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INDOLIZINE-BASED DYES FOR DYE-SENSITIZED SOLAR CELL

GOVERNMENT SUPPORT

This mvention was made with govermment support under award number EPS 0803787 awarded

by the National Science Foundation. The government has certain rights in the invention.

TECHNICAL FIELD

The presently-disclosed subject matter relates to compounds for use as sensitizer dyes i dye-
sensitized solar colls. In particolar, the prosontly-disclosed subject matter relates to indolizine-based

sensitizers for ase in dye-sensitized solar cells:

Thus, the present mvention generally relates to visible absorbing or near infrared orgame dyes

for a dye-sensitized solay cell

Additionally, the present invention generally relates fo an organic dye for a dye-sensitized solar
celf that comprises a donor-n-bridge acceptor configuration.

~

Additionally, the present mvention relates to DCS devices with a fully conjugated planar

nitrogen~contaning donor, indolizine, in model visible hight absorbing systems.

Additionally, the present invention relates to a dye-sensiiized solar coll that comprises a dve of

the present invention.

Additonally, the present invention related to efficient DA dves.

BACKGROUND AND SUMMARY OF THE INVENTION

Dye-sensitized solar cells (DSCs) have undergone continuous improvements since theiy
introduction in 1991, DSCs have already extonded mnto the solar energy conversion market due to their
high selar-to-vlectric power conversion efficiencics (PCEs) and relative affindability. Despite thewr
suceess so far, soveral key aspeets of DSCs could benefit from additional improvements, including
conversion of pear-IR (NIR) photons and price of sensitizers. Ofien cited as cost-effective alternatives
to motal-based sonsitizers, organic sensitizers have been a key focas within DSC dovelopment. These

sensitizers have tunability and have been demonstrated to productively withze NIR photons ap to 1000
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. Organie sensitizers have seon continuaus improvements eading {0 PUEs of >-12% sinee the
inception of DSCs,

The most common orgamic dye structure is the donor-n bridge~acceptor (D-n-A) configuration.
Research with regard to the donor fragment has proven instramental in increasing organic sensitizer-
based DSC PCE values to >10%. High-efficiency NiR absorbing D-n-A dyves require balanced donor
and acceptor strengths to avoid non-beneficial encrgy level perturbations. Frequently, strongly clectron
deficient motifs (acceptors) result in excited-state oxidation potentials that ave too stabibized for electron
mjection into the Ti0: conduction band (CB) rendering these dyes non-fumctional. Accordingly, there
is a need for stronger organic clectron-donor materials to be matched with many of the conmmon
clectron deficient DISC n-bridge-acceptor motifs. Embodiments of the present invention help meet these
needs with fully-conjugated planar nitrogen-contaming donor, indolizine, in model visible hght

absorbing svstems (Figure 1}

Nearly all organic sensitizers with > 1% PCE utilize arylamine donors, cither as triphenylamine,
diphenylamine, or indohine. However, these donor systems ave not ideal sinee the electron donation
strength 1s nutigated by three main factors: {13 weak donation directionality to the dve acceptor, (2)
large energy barners to charge transfer due to the breaking of phenyl resonance stabilization energy to
access the dye excited-state, and {3} non-optimal nitrogen lone pair orbital alignment with the dye -
comjugated system dug to sterically tnduced twist angles. These mitigating factors van be substantially
reduced through designing planar, fully-conjugated nitrogen-contaming donor butdding blocks for dyes,
such as mdolizine-based donors. When compared computationatly to wiphenyvianune {TPA) mnd
diphenylamine {or indoline) based donors, dramatic improvements 1n mirogen-substituent twist angles
arc observed. TPA shows a substantial 43° dihedral angle and indoline shows a significantly mnproved

23° dihedral angle. However, mdolizine shows an ideal planar nitrogen-substituent bond angle
Additionally, the nitrogen fone-pair of indolizine may donate either into the 6 or S~member ring and
produstively deliver the donated clectron pair to the w-bridge according 0 valence bond theory which
mmproves donr divectionahty. Given these desirable propertics and a remarkably rapid, high~yielding
donor synthesis (1-step in many cases), embodiments of the present invention melode dyves with
indolizine donors for comparison to the propertics of TPA and mdoline donor-based dves with identical

simple 2-bridges and acoeptors to clearly iHlustrate the effects of changing donor functionality.

BRIEF DESCRIPTION OF THE FIGURES

3
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Figure 1 shovws examples indolizine-based donors of the preseat imvention with D-a-A dye
cotponcnts (top) with a comnmon thiophene w-bridge-cvancacrylic acid acceptor (T-CAA, bottom
right). Conwnon all-organic donor functionality (bottom left) wath mtrogen-aryt bond dihedral angles

calculated after DFT geometry optimization with & BALYP functonal and 6-311G{d.p) basis set.
figare 2 shows absorption spectra of dyes AH2-AHG measured i 0.05% AcOH and CHCL.

Figure 3 shows a) structwres a dve of the present sipvention in the ground- and excited-state,
Mhustrating the competing local aromaticity between the pyrrole and pyridinion substractures; b)
structure of CQ1E with a non-productive conjugated pathway itlustrated; and o) structure of CQ1 in the
ground- and excited-state Hustrating a high-resonance stabilization barrier, which nwst be overcome for

chatge transfor to ooa.

Figure 4. HOMO (top) and LUMO (bottom) ovbitals for dyes of the present invention with a set

contour value of (1.065.

Figwre 5. Exciied-state fluorescence decay curves for dicholormethane solutions snd Ti0; films
sensitized with dves of the present invention. Square markers are dichloromethane dyve solutions,
triangle markers are dves on Ti0; films with CDCA ender alr, cirele markers are dves on TiO, films

with CDCA and mock-device clectrolyte 0.002 M Lil in acctominile.
Figure 6. IPCE curves for devices based on examples of the present fnvention

Figure 7. Encrgy lovel schematics comparing the optical bandeaps of indolizing dyes of the

present invention, (p-HRTPA (COQ), (p-OMe XL TPA (C1) and indoline (L.51} donors on T-CAA.
DESCRIPTION OF THE INVENTION

The details of one or more embhodiments of the prosently-discloscd subject matter are set forth in
this document. Modifications {0 embodimenis desceribed in this document, and other embodiments, will
be evident to those of ordinary skill in the art afier a study of the information provided in this docament.
The mformation provided in this document, and particularly the speetfic details of the described
cxemplary ombodiments, is provided primarily for clearness of understanding and no unnecessary
limitations are to be understood theretrom.  In case of conflict, the specification of this docwment,

mchuding definitions, will control.

The presentiy-disclosed subject matier inchudes novel organic dyves {as sensitizer components,

for example) for dve-sensifized solar cells. Embodiments of the present dyes have relatively facile

o
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synthests, a high clectron donation strength when compared with state-of-the-art organic donors, and

gxhibif excellent DSC device performance.

Embodiments of the present dyes are donor molecules that are indolizine-based. Indolizine is a
fally conjugated, planar donor, which can be coarse or finc-bmed through electromically active
substituents. Accordingly, embodiments of the present dves inclade characteristics that can be taned by

aliering the substituents bound to a dyve’s subunits.

As used herein, the term “substtated”™ is contemiplated to include all permissible substituents of
organic compounds. In a broad aspect, the pernussible substituents include acychic and cyclic, branched
and wnbranched, carbocyelic and heterocyelic, and aromatic and nonaromatic substituents of organic
compounds,  Hlustrative substituends inclade, for examgle, those desoribed below.,  The permissible
substituents can be one or mwre and the same or different for appropriate orgamic compounds.  For
purposes of this disclosure, the heteroatoms, such as mifrogen, can bave bydrogen substituents andior
any pernussible substituents of organic compownds deseribed berein whach satisfy the valences of the
heteroatoms. This disclosure is not intended to be Hmited in any mamner by the pernissible sebstuents

of organic compounds,

Also, the terms “sabstitution” or “substituted with™ mclude the imphicit proviso that sech
substitetion Is in accordance with pormitted valence of the substibted atom and the substituent, and that
the substitution resulls in a stable compound, e.g., a compound that does not spontancously undergo

transformation such as by rearangement, cychization, ehmmation, otc.

The term “alkyl™ as used herein 13 a branched or wnbranched saturated hydrocarbon group of 1 to
24 carbon atoms, such as methyl, ethyl, m-propyl, isopropyl, s-butvl] isobutyl, s-butyl, ~butyl, s-pentyl,
sopenty!, s-pentyl, neopentvl, hexyd, heptyl, octvl, nonyl, decyl, dodecyl, etradecyl, hexadeeyd, eicosvl,
tetracosyl, and the like, The alkyl groap can be eychic or acyelic. The alkyl group can be branched or
unbranched. The alkyl group can also be substituted or unsubstituted. For example, the atky! proup can
be substtuted with one or more groups ncluding, but not houted to, optionally substituted alkyl,
cycloalkyd, atkoxy, mmino, ether, hahide, hydroxy, nitvo, silvl, salfo-oxo, or thiol, as deseribed herein. A

Hlower alky!™ group is an afkyl group containing from one 1o six (o.g., from one to towr) carbon atons.

Throughout the specification “allo!” is generally used to refer to both unsubstituted atkyl groups

and substituted allvl groups; however, substitted alkyl groups are also speaifically referred 1o herein
by identifving the specific substituend(s} on the alleel group. For example, the tonm “alkoxvalkyl”

specifically refers to an alkyl group that 1s substituted with one or more alkoxy groups, as describad

4
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below, When “alkvl”™ 18 used in one instance and a speoific term such as “alkoxy™ is used 1 another, 1t
is not meant to imply that the term “alkyl” does not also refer to specific torms such as “alkoxy™ and the
like.

This practice is also used for other groups desortbed herein, That is, while a tevm sach as
“cyeloalkyl” refors to both ensobstituted and substiteted oyeloalkyl matetics, the substituted moletics
can, in addition, be specifically identified heremn; for example, a particular substituted cycloatky! can be
referred 1o ag, eg, an “atkvioveloalkyl” Sinmlarly, a substituted atkoxy can be specifically veferred ©
as, e.g., a “halogenated atkoxy,” a particalar substituted alkenyl can be, g, an “alkenyialcohel,” and
the fike. Again, the practice of using a general termy. such as “cycloalkyl” and a specific term, such as
“alkyleveloalkyvl” is not meant to imply that the general term does not also include the specific term.

»

The term “alkyl” 15 inclusiee of “eycloalkyl

The term “cveloalkyl” as used herein s 3 non-aromatic carbon-hased ring conposed of at feast
three carbon atoms.  Examples of cveloalkyl groups include, bot are not limited to, cvelopropyl,
cyclobotvi, evelopentvl, eyclohexyl, norbornyl, and the ke, The term “heterooveloalkyl™ is & type of
cycloalhyl group as defined above, and s meluded witlun the meaming of the torm “eycloatkyl,” where
at least one of the carbon atoms of the ring 15 replaced with a beteroatom such as, but not linuted o,
nitrogen, oxygen, sulfur, or phosphorus. The cycloalkyl group and heterocyeloalkyl group can be
substiteied or unsubstituted, The ovcloalkyl group and heterooyeloalioyt groap can be substituted with
onc or more groups including, but net hmited fo, optionally substituted allvl, cycloalkyl, alkoxy, amino,

cther, halide, hvdroxy, mitro, sibvl, sulfo-oxo, or thiol as deseribed herein.

The terms “atkoxy” and “atkoxy!” as used herem 1o refer to an atkyl or eycelealkyt group bonded

evcloalkylas defined above, “Alkoxy™ also mchades polvmers of alkoxy groups as just desenbed; that
is, an afkoxy can be a polyether sach as QA QA" or QA (0OA)O0A", where a7 is an

integer of from 1 1o 200 and A", A7, and A" are alky! andfor cycloalkyl groups.

