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Carbamate-Functionalized NLOphores via a Formal [2 4 2]
Cycloaddition-Retroelectrocyclization Strategy

ipek Savas,” Mehmet Efe Celik,” Alberto Barsella,” and Cagatay Dengiz*®!

This study introduces a new donor group capable of activating
click-type [2+42] cycloaddition-retroelectrocyclizations, gener-
ally known for their limited scope. Target chromophores were
synthesized using isocyanate-free urethane synthesis. The
developed synthetic method allows for the tuning of the optical
properties of the chromophores by modifying the donor
groups, the acceptor units, and the side chains. The charge
transfer (CT) bands of the chromophores exhibit A, values
ranging from 363 to 692 nm. The CT bands observed have been
supported by solvatochromism and protonation experiments.
The synthesized compounds exhibit positive solvatochromism.
Due to their potential as NLOphore candidates, the stability of

Introduction

Intramolecular charge transfer (ICT) occurs when electronic
charge shifts from an electron-rich donor site to an electron-
deficient acceptor site within a single molecule. Beyond its
role in biological processes,” ICT is also crucial in the design of
organic materials for advanced technologies. This includes
applications in nonlinear optical (NLO) materials,® organic
semiconductors,” organic light-emitting diodes (OLEDs),” dye-
sensitized solar cells,*” and fluorescence sensors.”! Adjusting
the ICT within a molecule can be used to fine-tune its linear
and NLO responses."” Organic molecules with a “push-pull”
structure, containing an electron donor (D) and an electron
acceptor (A) connected by a n-bridge are typical platforms used
in NLOphore synthesis due to their good ICT properties. An
effective route to access D-n-A systems involves [2+2] cyclo-
addition-retroelectrocyclization (CA-RE) reactions.”'” These
click-type reactions between electron-rich alkynes and electron-
deficient alkenes, typically occurring under ambient conditions,
have gained popularity in recent years because of their ability
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the synthesized compounds have been investigated both
experimentally through TGA and theoretically by calculating
parameters such as frontier orbital energy differences, electro-
negativity, and global hardness/softness. TD-DFT calculations
were used to elucidate the nature of the electronic transitions,
revealing that the bands correspond to CT arising from HOMO-
to-LUMO excitations. The NLO properties of the chromophores
were investigated theoretically by DFT methods and exper-
imentally by the EFISHG technique. Both results are shown to
be in agreement with HOMO-LUMO energy differences. The
experimental uf values of the selected molecules range from
470x10™* to 5400x10~* esu.

to efficiently link molecular units, their by-product-free nature,
and their rapid reaction completion."” The reaction is consid-
ered to proceed in two stages: first, a formal [2+2] cyclo-
addition between an electron-rich alkyne and an electron-
deficient olefin, followed by a retroelectrocyclization leading to
the thermodynamically more stable butadiene derivatives."?
However, the exact mechanism remains uncertain, with most of
the literature suggesting a zwitterionic intermediate in the
formation of the cyclobutene ring."™ A recent study proposed
an autocatalytic model, where the tetracyanobutadiene product
is believed to serve as a template, helping to organize the
reactants properly for the initial step of the [2+2] CA-RE
cascade."” The success of these reactions largely depends on
the specific structure of the alkenes and alkynes involved. The
selection of alkenes is restricted to CN-substituted compounds,
with tetracyanoethylene (TCNE) and 7,7,8,8-tetracyanoquinodi-
methane (TCNQ) being the most preferred choices due to their
commercial availability.”'*?! The generation of toxic by-prod-
ucts like HCN during the synthesis of cyano-containing alkenes
has redirected attention toward diversifying [2+2] CA-RE
reactions through the synthesis of donor group-substituted
alkynes. Beginning in 1981 with the use of metal acetylides"? as
electron-rich substrates, this method has enabled the develop-

ment of various donor groups, including thiophene,™
dialkylanilines,”*” anisole,®” azulene," ferrocene,®?
tetrathiafulvalene,®” cyclopenta[b]furan-2-one,®® porphyrin,*

35] [36] [37] [39]

carbazole,
401

ynamides,' phenothiazine,®” urea,*® triazene,
N-alkylindole,“” y-pyranylidene," and hydrazone.*? Consider-
ing the applications of the non-planar push-pull chromophores
obtained by [2+2] CA-RE in advanced technological fields,”
the identification of new donor-substituted alkynes remains
essential. Analysis using Hammett's substituent constants (o)
revealed that carbamates have more negative o values
compared to those of triazene-substituted aryl groups previ-
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ously reported by our group, suggesting their potential as
donor groups in [2 4 2] CA-RE.*® Moreover, the recent study by
Jayamurugan and co-workers® on utilizing urea as donor
groups to activate alkynes in [2+2] CA-RE, along with the
structural similarities between carbamates and urea, inspired us
to pursue research in this area.

