence of low molecular weight oligomers rather than long poly-
meric chains. Nevertheless, the observed cycling stability demonstrates the ro-

bust attachment of these species to the electrode surface.

4.5 Surface functionalizations

One of the main problems encountered in the deposition of conjugated poly-
mers on silicon or metal oxides is connected with the adhesion of the organic
semiconductor to the substrate. This represents a key factor in determining
the long-term operation of devices, including electrochromic ones. As we men-
tioned in section 1.4.1.8, adhesion is usually assured by deposition of a so-called
adhesion promoter, usually composed by a very thin film of PEDOT:PSS or
silane coupling agent. In the latter case, y-glycidoxypropyltrimethoxysilane is
usually employed. Coupling layers of this type allow to obtain stronger adhe-
sion forces between the polymeric chains and the substrate, thus making de-
lamination of the film more difficult to occur. It is easy to understand that a co-
valent linkage between the polymer chains and the substrate would represent
the best possible solution to the adhesion problems. This latter consideration

motivated the efforts of different groups in this direction. In particular, silane
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functionalized pyrrole moieties have been tested as adhesion promoters by dif-
tferent groups and their beneficial effect on the adhesion of polypyrrole films to
the underlying substrate was demonstrates.361,362364-366 Examples of this kind
have not been reported for EDOT based polymers, probably as a consequence
of the more difficult derivatization of this monomer. In light of these consid-
erations, our easily prepared trialkoxysilane functionalized EDOT (102) may
represent a valuable adhesion promoter for EDOT layers. In section 4.4.3 we
showed that 102 can be electrochemical polymerized on an electrode surface to
give a strongly adherent polymeric film. We will now illustrate two different
approaches to surface functionalization with ultrathin layers of covalently at-
tached EDOT monomers.

In order to obtain surface functionalization, two different routes, illustrated in
scheme 4.6, were tested. The first one (route A) take advantage of an in situ
thiol-ene reaction between surface attached thiol groups and compound 95,
while the second (route B) consists in a solution deposition of the preformed
silane 102 on clean substrates. In the first case, thiol layers are prepared by

SH SH SH
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Scheme 4.6 Synthetic strategies for surface functionalization with EDOT

monomers. Route A: in situ thiol-ene reaction. Route B: deposition of a layer of
102 from solution.
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treatment of piranha cleaned substrates (quartz and silicon) with a 5mM solu-
tion of commercially available 3-mercaptopropyltrimetoxysilane (MPTMS) in
anhydrous toluene following a procedure similar to the one described by Hu
et al.3®” The obtained layers were characterized by ellipsometry, synchrotron
XRR and AFM. The first technique gave a thickness of 8.0 A for the deposited
layer, while the second reported a value of 8.9 A with a roughness of 5A. The
obtained data was further confirmed by the AFM images that show the pres-
ence of big polymeric agglomerates on an otherwise smooth surface (Fig. 4.5).

Prior to utilization, the layers were treated with a 100mM dithiothreitol solu-

1,98 nm

0,00 nm

Figure 4.8 AFM image of a 5i:100 surface functionalized with MPTMS by treat-
ment with a 5mM solution of the same.

tion in 10mM sodium phosphate buffer to reduce the S—S bonds eventually
formed.3%® The thiol functionalized substrates were finally covered with a film
of 95 and exposed to UV radiation from an handheld UV lamp. A 254nm radi-
ation was used in absence of initiator while a 365nm one was adopted with the
addition of 1% DMPA to the deposited 95.

In contrast, the second procedure (route B) involved a simple solution depo-
sition of 102 by treatment of the clean substrates (quartz and silicon) with a
2.75mM solution of the same in anhydrous toluene. XRR data for the obtained
samples show a layer thickness of 6.7 A with a roughness of 3.6 A. We suppose
that this low thickness value, combined with the high roughness, is the result

of low coverage of the substrate and the presence of disordered SAM with the
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molecules bent over toward the surface The UV /Vis spectra of the quartz sub-
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Figure 4.9

strates (Fig. 4.9) show, after functionalization, the presence of a UV centred
absorption band around 258 nm that does not decrease in intensity after rub-
bing the surface with paper tissue. This evidence further confirms the attained

covalent anchoring of EDOT monomers on the surfaces.

4.6 Conclusions

In this chapter, we have described the synthesis of the new EDOT derivative 95
and discussed its potential application as a versatile synthon for EDOT derivati-
zation. Derivative 95, in fact, easily undergoes addition reactions with alcohols
under acid catalysis at moderate temperatures. We thus prepared four differ-
ent derivatives: 97, 98, 99 and 100. Unfortunately, these compounds do not
efficiently electropolymerize. Electrochemically stable polymeric layers were
obtained only from derivatives 97 and 98 but a careful analysis revealed the
presence of oligomeric species. Nevertheless, these compounds represent an
important addition to the chemistry of EDOT derivatives and certainly deserve
further investigation.

On the other hand, the thiol-ene reaction of 95 with thiols represents a versa-
tile synthetic approach to a large class of EDOT derivatives with general struc-
ture EDOT—CH,SR, some of which have been described by Sall¢ et al.36? As
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4.6 - Conclusions

an example, the reaction of 95 with 11-mercaptoundecanoic acid was tested ob-
taining an high yield in a short reaction time. Moreover, we exploited further
this reactivity synthesizing the trimethoxysilane functionalized EDOT deriva-
tive 102. This new interesting derivative proved to be electropolymerizable
forming a stable adherent layer on the electrode.

We also demonstrated the possibility to obtain surfaces covalently functional-
ized with EDOT moieties by taking advantage of the reactivity of the trimethoxysi-
lane group. A similar functionalization proved to be obtainable even perform-
ing an in situ thiol-ene reaction between a thiol functionalized surface and com-
pound 95. This kind of EDOT functionalized surfaces can, in principle, outper-
form the existing silane based coupling layers currently used in the deposition

of EDOT based conjugated polymers.
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Appendix A. Experimental procedures

General notes

Synthesis of derivatives

After synthesis, 'H and 3C NMR spectra were recorded using a Bruker AMX-
500 spectrometer operating at 500 and 125.70 MHz, respectively.

All chemicals were purchased from Aldrich and used without purification. Melt-
ing points were determined using an OPTIMELT MV-160 apparatus and are
uncorrected. Chromatographic purifications were performed using Merck 9385
silica gel, pore size 60 A, (230-400 mesh).

Electrochemical measures

Electrochemical measures were carried out using a PARSTAT2273 potentiostat
in a single chamber three electrodes electrochemical cell, in a glove box filled
with Argon ([O,]<1 ppm). Glassy Carbon (GC) and gold discs were used as
working electrodes. The counter and pseudo-reference electrodes were a Pt flag
and a Ag/AgCl wire, respectively. Both GC and gold pins were well polished
with alumina 0.1pm suspension, sonicated for 15min in acetone and washed
with 2-propanol before use. The Ag/AgCl pseudo-reference electrode was cal-
ibrated before and after each measurement using a 1mM ferrocene solution in
the electrolyte; no more than 5mV difference was observed between two suc-
cessive calibrations.

Optical absorption spectroscopy was performed using a Jasco V570 spectropho-
tometer. Spectroelectrochemical measures of solutions were performed using a
thin layer quartz cell with 0.5 or 1 mm optical path lengths (Als Co. Ltd; Japan),
and using gold mesh, Pt wire and Ag/AgCl as working, counter and reference

electrodes respectively.

Surface functionalizations

Toluene was dried using an M. Braun solvent purification system and degassed
before being introduced into an M. Braun glovebox. MPTMS and DTT were
purchased from Aldrich and used without purification. All glassware and Teflon
holders for film formation were cleaned by immersion in a piranha solution
(7:3 v/v Hy,SO,4/30% H,0,) for 10min and then DI water. Single-crystal silicon
(100) substrates, purchased from Wafernet (San Jose, CA), were cleaned by son-

ication for 8 min sequentially in n-hexane, acetone, and ethanol and then dried
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A.1 - General procedure for in situ chemical polymerization of ISOx
monomers

under a stream of N,. Subsequently, the slides were treated with a UVOCS
cleaning system (Montgomery, PA), washed with isopropanol, dried under a
stream of N,, and heated overnight at 130°C in an oven. Quartz slides (Chem-
glass, Inc.), were rinsed with DI water and cleaned by immersion in a piranha
solution for 1 h.The substrates were then rinsed with DI water followed by the
RCA cleaning protocol (1:5:1 (v/v) solution of aqueous NHj (33%)/H,0/30%
H,0, at room temperature for 1h). The substrates were subsequently washed
with DI water and isopropanol, dried under a N, stream, and heated overnight
at 130°C. UV /Vis spectra were recorded on glass slides with a Cary 100 spec-
trophotometer in the double beam mode. Atomic force microscopy (AFM) im-
ages were recorded using a Solver P47 (NT-MDT, Russia) instrument operated
in the semicontact/tapping scanning mode. Film thicknesses were estimated
on silicon using a J.A.Woollam (Lincoln, NB) model M-2000 V variable an-
gle spectroscopic ellipsometer with the VASE32 software. XRR measurements
were performed at Beamline X6B of the National Synchrotron Light Source,
Brookhaven (Upton, NY) using a four-circle Huber diffractometer in the specu-
lar reflection mode (i.e., incident angle I was equal to the exit angle). X-rays
with an energy of £ =10.0keV (A\=1.240A) were used. The beam size was
0.30mm vertically and 0.50mm horizontally. The samples were held under a
helium atmosphere during the measurements to reduce radiation damage and
background scattering from the ambient gas. The off-specular background was

measured and subtracted from the specular count.

A.1 General procedure for in situ chemical polymer-

ization of ISOx monomers

A solution of the monomer (ISO2) was prepared adding to 150mg of the pure
compound: propylene carbonate (90mg), nitromethane (678 mg) and 1-methoxy-
2-propanol (1044 mg) in the stated order. An oxidant solution (426 mg) of Fe(OTs),
(36%) and PEG-ran-PPG (9%) in 1-butanol was added to the aforementioned
one under stirring at room temperature. The mixture was heated at 70°C in a
water bath for 5min, and then kept at room temperature for 4h. The obtained
green solution was microfiltered through a 0.45um PTEFE filter and deposited
by spin coating on clean substrates (deposition @ Orpm + 30s @ 600 rpm + 10s
@ 1200 rpm). After 5min at room temperature, the substrates were cured in an

oven at 115°C for 30min. Once cooled, the polymerized layers were rinsed in
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A.3 - Synthetic procedures

EtOH for 2min and blown dried with compressed air.

A.2 Procedures for surface functionalizations

Route A: A 5mM solution of 3-mercaptopropyl-trimethoxysilane (MPTMS) in
toluene (150ml) was prepared under N, in a glove box. The cleaned substrates
(quartz and silicon) were immersed in the solution for 30min and subsequen-
tially rinsed twice with 150ml of anhydrous toluene. The substrates were taken
out of the box and successively sonicated in toluene, acetone and ethanol, and
tinally dried under a stream of N,. Prior to utilization the substrates were im-
mersed for 30min in a 100mM solution of dithiothreitol (DTT) in 10mM sodium
phosphate buffer. The substrates were subsequentially washed in the same
buffer followed by DI water and ethanol, and finally dried under a stream of
N,. A drop of 95 was deposited on each substrate. They were subsequentially
covered with a quartz slide forming a uniform thin film of liquid 95 between the
two surfaces. The slides were irradiated for 15min with an handheld UV /lamp
from a distance of ~10cm using a 254nm wavelength. In a second trial, 1%
molar of 2,2-Dimethoxy-2-phenylacetophenone (DMPA) was dissolved in the
monomer, and the samples were irradiated at 365nm. The samples were then
washed with THEF, followed by acetone and ethanol, and finally dried under a

stream of N,.

Route B: A 2.75mM solution of 102 in toluene (150ml) was prepared under N,
in a glove box. The cleaned substrates (quartz and silicon) were immersed in
the solution for 3.5h and subsequentially rinsed twice with 150 ml of anhydrous
toluene. The substrates were taken out of the box and successively sonicated in

toluene, acetone and ethanol, and finally dried under a stream of Nj.

A.3 Synthetic procedures

Synthesis of N-phenethylacetamide (24)

AcCl

: —NH, \ﬂ/
NaOH(aq_)/CH2C|2 ©/\/ (@)

24

ZT

Y
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A.3 - Synthetic procedures

To a mixture of 2-phenylethanamine (103.9g, 0.857mol), CH,Cl, (100ml)
and water (30ml); acetyl chloride (73.6g, 0.943mol) and a 30% aqueous NaOH
solution (40.0g, 1.00 mol ) were simultaneously added over 1h, cooling the flask
with an ice/water bath. The mixture was stirred for further 30 min then 150 ml
of CH,Cl, and 80ml of water were added. The organic phase was collected and
the aqueous one was extracted with further 2 x 30 ml of CH,Cl,. The solution
was washed with 2 x 40ml of HCl,4) 5%, 40ml of saturated NaHCO; aqueous
solution and with 50ml of brine. The organic phase was dried over Na,SO,
overnight, and the solvent was evaporated under reduced pressure obtaining
product as a white solid (115.11g, 0.705mol, m.p.=51.5-52.1 °C, yield 82%).

TH NMR (500MHz, CDCl,) 6 [ppm]: 7.32 (t, J=7.3Hz, 2H), 7.26-7.23 (m, 1H),
7.21(d, J=7.1Hz, 2H), 5.78 (s, 1H), 3.52 (q, J=6.1Hz, 2H), 2.83 (t, J=7.0Hz, 2H),
1.95 (s, 3H).

Synthesis of 1-methyl-3,4-dihydroisoquinoline (25)

1) POCI3 5 eq. + P,05 0.5 eq.
10h @ 95°C
H 2) P,Os5 2.2 eq., Ny flux.

N 2.5h @ 95°C
O - Bt
O 3) H0
NaOH(aq.) till pH 12
24 25

To a mixture of 24 (104.36g, 0.639mol) and P,0O5 (53.0g, 0.374mol), under
nitrogen atmosphere, POCl; was added (300ml, 502.5g, 3.28mol). The mix-
ture was heated to 95°C for 10h. Reaction seemed to reach equilibrium and
imidoyl chlorides (uncyclized intermediates) spot was still present on TLC".
Reaction was cooled to RT. A further amount of P,O5 (200g, 1.41mol) was
added, and nitrogen was fluxed through the mixture. Reaction was heated to
95°C for 2.5h. Imidoyl chlorides spot disappeared from TLC, and complete
conversion was achieved. The mixture was cooled to RT and slowly poured
in crushed ice (1.5kg) cooling with an ice bath. After 2h NaOH pellets were
slowly added to the mixture till pH 12 cooling with an ice-water bath. An am-
ber coloured oil with rose-like smell separated from the solution. Diethyl ether
(200ml) was added to the stirred mixture, and the organic layer was collected.
A large amount of crystalline Na3zPO,-12 H,O precipitated from the aqueous

*reaction was monitored by TLC (eluent Et,O/MeOH 20:1) treating a sample of the mixture
with basic water and extracting with Et,O
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A.3 - Synthetic procedures

phase (over the weekend). The solid was filtered out and washed on the fil-
ter with Et,O (70ml). The filtrate was extracted with 2 x 70ml of Et,O. All the
organic phases were collected, washed with 5 x 70ml of brine, and dried over
Na,SOy,. Solvent was evaporated under reduced pressure obtaining product 25
as a yellow oil (81.27¢g, 0.56mol, yield 88%).

HNMR (500 MHz, DMSO—dg) § [ppm]: 7.54 (d, J=7.6Hz, 1H), 7.39 (td, J=7.4Hz,
J=1.3Hz, 1H), 7.33 (t, J=7.5Hz, 1H), 7.24 (d, /=7.3Hz, 1H), 3.52 (m, 2H), 2.63
(t, J=7.8Hz, 2H), 2.30 (t, J=1.5Hz, 3H).

Synthesis of 1-methylisoquinoline (26)

Pd/C 5% N
~-N > N
decaline/cyclohexene 5:1 (2.4eq)
8 h 130°C
25 26

Acetic acid (2ml) was added to 4.00g of Pd/C 5%. After 10min cyclohexene
(135ml, 1.33mol), decalin (500ml) and 25 (81.27g, 0.56 mol) were added. The
mixture was refluxed for 8h (reflux temperature was 130°C). The mixture was
cooled to RT, and the catalyst was filtered out and recovered. An aqueous solu-
tion of HC1 (3M) was added to the mixture till pH 1. The aqueous phase was col-
lected, and the organic one was extracted with further 2 x 50 ml of HCl(,q, 3M
collecting the aqueous phase. The aqueous solution was washed with 5 x 40ml
of CH,Cl,, and then Na,CO; was added till pH 10. A yellow oil separated, and
the mixture was extracted with 100ml + 5 x 40 ml of Et,O. The organic phase
was dried overnight over Na,SO, then the solvent was evaporated under re-
duced pressure (1 mmHg) obtaining product as a yellow oil (68.617 g, 0.479mol,
yield 86%).

'H NMR (500MHz, CDCl,) § [ppm]: 8.38 (d, /=5.8Hz, 1H), 8.08 (d, /=8.4Hz,
1H),7.77 (d, /J=8.2Hz, 1H), 7.64 (t, J=7.5Hz, 1H), 7.56 (t, J=8.2Hz, 1H), 7.48 (d,
J=5.8Hz, 1H), 2.94 (s, 3H).

Synthesis of 2-(3-hydroxypropyl)-1-methylisoquinolinium bro-
mide (61)
A mixture of 26 (4.00g, 27.9mmol), 3-bromo-1-propanol (4.84 g, 34.8 mmol) and

10ml of acetone was heated in a CEM Discover microwave reactor for 2.5h
(Pmax=25W, 95°C, cooling off, 35ml vessel), and cooled to RT. The vessel was
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A 3-bromo-1-propanol 1.25eq N
N > N OH
7 Acetone, MW 25W, 95°C 2 ®\Br/\/
C]

26 61

kept at —18°C overnight; the white solid was filtered on a Biichner funnel,
washed with acetone and then with Et,O. Residual solvent was evaporated un-
der reduced pressure (0.4 torr) at 40°C (5.186 g, 18.37mmol, yield 66%, m.p.:176-
177°C). Product can be further purified by crystallization from i-PrOH.

'H NMR (200MHz, DMSO—dy) ¢ [ppm]: 8.79-8.73 (m, 2H), 8.44 (d, J=6.9Hz,
1H), 8.31 (d, /=7.8Hz, 1H), 8.20 (t, /J=6.9Hz, 1H), 8.03 (t, /=7.8Hz, 1H), 4.84 (t,
J=7.3Hz, 2H), 3.54 (t, J=5.7Hz, 2H), 3.31 (s, 3H), 2.10 (qui, J=6.3Hz, 2H); Anal.
Calcd for C;3H;(BrNO: C, 55.33; H, 5.72; N, 4.96. Found: C, 54.96; H, 6.05; N,
4.87.

Synthesis of (E)-2-(3-hydroxypropyl)-1-(2-(quinolin-4-yl)vinyl)-

isoquinolinium bromide (66)

\ N\
I 7 ~
X
N OH 0’
@\/\/
Br piperidine, MeOH 20 min reflux
C]
61

To a mixture of 61 (10.341g, 36.64mmol) and quinoline-4-carboxyaldehyde
(6.507g, 41.40mmol), a solution of piperidine (1.0ml, 862mg, 10.12mmol) in
10ml of MeOH was added. The mixture was heated to reflux for 20min ob-
taining a red homogeneous solution. The solution was let cool to room temper-
ature and product was left to crystallize overnight. The crystalline solid was
filtered on a Biichner funnel and washed with 10ml of acetone and 30ml of
Et,O. Residual solvent was removed under reduced pressure at 50°C. Product
was recovered as a yellow solid (13.199¢g, 31.3mmol, yield 86%, m.p.: 191°C
(dec.)).

'H NMR (500MHz, DMSO—d,) § [ppm]: 9.10 (d, J=4.5Hz, 1H),8.95 (d, J=6.9Hz,
1H), 8.66-8.63 (m, 2H), 8.44 (d, J=8.1Hz, 1H), 8.32-8.27 (m, 3H), 8.20 (d, J=4.5Hz,
1H), 8.16-8.13 (m, 2H), 8.08 (t, J=7.75Hz, 1H), 7.85 (t, J=6.7Hz, 1H), 7.70 (t,
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J=8.0Hz, 1H), 4.94 (t, J=7.4Hz, 2H), 4.85 (t, J=4.9Hz, 1H), 3.53 (q, /=5.3Hz,
2H), 2.17 (qui, J=6.7 Hz, 2H); 13C NMR (125.7 MHz, DMSO—d) § [ppm]: 157.11,
150.98, 148.73, 140.16, 140.05, 137.93, 136.73, 136.32, 131.84, 130.54, 130.34, 130.17,
128.20, 127.89, 127.87, 126.04, 125.49, 124.33, 123.34, 119.03, 57.77, 56.78, 32.99;
Anal. Calcd for C,3H,,BrN,O-0.5CH;OH-0.25H,0: C, 63.88; H, 5.36; N, 6.34.
Found: C, 63.72; H, 5.52; N, 6.40.

Synthesis of (E)-4-(2-(2-(3-hydroxypropyl)isoquinolinium-1-yl)-

vinyl)-1-methylquinolinium hexafluorophosphate (75)

1) Mel, KPFg
Acetone, MW 25W, 95°C, 50 min

2) NH4PFg (aq) 3M

A suspension of 66 (3.00g, 7.12mmol), KPF, (3.100g, 16.84mmol) in 10.5ml
of acetone was stirred at room temperature for 20min, and Mel was subse-
quently added (1.65g, 11.62mmol). The mixture was heated in a CEM Discover
microwave reactor for 50min ((Pmax=25W, 95°C, cooling off, 35 ml closed ves-
sel), cooled to RT and left to precipitate overnight.” The solid was filtered on a
Biichner funnel and washed with few ml of acetone and then with Et,O. The
solid was suspended in 18 ml of NH,PF¢ ,q) 30% and stirred for 3 days. The
product was filtered and washed with few ml of HPLC grade water and few
ml of EtOH. Residual solvent was evaporated under reduced pressure (0.4 torr)
at 40°C obtaining product as a pale yellow solid (3.77g, 5.83mmol, yield 82%,
m.p.: 199-201°C).

'HNMR (500MHz, DMSO—dg) § [ppm]: 9.67 (d, J=6.2Hz, 1H), 8.93 (d, /=6.8 Hz,
1H), 8.77 (d, J=6.1Hz, 1H), 8.7-8.65 (m, 3H), 8.62 (d, /=8.9Hz, 1H), 8.50 (d,
J=16.3Hz, 1H),8.45 (d, J=8.2Hz, 1H), 8.41 (d, J=16.3Hz, 1H), 8.38-8.31 (m,
2H), 8.14-8.08 (m, 2H), 491 (t, J=7.2Hz, 2H), 3.52 (, J=5.7Hz, 2H), 2.16 (qui,
J=6.4Hz, 2H); 13C NMR (125.7 MHz, DMSO—d,) § [ppm]: 155.92, 150.24, 149.95,
139.20, 137.98, 137.39, 137.00, 136.44, 135.92, 131.98; 130.79, 130.42, 129.20, 128.26,

“reaction was checked by TLC (eluent: MeOH/MeNO, /NH,Cl,q 2M 8:1:1) dissolving a
sample of the mixture in MeCN. Product spot has a yellow fluorescence
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127.67, 127.41, 126.71, 126.09, 120.24, 119.78, 57.72, 56.97, 46.00, 33.08; Anal.
Calcd for C,4H,,F1,N,OP,: C, 44.60; H, 3.74; N, 4.33. Found: C, 44.56; H, 3.82;
N, 4.29.

Synthesis of 4-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy)-
-4-oxobutanoic acid (4-EDOT-MeO-4-oxobutanoic acid) and 4-
(3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-3-yloxy)-4-oxobutan-
oic acid (4-ProDOT-0O-4-oxobutanoic acid) mixture (73)

OH
0 Os__OH
O /E/
o)

b Ao ~ S
O @) @) @) > 0 O 0] @]
EtsN, Me3N HCI cat. "
2/ \g * Z/ \§ CHCl; 0-5 °C 3h 2/ \g 2/ \§
) 58 S S 73 S

isomers mix 95:5 isomers mix 95:5

Under nitrogen atmosphere, to an ice-cooled suspension of succinic anhy-
dride (1.31g, 13.1mmol) and Me;N - HCI (62.7mg, 0.656 mmol) in CH,Cl, (35ml),
Et;N (0.996 g, 9.84 mmol) was added. A solution of EDOT-MeOH (58) (mixture
of isomers 95:5,1.13 g, 6.56 mmol) in CH,Cl, (7ml) was added, and the solution
was stirred at 0°C for 3h. The mixture was extracted with 3x10ml of HCl,q
10%. The organic phase was collected, dried overnight over Na,SO, and the
solvent was evaporated under reduced pressure. The crude product was dis-
solved in 40ml of NaHCO; (o) 0.5M, stirred for 1h, acidified to pH<1 adding
HCl,q) 10% and extracted with 20ml of toluene. The organic phase was washed
with 10ml of HCl(,q) 10%, and dried over Na,SO,. Product was obtained as a
pale yellow solid after solvent removal under reduced pressure for 72h (1.064 g,
yield 60%).