The terms “amine™ or “amine”™ as used herein are represented by a formala NATATAY, where A
A", and A" can be, independently, hydrogen or optionally substituted abkyl, cveloalky!, atkenyl,
eyeloatkenyl, alkyoyl, oytloalkenyvl, avyl, or heteroaryl group as described herein.  In gpecific
ervbodinents amine refors to any of NH, NHalkyl), NH{aryD), Nealkyly:, N(alky{aryl), and Niaryl).

s

The twrm “anvl” as used horein s a group that contams anyv carbon-based aromatic group

mcluding, but not limited to, benzene, naphthalene, phenyl, biphenyl phenoxybenzene, thiophene,
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furan, pyrrode, and the ke, The aryl group can be substinged with one or more groups including, but
not Hmited o, optionally substitwted alkvl cycloalkyl, atkoxy, alkenyl, ovcloalkenvl alkveyi,
cyclealiovayl, arvl, beteroaryl, aldehyde, amine, carboxylie acid, ester, ether, halide, hvdroxy, ketone,
azide, mitro, silyl, sulfo-oxo, or thiol as described herein. The term “biaryl™ is a specific tvpe of aryl

ax

group and 15 included m the defimiton of “aryl™ Biaryl refers to two aryl grogps that are bound
together viv a fused ring structure, as in naphthalene, or are attached v one or more carbon-carbon
bonds, as m biphenyl.

As used heretn, the torm 'donor’ 1s detfined as a region of a dye which is electron rich i relation
to the rest of the dve. A donor is typically atiached to cither a pi-bridge or an acceptor. Upon lght
absorption, g donor will transfer charge as electron denstty cither through a pi-bridge or divectly to an
aceeptor. After charge transfer the donor region contains the majority of the positive charge. Within a
DSC device, donors are tvpically the region primarily interacting with the redox shottle during dyve

regeneration,

As used herein, the term ‘acceptor’ or “electron acceptor” s defined as a region of a dye which 15
clectron deficient i relation to the rest of the dyve. An acceptor is tvpically attached to either a pi-bridge
or a donor. Upon light absorption an acceptor will ransfer charge as hole density erther through a pv-
bridge or directly to a donor. After charge transfer the acceptor region contains the majority of the
negative charge. Withio g DSC device, scceptors are typically 10 contact with or anchored directly to the
senmconducting oxide,

As used heretn, the ferm m-bridge’ is defined as a region of & dye which is clectron neutral in
refation: to the rest of the dye. A pi-bridge 1s typically attached in conjugation with both a donow aud an
acceptor region of a dve. Upon light absorption a pi-bridee allows a charge travsfer event to ocowr by
allowing chavge o pass between the donor and acceplor regions. After charge transter, the pi-bridge
region may coniain cither a positive of negative charge,

O

Hogc\~< -
(]

The presently-disclosed sabject matter also mchades derpvatives of any of the compouands
deseribed herein, As used heren, the term “derivative™ refirs 1o a compound having a structure derived

6
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from the structure of a parent compound (0.g., a compounds disclosed herein) and whose stractare 1s
sufficiently similar to those distlosed herein and based upon that sidlaruty, would be expected by one

skifted in the art to extubit the same or similtar activities and utilities as the claimed compounds.

The compeunds descrtbed herein can contain one or more double bonds and, thas, potentially
can give rise fo visftrans (B2} iscmers, as well as other conformational isomers. Unless stafed to the
contrary, the mvantion includes all such possible isomers, as well as nuxtures of such isomers. Unless
stated to the contrary, a formulda with chemical bonds shown only as solid lines and vot as wedges or
dashed lines contemplates cach possible tsomer, e.g., cach enantiomer and diastercomey, and a mixture
of 1somers, such as a racemic or scalenmic nuxture. Compounds described hereimn can contatn one or
nore asynunetric centers and, thus, potentially give nise to diastercomers and optical somers. Unless
stated to the contrary, the present nvention inclades all such possible diastercomers as well as their
racemic mixtures, their substantially pure resolved enantiomaers, all possible geometric isomers, and
phammaceutically acceptable salts thereof. Mixtures of stereoisomers, as well as solated specific
stercotsomers, are also included. During the course of the synthetie procedures used to prepare such
compounds, or in asing racenmzation or epdmerization procedures known o those skitled in the art, the

products of such procedures can be a mixture of stercoisomers.

The present compounds donate electrons upon being activated by electromagnetic radiation. In
sprme cobediments the compounds are setrvated by radiation that 1s in the near-infrared speetrum, 1 the

visthle spectrum, in the ulraviolet spectrum, or a combination thereof,

The presemlv-disclosed subject matter alse cludes methods for making the present
compounds.  The present compounds exhibit the superior ability to be synthesized m relatively fow
chenucal steps. For instance, some cmboduinents of the present comnpounds can be syathesized by abowt
three, four, or five steps, This represents a stmpler, and comsequently more cost-effective, syathesis

method when compared to synthesis methods of known solar ecll dyes.

Farther sull, the presentiy-diselosed subject matter also includes dye-sensitized solar cells
{DDSCs) that comprise any of the compounds described herein. The structwres of the present DSCs are
not particularly limited so long as they permit the dyes o function for thelr intended purpose. For
instance, an exemplary DSC is described in Intornational Patent Application Publication No. WO
20110118375 10 Jin et al, which 1s incorporated herein in s entircty.  In some embodiments the dye-
sensitized solar celt comprises a first electrode, 3 second electrode that inclades one of the presently-
disclosed compounds, and an clectrolyic disposed between the first clestrode and the second clectrode,

in some enbodiments the first electrade includes a cathode and the second electrode includes an anode.

7
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In some embodiments the second cleatrode inchades Ti(h particles that are coated andior embedded

with the prosenthy-disclosed dve compounds.

In some embodiments the clectrolvie is selected from MeON or valeronitrile solutioms that
comprise 171 or Co™iCo™ redox shaitles present.  In other embodiments the electrobvie 18 selected
from polvicthylene oxide) (PEG), polyv(mopyiens oxidey (FPO), polviethyione imine) (PEIL
polvisthylene sulphide) (PES) poly{vinyl acomate) (FVAL)L polvicthvione suecinate} (PESe) and
combinations thereot

Embodiments o the presently-deseribed dye-sensitized sodar cells can exhubit superior and
unexpected power conversion efficiencies (PCEs) when compared to known solar cells.  Speoific
embodiraenis of the present sodar cells exhibit PCEs of about 4%, 3%, 6%, 7%, 8%, 8%, 10%, 1%,
12%, 13%, 1%, 158%, 16%., 1 7%, 18%, 19%, or 30%. Other embodimeats inchade PCEs of greater

than gbout 20%.

One embodiment of the present invention is visible absorbing o near infrared dyes of the

following fornmda:

R{0-41

wherein cach R is optionally substibated and independently selected from halogen, H, atkyl,

araino, Oalkyly, COzalkyl, aryl, arvBRoge, or alkvi-Rowe:

Ry is alkyl, cycloalkyl, pheayl, alkene or alkyne; wherein when Ry is arvl it can optionally

cyelize with one R to form an additionatl ring;
R, is halogen, H, alkyl, amuno, OQlkyl), arvl, arvi-Raga, or alkyl-Ryea
Ry s halogen, H, alkyl, amino, Ogalkyl), or aryh
B is a w-bridpe; and A is s acceptor,

These dyes are usefud as organic seositizer components for dve-sensitized solar cells,
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In other embodiments of the preseat imvention, aryl in Ry is substituted or unsubstitated phenvl,

in other cobodimenis of the present invention, the dye is of the followmg forpuda:

Sy

!
. (N
R >wz
/ \ {f»’f ‘ \\\
e N/

RO~ . Rifndi

in other embodiments of the present invention, the dye may be tetracyclic, For example, the dve

may be of the following formula:

or

b other embodiments of the present invention, the R groups are wndependently sclected from

o
l{,’:;\\ f,Dfu

[y

{O:Er, phewyd, hexyl, pentyl, maothyl, Olmethyl}, and NG

In other embodiments of the present the dve 15 of the following formula:

G
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Qr

; wherein Roas atkyl,

Examples of the electron acceptor specifically includes the following:

10



WO 2016/019182 PCT/US2015/042990

The following are acceptor examples, which can be used in accordance with the present

myvention:

F oN
oo PN e ¥ PO Fiiaas $
4 \',}.“..-‘;Q,,H e §§ BT Ty : Lt Doy g OOH
A N N \ e
3

£ = eloriar
B = reloridge

The following are non-Hmiting oxamples of the n-bridge:

Cghay
i

Caria V,,J,\, o

SRy

£3 = congr
Az areppior

With respect to the dyes of the present mvention, the r-bridge and the acceptin arc not knpwn to

be critieal. That s, even though many examiples are given mn the specification, any n-bridge and
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accoptor knowa i the dyc-sensitizing solar coll art can be used 1n connection with the preseat

nvention.

Examples of dyes of the present invention specifically include the following:

Eeen frther examples of the dyes of the prosent invention include the following:
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Further examples nclude the following:
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COH

Further embodiments of the present invention include dyve-sensitized solar cells that incorporate
dyves of the presest vention. For example, cmbodiments of the present invention inchude dye-
sensitized solar cells that comprise an anode plate and a cathode plate, a dye of the present invention, a

senvconducting oxide, and a redox couple or charge transport material,
I4
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Examples of the senncondueting oxide Include Ti;, ZaQ, or Sa0:-based seouconducting
oxides. However, the semiconducting oxide is not known to critical, so any semiconducting oxide

known in the dye-sensitizing solar cell art can be used iy connection with the present mvention
A preferred cmbodiment of the present imvention is a dye-sensitizing solar cell that inclades the

following dye as an organic sensitizer component:
OfeH\o
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> may be the following:
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In other embodimends, the dye
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In some cmbodiments of the presenthy-disclosed subjeot matter, 2 compound can be of the

following formala:
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Examples

The presently-disclosed subject matter is Ruther illustrated by the following specific but non-
hnuting examples. The following examples mav include compilations of data that are representative of
data gathered at various times during the course of development and experimentation related to the

present invention,

Example |

This Example deseribes the synthesis and charactenization of embodiments of sensitizers in
accordance with embodiments of the presently-diselosed subject matter. See Figwre 1. The sclected
DSC target indolizing-based dyes keep the m-bridge and acceptor regions constant as thiophene~
cyanoacryhic acid {T-CAA) throughout the senies for simple donor effect comparison (Figure 1). The
indohizine donors differ in clectron-donating group (EDG) strength at the 2-position, substituent choice
on the 6-member ring at the S-position, and in varying alkyl chain length at the 3-position, For practical
synthetic purposes, we found the 2-position may be substituted with cither electron-withdrawing
fanctionahty (which adversely effects charge transfor based absorptions) or with aryl substiteents to

vield air-stable electron-tich intormediates.