Carbamates with amide-ester hybrid structures experience
resonance stabilization due to electron delocalization between
nitrogen, oxygen lone pairs, and carbonyl groups.*® This
interaction results in highly rigid carbamate structures due to
conformational restriction.*® The polarity of a carbamate-
containing molecules can be tailored by modifying the size,
type, and substitution pattern of the aryl or alkyl groups,
enabling precise control over the molecule’s solubility and
reactivity.*® While carbamates play a significant role in drug
discovery and medicinal chemistry," their application in
material science is relatively rare.””” Hypothesizing that the
bioactivity of carbamate-containing compounds stems from
their ability to form charge transfer (CT) complexes with
receptors, researchers investigated the formation of CT com-
plexes with m-acceptors such as TCNE in experiments using N-
arylcarbamates as donors.*® Another key application of carba-
mates is their function as protecting groups, with t-butylox-
ycarbonyl (Boc) and carboxybenzyl (Cbz) being prime
examples.*® These materials also play a significant role in the
polymer industry, with the most notable example being the use
of polyurethanes containing carbamate functional group-
s. These are utilized in rigid foams for medical devices, footwear,
coatings, adhesives, sealants, and as well as in automotive
interior elastomers.® Besides, only a limited number of studies
in the literature have explored the use of carbamates as ion
sensors.”" The most commonly used methods for synthesizing
carbamates in the literature include the reductive carbonylation
of aromatic nitro compounds,®® Hoffmann rearrangement of
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Figure 1. Designed carbamate-substituted alkynes.
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amides,®® Curtius rearrangement of acyl azides,®¥ oxidative
carbonylation®” and phosgenation of amines.”® Motivated by

the lack of comprehensive studies on the donor properties of
carbamates, this study examined the [2+ 2] CA-RE reactions of

carbamate-substituted alkynes and TCNE/TCNQ.

Results and Discussion

Synthesis and Characterizations

Here, we presented the synthesis of a broad family of

carbamate-substituted alkyne substrates and the corresponding
push-pull chromophores obtained through click-type formal [2
+2] CA-RE reactions of these substrates. In designing di-
substituted alkyne substrates for formal [2 + 2] CA-RE reactions,
six distinct arylcarbamate donors were employed to modify the
structural characteristics, while five different donor, neutral, or
acceptor groups were utilized to fine-tune their optical proper-
ties (Figure 1).

The initial set of substrates 1a-f, selected for [2+2] CA-RE
reactions to assess the donor properties of aryl carbamates,
were designed to feature terminal alkynes (Scheme 1). With aryl
carbamates being the sole functional group linked to the
alkynes, the occurrence of the target reaction would validate
the hypothesis regarding the donor characteristics of aryl
carbamates. In the first step, aryl carbamates 8a-e were

synthesized in yields ranging from 78% to 99% by reactions of

commercially available 4-iodoaniline (6) with different chloro-
formates 7a-e. Subsequently, a Sonogashira cross-coupling
reaction between carbamate-functionalized iodoarenes 8a-e

and trimethylsilylacetylene (TMSA) (9), followed by removal of

the silyl protecting group from 10a-e, gave the target alkynes
la-e in yields of 30-83%. Despite numerous attempts,
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Scheme 1. [2 + 2] CA-RE reactions between alkynes 1a-e and TCNE 11.

compound 1f with a nitrophenyl substituent could not be
obtained due to stability issues. The electron-donating capacity
of the carbamates was evaluated through [2+2] CA-RE
between alkynes 1a-e with the readily available electron-
deficient olefin TCNE 11. The successful synthesis of bright red
chromophores 12a-e indicated that the carbamate unit is a
sufficient electron donor for [2 + 2] CA-RE cascades.
Recrystallization was employed for the isolation of chromo-
phores 12a-e during purification, as stability issues were
encountered with column chromatography (SiO,). In our recent
study, we encountered a similar issue, which was resolved by
using disubstituted alkynes in place of terminal alkynes.*? In a
similar approach, the terminal position of the alkyne was altered
to include a phenyl ring to address this issue. During the initial
attempt to synthesize the target substrates, the Sonogashira
reactions of 8a-e with phenylacetylene (13) yielded very low
amounts, leading to a slight modification of the procedure
(Scheme 2). Sonogashira cross-coupling reaction between 4-
iodoaniline (6) and phenylacetylene (13) gave compound 14 in
80% yield. Following the cross-coupling, carbamate units were
incorporated into the structures via chloroformates and 2a-f
were isolated in 56-90% yields. Unlike the terminal alkynes 1a-
e, compounds 2a-f did not undergo [2+42] CA-RE sponta-
neously. A recent literature report demonstrated that structur-
ally similar urea analogs were activated for [2 + 2] CA-RE using a
Lewis acid mediators.®” However, these conditions failed to
yield a product for alkynes 2a-f, leading to optimization of
conditions for carbamate-containing structures. An inexpensive
and readily available LiCIO, was selected as the promoter due

to its reported high efficiency in the cycloadditions of cyano-
substituted olefins.®

The target chromophores 15a-e were synthesized using
modified methods, yielding between 50% and 96%. The
reactions were carried out under reflux in acetonitrile with the
assistance of LiClO, as a mediator. All transformations required
elevated temperatures, and the low solubility of the obtained
chromophores in common organic solvents made purification
challenging, unlike the expected click-type conditions. The
nitrophenyl-substituted analogue 15f could not be synthesized
due to the elimination of the carbamate group, resulting
instead in the formation of the previously reported chromo-
phore 16%%, in 8% yield. The resulting chromophores 15a-e
were yellow, unlike the bright red TCBDs 12a-e synthesized
earlier. In contrast, chromophore 16 also exhibited a similar red

