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From byproducts to NLO-active dyes:
catalyst-free transfer hydrogenation in the
modular synthesis of merocyaninesf
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We report an unexpected direct transfer hydrogenation (TH) from 8-alkoxyjulolidine as a strong electron
donor to tricyanofuran-based hemicyanines and tandem condensation for the synthesis of push—pull
chromophores. Density functional theory calculations identify the a-hydride transfer of julolidine
derivatives, instead of nucleophilic addition, as the key initial step of reaction cascades, followed by
efficient B-deprotonation to generate a nucleophilic enamine of isojuloline that condenses in situ with a
second equivalent of hemicyanines as electrophiles. The scheme represents an exceptional example of
TH reactions from 8-alkoxyjulolidine to highly polarizable hemicyanines, notably under simple reaction
conditions without using potent catalysts of metal complexes or Lewis acids. The resulting products
of isojuloline-based merocyanines exhibit strong near-infrared (NIR) absorption and large first hyper-
polarizabilities. The study suggests that direct TH can be exploited to construct new NIR merocyanines

rsc.li/njc

Introduction

Transfer hydrogenation (TH) is a chemical reaction in which a
hydride or proton is transferred from an organic hydrogen
donor to a polar unsaturated compound, such as ketones,
imines, and alkenes. Recently TH has emerged as a safer and
more convenient method alternative to the traditional hydro-
genation methods by eliminating the use of flammable hydro-
gen gas and high-pressure hydrogenation reactors.'” However,
until now TH reactions of C—=C double bonds from tertiary
amines remain unreported, due to limited polarizability of
alkenes and challenge in activating or eliminating both the
o- and B-C(sp®) hydrogens of the nitrogen atom.?*™°

Only very few methods have been reported to enable the TH
reactions from tertiary amines, such as by reacting diethyl azo-
dicarboxylate (DEAD) with tertiary amines through nucleophilic
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by following rational, regioselective condensation pathways for photonic applications.

addition to form zwitterionic intermediates (Fig. 1A),* or by
selecting elegant noble/transition metal complexes (Fig. 1B).
Furthermore, beyond a better synthetic capability in construct-
ing molecular complexity is the lack of examples using TH-
enabled reactions in the synthesis of amine-containing func-
tional molecules and molecular materials. Most tertiary amine

A. Transfer hydrogenation from tertiary amines to DEAD
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B. Transfer hydrogenation from julolidine to noble metal complexes
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Fig. 1 (A) Dehydrogenation of tertiary amines involving nucleophile addi-
tion with DEAD and subsequent hydrogen transfers; (B) TH from julolidine
to noble metal catalysts, plus the normal C-9 nucleophilicity of julolidines.
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products were obtained through addition reactions to the sp”
carbon of iminium or enamine intermediates, keeping the sp®
hybridization for the carbon centers unchanged after the
transformation (Fig. 1B).*” Therefore, it is highly desirable to
functionalize the tertiary anilines as the electron donor of
n-conjugated molecules through efficient TH reactions of polar-
izable olefins, which would mark a significant step toward the
exploration of new molecular structures for potential applica-
tions in nonlinear optics,®*° fluorescent bioimaging,"""> and
phototheranostics."**

In the meantime there is growing interest in concise synth-
esis of push-pull polymethines containing the tricyanofuran
(TCF) acceptors for photonic applications (Fig. 2A-C).57%'*
Many researchers are particularly interested in the study of
modular reaction sequences, consisting of consecutive multiple-
step, one-pot reactions, for efficient synthesis of key intermediates
and push-pull chromophores. In our quest of simple and highly
efficient synthetic protocols for new TCF-based push-pull struc-
tures, the present work was initiated in studying the feasibility of
direct condensation between the julolidine donors and TCF-based
hemicyanine precursors, which are considered as among the most
widely used conjugated units with structural diversity and syn-
thetic scalability.*%*>~*® Following the condensation with methy-
lene bases, we expected that the C-9 position of the substituted
phenyl ring would be the predominant nucleophilic site for
julolidines to react with m-conjugated TCF hemicyanines and
form type-I products under normal conditions (Path I, Fig. 2D).
Interestingly, we obtained an unexpected major product (type-II
product) of a fully n-conjugated push-pull structure containing an
isojuloline donor, m-conjugated bridge, and TCF acceptor (Path II,
Fig. 2D), in which the isojuloline group is the dehydrogenated
product from the julolidine substrate.