The syothetic route emploved for all dves began with donor formation followed by palladium-
catalyzed direct U-H arylation at the indolizine 2-position, then Knovenagle condensation. Concerning
donor formation, indolizine 3 was prepared according to lteratwe precedent. Synthesis of indolizine-
based dyes AH3, AH4, AHS and AHG6 began with 2-atkylated pyridines which were ewther purchased
{2-cthylpyridine), prepared through lithistion-alkylation (4), or prepared throoagh Kamada coupling {6).
The 2~atkyl pyridines were then Meatkylated with a-bromoacetophienones and underwent subsequent
base-induced cyclization to form intermediates 7-18. The athviatondevclization sequence may be
conducted in a single step to gonerate the parent polyeyclic donor or as a two-step sequence with simple
filtrations to purify the intermediate pyridinium salts {Scheme 1), It is noteworthy that indolizine 16
decomposes sighificanthy within minsttes when exposed to ar which seggests the indolizine pavent
system for AH®G is near the maximum clectron donating potential available for handling under ambient
conditions. Palladium catalvzed C-H activation of the indolizine donors {3, 7-10) with 3-broma-2-
formylthiophene led to aldehyvde intermediates 11158, which underwent Knovenagle condensation with
cyanoacetic acid o give the desired dyves AH2-AH6. These dyes are accessible in remarkably fow

synthetic steps £3-3 stops total) it up o 39% overall vicld

27
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Ry=Ph, Ry=CHy, By =H, 7 Ry=CO5EL, Ry=H, Ry = H, 11

Ry=Ph, Ro=Cehy3, Ry = H, 8 Ry=Ph, Ry=CH3, Ry = H, 12
Ry=(4-OMe-Ph}, Ry=CHjy, Ry =H, 9 Ry=Ph, Ry=Cghly3, Ry = H, 13
R;ﬂph‘ Rg’-‘f)Can. Ry = OMe, 10 RIE(Q*OMQ*P%}), Rg‘ﬂCHg, Ry=H, 14

Ri=Ph, Ry=UsHyy, Ry = OMe, 15

Scheme 1, above, shows cxanples of synihetie routes 1o dves AHZ-AH6, In this example, waction
Conditions: 1) DARBCO, CHCE, a1, 91%0 17 1) AQ, 0T, Bol 20 1) 120450, neat, 70% 3; 1) #Buli, THF, -
TRC, then Oy Br, 50% 4; v Mg, T, THE, o reflux, then NiidpppiCl, pengyibromide, 0°C to reflux, 2% &;
viy acctone, reflux, thean NaHCQ,, H0, reflux, 92%-16% intermediates 7-18; vii) B, = H, S-bromothiopheng-2-
carbonaldelvde, PAPPhCL, KOAC, NMP, 80°C, 92-44% termediates 11-14; vl By = OMe, PdiOA,
PCyi, Us:COn, tohene, 130°C, 19% intermediate 15 ix) piperidine, cvanoacetic acid, CHUL, 90°C, 84-14%,
AH2-AHG.

Example 2

This example demonstrates optical and electrochemicn] propertics for near infrared compounds

of the present invention,

The optical propertics of AH2-AHé were analvzed to understand the effect of the mdolizine

substiuents on the UV-Vis absorption properties {see Table 1, below, and Figure 2).

Table 1. Optical and electrochemical properiies of AH2-AHG m dichlovomethane solutions.

I
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dye Romax UBE | Aweses 1007 {8 [M om” Y | B oV Eesuisn VIS
a}
AHZ 419 (sh)y 335 1,250 232 122 ~1.10

AH3 353 633 3504 1.96 {199 ~0.97

AH4 338 633 11,300 196 {1L.99 -B.87

AHS 362 {shy 644 5,800 1.94 {197 0,97

AHo6 392 673 12,500 1.84 R -0.99

cor 442 540 25,000 2.30 1.16 -1.14

Y 499 350 27 5306 2.10 LOg S RES

LS1® 523 a0 20.000 207 1.0t 106

* Muessored 10 CHAE and 0.3% AcOHL Y Estinated frow the infercept of an absorption curve fangent line intercept with

the basebree o the Jow energy sude of the maximmn absarphwn cavve i CHOE, Conversion frors msometers to el

was caleudted by BO = 1280 8 e oy for dyes or which ensissions were observed) were measored at the intercept
of the absorption and emission curves in CHACL; snd is avadlable in the experimental section, ™ Measured in a 0.1 M

BugNI s 0 CHCE sohetion with glassy earbon working clectrode, Pureferonce slectrode, and Pt counter electrode with

v B

tevrovene av an foteond standard. Valees are veported veeses NHE. ™ Caloudasted from £, )
Triphenvlaumnine thiophens-cvanoncrlic seid dve, CQL. Seeref. 11 Y p-Dimethoxyviophenyiamine thiophens-CAA dyve,

O See ref, 12,9 Fstimuted from the OV curve i CH.CL. ® Indoline-thiophens-CAA dve, LSL

Sebstituents at the 2-position of indolizine were found to be electronically active whereas the
dyes AH2, AHI and AHS oxhibsted rodeshifted X valoes progressing from electron withdrawing
groups {EWGs} to EDGs {ester < pH-phenyl < pMeO-pheayl) over a range of 1350 nanometers {(nny
{Figure 2}, Additionally, substituents on the S-positon of indolizine were found to give a signiticant red-
shift {(~30 nny) when comparing H-sobstitwted AH4 10 OMe-sabstituted AH6. The farge red-shifted
absorptions {75-135 nm Ahowa AHGE v, COLT O & L8 ohserved with the indolizine dye
series when compared to other common donor-based dyes dhustrates the strong clectron donation
sirength of the indolizine building blocks. The molar absorptivities ranged from 1,000-13,000 M em
with the short alkyl cham length dyes at the 3-posibion (AHZ, AHSI and AHS} vielding the lowest molar
absorpavities. AH2 has a lower molar absorptivity than the remaining indolizine-based dyves, which
may he the result of & weakened charge transfer transition due fo the addition of an clectron deficient

ester on the prdolizine donor, The indolizine donors are more sterically congested at the donor-nt bridge
24
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bond than pheny! amine based donors and compatational analysis indicates larger twist angles {327 vs,

~20"y about this bond, which correlate to diminished molar absorptivities.

The inerease i wavelength absorption breadth of mdolizine donors when compared with triarvl-
and diarylamine donors can be rationalized through several factors including amine planarity (Figure 1),
the generation of an aromatically stabilized pyridinhom oxcited-state region upon electron donation
{Figure 3a}, less competing electron donation directionality due to indolizine being a fully conjugated
donor system (Figure 3b), and a fower inherent resonance stabilization energy for the amine donor to
overcome than the conumon bonzene resonance stabilization cacrgy {Figwre 3¢). The coxcited-state
aencrated pyridinium substnwetue has a larper aromatic stabilization energy than the ground-state
locally aromatic pyrrofe (28 keal mol™ ws. 22 keal mol™) which likely leads to a substantially lower
charge-transter energy barrier. Progromatic substruchwres (Lo sebstructures with competing local
aromaticity) are rare in donor fonctionality and are most commonly observed with w-bridges and

QCCCPRLS,

The electrochemical properties of the D-n-A dyes AHI-AHS were analvzed with regard o DSC
device components o evaluate if the dyes are energetteally suitable for regeneration from the 171y redox
shuttle and electron mjection to a mesoporous 10 semiconductor (Table 1) Through cychie

voltammerry (CV), the ground-state oxadation potentials (£

23 of AH3-AHG6 are established 10 range
from .99 to 0.85 V versus normal hydrogen clectrode (INHE) which indicates regencration froma the U/

x redox shutife 1s favorable {AGL = S00-640 mV). According to the equation Egan = Faug — Lo

the excited-state coadation potentials (g s ) are determined based on gy, and the intercept of the

absorption and emission cwrves (F.ap) {see supporting information for emission plots). The sy
values were foand (o be favorable for electron injection into the TiO: conduction band (AGyy = 470
490 mV). The oxidation potential of indohizine dves AHI-AHG6 were found to be significantly higher
energy when compared with fiiphenyl amine and indoline based dye derivatives, The fudly conjugated
mdolizine donors enhance electron donation strengths leading © o sigmificant destabilizing of the
oxidation potential relative to typical donors, and the proaromatic pynidinmuny sebstrueture leads to a
unigue donor-induced stabilization of the excited-state oxidation potential. Bevause the optical band-gap
Is concomitantly narrowed, longer absorption wavelengths may be accessed with an atypically low

number of conjugated m-bonds relative to typical DSC D-r-A dyes with absorptions reaching ~700 nm.

While A 15 8 gond measure of a one-clectron donation strength and the ability of the

molecude to stabilize g radica! cation, wi scught to also examine the two-clectron donation strengths
through a comparison of the CAA carbonyl vibrational stretches between dyves. The CAA carbonyl
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streteh shifis to smaller wavemuenbers with tncrcasing donor strongth and allows for & companison of a

vattely of donor groups with identical a-bridges and acceptors. The TPA-based dyes L1 (identical to

TRy
R

€1y and C213 (a C1 analogue) give similar values for this stretch (1683 em” for L1 1682 e for

€213, Table 231" An indoline-hased dye gave only a slghily smaller carbouyl vibrational frequency
atue (1680 en ) In comparison, indolizine-based dyes gave an average value of 1646 em™, which
is a significantly lower wavenumber {~35 em” ) than the other donors examined. Additionally, the C-N
bond stretch of the CAA cyano group was compared between the four donors (Table 2). Both TPA
donors (L1 and C213) have the same value {2216 em™), while indoline is estimated to be near identical
{(~2220 em™). The indolizine dyes again demonstrated the Jowest C-N bond stretch value (2203 em™)

further ilustrating an enhanced two-clectron donation strength.

Table 2. Electrochemical and speciroscopic vibrational analysis of dves with varying donor

functionalities (with T-CAA as bridge and acceptor) as they pertain to electron donation strength.

Dye asymmetric CO Jent '] | ONJert'] | Faew [ VI
L1 (CQ1) 1683 2216 1.16
C213(ChH 1682 2216 1.04

LS 1680 2226 1.01

AH3 1646 2203 .99

¥ Estimated from IR absorption figure in Ref. 18

Exampie 3

For dyves to efficiontly imject clectrons into the Ti0y conduction band with minimal back clectron
wwansfer from Ti0; to the oxidized dye, the LUMO should be positioned near the dve anchor and
sigificantly separated from the dyve HOMO, To cxamine the orbital geometries, AHI-AHS ware
computationatly evahuated using a variety of density functional theory (DFT) methods (B3LYP, VIXT,
MNI2L, N2, ML, VSXC, MosL, LC-PRE, PBEO, CAM-B3LYP) and basis sets (6-31G(dp), 6-
3HGRAE 2pd)y i vacuum and in dichloromethane polar continuum madel (PCM). The HOMO and
LUMO orbitals for each of the dyes show the HOMO primanly focalized on the indolizine donor and

the LUMO primarily focalized on the T-CAA motif (Figure 4} The dyve LIMO and HOMO orbial

26



WO 2016/019182 PCT/US2015/042990

arrangements are well situated for efficient electron njection from the dye into the Ti0: conduction
band and dimimshed back clectron transfor from the TiO: semconductor to the oxidized dye,

respectively.