color. The bulky phenyl group, which disrupts the planarity of

the molecule, was considered a key factor in the reduced
charge transfer and, consequently, the change in color. The
color observed in compound 16 is thought to arise from the
superior electron-donating ability of the free amine group
compared to carbamates, owing to the lack of amide resonance.
The acidic medium of silica cannot be tolerated by an electron-
deficient carbamate 15f, unlike the other carbamate derivatives
15a-e which were successfully purified via column chromatog-
raphy. The detachment trend for 4-nitrophenyl-substituted
carbamate was not observed when in its alkyne form 2f. This
indicates that the partial positive charge on the carbonyl group
was stabilized by the lone pairs on the N- and O-atoms, which
aligns with its tolerance with column chromatography. How-
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Scheme 2. Synthesis of phenyl-substituted chromophores 15a-e and 16.
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ever, when the electron withdrawing TCBD structure is intro-
duced, the lone pair on the nitrogen shifts to stabilize the more
electron-deficient TCBD center. The substitution of the electron-
deficient 4-nitrophenyl group directly into the extended
resonance leaves the carbonyl center more positively charged
and, therefore, more susceptible to nucleophilic attack, which
we hypothesized occurs in the acidic environment of silica.

Replacing the phenyl group conjugated to the TCBD units
with a stronger electron donor can reduce electron transfer
from the carbamate to the TCBD unit, thereby enhancing the
stability of the nitrophenyl-substituted chromophore structures.
As a result, the anisole group was incorporated into the design.
Following a similar approach to the synthesis of substrates 2a-
f, the 3a—f series were synthesized via Sonogashira cross-
coupling of 4-iodoaniline (6) with 1-ethynyl-4-methoxybenzene
(17), followed by the reaction of the resulting aniline derivative
18 with chloroformates 7 a—f, yielding high yields ranging from
79% to 93% (Scheme 3). The alkynes 3a-f, like the previous
series 2a-f, did not undergo [2 + 2] CA-RE without the presence
of a Lewis acid. In reactions conducted with LiCIO, in
acetonitrile at 82 °C, carbamate-substituted chromophores 19a-
e were obtained in yields between 19% and 57 %. However, the
yield of compound 20, resulting from the reaction of substrate
3f with TCNE, was just 8%. These yields are relatively lower in
comparison to those of phenyl-substituted chromophores 15a-
e. This outcome differs from literature findings, which indicate
that a stronger donor substituent is expected to facilitate [2+ 2]
CA-RE reactions more effectively, leading to higher yields.”! We
hypothesized that the coordination of the Lewis acid with
methoxy group could account for the lower yields by reducing
electron transfer from the methoxy group. Even though the
desired chromophores 19a-e were successfully obtained, the
synthetic approach did not fully meet the intended click-type
reaction conditions.

As a final attempt, the well-known electron-donor dialkyla-
niline was tested in an effort to achieve optimal click-type [2+
2] CA-RE conditions (Scheme 4). In a similar approach to the
synthesis of anisole-containing systems, the Sonogashira cross-
coupling reaction between 4-iodoaniline (6) and 4-ethynyl-N,N-
diethylaniline (21) was employed for the synthesis of substrate

precursor 22. In the following step, carbamate-functionalized
alkynes 4 a-f were synthesized in 43-91% yields using different
chloroformates. These alkynes successfully underwent [2-+ 2]
CA-RE with TCNE 11 without the need for Lewis acid mediation
and also reacted under ideal click-type conditions, yielding high
amounts and rapidly transforming into dark red chromophores
23a-e. A similar trend of carbamate hydrolysis was also
observed for alkyne 4f, resulting in the formation of the amine-
substituted chromophore 24 with an even increased yield
(63%). These results indicate that, although we successfully
induced carbamate-containing alkynes to undergo [2 + 2] CA-RE
reactions under click-type conditions with strong donor groups,
we were unable to reduce the charge transfer between the
carbamate groups and TCBD units. Additionally, carbamate
hydrolysis became more efficient in the presence of diethylani-
line groups. We are actively pursuing further investigations to
address this issue. At this stage, we speculate that the geometry
of the structures formed after [2 + 2] CA-RE may better align the
carbamate and conjugated dicyanovinyl units, facilitating more
efficient intramolecular charge transfer. Based on these results,
TCNQ, which is a comparatively bulkier electron acceptor than
TCNE, was tested with substrates 1a-f, 2a-f, 3a-f, and 4a-f.
Even under Lewis acid-mediated conditions optimized for
TCNE, substrates 1a-f, 2a-f, and 3 a-f, failed to undergo [2 + 2]
CA-RE reactions with TCNQ. On the other hand, diethylaniline-
activated alkynes 4a-e smoothly participated in [2+2] CA-RE
with TCNQ, yielding products 26a-e in 78-94% yields. The
reaction of the nitrophenyl-substituted substrate 4f with TCNQ,
like the reaction with TCNE, led to the elimination of the
carbamate group, producing chromophore 27 in a 59% yield.
The donor capacity of the proposed carbamate unit was last
evaluated by replacing the aromatic ring attached to the alkyne
unit with an electron-withdrawing group. The alkynes 5a-e
were synthesized from corresponding terminal alkynes 1a-e in
moderate yields (47-76 %) (Scheme 5). Unfortunately, the [2+ 2]
CA-RE of alkynes 5a-e with TCNE did not proceed under
ambient conditions or even at elevated temperatures mediated
by Lewis acids. This concluded that the donating ability of the
carbamates was insufficient to activate the alkynes for [2+ 2]

O i 5
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NH, (PA(PPhy),C] NH, CI)J\O’R HN™ SO o HN” O NH,
Cul, PPh, O 7a-t O NC  CN 11 O or O
DIPA: Toluene (5:1) pyridine, THF LiClO, CN CN
o 0-25°C MeCN, 82°C NC NC
| N,, 60 °C Il o g6 I A7 CN N SCN
(64%) ° CN l CN l
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Scheme 3. Synthesis of anisole-substituted chromophores 19a-e and 20.
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Scheme 5. Attempts towards the synthesis of nitrophenyl-substituted chromophores 29 a-e.