The above critical literature review and preliminary findings
motivated us to conduct this study for new push-pull mole-
cules to understand the mechanisms of tandem reactions
and material properties. We have investigated the TH from

A. TCF acceptors and n-extended hemicyanine precursors
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8-alkoxyjulolidine as a strong electron donor to m-conjugated
TCF-type hemicyanines and tandem condensation for the
synthesis of push-pull chromophores, as well as the effect of
acceptor substituents on regioselectivity of two distinct path-
ways (Fig. 2D). Density-functional theory (DFT) calculations
and spectroscopic analyses demonstrate that the TH process
involves direct transfer of both o and f hydrogens of 8-alkoxy-
julolidine to the C—=C double bond of highly polarizable TCF-
type hemicyanines, notably under simple reaction conditions
without using potent catalysts of noble metal complexes or
forming very reactive intermediates through nucleophilic addi-
tion (Fig. 1). The formed isojuloline intermediate can be con-
densed with TCF acceptor precursors in situ to access fully
n-conjugated push-pull structures. The discovery of this new
method has the potential to overcome the issues of non-
conjugated functionalization of amine donors through TH
and narrow substrate scope under harsh reaction additions
and synthesize diverse push-pull chromophores that could not
otherwise be obtained.

Results and discussion
Preliminary synthesis

We selected the 1,1,7,7-tetramethyl-substituted 8-butoxyjuloli-
dine donor (JD1) and the hemicyanine consisting of a
n-conjugated trienyl precursor with a terminal TCF acceptor
group (hereafter TCF-A1), two widely used building blocks for
push-pull chromophores,® > to start the study (Fig. 3).
The common condensation protocols for the synthesis of
merocyanines and cyanines have been followed to optimize
the reaction conditions and identify the structures of major
chromophore products (Table 1). All the new chromophores
were characterized by 'H NMR, *C NMR, high-resolution
mass spectrometry (HRMS), cyclic voltammograms, UV-vis-
NIR spectroscopy, and thermogravimetric analysis (TGA).

C. Typical condensation protocol of push-pull heptamethines
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Fig. 2 Molecular structures and modular synthesis of push—pull heptamethines containing TCF-acceptor precursors and heterocyclic donors, and new
regioselective condensation pathways accomplished in this study for photonic applications.
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Fig. 3 Molecular structures and concise synthesis of push—pull heptamethines containing TCF-acceptor precursors and heterocyclic donors, and new
regioselective condensation pathways accomplished in this study for photonic applications.

Table 1 Optimization of reaction conditions between JD1 and TCF-A1l

Yield (%)

JD1/TCF-A1  Temp.
Entry Solvent  ratio (°Q) Time (h) TEI-1 TE-I-1
1 Ethanol 1.1 70 72 Trace 15
2 Ac,0 1.1 80 14 3 27
3 Ac,0 0.6 80 14 2 26
4 Ac,0 2.1 80 18 3 29
5 Ac,O 3.1 80 18 Trace 16

In refluxing ethanol with a catalytic amount of pyridine
(Pyr), we obtained only a low 15% yield of type-II push-pull
tetraene “abnormal byproduct” TE-II-1 and no “normal” pro-
duct or only a trace amount of type-I phenyltriene TE-I-1
product was detected (Table 1, entry 1). In acetic anhydride,
the yields of isolated product TE-II-1 have been improved
to 26-29% by changing the reaction time and equivalence
ratio of reactants, while TE-I-1 remained the minor product
(Table 1, entries 2-4). Compared to TE-I-1, TE-II-1 showed two
more downfield proton NMR signals of n-bonds at the expense
of two upfield proton signals of the methylene group located
around 3.5 ppm, plus a small amount of a geometrical isomer.
The mass data and crystal structure further verified the struc-
ture of TE-II-1. A low yield of TE-I-1 indicates JD1 as a =-
nucleophile is less reactive than methylene bases, such as
indoline, benzoindoline, benzothiazoline, and Michler’s base
derivatives, in condensation with n-electrophile TCF-A1. This
can be explained by the aromaticity and steric hindrance of JD1
that reduces its nucleophilicity, and the unexpected dehydro-
genation reactivity.

8580 | New J. Chem., 2024, 48, 8578-8588

Computational assessment and experimental verification of
reaction mechanisms

The “abnormal byproduct” TE-II-1 can only be obtained by the
condensation between TCF-Al and an in situ generated new
enamine donor of isojuloline from the dehydrogenation of JD1.
We explored the reaction path using a combined experimental
study and density functional theory (DFT)."*”* Since no Lewis
acids or noble metal complexes were used in the synthesis
of TE-II-1, we study the reaction mechanism and explore the
potential energy surface (PES) for the formation of TE-II-1
(“abnormal” product) and TE-I-1 (“normal” product) at the
DFT level. The transition states (TS) were located, and their
barrier heights were calculated and compared to explain the
yields of TE-I-1 and TE-II-1 in the synthesis.