H NMR (500MHz, CDCl,) § [ppm]: 6.51 (s, 2H ProDOT), 6.35 (m, 2H EDOT),
5.27 (qui, 1H ProDOT), 4.40-4.31 (m, 3H EDOT), 4.25-4.21 (m, 1H EDOT + 4H
ProDOT), 4.06-4.02 (m, 1H EDOT), 2.70 (m, 4H (EDOT + ProDOT)).
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Synthesis of (E)-4-(2-(2-(3-(4-((2,3-dihydrothienol[3,4-b][1,4]dioxin-
-2-yl)methoxy)-4-oxobutanoyloxy)propyl)isoquinolinium-1-yl)vin-
yD)-1-methylquinolinium hexafluorophosphate (49) (ISO1)

) . N (@]
isomers mixture Z NN

DCC, DMAP 10%
MeCN, 12h @ RT

49

+ProDOT isomer

Under nitrogen atmosphere, a suspension of 73 (737mg, 2.71mmol), 75 (1.749g,
2.71mmol), DCC (615mg, 2.98 mmol) and DMAP (35mg, 0.29 mmol) in 10ml of
anhydrous MeCN was prepared. A white solid precipitated. The solution was
kept under stirring for 6h. The mixture was filtered washing the precipitate
with MeCN. The filtrate was collected and evaporated under reduced pressure
obtaining a black solid which was sonicated for 15min with Et,O (30ml). The
product was filtered, suspended in 30ml of EtOH and stirred for 72h*. The
mixture was filtered on an Hirsh funnel obtaining the product as a pale brown
solid (1.926g, yield 76%, m.p.: 94-100 °C).

'H NMR (500 MHz, DMSO—dg) § [ppm]: 9.68 (d, J=6.3Hz, 1H (EDOT + ProDOT)),
8.92(d, /=6.9Hz, 1H (EDOT + ProDOT)), 8.80 (d, /=6.2Hz, 1H (EDOT + ProDOT)),
8.71 (d, /=6.9Hz, 1H (EDOT + ProDOT)), 8.67-8.60 (m, 3H (EDOT + ProDOT)),
8.50 (d, J=16.2Hz, 1H (EDOT + ProDOT)), 8.45 (d, /=8.2Hz, 1H (EDOT +
ProDOT)), 8.41 (d, J=16.2Hz, 1H (EDOT + ProDOT)), 8.34 (m, 2H (EDOT +
ProDOT)), 8.10 (m, 2H (EDOT + ProDOT)), 6.79 (s, 2H ProDOT), 6.60 (m, 2H
EDOT), 4.91 (t, J=7.3Hz, 2H (EDOT + ProDOT)), 4.72 (s, 3H (EDOT + ProDOT)),
4.38 (m, 1H EDOT), 4.27-4.20 (m, 3H EDOT), 4.11 (t, J=6.0Hz, 2H (EDOT +
ProDOT)), 4.13-4.10 (4H ProDOT), 4.00-3.97 (m, 1H EDOT), 2.47 (t, J=7.0Hz,
2H EDQOT + ProDOT), 2.30 (m, 4H (EDOT + ProDOT)); EDOT:ProDOT ratio is

*This step is necessary to eliminate residual DMAP from the product.
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3.06; S, 3.50. Found: C,46.93; H, 4.12; N, 3.23; S, 3.67.

Synthesis of 5-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy)-
-5-oxopentanoic acid (5-EDOT-MeO-5-oxopentanoic acid) and 5-
(3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-3-yloxy)-5-oxopentan-
oic acid (5-ProDOT-O-5-oxopentanoic acid) mixture (74)

HO
O OH
(@]
(@) (@] (@) ©
5o o O
(@) O (@) O > O O (@) @]
Et3N, MesN HCI cat. +
/A \ W/ A\ CH,Cl; 0-5°C 3h I\ [\
S 58 S S 74 S
isomers mix 95:5 isomers mix 95:5

Under nitrogen atmosphere, to an ice-cooled suspension of glutaric anhy-
dride (1.556g, 13.64mmol) and Me;N-HCI (65.2mg, 0.682mmol) in CH,Cl,
(20ml), EtzN (1.035g, 10.23mmol) was added. A solution of EDOT-MeOH
(mixture of isomers 95:5, 1.174g, 6.82mmol) in CH,Cl, (7ml) was added, and
the solution was stirred at 0°C for 3h 15min. The mixture was extracted with
3 x 10ml of HCl(aq) 10%. The organic phase was collected, filtered, and dried
over Na,SO, overnight. The mixture was filtered and the solvent was evap-
orated under reduced pressure. Toluene (3ml) and water (3ml) were added
to the crude product and the mixture was kept under stirring at RT for 12h.
Toluene and water were added to the mixture till a clear phase separation oc-
curred. The organic phase was collected and the aqueous phase if extracted
with 2 x 10ml of toluene. The organic phase was collected, dried over Na,SO,
and filtered. Product was obtained as a pale yellow viscous oil after solvent
removal under reduced pressure (3mmHg) at 60°C for 8h ( 1.394 g, yield 71%).
The product slowly crystallized in 6 months to a white solid (mp.: 53-60°C).
'H NMR (500MHz, CDCls) § [ppm]: 6.51 (s, 2H ProDOT), 6.37 (d, J=3.7Hz,
1H EDOT), 6.35 (d, /=3.7Hz, 1H EDOT), 5.25 (qui, J=4.6Hz, 1H ProDOT),

168



A.3 - Synthetic procedures

4.40-4.36 (m, 1H EDOT), 4.35-4.29 (m, 2H EDOT), 4.27-4.20 (m, 1H EDOT +
4H ProDOT), 4.06-4.02 (m, 1H EDOT), 2.51-2.44 (m, 4H (EDOT + ProDOT)),
2.09-1.94 (m, 2H (EDOT + ProDOT)); EDOT:ProDOT ratio is 4:1; 13C NMR
(125.7MHz, CDCly) § [ppm]: 178.49, 172.54, 141.26, 141.07, 100.86-99.49 (m),
71.52, 65.66, 62.48, 32.94, 32.84, 19.77; Anal. Calcd for C;,H;,0.S: C, 50.34; H,
4.93. Found: C, 50.63; H, 5.58.

Synthesis of (E)-4-(2-(2-(3-(5-((2,3-dihydrothieno[3,4-b][1,4]dioxin-
-2-yl)methoxy)-5-oxopentanoyloxy)propyl)isoquinolinium-1-yl)-
vinyl)-1-methylquinolinium hexafluorophosphate (50) (ISO2)

isomers mixture

DCC, DMAP 5%
MeCN, 60h @ RT

+ProDOT isomer

Under nitrogen atmosphere, a suspension of 74 (2.737g, 9.56mmol, 80:20
EDOT:ProDOT), 75 (6.000g, 9.28 mmol), DCC (2.107 g, 10.20mmol) and DMAP
(62mg, 0.51 mmol) in 60ml of anhydrous MeCN was prepared. The formation
of a white precipitate was observed. The solution was kept under stirring for
60h. The mixture was filtered washing the precipitate with MeCN (20ml). The
filtrate was collected and evaporated under reduced pressure obtaining a black
solid which was sonicated with Et,O (50ml). The product was collected by
filtration, suspended in 50ml of EtOH and stirred for 72h*. The mixture was
filtered on an Hirsh funnel obtaining the product as a pale light brown solid
(7.338g, yield 87%, m.p.: 77-87 °C).

'HNMR (500MHz, DMSO—dg) § [ppm]: 9.69 (d, J=6.3Hz, 1H (EDOT + ProDOT)),
8.94(d, J=6.9Hz, 1H (EDOT + ProDOT)), 8.81 (d, /=6.2Hz, 1H (EDOT + ProDOT)),
8.71 (d, J=6.8Hz, 1H (EDOT + ProDOT)), 8.66-8.61 (m, 3H (EDOT + ProDOT)),

*This step is necessary to eliminate residual DMAP from the product
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850 (d, J=16.3Hz, 1H (EDOT + ProDQOT)), 8.45 (d, /=8.2Hz, 1H (EDOT +
ProDOT)), 8.41 (d, J=16.3Hz, 1H (EDOT + ProDQOT)), 8.37-8.32 (m, 2H (EDOT
+ ProDOT)), 8.13-8.08 (m, 2H (EDOT + ProDOT)), 6.81 (s, 2H ProDOT), 6.61
(d, J=3.6Hz, 1H EDOT), 6.60 (d, J=3.5Hz, 1H EDOT), 5.12 (qui, J=3.7Hz,
1H ProDOT), 491 (t, J=7.5Hz, 2H (EDOT + ProDQOT)), 4.72 (s, 3H (EDOT +
ProDOT)), 4.41-4.39 (m, 1H EDOT), 4.29-4.20 (m, 2H EDOT + 4H ProDOT),
4.14-4.10 (m, 1H EDOT + 2H (EDOT + ProDOT)), 4.02-3.98 (m, 1H EDOT), 2.34-
2.24 (m, 4H (EDOT+ ProDOT)), 2.12-2.07 (m, 2H (EDOT + ProDOT)), 1.62-1.54
(m, 2H (EDOT + ProDOT)); EDOT:ProDOT ratio is 4:1; 13C NMR (125.7 MHz,
DMSO—dg) 6 [ppm]: 172.76,156.26, 150.18, 150.06, 141.66, 141.54, 139.27, 138.16,
137.68,137.28,136.49,136.08, 132.17,130.94, 130.58, 129.23, 128.40, 127.85, 127 .49,
126.75, 126.33, 120.40, 119.94, 100.62, 100.55, 71.89, 65.52, 62.64, 61.42, 56.64,
46.16,32.77,32.75,29.40, 20.06; Anal. Calcd. for C34H35F1,N,O¢P,S - %CH3CHQOH:
C,47.35;H,4.12; N, 3.01; S, 3.45. Found: C, 47.72; H, 4.21; N, 3.39; S, 3.61.

Synthesis of (E)-N-(2,2-diethoxyethylidene)-1-phenylethanamine
(27)

0%

o~ 6
) ag. solution
y\o/ o
NH, = - ﬁAN
Toluene reflux ®)
~
27

Dean-Stark, 5h
103

A mixture of x-Methylbenzylamine (103) (50.00g, 0.413mmol) and dimeth-
oxyacetaldehyde 60% w/w aqueous solution (79.14g, 0.454mmol) in 250ml of
toluene were refluxed for 5h under nitrogen atmosphere, collecting water with
a Dean-Stark apparatus. The mixture was cooled to room temperature and sol-
vent was removed under reduced pressure (~1mmHg) obtaining product as a
yellow oil (82.97 g, 0.400mmol, yield 97%).

'H NMR (500MHz, CDCl;) § [ppm]: 7.58 (d, J=4.5Hz, 1H), 7.36-7.31 (m, 4H),
7.26-7.22 (m, 1H),4.72 (d, J=4.5Hz, 1H), 4.41 (q, /=6.7Hz, 1H), 3.43 (s, 3H), 3.37
(s,3H), 1.54 (d, J=6.7Hz, 3H).
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1) H,SO4 160-170°C 20 min.

/OﬁAN - _N

O\ 2) NaOH(aq)
27 26

Alternative synthesis of 1-methylisoquinoline (26)

In a 1L RBF, H,50, (300ml) was heated to 160°C. The hot plate was switched
off, and compound 27 (82.97 g, 0.400mol) was dropwise added to the mixture
maintaining temperature between 160°C and 170°C (addition took 15 min-
utes). A vigorous reaction with smoke evolution occurred and mixture turned
to black. The mixture was stirred for further 5min and then slowly poured
in ice (800g) cooling with an external ice bath. The solution was neutralized
adding NaOH pellets till pH 10. The crude mixture (including all the precipi-
tated Na,SO,) was transferred to a RBF and steam distilled. The distillate was
extracted with ether (4 x 200ml). The organic phase was collected, washed with
brine (200ml), and dried over Na,SO, overnight. Solvent was evaporated un-
der reduced pressure (5 mmHg) heating at 60°C for 3h with an external water
bath. Product was further purified by distillation (b.p.: 102.5°C at 5mmHg).
Colorless liquid (37.359g, 0.261mol, yield 65%)."

Synthesis of 7-chloro-4-iodoquinoline (36)

1) Ac,0, Nal
m MW 40W, 5h @ 80°C _ m
cl Nig 2) NaHCO3 (ag) ol Nig

36

In a 35ml microwave reaction vessel, a mixture of 4,7-dichloroquinoline
(4.500g, 22.72mmol) and Nal (10.217 g, 68.16 mmol) in Ac,O (5.798 g, 56.8 mmol)
was prepared and heated at 80°C for 5h in a CEM Discover microwave reac-
tor (Pmax=40W, cooling off). Product was suspended in 100ml of NaHCO; (aq)
5% and stirred for 1h. A 5% aqueous solution of Na,SO; was added (50ml)

*Product obtained with this route is purer than the one obtained with the Bischler- Napier-
alski route since it is free from 1-methyl-tetrahydroisoquinoline which can be seen in NMR
spectrum (5%). This impurity was usually removed easily during crystallization of product 61
but its amount is dependent on reaction conditions. An high content of hydrogenated product
can lead to a difficult purification of 61.

171



A.3 - Synthetic procedures

followed by a 5% aqueous solution of Na,S,05 (50ml). The mixture was ex-
tracted with 3 x 30ml of CH,Cl,, and dried over Na,SO,. Solvent was evap-
orated under reduced pressure obtaining product as a white solid which was
turther purified by crystallization from EtOH (5.011g, 17.31mmol, yield 76%,
m.p.: 123-124°C).

'H NMR (500MHz, CDCls) § [ppm]: 8.44 (d, J=4.5Hz, 1H), 8.06 (d, J=2.1Hz,
1H),7.99 (d, J=4.6Hz, 1H), 7.97 (d,/=9.0Hz, 1H), 7.57 (dd, J=8.9Hz, J=2.1Hz,
1H).

Synthesis of 7-chloroquinoline-4-carbaldehyde (35)
| z

1) BuLi 1.1 eq
AN THF, 20 min @ -84°C X
~Z b7
cl N 2) DMF, -84°C to RT for 1h cl N

3) H,0
36 35

Y

Under N, atmosphere, a solution of 36 (5.000g, 17.27mmol) in anhydrous
THEF (30ml) was prepared, and cooled to —84°C with an AcOEt/N, cooling
bath. A 1.28M BulLi solution in hexane (14.83ml) was slowly added under stir-
ring. The obtained red-brown mixture was stirred at —84°C for 20min. An-
hydrous DMF (1.262g, 17.27mmol) was slowly added and the mixture was al-
lowed to warm slowly to room temperature and kept under stirring for 1h. Wa-
ter (50ml) was added to the mixture obtaining an orange solution which was
extracted with 3 x50ml of AcOEt. The organic phase was collected, washed
with brine (100ml), dried over Na,SO, and evaporated under reduced pres-
sure. The obtained product was purified by column chromatography (5iO,,
eluent: AcOEt/n—Hex 1:3) (1.136g, 5.93mmol, yield 34 %, m.p.: 105-106°C).
'H NMR (500MHz, CDCl;) § [ppm]: 10.45 (s, 1H), 9.21 (d, J=4.2Hz, 1H),
9.02 (d, J=9.1Hz, 1H), 8.22 (d, J=2.2Hz, 1H), 7.80 (d, J=4.2Hz, 1H), 7.69 (dd,
J=9.1Hz, J=2.2Hz, 1H).

Synthesis of (E)-1-(2-(7-chloroquinolin-4-yl)vinyl)-2-(3-hydroxy

propyl)isoquinolinium bromide (67)

To a mixture of 61 (700mg, 2.37mmol) and 35 (500g, 2.61 mmol), a solution of
piperidine (70ul, 60mg, 0.70mmol) in 0.7 ml of MeOH was added. The mixture
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Cl N,
35
XX 2
Z /g\/\/OH 0 >
Br piperidine, MeOH 10 min reflux
C]
61

was heated to reflux for 10min obtaining a solid product which was washed
with acetone (10ml) and filtered on an Hirsh funnel washing with 5ml of ace-
tone and 30ml of Et,O. Residual solvent was removed under reduced pressure
at 50°C. Product was recovered as a pale yellow solid (948 mg, 2.08 mmol, yield
88%, m.p.: 220-221°C (dec.)).

Synthesis of (E)-7-chloro-4-(2-(2-(3-hydroxypropyl)isoquinolin-

ium-1-yl)vinyl)-1-methylquinolinium hexafluorophosphate (76)

1) Mel, KPFg
Acetone, MW 25W, 95°C, 3h

2) NH4PFg (aq) 3M

A suspension of 67 (900mg, 1.97mmol), KPF (872mg, 4.74mmol) in 2.5ml
of acetone was stirred at room temperature for 10min and Mel was subse-
quently added (576 mg, 3.00mmol). The mixture was heated in a CEM Dis-
cover microwave reactor for 3h (Pmax=25W, 95°C, cooling off), and cooled to
RT. The solid was filtered on an Hirsh funnel and washed with few ml of ace-
tone and then with Et;O. The solid was suspended in 15ml of NH,PFg (,4) 30%
and stirred for 1.5days. The product was filtered and washed with 50ml of
HPLC grade water. Residual solvent was evaporated under reduced pressure
(0.4torr) at 40°C obtaining product as a pale yellow solid (929 mg, 1.364mmaol,
yield 69%, m.p.:188-190°C).

'H NMR (500MHz, CD5CN) 6 [ppm]: 9.20 (d, J=5.2Hz, 1H), 8.68-8.41 (m, 6H),
8.41-8.22 (m, 2H), 8.21-7.99 (m, 4H), 4.86 (broad s, 2H), 4.61 (s, 3H), 3.61 (broad
s, 2H), 2.22 (broad s, 3H)
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Synthesis of (E)-7-chloro-4-(2-(2-(3-(5-((2,3-dihydrothieno[3,4-b]-
[1,4]dioxin-2-yl)methoxy)-5-oxopentanoyloxy)propyl)isoquinolin-
ium-1-yl)vinyl)-1-methylquinolinium hexafluorophosphate (51)
(ISO2-CD)

isomers mixture

DCC, DMAP 5%

MeCN, 15h @ RT
Cl

| PFg
(g +ProDOT isomer

Under nitrogen atmosphere, a suspension of 74 (100mg, 0.348 mmol, 80:20
EDOT:ProDOT), 76 (230mg, 0.338 mmol), DCC (77 mg, 0.372mmol) and DMAP
(3mg, 0.019mmol) in 2ml of anhydrous MeCN was prepared. A white solid
precipitated. The solution was kept under stirring for 15h. The mixture was
filtered washing the precipitate with MeCN (10ml). The filtrate was collected
and evaporated under reduced pressure obtaining a black solid which was son-
icated with Et,O (30ml). The product was collected by filtration, suspended in
50ml of EtOH and stirred for 5days. The mixture was filtered on an Hirsh fun-
nel obtaining the product as a greenish solid (254 mg, yield 79%, m.p.: 87-91 °C).
'H NMR (500MHz, DMSO—d,) § [ppm]: 9.69 (d, J=6.1Hz, 1H (EDOT + ProDOT)),
8.94 (d, J=6.7Hz, 1H (EDOT + ProDOT)), 8.82-8.79 (m, 2H (EDOT + ProDOT)),
8.71 (d, J=6.7Hz, 1H (EDOT + ProDOT)), 8.65-8.64 (m, 2H (EDOT + ProDOT)),
8.49 (m, 3H (EDOT + ProDOT)), 8.33 (t, /=7.5Hz, 1H (EDOT + ProDOT)), 8.20
(d, J=8.7Hz, 1H (EDOT + ProDOT), 8.09 (t, /=7.9Hz, 1H (EDOT + ProDOT)),
6.80 (s, 2H ProDOT), 6.61-6.59 (m, 2H), 5.12 (broad s, 1H ProDOT), 4.90 (t,
J=6.8Hz, 2H (EDOT + ProDOT)), 4.70 (s, 3H (EDOT + ProDOT)), 4.41-4-39 (m,
1H EDOT), 4.29-4.21 (m, 2H EDOT + 4H ProDOT), 4.14-4.07 (m, 2H (EDOT
+ ProDOT) + 1H EDOT), 4.02-3.98 (m, 1H EDOT), 2.32-2.26 (m, 4H (EDOT
+ ProDOT)), 2.15-2.09 (m, 2H (EDOT +ProDOT)), 1.64-1.57 (m, 2H (EDOT +
ProDOT)).
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Synthesis of 3,3-dichloroquinoline-2,4(1H,3H)-dione (87)

OH O

cl

m 1) SO,Cl,, 1,4-dioxan @ 50°C @fiu
~ y

2N N"So

OH 2)H,0

86 87

To a suspension of 2,4-quinolinediol (86) (20.810g, 129.1 mmol) in 1,4-dioxan
(75ml) at 50°C SO,Cl, (41.7g, 308 mmol, 25.0ml) was dropwise added under
vigorous stirring. The clear yellow solution obtained was refluxed for 30 min
observing HCl evolution. The mixture was cooled to RT and 300g of ice were
added. A yellow solid precipitated and was filtered on a Biichner funnel after
stirring for 30min. The solid was dried at 50 °C under reduce pressure (27.87g,
121.1mmol, yield 94%). The raw product contains a little amount of impurity
(5%) but was suitable for next step without further purification. If needed it can
be purified by crystallization from toluene.

'H NMR (500MHz, DMSO—d) ¢ [ppm]: 11.42 (s, 1H), 7.90 (dd, J=7.8Hz,
J=1.0Hz, 1H), 7.69 (td, J=8.0Hz, J=0.9Hz, 1H), 7.21 (t, J=7.7Hz, 1H), 7.15
(d, /=8.0Hz, 1H).

Synthesis of 1-(2-aminophenyl)-2,2-dimethoxyethanone (85)

5 Cl 1) NaOMe in MeOH PPN
cl 30min. RT+5min reflux
2) NaOH (aq) 1M > o
a0H (aq)
N
H 7 NH»
87 85

A suspension of 87 (15.000g, 65.20mmol) in dry MeOH was dropwise added
to a stirred freshly prepared solution of NaOMe (195.6 mmol) in 50 ml of MeOH.
After 30min, the obtained orange suspension was heated to reflux for 5min
and cooled to RT. A 1M aqueous NaOH solution (300ml) was added to the
mixture obtaining a clear solution which was stirred overnight. The solvent
was distilled off till the temperature approaches 100°C. The mixture was re-
fluxed for 1h, and cooled to room temperature. A yellow solid precipitated
and was filtered on a Biichner funnel washing with water (100ml). Product

was dried at 50°C under reduced pressure and crystallized from cyclohexane

175



A.3 - Synthetic procedures

(9.406 g, 48.2mmol, yield 74%, m.p.: 99-100°C).
THNMR (500 MHz, DMSO—dg) 6 [ppm]: 7.87 (d, J=8.3Hz, 1H),7.26 (t, J=7.0Hz,
3H), 6.78 (d, /J=8.4Hz, 1H), 6.52 (t, J/=7.4Hz, 1H), 5.24 (s, 1H), 3.38 (s, 6H).