CA-RE when an electron-withdrawing group was already
present in the molecule.

UV/Vis Spectroscopy

The light absorption characteristics of the reported chromo-
phores have been studied via UV/Vis spectroscopy [Figure 2
and Figures S259-263 in the Supporting Information (SI)]. When
comparing different carbamate moieties while keeping the rest
of the molecule unchanged, it was found that altering the
carbamate substituent had no significant electronic effect on
the synthesized chromophores, as indicated by their similar
absorption maxima values (Figures S259-263 in the Sl). How-
ever, the versatility in derivatization and tolerance to various
substituents [Figure 1; including alkyl chains (a, b, and ), 2,2,2-
trichloroethyl (d), benzyl (e), and nitrophenyl (f)] were demon-

Chem. Eur. J. 2025, 31, €202404778 (5 of 20)

strated by the number of chromophores successfully synthe-
sized. A comparative UV/Vis spectrum for the representative
isobutylcarbamate-substituted chromophores 12¢, 15¢, 19¢,
23¢, and 26c¢ were chosen due to the superior solubility of
these compounds compared to other chromophores (Figure 2).
The UV/Vis absorption spectrum of 12c offers clear insight into
the donor properties of the carbamate groups. The lowest
energy absorption band at 447 nm, corresponding to intra-
molecular CT from the carbamate unit to the TCBD moiety, is
consistent with the typical characteristics of CT bands. The
phenyl-substituted yellow chromophore 15c exhibits a hypso-
chromically shifted absorption maximum at 386 nm and a
slightly lower molar extinction coefficient of 2.11x10* M 'em™,
which correlates the phenyl group’s interference in electron
mobility within the chromophore due to deviation from
planarity. By replacing phenyl group with an electron-donating
methoxy unit, the orange chromophore 19c exhibits an
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Figure 2. UV-Vis spectra of isobutyl carbamate-substituted chromophores 12¢, 15¢, 19¢, 23¢, and 26c¢.

absorption maximum at 384 nm and a molar extinction
coefficient of 3.61x10* M~'cm™". The presence of the electron-
donating methoxy benzene group resulted in a 1.5-fold increase
in the extinction coefficient compared to the phenyl-substituted
chromophore. The diethylaniline-substituted chromophore 23 ¢,
which serves as a relatively stronger donor group than methoxy
benzene, displays two distinct CT bands. These bands arise
from two separate charge transfer pathways: one through the
carbamate and the other through diethylaniline. A comparison
of the methoxybenzene- and diethylaniline-substituted chromo-
phores 19c¢ and 23c reveals that the former has a higher
extinction coefficient than the latter, likely due to the overlap of
two distinct CT bands. Particularly, chromophore 26 c exhibits a
significant bathochromic shift, with its absorption maximum at
692 nm. The extinction coefficient of the lowest energy
absorption band for 26c¢ (5.26x10* M~'cm™) indicates that this
group of chromophores is highly suited for organic electronic
applications, as it exhibits strong absorption over a large
portion of the UV/Vis spectrum with high attenuation.
Solvatochromism is a routinely employed technique for
assessing the CT properties of organic dyes.!"™ Dyes with
significant CT character typically display bathochromic (red)
shifts in polar solvents, as the polar environment stabilizes the
charge-separated state. The representative chromophore 26c¢
exhibited positive solvatochromism in different mixtures of
CH,Cl, and n-hexane (Figure 3). The CT nature of the lowest

Chem. Eur. J. 2025, 31, €202404778 (6 of 20)

energy absorption band for the representative chromophore
26a was further validated through a protonation experiment
(Figure 4). When trifluoroacetic acid was added, this band
disappeared due to the quaternization of the diethyl aniline
group. However, the band fully reappeared after neutralization
with triethylamine.

Thermal Gravimetric Analysis (TGA)

The literature widely acknowledges that thermal stability of
chromophores is crucial for ensuring the long-term perform-
ance and reliability of devices used in NLO applications.”””
Considering the laser-induced heating in NLO applications and
the high-temperature demands during processing of synthe-
sized chromophores, NLOphores are expected to exhibit
thermal stability above 200°C.***¥ Failure to meet these
requirements often leads to reduced optical performance and
changes in the material’s nonlinear response. Thermogravimet-
ric analysis (TGA) is a technique used to evaluate a material’s
thermal stability by monitoring changes in its mass as temper-
ature is gradually increased under controlled laboratory con-
ditions. To assess the thermal stability of our synthesized
structures, we conducted TGA experiments at a heating rate of
10°C/min, selecting two representative compounds 23d and
26d (Figure 5). While 23d begins to lose mass at around 105 °C,
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Figure 3. UV/Vis spectra of 26 c in CH,Cl,/n-hexane mixtures at 25 °C.
26d remains stable with minimal mass loss up to 200°C. In a  CAM-B3LYP/6-31G+ +(d,p) level of theory, incorporating

comparison emphasizing the 50% mass loss to highlight the
thermal stability difference between the two compounds, 26d
reaches 50% mass loss at 878°C, whereas 23d achieves this
point at 633°C. These findings suggest that 26d, with a
stronger electron-withdrawing group, is significantly more
thermally stable than 23d. These results are consistent with
findings reported in the literature®®® for similar systems,
showing that the thermal stability of compound 26d, which
would typically decrease with increased conjugation, is main-
tained due to its increased molar mass compared to 23d.