For the formation of TE-II-1 (“abnormal” product), there are
two possible reaction pathways: (i) the nucleophilic addition
(NA) of nitrogen lone pair of JD1 to TCF-Al1 and (ii) the
intermolecular hydride transfer (HT) from JD1 to TCF-Al.
Herein the hemicyanine TCF-A1 could act as either a hydride
acceptor or an electrophile in the reactions. Also, as reported
by Li et al.,“*’ the strong electrophile of DEAD can be used to
form the zwitterionic adducts with the tertiary amines to
activate the o and B hydrogens for further HT (Fig. 1A), which
led to the analysis of the NA pathway in this study. Due to
the relatively long m-conjugation bridge of TCF-A1, we have
screened multiple carbon centers in both the HT and NA
pathways. As both the JD1 and TCF-A1 are of considerable size,
to help saving the computational cost of DFT calculations, we
have (i) replaced the n-butoxy with a methoxy group in the JD1,
the resultant molecule (8-methoxyjulolidine) is named as JD1’;

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Table 2 Scope and selectivity for the reaction between julolidine derivatives (JD#) and -conjugated TCF hemicyanines (TCF-A#)?°¢

o

Hsc’“\K 3

R! R2=
methyl, n-propyl

TCF1: R', R? = methyl

TCF2: R = methyl, CH(CN); (2 equiv) ¢!

R2 = 4-(n-butoxy)phenyl NaOEt (10 mol%) 15" cl
TCF3: R = n-propy! CN B0
R2 = 4- -biphenyl

CN
= R
—f — R
TCF4: R' = methyl, Rch Ethanol, pyridine (cat.)

R2 = 34 5-trifluorophenyl R TCF1-5 80 °C, overnight
TCF5: R, R? = 4-fluorophenyl (FP) R = t-butyl, H

H 1. 1 equiv
1R
R4-0
X N

R TCF-A1to TCF-A7

80 °C 1-14 h
Entry 1-7

OH i
R , n- , R =n-butyl, JD1 N/ CN N
R substituted phenyl acetyl JD2 PN\
pneny Y & JD1/2_ Ac,0, pyridine (cat.) x CN
(0]
R2

CN

CN CN

Entry 110l
14 h

rrTE-I-Z, 4%
(TS-I-B, 29.0 kcal/mol)

TE-I-2, 22%
(TS-II-B, 28.3 kcal/mol)

TE-II-3, 25%

éE-I-G 21%

(FP-TS-I-B, 28.0 kcal/mol)

TE-I1-6, 10% v
(FP-TS-II-A, 30.3 kcal/mol)

TE-I-7, 2% 3

OCH,CH,CH,CH3

TE-II-5, 5%

Entry 8[¢]
15h
JDO

TCF-A1l

tBu  TE-I-9, 54%

Cl
TE-II-8, 11% TE-I-9, not found

“ The isolated product y1elds were reported after flash column chromatography and recrystallization. Optlmlzed reaction time was included. ? For
entry 1 and 5, the values in parentheses are the calculated highest activation energy (AGjog, keal mol ') in acetic anhydride at the B3LYP-D3(BJ)/
ma-TZVP level The n-butoxy group of JD1 was replaced by the methoxy group to save computational time. See Fig. 4 and the ESI for detailed PES

and structures. ©

(ii) substituted a t-butyl group in the chlorocyclohexene ring
of TCF-A1 with a hydrogen, and the molecule is named TCF-A2
(see Table 2 and Scheme S3, ESIY).

Three carbon centers (marked with an asterisk in Fig. S1,
ESIYT) along the conjugated double bonds of TCF-A2 have been
identified by their electrophilicity, i.e., positive atomic charge,
for the preliminary calculations of HT. Our preliminary single-
point calculations at the B3LYP-D3(BJ)/def2-TZVP//B3LYP-
D3(BJ)/def2-SVP level suggest that the HT pathway would be
favored with a modest barrier of 26.5 kcal mol ' by attacking
the ethoxylated ethylene terminal, and 26.3 kcal mol " by
attacking the central ethylene, both possibly as the initial step
(Table S1, ESIT).>*° The HT at the dicyanovinylene terminal
and NA pathway can be ruled out due to much higher barriers
of 36.5 kcal mol™" and 37.0 kcal mol™' (Table S1, ESIf),
respectively, for which considerable steric congestion can be
expected.