Synthesis of 1,2,3,4-tetrahydroacridine-9-carbaldehyde (38)

OO~ Ox
0 1) NaOEt, EtOH, Ore A
75 min reflux, 12h RT
' z
NH; 2) HCl(agy 10 min. reflux N
85 38

In a 100ml RBF, under N, atmosphere, a solution of NaOEt in EtOH was
prepared (20ml, 13.00mmol, 0.65M). Cyclohexanone (1.005g, 10.24mmol) and
compound 85 (1.000g, 5.12mmol) were added and the mixture was heated to
reflux. The bright yellow solution turned to pale yellow after few minutes. The
solution was kept under reflux for 20 min, cooled to RT and stirred for 2h. The
solvent was evaporated under reduced pressure and 50ml of water were added
to the mixture. The solution was acidified adding HCl .,y (4ml) and refluxed
for 7min. The hot mixture was poured in 100g of ice, basified with Na,CO;
and extracted with 100 + 3 x 30ml of Et,0O. The organic phase was collected,
dried over MgSO, and evaporated under reduced pressure obtaining a yellow
oil. Product was sonicated with few ml of hexane obtaining a pale yellow solid
which was collected by filtration (827mg, 3.91mmol, yield 76%, m.p.:76-78°C).
H NMR (500MHz, CDCl;) § [ppm]: 11.00 (s, 1H), 8.49 (d, J=8.5Hz, 1H), 8.09
(broad s, 1H), 7.70 (t, J=7.5Hz, 1H), 7.59 (t, /=7 .4Hz, 1H), 3.30 (t, /=6.4Hz, 2H),
3.24 (t, J=6.1Hz, 2H), 2.04-1.94 (m, 4H); 13C NMR (125.7 MHz, CDCl;) § [ppm]:
194.10, 159.72, 146.40, 135.08, 132.49, 129.45, 128.73, 128.08, 123.65, 123.34, 34.03,
26.16, 22.58,22.27.

Synthesis of (E)-2-(3-hydroxypropyl)-1-(2-(1,2,3,4-tetrahydroacrid-
in-9-yl)vinyl)isoquinolinium bromide (68)

In a 100ml RBF, to a mixture of 61 (1302mg, 4.61 mmol) and 38 (1072mg, 5.07 mmol),
a solution of piperidine (39mg, 0.46 mmol) in 1ml of MeOH was added, and

the mixture was heated to reflux with an external bath (100°C). A red homo-

geneous solution was obtained and after 3min it solidified to a pale yellow
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N, N
P 38
X /(':)I\/\/OH
o’ o
/('g\/\/OH — » ~ Br
Br piperidine, MeOH

© 10 min reflux
=z
N
N

solid. The mixture was refluxed for further 5min, cooled to room tempera-
ture, sonicated with 15ml of EtOH and filtered on an Hirsh funnel washing
with EtOH and Et,O. Residual solvent was removed under reduced pressure
at 50°C. Product was recovered as a pale yellow solid (2.005g, 4.22mmol, yield
91%, m.p.: 247°C (dec.)).

'HNMR (500MHz, DMSO—dy) § [ppm]: 8.87 (d, /=6.9Hz, 1H), 8.76 (d, /=8.6 Hz,
1H), 8.61 (d, J=6.9Hz, 1H), 8.43 (d, J=8.2Hz, 1H), 8.31 (t, /=7.8 Hz, 1H), 8.22 (d,
J=8.4Hz, 1H), 8.12 (t, /=7.7Hz, 1H), 7.99 (d, J=8.4Hz, 1H), 7.84 (d, /J=16.8Hz,
1H), 7.74 (t, J=7.7Hz, 1H), 7.64 (d, J=16.8Hz, 1H), 7.59 (t, J=7.5Hz, 1H), 4.87
(t, J=7.5Hz, 2H), 4.79 (t, J=4.8, 1H), 3.51 (q, J=5.2Hz, 2H), 3.13 (, J=6.6Hz,
4H), 2.17 (qui, J=7.0Hz, 2H), 1.98-1.91 (m, 4H).

Synthesis of (E)-2-(3-hydroxypropyl)-1-(2-(1,2,3,4-tetrahydroacrid-

in-9-yl)vinyl)isoquinolinium trifluoromethanesulfonate (104)

LiOTf

EtOH/MeOH 3:4
30 min reflux

104

In a two-necked 100ml RBF a suspension of 68 (910mg, 1.91 mmol) was re-
fluxed in 30ml of EtOH and MeOH was added till complete dissolution (35ml).
A solution of LiOTf (2.986g, 19.1mmol) in 3ml of MeOH was added, and the
mixture was refluxed for further 30min. The volume was reduced to 20ml by
solvent evaporation under reduced pressure and the precipitated white solid
was filtered on an Hirsh funnel washing with EtOH (856 mg, 1.57mmol, yield
82%, m.p.: 206-207 °C).
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Synthesis of (E)-9-(2-(2-(3-hydroxypropyl)isoquinolinium-1-yl)-
vinyl)-10-methyl-1,2,3,4-tetrahydroacridinium trifluoromethane-
sulfonate (77)

MeOTf

dry MeNO,
2h @-5°C + 12h @RT

Under N, atmosphere, 104 (850mg, 1.56 mmol) was suspended in dry MeNO,
(20ml), and the mixture was cooled to —5°C with an ice/salt bath. MeOTf
(282mg, 1.72mmol) was dropwise added, and the mixture was stirred for 3h
at —5°C and for 12h at RT. A white solid was obtained after stirring for 30 min
with Et,O. Product was collected by filtration on an Hirsh funnel, washed with
i-PrOH and Et,0O, and dried in vacuum (850mg, 1.20mmol, yield 77%, m.p.:
173-174°C).

H NMR (500MHz, DMSO—d,) § [ppm]: 8.90 (d, J=6.8 Hz, 1H),8.77 (d, J=8.5Hz,
1H), 8.70-8.66 (m, 2H), 8.59 (d, /=8.3Hz, 1H), 8.45 (d, J=8.2Hz, 1H), 8.34 (t,
J=7.7Hz, 1H), 8.26 (t, J=7.8Hz, 1H), 8.15 (t, J=7.3Hz, 1H), 8.04-7.99 (m, 2H),
7.79 (d, J=16.9Hz, 1H), 4.84 (t, J=7.3Hz, 2H), 4.54 (s, 3H), 3.55-3.45 (m, 4H),
3.22 (broad s, 2H), 3.13 (broad s, 1H), 2.13 (m, 2H), 2.03 (m, 2H), 1.89 (m, 2H).

Synthesis of (E)-9-(2-(2-(3-(5-((2,3-dihydrothieno[3,4-b][1,4]dioxin-
-2-yl)methoxy)-5-oxopentanoyloxy)propyl)isoquinolinium-1-yl)-
vinyl)-10-methyl-1,2,3,4-tetrahydroacridinium trifluoromethane-
sulfonate (52) (ISO3)

Under nitrogen atmosphere, a suspension of 74 (361 mg, 1.26 mmol, 80:20 EDOT:ProDOT),
77 (850mg, 1.20mmol), DCC (273 mg, 1.32mmol) and DMAP (8 mg, 0.07 mmol)
in 15ml of anhydrous MeCN was prepared. A white solid precipitated. The
solution was kept under stirring for 22h. The mixture was filtered washing
the precipitate with MeCN (60ml). The filtrate was collected and evaporated
under reduced pressure obtaining a sticky solid which was washed with Et,O
(4ml x 100ml) obtaining a light green solid. The product was collected by fil-
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HO
o OH
{ ,
OO
(o))
~ A~

isomers mixture

DCC, DMAP 5%
MeCN, 22h @ RT

+ProDOT isomer

tration, washed with Et,O (20ml), and dried under reduced pressure (1027mg,
1.051mmol, yield 83%).

'HNMR (500 MHz, DMSO—dg) § [ppm]: 8.89 (d, J=6.3Hz, 1H (EDOT + ProDOT)),
8.79 (d, J=8.1Hz, 1H (EDOT + ProDOT)), 8.70-8.66 (m, 2H (EDOT + ProDOT)),
8.57 (d, J=8.1Hz, 1H (EDOT + ProDOT)), 8.46 (d, J=8.0Hz, 1H (EDOT + ProDOT)),
8.34(t, J/=7.3Hz, 1H (EDOT + ProDOT)), 8.25 (t, /=8.3Hz, 1H (EDOT + ProDOT)),
8.16 (t, J/=7.2Hz, 1H (EDOT + ProDOT)), 8.02-7.99 (m, 2H (EDOT +ProDOT)),
7.79 (d, J=16.6Hz, 1H (EDOT + ProDOT)), 6.79-6.78 (m, 2H ProDOT), 6.59
(broad s, 2H EDQOT), 5.18-5.12 (m , 1H ProDOT), 4.84 (s, 2H (EDOT + ProDOT)),
4.55 (s, 3H (EDOT +ProDOT)), 4.42 (s, 1H EDOT), 4.27 (s, 2H EDOT + 4H
ProDOT), 4.17-4.12 (m, 1H EDOT + 2H (EDOT + ProDOT)), 4.04-4.02 (m, 1H
EDOT), 3.54 (s, 2H (EDOT + ProDOT)), 2.40 (t, J=7.4Hz, 2H (EDOT+ProDOT)),
2.29 (m, 2H (EDOT + ProDOT)), 2.11 (t, J=7.0Hz, 2H (EDOT + ProDOT)), 2.04
(broad s, 2H (EDOT + ProDOT)), 1.90 (broad s, 2H (EDOT + ProDOT)), 1.63 (t,
J=7.1Hz, 2H (EDOT + ProDOT)).

Synthesis of 2,3-dihydro-1H-cyclopenta[b]quinoline-9-carbalde-
hyde (62)

00 Ox
o 1) NaOEt, EtOH, O=o N
15 min reflux, 12h RT
’ z
NH; 2) HCl(ag) 10 min. reflux N
85 62

In a 100ml round bottom flask, under N, atmosphere, a solution of NaOEt
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in EtOH was prepared (10ml, 6.66 mmol, 0.67M). A solution of cyclopentanone
(474mg, 5.63mmol) and compound 85 (1.000g, 5.12mmol) in dry EtOH (20ml)
was added, and the mixture was heated to reflux. The bright yellow solution
turned to pale yellow after few minutes. The solution was kept under reflux for
20 min, cooled to RT. The solvent was evaporated under reduced pressure and
50ml of water were added to the mixture. The solution was acidified adding
HClone) (5ml) and refluxed for 10min. The mixture was rapidly cooled to
RT adding ice, washed with 3 x 50ml of CH,Cl,, basified to pH 9 by addition of
NaOH,, ) 5%, extracted with 2 x 50ml of AcOEt, dried over Na,SO, and filtered
over a silica plug. Product was obtained as a pale yellow solid after solvent
evaporation under reduced pressure (344mg, 1.74mmol, yield 32%, m.p.: 110-
111°C).

'H NMR (500MHz, CDCl;) § [ppm]: 10.81 (s, 1H), 8.78 (d, J=8.4Hz, 1H), 8.06
(d, J=8.3Hz, 1H), 7.68 (t, J=7.4Hz, 1H), 7.59 (t, J=7.2Hz, 1H), 3.41 (t, J=7.5Hz,
2H), 3.18 (t, J=7.8Hz, 2H), 2.27 (qui, J=7.6Hz, 2H).

Synthesis of (E)-1-(2-(2,3-dihydro-1H-cyclopenta[blquinolin-9-yl)-
vinyl)-2-(3-hydroxypropyl)isoquinolinium bromide (69)

N\
X

/('g\/\/OH o -
Br piperidine, MeOH
© 5 min reflux

61

In a 100ml round bottom flask, to a mixture of 61 (859 mg, 3.05mmol) and 62
(650mg, 3.29 mmol), a solution of piperidine (25mg, 0.3 mmol) in 1 ml of MeOH
was added, and the mixture was heated to reflux with an external bath (100 °C).
A red homogeneous solution was obtained and after 3min it solidified to a pale
yellow solid. The mixture was refluxed for 5min, cooled to room temperature,
sonicated with 20ml of MeOH and filtered on an Hirsh funnel washing with
MeOH and Et,O. Residual solvent was removed under reduced pressure at
50°C. Product was recovered as a pale yellow solid (1.238¢g, 2.68 mmol, yield
88%, m.p.: 262-263°C).
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Synthesis of (E)-1-(2-(2,3-dihydro-1H-cyclopenta[blquinolin-9-yl)-
vinyl)-2-(3-hydroxypropylisoquinolinium trifluoromethanesulfon-
ate (105)

LiOTf

EtOH/MeOH 3:4
30 min reflux

105

In a two-necked 100ml RBF a suspension of 69 (1.200g, 2.60mmol) was re-
fluxed in 30ml of EtOH and MeOH was added till complete dissolution (30 ml).
A solution of LiOTf (4.056g, 26 mmol) in 5ml of MeOH was added, and the
mixture was refluxed for further 30min. The volume was reduced to 20ml by
solvent evaporation under reduced pressure and the precipitated white solid
was filtered on an Hirsh funnel washing with EtOH (953mg, 1.80mmol, yield
69%, m.p.: 253-254°C).

'HNMR (500 MHz, DMSO—d) § [ppm]: 8.87 (d, J=6.9Hz, 1H), 8.69 (d, J=8.6 Hz,
1H), 8.62 (d, /=6.9Hz, 1H), 8.42 (d, /=8.2Hz, 1H), 8.30 (t, /J=7.3Hz, 1H), 8.17 (d,
J=8.3Hz, 1H), 8.10-8.05 (m, 2H), 8.03 (d, /=8.3Hz, 1H), 7.78-7.72 (m, 2H), 7.58
(t, J=7.5Hz, 1H), 4.87 (t, J=7.5Hz, 2H), 4.80 (t, /=4.8 Hz, 1H), 3.50 (q, J=5.5Hz,
2H), 3.46 (t, J=7.3Hz, 2H), 3.21-3.17 (m, 2H), 2.25 (qui, /=7.5Hz, 2H), 2.16 (qui,
J=6.7Hz, 2H).

Synthesis of (E)-9-(2-(2-(3-hydroxypropyl)isoquinolinium-1-yl)-

vinyl)-4-methyl-2,3-dihydro-1H-cyclopenta[blquinolinium trifluoro-

methanesulfonate (78)

MeOTf

dry MeNO,
2h @-5°C + 12h @RT
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Under N, atmosphere, 105 (950mg, 1.60 mmol) was suspended in dry MeNO,

(15ml) and cooled to —5°C with an ice/salt bath. A solution of MeOTf (289mg,
1.76 mmol) in MeNO, (6 ml) was dropwise added. After 2h at —5°C the mixture
was warmed to RT and kept under stirring for 12h. The mixture was cooled
to —5°C and more MeOTf (262mg, 1.60mmol) was added keeping the mix-
ture under stirring at —5°C for 4h. Product was precipitated after addition of
Et,O, collected by filtration on an Hirsh funnel and dried in vacuum (837mg,
1.20mmol, yield 75%, m.p.: 169-170°C).
'H NMR (500MHz, DMSO—dy) 6 [ppm]: 8.91 (d, J=7.0Hz, 1H), 8.69-8.67 (m,
2H), 8.61 (d, /=8.9Hz, 1H), 8.52 (d, /J=8.0Hz, 1H), 8.45 (d, J=8.45Hz, 1H),
8.33 (t, J=7.6Hz, 1H), 8.24-8.19 (m, 2H), 8.11 (t, J=7.8Hz, 1H), 8.02-7.97 (m,
2H), 4.85 (t, /=7.4Hz, 2H), 4.80 (broad s, 1H), 4.54 (s, 3H), 3.75 (t, J=7.7Hz,
2H), 3.62 (t, J=7.6Hz, 2H), 3.49 (t, J=5.6Hz, 2H), 2.41 (qui, J=7.5Hz, 2H), 2.15
(qui, J=7.0Hz, 2H); *C NMR (125.7MHz, DMSO—d,) § [ppm] : 168.88, 156.31,
144.21,138.41,138.07,137.95,137.85, 136.92, 136.24, 134.10, 132.02, 130.38, 129.90,
129.53, 128.31, 127.61, 126.86, 126.75, 125.94, 119.68, 57.68, 56.95, 41.75, 35.03,
32.95, 32.00, 22.76.

Synthesis of (E)-9-(2-(2-(3-(5-((2,3-dihydrothienol[3,4-b][1,4]dioxin-
-2-yl)methoxy)-5-oxopentanoyloxy)propyl)isoquinolinium-1-yl)-

vinyl)-10-methyl-1,2,3,4-tetrahydroacridinium hexafluorophosphate

(53) (ISO4)

isomers mixture

DCC, DMAP 5%
MeCN, 22h @ RT

+ProDOT isomer

Under N, atmosphere, a suspension of 74 (91mg, 0.32mmol, 80:20 mixture),
78 (200mg, 0.29mmol), DCC (72mg, 0.35mmol) and DMAP (2mg, 0.02mmol)
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in 3ml of anhydrous MeCN was prepared. The solution was kept under stir-
ring for 24h. The mixture was filtered washing the precipitate with MeCN. The
tiltrate was collected and evaporated under reduced pressure obtaining a sticky
solid which was washed with Et,O. Product was dissolved in EtOH (1ml) and
Iml of NH,PF¢ (,q) 5M solution was added. A light green solid precipitated and
was collected by filtration on an Hirsh funnel and washed with 5ml of EtOH.
Residual solvent was evaporated under reduced pressure obtaining product as
a white greenish solid (189mg, 0.198mmol, yield 68%).

'H NMR (500 MHz, T=353K, DMSO—dy) ¢ [ppm]: 8.89 (d, /=6.7Hz, 1H (EDOT
+ ProDOT)), 8.70-8.66 (m, 2H (EDOT + ProDOT)), 8.61 (d, /=8.9Hz, 1H), 8.51
(d, J=8.4Hz, 1H (EDOT + ProDOT)), 8.45 (d, /=8.2Hz, 1H (EDOT + ProDOT)),
8.34 (t, J=7.6Hz, 1H (EDOT + ProDOT), 8.24-8.12 (m, 3H (EDOT + ProDOT),
8.03-7.96 (m, 2H (EDOT + ProDOT)), 6.74 (s, 2H ProDOT), 6.55-6.52 (m, 2H
EDOT), 5.15 (qui, /=3.2Hz, 1H ProDOT), 4.90 (t, /=7.2Hz, 2H (EDOT + ProDOT)),
4.57 (s, 3H (EDOT + ProDOT)), 4.43-4.39 (m, 1H EDOT), 4.29-4.26 (m, 2H EDOT
+ 4H ProDOT), 4.21-4.12 (m, 1H EDOT + 2H (EDOT + ProDOT)), 4.05-4.01
(m, 1H EDOT), 3.79 (t, J=7.6Hz, 2H (EDOT + ProDOT)), 3.64 (t, /=7.3Hz, 2H
(EDOT + ProDOT)), 2.47 (t, J=7.6Hz, 2H (EDOT + ProDOT)), 2.38 (t, /J=7.0Hz,
2H (EDOT + ProDOT)), 2.33-2.28 (m, 2H (EDOT + ProDOT)), 2.15 (t, /J=7.4Hz,
2H (EDOT + ProDOT)), 1.71-1.64 (m, 2H (EDOT + ProDOT)); 3C NMR (125.7 MHz,
T=353K, DMSO—dg) § [ppm]: 172.52, 172.47, 168.83, 168.30, 156.39, 144.56,
141.57,138.63,138.31,138.20,137.94, 137.09, 136.09, 134.21, 132.12, 130.23, 129.94,
129.40, 128.37, 127.83, 126.95, 126.85, 126.18, 119.58, 106.72, 100.31, 72.66, 71.89,
71.56, 65.61, 62.54, 61.32, 56.72, 41.64, 35.00, 32.93, 32.89, 31.93, 29.31, 22.58,
20.12.

Synthesis of 2-propyl-1,2,3,4-tetrahydroacridine-9-carbaldehyde
(63)

PRy SN Ox
X o) 1) NaOEt, EtOH, _/‘C>=° BN ~
| 15 min reflux, 12h RT
S NH I ~
2 2) HCl(agy 10 min. reflux N
85 63

In a 250ml RBF, under N, atmosphere, a solution of NaOEt in EtOH was pre-
pared (20ml, 13mmol, 0.65M). The 4-n-propylcyclohexanone (1.54 g, 11.0mmol)
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and compound 85 (1.095g, 5.60mmol) were added and the mixture was heated
to reflux. The bright yellow solution turned to pale yellow after few minutes.
The solution was kept under reflux for 15 min, cooled to RT and kept under stir-
ring for 12h. The solvent was reduced to 5ml under reduced pressure and 50ml
of water were added to the mixture. The solution was acidified to pH 1 adding
HCl¢onc), refluxed for 10min and quenched by addition of ice. The mixture was
basified to pH 8 by addition of NaHCOj; and extracted with 3 x 30ml of Et,O.
The organic phase was collected, dried over MgSO,, and evaporated under
reduced pressure obtaining a red oil. The crude product was purified by chro-
matography on silica plug (eluent: gradient n-hexane to n-hexane/Et,O 1:1).
Product was obtained as a pale green solid after solvent evaporation (1.148g,
4.53mmol, yield 81%).

'H NMR (500MHz, CDCl,) ¢ [ppm]: 10.98 (s, 1H), 8.47 (d, J=8.1Hz, 1H), 8.06
(d, J=8.4Hz, 1H), 7.68 (t, J=7.7Hz, 1H), 7.57 (t, J=7.7Hz, 1H), 3.47-3.42 (m,
1H), 3.34-3.29 (m, 1H), 3.19-3.12 (m, 1H), 2.81-2.75 (m, 1H), 2.16-2.12 (m, 1H),
1.88-1.83 (m, 1H), 1.62-1.54 (m, 1H), 1.50-1.42 (m, 4H), 0.96 (t, J=6.9Hz, 3H).

Synthesis of (E)-2-(3-hydroxypropyl)-1-(2-(2-propyl-1,2,3,4-tetra-

hydroacridin-9-yl)vinyl)isoquinolinium bromide (70)

Ox N oy 61
N _ ’g\/\/OH
N piperidine _

MeOH reflux 20 min.
63

In a test tube, to a mixture of 61 (736 mg, 2.61 mmol) and 63 (747 mg, 2.95mmol),
a solution of piperidine (45mg, 0.53mmol) in 0.6ml of MeOH was added, and
mixture was heated with an external bath (100°C). A red homogeneous so-
lution was obtained and after 3min it solidified to a pale yellow solid. The
mixture was heated for further 15min, cooled to room temperature, sonicated
with 4ml of acetone and filtered on an Hirsh funnel washing with acetone and
Et,O. Residual solvent was removed under reduced pressure at 60°C. Product
was recovered as a white solid (1.008g, 1.95mmol, yield 75%, m.p.: 201-202°C).
'H NMR (500MHz, DMSO—d,) § [ppm]: 8.90 (d, J=6.9Hz, 1H),8.77 (d, J=8.6Hz,
1H), 8.64 (d, /=6.9Hz, 1H), 8.45 (d, 8.2Hz, 1H), 8.32 (t, /J=7.5Hz, 1H), 8.25 (d,
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J=8.4Hz, 1H), 8.11 (t, J=7.4Hz, 1H), 7.99 (d, J=8.1Hz, 1H), 7.85 (d, J=16.8 Hz,
1H), 7.74 (t, J=7.6Hz, 1H), 7.66-7.58 (m, 2H), 4.89 (m, 2H), 4.80 (t, J=4.8 Hz, 1H),
3.51 (q, J=5.2Hz, 2H), 3.29-3.07 (m, 3H), 2.71-2.65 (m, 1H), 2.16 (qui, J=6.2Hz,
2H), 2.09-2.07 (m, 1H), 1.85 (m, 1H), 1.61-1.53 (m, 1H), 1.46-1.38 (m, 4H), 0.91
(t, J=6.9Hz, 3H); 13C NMR (125.7MHz, DMSO—dg) § [ppm]: 159.11, 157.10,
146.49,141.07, 139.50, 137.98, 136.65, 136.29, 131.73, 130.31, 129.24, 128.68, 128.33,
127.74, 126.83, 125.94, 125.32, 124.92, 124.74, 57.77, 56.78, 38.66, 34.27, 33.74,
32.86, 28.88,19.97, 14.68.

Synthesis of(E)-9-(2-(2-(3-hydroxypropyl)isoquinolinium-1-yl)vinyl)-
-10-methyl-2-propyl-1,2,3,4-tetrahydroacridinium hexafluorophos-
phate (79)

1) Mel, KPFg
Acetone,
MW 25W, 95°C, 4h

2) NH4PFg (ag) 3M

A suspension of 70 (700mg, 1.35mmol), KPF4 (606 mg, 3.29mmol) in 1.5ml
of acetone was stirred at room temperature for 15min and Mel was subse-
quently added (700mg, 4.93mmol). The mixture was heated in a CEM Discover
microwave reactor for 4h (Pnax=15W, 95°C, cooling off, 10ml closed vessel),
stirred at RT for 3h. The solid was filtered on an Hirsh funnel and washed with
acetone and then with Et;O. Product was suspended in 4ml of NHPFq
30% and stirred for 24h. The solid was filtered and washed with few ml of
NH,PFg (,q) 30% and then with HPLC grade water. Residual solvent was evap-
orated under reduced pressure at 60°C for 12h obtaining product as a white
solid (648 mg, 0.873 mmol, yield 65%, m.p.: 156-160°C).