Computational Studies

Computational methods were employed to provide deeper
insights into the experimental results related to the optical
properties of the synthesized carbamate-substituted chromo-
phores. This section primarily focuses on calculated energy level
diagrams, TD-DFT calculations (Tables S1-S12 and Figure S265
in the SI), visualizations of frontier orbitals and ESP maps,
stability parameters, and NLO calculations. Following conforma-
tional searches, only conformations within 3 kcal of the global
minimum were selected for the subsequent Density Functional
Theory (DFT) calculations. The aforementioned DFT calculations
were carried out using the Gaussian09 software package at the
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CPCM solvation in DCM and CHCI,.*” While the energies of the
Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) calculated using DFT
methods are often considered inaccurate,®® they still offer
valuable insights into the reactivity and optical properties of
chromophore structures. To address this, frontier orbital energy
levels were determined using two different methods. The first
approach calculates the direct energy gap between the HOMO
and LUMO of the optimized structures (AE®"™), while the
second approach uses the vertical excitation energy corre-
sponding to the lowest singlet excited state (AE™). As
anticipated, the energy range calculated using the first method
is overestimated (23a-e, 24: 4.82-4.99eV; 26a-e, 27: 3.84-
3.92 eV, Table 2), whereas the second method provides values
more consistent with the UV/Vis results (23a-e, 24: 2.74-
2.88 eV; 26a-e, 27: 2.03-2.08 eV) (Figure 6). Nevertheless, both
methods align in capturing the trend in frontier orbital energy
ranges for the compound groups synthesized with TCNE and
TCNQ. Specifically, the chromophores derived from TCNQ
exhibit lower energy ranges compared to those obtained from
TCNE. This can be attributed to the proaromatic nature of the
quinone unit in 26a-e and 27, as well as the improved ICT
enabled by the extended conjugation.

In the following phase, HOMO, LUMO, and ESP map
visualizations were analyzed to better understand the ICT
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Figure 4. Protonation and neutralization experiments of chromophore 26a.
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Figure 6. Frontier orbital energy level diagram of 23 a-e, 24, 26 a-e, and 27. The HOMO energy is derived from the optimized ground-state energy, while the
LUMO energy is obtained through the calculation of the vertical excitation energy for the lowest singlet excited state.

properties (Table 1). Chromophores 23 ¢ and 26 ¢ were selected
as representative examples. In both chromophores 23¢ and
26¢, the HOMO is primarily localized on the electron-rich
dialkylaniline group, while the LUMO is mainly concentrated on
the electron-deficient tetracyanobutadiene (TCBD) and dicyano-
quinodimethane (DCNQ) groups. The clear separation between
HOMO and LUMO indicates a significant CT within the
molecules. Similarly, ESP maps provide a visualization of the
charge distribution within a molecule, highlighting the elec-
tron-rich and electron-poor regions. These maps indicate the
areas where charge transfer is likely to occur. Thus, electron
transfer is observed from the electron-rich carbamate units and
dialkylamine-substituted benzenes (depicted in blue) to the
electron-poor TCBD and DCNQ sites (depicted in red).

Chem. Eur. J. 2025, 31, €202404778 (9 of 20)

In addition to experimental TGA data, various parameters,
including the electric dipole moment (up), HOMO-LUMO gap
(AEY"* and AE™), electronegativity (x), global chemical hardness
(), and softness (o), were calculated using equations 1-4 to
gain deeper insights into the stability of the synthesized
chromophores (Table 2).

=) + () + ()" (1)
% =—1/2 (Bwomo + Eumo) ®)
17 =—=1/2 (Euomo — Erumo) B)
o=1/n 4
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Table 1. HOMO and LUMO visualizations, along with electrostatic potential maps ranging from —0.03 a.u. (red) to 0.03 a.u. (blue), calculated using DFT

(CAM—B3LYP/6-31G+ + (d,p)) for the chromophores 23 c and 26c.

Molecular Structure HOMO

LUMO ESP

N CN
NG Y

NCT O NEt,
23c O

HN\?O

26¢

Table 2. Chemical reactivity parameters including electric dipole moment («), HOMO-LUMO gap (AE & AE™), electronegativity (), global chemical hardness
(1), and softness (o), calculated using the CAM—B3LYP/6-31G + + (d,p) method in CH,Cl, solvent (CPCM model).