We further explored the detailed reaction mechanism of
normal C-9 condensation (Path I) and HT pathway (Path II) at

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

Entry 8 uses the unsubstituted julolidine JDO under the same reaction condition for comparison.

the B3LYP-D3(BJ)/ma-TZVP level, for improving the accuracy of
both geometrical optimizations and energy corrections, and
obtained the relevant PES (Fig. 4, TCF-A2-based in black color)
and a complete set of intermediates (INTs) and TSs for the
reaction (Fig. S2, ESIT).

In Path II, the HT step firstly proceeds, starting from an
hydrogen-bonded intermediate (INT-II-A) formed between JD1’
and TCF-A2, via TS-II-A where it has two relatively short partial
C---H bonds around 1.39 A and a slightly bent Ca---H---C
angle of 166.7°, likely imposed by noncovalent n-r interactions
between the donor JD1’' and acceptor TCF-A2 (Fig. 4 red line
and 3D structure of TS-II-A). The barrier height (AGeg) of TS-II-A is
27.0 keal mol ™7, relative to JD1’ and TCF-A2. In addition, different
from most tertiary amines involving HT with an sp>-hybridized
nitrogen center, the nitrogen in the JD1' is sp>hybridized to
permit more efficient conjugation with the aromatic nucleus.””
Thus the lone pair of nitrogen would impose a better stabilization
effect on the o-carbocation in TS-II-A through resonance. The
HT proceeds over TS-II-A to give a weakly bound complex

New J. Chem., 2024, 48, 8578-8588 | 8581
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Fig. 4 PES of the reactions between simplified analogues of 8-methoxyjulolidine (JD1’) and TCF-based hemicyanines, TCF-A2 (black bold font) and
TCF-A6 where RY, R? is 4-fluorophenyl (FP, Green and bold numbers), by following the Path | or Path Il to form type-I and type-Il products at the B3LYP-
D3(BJ)/ma-TZVP level (all values are AGyog in kcal mol™?) in acetic anhydride. The 3D structures of higher-barrier transition states are shown at the top.

intermediate INT-II-B, which is resonance stabilized. Next, like the
TSI-A in HT, two short partial C---H bonds around 1.45 A and
a CB---H---C angle of 173.4° were found in TS-II-B with a AGiog
value of 28.3 keal mol ™", which is slightly higher than that of TS-
II-A. The subsequent proton transfer (PT, Fig. 4, blue line)
completes the TH reaction to afford the JD1'(—2H), as the
dehydrogenated product JD1'(—2H) of JD1’, and TCF-A2(+2H) as
the hydrogenated product (in terminal ethoxy-substituted ethy-
lene) of TCF-A2. Then, the in situ generated JD1'(—2H) as an
enamine n-nucleophile undergoes the condensation reaction with
another TCF-A2 to give the type-II product via several mechanistic
steps starting from the intermediate (INT-II-C) by following the
common addition/elimination pathway. The AGios of TSII-C
is clearly lower than the AGhes of TS-II-A, suggesting that the
reaction cascade would be controlled by HT or PT, depending on

8582 | New J Chem., 2024, 48, 8578-8588 This journal is ©

the substituents on the TCF acceptors, as the rate-determining
step. Furthermore, the “normal” condensation (Path I) has been
investigated to obtain a more thorough understanding of the
reactivity of the substrates for comparison (Fig. 4, black line on
the left). We obtained a somewhat higher AGjos for TS-I-B by
0.7 kcal mol " than that of TS-II-B in Path IL. Given the typical
uncertainty of a few kcal mol " in the current DFT level, although
the difference in two AGheg values is too small to call, in fact, our
predictions correlate well with the experimental results, from
which the reaction equilibrium favors the product of TE-II-2 over
the TE-I-2 by a factor of five in the isolated products (Table 2,
entry 1).

In the reaction cascade via the central ethylene (denoted as
“c”) of TCF-A2 (Fig. S3, ESI+), the respective AG5og values of HT
and PT are 25.5 keal mol ™" (via TS-II-A(c)) and 27.9 kecal mol ™

) The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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(via TS-II-B(c)), both values are quantitatively similar to the AG
fos’s of the HT/PT steps via the terminal ethoxylated ethylene,
27.0 keal mol " (via TS-II-A) and 28.3 kecal mol " (via TS-II-B).
Upon the formation of the dehydrogenated JD1’ and hydro-
genated TCF-A2(+2H,c), the generated JD1'(—2H) together with
another TCF-A2 would undergo the condensation reaction as
usual and this reaction cascade is expected to contribute to the
formation of type-II product.