H NMR (500MHz, CD;CN) ¢ [ppm]: 8.80 (d, /=8.6Hz, 1H), 8.60-8.56 (m, 2H),
8.50-8.47 (m, 2H), 8.38 (d, J=8.1Hz, 1H), 8.32 (t, J=7.8 Hz, 1H), 8.24 (t, J=8.0Hz,
1H), 8.14 (t, J=7.6Hz, 1H), 8.03 (t, J=7.6Hz, 1H), 7.78 (d, /=16.9Hz, 1H), 7.58 (d,
J=17.0Hz, 1H), 4.84 (m, 2H), 4.48 (s, 3H), 3.62-3.54 (m, 3H), 3.45-3.38 (m, 1H),
3.33-3.29 (m, 1H), 2.89 (t, J=4.5Hz, 1H), 2.80-2.75 (m, 1H), 2.29 (m, 1H), 2.22 (t,
J=6.0Hz, 2H), 1.92 (s, 1H), 1.71-1.62 (m, 1H), 1.48 (s, 4H), 0.97 (s, 3H); 13C NMR
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(125.7MHz, T=333K, DMSO—dy) 4 [ppm]: 160.84, 156.00, 149.66, 138.90, 138.88,
138.08,136.84,136.29,134.84,131.91, 131.81, 130.02, 129.85, 129.14, 128.44, 127.66,
126.040, 125.91, 119.74, 57.83, 57.07, 39.89, 37.45, 34.48, 33.02, 31.60, 30.69, 27.19,
19.76, 14.43.

Synthesis of (E)-9-(2-(2-(3-(6-((2,3-dihydrothieno[3,4-b][1,4]dioxin-
-2-yl)methoxy)-6-oxohexanoyloxy)propyl)isoquinolinium-1-yl)vinyl)-
-10-methyl-2-propyl-1,2,3,4-tetrahydroacridinium hexafluorophos-
phate mixture of isomers (54) (ISO5)

DCC, DMAP 5%
MeCN, 96h @ RT

|%:6 +ProDOT isomer

Under nitrogen atmosphere, a suspension of 74 (119mg, 0.416 mmol, 80:20

isomers mixture), 79 (300mg, 0.404mmol), dicyclohexylcarbodiimide (DCC)
(92mg, 0.444mmol) and DMAP (5mg, 0.04mmol) in 3ml of anhydrous MeCN
was prepared. A white solid precipitated. The solution was kept under stirring
for 96h. The mixture was filtered washing the precipitate with MeCN (10ml).
The filtrate was collected and evaporated under reduced pressure obtaining a
dark oil which was sonicated with Et,O (20ml) obtaining a yellow solid. The
product was filtered, suspended in 10ml of EtOH and stirred for 48h to elim-
inate residual DMAP. The mixture was filtered on an Hirsh funnel obtaining
the product as a pale light brown solid (285mg, 0.287 mmol, yield 69%, m.p.:
90-120 °C).
'H NMR (500MHz, DMSO—d,) § [ppm]: 8.89 (d, /=6.9Hz, 1H (EDOT + ProDOT)),
8.82(d, J=8.6Hz, 1H (EDOT + ProDOT)), 8.69 (t, /=7.0Hz, 2H (EDOT + ProDOT)),
8.60(d, /=8.6Hz, 1H (EDOT + ProDOT)), 8.47 (d, /=8.2Hz, 1H (EDOT + ProDOT)),
8.36 (t, J=7.5Hz, 1H (EDOT + ProDOT)), 8.26 (t, /=8.2Hz, 1H (EDOT + ProDOT)),
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8.15 (t, J=7.3Hz, 1H (EDOT + ProDOT)), 8.05-8.01 (m, 2H (EDOT + ProDOT)),
7.78 (d, J=16.8Hz, 1H (EDOT + ProDOT)), 6.79 (s, 2H ProDOT), 6.62-6.60 (m,
2H EDOT), 5.12 (qui, /=, 1H ProDOT), 4.93-4.76 (m, 2H (EDOT + ProDOT)),
4.55 (s, 3H (EDOT + ProDOT)), 4.43-4.40 (m, 1H EDOT), 4.30-4.22 (m, 2H EDOT
+ 4H ProDOT), 4.15-4.10 (m, 1H EDOT + 2H (EDOT + ProDQOT)), 4.03-4.00
(m, 1H EDOT), 3.62-3.57 (m, 1H (EDOT + ProDOT)), 3.56-3.36 (m, 1H (EDOT
+ ProDOT)), 3.36-3.25 (m, 1H (EDOT + ProDOT), 2.81-2.75 (m, 1H (EDOT +
ProDOT)), 2.33-2.25 (m, 4H (EDOT + ProDOT), 2.23-2.18 (m, 1H (EDOT + ProDOT)),
2.10 (t, J=7.4Hz, 2H (EDOT + ProDOT)), 1.92-1.81 (m, 1H (EDOT + ProDOT)),
1.67-1.55 (m, 3H (EDOT + ProDQOT)), 1.49-1.34 (m, 4H (EDOT + ProDOT)),
0.91 (t, J=6.4Hz, 3H (EDOT + ProDOT)), EDOT:ProDOT ratio is 4:1; 13C NMR
(125.7MHz, DMSO—dg) 6 [ppm]: 172.64, 160.66, 156.19, 149.59, 141.54, 141.42,
139.32,138.80, 138.10, 136.97, 136.27, 134.88, 132.05, 131.59, 130.25, 129.86, 128.44,
127.69, 127.54, 125.89, 125.87, 119.78, 107.15, 100.49, 100.43, 72.65, 71.79, 71.56,
65.41, 62.54, 61.27, 56.34, 37.54, 34.41, 32.66, 32.63, 32.60, 31.58, 30.76, 29.00,
27.21,19.97,19.78, 14.52.

Synthesis of propionaldehyde oxime (88)

o NH,OH*HCI
NG K,COs > e NvoH
H,O 3h @ 5°C 88
12h @ RT

To 600ml of deionized water, cooled to 5°C with an ice water bath, NH,OH - HCl
(50.00g, 719.5mmol) was added portionwise followed by K,CO5 (49.72 g, 359.8 mmol)
obtaining a light yellow solution. Propanal (43.87g, 755.5mmol) was added
dropwise over 30min. Gas evolution was observed during the addition, and
the light yellow color faded away. The mixture was kept under stirring and the
ice in the cooling bath was allowed to melt (3h). The mixture was kept under
stirring for further 12h at RT and extracted with 5 x 50ml of Et,O. The organic
phase was collected, dried over MgSO, and evaporated under reduced pres-
sure at 30°C obtaining product as a clear liquid (36.84 g, 0.504mol, yield 70%).

'H NMR (500MHz, CDCl,) 6 [ppm]: 9.10 (s, 1H E+Z), 7.43 (t, J=5.7Hz, 1H, E
isomer), 6.71 (t, J=5.4Hz, 1H, Z isomer), 2.39 (m, 2H, Z isomer), 2.22 (m, 2H, E
isomer), 1.07 (t, J=7.6Hz, 3H, E+Z isomers). E/Z ratio is 1.33.
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Synthesis of potassium 3-methylquinoline-4-carboxylate (89)

N ~N-OH 88 Ny
e} ?
KOH 45% T4
24h @ 90°C
(0] COOK

89

In a 11 two-necked RBF, an aqueous KOH solution was prepared (206.6 g of
KOH in 260ml of deionized water) and isatin (64.60g, 0.439mol) was added.
The mixture turned black and after few minutes a white solid mass was ob-
tained. Propionaldehyde oxime (20.00g, 0.274mol) was added, and the mix-
ture was heated to 90°C. An orange homogeneous solution was obtained after
few minutes. The mixture was kept under stirring at 90°C for 24h observing
the formation of a white precipitate. The mixture was cooled to room temper-
ature and stirred for further 3h. The white precipitate was collected by filtra-
tion under reduced pressure on a sintered glass funnel and washed with a 30%
aqueous KOH solution followed by few ml of EtOH. The residual solvent was
removed under reduced pressure at 80°C (31.00g, 0.138mol, yield 50%, m.p.:
>400°C)

'H NMR (500MHz, D,0O) 6 [ppm]: 8.56 (s, 1H), 7.84 (d, J=8.4Hz, 1H), 7.70 (d,
J=8.3Hz, 1H), 7.60 (t, /=8.3Hz, 1H), 7.50 (t, /=8.1Hz, 1H), 2.31 (s, 3H).

Synthesis of (3-methylquinolin-4-yl)methanol (90)

1) oxalyl chloride, DMF cat.

N\ toluene, 30 min@ 50°C N\
»
= 2) NaBH,4 2 eq =
THF45h @ 0-5°Cto RT
gg COOK 3) HCl(aq) 5%, 30 min reflux HO” 90

In a 250ml two-necked RBE, equipped with a CaCl, guard tube, a suspen-
sion of 89 (15.00g, 66.58 mmol) in 100ml of toluene was prepared. Anhydrous
DMEF (100ul) was added followed by dropwise addition of oxalyl chloride (12.67 g,
99.84mmol). Gas evolution was observed. The mixture was heated to 50°C on
a water bath for 30min. The mixture was cooled to RT and poured in 150ml of
saturated NaHCOj; aqueous solution. The organic phase was separated and the
aqueous one was extracted with further 50ml of toluene. The organic phases

were collected, washed with brine (50ml), dried over MgSO, and evaporated
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under reduce pressure obtaining a yellow oil (13.46 g, 65.45mmol). Crude prod-
uct was dissolved in anhydrous THF (60ml) in a RBF equipped with CaCl,
guard tube. The mixture was cooled to 5°C with an ice-water bath, and NaBH,
(5.04 g, 133 mmol) was added portionwise under stirring. The mixture was kept
under stirring at 0-5°C for 1.5h and then allowed to warm to RT (3h). A yel-
low solution with a white precipitate was obtained. The mixture was poured in
300ml of water and acidified by addition of HClq) 37%. The mixture was
heated to boiling and THF was distilled off. After 30min the solution was
cooled to RT and basified by addition of Na,CO; observing formation of a pale
yellow solid. Et,O (15ml was added, and the mixture was kept under stir-
ring overnight. The solid was collected by filtration under reduced pressure
on a sintered glass funnel, dried in air and suspended in toluene. The mixture
was refluxed removing residual water by azeotropic distillation using a Dean-
Stark apparatus. The Dean-Stark was replaced by a condenser and toluene was
added till clarification. The mixture was filtered hot and the obtained solution
was allowed to cool to RT observing crystallization of the product which was
collected by filtration under reduced pressure (4.934g). The filtrate from the fil-
tration of the initial basified solution was extracted with 4 x 40ml of CHCl,,
dried over MgSO, and evaporated under reduced pressure obtaining a yel-
low oil which was purified by crystallization from toluene (435mg). A total
of 5.369 g of product was obtained (31.00mmol, yield 47%, m.p.: 170-172 °C).
'H NMR (500MHz, CDCly) 6 [ppm]: 8.65 (s, 1H), 8.22 (d, /=8.4Hz, 1H), 8.07
(d, J/=8.3Hz, 1H), 7.66 (t, J=7.6Hz, 1H), 7.59 (t, J=7.5Hz, 1H), 5.16 (s, 2H), 2.55
(s, 3H).

Synthesis of 3-methylquinoline-4-carbaldehyde (64)

N N

X MnO, 32 eq. <
?
= CHCl3 =
3.5h @ RT
~
90 OH O 64

In a 250ml RBF equipped with a CaCl, guard tube, compound 90 (4.700g,
27.13mmol) was suspended in CHCl; (250ml) and activated MnO, was added
(75g, 863mmol, Aldrich 63543). The mixture was kept under vigorous stirring
for 3.5 h at RT, filtered on a sintered glass funnel and again on a paper filter to

remove MnQO,. The solvent was evaporated under reduced pressure obtaining
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product as a white solid (3.069g, 17.92mmol, yield 66%, m.p.: 97-98 °C).
'HNMR (500MHz, CDCl,) 6 [ppm]: 11.00 (s, 1H), 8.91 (s, 1H), 8.71 (d, /=8.2Hz,
1H), 8.19 (d, J=8.4Hz, 1H), 7.75 (t, J=8.3Hz, 1H), 7.69 (t, J=7.0Hz, 1H), 2.80
(s, 3H); 13C NMR (125.7MHz, CDCls) § [ppm]: 192.85, 152.85, 132.76, 130.03,
129.66, 128.86, 124.59, 123.96, 16.72.

Synthesis of (E)-2-(3-hydroxypropyl)-1-(2-(3-methylquinolin-4-yl)-

vinyl)isoquinolinium bromide (71)

@
Ho’\g‘N &
Ny SN
7 piperidine

MeOH 20 min reflux

In a test tube a solution of piperidine (40mg, 0.47 mmol) in 0.6ml of MeOH

was added to a mixture of 61 (656 mg, 2.33mmol) and 64 (450mg, 2.63mmol).
The mixture was heated to reflux and a red homogeneous solution was ob-
tained. A pale yellow solid mass was obtained after 4min.The mixture was
heated for further 15min and cooled to RT. The solid was triturated by soni-
cation with acetone (5ml). Product was collected by filtration under reduced
pressure washing with Et,O and residual solvent was removed at 50°C un-
der reduced pressure. White solid (912mg, 2.09 mmol, yield 90%, m.p.: 253°C
(dec.)).
'H NMR (500MHz, DMSO—d,) § [ppm]: 8.96 (s, 1H), 8.90 (d, J=6.9Hz, 1H),
8.76 (d, /=8.6Hz, 1H), 8.64 (d, /=6.9Hz, 1H), 8.44 (d, J=8.2Hz, 1H), 8.31 (t,
J=7.3Hz, 1H), 8.27 (d, J=8.3Hz, 1H), 8.14-8.09 (m, 2H), 7.92 (d, /=16.8 Hz, 1H),
7.79 (t, J=7.1Hz, 1H), 7.72 (d, J=16.8Hz, 1H), 7.68 (t, J=7.7Hz, 1H), 4.88 (t,
J=75Hz, 2H), 4.80 (t, J=4.8Hz, 1H), 3.51 (q, J=5.3Hz, 2H), 2.71 (s, 3H), 2.15
(qui, J=6.8Hz, 2H).

Synthesis of (E)-4-(2-(2-(3-hydroxypropyl)isoquinolinium-1-yl)-
vinyl)-1,3-dimethylquinolinium (80)

A suspension of 71 (500mg, 1.148mmol), KPF, (516 mg, 2.84 mmol) in 1ml of
acetone was stirred at room temperature for 15min and Mel was subsequently
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1) Mel, KPFg
acetone,
MW 15W, 95°C, 2h

2) NH4PFg(ag) 30%

(0.30ml, 0.68g, 4.8mmol). The mixture was heated in a CEM Discover mi-
crowave reactor for 30min (Pmax=15W, 95°C, cooling off, 10ml closed vessel).
The mixture was cooled down to RT, and the solid precipitate was triturated us-
ing a spatula. The vessel was heated again in the same conditions for 1.5h, and
cooled to RT. The yellow precipitate was collected by filtration and washed with
acetone and Et,O. Product was suspended in 6ml of an aqueous NH,PF, 30%
solution and stirred for 3 days. The white solid was filtered under reduced pres-
sure and washed with few ml of NH,PF¢ aq-) 30% and with deionized water.
Product was dried under reduced pressure at 60°C for 4h (664mg, 1.01mmol,
yield 88%, m.p.: 186-190°C).

'H NMR (500MHz, DMSO—d,) § [ppm]: 9.65 (s, 1H), 8.91 (d, J=6.9Hz, 1H),
8.78 (d, J=8.6Hz, 1H), 8.68 (d, /=6.8Hz, 1H), 8.63 (d, /=8.5Hz, 1H), 8.59 (d,
J=8.9Hz, 1H), 8.46 (d, /=8.2Hz, 1H), 8.36-8.29 (m, 2H), 8.16-8.08 (m, 3H), 7.88
d, 7=16.8Hz, 1H), 4.86 (t, J=7.4Hz, 2H), 4.70 (s, 3H), 3.50 (t, J=5.7Hz, 2H), 2.81
(s, 3H), 2.15 (qui, J=6.7Hz, 2H); 3C NMR (125.7MHz, DMSO—d;) § [ppm]:
156.16,151.89, 150.40, 138.56, 138.08, 137.63, 136.99, 136.40, 134.85, 132.17, 130.92,
130.77,130.43, 129.74, 128.47, 127.71, 127.62, 127.56, 125.98, 120.09, 57.80, 57.03,
45.98, 33.06, 18.30.

Synthesis of (E)-4-(2-(2-(3-(5-((2,3-dihydrothienol[3,4-b][1,4]diox-
in-2-yl)methoxy)-5-oxopentanoyloxy)propyl)isoquinolinium-1-yl)-
vinyl)-1,3-dimethylquinolinium hexafluorophosphate (ISO7) (55)

In a closed vessel a suspension of 74 (89 mg, 0.312mmol, 80:20 isomers mixture),
80 (200mg, 0.303mmol), dicyclohexylcarbodiimide (DCC) (69 mg, 0.333 mmol)
and DMAP (3mg, 0.02mmol) in 3ml of anhydrous MeCN was prepared. A
white solid precipitated. The solution was kept under stirring for 96h. The
mixture was filtered washing the precipitate with MeCN (10ml). The filtrate
was collected and evaporated under reduced pressure obtaining an dark oil
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N o)
o O o O
X +
S 74 Z,_S‘S
isomers mixture N O

DCC, DMAP 5%
MeCN, 96h @ RT

+ProDOT isomer

which was sonicated with Et,O (20ml) obtaining a pale green solid. The prod-
uct was collected by filtration, suspended in 10ml of EtOH and stirred for 48h
to eliminate residual DMAP. The mixture was filtered on an Hirsh funnel ob-
taining the product as a pale yellow solid (229 mg, 0.246 mmol, yield 81%).

'H NMR (500MHz, DMSO—d,)  [ppm]: 9.66 (s, 1H (EDOT + ProDOT)), 8.90
(d, J=6.8Hz, 1H (EDOT + ProDOT)), 8.80 (d, /=8.6Hz, 1H (EDOT + ProDOT)),
8.69 (d, J=6.8Hz, 1H (EDOT + ProDOT)), 8.61-8.58 (m, 2H (EDOT + ProDOT)),
8.46 (d, /=8.2Hz, 1H (EDOT + ProDOT)), 8.35 (t, /=7.7Hz, 1H (EDOT + ProDOT)),
8.30 (t, /=8.1Hz, 1H (EDOT + ProDOT)), 8.16-8.07 (m, 4H (EDOT + ProDOT)),
7.88 (d, J=16.8Hz, 1H (EDOT + ProDOT)), 6.81 (s, 2H ProDOT), 6.62-6.60 (m,
2H EDOT), 5.13 (m, 1H ProDOT), 4.84 (t, /=7.2Hz, 2H (EDOT + ProDOT)), 4.70
(s, 3H (EDOT + ProDOT), 4.44-4.39 (m, 1H EDOT), 4.30-4.22 (m, 2H EDOT +
4H ProDOT), 4.17-4.07 (m, 1H EDOT + 2H (EDOT +ProDOT)), 4.03-3.99 (m, 1H
EDOT), 2.80 (s, 3H (EDOT + ProDOT)), 2.30-2.26 (m, 4H (EDOT + ProDOT)),
2.12-2.08 (m, 2H (EDOT + ProDOT)), 1.64-1.59 (m, 2H (EDOT + ProDOT)),
EDOT:ProDOT ratio is 4:1; 3C NMR (125.7MHz, DMSO—d,) § [ppm]: 172.78,
172.76,156.33,151.91, 150.40, 149.70, 141.66, 141.55, 138.92, 138.19, 137.58, 137.12,
136.34, 134.88,132.26,130.92,130.74, 130.48, 129.64, 128.50, 127.72,127.65, 127 .51,
126.05, 120.08, 107.45, 107.25, 100.613, 100.56, 72.73, 71.90, 71.66, 65.53, 62.65,
61.40, 56.52, 45.99, 32.79, 32.72, 29.16, 20.09, 18.29.
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N ND
| N N 3-bromo-1-propanol 1.25eq =
Z > P4

Acetone, MW 25W, 95°C 2.5h

83

Synthesis of 1-(3-hydroxypropyl)-4-methylquinolinium bromide
(83)

A mixture of 4-methylquinoline (4.00g, 27.9 mmol), 3-bromo-1-propanol (4.84g,
34.8mmol) and 10ml of acetone was heated in a CEM Discover microwave re-
actor for 2.5h (Pnax=25W, 95°C, cooling off, 35ml vessel), and cooled to RT.
The vessel was kept at RT for 3h; the white solid was filtered on a Biichner fun-
nel, washed with acetone and then with Et,O. Residual solvent was evaporated
under reduced pressure (0.4torr) at 40°C (5.631g, 19.96 mmol, yield 71%, m.p.:
151-154°C).

TH NMR (500 MHz, DMSO—dg) § [ppm]: 9.53 (d, J=6.1Hz, 1H),8.61 (d, /=8.9Hz,
1H), 8.53 (d, J=8.5Hz, 1H), 8.25 (t, /=8.9Hz, 1H), 8.10 (d, J=6.2Hz, 1H), 8.04
(t, J=79Hz, 1H), 5.13 (t, /=7.2Hz, 2H), 4.74 (broad s, 1H), 3.53 (t, /=5.8Hz,
2H), 3.00 (s, 3H), 2.13 (qui, J=6.6 Hz, 2H); 13C NMR (125.7 MHz, DMSO—d) &
[ppm]: 159.06, 149.34, 137.34, 135.65, 130.12, 129.49, 127.75,123.21, 119.95, 58.00,
55.34, 32.70, 20.35.

Synthesis of (E)-1-(3-hydroxypropyl)-4-(2-(3-methylquinolin-4-yl)-

vinyl)quinolinium bromide (84)

HO

kBr@
A ®N~
O
X

AN piperidine
MeOH reflux 20 min.

In a test tube, a solution of piperidine (20mg, 0.23mmol) in 0.3ml of MeOH
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was added to a mixture of 83 (328mg, 1.16mmol) and 64 (225mg, 1.31 mmol).
The mixture was heated to reflux and a red homogeneous solution was ob-
tained. After 20min the mixture was cooled to RT. A pale yellow solid product
crystallized from the solution. Product was collected by filtration washing with
acetone and Et,O (330mg, 0.758 mmol, yield 65%, m.p.: 169-170°C).

'H NMR (500MHz, DMSO—d,) § [ppm]: 9.60 (d, J=6.4Hz, 1H), 8.93 (s, 1H),
8.85 (d, J=8.4Hz, 1H), 8.80 (d, /=6.3Hz, 1H), 8.64 (d, /=9.0Hz, 1H), 8.50 (d,
J=16.3Hz, 1H), 8.31 (t, J=7.7Hz, 1H), 8.25 (d, J=8.3Hz, 1H), 8.13 (d, J=16.3Hz,
1H), 8.08 (d, /=8.3Hz, 1H), 8.04 (t, /=7.6Hz, 1H), 7.78 (t, J=7.6 Hz, 1H), 7.66 (t,
J=7.7Hz, 1H), 5.17 (t, J=7.2Hz, 2H), 4.88 (t, J=4.9Hz, 1H), 3.59 (q, /=5.4Hz,
2H), 2.65 (s, 3H), 2.18 (qui, J=6.3Hz, 2H); 3C NMR (125.7MHz, DMSO—dy)
0 [ppm]: 153.58, 152.45, 149.27, 147.08, 140.22, 138.50, 138.03, 135.88, 130.41,
130.31, 130.06, 129.31,129.10, 127.79, 127.66, 127.42,126.16, 125.43,119.94, 118.74,
58.14, 55.52, 32.74, 18.20.

Synthesis of (E)-4-(2-(1-(3-hydroxypropyl)quinolinium-4-yl)vin-
yD)-1,3-dimethylquinolinium hexafluorophosphate (82)

1) Mel, KPFg
acetone,
MW 20W, 95°C, 90 min

2) NH4PFg(ag) 30%

A suspension of 84 (250mg, 0.574mmol), KPF, (258 mg, 1.47mmol) in 1.0ml
of acetone was stirred at room temperature for 20min. Mel was added (244mg,
1.72mmol). The mixture was heated in a CEM Discover microwave reactor for
90min (Pmax=20W, 95°C, cooling off, 10ml closed vessel). The mixture was
cooled down to RT. The solid precipitate was triturated using a spatula, col-
lected by filtration, and washed with acetone and Et,O. Product was suspended
in 4ml of an aqueous NH,PF, 30% solution and stirred for 14h. The white solid
was filtered under reduced pressure, and washed with few ml of NH,PF, aq-)

30% and with deionized water. Product was dried under reduced pressure at
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60°C for 3h (262mg, 0.397 mmol, yield 69%, m.p.: 182-184°C).