n (D) Enomo ELumo AETret AE™ b4 n Y
(eV) (eV) (eV) (eV) (eV) (eV) (eV7)
23a 13.9047 —-7.11 —2.26 4.85 2.78 4.69 243 0.41
23b 14.1656 —-7.11 —2.25 4.86 2.78 4.68 243 0.41
23c 13.9462 —7.11 —2.26 4.85 2.77 4.69 243 0.41
24d 13.9999 —7.12 —2.30 4.82 2.74 471 241 0.42
23e 13.5377 —-7.11 —2.27 4.84 2.76 4.69 242 0.41
24 16.7647 —7.08 —2.09 4.99 2.88 4.59 2.50 0.40
26a 22.4493 —6.65 —2.81 3.84 2.03 473 1.92 0.52
26b 22.6491 —6.66 —2.80 3.86 2.03 473 1.93 0.52
26¢ 22.7464 —6.65 —2.80 3.85 2.03 473 1.93 0.52
26d 21.9083 —6.67 —2.82 3.85 2.03 4.75 1.93 0.52
26e 22.5812 —6.66 —2.81 3.85 2.03 474 1.93 0.52
27 21.9871 —6.63 —2.71 3.92 2.08 467 1.96 0.51

Although the static dipole moment of a molecule does not
directly determine its stability, molecules with high dipole
moments, assuming that they have polar bonds, are more likely
to undergo nucleophilic attacks in reactive environments. A
comparison of the static dipole moment values calculated using
Equation 1 reveals that the values for the chromophore
structures obtained with TCNQ (21.9083-22.7464 D) are notably
higher than those obtained with TCNE (13.5377-16.7647 D).
Following our preliminary assessment of dipole moments, we
concentrated on the parameters of electronegativity, global
hardness, and softness to obtain a more comprehensive under-
standing of molecular stability using equations 2-4. There was
no notable difference observed between the two groups of
compounds when comparing their computed electronegativity
values (4.59-4.71 for 23 a-e, 24; 4.67-4.75 for 26a-e, 27). The
stability of the synthesized chromophores becomes more
evident when their global hardness () and softness (o) values

Chem. Eur. J. 2025, 31, €202404778 (10 of 20)

are compared. Chemical hardness (r), closely associated with
the stability of a molecular system, is defined as the measure of
resistance to alterations in the system’s electron count®” A
high value of # indicates a significant energy gap between the
frontier orbitals of the molecule. An increase in the HOMO-
LUMO energy gap corresponds to greater molecular stability. As
anticipated, the group of compounds with a higher HOMO-
LUMO energy gap 23a-e, 24 exhibits greater 5 values (2.41-
2.50 eV) compared to 26a-e, 27 (1.92-1.96 eV). The trend in
softness values, where higher values indicate greater reactivity,
is the exact opposite of the trend observed in hardness values
(0.40-0.42 for 23 a-e, 24; 0.51-0.52 for 26 a—e, 27).
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NLO Studies

Unsymmetrical n-conjugated systems incorporating donor and
acceptor groups, which facilitate polarization along a specific
direction within the molecule, are highly favored in NLOphore
design.” The urethane-substituted chromophores synthesized
in this study, featuring donor-m-acceptor (D-mn-A) structures,
show potential as NLOphore candidates. To gain deeper
insights into the optical properties of these compounds,
average polarizability oy, and first hyperpolarizability [y,
values were calculated using equations 5 and 6. High values
of a ey and By are essential for achieving strong NLO proper-
ties. Generally, polarizability and hyperpolarizability tend to
increase as the energy gap between frontier orbitals
decreases.”"’? Consistent with this trend, an analysis of the two
groups of compounds 23 a-e, 24 and 26 a-e, 27 synthesized in
this study reveals that the calculated polarizability and hyper-
polarizability values are significantly higher for 26 a-e, 27 (a=
118.655-135.823 107 esu; =292.471-318.253 107> esu)
compared to those with 23a-e, 24 (0 =74.674-91.326 10
esu; 8=140.536-142.501 10 *° esu) (Table 3).

a=1/3(ax+ a, + a) (5)

ﬁ: [(ﬁxxx + ﬁxyy + ﬁxzz)2 +

(ﬂyyy + ﬁxxy + ﬁyzz)z + (ﬁzzz + ﬂxxz + ﬁYYZ)ZP/Z (6)

Encouraged by the promising results from the theoretical
calculations, we directed our attention to experimentally
investigating the NLO properties of the synthesized com-
pounds. The NLO properties of 23a-e, 24 and 26 a-e, 27 were
assessed through the electric field-induced second harmonic
generation (EFISHG) method (Table 3). This technique provides
the scalar u3 product.” The uf values are shown in Table 3.

Chromophore solutions were prepared at concentrations
ranging from 1072 to 10> M in CHCl;. The experiments were

carried out with a Raman-shifted Nd:YAG laser operating at A =
1907 nm. Taking into account the £10% margin of error in the
upB product values measured using EFISHG, comparisons
between the compound groups derived from TCNE (23 a-e, 24)
and TCNQ (26 a-e, 27) should be approached with caution. In
both groups, compounds 24 and 27 exhibited the lowest uf
values (uB=470x10"" esu for 24; 3700x10™* esu for 27),
consistent with the calculated frontier orbital energy gaps
(AE™=2.88 eV for 24, 2.08 eV for 27) for structures lacking the
urethane moiety. These measurements are highly significant in
demonstrating the impact of the urethane groups in the
structure on the NLO properties of the compounds. A
significant difference in uf values is observed when comparing
the two groups. The second group 26a-e, 27, with a lower
frontier energy gaps (AE™=2.03-2.08 eV), demonstrates uf
values (48 =3700x10"*—-5400x10"* esu for 26a-e, 27) nearly
nine times higher than those of the first group (uf=
470x10*—-670x10"* esu for 23a-e, 24). A comparison with
the literature benchmark, Disperse Red 1 (18=500x10"*%)“",
based on EFISHG studies, shows that the uf values of the
synthesized compounds are similar to those of Disperse Red 1
in the first group 23a-e, 24 and substantially higher in the
second group 26a-e, 27. Comparisons with experimental
EFISHG measurements of recently synthesized D-A type
compounds in the literature show that the experimental uf
values of compounds 26a-e, 27 specifically, are considerably
higher than those of similar structures (see Figure S264 in the
SI).4"7481 These results indicate that the synthesized urethane-
containing NLOphores have high potential for NLO applica-
tions.