The DFT calculations were validated with the experimental
data for comparative purposes in a qualitative sense. The
relatively high barrier suggests that the reactions would hardly
proceed at room temperature. At the elevated temperature in
acetic anhydride, the change of JD1/TCF-A1 ratio from 0.6 to
2.1 gave essentially the same yield (~27%) of TE-II-1 with trace
amount of TE-I-1 (Table 1, entries 2-4). This underscores the
dual role of hydrophilicity and electrophilicity of TCF-A1 hemi-
cyanine, especially in the rate-determining step of HT. Besides
the final products, we were able to collect the byproduct of
hydrogenated TCF-A1(+2H) using HPLC and further verify it by
HRMS as explicit experimental evidence (Fig. S5, ESIT). It is
worth noting that this result was obtained after many trial
reactions in order to capture trace amounts of TCF-A1(+2H) as a
highly unstable intermediate under the reaction conditions. In
controlled experiments at 80 °C, without adding TCF-A1, JD1
stayed unreacted in acetic anhydride with a catalytic amount of
pyridine, corroborating the TH from JD1 to TCF-A1, not to the
acetic anhydride. Without pyridine, neither TE-II-1 nor TE-I-1
were obtained by simply mixing JD1 and TCF-Al in acetic
anhydride, supporting the key role of pyridine as a base catalyst
for deprotonation in condensation. The DFT calculations pre-
dicted a little lower AGiqg value for Path II than that of Path I,
reflecting a preliminary selectivity of two competing pathways
to afford TE-II-1 as the major product over TE-I-1. As a matter of
fact, our calculations in this study use a simplified molecular
model (JD1' and TCF-A2) to mimic the actual reactants. It is
worth noting that the isolated product yield of 27% for TE-II-1
in this one-pot, two-step cascade reaction indicates a modest
yield roughly around 50% in the critical intermolecular TH
reaction via sequential HT and PT, which is considered a
remarkable result without using potent catalysts of noble metal
complexes or Lewis acids.

Influence of the donors and acceptors in the reactions

Next, we investigated the scope and selectivity of the reactions
between julolidine derivatives and m-conjugated TCF hemi-
cyanines (Table 2 and Tables S2-S6, ESIt). We included the
simplest julolidine JDO and two commonly used 1,1,7,7-tetra-
methyljulolidine donors JD1-2 with 8-n-butoxy and 8-acetoxy
groups, respectively. A series of TCF acceptors (TCF1-5) were
synthesized through newly developed two consecutive, multiple
step, one-pot reactions, for which the acceptor strength and
steric hindrance can be tuned by introducing the germinal
substituents of R" and R? (Fig. S4 and Scheme S1, ESIT).>"*° The
TCF acceptors were condensed with the bisaldehydes to afford
the m-conjugated TCF hemicyanine precursors in good yields.
We found that the change of donor and acceptor structures has

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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great influence on the reactivity and selectivity of reactions.
For JDO, only TE-I-9 as a type-I product was obtained in a good
yield of 54% (entry 8, Table 2), indicating relatively high
n-nucleophilicity of JDO at the unhindered C-9 position. JD1
with the n-butoxy substituent at the C-8 position is a commonly
used strong electron donor for push-pull polyene chromo-
phores.'®™*® Different from typical synthetic protocols to func-
tionalize the julolidine moiety with an aldehyde group for
condensation reactions, here we identify the unique dual
reactivity of JD1 as a hydride donor for C-2 and n-nucleophile
for C-9, enabling efficient condensation with TCF-based hemi-
cyanines. For JD3, introducing the 8-acetoxy groups to the
donor structure led to a lower yield of TE-II-8, suggesting
reduced reactivity of JD3 (entry 7, Table 2).

We used thin layer chromatography (TLC) to carefully moni-
tor the reaction and optimize the yields of products from the
final condensation between JD1 and TCF-A1-7 (Tables S2-S6,
ESIT). We found that enhanced acceptor strength from TCF1 to
TCF5 enables faster reactions, indicating higher hydrophilicity
and/or electrophilicity of m-conjugated TCF hemicyanine pre-
cursors. The optimized reaction time of the final condensa-
tion was shortened to 1 h for TCF5 as the strongest acceptor,
considerably reduced from 14 h for TCF1 as the weakest
acceptor in the series. More importantly, the change of acceptor
strength has substantial impact on the selectivity of reactions.
As initially discovered, the TCF1-based reactions gave the type-
II products of TE-II-1 and TE-II-2 as the major products in
modest yields (22-27%). TCF2 and TCF3 are slightly stronger
acceptors than TCF1 by introducing the substituent of phenyl
derivatives at the germinal position of the structures. Com-
pared to TCF1-based results, TCF2- and TCF3-based reactions
gave significantly higher yields (11%) of TE-I chromophores,
while the yields of TE-II chromophores remained essentially
identical (around 25%, entries 2 and 3 in Table 2). TCF4 and
TCF5 are two of strongest acceptors in the series due to the
introduction of fluorinated phenyl groups at the germinal
position of the TCF base structure. Their reactions demon-
strated a reversed selectivity relative to the results from TCF1-
based reactants, affording TE-I chromophores as the major
product and TE-II chromophores as the minor one (Entries 5
and 6, Table 2).