A tremendouss namber of organic dve building blocks are available to fune dyve properties. An
experimentally accorate computational method for predicting dve absorption spectram can have a
dramatic impact on priotihizing foture synthetic dye targets and on the wise utilization of chenucal
resources. To  establish an accurate  computational method, time-dependent DFT  (TD-DFT}
comgniations were porformed to analvze the dye vertical wransitions and oscillator strengths {Table 3,
Figure 4, EST). After extensive calibration (Table 3, ESDH, DFTYTD-DFT protocols were identified for
the computation of the vertical transitions of AH3-AH6 that could reliably reproduce the experimental
Ao (within 10 nmy. TR-DFT computations performed in vacuum with the VSXC functional and 6-
IUIGRAE2pd) basis set gave very good agreement when using geometries optinized with either the
VEXU or H3LYP funclionals {within 10 oot or 20 nin, respectively). While these results were highly
accwrate, we strught to examine the offiects of solvent on the stractwres and vertical transitions of AH3-
AH6 dwough the use of an mmplicit solvation model for dichloromethane. We compared results with a
PCM applied ©© only the TD-DFT analveis in addition to a PCM applied to both the geometry
optimization and TD-DFT calcolations (Table 33, Whea TD-DFT calcalations were coupled with PCM
only, the B3LYP functional provided betier agreement with the experimental . valoes regardless of
whether the VEXC or B3LYP functional was cmployed for the geometry optimizations in vacuum
{within 20 nwm of AH3-AHE). Application of & PCM to both TD-DFT and geometry optimizations gave
similar results with agreoment o within 28 min of cxponmental results, These results are consistent with
a recent review of TD-DFT benchmarks for vertical wansitions!™ This level of agrecment s
shcouraging given the relative simphicity of these computational models, and it suggests the predictive

ges could play an mmportant role w the design and

=
ped

computational analyvsis of extended conjugation w-brid

development of second gencration.dye targets based on indolizine donors,
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Table 3 Deviatlons (AX in mim where + indicates an overcstimation of the experimentad X, ) from cuperimental
Fanee ¥alues for the most intense vortical transition computed with two different functionals and the 6~

311G(2dE2pd) basis set.

AH3 AM4 AHS AME

Experimerdal Reference (R I non) 553 558 S82{sh) 593
TO-DFT Geomeatry Optinization SA By B
Vatuum Vacuum

H3LYP Ba3lyp ~84 -52 ~82 ~83
g3lvp WSRC ~40 ~38 ~44 ~47

VERC B3LYP +37 +5 -18 ~12

W3XC WSKC +4 +9 ~4 +1
poM ™ Vacuum

B3Lyp B3LYP +2 -6 ~19 -1t
BaLYP WEXC +2 +3 ~7 &

VEXC B3LYP +E8 +53 +29 +40

VSXC VEXC +49 +52 +4§ +48
pCM © R

B3LYP B3LYP 0 -8 -10 ~18
H3LYP VSXEC +3 +4 ~1 ~24

W5XC B3LyP +57 +43 ~10 +21

V5KC YSRC +44 +49 +49 +7
Exparimental Referance (R, it him} 553 558 536 2{sh} 592

HYsetiull sobvent parameters for dichloromethane.

Example 4

This Examples shows fluorescence lifetnme measurements of embodiments of the present

mvention

Electron mjection from cach of the dyes mio the TiO: conduction band was fownd to be
geometrically favorable dwough computational analysin of HOMO/LUMD orbital positions as well as
thermodynamically favorable through electrochemical, UV-Vis and cmussion spectrum analysis. To
examine the kinctics for electron injection, fluorescence lifetime studics were undertaken for each of the
dyves i sohstion and on Tilh: films to cvaleate clectron mjection efficiencics (ew, where Nee = 1 -

TreniTea).  Lafetimes of the dves m dichloromethane solations {1} were found to be on the order of

o
28
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nanoseconds ranging from 1.6 ns o 0.9 us (Figure 5, Table 4). Excited-state hifetimes of the dyves on
Ti03 films (Tre:) are predicted to be significantly shorter whereas clectrons may be mjected from the
dye iinto the TG, UB effectively quenching the fluorescence. Dye-Ti0, film floorescence lifetimes were
measured under three environmental conditions: (1) with dye and Ti0, under air, (23 with dye, Ti0; and
known deaggreation agent chenodeoxycholic acid {CDCA) under air, and (3) with dye, TiQ; and CDCA
i a filled acetonitrile cell contaiming a typical device elecirolyvie hthium todide concentration of 0.002
M. Tpi00 was found to be dramatically shorter for all dves on Ti0; regardless of environment. Without
any  additives, Wy was found o vary between 45-82% according to the following orden
AHA»AHTAHS>AHG, Upon tintroduction of CDTA, a substantial increase in vy is observed for AHS
and AHS6 leading to a range of yection efficiencies from 70-82%., The increase i efficiency is likely

due to the reduction of iermolecular energy transfor between aggregated dyves on the TiO, film, which

j

ecreases the rate of clectron mjection imto the T, conduction band. Upon the addition of an
glectrolvie condaining MeUN and 0002 M Lil o give mock-device conditions, Ny increased even
firther to »84% for cach of the dyes where Ty was found o be beyond measurcable Himits. To
understand the velative influence of the indobizine donor-based dyes AHIAHS on neff, we also
measwed T and erop for the reforence dves CQIL €1 and LS (Table 4). Solution fluorescence
excited-state lifetimes were found to range from 2.24-1.88 ns for the reference series, which s only
moderately lengthened when compared with AH3I-AHS (1.539-0.93 o5}, 1o for the reference dyes was
found to be <15 us for cach of the dves on Ti02 Ghns withowt the addition of any additives resulting
n Yy values ranging from »93% to >92%, Indolizine dves AH3-AHS, which show vy, values ranging
from 0.30-0.26 ns withowt additives. Sumlar e vahwes (291% o »84%) to the reference dyes were

obtuned after addition of CDCA and Lal o the indohzine-based dye films.
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Table 4. Excited-sinie lifelime measwements for dves indelizine dves AH3-AHG6 as well as reference dyes CQL,

Y and LS1.

dye T (BSE | oot | nel%l | mnenfis | ne 5 | toesfas]

AH3 bohd 0.30 74 (.30 74 <{}15 >R6

AHA4 158 £4.29 82 £§.39 82 <015 >3
AHS £$.93 .34 63 £$.26 T2 <015 »84
AHe6 18 .63 43 .35 70 <{)L13 »87

(N8} 1.88 <313 =42 AN >33 <AL 13 02

1 2.24 <115 =43 <013 »93 <015 =03

LSt 18 <i) 15 =83 <315 >93 <{i13 !

“ Measurement made using dve dissofved fn CHL.CL, © Meastrement made using dye-senstized Ti3, im0 air with no
addifive. © Measurement made using dve-sensitized Ti0; fim with added CDCA. © Measurersont maade using dye-

sepsitized TiOx Blms with added CDCA and 8,082 M Lil in MeON electrobvie,

Example 3

Photovoltaic Performance
Having established the indolizine dye series exhibiis suitable characteristics for productive
phaton-te-clectric conversion, dves AH3IAHSG wore axamined i DSC devices with a Tity
senvconductor and I/l redox shuttle. From the equation PCE (0} %% = {(GoF o FF Ve where /. =
short-circost aorent, ¥ 15 the open-circuit voltage, £ is the fill factor and Jw 15 the incident gl

intensity, the device performances ander AM 1S irradiation were apalyzed {Table 3).
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Table 5. Photovoltaic parameters measured under AM 1.5 incident light ¥

dye Jee [mAfem’] Foe fraVi FF 7 %]
AH3 10.0 630 .74 .10
AH4 B.06 360 (.69 310
AHS 975 GOR 0.76 4497
AHS 0.8 670 .74 5.36
COt 163 707 .69 4,94
C1 Q.72 TRT 0.71 5.45
151 16.6 650 {1.69 4,72

* Devices were fabricated with the 7960 clectrolyte which 1s comprised of 1.0 M 13-
dimethviimidazoliom jodide (OMID, 530 wM L, 30 mM 1, 05 M tert-botvipyridine, 0.1 M
guanidiniwm thwevanate (GNCSY m acctonitrile and valeronitrife {v/v, 857150, Additional device

fabrication data is m the Experimental Section below.

Afier device optimization with CDCA loadings to dimimish aggregation, dve J values ranged
from 8.1-10.8 mAdemy in the order of AHESAH3I>AHSAH4 AH6E has the longest wavelength
absorption, which led to a significantly larger photocarrent than the romaining dyes. AH3, AHS and

AHS demonstrated very similar i, values (680-668 mV) and F¥F valoes (.74-0.76) leading to a close

{
range of PCHs from 3.0%-3.4% with AH6 domonstrating the overall highest PCE of 34%. AH4
demonstrated the lowest PCE dug o loveer performance in all parameters. The model indodizine donors
enploved in these studies viilized fow aggregation controlling substituents and TiO, swrface protocting
atky! chains, which are known o haost Vi values. The Vi, values obtained for the indolizine-based
dves are simtlar 1o the reference dves CQT and L51. Supertor PCE values were observed for AHS when
compared with these donors despite a3 potentially PCE-dimimuishing lower molar absorptivity and
snficant aggregation on the T fibn surface. Among the common donors conpared to the AHG
donor, only the bitmethyloxyMriphenylanine donor of C1 gives a simifar PCE value due to a

significantty higher Vo

The incident photon~to-electron conversion efficiency (IPCE} speotra were measured for cach of
the dyes (Figure 6). AHS6 had the longest wavelength IPCE onset at ~700 mn which coincides with the
largestJ, vabwe observed. The remaining dyes (AH3-AHSE} oll have sinular IPCE onset vabies of 630
an. Ranging from ~400-475 nm, a significant depression is observed for each of the dyes which

nurrors the absorption specirad profiles of these sensitizers (Figure 2) due o their low molar absorpuivity

3
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- . .1 “iy s . . N - . . ~
(2,000 Moy} 1n this region. Additionally, dyve aggregation on Ti0; films led to appavent fower

injection efficiencics when fluorcscence lifetime measurements were examined, These factors likely
confribute (o the observed peak maximuor IPCE values reaching 70-75% for cach of the dyes rather
than >90%. However, the IPCE breadth s mereased for the indolizine-based dyes relative to wiphenyl
amine and indoline-based dyes as a resalt of absorptions at longer wavelengths (650 any vy, 700 am
onset). TPAs and tndolines are two of the most common DSC donors in organic dve destgns which are
common to neardy all organic sensitizers with greater than 1% PCE. Indolizine donors exhibat broader
solution absorption spectra (narrowed optical band-gap} compared with these donors (Ao = 575 nm
for AHE versus Aoe = 340 am for TPA-based €031, 390 nm for diMeO-TPA-based C1, and 600 nm for
indoline-based L81, (Table 1, Figure 7) and nereased performance bevond 650 nm in DSC devices

{Figure 6},

Example 6

This Example highlights a feature of the present invention, balanced donor and acceptor
strengths, NIR absorbing dves for use in DSC devices require balanced donor and acceptor strengths.
Tunable, strong donors are needed for many eloctron deficient fimetionalitios. Wi have synthesized a
series of strong clectron-donor buiding blocks based on indolizine which are planar, have reduced
energy barriers to access exeited-states, and have strong clectron donation directionality to the dye
acceplor regions. A range of indolizine-based dyes were synthesized in remarkably fow steps {(3-5) with
substituent tunable donation strengths. The m-bridge and acceptor sulnmits were held constant to
facilitate comparison to previously reported dyes from the Interature. The dyes AH3-AHS6 are observed
1o absorb further into the visible region than the reference dyes that etihized triarvlanune or indoline,
which i due @ a destabihzation of the Ewesy and & synergistico stabibization of the Egeousy enovgy lovels.
The cyanoacrylic acid carbonyl and nitrile vibrational stretches are sipnificantly lower in frequency for

mdotizine dyes than for arvlamine dyes, suggesting indolizine 15 a significantly stronger two-clectron

donor. Computational investigation of cach dyve indicates good charge transfor from the HOMO inthe
donor region o the LUMO in the acceptor region. Furthermore, 2 method for accurately predictmyg the
hany 11 CHLCE was devised based on the inclusion of sobvent both in the geonetry optimization steps as
well as the TD-DFT calcufation of the appropriate vertical transitions. The electron injection efficiency
of the dyes to the TiO, conduction band was also investigated. The mdolizine dves were found to have
improvved clectron injection efficioncy upoi the addition of CDUA, which supgests aggregation is
prablematic for these model dves, Through addition of CDCA and Li+ commenly found in the dye
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clectrolyte, the clectron injection efficioncies wore increasced to »81% to »84%% for cach dve. AH3-AHS
were evaluated in DSC devices using THO; semuconductor and the I/ redox shuttle, The dves
exhibited performance ranging from 3.1-8 4% PCE, which compared well to the reference dyves with
arviamine donors. Low photon absorption in the 450-501 nm range and ageregation were observed fo
play key roles in dinunishing the device photocurvent. The in-device Ao teached near 708 nm for
AHS&, which incorporates significantty more photons in the vistble spectnan than the reference dyves.
The IPCE spectrum onset of the low molecular weight indolizine dye AHG is within ~25 am of lngh

performance dyes {H-12.58% PCEsY such as Y123, YA422, €259 and ADEKA-1.