Conclusions
In this study, urethane-substituted alkyne substrates were

developed for use in [2+2] cycloaddition-retroelectrocycliza-
tion reactions. It was shown that urethanes effectively activate

Table 3. Calculated and measured /3 values of chromophores 23 a-e, 24 and 26 a-e, 27.

Compound u® (Debye) a’ (x107*esu) B (107*%esu) up (10~ esu-.cm)® upB (107*%esu)*
23a 13.1953 78.508 141.297 1865 600
23b 13.4077 80.794 141.707 1900 650
23c 13.2051 85.186 141.460 1868 510
23d 12.7346 87.017 140.536 1790 660
23e 12.8563 91.326 140.689 1809 670
24 15.5451 74.674 142.501 2215 470
26a 20.1754 123.402 306.135 6176 5200
26b 20.5924 125.464 309.012 6363 4650
26¢ 20.6362 130.027 303.697 6267 5400
26d 19.7785 131.798 318.253 6295 5200
26e 20.5795 135.823 314.559 6474 5000
27 19.8046 118.655 292471 5792 3700

°Calculated at the DFT CAM—B3LYP/6-31G + +(d,p) level in CHCl;. "1D=1x10"" esu-cm. © 4 (2w) at 1907 nm in CHCl;, molecular concentrations used for

the measurements were in the range of 107 to 1072 M, 43 £ 10%.
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these reactions in the presence of LiClO,. Considering the
restricted substrate scope of these reactions, this work makes a
significant contribution to the field. Using Sonogashira cross-
coupling reactions, five alkynes groups with diverse side groups
(neutral, donor, and acceptor) were synthesized. Additionally, a
variety of alkyl and aryl chloroformate derivatives were utilized
in urethane synthesis to enhance substituent diversity. Carbon-
rich, push-pull chromophores were successfully synthesized by
reacting these alkynes with the electron-deficient alkenes TCNE
and TCNQ. The charge transfer absorption bands of the
synthesized chromophores cover a range from the visible to the
near-IR region (from 363 to 692 nm). The analysis of these
absorption bands was also carried out using TD-DFT calcu-
lations. The stability characteristics of the synthesized chromo-
phore structures were investigated through both experimental
and theoretical approaches. The thermal stability analysis
through TGA demonstrates that a represantative compound
26d exhibits significantly higher thermal stability than com-
pound 23d, highlighting the influence of electron-withdrawing
groups and molar mass on the stability of synthesized
NLOphores. Parameters such as electronegativity, global hard-
ness, and softness, calculated through DFT studies and
consistent with frontier orbital energies, suggest that com-
pounds 26 a-e and 27, obtained with TCNQ, are less stable than
compounds 23a-e and 24, synthesized with TCNE. In addition
to their linear optical properties, urethane-substituted chromo-
phores have demonstrated significant nonlinear optical proper-
ties in both experimental and theoretical studies. While the uf
values obtained from computational chemistry (1790x107* to
6474x107* esu) differ from those measured by the EFISHG
technique (470x10™* to 5400x107* esu), the overall trend
remains consistent.

Experimental Section

General

Reagents were purchased as reagent grade and used without
further purification. Commercially available chemicals were pur-
chased by Merck, Fluka, Across, Abcr and Sigma Aldrich. Solvents
for extraction or Flash column chromatography (CC) were distilled.
Reactions on exclusion of air and moisture were performed in
oven-dried glassware and under N, atmosphere. Analytical thin
layer chromatography (TLC) was performed on aluminum sheets
coated with 0.2 mm silica gel 60 F254 (Merck) and visualized with a
UV lamp (254 or 366 nm). Evaporation in vacuo was performed at
25-60°C and 900-10 mbar. Reported yields refer to spectroscopi-
cally and chromatographically pure compounds that were dried
under high vacuum (0.1-0.05 mbar) before analytical character-
ization. Nuclear magnetic resonance (NMR) spectra were recorded
on Bruker Avance Il Ultrashield 400 Hz NMR spectrometer in CDCl,.
Chemical shifts o are reported in ppm downfield from tetramethyl-
silane (TMS) using the residual solvent signals as an internal
reference (CDCly: 8,=7.26 ppm, O.=77.16 ppm). For 'H NMR,
coupling constants J are reported in Hz and the resonance
multiplicity is defined as s (singlet), d (doublet), t (triplet), q
(quartet), quint (quintet), sext (sextet), sept (septet), m (multiplet),
and br. (broad). All spectra were recorded at 298 K. NMR spectra
were processed by using MestReNova program. Infrared (IR) spectra
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were recorded on Thermo Scientific Nicolet iS10 ATR-IR spectrom-
eter. Signal locations are reported as wavenumbers (cm™). The IR
band intensities described as s (strong), m (medium), w (weak), br.
(broad). High-resolution mass spectrometry (HR-MS) was performed
by the MS-service of METU Central Laboratory, Turkey. Spectra were
processed in electrospray ionization with positive or negative
modes using Time of Flight mass analyzer. Masses are reported in
m/z units as the molecule ion as [M + H]*, [M] * or [M—H]".