'H NMR (500MHz, DMSO—d,) § [ppm]: 9.65 (d, J=6.3Hz, 1H), 9.63 (s, 1H),
8.81-8.78 (m, 2H), 8.67 (d, J=9.0Hz, 1H), 8.64 (d, J=8.5Hz, 1H), 8.58-8.52 (m,
2H), 8.34 (t, J=7.7Hz, 1H), 8.31-8.27 (m, 2H), 8.10-8.08 (m, 2H), 5.19 (t, J=7.2Hz,
2H), 4.68 (s, 3H), 3.60 (t, J=5.7Hz, 2H), 2.76 (s, 3H), 2.19 (qui, J=6.5Hz, 2H); 13C
NMR (125.7MHz, DMSO—d,) § [ppm]: 151.79, 151.58, 151.54, 149.57, 138.50,
137.60, 136.06, 134.98, 134.85, 133.82, 130.86, 130.76, 130.56, 127.99, 127.94, 127.85,
127.40, 120.04, 119.99, 119.54, 58.16, 55.85, 45.93, 32.77, 18.23.

Synthesis of (E)-4-(2-(1-(3-(5-((2,3-dihydrothienol[3,4-b][1,4]diox-

in-2-yl)methoxy)-5-oxopentanoyloxy)propyl)quinolinium-4-yl)vin-

yD-1,3-dimethylquinolinium hexafluorophosphate (ISO8) (56)

\O
L
H 0.0

%o OH o

g ;

o0 o
o~o

&5 o

S 74 Z';‘S

isomers mixture

@)

56

DCC, DMAP 9%
MeCN, 68h @ RT

82 +ProDOT isomer

In a closed vessel a suspension of 74 (89.3mg, 0.312mmol, 80:20 isomers
mixture), 82 (200mg, 0.302mmol), dicyclohexylcarbodiimide (DCC) (69.0mg,
0.334mmol) and DMAP (3.4mg, 0.028mmol) in 3ml of dry MeCN was pre-
pared. A white solid precipitated. The solution was kept under stirring for 68 h.
The brown mixture was filtered washing the precipitate with MeCN (20ml).
The filtrate was collected and evaporated under reduced pressure obtaining a
black solid which was sonicated with Et,O (20ml). The product was filtered,
suspended in 15ml of EtOH and stirred for 48h to eliminate residual DMAP.
Product was filtered and residual solvent was evaporated under reduced pres-
sure at 40°C obtaining a brown solid (197.4mg, 0.213mmol, yield 70%).

'H NMR (500MHz, DMSO—d,) 6 [ppm]: 9.66-9.60 (m, 2H (EDOT + ProDOT)),
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8.78-8.77 (m, 2H (EDOT + ProDOT)), 8.67 (d, 7=8.9Hz, 1H (EDOT + ProDOT)),
8.62 (d, J=8.4Hz, 1H (EDOT + ProDOT)), 8.57 (d, J=8.8 Hz, 1H (EDOT + ProDOT)),
8.50 (d, /=16.2Hz, 1H (EDOT + ProDOT)), 8.34 (t, J=7.6 Hz, 1H (EDOT + ProDOT)),
8.30-8.23 (m, 2H (EDOT + ProDOT)), 8.11-8.06 (m, 2H (EDOT + ProDOT)), 6.75

(s, 2H ProDOT), 6.57-6.55 (m, 2H EDOT), 5.24-5.19 (m, 2H (EDOT + ProDOT)),
5.15 (qui, J=3.8Hz, 1H ProDOT), 4.69 (s, 3H (EDOT + ProDOT)), 4.42-4.38 (m,
1H EDOT), 4.30-4.24 (m, 2H (EDOT + ProDOT) + 2H EDOT + 4H ProDOT),
4.15-4.14 (m, 1H EDOT), 4.02-3.98 (m, 1H EDOT), 2.76 (s, 3H (EDOT + ProDOT)),
2.44-2.36 (4H (EDOT + ProDOT)), 2.32-2.28 (m, 2H (EDOT + ProDOT)), 1.80-
1.74 (m, 2H (EDOT + ProDOT)).

Synthesis of valeraldehyde oxime (91)

NH,OH*HCI
/WO » ~ _~cNoH
K,CO4
H,0 3h @ 5°C 91
12h @ RT

To 600ml of deionized water, cooled to 5°C with an ice water bath, NH,OH - HCI

(30.73 g, 442.3mmol) was added portionwise followed by K,CO; (30.56 g, 221.1 mmol)
obtaining a light yellow solution. Pentanal (40.00g, 464.4mmol) was added
dropwise over 30min. Gas evolution was observed during the addition, and
the light yellow color faded away. The mixture was kept under stirring and the
ice in the cooling bath was allowed to melt (3h). The mixture was kept under
stirring for further 12h at RT and extracted with 100 + 4 x 50ml of Et,O. The
organic phase was collected, dried over MgSO, and evaporated under reduced
pressure at 60°C obtaining product as a white solid (38.755g, 0.383mol, yield
87%).
'H NMR (500MHz, CDCls) 6 [ppm]: 9.21 (s, 2H E+Z), 7.41 (t, J=6.2Hz, 1H, E
isomer), 6.73 (t, J=5.3Hz, 1H, Z isomer), 2.38 (q, /=7.5Hz, 2H, Z isomer, 2.20
(q, J=7.7Hz, 2H, E isomer), 1.47 (m, 2H, E+Z), 1.35 (sep, J=7.8 Hz, 2H, E+Z),
0.89 (q, /=7.2Hz, 3H, E+Z), E/Z ratio is 1.18.

Synthesis of potassium 3-propylquinoline-4-carboxylate (92)

In a 1L two-necked RBF, an aqueous KOH solution was prepared (223.87 g of
KOH in 280ml of deionized water), and isatin (70.00g, 0.476 mol) was subse-

quently added. The mixture turned black and after few minutes a white solid
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H NN N-0H 01 Na
\—O »
KOH 45% Z
96h @ 90°C

0]
92 COOK

mass was obtained. Valeraldehyde oxime (30.09g, 0.2975mol) was added, and
the mixture was heated to 90°C. An orange homogeneous solution was ob-
tained after few minutes. The mixture was kept under stirring at 90°C for 96h
observing the formation of a white precipitate. The mixture was cooled to room
temperature and stirred for further 12h. The white precipitate was collected by
tiltration under reduced pressure on a sintered glass funnel and washed with a
30% aqueous KOH solution followed by few ml of Et,O. The residual solvent
was removed under reduced pressure at 90°C. The obtained yellow solid was
suspended in refluxing acetone (200ml) for 30 min, cooled and filtered. Prod-
uct was obtained as a white solid after evaporation of residual solvent under
reduced pressure at 90°C (45.79g, 0.1807mol, yield 61%, m.p.: 297-299°C dec.)
'H NMR (500MHz, D,0) § [ppm]: 8.63 (s, 1H), 7.98 (d, /=8.3Hz, 1H), 7.88 (d,
J=8.3Hz, 1H), 7.58 (t, J=6.8Hz, 1H), 7.44 (t, J=7.5Hz, 1H), 2.72 (t, J=7.9Hz,
2H), 1.68 (sex, J=7.7Hz, 2H), 0.94 (t, /=7.4Hz, 3H).

Synthesis of (3-propylquinolin-4-yl)methanol (93)

N 1) thionyl chloride, DMF cat. N
~ toluene, 1h@ 55°C
— '
2) NaBH,4 3.5 eq
THF 1h10min @ 0-5 °C, 20min@RT
3) HCl(aq) 5%, 30 min reflux HO 93

/)

\

92 COOK

In a 250ml two-necked RBE, equipped with a CaCl, guard tube, a suspen-
sion of 92 (10.00g, 39.47mmol) in 100ml of dry toluene was prepared. Anhy-
drous DMF (5.3 ml) was added followed by dropwise addition of SOCl, (18.78 g,
157.9mmol). The mixture was stirred at RT for 10min and heated to 55°C
on a water bath for 1h obtainig a yellow solution. The mixture was cooled
to RT, poured in 200ml of water and basified with NaHCO;. The organic
phase was separated and the aqueous one was extracted with further 50ml
of toluene. The organic phases were collected, washed with brine (100ml),

dried over MgSO, and evaporated under reduce pressure obtaining a yellow
oil (6.94g, 29.7mmol). Crude product was dissolved in THF (100ml) in a RBF
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equipped with CaCl, guard tube. The mixture was cooled to 5°C with an ice-
water bath, and NaBH, (3.93g, 104mmol) was added portionwise under stir-
ring. The mixture was kept under stirring at 0-5°C for 1h10min and then al-
lowed to warm to RT (20min). A yellow solution with a white precipitate was
obtained. The mixture was poured in 100ml of water and acidified by addi-
tion of 150ml of HCl,;) 1M. The mixture was heated to boiling and THF was
distilled off. After 30min the solution was cooled to RT and basified by addi-
tion of Na,COj; observing formation of a pale yellow solid. Et,O (30ml) was
added, and the mixture was kept under stirring overnight. The solid was col-
lected by filtration under reduced pressure on a sintered glass funnel, dried in
air and under reduced pressure at 40°C. The solid was dissolved in refluxing
toluene /n-hexane 1:1 mixture, filtered hot and the filtrate was allowed to cool
to room temperature observing crystallization of desired product which was
collected by filtration under reduced pressure. The filtrate from the filtration of
the initial basified solution was extracted with 3 x 50ml of CHCl;, dried over
MgSO, and evaporated under reduced pressure obtaining a yellow oil which
was purified by crystallization from toluene. A total of 4.087 g of product was
obtained (20.31 mmol, yield 51%, m.p.: 96-97 °C).

'H NMR (500MHz, CDCl,) 6 [ppm]: 8,51 (s, 1H), 8.28 (d, /=8.3Hz, 1H), 8.06
(d, /=8.0Hz, 1H), 7.64 (t, J=7.6 Hz, 1H), 7.59 (t, J=7.0Hz, 1H), 2.80 (t, J=7.9Hz,
2H), 1.62 (m, 2H), 0.97 (t, J=7.3Hz, 3H).

Synthesis of 3-propylquinoline-4-carbaldehyde (65)

N\ MnO, 20 eq. N\
?
P N CHCI3 =
25h @ RT
/
93 OH o 65

In a 250ml RBF equipped with a CaCl, guard tube, compound 93 (3.800g,
18.88mmol) was dissolved in dry CHCl; (100ml) and activated MnO, was
added (32.8g, 377mmol, Aldrich 63543). The mixture was kept under vigor-
ous stirring for 25 h at RT, filtered on a sintered glass funnel and again on a
paper filter to remove MnO,. The solvent was evaporated under reduced pres-
sure at 40°C obtaining product as a clear yellow liquid (2.948¢g, 14.79mmol,
yield 78%).

'H NMR (500MHz, CDCl5) § [ppm]: 10.92 (s, 1H), 8.90 (s, 1H), 8.71 (d, /=8.5Hz,
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1H), 8.19 (d, /=8.3Hz, 1H),7.75 (t, /=7.0Hz, 1H), 7.67 (t, J=7.0Hz, 1H), 3.09 (m,
2H), 1.75 (sex, J=7.4Hz, 2H), 1.04 (t, /=7.4Hz, 3H).

Synthesis of (E)-2-(3-hydroxypropyl)-1-(2-(3-propylquinolin-4-yl)-

vinyl)isoquinolinium bromide (72)

Ox N B 61
RICE
AN
N7 piperidine

MeOH reflux 20 min.
65

In a test tube a solution of piperidine (40mg, 0.47 mmol) in 0.6 ml of MeOH

was added to a mixture of 61 (580mg, 2.06 mmol) and 65 (463mg, 2.32mmol).
The mixture was heated to reflux and a red homogeneous solution was ob-
tained. After 20min the mixture was cooled to RT. The solvent was evapo-
rated under reduced pressure and the obtained solid was triturated by sonica-
tion with acetone (2.5ml). The yellow solid was collected by filtration washing
with acetone and Et,O. Crystallization from i-PrOH and solvent removal un-
der reduced pressure at 60°C yields product as a pale yellow solid (511mg,
1.10mmol, yield 54%, m.p.: 200-201°C).
'H NMR (500MHz, DMSO—d,) § [ppm]: 8.95 (s, 1H), 8.91 (d, J=6.9Hz, 1H),
8.73 (d, /=8.6Hz, 1H), 8.65 (d, J=6.9Hz, 1H), 8.45 (d, /=8.2Hz, 1H), 8.34-8.30
(m, 2H), 8.14-8.10 (m, 2H), 7.92 (d, J=16.8Hz, 1H), 7.81 (t, J=8.3Hz, 1H), 7.79-
7.65 (m, 2H), 4.87 (t, J=7.6Hz, 2H), 4.81 (t, J=4.8Hz, 1H), 3.51 (q, /=5.3Hz, 2H),
297 (t, J=8.0Hz, 2H), 2.15 (qui, J=7.2Hz, 2H), 1.73 (sex, J=7.8Hz, 2H), 0.99
(t, J=7.3Hz, 3H); 13C NMR (125.7MHz, DMSO—d;) § [ppm]: 157.10, 153.18,
147.16,140.78,139.09, 138.08, 136.74, 136.37, 133.37, 131.89, 130.30, 130.15, 129.42,
128.46, 127.97, 127.90, 126.24, 125.91, 125.52, 125.47, 57.87, 56.86, 33.16, 33.03,
24.92,14.55.

Synthesis of (E)-4-(2-(2-(3-hydroxypropyl)isoquinolinium-1-yl)-
vinyl)-1-methyl-3-propylquinolinium hexafluorophosphate (81)

A suspension of 72 (350mg, 0.755mmol), KPFg (356mg, 1.933mmol) in 1.3ml

of acetone was stirred at room temperature for 20min obtaining a white sus-

199



A.3 - Synthetic procedures

1) Mel, KPFg
acetone,
MW 10W, 95°C, 40 min

2) NH4PFg(ag) 30%

pension. Mel was added (0.20ml, 3.21mmol, 0.46¢g). The mixture was heated
in a CEM Discover microwave reactor for 40min (Pmax=10W, 95°C, cooling off,
10ml closed vessel). The mixture was cooled down to RT. The solid precipitate
was triturated using a spatula, collected by filtration and washed with acetone
and Et,O. Product was suspended in 4ml of an aqueous NH,PF, 30% solu-
tion and stirred for 3 days. The white solid was filtered under reduced pres-
sure and washed with few ml of NH,PFq aq-) 30% and with deionized water.
Product was dried under reduced pressure at 60°C for 4h (288 mg, 0.419 mmol).
Filtrate from the first filtration was allowed to evaporate and the residue was
suspended in 3ml of an aqueous NH,PF4 aq-) 30% solution, stirred for 2 days,
filtered and washed with few ml of NH,PF4 aq-) 30% solution and water. The
solid was dried under reduced pressure at 50 °C obtaining more 175mg of prod-
uct. A total of 403mg of product was obtained (0.586 mmol, yield 78%, m.p.:
193-195°C).

'H NMR (500MHz, DMSO—d,) § [ppm]: 9.64 (s, 1H), 8.90 (d, J=6.9Hz, 1H),
8.73(d, J=8.6Hz, 1H), 8.69-8.67 (m, 2H), 8.59 (d, /=8.9Hz, 1H), 8.46 (d, /=8.2Hz,
1H), 8.35-8.30 (m, 2H), 8.16-8.09 (m, 3H), 7.81 (d, J=16.8 Hz, 1H), 4.85 (t, J=7.5Hz,
2H),4.72 (s, 3H), 3.50 (t, /=5.7Hz, 2H), 3.07 (t, /=7.9Hz, 2H), 2.15 (qui, /=6.9Hz,
2H), 1.82 (sex, J=7.8 Hz, 2H), 1.03 (t, /=7.3Hz, 3H).

Synthesis of (E)-4-(2-(2-(3-(5-((2,3-dihydrothieno[3,4-b][1,4]dioxin-
-2-yl)methoxy)-5-oxopentanoyloxy)propyl)isoquinolinium-1-yl)-
vinyl)-1-methyl-3-propylquinolinium hexafluorophosphate (ISO9)
(57)

In a closed vessel a suspension of 74 (98.5mg, 0.344mmol, 80:20 isomers mix-

ture), 81 (230mg, 0.334mmol), dicyclohexylcarbodiimide (DCC) (75.8 mg, 0.367 mmol)

and DMAP (3.5mg, 0.029mmol) in 3ml of dry MeCN was prepared. A white
solid precipitated. The solution was kept under stirring for 44h. The mix-
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DCC, DMAP 8%
MeCN, 44h @ RT

|%:6 +ProDOT isomer

ture was filtered washing the precipitate with MeCN (20ml). The filtrate was
collected and evaporated under reduced pressure obtaining an orange glassy
solid which was sonicated with Et,O (20ml) obtaining a pale orange solid. The
product was filtered, suspended in 15ml of EtOH and stirred for 72h to elim-
inate residual DMAP. Product was collected by filtration and residual solvent
was evaporated under reduced pressure at 50°C obtaining a pale orange solid
(253 mg, 0.264mmol, yield 79%).

'H NMR (500MHz, DMSO—dy) 4 [ppm]: 9.65 (s, 1H (EDOT + ProDOT)), 8.89
(d, J=6.9Hz, 1H (EDOT + ProDOT)), 8.76 (d, /=8.7Hz, 1H (EDOT + ProDOT)),
8.68 (d, /J=6.9Hz, 1H (EDOT + ProDOT)), 8.65 (d, /=8.6 Hz, 1H (EDOT + ProDOT)),
8.59(d, /=8.9Hz, 1H (EDOT + ProDOT)), 8.46 (d, /=8.2Hz, 1H (EDOT + ProDOT)),
8.36-8.29 (m, 2H (EDOT + ProDOT)), 8.14 (t, /=8.0Hz, 1H (EDOT + ProDOT)),
8.11-8.08 (m, 2H (EDOT + ProDOT)), 7.79 (d, /=16.7Hz, 1H (EDOT + ProDOT)),
6.81 (s, 2H ProDOT), 6.61 (m, 2H EDOT), 5.12 (m, 1H ProDOT), 4.81 (t, /J=7.6 Hz,
2H (EDOT + ProDOT)), 4.71 (s, 3H (EDOT + ProDOT)), 4.42-4.40 (m, 1H EDOT),
4.30-4.24 (m, 2H EDOT + 4H ProDOT), 4.15-4.08 (m, 1H EDOT + 2H (EDOT +
ProDOT)), 4.03-3.99 (m, 1H EDOT), 3.05 (t, /=8.0Hz, 2H (EDOT +ProDOT)),
2.30-2.26 (m, 4H (EDOT + ProDOT)), 2.12-2.09 (m, 2H (EDOT + ProDOT)), 1.79
(sex, J=7.9Hz, 2H (EDOT + ProDOT), 1.63-1.59 (m, 2H (EDOT + ProDOT)), 1.01

(t, /=7.3Hz, 3H (EDOT + ProDOT)).

Synthesis of methyl isoquinoline-1-carboxylate (39)

In a 250ml RBF a suspension of 47 (10.726g, 61.9mmol) in 75ml of MeOH
was prepared. The mixture was cooled with an ice-water bath, and concen-
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N 1) MeOH, H,S0, N
_N MW 30W, 105°C 1h _N
2) Na2C03, H,O
0% ~OoH 0“0
47 39 |

trated H,SO, (24.88g, 253mmol) was slowly added under stirring. The mix-
ture was stirred at room temperature for 10min and transferred in a CEM 35ml
microwave pressure vessel (4 aliquots were used) and heated at 105°C, 30W
for 1h. The mixture was cooled to RT, slowly poured in water (300ml) and
basified to pH 10 by addition of Na,CO3;. The mixture was extracted with
60ml+2 x 30ml of CH,Cl, collecting the organic phase and drying over Na,SOy.
Product was recovered after solvent evaporation under reduced pressure and
purified by vacuum distillation (b.p.: 130°C at 5mmHg). Clear oil (8.110g,
43.3mmol, yield 70%).

TH NMR (500MHz, CDCl,) § [ppm]: 8.83 (d, J=8.5Hz, 1H), 8.63 (d, J=5.5Hz,
1H), 7.88 (d, /=8.1Hz, 1H), 7.83 (d, J=5.5Hz, 1H), 7.74 (t, J=8.1Hz, 1H), 7.69 (t,
J=7.8Hz, 1H), 4.10 (s, 3H).

Synthesis of (Z)-2-(isoquinolin-1(2H)-ylidene)-1-(isoquinolin-1-
yl)ethanone (44)

X X X
N T _N 1) NaH, DME 2h reflux l = NH
oP~g 2 H0. AcOH | o 4
26 106 | Z N
~ |

Under N, atmosphere, in an oven dried 250ml 3-necked RBE, fitted with
reflux condenser, septum and dropping funnel, a suspension of NaH"* (1.406g,
58.6mmol) in anhydrous DME was prepared. A solution of 26 (2.00g, 14.0mmol)
and 106 (3.14g, 16.8mmol) in 20ml of anhydrous DME was dropwise added to
the refluxing suspension of NaH'. The suspension turned to yellow and after
1h a brown homogeneous solution was obtained. After 2h the mixture was

*NaH dispersion in paraffin was used. The reagent was carefully washed with ETP before
solvent addition
Tboth reagents were freshly distilled under reduced pressure
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cooled with an ice-water bath, and Et,O (25ml) was added followed by AcOH
(1.74¢g). After 5min H,O (18 ml) was added followed by more AcOH (1.74g).
The mixture was kept under stirring at RT for 1h. The bright yellow solid was
filtered on a Biichner funnel washing with Et,O. The filtrate was extracted
with 3 x 20ml of Et,O collecting the organic phase and washing it with 10ml of
NaHCOj3 (o). The organic phase was dried over Na,5O, and the volume was
reduced to 5ml under reduced pressure. The precipitate was filtered and col-
lected. Product from the first filtration was continuously extracted with CH,Cl,
in a Soxhlet apparatus to remove insoluble impurities and recovered after sol-
vent evaporation under reduced pressure. Bright yellow powder (3.399 g over-
all, 11.39mmol, yield 82%, m.p.: 175.5-177.0°C).

TH NMR (500 MHz, CgDg) 6 [ppm]: 16.42 (s, 1H), 9.88 (d, /=8.6 Hz, 1H), 8.75 (d,
J=5.5Hz, 1H), 8.02 (d, J=8.3Hz, 1H), 7.78 (s, 1H), 7.56 (d, /=8.2Hz, 1H), 7.51
(td, J=7.2Hz, J=1.3Hz, 1H), 7.41-7.38 (m, 2H), 7.20 (t, J=7.9Hz, 1H), 7.08 (d,
J=7.9Hz, 1H), 7.04 (t, J=7.6Hz, 1H), 6.48 (t, J=5.8HZ, 1H), 6.17 (d, J=6.7Hz,
1H); 13C NMR (125.7MHz, DMSO—d,) § [ppm]: 186.23, 158.17, 153.84, 141.91,
137.10,135.87,133.10, 130.84, 129.50, 128.50, 128.26, 127.78, 127.70, 127.60, 125.94,
125.38, 124.27, 122.47, 111.66, 88.11.

Synthesis of 2-(isoquinolin-1-yl)-1-(quinolin-4-yl)ethanol (45)
X
(L
- OH
Z N
96
45

1) HCOOH4q)/Zn

2) NaOH 5M

To a stirred solution of 44 (2.000g, 6.70mmol) in aqueous formic acid 50%
(100ml), zinc dust (2.091 g, 32.0mmol) was added. The solution rapidly changed
its colour from red to pale yellow. The mixture was kept under stirring for
25min and filtered collecting the filtrate in an ice-cooled stirred 5M NaOH solu-
tion (250ml). A white solid separated and the mixture was kept under stirring
for 15min, filtered on a Biichner funnel and washed with 30ml of 5M NaOH
solution followed by 30ml of deionized water. The white solid was dried in an
evacuated desiccator (1.890g, 6.29mmol, yield 94%, m.p.: 167.7-168.5°C).
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"H NMR (500MHz, DMSO—dg) § [ppm]: 8.57 (d, J=8.44Hz, 1H), 8.40 (d, J=5.6 Hz,
1H), 8.37-8.33 (m, 2H), 7.99 (d, J=8.1Hz, 1H), 7.94 (d, J=8.1Hz, 1H), 7.79-
7.74 (m, 3H), 7.70 (t, J=7.4Hz, 1H), 7.67-7.64 (m, 2H), 6.09 (q, J=6.3Hz, 1H),
5.75 (d, J=6.2Hz, 1H), 3.97-3.89 (m, 2H); >*C NMR (125.7MHz, DMSO—dj)

§ [ppm]: 161.93, 160.03, 142.13, 141.47, 136.70, 136.20, 130.64, 130.58, 127.86,
127.84,127.82,127.76,127.64, 126.31, 126.01, 120.94, 119.68, 72.11, 41.72.