-
¢

Exangple 7

This example domonstraies a method of making cortain dyes of the present wmvention, Al
conunercially obtained reagonts were used as received. Thinlaver chromatography (TLO) was
conducted with Signa T-6145 pre-coated TLE Sihiea gel 60 Faoi polyester sheets and visualized with
UV and potassivm permanganate staining. Flash column chromatography was performed as described
by Sull using Sovbent Tech PO 40-63 an (230-400 meshy. 'H NMR spectra were recorded on a
Bruker Avance-300 (300 MHz}, Bruker Avance DRX-5300 (S00MHMzspectrometer and are reported i
ppiw asing solvent as an bdernal standurd {CDCEH ot 7.26 ppmy). Data repotted as: s = singlet, d =
doubdet, t = riplet, q = quariet, p = pentet, m = multiplet, b = broad, ap = apparent; coupling constant{s)
i Hz; integration. UV-Vis spectram were measuared with a Cary 3000 UV-Vis spectrometer. Cyelic

voltammetry was measored with a O-H Instruments electrochmeical analveer.

Synthetic roule

Lad
tad
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Ethyl 2-(hydroxy(pyridin-2"~vmethyDacrvlate (13 To a 50 mi. round bottom flask was added
pyridine-2-carboxatdehyde (3,63 g, 32.6 mmel, 1.0 equiv), DABCO (0340 ¢, 3.0 mmol, 0.05 equiv)),
gthyl acrvlate (3,52 g, 389 mb, 55,1 mmol, 1.03 cquiv.), and chloroform (4.0 ml., 13.15 M} The

&

muxture was allowed to stir for 3d at room temperatire. During this timie the solution slowly change

w

colors from yellow to red. An aliquot was removed and the reaction was judged complete by TLEC. The

nuxtwe was concentrated and subjected to fash chromatography using 330 mb S0, 10x 160mm

collection wbes, and EtOAc as eluent. Collected product fractions concentrated to yield a velfow oil.

(994, 48.0 mumol, 91%). TH NMR (300 MHz, CDCL) 8 8.55 (de, J= 4.4 Hz, 1.0 Hz, 1H), 7.68 (id, J =
34
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FoHz 1.7 He THY 7430 J= 86 Ha 1H), 723 (ddd, J= 73 Hz, 5.1 Hz,  Hz, 1H), 636 {(dd, /= 2.0
He, 05 He 1HL 395 =11 He, IH, 862(d J= 006 Hz, IHL480(d, J=20Hz, M), 418 (g J=
TRz 2HY, 124 (t, /= 7.1 Hz, 3H).

D
\\\zl ~0Ae

l‘;‘\

Byl 2-(acetoxy(pyveidin-2 -y Dmethylacryiae (23 "Toa 25 mL fask was added Ethyl 2

{hedroxyi pyridin-2-vlmetheDacrviate {7.00 g, 33.8 mmol, 1.0 cqudy Y and acctic anhydride (20 ml., 1.7
M} The mixture was heated to 1007°C with stirring. After Th, cooled to room tempernture and diluted
with EtQAc (100 mL). Washed sequentially with satarated NaHCO: (2 £ 100 mb), HO (1 < 100 ml),
and brine (2 x 100 mL). Dried organic solution with MgS€y, and passed through thick pad of S10; using
3% MeOH EtQAc. Concentrated to vield a dark 01l {7.20 g, 289 mmod, 86%). Y ONMR (300 MHz,
CDCHYERS9{d, J=45Hz LOHz I, 768 (d, J=75Hz, 17 Hz, 1H), 745({d. /=78 Hz, 1H),
F22{ddd, /=73 Hz 38 Hz {2 Hz 1H). 674 (s, IHY, 649 {1, /=00 Hz, 1H,L 394 (1. /=13 Hz,
TH), 415 {gd, /= 70 He, 1.0 Ha, 2H), 216, (s, 3H), 121 {1, /= 6.8 Hz, 3H).

GO

{\;::;x\

\_\Ef‘
H
H

N

i

Ethy W indolizine-Z-carboxylate) (3% To a 25 wl flask was added ethyl 2-(acetoxyv{pyridin-2-
yhmetnDacrylate (7.0 g 28 mmol). The acrylate was set to stir at 120°C under a nitrogen atmosphere.
After 55 min, the reaction was judged complete by TLC. The reaction mixture was diluted in 30 mb 5%
MeOH: EtOAc and passed throagh a thick pad of 510 vsing 5% MeOH: EtOAC as eluent.
Concentrated to give a dark solid (4.02 g, 21.2 mmol, 75%). M NMR {300 MHz, CDCHI S 785 (d J=
6.3 He, 1O Hz, TH)Y, 780 (s, THY, 736 (d, J=92 Hz, 1), 6.83 (5, 1H), 668 {dd, J= 9.0 Hz, 6.3
HelH), 6.53 d, J=69 He 12 Hz, THY 435 (g J=71 Hz, 2H), 138 (0 =71 He, 3H}

aed
L2
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Ethy! (1-{thiophen-2"-yb-§ -carboxaldehyde indolizine )-2-carboxylate (4):' To 2 25 mb flask was added
Ethyl(indolizme-2-carboxylate) (0.12 g, 0.64 mmol), PACL{PPh:)» (0.037 ¢, .053 mmol}, S-bromo-2-
thiophenecarboxaldehyde (0.30 ¢, .19 mi., 1.6 punol), KOAc (.21 g, 2,12 punol), NMP (2.5 mL)
pader 2 mivogen atmosphere. Set to stiv at 8OUC. Afier 20k, subjected watenal 1o cohunn
chromatography using 1% EQAc: Hexanes, Concentrated product spot to vield an orange solid (0,15 g,
S0 mmol, 4790, TH NMR (300 MHz, CDCRY 5095 (s, 1H), 7.96 (4, 1= 8.1 Hz, 1H), 784 (d. J= 4.0
He, 1H), 742, P =88 Hae, THY, 734 (L, F=3 7 Hae, THL 706G, TN 68 {0 I= 73 Hz, LTHYL 659 {1,
=70 Hz TH), 425 {q. J = 7.2 Hz, 2H), 125 (4, 3 = 7.3 He, 3H).

Haxyl

2-Heptylpyridine (537 To a 100 mL flame-dried flask was added 2-picoline {2.0g, 2.12 mL, 21 .44
mmod), and THE (30 ml}. This solution was cooled to -78°C and +Buy! lthtam (1512 md., 1.7M} was
added dropwise to vield a red-orange solution. Sef to stir at -78°C. After 1h, Hexylbromide (7.5 ml,,
35.6 mmol) added dropwise at -78C. Allowed reaction to warm to ¢t slowly with stirring. After 20h,
passed reaction mixture through thun pad of $10: and concentrated to give a pale yellow hquid (1.90 ¢,
.72 mumol, 50%). H NMR (300 MHz, CDCI) 8 8.51 {dg § = 5.0 He, LOHz, 1H), 757 (6d, T = 7.9
Hz, 1.8 He, TH), 715 (¢, J =78 He, TH), 708 (dm, J = 7.0 He, 1HD), 277 (1, J = 6.2 Hz, 2H), 1L.72 (g, J
=72 He, 2H), 138-1.21 (m, 9H), 087 {t, I = 7.5 Hz, 3H}.

OMe

/L
e
. [
b
RN

N

o,

Perityl
2-Hexyi-4-methoxypyridine (637 To a S0 ml. flame dried flask was added Mg (0.54 g, 22.16 mmol},

THF (25 mL) and one crystal of 1; under a nitrogen atmosphere. A drop of Hexy! bronide was added
36
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and once the reaction staried the romaining was added via addition fimnel (248 ml, 2.92 ¢ 177
mimol). Set to stir at reflus. Afler 20 min, the reaction was aliowed to cool to . In a separate Hlame
dried flask was added Ni(dpppiCl: (0.29 g, 0.53 mmol}, 2-bromo-4-methoxypynidine (1.0 g, 5.3 nunob),
THF (25 mL) and the falsk was cooled to 0°C. The Grignard solution was added to the pyridine solution
via canrula at (°C and the reaction allowed to warm to 1t with stiming. After 30 min, the reaction
mixhe was set o stir at refhux, After 2h, the reaction mixtare was dilated with 50 mL EfQAc, washed
sequentially with sat’d NaHCO: (30 mb), brine (30 mi), and dried with MgSO.. Filtered the solution
and concentrated. Subjected crude product to flash chromatography using a gradient of Hexanes {300
ml.) and F1OAC 1o yvield an orange red ofl (0.934 g, 4.85 numol, 92%). "H NMR (300 MHz, CDCly)
SA8831{dd. J=063Hz 0.7Hz, 1H), 663 (1, J=25Hz 1H), 661 (. I=31Hz IH),2.70{ 79 Hz,
IH), 1.69(q, J = 7.8 Hz, 2H), 1.34-1.22 {m, 6 H), 088 (. J= 7.0 Hz, 3H),

2-Phenyl-3-methylindolizine {73 Toa 100 mb flask was added Z-ethylpyridine (10.0 g, 93,37 mmel),
bromoacetophenone {1R.38 g, 9337 numol), scetone (30 mLY Set 1o sty open to atr at refhux. After 21h,
the reaction mixtare was cooled to vt and the resulting white precipitate filtered and washed with
acetone. The white solid was then added to 3 250 mL flask, along with WaHCO,; (3100 g 3708
mmol). Set to stir open to air at reflux. After 1.5h, a biphasic reaction suxture was observed and upon
cooling the flask to 11, the top laver crystallized into a dark mass. Filtered the dark erystals and
dissolved them i CHLCL. Passed through o thin pad of $i0: and concentrated 1o vield an off white
solid (17.64 g, 85,11 mumol, 92%). "H NMR (500 MHz, CDCL) 8 8 7.85 (dt, J = 7.0 Hz, 0.9 Hz, 1H),
T34, V=77 Hz, 1H), 745 (1, 7.4 He, TH), 7.39 {5, 1H), 7.35-7.29 (m, 2H), 661 (ddd, V= 7.1 Hz, 64
Hz, VO Hz, TH), 642 {1, 6.8 Hz, 1H), 2,45 Hz (s, 3H). PONMR (125 MHz, CDCL) 8 136.3, 1313,
1204, 1200, 1287, 126.5, 1251, V178, 1159 [10.5 1101, 1059, 9.9 IR (neat, e ) 3067.7,
29193, 2862.4, 1602 &, 1457.6, 736.1. HRMS (ESD miz calculated for CisHN [M+H]: 208.1126,

found 208 1182,

37
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I-Phenvi-3-hexylindohizine (R): To a 30 mL flask was added 2-heptyipyridine (.87 g, 4.9 mmoly,
bromeacetophenone (0,98 ¢ 4.9 nymol), acetone {10 mlL ). Set to stir open to air ot rethix, After 21k, the
reaction mixture was conled fo 1t gnd the solution concentrated. To the flask was added NaHCO. (1.64
2 20 muneol). Set to stiv open o air at reflux. After B b, the reaction mixture was coaled to 1t and
extracted with CHCH: {3 x 13 mb) and passed through a thin pad of 510,. Concentrated to vield a dark
green ofl (1.0 g, 3.6 mmol, 74%). TH NMR (300 MHz, CDClL) 8 S 785 (d, J = 6.9 Hz, 1H), 748(d, 6.8
He, 2H), 741 (L 3= 70 He, 2H), 734 (d, I =7 He, THY, 733 (s, TH), 7.30 (m, 1), a6t (ddd, 1= 78
He, 6.3 He, LOHz, 1D, 641 ¢ =66 He, THY, 285 (7.9 He, 2HD), 157 {q. 7.3 Hz, 2H), 13t {g. I =
6.6 Hz, 2H), 124 {m, 6H), 0.83 (1, J = 7.0 Hz, 3H). PO NMR (125 MHz, CDCL) § 136.6, 131.0, 1203,
1392 12871266, 1251, 1IRG, 1160, 1118 1104, 102,319,207 244 230, 144 IR {neat, e
Y 3067.9, 29258, 2854 .4, 1603.2, 1457.6, 7346, HRMS (ESD miz caleulated for CudaaN [M+H™

TRV, found 2TH RS,

(4" ff \\:}
!,v;.:: \
- N \\ﬁf’/‘" T
.