We did the same level of DFT calculations for TCF5-based
reactions (Fig. 4 and Fig. S2, ESI,} in green color) and compared
the results with those of TCF1-based reactions (Fig. 4 and
Fig. S2, ESL ¥ in black color). Incorporating a strong acceptor
of 4-fluorophenyl (FP) substituted TCF5 to the system has
reduced the AG3o5 of FP-TS-I-B (28.0 kcal mol ™) by 1.0 kcal mol ™
(relative to TS-I-B) in the C-9 condensation (Path I). This may be
due to the stabilized effect of “additional” halogen bonding
between o hydrogens of the JD1’ and the fluorine atom on
TCF-A6 (Fig. 4, 3D structure).

On the other hand, the TCF5-based pathway has a higher
AGjeg in the initial HT step, 27.0 kcal mol™* for TS-II-A vs.
30.3 kcal mol™" for FP-TS-II-A (Fig. 4). In the FP-TS-II-A,
although a halogen bonding effect also exists between two
reactants, the steric hindrance, which forces JD1’ to do a
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rotation displacement, may play an important role and results
in a higher AGieg value (Fig. 4, 3D structure).

Further examination on the atomic charge of TCF-A2
(Fig. S1, ESIt) indicates that the carbon (0.036) on the central
ethylene bears a similar positive charge to the carbon (0.053)
next to the ethoxy terminal. It appears that the conjugation
length to the TCF correlates with a smaller AGiqg of the TS-II-
A(c), 25.5 keal mol™" vs. 27.0 keal mol™" of the TS-II-A. The
TCF5-based TCF-A6 is expected to display a higher electrophi-
licity and lower AGhoy’s in the initial HT step, especially at the
much more positively charged carbon (0.397) of the central
ethylene. The DFT results show that the condensation reaction
following the HT-PT process occurs at the central ethylene of
TCF-A2 and TCF-A6 (Fig. S3, ESI{) and is rate-determining due
to a higher PES.

Since a change of 1.4 kcal mol ' in standard Gibbs free
energy of formation (AG3s) changes the equilibrium constant
by approximately a factor of 10, the DFT analysis can well
explain the essential features of experimental results, such as
reversed selectivity and reactivity change with the change of
acceptor strength. The TH reactivity of two C—=C double bonds
of TCF-based hemicyanines and relatively high barriers for a
few key steps may explain the limited yields of products. Over-
all, the remarkable correlation shown between experimental
and computational results supports the adequacy of DFT
calculations used in this work and provides key insight into
the reaction mechanisms for further improvement of yields.
Also, the study presents an unprecedented example of catalyst-
free TH sequentially from two C(sp®) hydrogens of a strong
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electron donor to the double bond of highly polarizable hemi-
cyanines assisted by noncovalent m-n interactions, which is
fundamentally different from the common catalytic or direct
TH reactions via a sixmembered cyclic transition state for HT."

Crystal structures, solvatochromic, electrochemical, and
thermal properties of chromophores

The crystal structures of TE-II-1, TE-II-2, TE-I-6, and TE-II-6 were
obtained using a slow evaporation method of the compound in
a mixed solvent of chloroform and ethanol. This series of
chromophores all crystallize in a centrosymmetric space group
(Tables S7-S10 and Fig. S87-S90, ESIt). While the structures of
TE-II-1, TE-II-2, and TE-I-6 contain s-trans conformation of TCF
acceptors, the structure of TE-II-6 shows s-cis conformation of
the TCF acceptor with reversed bond length alternation (BLA),
which is very rare among all the reported crystal structures of
TCF-based push-pull chromophores.®*'>'* This could be con-
tributed by the unique ring-locked structure of the isojuloline
donor and conformation of acceptor moiety, both in s-cis
conformation, inducing highly efficient intramolecular charge
transfer (ICT) of TE-II-6 to form a polar (zwitterionic) ground
state in the crystal structure.