Synthesis of (E)-1,2-di(isoquinolin-1-yl)ethene (46)
X X
N L

1) Ac,0, 5h @ 70°C
o)
¢
|
45

- A
9§
\I

46

H

2) NaHCO3 (aq.)

A stirred suspension of 45 (1.700g, 5.67 mmol) in Ac,O (15ml) was heated to
70°C with a water bath. A clear solution was obtained after 10min and a solid
started to precipitate after 20min. After 5h the mixture was poured in 150ml
of water and NaHCO; was added under stirring till pH 8. The mixture was
stirred overnight, 200ml of water were added and the light brown solid was
tiltered on an Hirsh funnel washing with 30ml of distilled water, EtOH (10ml)
and Et,O (30ml). The solid was collected and dried in vacuum at 50°C (1.395¢,
4.94mmol, yield 87%, m.p.: 260°C (dec.)).

'H NMR (500MHz, CDCl;) § [ppm]: 9.03 (s, 2H), 8.67-8.65 (m, 4H), 7.88 (d,
J=7.9Hz, 2H), 7.76-7.69 (m, 6H). 1*C NMR (125.7 MHz, CDCl;) § [ppm]: 153.94,
142.23,136.99, 130.42, 129.59, 127.73, 127.48, 127.35, 125.16, 121.10.

Synthesis of (E)-1,1’-(ethene-1,2-diyl)bis(2-methylisoquinolinium)

trifluoromethanesulfonate (5)

Under N, atmosphere, MeOTf (95mg, 0.58 mmol) was added to an ice-cooled
stirred suspension of 46 (50mg, 0.18mmol) in dry MeNO, (2.0ml). The mixture
was kept under stirring at 0°C for 6h obtaining a clear solution. Product was
precipitated as a white solid after addition of Et,O (6 ml), collected by filtration

on an Hirsh funnel, and dried in vacuum (45mg, 0.073mmol, yield 42%).
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2,5 eq MeOTf
A
MeNO, 6h @ 0°C
N 26h @
. I
46 5

TH NMR (500MHz, CD;CN) & [ppm]: 8.78 (d, J=8.8Hz, 2H), 8.55 (d, J=6.9Hz,
2H), 8.50 (d, 6.8Hz, 2H), 8.40 (d, 8.3Hz, 2H), 8.33 (t, J=7.7Hz, 2H), 8.16 (t,
J=7.8Hz, 2H), 7.80 (s, 2H), 4.42 (s, 6H); 13C NMR (125.7 MHz, CD;CN) § [ppm]:
154.19, 138.38, 136.98, 136.78, 133.46, 132.32, 129.19, 128.332, 127.109, 126.352,
47.52.

Synthesis of 2,3-dimethylbenzo[d]thiazol-3-ium iodide (30)
el
©: />_ acetone ©:
MW 70W, 110°C N® o

A solution of 2-methylbenzothiazole (5.000g, 33.50 mmol) and iodomethane

(5.706 g, 40.2mmol) in 7ml of acetone was heated in a CEM Discover microwave
reactor for 75min (Pmax=70W, 110°C, cooling off, 35ml vessel), and cooled to
RT. The white solid was washed with acetone and filtered on a Biichner fun-
nel washing with acetone and Et,O. Residual solvent was evaporated under
reduced pressure (0.4torr) at 40°C (9.291¢g, 31.91mmol, yield 95%, m.p.: 225°C
(dec.))

Synthesis of (E)-3-methyl-2-(2-(quinolin-4-yl)vinyl)benzo[d]thia-
zol-3-ium iodide (31)

To a mixture of 30 (500 mg, 1.72mmol) and quinoline-4-carboxyaldehyde (304 mg,
1.93mmol), a solution of N,N-diisopropylethylamine (DIPEA) (29ul, 22.23mg,
0.172mmol) in 1ml of MeOH was added. The mixture was heated to reflux
for 20min obtaining a red homogeneous solution. The solution was allowed to

cool to room temperature obtaining a red solid which was washed with EtOH
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Cry e O
NOo MeOH, DIPEA NG

\ \
30 31

and filtered on an Hirsh funnel washing with EtOH and Et,O. Product was
purified by crystallization form EtOH. Residual solvent was removed under
reduced pressure at 50°C. Product was recovered as a purple solid (202mg,
0.465mmol, yield 27%).

'HNMR (500MHz, DMSO—dg) § [ppm]: 9.13 (d, J=4.5Hz, 1H), 8.92 (d, /=15.8 Hz,
1H), 8.56 (t, J=7.6Hz, 2H), 8.39-8.33 (m, 2H), 8.24 (d, J=4.6Hz, 1H), 8.16 (d,
J=8.4Hz, 1H),7.97 (t, J=7.9Hz, 1H),7.93-7.88 (m, 2H), 7.81 (td, J=7.0Hz, J=1.2Hz,
1H), 4.48 (s, 3H); 3C NMR (125.7MHz, DMSO—-dy) 4 [ppm]: 171.39, 150.87,
148.83,142.54,142.29,139.12,130.63, 130.30, 130.23, 129.45, 129.22, 128.22, 125.60,
124.97,124.53,120.69, 119.85, 117.84, 37 .48.

Synthesis of (E)-3-methyl-2-(2-(1-methylquinolinium-4-yl)vinyl)-

benzo|d]thiazol-3-ium trifluoromethanesufonate (12)

= —\0®
s N MeOTf s N—
@ 7 = MeNO > 4 7 N CoTf
2
\® o 3h@-10°C + 8h@RT o

OTf

31 12

Under N, atmosphere, MeOTf (63mg, 0.382mmol) was added to a stirred
suspension of 31 (60mg, 0.139 mmol) in dry MeNO, (2ml) cooled to —10°C with
anice/salt bath. The mixture was kept under stirring at —10°C for 3h obtaining
a clear violet solution and stirred overnight at room temperature. Product was
precipitated as a white solid after addition of Et,O (6 ml), collected by filtration
on an Hirsh funnel, and dried in vacuum (165mg, 0.267 mmol, yield 70%).

H NMR (500MHz, CD5CN) 6 [ppm]: 9.24 (d, J=6.1Hz, 1H), 8.78-8.75 (m, 2H),
8.52-8.47 (m, 2H), 8.41 (d, /=8.1Hz, 1H), 8.36 (t, /=8.2Hz, 1H), 8.26-8.23 (m,
2H), 8.17 (td, J=7.3Hz, J=1.0Hz, 1H), 8.02 (t, /=7.8Hz, 1H), 7.94 (t, J=7.3Hz,
1H), 4.65 (s, 3H), 4.43 (s, 3H); 13C NMR (125.7MHz, CD;CN) § [ppm]: 149.42,
149.15,142.47,139.29,138.97,138.73,136.11, 130.87, 130.69, 129.93, 129.56, 127.37,
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126.58, 124.61, 124.34, 122.14, 120.22, 119.49, 46.08, 37.27. Anal. Calcd for
C22H18F6NZO6S3 . C, 4:286, H, 294:, N, 454:, S, 15.6. Found: C, 4380, H, 331, N,
4.62;S,15.97.

Synthesis of (E)-N-(2,2-dimethoxyethylidene)-1-(4-bromophenyl)-

ethanamine (29)

o7 60%
Ov\o/ ag. solution

Toluene reflux O
Br Dean-Stark, 6.5 h

107 29

\

Br

A mixture of 1-(4-bromophenyl)ethanamine (107) (9.980g, 49.88 mmol) and
dimethoxyacetaldehyde 60% w/w aqueous solution (9.35g, 53.87 mmol) in 40 ml
of toluene were refluxed for 6.5h under nitrogen atmosphere, collecting water
with a Dean-Stark apparatus. The mixture was cooled to room temperature and

solvent was removed under reduced pressure (~1 mmHg) obtaining product as
a yellow oil (13.988 g, 48.88 mmol, yield 98%).

Synthesis of 6-bromo-1-methylisoquinoline (28)

0 D oo r0-6 30 mi Br N
- A N -170° min.
\(\N | g
(@] Z N
~ Br 2) NaOH(aq)
29

28

In a 250ml RBE, 29 (11.45g, 40.01mmol) was slowly added, under stirring,
to ice cooled H,SO, (60ml). The solution was added under stirring to a mixture
of H,50, (8 ml) and P,0O5 (22.9g, 161.33mmol) and heated to 160°C for 30 min.
The mixture was allowed to cool to room temperature, slowly poured in ice and
basified till pH 9 adding NaOH. The mixture was stirred at room temperature
for 12h and filtered. The filtrate was extracted with 3 x 250ml of AcOEt collect-
ing the organic phase and drying over MgSO,. Solvent was evaporated under
reduced pressure obtaining product as a pale yellow solid (5.838g, 26.29mmol,
yield 66%, m.p.: 50-51°C).

'H NMR (500MHz, CDCls) § [ppm]: 8.41 (d, J=5.9Hz, 1H), 8.02-8.00 (m, 2H),
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7.72 (dd, J=9.0Hz, J=1.9Hz, 1H), 7.49 (d, J=5.9Hz, 1H), 3.01 (s, 3H); 13C NMR
(125.7MHz, CDCls) 6 [ppm]: 158.73,143.54, 137.11,130.01, 129.40, 127.48, 125.89,
124.21, 118.04, 22.20.

Synthesis of 6-bromo-1,2-dimethylisoquinolinium iodide (22)

Br Br
| XN Mel 1.1eq

A~ =N —> AN
Acetone, MW 25W, 95°C, 30 min

28 22

A mixture of 28 (500mg, 2.251 mmol), Mel (474mg, 2.476mmol) and 0.5ml
of acetone was heated in a CEM Discover microwave reactor for 30 min (Ppyax=25W,
95°C, cooling off), and cooled to RT. The white solid was filtered on an Hirsh
funnel, washed with acetone and then with Et,O. Residual solvent was evapo-
rated under reduced pressure (0.4torr) at 40°C (692mg, 1.90mmol, yield 84%,
m.p.:284-285°C).
H NMR (500MHz, DMSO—d;) 6 [ppm]: 8.73-8.70 (m, 2H), 8.64 (d, J=1.9Hz,
1H), 8.31 (d, J=6.9Hz, 1H), 8.20 (dd, J=9.2Hz, J=2.0Hz, 1H), 4.37 (s, 3H), 3.20
(s, 3H).

Synthesis of (E)-2-(3-hydroxypropyl)-1-(2-(quinolin-4-yl)vinyl)-

isoquinolinium bromide (23)

I\ N\
AN

Br .
~ o)

~N

o piperidine, MeOH
éa 20 min reflux

22

To a mixture of 22 (600mg, 1.648mmol) and quinoline-4-carboxyaldehyde
(310mg, 1.978 mmol), a solution of piperidine (169mg, 1.98mmol) in 2ml of
MeOH was added. The mixture was heated to reflux for 10min obtaining a
solid. The mixture was allowed to cool to room temperature and sonicated with
acetone obtaining a yellow solid. Product was filtered on an Hirsh funnel and
washed with acetone and Et,O. Residual solvent was removed under reduced
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pressure at 50°C. Product was recovered as a yellow solid (621 mg, 1.23mmol,
yield 75%, m.p.: 220°C (dec.)).

'H NMR (500MHz, DMSO—d,) § [ppm]: 9.12 (d, J=4.5Hz, 1H), 8.88 (d, /=6.9Hz,
1H), 8.74 (d, J=1.9Hz, 1H), 8.60 (d, J=9.2Hz, 1H), 8.49 (d, J=6.9Hz, 1H), 8.31
(d, J=8.1Hz, 1H), 8.27 (d, J=16.4Hz, 1H), 8.19 (dd, J=9.2Hz, J=2.0Hz, 1H),
8.17 (d, J=4.5Hz, 1H), 8.15 (d, J=8.1Hz, 1H), 8.04 (d, /=16.3Hz, 1H), 7.87 (d,
J=7.7Hz, 1H), 7.71 (t, J=7.6 Hz, 1H), 4.45 (s, 3H).

Synthesis of (E)-4-(2-(6-bromo-2-methylisoquinolinium-1-yl)vinyl)-

1-methylquinolinium trifluoromethanesulfonate (8)

Br

MeOTf 2.85 eq

2h @ -15°C + 16h @ RT
dry MeNO,

Under N, atmosphere, MeOTf (196 mg, 1.192mmol) was added to a stirred
suspension of 23 (200mg, 0.398 mmol) in dry MeNO, (2ml) cooled to —15°C
with an ice/salt bath. The mixture was kept under stirring at —15°C for 2h ob-
taining a clear pale yellow solution, and stirred overnight at room temperature.
Product was precipitated as a white solid after addition of Et,O (4ml), collected
by filtration on an Hirsh funnel, and dried in vacuum (174mg, 0.252mmol,
yield 63%, m.p.: 162-163°C).

THNMR (500 MHz, DMSO—dg) § [ppm]: 9.68 (d, J=6.2Hz, 1H),8.93 (d, J=6.9Hz,
1H), 8.79-8.77 (m, 2H), 8.68 (d, /=8.5Hz, 1H), 8.62-8.58 (m, 2H), 8.56 (d, /=6.9Hz,
1H), 8.44 (d, J=8.4Hz, 1H), 8.38-8.32 (m, 2H), 8.23 (dd, J=9.1Hz, J=1.8Hz,
1H), 8.12 (t, J=7.6Hz, 1H), 4.71 (s, 3H), 4.47 (s, 3H); 13C NMR (125.7MHz,
DMSO—dg) 6 [ppm]: 156.59, 150.16, 150.08, 139.29, 138.96, 138.77, 137.80, 136.06,
135.14,132.26,131.89, 130.86, 130.50, 129.42, 127.48, 126.92, 126.32, 124.78, 120.40,
119.96, 47.68, 46.17. Anal. Calcd for C,yH9BrFN,OS, : C, 41.81; H, 2.78; N,
4.06; S, 9.30. Found: C, 41.35; H, 3.03; N, 3.99; S, 9.20.
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Synthesis of (E)-N-(2,2-dimethoxyethylidene)-1-(4-fluorophenyl)-

ethanamine (108)

e

O 60%
N o ag. solution
@]
NH, - WAN | N
Toluene reflux 0] _—
F Dean-Stark, 2h ~ F
37 108

A mixture of 1-(4-fluorophenyl)ethanamine (37) (5.000g, 35.92mmol) and
dimethoxyacetaldehyde 60% w/w aqueous solution (6.856g, 39.52mmol) in
35ml of toluene were refluxed for 2h under nitrogen atmosphere, collecting
water with a Dean-Stark apparatus. The mixture was cooled to room temper-
ature and solvent was removed under reduced pressure (~1mmHg) obtaining
product as a yellow oil (7.66 g, 34.0mmol, yield 95%).

'H NMR (500MHz, DMSO—dy) ¢ [ppm]: 7.63 (d, /=5.0Hz, 1H), 7.39-7.36 (m,
2H), 7.17-7.14 (m, 2H), 4.65 (d, J=5.0Hz, 1H), 4.45 (q, J=6.6Hz, 1H), 3.33 (s,
3H), 3.28 (s, 3H), 1.39 (d, J=6.6Hz, 3H).

Synthesis of 6-fluoro-1-methylisoquinoline (34)

1) H,SO, F
/OWAN X 0°C t0 160°C 12min. N
O | = > ~-N
~ = 2) NaOH4q)
108 34

In a 500ml RBF, 108 (7.600g, 33.76 mmol) was slowly added, under stirring,
to ice cooled H,SO, (76ml). The solution was heated to 160°C in 10min and
kept at that temperature for 2min. The mixture was slowly poured in ice (400g)
and basified till pH 9 adding NaOH. The mixture was steam distilled till a clear
distillate was obtained. The distillate was extracted with 4 x 200ml of CH,Cl,.
The organic phase was collected, dried over Na,SO,4 and evaporated under re-
duced pressure obtaining product as a colourless liquid (2.095g, 13.00mmol,
yield 39%).

'H NMR (500MHz, CDCls) 6 [ppm]: 8.37 (d, J=5.8Hz, 1H), 8.12 (dd, /=9.2Hz,
J=5.5Hz,1H),7.45(d, J=5.8Hz, 1H),7.39 (dd, /=9.3Hz, J=2.5Hz, 1H), 7.33 (td,
J=8.7Hz, J=2.5Hz, 1H), 2.94 (s, 3H); 13C NMR (125.7MHz, CDCl;) ¢ [ppm]:
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163.03 (d, J=252.0Hz), 158.64, 142.92,137.67 (d, J=10.2Hz), 128.88 (d, /=9.6 Hz),
124.82,119.10 (d, J=4.9Hz), 117.39 (d, J=25.0Hz), 110.52 (d, J=20.5Hz), 22.64.

Synthesis of (E)-4-(2-(6-fluoroisoquinolin-1-yl)vinyl)quinoline (32)

AcOH/Ac,O
AN MW 15W, 110°C 15 min

N

2) NaHCO3 (aq)

34

A suspension of 34 (200mg, 1.24mmol) and quinoline-4-carboxyaldehyde

(163mg, 1.04mmol) in a mixture of AcOH (0.5ml) and Ac,O (0.2ml) was heated
in a CEM discover microwave reactor for 15min (Pmax=15W, 110°C, cooling
off). The solution was allowed to cool to RT observing the crystallization of
a yellow solid which was recovered and dried on filter paper. Product was
purified by crystallization from acetone/AcOH 20:1. The crystalline solid was
suspended in 25ml of a saturated NaHCO; aqueous solution for 30min and
extracted with 2 x 20ml of CH,Cl,. The organic phase was collected, dried over
Na,SO, and evaporated under reduced pressure at 80 °C obtaining product as
a white solid (138 mg, 0.459 mmol, yield 37%, m.p.: 170-171°C).
'H NMR (500MHz, CDCl;) § [ppm]: 8.98 (d, J=4.6Hz, 1H), 8.76 (d, J=15.3Hz,
1H), 8.64 (d, /=5.6Hz, 1H), 8.42 (dd, J=9.3Hz, J=5.3Hz, 1H), 8.38 (d, /=8.3Hz,
1H), 8.22 (d, J=8.4Hz, 1H), 8.16 (d, J=15.3Hz, 1H), 7.81-7.77 (m, 2H), 7.66-7.63
(m, 2H), 7.49 (dd, J=9.1Hz, J=2.5Hz, 1H), 7.44 (td, /J=8.7Hz, J=2.6Hz, 1H).
Anal. Caled for C,0H3FN, : C,79.98; H, 4.36; N, 9.33. Found: C, 80.06; H, 5.87;
N, 9.22.

Synthesis of (E)-4-(2-(6-fluoro-2-methylisoquinolinium-1-yl)vinyl)-

1-methylquinolinium trifluoromethanesulfonate (9)

Under N, atmosphere, MeOTf (222mg, 1.35mmol) was added to a stirred sus-
pension of 32 (80mg, 0.266mmol) in dry MeNO, (2ml) cooled to —15°C with
an ice/salt bath. The mixture was kept under stirring at —15°C for 3h obtaining
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MeOTf 5 eq

3h @ -15°C +21h @ RT
dry MeNO»,

a clear solution, and stirred for 21h at room temperature. Product was precipi-
tated as a pale yellow solid after addition of Et,O (10ml), collected by filtration
on an Hirsh funnel, and dried in vacuum (120mg, 0.191mmol, yield 72%, m.p.:
224.4-225.5°C).

'HNMR (500MHz, DMSO—dg) § [ppm]: 9.68 (d, J=6.2Hz, 1H), 8.91 (d, /=6.9Hz,
1H), 8.81 (dd, /=9.4Hz, J=5.2Hz, 1H), 8.77 (d, J=6.2Hz, 1H), 8.68 (d, /=8.5Hz,
1H), 8.62-8.59 (m, 2H), 8.44 (d, J=16.3Hz, 1H), 8.38-8.32 (m, 2H), 8.29 (dd,
J=9.1Hz, J=2.5Hz, 1H), 8.12 (t, J=7.7Hz, 1H), 8.03 (td, J=9.2Hz, J=2.1Hz,
1H), 4.72 (s, 3H), 4.47 (s, 3H); '3C NMR (125.7MHz, DMSO—dy) § [ppm]: 166.44
(d, J=260.0Hz), 156.17, 150.233, 150.09, 140.51 (d, J=12.9Hz), 139.27, 138.41,
137.64, 136.05, 134.74 (d, J=11.0Hz), 130.85, 129.59, 127.47, 126.94 , 125.21 (d,
J=49Hz), 124.97, 122.45 (d, J=25.6Hz), 120.40, 119.96, 112.37 (d, J=22.4Hz),
47.50,46.17; Anal. Calcd for CyyH;9F;N,OS; : C, 45.86; H, 3.05; N, 4.46. Found:
C,4490; H, 2.75; N, 4.61. Anal. Calcd for C,,H19F;N>,O(S, : C, 45.86; H, 3.05;
N, 4.46; S, 10.2. Found: C, 46.63; H, 3.41; N, 4.66; S, 11.23.

Synthesis of 1,2-dimethylisoquinolinium iodide (17)

X X
Mel
~N . — (|>)|\
Acetone |
MW 50W,110°C 8 min. ©
26 17

A mixture of 26 (5.00g, 34.9mmol), Mel (5.95g, 41.9mmol) and 7ml of ace-
tone was heated in a CEM Discover microwave reactor for 8min (Ppyax=50W,
110°C, cooling off, 35ml vessel), and cooled to RT. The white solid product
was washed with acetone and filtered on a Biichner funnel, washing with more

acetone and then with Et,O. Residual solvent was evaporated under reduced
pressure (0.4torr) at 40°C (8.72 g, 30.6mmol, yield 88%, m.p.:210-211°C).

212



A.3 - Synthetic procedures

TH NMR (500MHz, DMSO—dy) § [ppm]: 8.79 (d, J=8.7Hz, 1H),8.70 (d, J=6.9Hz,
1H), 8.40 (d, J=6.9Hz, 1H), 8.31 (d, J=8.1Hz, 1H), 8.22 (t, J=7.7Hz, 1H), 8.05 (t,
J=7.7Hz, 1H), 4.40 (s, 3H), 3.22 (s, 3H).

Synthesis of (E)-2-methyl-1-(2-(quinolin-4-yl)vinyl)isoquinolin-
ium iodide (16)

G, Ea

piperidine
MeOH 30 min reflux

To a mixture of 17 (5.000g, 17.53mmol) and quinoline-4-carboxyaldehyde
(3.113g, 19.80mmol), a solution of piperidine (0.50ml, 430mg, 5.0mmol) in
10ml of MeOH was added. The mixture was heated to reflux for 30 min obtain-
ing a solid. The mixture was allowed to cool to room temperature and 25ml of
MeOH were added. The solid was filtered on an Hirsh funnel and washed with
MeOH and Et,O. Residual solvent was removed under reduced pressure at
50°C. Product was recovered as a pale yellow solid (6.165g, 14.53 mmol, yield
83%, m.p.: 217-218°C (dec.)).

TH NMR (500MHz, DMSO—dg) § [ppm]: 9.12 (d, J=4.5Hz, 1H), 8.87 (d, J=6.9Hz,
1H), 8.69 (d, J=8.7Hz, 1H), 8.60 (d, J=6.8Hz, 1H), 8.41 (d, J=8.2Hz, 1H), 8.33
(d, /=8.2Hz, 1H), 8.31-8.27 (m, 2H), 8.18 (d, J=4.5Hz, 1H), 8.15 (d, /=8.1Hz,
1H), 8.10-8.04 (m, 2H), 7.87 (t, J=7.7Hz, 1H), 7.71 (t, J=7.6Hz, 1H), 4.50 (s,
3H). 13C NMR (125.7 MHz, DMSO—dy) ¢ [ppm]: 157.15, 150.97, 148.73, 140.13,
140.02,137.85,137.22,136.62,131.88, 130.38, 130.18, 130.14, 128.20, 127.88, 127.52,
126.01, 125.13, 124.42, 123.80, 119.03, 47 .41.