24" -Methowyphenyli-3-methylindolizine (9): To a 25 ml. Hask was added 2-ethylpyridine (1.00 g,

10.7 mood), bromoacetophenone (2.46 g, 1LY numol}, acstone {3 ml). Set {o stiv open to air at reflux
After 16h, the reaction mixture was cooled 1o ot and the resulting white precipitate was filtered. To g 25
ol flask was added the white precipitate, NaHCO; (4.00 g, 43.0 nunol). Sct to stiv open o air af reflux.
After 3 b, reaction mixture was cooled to 1t and the resulting dark precipitate filtered. The solid was
dissolved in CHxChL and through a thin pad of S, Concentrated to yield a vellowish ol that
erystaliized upon standing (2.0 g, 8.4 nunel, 78%). “HONMR {300 MHz, CDCEY 8 7.84 {d, 1= 7.4 Hz,
TH), 746 (d, J =68 He, 2H), 734 (s TH}, 732 (dd, =84 Hz, 1.2 Hz, 1H), 699 {d, J= 7.8 Hz, 2H),
6,60 (ddd, I = 6.2 Hz, 6.4 Hz, 1.0 Hz, TH), 640 (1, J = 6.6 Hz), 3.83 (5, 3H), 2.42 (s, 3H). O NMR
(125 MHz, CDCLY 8 1586, 131.2, 130.0, 1293, 1288, 1250, 1I7.7, LIS9, 1143, 114.2, 1102, 1104,
38
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105.7. 5.6, 0.9, IR (neat, om™): 30694, 2097.9 2633 6, 1610.6, 1246.6, 741 4. HRMS (ESI) miz
calculated for CyeHesNO [M+HT 2381232, found 238.1251,

2-Phenyi-3-pentyvl-S-methoxyindolizine (10% To a 25 mi. fhask was added 2-Hexyl-4-mathoxyvpynidine
{04} g 2.1 vunol), bromoacciophenone (.40 g, 2.1 mmel), soctone (13 mb). Setto siiy open to air &t
reflux, After 16h, the reaction mixtwre was cooled o 1t and concentrated. To the flask was added
NaHCO: (4.00 g, 43.0 punol). Set to stiv open to air at veflux, After 3 b, reaction mixtare was cooled 1o
vt and extracted with CHOL (3 x 25 mb ) and concentrated. The crude prodact was subjected to cobisnn
chromatography and the product spot concentrated to vield a dark ol {0.10 g, 0.32 mmol, 16%). H
NMR (300 MHz, CaDa) 5 7.63 (don, J = 7.0 Hz, 2H), 7.33 (om, T = 8.1 Hz, 21, 718 (dt, J= 7.4 Hz, 1.3
Hz 1H), 694 ¢dd J=73 He 07T Hy 1H)Y, 673 (s, 1H), 608 (d, I =25 Hz 1H}, 605 {dd, I =84 Hz,
26 Hz, THYL 330(s, 3H), 294 (¢ J= 7.6 Hz, 2H}, 168 {m, 2H), 1.32-1 1R (o, 4H), 679 (1, J = 7O Ha,
3H). BONMR (PISMHz, CeD S 1319, 1374, 1312 1503, 1393 1288, 1284 1366, 1265 1087,
1092, 1056, 94.0, 34.6.32.2,31.5, 24,7, 229, 14.3, IR (neat, em’*): 3063.9, 20538, 2927 &, 1646.6,
12221, 769.7. HRMS (ESI) m/z calculated for CooHaNO [M+HT 204 1838, found 2041057

2
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{-{thiophon-2 - vl ~carboxaldehyde - 2-phenyvl-3-methylindolizing (11 To a 25 sl flame dried Hask

was added 2-Phenyl-3-methyvlindobizine (6.23 g, 1.2 mmol), PdCL{PPh:): (0.043 g, 061 nmandy, 5-

bromo-2-thuophencearboxaldehyde (0.35 g, 0.22 mk, 1.8 numnol), KOAe (.24 g, 2.4 punol), NMP (2.5

mL) ender a nitrogen atmosphere. Set to stir at 80°C. After 6.5 b, sufyjected material to colinmmn

chromatography using H%EOAe Hexanes, Concentrated product spot to vield an orange ol that

crystatlized upon standing {0.35 g, 1.1 numol, 92%). 'H NMR (300 MHz, CDCLY S 9.72 (s, 1H), 834
39
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{d, F=6.8 Hz, 1H), 7.55{d, I = 4.0 Hz, 1H), 7.37-725 {m, 41D, 717 (d, I = 6.0 He, 2H), 6.88 (d, = 4.0
Hz, 1H), 6.72 (ddd. § = 7.8 Hz, 6.8 Hz, 1.0 Hz, 1H}, 6.53 (1, 1 = 6.3 Hz, 1H), 2.20 (s, 3H). “C NMR (73
MHz, CDCH)

0 182.6, 143.5, 141.7, 1369, 135.0, 132.7, 131.6, 1308, 128.6, 1274, 1274, 123.0, 1183, 1183, 1144,
1121, 109.6, 9.3, IR (neat, con”'): 3067.5, 2860.9, 16602, 14348, 1226.6, 734.9. HRMS (ESI} iz
caleulated for CouHeNOS [MT7: 317.0874, found 317.0006.

Q
I
{ 1
5,
;3:::7{:
/‘N\!:f“ Hexyl
LN ot

-{thuophen-27-yi-5 -carboxaldehyvdej-2-phenyi-3-hexylindodizine (11) To a 25 ol flarse dried fask
was added 2-Phenyl-3-hexvlindolizine (0.25 ¢, 0.90 mmol), PACL(PPhy), (0,032 g, 0,045 mmol), 5-
brome-2-thiophenecarboxaldehyde (.26 g 016 mi, 14 pmol), KOAC (018 g, 1.8 mimol), NMP (2.0
ml) under & nitvogen atmosphere. Set to stiy at 80°C. After 20 b, subjocted material to colamn
chromatography using gradiont of Hoxanes to 3%E10Ac Hexanes. Concontrated product spot o vicld
an orange oil that crystallized upon standing (.17 g, 0.44 mmol, 49%). 'H NMR (300 MHz, CDCl)
B98O (s, LH), 8454, J = 8.1 He, 0.8 He, 1H), 7.61 (d, 1= 54 He, IH), 745 (dt, J= &0 He, 1.2 He,
THY 7.39-732 (m, 3H), 7.25, (m, 2H3, 6.94(d, T =4 Hz, 1D, 6.80{ddd, J= 9.7 Hz, 6.3 Hz, 1.0 Hz,
iH), 6.61 (wl, V=72 He, 1.3 He, 1), 2.68 (1, F= 8.0 Ha, ZH), 148 (o, 2H),

F27-1 405 6m, 6HD, QOR3I QL Y= 6.7 Hz, 3H). S NMR (135 MHz,

DCE)G 182.6, 1437, 1415, 137.0, 1332, 132.8, 1317, 1309, 1286, 127.5, 127.2, 127.1, 1233, 123.2
C118.3, IR, 1155, 114.7, 1121, 3 8.31.6,29.5,24.2, 22.9, 14.4, IR (neat, e}y, 3067.6, 2023 &,
16611, 14354, 12258 7007, HRMS (ESTY miz calondated for O NOS [T 3871657, found

IRT 1754,
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{-{thiophen-2"-y}-5 -carboxaldehyde)-2-(47 -methoxyphenyvl}-3-methylndobizine (11): Toa 28 mL

flame dried flask was added 2-(4"-MethoxyphenyD-3-methylindolizine {025 g 1.1 mmod),

PACH{PPha): (0.037 ¢, 0,033 numol), 3-bromo-2-thiophenccarboxaldehyde (.30 ¢, .19 mL, 1.6 mmel),

KOAc {021 g 2.1 mmol), NMP (2.0 md.) under 3 mirogen atmosphere. Set to stir at 80°C. After 23 h,

suhmmd material to cohwnn clwomatography using gradient of 3% Ei0Ac Hexanes to

B0 Ao Hexanes, Concentrated product spotto yield an orange off that arvstatiized upon standing

(.16 g, 0.46 numol, 44%%). 'R NMR (300 MHz, CDCLY 8 9.82 (s, TH), 842 (dt, } =72 Ha, 1.3 Ha,

THY, 763 (=42 He THD, 741 {dL I = 8.9 He, 05 He), 717 {dim, 3= 82 He, 2H, 6,99 (d, J =39
THL 691 (dm, J=86Hz 2H;, 6.70(ddd, I =89 Hz 6.6Hz 1 O Hz 1HL 660{d, I=06THz 1 .4

Hz, 1H), 3.85 (s, 3HD), 2.26 {5, 3H). C NMR (125

Mz CDCE)8 1827, 1 L 1438, 1416, 137.0, 132.9, 1319, 1314, 127,

i

271, 123.3, 1184, 11k,
P14.5, 114.3, 1142, 112.0, 1097, 55.5, 9.4 1R (neat, am” ¥ 3032.3, 2934 2, 1639.0, 14311, 12471,
K12

3
w3

B
&3

t-(thiophen-2’~yl-5"~carboxaldehyde)-2-phenyl-3-pentyl-3-methoxyindolizine {11} To a 25 ml. flame
dried flask was added 2-pheny)-3-pentvi-S-methoxyindohizine (023 g, 1.1 mmaol), PA{OQAC), (1.037 g,
0.053 mmol), $-bromo-2-thiophencearboxaldehyde (0.30 g, 0.19 ml, 1.6 mmol), KOAc(0.21 g, 2.1
puool), MMP (2.0 ol) under a nitrogen atmosphere. Set to stiv at 80°C. After 23 h, sulyecied material
to column chromatography using gradient of S8R0 A Hexanes to 2% E0Ac Hexanes. Concentrated
product spot to vicld an orange oil that crvstallized vpon standing (0.16 g, .46 mmol, 44%). "H NMR

(300 MHz, CDCL 3976 (s, 1H), 838 (dd, J=7 5 He, 0.7 He, 1R), 757 (4, I = 4.0 Hz, 1H}, 7.38-7.32

43
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(m, SHL 725-722{m, 2H), 685 (d, ] = 4.0 He, 1H), 6.62(d, F= 27 Hz, IH), 638 (dd, J=T7 1 Hz 2.7
Hz, 1H), 387 (s, 3H), 26 {t, ) =76 Hz 2H), 145 (m, 2H) 13-1.2 {m, 4H), 083 (¢, J = 6.4 He, 3H).