The solvatochromic and electrochemical properties of these
chromophores were measured to understand the ICT of new
push-pull structures (Fig. 5 and Fig. S85, ESIt). We select the
compounds with reasonable solubility in the measurements.
These chromophores, both type-I and type-1I, feature a near-
Gaussian-like broad absorption band and positive solvatochro-
mism in nonpolar solvents such as toluene and trichloroethylene,
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Fig. 5 (A)-(E) UV-vis-NIR spectra of type-ll chromophores recorded in solvents of different polarities. (F) Cyclic voltammograms of type-lI|
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electrolyte.
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suggesting the neutral ground state (NGS) of chromophores. In
polar solvents from DCM to acetonitrile, type-I chromophores
showed the same broad absorption bands and inverted solvato-
chromism for the polar (zwitterionic) ground state (ZGS) of
chromophores, while the type-II chromophores displayed a sub-
stantial change in absorption band shape with the appearance
of long-wavelength shoulders or main peaks at 850-900 nm. For
TE-II-5 and TE-II-7 with strong TCF acceptors, larger extinction
coefficients of relatively sharp peaks may point to an increased
contribution from a cyanine-like resonance structure or ideal
polymethine state (IPS) to the electronic structures of chromo-
phores.”® Herein the IPS can also be treated as arising from equal
contributions of NGS and ZGS resonance structures.'® The solva-
tochromism data of this study show that the electronic structures
of new push-pull chromophores could be primarily governed by
two resonance structures of NGS < ZGS for type-I products, and
by three resonance structures of NGS « IPS « ZGS for type-II
products, respectively.”>™”

Cyclic voltammetry (CV) measurements were conducted in
dichloromethane solutions to determine the electrochemical
properties of chromophores (Fig. 5F and Fig. S85F, ESIT). From
the relative oxidation and reduction potentials of chromo-
phores, the HOMO levels of type-I chromophores were about
—4.94 eV, slightly deeper than the —4.90 eV of type-II chromo-
phores, both different from the typical value of —4.85 eV for
TCF-based push-pull heptamethines containing F1, F2, and M1
donors."” The LUMO levels of these chromophores varied from
—3.73 eV for the TCF1 acceptor to —3.83 eV for the TCF5
acceptor. The analysis shows that new chromophores from this
modular one-pot synthetic method adds a unique feature of
fine-tuned energy levels to the molecular systems of push-pull
phenyltrienes and heptamethines.

The thermal stability of chromophores was evaluated by TGA
and the results are shown in Fig. S86 (ESIt). Except for TE-II-5,
these chromophores show a high decomposition tempera-
ture (T4), with the onset Ty greater than 200 °C, promising for
potential photonic applications in phototheranostics and
optoelectronics.

Table 3 NLO properties of chromophores in poled guest—host films?
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EO property study of chromophores in poled polymers

An immediate outcome of synthetic chemistry from this study
is to evaluate the nonlinear optical (NLO) properties of new
chromophores in solid state. Therefore, optical quality thin
films of guest-host polymers were prepared with a loading
density (N) of chromophores at 1.30 x 10*° cm™>. Poly(styrene-
co-methyl methacrylate) (P(S-co-MMA)) was used as the host
polymer for its excellent optical and dielectric properties, and
good compatibility with TCF-based dipolar chromophores. The
films were poled under the electric field of 100 V pm .
A prism-coupler system Metricon 2010/M was used to measure
the field-induced optical birefringence and calculate the r,; and
133 values of poled films in slab waveguide geometry.'>°
Table 3 summarized the experimental results of poled poly-
mers, including the maximum absorption wavelength (Anax),
r33 values at 1.3 um, refractive indices of the transverse electric
(TE) and transverse magnetic (TM) modes, and order para-
meters. It should be noted that the electric field of TM modes
has two components that are in the plane of and perpendicular
to the film surface for correct r35 calculation.”” The B,,(—w;w,0)
values of chromophores at 1304 nm were calculated by follow-
ing the convention of the rigid oriented gas model (ROGM).****
Two previously reported push-pull heptamethines with com-
parable optical bandgap, F1 and F2, were included for
comparison.