Synthesis of (E)-1-methyl-4-(2-(2-methylisoquinolinium-1-yl)vinyl)-
quinolinium trifluoromethanesulfonate (4)

Under N, atmosphere, MeOTf (200mg, 1.219mmol) was added to a stirred sus-
pension of 16 (200mg, 0.471mmol) in dry MeNO, (7ml) cooled to —15°C with

anice/salt bath. The mixture was kept under stirring at —15°C for 4h obtaining
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MeOTf 2.6 eq

I
4h@-15°C+12h @ RT
dry MeNO,

16

a clear pale yellow solution, and stirred overnight at room temperature. Prod-
uct was precipitated as a pale yellow solid after addition of Et,O, collected by
filtration on an Hirsh funnel, and dried in vacuum (280mg, 0.458 mmol, yield
97%).

'H NMR (500MHz, DMSO—d,) § [ppm]: 9.68 (d, J=6.3Hz, 1H),8.92 (d, J=6.9Hz,
1H), 8.78 (d, J=6.2Hz, 1H), 8.71-8.66 (m, 3H), 8.62 (d, /=8.9Hz, 1H), 8.47-8.43
(m, 2H), 8.38-8.30 (m, 3H), 8.13-8.09 (m, 2H), 4.72 (s, 3H), 4.30 (s, 3H); 13C NMR
(125.7MHz, DMSO—dg) ¢ [ppm]: 156.02, 150.22, 149.97, 139.17, 137.91, 137 .42,
137.27,136.86,135.93,132.00, 130.74, 130.03, 129.63, 128.27, 127.37,127.33, 126.83,
125.77,120.28, 119.83, 47.46, 46.04; Anal. Calcd for CpyH, F¢N,O(S, : C, 47.21;
H, 3.30; N, 4.59; S, 10.50. Found: C, 47.30; H, 3.72; N, 4.61; S, 10.44.

Synthesis of (E)-7-chloro-4-(2-(isoquinolin-1-yl)vinyl)quinoline
(33)

Cl N
1) ) 35

AcOH/Ac,0 5:2
AN MW 15W, 110°C 18 min

N

Y

2) NaHCO3 (aq)

26

A suspension of 26 (374mg, 2.61mmol) and 35 (500mg, 2.61mmol) in 2ml
of a 5:2 AcOH/ Ac,O mixture was heated in a CEM discover microwave reactor
for 18 min (Pmax=15W, 110°C, cooling off). The solution was allowed to cool to
RT observing the crystallization of a yellow solid which was suspended in 30ml
of water and filtered on an Hirsh funnel. Product was purified by crystalliza-
tion from acetone/AcOH 19:1. The crystalline solid was suspended in 100ml
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of 10% NaHCO; aqueous solution for 30min and extracted with 3 x 50ml of
CH,Cl,. The organic phase was collected, dried over Na,SO, and evaporated
under reduced pressure obtaining product as a white solid. Product was kept
for 1day in a desiccator to remove residual water (467 mg, 1.474mmol, yield
56%, m.p.: 163-164°C).

'H NMR (500MHz, CDCl,) § [ppm]: 8.97 (d, J=4.6Hz, 1H), 8.71 (d, J=15.4Hz,
1H), 8.65 (d, /=5.6Hz, 1H), 8.38 (d, /=8.5Hz, 1H), 8.33 (d, /=9.0Hz, 1H), 8.22
(d, J=15.3Hz, 1H), 8.17 (d, J=2.1Hz, 1H), 7.90 (d, J=8.2Hz, 1H), 7.76-7.73 (m,
2H), 7.70-7.67 (m, 2H), 7.57 (dd, J=9.0Hz, J=2.1Hz, 1H).

Synthesis of (E)-7-chloro-1-methyl-4-(2-(2-methylisoquinolinium-

1-yl)vinyl)quinolinium trifluoromethanesulfonate (10)

MeOTf 5.9 eq

2h @ -15°C +21h @ RT
dry MeNO,

Under N, atmosphere, MeOTf (310mg, 1.89mmol) was added to a stirred
suspension of 33 (100mg, 0.316mmol) in dry MeNO, (2ml) cooled to —15°C
with an ice/salt bath. The mixture was kept under stirring at —15°C for 2h
obtaining a clear solution, and stirred for 21h at room temperature. Product
was precipitated after addition of Et,O (5ml) and acetone (1ml), collected by
filtration on an Hirsh funnel, and dried in vacuum. Product was purified by
crystallization from EtOH (89 mg, 0.138 mmol, yield 44%, m.p.: 159.5-159.9°C).
HNMR (500 MHz, DMSO—d) § [ppm]: 9.68 (d, J=6.3Hz, 1H), 8.91 (d, J=6.8 Hz,
1H), 8.79-8.78 (m, 2H), 8.71 (d, J=9.2Hz, 1H), 8.67-8.66 (m, 2H), 8.45-8.41 (m,
2H), 8.36 (d, J=16.3Hz, 1H), 8.32 (t, J=7.7Hz, 1H), 8.20 (dd, J=9.2Hz, J=1.9Hz,
1H), 8.09 (t, /=7.3Hz, 1H),4.70 (s, 3H), 4.49 (s, 3H); Anal. Calcd for C,,HgFcN,O4S,Cl
: C,44.69; H, 2.97; N, 4.34. Found: C, 44.89; H, 3.06; N, 4.41.

Synthesis of 1,2,3,4-tetrahydroacridine-9-carboxylic acid (48)

A solution of KOH (63.0g, 1.12mol) in EtOH/H,0 1:4 (200ml) was slowly

added under stirring to a mixture of isatin (50.00g, 339.8 mmol) and cyclohex-
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o N
H N
N 1) @ 2.5eq P
| P o >
KOH
0 H,O/EtOH 4:1 58h@reflux O OH
2) AcOH 48

anone (84.00g, 849.6mmol). The obtained deep red solution was heated to re-
flux observing a colour change to pale yellow after 30 min with the formation of
a biphasic mixture. After refluxing for 58 h, water (200ml) was added followed
by AcOH till pH 4 observing the formation of a white precipitate. The mixture
was stirred for 20min, and the filtrate was collected by filtration on a Biichner
funnel washing with water 200ml, MeOH (200ml) and Et,O (50ml). Residual
solvent was evaporated under reduced pressure at 60 °C for 2days and the solid
was further dried in a desiccator over P,Og for 3days (64.13 g, 295.2mmol, yield
87%, m.p.: >300°C)

'H NMR (500MHz, DMSO—dg) ¢ [ppm]: 7.93 (d, /=8.4Hz, 1H), 7.72-7.69 (m,
2H), 7.57 (t, J=7.6Hz, 1H), 3.18 (s, 2H), 3.06 (t, J=6.6Hz, 2H), 2.90 (t, J=6.4Hz,
2H), 1.94-1.89 (m, 2H), 1.87-1.82 (m, 2H).

Synthesis of methyl 1,2,3,4-tetrahydroacridine-9-carboxylate (40)

N N

N N
> 1) DBU leq, Mel 1 eq >
toluene, 3h @ reflux
O~ OH o~ O
48 40 |

To a stirred suspension of 48 (10.00 g, 44.00mmol) and DBU (6.698 g, 44.00 mmol)

in toluene (75ml), Mel (6.245 g, 44.00mmol) was added; the mixture was stirred

at RT for 20min and then heated to reflux for 3h. The change in solution colour

to yellow and the formation of a white precipitate were observed. The mixture
was cooled to RT and filtered washing with 30ml of toluene. The filtrate was
collected, and solvent was evaporated under reduced pressure obtaining prod-
uct as a pale yellow solid (8.988¢g, 37.25mmol, yield 85%, m.p.: 68-70°C).

'H NMR (500MHz, CDCl,) ¢ [ppm]: 8.05 (d, J=8.5Hz, 1H), 7.67-7.64 (m, 2H),
7.49 (t, J=7.5Hz, 1H), 4.05 (s, 3H), 3.18 (t, J=6.6Hz, 2H), 2.93 (t, J=6.4Hz, 2H),
2.01-1.96 (m, 2H), 1.92-1.88 (m, 2H).
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Synthesis of (Z2)-2-(isoquinolin-1(2H)-ylidene)-1-(1,2,3,4-tetrahydro-
acridin-9-yl)ethanone (41)

Under N, atmosphere, in an oven dried 250ml 3-necked RBE, fitted with

reflux condenser, septum and dropping funnel, a suspension of NaH" (828g,
20.72mmol) in anhydrous DME (10ml) was prepared. A solution of freshly
distilled 26 (742mg, 5.18 mmol) and 40 (1.500g, 6.22mmol) in 20ml of anhy-
drous DME was drop wise added to the refluxing suspension of NaH. The
suspension was refluxed for a total of 46h observing the formation of a bright
yellow solution. The mixture was cooled with an ice-water bath, and AcOH
(2.50g) was added followed by 20ml of water. A yellow solid precipitated and
was filtered on a Biichner funnel washing with H,O (50ml). Product was dried
in a desiccator for 3days and crystallized from DMF (950mg, 2.70mmol, yield
52%, m.p.: 240°C (dec)).
'H NMR (500MHz, CDCls) § [ppm]: 15.96 (s, 1H), 8.09 (d, J=6.8Hz, 1H); 8.03
(d, J=8.4Hz, 1H), 7.94 (d, J=8.3Hz, 1H), 7.71 (t, J=7.1Hz, 1H), 7.66-7.62 (m,
2H), 7.51-7.48 (m, 2H), 7.42 (t, J=7.4Hz, 1H), 6.97 (d, J=6.8Hz, 1H), 6.20 (s,
1H), 3.24 (t, J=6.3Hz, 2H), 3.16-2.94 (m, 2H), 2.00 (qui, /=6.0Hz, 2H), 1.96-1.79
(m, 2H).

Synthesis of 2-(isoquinolin-1-yl)-1-(1,2,3,4-tetrahydroacridin-9-yl)-
ethanol (42)

To a stirred mixture of 41 (900mg, 2.553mmol) and Zn (501 mg, 7.661 mmol),
aqueous formic acid 50% (50ml) was added. The solution rapidly changed
its colour from orange to pale green. The mixture was kept under stirring for
20min and filtered collecting the filtrate in an ice-cooled stirred 5M NaOH solu-

tion (150ml). A white solid separated, and the mixture was kept under stirring

*NaH dispersion in paraffin was used. The reagent was carefully washed with ETP before
solvent addition
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1) Zn/HCOOH 5q) 50%

2) NaOH () 5M

for 15min. The suspension was filtered on a Biichner funnel and washed with
50ml of 5M NaOH solution followed by 100ml of deionized water. The white
solid was dried in a desiccator for 2days (256 mg, 0.722mmol, yield 28%, m.p.:
80°C (dec.)).

1H NMR (500MHz, CDCl) 6 [ppm]: 8.90 (broad s, 1H), 8.51 (d, /=5.8Hz, 1H),
8.02 (d, /=8.3Hz, 1H), 7.96 (d, J=8.5Hz, 1H), 7.87 (d, J=8.2Hz, 1H), 7.71 (t,
J=7.6Hz, 1H), 7.65 (d, J=5.8Hz, 1H), 7.62 (td, /=8.3Hz, J=1.1Hz, 1H), 7.56
(t, J=7.7Hz, 1H), 7.44 (td, /J=7.1Hz, 1.4Hz, 1H), 6.45 (d, /=10.1Hz, 1H), 4.13-
4.08 (m, 1H), 3.57 (dd, J=17.4Hz, J=2.0Hz, 1H), 3.23 (t, J=6.4Hz, 1H), 3.17 (¢,
J=6.4Hz, 2H), 1.97-1.85 (m, 6H).

Synthesis of (E)-9-(2-(isoquinolin-1-yl)vinyl)-1,2,3,4-tetrahydro-
acridine (43)

1) Ac,0, 70°C

2) NaHC03 (aq)

A suspension of 42 (200mg, 0.564mmol) in Ac,O (2ml) was heated to 60°C
in a CEM Discover Microwave reactor (Pmax=15W, cooling off) for 3h. The
formation of a white precipitate was observed. The mixture was poured in
a saturated NaHCO; solution, stirred for 20min, and extracted with 3 x 25ml
of CH,Cl,. The organic phase was collected, washed with brine, dried over
Na,SO, and evaporated under reduced pressure. The obtained brown solid
was sonicated with few ml of i-PrOH and filtered on an Hirsh funnel washing

with few ml of Et,O. Residual solvent was evaporated under reduced pressure
at 50°C (123mg, 0.366 mmol, yield 65%. m.p.: 123.4-124.6°C).
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TH NMR (500MHz, CDCl) § [ppm]: 8.65 (d, J=5.6Hz, 1H), 8.27-8.21 (m, 3H),
7.89 (d, J=8.2Hz, 1H),7.78 (d, J=15.9Hz, 1H), 7.73-7.67 (m, 3H), 7.62 (t, J=7.6 Hz,
1H), 7.49 (t, 7.4Hz, 1H), 3.27 (broad s, 2H), 3.07 (t, J=6.3Hz, 2H), 2.04-1.97 (m,
2H), 1.95-1.90 (m, 2H).

Synthesis of (E)-10-methyl-9-(2-(2-methylisoquinolinium-1-yl)-

vinyl)-1,2,3,4-tetrahydroacridinium trifluoromethanesulfonate (11)

MeOTf 2 eq

dry MeNO,
2h @-15°C + 3 days @ RT

Under N, atmosphere, MeOTf (97 mg, 0.59 mmol) was added to an ice-cooled
stirred suspension of 43 (100mg, 0.297 mmol) in dry MeNO, (0.5ml). The mix-
ture was kept under stirring at —15°C for 2h obtaining a clear solution. The
mixture was allowed to warm to RT and kept under stirring for 3days. Product
was precipitated as a pale brown solid after addition of Et,O (10ml), collected
by filtration on an Hirsh funnel and purified by crystallization from i-PrOH
(20mg, 0.030mmol, yield 10%, m.p.: 155.2-156.7°C)

'H NMR (500MHz, CD;CN) 6 [ppm]: 8.79 (d, J=8.6 Hz, 1H), 8.56 (d, J=8.4Hz,
1H), 8.52-8.48 (m, 2H), 8.44 (d, J=6.7Hz, 1H), 8.37 (d, J=8.2Hz, 1H), 8.30 (t,
J=7.9Hz, 1H), 8.23 (t, J=8.1Hz, 1H), 8.14 (t, J=7.6Hz, 1H), 8.02 (t, J=7.6Hz,
1H), 7.76 (d, J=17.0Hz, 1H), 7.49 (d, J=17.0Hz, 1H), 4.48 (s, 3H), 4.40 (s, 3H),
3.45 (t, J=6.3Hz, 2H), 3.20 (t, J=6.3Hz, 2H), 2.14-2.08 (m, 4H); 13C NMR (125.7 MHz,
CD;CN) 6 [ppm]: 160.74, 155.66, 149.74, 138.96, 138.90, 138.28, 136.80, 136.58,
134.73,132.37,132.04,129.69, 129.51, 128.79, 128.22, 127.50, 127.30, 126.04, 125.76,
119.07, 47.38, 39.36, 31.17, 28.30, 21.10, 20.51; Anal. Calcd for CogHycFcN,OS, :
C,50.60; H, 3.94; N, 4.21. Found: C, 51.05; H, 3.77; N, 4.20.

Synthesis of 9-methylacridine (14)

In a 1L 2-necked RBEF, equipped with still head and condenser, a mixture of
diphenylamine (30.00g, 177.3mmol), ZnCl, (126.2¢g, 925.9mmol) and AcOH
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H 1) AcOH, ZnCl, N
N 5h @ 215°C > NS
S S

©/ O 2) NH3 (aq)
14

(29.57g, 492.5mmol) was heated to 215°C, slowly distilling off the excess of
acetic acid. The mixture was kept at 215°C for 5h and allowed to cool to room
temperature rotating the flask to spread the material inside it. The black solid
glassy material was sonicated with NHj ,4) 33% until a brown powdery solid
was obtained. The precipitate was collected by filtration, washed with NHj
33% and transferred in a flask containing 500ml of CH,Cl,. The mixture was
stirred for 15min, filtered to eliminate the insoluble material and washed with
5 x 50ml of saturated NaHCO; aqueous solution. The organic phase was col-
lected, dried over Na,SO, and evaporated under reduced pressure. The ob-
tained solid material was crystallized 3 times from EtOH/water 1:1 removing
the black oil which separated at the beginning by hot filtration, and cooling the
mixture to —18°C. Product was recovered by filtration as pale yellow needles,
and dried in a desiccator for 3days (18.63g, 96.4mmol, yield 54%, m.p.: 115-
116°C).

'H NMR (500MHz, DMSO—d,) § [ppm]: 8.39 (d, /=9.1Hz, 2H), 8.14 (d, /=8.6Hz,
2H), 7.84 (t, J=7.6Hz, 2H), 7.63 (t, J=7.2Hz, 2H), 3.13 (s, 3H).

Synthesis of 9,10-dimethylacridinium (13)

| @Tf
N N
O S O MeOTf 1.2 eq O O O
> ¥
7 dry toluene
14 13

Methyltrifluoromethane sulphonate (5.095g, 31.05mmol) was added drop
wise to a solution of 13 (4.000g, 20.70mmol) in 30ml of dry toluene. Colour
turned from pale yellow to greenish yellow and a yellow precipitate was formed.
After 24h stirring at room temperature, the suspension was filtered under re-
duced pressure to give product 13 as a yellow powder (5.120g, 14.33mmol,
69%).
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THNMR (200MHz, DMSO—dy) § [ppm]: 8.92 (d, J=8.5Hz, 2H), 8.75 (d, J=8.7Hz,
2H), 8.42 (t, J=7.8Hz, 2H), 8.02 (t, J=7.1Hz, 2H), 4.81 (s, 3H), 3.50 (s, 3H).

Synthesis of 1,2-bis(10-methylacridin-9(10H)-ylidene)ethane (109)

|(§)Tf
| AN g\ piperidine
s EtOH, 12h reflux
13

A suspension of derivative 13 (6.454g, 18.00mmol) in EtOH (100ml) was

heated at the reflux temperature till complete dissolution of the suspended ma-
terial was achieved. Piperidine (6ml) was added drop wise to the refluxing
solution observing a gradual turning of the color from yellow to deep red. Af-
ter a total 12h at the reflux temperature the red suspension was cooled to room
temperature and the red precipitate was filtered off under reduced pressure.
The crude product was dissolved in 70ml of toluene and filtered through a
short silica plug. The filtrate was collected and the solvent was removed un-
der reduced pressure obtaining product 109 as a red crystalline solid (1.561¢g,
3.77mmol, 42%).
'H NMR (500MHz, C¢Dy) 6 [ppml]: 8.18 (dd, J=7.7Hz, J=1.4Hz, 2H), 7.88 (dd,
J=7.7Hz, J=1.2Hz, 2H), 7.50 (s, 2H), 7.29-7.26 (m, 2H), 7.19-7.14 (m, 4H), 7.01
(t, J=7.8Hz, 2H), 6.74 (d, J=8.3Hz, 2H), 6.66 (d, J=8.2Hz, 2H), 2.86 (s, 6H);
13C NMR (125.7MHz, C¢Dy) 6 [ppm]: 142.83, 141.16, 132.03, 129.19, 128.24,
127.40, 124.71, 123.54, 122.02, 121.47, 120.34, 112.67, 112.60, 32.92; Anal. Calcd
for C5pH,4N,-2H,0 : C, 80.33; H, 6.29; N, 6.25. Found: C, 80.27; H, 5.75; N,
6.82.

Chemical oxidation of 1,2-bis(10-methylacridin-9(10H)-ylidene)-
ethane (1%))

Under N, atmosphere, a solution of Fe(OTs); (276 mg, 0.485mmol) in 5ml of
anhydrous THF were dropwise added to a solution of 1 (100mg, 0.424mmol)

in the same solvent. The solution immediately turned orange and the formation
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2eq. Fe(OTs)3

anhydrous THF
RT

OTs

of a precipitate was observed after 10min. The mixture was stirred for 2h. The
precipitate was collected by filtration and washed with THEF. Residual solvent
was evaporated under reduced pressure obtaining product as a yellow solid
(20mg, 0.026 mmol, yield 6%)

'H NMR (500MHz, DMSO—dg) § [ppm]: 8.95 (m, 8H), 8.53 (m, 6H), 8.05 (m,
4H), 7.43 (d, J=7.9Hz, 4H), 7.10 (d, J=7.9 Hz, 4H), 4.98 (s, 6H), 2.25 (s, 6H).

Synthesis of 1,4-dimethylquinolinium iodide (18)

| o
N N
N @\
_ Mel N P
MW 30W,100°C 4 min.
110 18

A mixture of 110 (1.000g, 6.98mmol), Mel (3.960g, 27.9mmol) was heated
in a CEM Discover microwave reactor for 4min (Pmax=30W, 100°C, cooling
off), and cooled to RT. The pale yellow solid product was washed with toluene
and filtered on a Biichner funnel, washing with more toluene and then with

Et,O. Residual solvent was evaporated under reduced pressure (0.4torr) at
40°C (1.783g, 6.25mmol, yield 90%, m.p.:176-177°C).

Synthesis of (E)-1-methyl-4-(2-(quinolin-4-yl)vinyl)quinolinium
iodide (19)

A mixture of 18 (1.200g, 4.21 mmol) and quinoline-4-carboxyaldehyde (728 mg,
4.631mmol) ini MeOH (5ml) was heated to reflux, and piperidine (2 drops) was

added. The mixture was heated to reflux for 1h obtaining a red solution. The

222



A.3 - Synthetic procedures

| ¢ Ns
N © =
@\
= 0’ _
piperidine
MeOH 3h reflux
18

mixture was allowed to cool to room temperature; the volume was reduced
to 3ml evaporating the solvent under reduced pressure and refluxed again for
more 2h. The solution was cooled with an ice-water bath obtaining a precipi-
tate which was filtered on an Hirsh funnel and washed with cold MeOH and
Et,O. Residual solvent was removed under reduced pressure at 50°C. Product
was recovered as an orange solid (336 mg, 0.792mmol, yield 19%, m.p.: 227°C
(dec.)).

TH NMR (500MHz, DMSO—dg) § [ppm]: 9.53 (d, J=6.4Hz, 1H),9.10 (d, /=8.5Hz,
1H), 9.07 (d, J=4.6Hz, 1H), 8.90-8,87 (m, 2H), 8.69 (d, /=8.4Hz, 1H), 8.65 (d,
J=15.8Hz, 1H), 8.53 (d, /=8.9Hz, 1H), 8.35-8.31 (m, 2H), 8.14-8.10 (m, 2H), 7.87
(t, J=7.1Hz, 1H),7.77 (t, J=7.2Hz, 1H), 4.64 (s, 3H).

Synthesis of (E)-4,4’-(ethene-1,2-diyl)bis(1-methylquinolinium)

trifluoromethanesulfonate (6)

| 1 | @OTf
N © N
| 1® B
N N
MeOTf 2.6 eq
>
Z 3h @ -15°C + 12h @ RT Z
% dry MeNO» %
< 19 < 6
' N
QT
€]

Under N, atmosphere, MeOTf (200mg, 1.219mmol) was added to a stirred
suspension of 19 (200mg, 0.471mmol) in dry MeNO, (7ml) cooled to —15°C
with an ice/salt bath. The mixture was kept under stirring at —15°C for 3h
and stirred overnight at room temperature. After a while a clear solution was

obtained but later precipitation of a yellow solid was observed. More product
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was precipitated after addition of Et,O, collected by filtration on an Hirsh fun-
nel, and dried in vacuum (250 mg, 0.409mmol, yield 87%).

'H NMR (500MHz, DMSO—d,) § [ppm]: 9.64 (d, J=6.4Hz, 2H),9.14 (d, /=8.3Hz,
2H), 8.99-8.98 (m, 4H), 8.60 (d, J=8.9Hz, 2H), 8.38 (t, J=8.1Hz, 2H), 8.19 (t,
J=7.5Hz, 2H), 4.69 (s, 6H); '3C NMR (125.7 MHz, DMSO—dg) 6 [ppm]: 150.58,
149.57,139.32,135.85, 133.19, 130.52, 127.43, 127.03, 120.24, 119.72, 45.89.

Synthesis of 1,2-dimethylquinolinium iodide (20)

= MW 20W,140°C 8 min. a

111 20

A mixture of 111 (1.000g, 6.98mmol), Mel (3.960g, 27.9mmol) was heated
in a CEM Discover microwave reactor for 8min (Pmax=20W, 140°C, cooling
off), and cooled to RT. The pale yellow solid product was washed with toluene
and filtered on a Biichner funnel, washing with more toluene and then with
Et,O. Residual solvent was evaporated under reduced pressure (0.4torr) at
40°C (1.452g, 5.09mmol, yield 73%, m.p.: 197°C (dec.)).