i Ny

WAl e
\:,::::'\'\
N
f
N

3-{ethylttiophen-2 7" wvi-3 73 pentyvb-mdolizine-2-carboyyvlate - Z-eyvano-2-propenoic acid (AH2). Toa
10 mi flask added Ethyl {1 -(thiophen-2" v carboxaldehvdenndolizing)-2-carboxviate {0,083 ¢, 0.29
mmol), CHCL {(4.75 mb). Bubbled with nitvogen for 30 min, Uyvancacetic acid (014, 1.7
mmol}, pipenidine (1.33g, 0.39 ml., 4.0 mmol) added. Sealed flask using a plastic stopper and electrical
tape. Warmed to 90°C. After 4.5 h, conled to r1. Diluted with 150 mL CHLCly, acidified with AcOH,
washod with H0 Gx 160 mL), Concentrated. Passed erade material through thick pad of 510 using
first CHoChy (800 mb), then 10% MeOHCH:CRH {500 mL), and finally 10%0 MeOH: 3% AcOHCHXCL
{300 mL). Concentrated to vicld a dark range powder {0.084 g 0.23 mmol, ¥4%). "H NMR (500 MHz,
CDChHY. @ 835 JT=63He, 1H), 790 (d J=4 Hz, 1H}, 784 {5, 1H), 74{d, I= 60 Hz 1H), 735,
Ja4 0He, THYL 7.0 6, THL 68 (L Y 68 He HHD), 65 Ha (1 F= 66 Hey, 425 {q, T = 7O He, 2H), 1.37
{t, 3= 7.1 He, SH). HRMS (ESD mis calculated for CroHyNaOhS PMTT 3670753, found 367 0707 UV-

Vis {CHCLY, R = 430 5m (= 1250 M7em™ ), Rumea = 530 5.

N
HOLC
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3-(thiophen-2 -vi- 3 -2-phonvl-F-methylindolizing}-2-cyvano-2-propenoic acid {AH3). To a 10 mi. flask
added -{thiophen-2"-y1-53"-carboxaldchyde -2 -phenyl-3-methylindolizine (0.10 g, .32 nunol), CHCY
(3.3 ml). Bubbled with nitrogen for 30 min. Cyavoacetic acid (0.086 g, 0.95 nunol), piperidine (019

g, 022 mL, 2.2 mmol) added. Scaled Hask using a plastic stopper and electrical tape. Warmed o 90°C.
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After 20 h, cooled to it Diluted with 130 ml CH:Cl, acidified with AcOH, washed with H;O (3x 100
mL), Concentrated. Passed crude material through thick pad of Si0. using first CH;Cly (500 mL), then
1% MeUHCHLCL: {300 mLy), and finally 10%% MceOH: 5%AcOHCHCL (300 mb). Washed product
fraction with H:0 (3 x 100 mL), dried with MgSQ, filiered and concentrated to yield a dark puarple
poveder (0.032 g, 0.079 mmol, 25%). THONMR (300 Mz, CDCL) S 8.26 (d, V= 6.4 Hz, TH), 8.04 (m,
FH), 7.36 (my, THY, 7.29 (o, FHD, 7.25 (m, THE 7.22 (my, 2HD, 7.08 (my, 2H), 667 (1, F= 7.9 Hz, 1H),
6.55 {m, 1H), 6.42 (m, 1H), 2.15 (s, 3H). IR (neag, o) 3429 1, 1645.3, 1394 0, 11991 HRMS (ESD)
miz calculated for CorFligN=015 M7 385,101 1, found 385.0549, UV-Vis (CHCLY: A = 557 nm (& =

& o N Y ]
8,500 M7 eny 7 1, Apea = 627 nim,

3-{thiophen-2"-vi5 - 2-phonyl-3-hexvlindolizine)- 2 -cyano-2-propencic acid {AH4), Toa 10 mi flask
added I~(thiophen-2"-vi-3-cavhoxaldehyde)-2-phenvh3-hexvlindolzine (0,13 g, 0.34 nunol), CHCL
{50 ml). Bubbled with nitrogen for 30 man. Uyanoacetic aoid (0.086 g, 8.95 nunol), piperidine (119
¢, 022 mb, 2.2 mumol) added. Scaled flask wsing g plastic stopper and electrical tape. Warmed to 90°C,
After 20 h, cooled to rt. Diluted with 150 ml. CH.Ch, acidified with AcOH, washed with H,0 (3x 1060
mL}, Concentrated. Passed crude material through thick pad of 8105 using first CHCly (500 mL), then
109 MeOHCHCL (300 mb), and finally 109 MeOH 3% AcOHACHCL (5300 mb). Washed product
fraction with HaO (3 x 100 mL), dricd with MgS0, filtered and concentrated to vield a dark purple
poveder (0.022 g, 0.048% mumol, 1496). "H NMR (360 MHz, CDCI) 1. 6 BSE(d T =73 Hz, 1HL 8.2 (s,
THY, 7,71 G, THY, 7.8 (o, THY, 7.4 (m, 4R, 6.9 (i, ZH), 6,73 (m, 2H), 268 (oy, 2H), 1499 (m, 3H),
1.25 {m, 6H), 0.85 (¢ 3 = 6.9 Hz, 31, HRMS (EST) iz caleulated for CrelloaNa05S [M15 4551793,

found 4151274, UV-Vis (CHCEY: Aue = 563 nm (&= 11,300 M o™}, Aupee = 627 i1,
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3-{thiophen-2"-¢b- 5372747 methoxyphenyd 33 -methylmdolizine -2 -cyano-2-propeneic acid (AHS),
To a 10 ml. flask added I-(thiophen-2"-y1-5 -carboxaldehyde)2 " <{4" " -methoxypheny-37-
hexviindolizine (0.16 ¢, 0.45 mmol), CHCL (7.0 mL). Bubbled with nitrogen for 30 min. Cyanoacetic
actd (0.1 g, 1.3 mmol), pipendine (027 g, 0.3 ml, 3.1 mmol} added. Sealed flask using a plasuie
stopper and electrival tape, Warmed o 90°C. After 22 b, cooled to rt. Diated with 150 mL CH.Ch,
acidified with AcOH, washed with H0 (3x 100 mL), Concentrated. Passed crude material through
thick pad of S0z using first CHLCL (500 mL), then 10% MeOH:CHCL (500 mL), and finally 10%
MeOH 3 AcOHCH-Cl (500 mb), Washed product fraction with HaQ (3 x 100 mlL), dried with
MgSO; filtered and concentrated to vield a dark purple powder (0.090 g, 0.22 mmeol, 49%). 'H NMR
(300 MHz, CDCE) 1.8 8.60(d. J=69 Hz, 1H), 825 (s, 1H}, 775 (4, I = 4.0 Hz, 1H), 747(d, I =88
Ha 1H), 7.24 (d, T = 6.6 Hz, 2H), 6.9 {d, § = 6.6 Hz, 2H), 6.97 (d, } = 4.0 Hz, TH), 6.92 (dd, J = 8.2 Hz,
T0 Hz, THYL 6.74 (td, Jo= 7.0 Mz, 13 Ha, THDY, 3.90 (s, 3HY 228 {5, 3H). IR {(neat, em™'): 3422

2064 1, 16486, 14021, 1207 2 HRMS (l:‘:&) miz calealated for CaaHigNa0:8 [M]7: 4151116, found
151130, UV-Vis ({CHOL Y hunes = 554 nm (g = 5,800 Mo’ ) Ponser = 034 nm.

N T Pantyl

\

\ﬁ"

Otde
3-{thiophen~2"-¢i-372 " -phenvl-3 " -pentyi-3 Tmethoxyindolizing }- 2-cyano-2-propenoic acid (AHO).
Toa 1 ml flask added 1-(thiophen-27-y1-3"~carboxaldehyde}-2" " -(4" -methoxyphenyi)-37-
hexyhindohzine (0,025 g, 0.072 punol), CHCL (1.2 mbL). Bubbled with nitrogen for 30 min.
Cyanoacetic acid ((LU1R g, 022 mmol), pipendine (0.043 g, 0.050 ml, .50 mmeol) added. Secaled flask
using & plastic stopper and clectrical tape. Warmed {0 90°C, After 43 min, cooled to vt Diluted with

130 mb CHCL, acidificd with AcOH, washed with H>Q (35 160 mb), Concentrated. Passed crude

material through thick pad of 5i0; asing first CHaCL (300 ml}, thon 10% MeOHUHCL (3086 mly,
a4
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and finally 10% MeOH: 3% ACOHCHCL (380 mb). Washed product fraction with HxQO (3 x 100 mb),
dricd with MgSQ, filtered and concentrated to vield a dark purple powder (0018 g, 0.043 mumol, 60%:).
'HONMR (300 MHz, CDCL)Y S 8.53 (d, J = 7.3 Hz, 1H), 8.14 (s, TH), 7.60 {m, [F), 7.30 (m, 4H), 7.20
{m, 1H}, 6.72(d, I =41 Hz, TH), 6.65 {m, 1H), 6.5 {m, TH}, 648 {m, TH)L, 391 (5, 3D 257 (1, I = 7.1
Hz, 2H), 1.66 (m, 2H), 143 (m, 4H}, 083 (1, ] = 6.7 Hz, 3H}). HRMS (ESI) »o/z caleulated for
CraFaNoOsS M- 4711742, fornd 4711260, UV-Vis (CHORY Aun = 597 nm (o= 12,500 M om™),

Fanss = 005 nm

Example X

This cxample domonstirates discosses certain ermbodiments of the present tvvention. Ax

shown below, these examples exlubit excellent light absorption and surface blocking properties.

HEH o . e <y ~ &P
clectrolyte were significantly higher for AH7

Drevice etficiencies osing either 17y or Cothpyks

(8. 1%} than known dve D35, The dyes m this example are of the D-n-A type.

OCeHys

NC

@}_ OCsHs
AH7 %.,

The optical and electronic properties of dye AHT were then analysed through UV-Vig
absorption and cyclic voltammmetry {See Table 6, below). Compared to the non-blocking donor present
wt AHI, the Ay and onee oF AHT are both red-shifted by 50 nm, and the absorption coefficient is
shightly increased, Connpared o kaovwn dye D35, both values for dye AHT are red-shufted by 160 mn,

while the absorption coefficient is much fower.

Table &, Optical and cloctranie propertics,
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D A SN By s fe Ly o BE S N

AHE 853 Bellh R -3,
ARV &IOS 3 33 3.8t R
035 435 §5 R0 4,36 ~1.38 {4
“nfensured in CHLUE and 8.39% Ao P stimmatid fom maignm absorpion susve 1n UHLCL. Conversion from
nasenelors to oV was calowdatnd by B 12808 g oy “Measured o 2 0.3 MBNPE; (o CHC,; soluiton with

phasuy varhon woekong ehecirods, Peloronee eleotrnde, snd P counter cloctrod with Renviene s a0 nteraad

N

susndard. Vabues are reposted versus NHE, MCalcobied from By, ™ Bomy ~ Egopy

The ground state oxidation potential (Ewes) for ART was observed to be substantially higher i
encrey for AHT than AH3 or D35, which was atiributed to a much stronger donor on AHT. The Excited
state oxidation potential (Eisose) was also found to be much lower for AHT than D38 and only
somewhat fower than AHI, which was attributed to synergistic band-gap narrowing due to competing
local aromaticity present in the mdolizine subunit. Thus, AHT was observed to have suitable energy
levels to function as a DRC sensitizer. Dves AH3, AH7, D35 were examined i DSC devices with a

FE redox shuttle. From the equation PCE ()% = (Vo FFY )

Ti(3- semiconductor and 11y or Co
where L. = short-circait corrent, Ve is tho open-cireuit voltage, FF is the fill factor and I{sen} is the

incident ight mtensity, the device performances uader AM L5 frvadiation were analysed (Table 2},

Table 2. Device Porformnces.