We found that type-I and type-II chromophores exhibited
comparable NLO properties in poled polymers. The obtained
r33 values of poled guest-host polymers at 1304 nm were
relatively large while maintaining rather blue-shifted absorp-
tion bands of chromophores. The NLO activities of two types of
chromophores differed considerably with the change of accep-
tor strength. For type-I series, optimal r3; values around 67 pm
V', corresponding to the largest 8, values from this study,
were demonstrated for TE-I-5 and TE-I-7 containing stronger
TCF4 and TCF5 acceptors, respectively. For type-II series, how-
ever, the best r;; value and corresponding f, value were
achieved for TE-II-1 containing a simple TCF1 acceptor and
the values gradually dropped for TE-II-3, TE-II-4, and TE-II-5,

Chromophore Amax i M Nre/Nry at 1304 nm npg/Nry at 1541 nm 33, pm v~ at 1304 nm P By 1.3° pm (10’30 esu)
TE-I-1 678 1.5592/1.5733 1.5534/1.5581 29.1 0.08 2103
TE-II-1 754 1.5680/1.5853 1.5609/1.5787 46.3 0.10 2931
TE-I-3 698 1.5643/1.5797 1.5585/1.5757 43.7 0.09 2838
TE-II-3 767 1.5730/1.5954 1.5652/1.5840 47.6 0.14 2799
TE-I-4 712 1.5681/1.5853 1.5613/1.5758 37.9 0.10 2673
TE-II-4 804 1.5759/1.5958 1.5670/1.5878 37.1 0.11 2330
TE-I-5 740 1.5681/1.5904 1.5601/1.5784 67.1 0.11 4106
TE-II-5 854 1.5832/1.6093 1.5726/1.5953 29.9 0.13 1718
TE-I-7 752 1.5742/1.5989 1.5661/1.5832 65.1 0.11 4106
F1¢ 835 1.5840/1.6233 1.5702/1.6022 23.1 0.155 1273
F2¢ 863 1.5748/1.6184 1.5645/1.5905 27.4 0.19 1332

“ A loading density of chromophores at 1.30 x 10> em ™ and the host polymer poly(styrene-co-methyl methacrylate) were used to formulate the
guest-host systems. ” The order parameters of poled films were calculated from the poling-induced optical birefringence of nrg and npy with a
Sellmeier fit of refractive indices. © The f, is the vector part of f§ tensors along the dipole moment direction of chromophores and was calculated
using the rigid oriented gas model (ROGM). ¢ Data of two previously reported heptamethine chromophores, F1 and F2, were included for
comparison.” See Fig. 2 for detailed structures, where X = Cl, R = tert-butyl, and R', R” = methyl.
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despite their red-shifted absorption bands and large order
parameters with stronger acceptors. The results corroborate
the electronic structures of these chromophores that are gov-
erned by the relative contribution of difference resonance
forms, as revealed by the solvatochromism study.

At the wavelength of 1.3 pm, the NLO activities of new type-I
and type-II chromophores are much higher than those from
known push-pull heptamethines with similar optical bandgaps,
improving the f, values by 165% for TE-I-1 vs. F1 and 308% for TE-
I-7 vs. F2."°% Interestingly, the order parameters of these new
chromophores were lower than those of F1 and F2, suggesting
room for further improvement of the material’s performance. On
the other hand, the resulting reduced optical birefringence for the
poled films would be beneficiary to the polarization-independent
operation of poled polymers in optical waveguides.*

Conclusions

In summary, we have discovered that strong electron donor
8-alkoxyjulolidines exhibit unique dual reactivity of a hydride
donor at the C-2 position and n-nucleophile at the C-9 position
in the synthesis of push-pull chromophores, enabling excep-
tional reactivity and selectivity with TCF-based hemicyanines.
Beside the normal condensation at C-9, DFT calculations and
experimental data support the intermolecular o-HT from one
C(sp®)-H bond at C-2 of julolidine derivatives to the acceptor
moiety as the key initial step, followed by B-deprotonation to
generate a nucleophilic enamine of isojuloline that condenses
in situ with a second equivalent of m-conjugated TCF hemi-
cyanine electrophiles. The simple condition of the reaction
cascade represents an unprecedented example of TH from
the o- and B-C(sp®) hydrogens of 8-alkoxyjulolidine donor to
TCF-based hemicyanines, notably under simple reaction con-
ditions without using potent catalysts of metal complexes or
Lewis acids. Furthermore, DFT calculations have provided
critical insight into the reaction pathways and transition states
and the results are remarkably consistent with the experimental
results in how the changes of donor and acceptor structures
can influence the reactivity and selectivity of reactions. The
products of both julolidine- and isojuloline-based push-pull
chromophores exhibit strong near-infrared (NIR) absorption,
good stability and large first hyperpolarizabilities. The study
suggests that TH reactions between strong electron donors to
highly polarizable n-acceptors can be exploited to construct
new NIR merocyanines by following rational, regioselective
condensation pathways for photonic applications.
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