THNMR (500 MHz, DMSO—dg) § [ppm]: 9.10 (d, /=8.5Hz, 1H), 8.60 (d, /=9.0Hz,
1H), 8.40 (d, /=8.1Hz, 1H), 8.24 (t, /=8.13Hz, 1H), 8.12 (d, /=8.5Hz, 1H), 8.00
(t, J=7.7,1H), 4.45 (s, 3H), 3.08 (s, 3H).

Synthesis of (E)-1-methyl-2-(2-(quinolin-4-yl)vinyl)quinolinium
iodide (21)

o piperidine
! MeOH 2h reflux

A mixture of 20 (1.200g, 4.21 mmol), quinoline-4-carboxyaldehyde (728 mg,
4.631mmol) and piperidine (3 drops) in MeOH (8 ml) was heated to reflux for
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2h. The solution was cooled with an ice-water bath obtaining a greenish precip-
itate which was filtered on an Hirsh funnel and washed with cold MeOH and
Et,0. Residual solvent was removed under reduced pressure (1.87g, 2.56 mmol,
yield 61%).

H NMR (500MHz, DMSO—d,) § [ppm]: 9.27 (d, J=8.8 Hz, 1H),9.10 (d, J=4.5Hz,
1H), 8.91-8.86 (m, 2H), 8.68-8.66 (m, 2H), 8.47 (dd, /=8.1Hz, J=1.2Hz, 1H), 8.30-
8.24 (m, 3H), 8.15 (d, J=8.4Hz, 1H), 8.05 (t, /=7.6Hz, 1H), 7.89 (t, J=7.7Hz,
1H), 7.79 (t, J=7.6Hz, 1H), 4.68 (s, 3H); '3C NMR (125.7MHz, DMSO—d,)
d [ppm]: 155.75, 150.93, 148.82, 145.55, 140.41, 139.97, 139.71, 135.88, 130.69,
130.48,130.20, 130.04, 128.95, 127.95,126.50, 125.95, 124.68, 122.85, 120.04, 119.46,
41.07.

Synthesis of (E)-1-methyl-4-(2-(1-methylquinolinium-2-yl)vinyl)-

quinolinium trifluoromethanesulfonate (3)

MeOTf 2 eq

3h@ 0°C +12h @ RT
dry MeNO»,

Under N, atmosphere, MeOTf (700mg, 4.26 mmol) was added to a stirred
suspension of 21 (900mg, 2.12mmol) in dry MeNO, (15ml) cooled to 0°C with
an ice bath. The mixture was kept under stirring at 0°C for 3h, and stirred
overnight at room temperature. After a 15min a clear solution was obtained
but later precipitation of a yellow solid was observed. More product was pre-
cipitated after addition of Et,0, collected by filtration on an Hirsh funnel, and
dried in vacuum (1.137 g, 1.86mmol, yield 88%, m.p.: 266-268 °C).

'H NMR (500MHz, CD5CN) 6 [ppm]: 9.22 (d, J=6.2Hz, 1H), 9.18 (d, /=8.6Hz,
1H), 8.77 (d, J=8.6Hz, 1H), 8.58 (d, J=15.9Hz, 1H), 8.53-8.45 (m, 4H), 8.43 (d,
J=8.2Hz, 1H), 8.38-8.30 (m, 2H), 8.22 (d, J=15.9Hz, 1H), 8.16 (t, J=7.4Hz, 1H),
8.09 (t, J=7.7Hz, 1H), 4.65 (s, 3H), 4.62 (s, 3H); '3C NMR (125.7MHz, CD;CN)
0 [ppm]: 154.67, 150.66, 149.05, 146.70, 139.88, 139.24, 136.67, 136.40, 135.99,
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131.58,130.71,130.65, 130.36, 129.47, 127.54,126.53,122.80, 119.77,119.47, 119.07,
45.96, 41.01.

Synthesis of (E)-1-methyl-2-(2-(quinolin-2-yl)vinyl)quinolinium
iodide (15)

N~
O BT
| Z
Z = >
N piperidine
| “©,  MeOH 2h reflux

A mixture of 20 (824 mg, 2.89mmol), quinoline-2-carboxyaldehyde (500mg,
3.18mmol) and piperidine (2 drops) in MeOH (8ml) was heated to reflux for
2h. The solution was cooled with an ice-water bath obtaining an orange precip-
itate which was filtered on an Hirsh funnel and washed with cold MeOH and
Et,O. Residual solvent was removed under reduced pressure at 50°C (596 mg,
1.405mmol, yield 49%, m.p.: 220°C (dec.)).

'HNMR (500MHz, DMSO—dg) § [ppm]: 9.22 (d, /=8.8 Hz, 1H), 8.71 (d, /=8.8 Hz,
1H), 8.66 (d, J=9.0Hz, 1H), 8.59 (d, J=8.5Hz, 1H), 8.46-8.43 (m, 2H), 8.30-8.23
(m, 3H), 8.14 (d, /=8.5Hz, 1H), 8.08 (d, /=8.1Hz, 1H), 8.04 (t, /=7.6Hz, 1H),
7.87 (td, J=7.0Hz, J=1.2Hz, 1H), 7.71 (t, J=7.5Hz, 1H), 4.67 (s, 3H); 3C NMR
(125.7MHz, DMSO—dg) 6 [ppm]: 156.05, 153.60, 148.11, 145.64, 145.61, 139.75,
137.85,135.86, 131.06, 130.70, 129.96, 129.72, 128.88, 128.54, 128.46, 128.40, 125.16,
122.38,121.99, 119.96, 40.96.

Synthesis of (E)-1-methyl-4-(2-(1-methylquinolinium-2-yl)vinyl)-

quinolinium trifluoromethanesulfonate (7)

Under N, atmosphere, MeOTf (464 mg, 2.83 mmol) was added to a stirred sus-
pension of 15 (400mg, 0.94mmol) in dry MeNO, (4ml) cooled to —15°C with
an ice bath. The mixture was kept under stirring at —15°C for 2h, and stirred
overnight at room temperature. After a 15min a clear solution was obtained.
More product was precipitated after addition of Et,O, collected by filtration on
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MeOTf 3.0 eq

I
2h @ -15°C + 20h @ RT
dry MeNO»,

an Hirsh funnel, dried in vacuum and crystallized twice from EtOH (91mg,
0.149mmol, yield 16%, m.p.: 287-288°C).

'H NMR (500MHz, CD;CN) § [ppm]: 9.20 (d, J=8.6Hz, 2H), 8.53 (d, /=9.0Hz,
2H), 8.44 (dd, J=8.2Hz, J=1.1Hz, 2H), 8.42 (J=8.6Hz, 2H), 8.34 (t, /=8.12Hz,
2H), 8.18 (s, 2H), 8.10 (t, J=7.4Hz, 2H), 4.62 (s, 6H); 3C NMR (125.7 MHz,
CDs;CN) 6 [ppm]: 153.97, 147.20, 140.00, 136.74, 134.94, 130.83, 130.65, 129.78,
122.98,119.19, 41.34.

Synthesis of (E)-1-methyl-4-(2-(pyridin-4-yl)vinyl)pyridinium tri-

fluoromethanesulfonate (112)

ILGOTf
N
N P4
| ©° 0 > L 112
Z piperidine
EtOH reflux 15 min
z
|
N

A mixture of 1,4-dimethylpyridine (5.000g, 19.40mmol) and pyridine-4-carb-
oxyaldehyde (3.05g, 28.45mmol) in EtOH (5ml) was heated to reflux, and piperi-
dine (1.1ml, 948 mg, 11.1mmol) was drop wise added. The resulting red /purple
solution was refluxed for 15min, and cooled with an ice-water bath obtaining
a precipitate. The mixture was filtered on an Hirsh funnel, and washed with
cold EtOH. Product was purified by crystallization from EtOH, filtered and
washed with CHCl;. Residual solvent was removed under reduced pressure
at 50°C obtaining product as a white solid (2.687 g, 7.76 mmol, yield 40%, m.p.:
217-218°C).
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'H NMR (500MHz, DMSO—dy) ¢ [ppm]: 8.94 (d, J=6.7Hz, 2H), 8.71 (d,
J=6.0Hz, 2H), 8.29 (d, J=6.7Hz, 2H), 7.96 (d, J=16.4Hz, 1H), 7.77 (d, J=16.4Hz,
1H), 7.67 (d, J=6.0Hz, 2H), 4.30 (s, 3H); '3C NMR (500MHz, DMSO—d,) ¢
[ppm]: 151.89, 151.03, 145.99, 142.63, 138.12, 128.20, 124.76, 122.20, 47.70.

Synthesis of (E)-1-hexyl-4-(2-(1-methylpyridinium-4-yl)vinyl)pyridin-

ium trifluoromethanesulfonate iodide (2)

O]
0
3

OoTf

zZ—

1-iodohexane 2eq. 2

112 > XN
MeCN, 5h reflux

7N 7\ Y

Under N, atmosphere, to a refluxing solution of 112 (1.00g, 2.89mmol) in
MeCN (10ml) a solution of 1-iodohexane (1.22g, 5.75mmol) in 2ml of anhy-
drous MeCN was drop wise added. The mixture was refluxed for 5h and cooled
to room temperature observing the formation of a reddish precipitate. The solid
product was collected by filtration, and washed with Et,O (949mg, 1.70mmol,
yield 59%, m.p.: 247°C (dec.)).

TH NMR (500MHz, DMSO—d,) § [ppm]: 9.14 (d, J=6.8 Hz, 2H),9.04 (d, /=6.7 Hz,
2H), 8.36 (d, J=6.7Hz, 2H), 8.33 (d, /=6.7Hz, 2H), 8.12 (s, 2H), 4.59 (t, /=7.4Hz,
2H), 4.35 (s, 3H), 1.95 (t, J=6.4Hz, 2H), 1.31 (broad s, 6H), 0.88 (t, /=6.8Hz,
3H); 13C NMR (125.7 MHz, DMSO—dy) ¢ [ppm]: 150.90, 150.49, 146.44, 145.56,
134.46,134.26, 125.94, 125.54, 60.87, 48.14, 31.02, 30.98, 25.53, 22.31, 14.30.

Synthesis of (2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl 4-

methylbenzenesulfonate (94)

Under N, atmosphere, to an ice-cooled suspension of Me;N - HC1 (3.325 g, 34.8 mmol)
and EDOT-MeOH (58) (mixture of isomers 80:20 , 40.00g, 232.3mmol) in dry
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HO OH TsO
TsCl
o) O (@) @) > 0O @]
EtsN, MesN HCI cat. 94
7\ t )\ CH,Cl, 0-5 °C 3,5h 7\
S 58 S S

isomers mix 80:20

CH,Cl, (80ml), TsCl (53.07, 278.4mmol) was added portion wise under stir-
ring. After 10min Et;N (35.2¢g, 348 mmol) was added drop wise and the mix-
ture was stirred at 0°C for 3.5h. The mixture was allowed to warm to RT, and
CH,Cl, (100ml) was added. After stirring for 15min at RT, water (100ml) was
added to the mixture followed by HCl,q) 10% till pH 2. The organic phase was
collected, and the aqueous one was extracted with further 100ml of CH,Cl,.
The organic phases were washed with HCl,,) 5% (50ml) followed by a satu-
rated NaHCO; aqueous solution. The organic solution was dried over Na,SO,
and evaporated to dryness obtaining a brown solid. The obtained solid was
crystallized twice from MeOH obtaining pure product as colourless crystals
(39.596¢g, 121.3mmol, yield 65%, m.p.: 93.5-94.0°C).

'H NMR (500MHz, CDCl;) § [ppm]: 7.80 (d, J=6.7 Hz, 2H), 7.36 (d, J=7.9Hz,
2H), 6.31 (d, J=3.6Hz, 1H), 6.26 (d, J=3.6Hz, 1H), 4.38-4.34 (m, 1H), 4.24-4.22
(m, 1H), 4.19-4.14 (m, 2H), 4.04-4.01 (m, 1H); '*C NMR (125.7MHz, CDCl,) §
[ppm]: 145.46, 141.00, 140.45, 132.37, 130.13, 128.16, 100.35, 70.86, 67.00, 65.04,
21.83; Anal. Calcd for C14H1405S,: C, 51.52; H, 4.32. Found: C, 51.50; H, 4.59.

Synthesis of 2-methylene-2,3-dihydrothienol[3,4-b][1,4]dioxine
(95)

TsO
KO'Bu /—(
o @] > O O
anhydrous THF
Z/ \§ 2h @ RT 2/ \§
S 94 S 95

Under nitrogen atmosphere, to a stirred solution of 94 (10.02 g, 30.638 mmol)
in anhydrous THF (50ml), a solution of KOt-Bu (3.95mg, 35.233 mmol) in THF
(60ml) was drop wise added under stirring. After 15min the formation of a

white precipitate was observed, 70ml of THF were added and the mixture was
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stirred at RT for 2h. ETP (200ml) was added, and the mixture was extracted
with 4 x 100ml of brine. The organic phase was collected, dried over Na,SO,,
and evaporated to dryness. The obtained liquid product was purified by fil-
tering on a silica plug (5iO,, eluent: ETP/Et,O 8:1). Product was obtained
as a colourless liquid after solvent removal under reduced pressure (4.139¢g,
27.17mmol, yield 87%).

'H NMR (500MHz, CDCly) 6 [ppm]: 6.44 (d, J=3.6Hz, 1H), 6.39 (d, J=3.6Hz,
1H), 4.77 (d, J=1.93Hz, 1H), 4.49 (d, J=0.49Hz, 2H), 4.42 (d, J=2.09Hz 1H); 13C
NMR (125.7MHz, CDCly) 6 [ppm]: 149.71, 142.02, 140.74, 100.64, 100.06, 92.74,
65.38; Anal. Calced for C;HO,S-3H,0: C, 52.48; H, 4.19. Found: C, 52.58; H,
4.20.

Synthesis of 2-methoxy-2-methyl-2,3-dihydrothieno[3,4-b][1,4]-
dioxine (97)

/—( PTSA cat. /_ko\

(0] O 'O 0]

anhydrous MeOH
]\ 15h reflux 2/ \S
95 97

S

Under nitrogen atmosphere, a deaerated solution of 95 (300mg, 1.945mmol)

and anhydrous PTSA (55.5mg, 0.322mmol) in anhydrous MeOH (100ml) was
refluxed for 15h. The mixture was cooled to RT and saturated NaHCOj3
(5ml) was added. The volume was reduced to 10ml evaporating the solvent
under reduced pressure, and Et,O (5ml) was added. The organic phase was
collected, washed 2 x 10ml NaHCO; 4y and brine (10ml). The solution was
dried over MgSO, and evaporated under reduced pressure obtaining a pale
yellow solid. Product was purified by column chromatography (SiO,, eluent:
Et,O/ETP 2:1) obtaining product as a white solid after solvent removal (198 mg,
1.06 mmol, yield 54%, m.p.: 63-64°C).
'H NMR (500MHz, CDCl,) § [ppm]: 6.35 (s, 2H), 4.10 (d, J=11.25Hz, 1H), 3.85
(d, J=11.28Hz, 1H), 3.36 (s, 3H), 1.49 (s, 3H); *C NMR (125.7MHz, CDCl,) ¢
[ppm]: 140.94, 140.13, 100.36, 99.78, 96.49, 70.15, 49.48, 18.91; Anal. Calcd for
CgH;¢05S: C, 51.60; H, 5.41. Found: C, 51.61; H, 5.60.

230



A.3 - Synthetic procedures

Synthesis of 2-ethoxy-2-methyl-2,3-dihydrothienol[3,4-b][1,4]di-

oxine (98)

/—( EtOH 2eq /_kox/
PTSA cat.
/B anhydrous toluene 2/ \S
95  4hreflux 08

Under nitrogen atmosphere, a deaerated solution of 95 (294mg, 1.91mmol),
EtOH (179mg, 3.89mmol) and anhydrous PTSA (55.5mg, 0.322mmol) in an-

hydrous toluene (100ml) was refluxed for 4h. The mixture was cooled to RT

and saturated NaHCOj3(,q) (5ml) was added. The organic phase was washed
2 x40ml NaHCO;3 () and brine (40ml). The solution was dried over Na;SO,,
and evaporated under reduced pressure obtaining a pale yellow solid. Product
was purified by column chromatography (5iO,, eluent: Et,O/ETP 1:2) obtain-
ing product as a white solid after solvent removal (109mg, 0.544mmol, yield
28%, m.p.: 49-50°C).

'H NMR (500MHz, CDCl;) § [ppm]: 6.34 (d, /=3.65Hz, 1H), 6.32 (d, J=3.63Hz,
1H), 4.10 (d, J=11.19Hz, 1H), 3.84 (d, J=11.20Hz), 3.68 (m, 2H), 1.50 (s, 3H),
1.12 (t, J=7.11Hz, 3H); *C NMR (125.7MHz, CDCl;) § [ppm]: 141.02, 140.39,
100.07, 99.55, 96.49, 70.29, 57.57, 10.76, 15.60; Anal. Calcd for CoH;,035: C,
53.98; H, 6.04. Found: C, 54.45; H, 5.79.

Synthesis of 2-(hex-5-enyloxy)-2-methyl-2,3-dihydrothieno[3,4-
bl[1,4]ldioxine (99)

/—( 5-hexen-1-ol 1.7eq /_ko\/\/\/

PTSA cat.
2/ \g anhydrous toluene 2/ \S
95 2h@65°C 99

S S

Under nitrogen atmosphere, a deaerated solution of 95 (300mg, 1.95mmol),
5-hexen-1-ol (333mg, 3.33mmol) and anhydrous PTSA (55.5mg, 0.322mmol)
in anhydrous toluene (50ml) was heated for 2h at 65°C on a water bath. The
mixture was cooled to RT and saturated NaHCOj3 (,q) (5ml) was added. The or-
ganic phase was washed 2 x 10ml NaHCOj3 ) and brine (20ml). The solution

was dried over Na,SO, and evaporated under reduced pressure obtaining a red
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oil. Product was purified by column chromatography (5iO,, eluent: Et,O/ETP
1:2) obtaining product as a colourless oil after solvent removal under reduced
pressure (208 mg, 0.818 mmol, yield 42%).

THNMR (500MHz, CDCl5) § [ppm]: 6.33 (d, J=3.65Hz, 1H), 6.32 (d, /=3.66Hz,
1H), 5.71 (m, 1H), 4.92 (m, 2H), 4.09 (d, J=11.11Hz, 1H), 3.84 (d, /=11.21Hz,
1H), 3.60 (m, 2H), 1.95 (m, 2H), 1.49 (m, 2H), 1.48 (s, 1H), 1.26 (m, 2H); 13C
NMR (125.7MHz, CDCl3) 6 [ppm]: 141.11, 140.35, 138.83, 114.49, 100.18, 99.40,
96.34, 70.30, 61.58, 33.39, 29.19, 25.20, 19.66; Anal. Calcd for C3H;3O035: C,
61.39; H, 7.13. Found: C, 61.73; H, 7.10.

Synthesis of 2-(hexyloxy)-2-methyl-2,3-dihydrothienol[3,4-b]1[1,4]-
dioxine (100)

/—( 1-hexanol 1.5eq /_ko\/\/\/

PTSA cat.
/B anhydrous toluene 2/ \S
05 2h @ 60°C 100

S

Under nitrogen atmosphere, a deaerated solution of 95 (300mg, 1.95mmol),

1-hexanol (298 mg, 2.918 mmol) and anhydrous PTSA (55.5mg, 0.322mmol) in
anhydrous toluene (50ml) was heated for 2h at 60°C on a water bath. The
mixture was cooled to RT and saturated NaHCOj3 (,q) (5ml) was added. The or-
ganic phase was washed 2 x 10ml NaHCOj3 (,4) and brine (20ml). The solution
was dried over Na,SO, and evaporated under reduced pressure obtaining a red
oil. Product was purified by column chromatography (SiO,, eluent: Et,O/ETP
1:4) obtaining product as a colourless oil after solvent removal under reduced
pressure (388mg, 1.279mmol, yield 66%).
'H NMR (500MHz, CDCl;) § [ppm]: 6.33 (d, /=3.61Hz, 1H), 6.31 (d, J=3.65Hz,
1H),4.09 (d, J=11.20Hz, 1H), 3.84 (d, /=11.11Hz, 1H), 3.59 (m, 2H), 1.49 (s, 3H),
1.49-1.45 (m, 2H), 1.17 (m, 6H), 0.83 (t, J=7.05Hz, 3H); 3C NMR (125.7 MHz,
CDCly) 6 [ppm]: 141.12, 140.39, 100.14, 99.37, 96.34, 70.32, 61.84, 31.57, 29.77,
25.67,22.70, 19.67, 14.12; Anal. Calcd for C;3H,7053S: C, 60.91; H, 7.86. Found:
C,61.01; H, 8.28; N, 0.44.
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PTSA cat.
/B anhydrous toluene 7\
g5  45min @ 90°C 26

S

Synthesis of 2-methylthieno[3,4-b][1,4]dioxine (96)

Under nitrogen atmosphere, a deaerated solution of 95 (360mg, 2.334mmol)
and anhydrous PTSA (25mg, 0.145mmol) in anhydrous toluene (35ml) was
heated for 45min at 90°C on a water bath. The mixture was cooled to RT, fil-
tered to remove the insoluble material, and washed 2 x 10ml NaHCO; o) and
brine (20ml). The organic phase was dried over Na,SO, and evaporated un-
der reduced pressure obtaining product as a colourless oil (160mg, 1.037mmol,
yield 45%).

'H NMR (500MHz, CDCl3) § [ppm]: 6.27 (d, J=3.70Hz, 1H), 6.23 (d, J=3.6Hz,
1H), 5.76 (d, J=1.40Hz, 1H), 1.73 (d, J=1.39Hz, 3H); 13C NMR (125.7 MHz,
CDCl;) 6 [ppm]: 139.90, 139.16, 132.86, 119.99, 100.62, 100.39, 14.83.

Synthesis of 11-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl-

thio)undecanoic acid (101)

{ 10°H
11-mercaptoundecanoic acid D

@) O > @) O

CD30D
]\ DMPA cat. 2/ \S
95 hv 354nm 20h

S

In a NMR tube, a solution of 95 (68 mg, 0.446 mmol), 11-mercaptoundecano-

ic acid (102mg, 0.469 mmol) and 2,2-dimethoxy-1,2-diphenylethanone (DMPA)
(1.66mg, 4.4pumol) in CD;0D (0.7 ml) was irradiated for a total of 20h at 354nm
using an handheld UV lamp. The reaction was monitored using NMR spec-
troscopy observing a conversion higher than 90%.
HNMR (500MHz, CD;0D) § [ppm]: 6.36 (d, /=3.70Hz, 1H); 6.35 (d, J=3.6 Hz,
1H), 4.25 (d, J=11.6425, 1H), 4.03 (d, J=11.6Hz, 1H), 2.82 (d, J=14.0Hz, 1H),
2.72 (d, J=14.1Hz, 1H), 2.62 (m, 2H), 2.29 (m, 2H), 1.63-1.57 (m, 4H), 1.42-1.32
(m, 12H).
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Synthesis of (3-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl-
thio)propyl)trimethoxysilane (102)

i(OMe)g

/—/( HS™ > si(OMe)s g—\

@) O

DMPA cat.
Z/ \g hv 354nm h z_ﬁ
95

S

Y
o
o

In a test tube, a mixture of 95 (149.4mg, 0.969mmol), (3-Mercaptopropyl)-

trimethoxysilane (MPTMS) (190.4mg, 0.970mmol) and 2,2-dimethoxy-1,2-di-
phenylethanone (DMPA) (2.20mg, 8.58 umol) was irradiated for 20min at 354nm
using an handheld UV lamp. Product was recovered as a pale yellow 0il (339.8 mg,
0.97mmol, quantitative yield)
'H NMR (500MHz, CDCls) & [ppm]: 6.33 (s, 2H), 4.27-4.24 (m, 2H), 4.05 (dd,
J=11.35, J=6.7Hz, 1H), 3.57 (s, 9H), 2.84 (dd, J=13.87Hz, J=5.5Hz, 1H), 2.70
(dd, J=13.8Hz, J=7.5Hz, 1H), 2.63 (td, J=7.2Hz, J=2.2Hz, 2H), 1.73 (quin,
J=7.8Hz, 2H), 0.76 (t, J=8.3Hz, 2H).
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