Dy Elactrolyte de b mafend) VQ_C fmyy FF i {3
AH3 ELIS 9.0 545 05 374
AHZ Q60* 14.7 536 D76  7.99
D33 2602 113 758 074 .58
AH3 Cofbpyls HARR 5.0 B30 D78 3.04
AH7 Cothpyyy GLARS 13.3 757 G880
038 Colbpyl; H/HD 102 82% DAY G40

Sievices were fabrivated with the 2960 clectlyte tu iy comprised oft LOM 13 -dimethy midezolinm fwdide (DMID, 30 mM

Lat, 30 wdd 12, 0.5 M ertebutyls puridine, G0 M gusmidmbun thicoyanate (GNCR) w acotoniivihe and valovonttrile Ovrv, 8519

Additional device fabrication date s in e Bxpesimental Section 14 the Supposting Informaticn, *Co-bpy electulyte

High efficiency DSC sensitizers not only need strong donors badanced with strong acceptors,
they need to be safficiently swriace Mocking in order o reduce non-produciive electron transfer events
such as recombmation of electrons from T to the redox shuttle, We have syathesized a surface
blocking mdolizine donor in 4 steps from commercially available starting materials. The dve AH7 was
observed to observe significantly morve light than cither comparison dyves AH3 or D35, due to the
competuiy local aromaticity inherent & the mdohizine subwnt and the very strong mdohizine donor, In
evaluating this serics of dyves, the highest performing in devices was AHT. In comparing the

46
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performance of devices sensitized with either non-blocking indobizine donor (AH3), surface blocking
donor {AHTY, or well-known Hagfeldt donor {(38), the recombination rate mproved i the order
AH3>ART>D3S, with D335 reducing recombination rate to a lavel an order of magmitude tower than
AH7. To further improve indobizine dves, more advanced bridges, such as those incorporated n state-
of-the art dyes should be incorporated. ™™ Also, efforts to planarize the donor-bridge diliedral angle
would significantly aid photon-to-cleetric conversion, as the absorption coefficient for AR was suit

quite fow.

Exanple 8

This cxample deseribed methods of making cortain dyes of the present invention.

AHZAHE AHI3,14, 25

Tide

Ry= -00,8t Ra® -H, Ry= H AH2

Ry= Ph Ry «CHy, Rem H AM3

Rgz Ph RZ: 'CﬁH;S‘ R3: H AH4

R -(4-OMe)Ph, ot Me, Ry H AHS
Ry=Ph R:: "ngl“iﬂ‘, R\q: Obde AHS

A’%f' SO

R.= NG

AH13
. Ry 7 ~Ca f{4-CHCH,COM) DP 3
SCxHy ~{4-QCHPh P4
S ;CsHﬂ
N

DCKH tR3 g—-\f 3
A

57 N oo

= Thi, AH10
i = nfa, AHTE
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Ll

{11 the above scheme, examples of synthetic routes to AHIQ and AH I are shown, Conditions:
iy LDATHE, -78°C. by Z-cthvthexylbronnde, -78C ot P10 g, 19% 1) 2.4~
bisthexyioxy iphneyiboronic actd, PAPPha., Abguat 336, NapyCOs, O, Tol veflux, 3:2.28g, 699, 5
3.30g, 88%. | iy ay 247 -dibromeacetophenone, acctone reflux. by NaHCO;, HyO reflux, 2.83g, 79%.
ivY: thioglveolic acid, MeOH, H:O, 100°C, L0 g, 79%. v a) BtCO,CH,ONS, DBU, 1, MeCUN. by
bromoethylacetate, 100°C, 0.56 g 30%. viY: HCL, AcOH, 80°%C, (L0358 ¢ 30%, vil)y S-bromo-2-
tiwophenecarboxaldehyde, PACHPPh:, KOAe, NMP,&O'CL 0086 g, 81%. vy NCCHOOH,
piperidine, CHCL, 90°C, 0,030 g, 67%, ) &, piperiding, CHCL, 90°C, AHIO: 0,046 g, 45%. AHLL
{.006 g, 6%. Xy DMF, POCE, DCE, 0°C o i, (U150 g, 50%.

one oM

Wi SHLY
Vi A
i A2

The above scheme shows synthetie route to dyes AHI3, AH4, AH2S. Conditions: 11 DMF,
POCE, 0.25 g, 90%. ity LIAIH,, THF, 0.67 g, 7%, itiy: HPPh:Br, CHCH;, 018 g, quant. iv): 2,3-
thiophenchis{carboxaldehyde), LIHMDS, 0,072 g, 80%. v): malonitrile, NaOEs, EtOH, 24h, 34%. vi)

438
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NCCHCO-H, piperidine, CHCL, 900°C, 0005 g, 30%. vit): §, piperidine, CHCY,, 90°C, 0.01 g, 10%.

vitiy: 15, 4-aminophenol, toluene, AcOH, 0.051 g, 31%.

ek S

The above scheme shows examples of synthetic rowtes W o dyes BP3, DP3 ester, P4
Condivians: vy gy AlCL, bromoacetvichlonde, CUH:Ch. bY: 2-cthyipyridine, acetone, reflux. ¢ 12 M
NaOEt in EtOH, rethex. d)s HaSO,, EfOH, 3.1 g, 60%,. 1) DMF, POCH, 0.64 g, 60% iy 14, 4-
aminophenol, acetic acid, toluene, reflux, for DP3 ester: 0.050 g, 42% PP4 0025 g 25%,. ) ag.

Li0OH, THE, o, 0.010 g, 3%,

Untess defined otherwise, all fechnical and scientific terms used Hevedn bave the same meaning
as commonty understood by one of ordinary skill in the art to which the preseatly-disclosed subject
matter belongs. Although any methods, devices, and materials similar or equivalent to those described
heren can be used in the practice or testing of the presently-disclosed subject matfer, representative

methods, devices, and matenals are now deserihed.

Followmg long-standing patent faw convention, the terms “a”, “an”, and “the™ refer fo “onc or

more” when used i this application, incloding the claims.  Thus, for example, reference to “a cell

mchudes a plarality of such cells, and so forth.

Unless otherwise mdicated, all mumbers expressing quantities of mgredients, properties such as
reaction conditions, and so forth used in the specification and claims are to be understood as being
modified in all instances by the torm “abowt™.  Accordingly, enless indicated to the contrary, the
munerical parameters set forth m this specification and clums are approximations that can vary

depending upon the desired propertics sought to be obtained by the presceaty-disclosed subject matter.
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As used herein, the term “about,” when reforring to a valug or to an amowat of mass, weight,
time, volume, concenfration or pereenfage is meant to cncompass variations of i some embodiments
+£20%, i some cmbodiments £10%, in some cimbodiments £53%, in some civhadiments +1%, in some
cmbodiments £0.5%, and in some embodiments +0.1% from the specified amownt, as such variations

are appropriate to perform the disclosed method.

As used herein, ranges can be expressed as from “about” one particular value, and/or 1o “abowt”
another particular value, Tt s also understood that there are a number of values disclosed herein, and
that cach value is also herein disclosed as “about” that particular value i addition to the value #selfl
For example, if the value “107 15 disclosed, then “about 107 1s also disclosed. It 15 also uaderstood that
cach unit between two particular wuts are also disclosed. For example, if 10 and 13 are disclosed, then

i1, 12, 13, and 14 arve also disclosed.

INCORPORATION BY REFERENCE

All publications, patents, and patent apphications monbioned in this specification. including the
fist below, are herein corporated by referenec to the same extent as if cach individual publication,

patent, or patent apphication was specifically and individually indicated to be incorporated by reference.

M. Grifteel ctal., Natre 1991, 353,
AL Hagfeldt ot al., Chem, Rev. 2018, 110, 6395

AL Mishra et al, dagew. Chem. Int Ed 2009, 48,2474

8. E. Hardin et al., Nat Phororics 2812, 9, 162

F-Y Lietal, Wa, Org Leir 2002, 14, 53420

K. Kakiage ct al., Chem. Commun, 2014, 30, 6379

Y Yangetal, ./ dm Chem. Soc. 2044, 136, 5722

J-H Ywm etal, Soi Rep. 2813, 3, 2446

S. Ahmad etal, Phys Chem Chem Phys 2012, 74, 10631
A Yelaetal, Chem. Mar 2013, 25, 2733

3 H. Delcanp et al, dngew. Chem. Inz. Ed 2013, 32,376,
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A. Dualeh et al., ddv. Energy Muder. 2013, 3, 496,

B. Koszama et al, , R C. Matezak, M. Krzeszowski, O Vakudwik, 1 Klajo, M. Tasigr, 1 T, Nowieki,

DT Grvko, Terrahedron 2014, 762235,

P.S. Bary ot al, WO Patent 035482, 1998,

B. Lietal, Chem. Fur  J 22,18, 1599,

C-H Parkatal, Org. Lefr, 2004, 6, 1159,

D.P. Hagberg et b, J Org, Chem, 2007, 72, 9550,
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It will be understood that variows details of the presently disclosed subjoct matter can be
changed withowt departing from the scope of the subject matter disclosed herein.  Furthermove, the

foregoing description is for the purpose of illustration only, and not for the purpose of hmitation,
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We claim:

i. A visible absorbing or near infrared dye of the following formala:

Rt df
-\

Rig-4)

wherem cach R is optionally substituted and independently selected from fnlogen, H, atkyl,
amin@, Ogaiiwi} FD:aikxi ani m\*i'-Rgm e OF aikx i*R;mg\
Ry is alkyl, eycloatkyl, phenyl, alkene or alkyne;

whaerein when Ry is arvl it can optionally eyclize with one R to form an additional singe
R 1s halogen, H, alkyl, amine, Oalkyl), argl, arvi-Rye.r, or alkyl-Rapay

Ry in halogen, H, alkyl, amino, Odalkyl), or arvi;

B iz a n-bridge; and

A is an acceptor.

2. The dye of clum 1, wherem aryl in Ry 13 substituted or wsudstituted phenyl.
3 The dyve of claim 1, of the following formuda:

A
bad
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Rty

RiD-43

The dye of claim 1, of the following formula

Rin-4)

//"

RiO-4)

54
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WO 2016/019182

The dve of claim 1, of the tollowing formula:

The dye of claim 1, of the following formula;

The dye of claim 1, wherein one oy more R groups are independontly sclected from COLEL

phenvl, bexyl, pentyl, methyl, O{methyl), and

The dye of claim 1, of the following formula

[z
Lty

[

-~ Ohde
\“\:}/;;J

PCT/US2015/042990
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oy

wherein R is alloyl

9, The newr infrared dve of clatim 8, of the following formuda

36
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LOF

eptor includes the formular

clectron ace

heremn the

\x\‘:

cof clatm 1,

}.:

ed

Th

10,
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i1, A compound of the following forawla

OMe

12, A compound of the following formula:
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3.

{OMe

14, A compound of the following formula

60



WO 2016/019182 PCT/US2015/042990

. OF

15, A dye-sensitized solar cell, comprising:

an anode plate and a cathode plate; a dve of claim 1

a sennconducting oxide;

a vedox couple or charge transport material,

16, The solar celf of clatm 15, wherein the semicondycting oxide 18 TGy, o0, or $n..

i7.  The solar ccll of claim 15, wherein the dye is of the following foraula:
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