General procedure for the synthesis of 8a-e. Compound 6 (2.00 g,
9.13 mmol, 1.00 equiv.) was dissolved in 10 mL of THF, cooled in an
ice bath, and treated with pyridine (1.30 equiv.). Subsequently, the
appropriate chloroformates 7a-e (1.20 equiv.) were added. The
reaction mixture was gradually warmed to room temperature and
stirred for one hour. After confirming the reaction’s completion, it
was quenched with water, extracted with CH,Cl, (3x30 mL), dried
over MgSO,, and concentrated under reduced pressure. The
resulting solid was purified by column chromatography (CC),
yielding products 8 a—e with yields ranging from 78 % to 99 %.%¢

Compound 8a: yield: 2.27 g (90%); white solid; R,=0.68 (SiO,; 1:1
hexanes/ethyl acetate); '"H NMR (400 MHz, CDCl;, 298 K); 6 =7.60
(quasi d, J=8.4 Hz, 2H), 7.17 (quasi d, J=8.4 Hz, 2H), 6.58 (br. s, TH),
3.77 ppm (s, 3H); C{'H} NMR (100 MHz, CDCl;, 298 K); 6 =154.0,
138.0, 137.8, 120.7, 86.5, 52.6 ppm. Spectral data is consistent with
the literature.®”

Compound 8b: yield: 2.64 g (99%); white solid; R=0.65 (SiO,;
CH,Cl,); m.p.=106-108°C; '"H NMR (400 MHz, CDCl,, 298 K); 6="H
NMR (400 MHz, CDCl;, 298 K) 6 =7.59 (quasi d, J=8.4 Hz, 2H), 7.17
(quasi d, J=8.4Hz, 2H), 6.58 (br. s, 1H), 422 (q, J=7.1 Hz, 2H),
1.30 ppm (t, J=7.1 Hz, 3H); C{"H} NMR (100 MHz, CDCl;, 298 K);
0=153.5, 138.0, 137.9, 120.6, 86.3, 61.5, 14.6 ppm; IR (ATR): v =
3284 (m), 1696 (s) cm~'; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for
CyHyNO, I~ 289.9678; Found 289.9679.

Compound 8c: yield: 2.27 g (78%); white solid; R,=0.72 (SiO,; 1:1
hexanes/ethyl acetate); m.p.=115-117°C; '"H NMR (400 MHz, CDCl,,
298 K); 0=7.59 (quasi d, J=8.8 Hz, 2H), 7.17 (quasi d, J=8.8 Hz,
2H), 6.60 (br. s, 1H), 3.94 (d, /=6.7 Hz, 2H), 2.02-1.90 (m, 1H),
0.96 ppm (d, J=6.7 Hz, 6H); *C{'"H} NMR (100 MHz, CDCl;, 298 K);
0=153.6, 138.03, 137.95, 120.6, 86.3, 71.7, 28.1, 19.2 ppm; IR (ATR):
v =3327 (m), 1694 (s) cm~'; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for
C;4H;5NO,I™ 317.9991; Found 317.9990.

Compound 8d: yield: 3.27 g (91%); light yellow solid; R,=0.79
(SiO,; 2:1 hexanes/ethyl acetate); '"H NMR (400 MHz, CDCls, 298 K);
0=7.63 (quasi d, J=8.5 Hz, 2H), 7.20 (quasi d, J=8.5 Hz, 2H), 6.89
(br. s, TH), 4.82 ppm (s, 2H); *C{'"H} NMR (100 MHz, CDCl;, 298 K);
0=151.5, 138.1, 136.9, 120.9, 95.2, 87.5, 74.7 ppm. Spectral data is
consistent with the literature.*®

Compound 8e: yield: 2.58 g (80%); white solid; R/=0.55 (SiO,; 1:1
hexanes/ethyl acetate); '"H NMR (400 MHz, CDCl;, 298 K); 6 =7.60
(quasi d, J=8.8 Hz, 2H), 7.41-7.34 (m, 5H), 7.17 (quasi d, J=8.8 Hz,
2H), 6.64 (br. s, TH), 5.19 ppm (s, 2H); *C{'"H} NMR (100 MHz, CDCl;,
298 K); 0=153.2, 138.0, 137.7, 135.9, 128.8, 128.6, 128.5, 120.6, 86.5,
67.3 ppm. Spectral data is consistent with the literature.

General procedure for the synthesis of 10a-e. Compounds 8a-e
(1.00 equiv.) were dissolved in 10 mL of triethylamine in a flask
sealed with a rubber septum, and the atmosphere was purged with
N, for 10 minutes. Subsequently, Cul (0.03 equiv.) and [Pd(PPh,),Cl,]
(0.03 equiv.) were added to the flask, followed by an additional 10-
minute N, purge. TMSA 9 (1.10 equiv.) was then introduced via
syringe, and the reaction mixture was stirred at room temperature
overnight. Upon completion, the solvent was removed under
reduced pressure, and the resulting solid was extracted twice with
CH,Cl, (50 mLx2). The combined organic layers were dried over
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MgSO,, filtered, and concentrated. Purification by CC (SiO, 2:1
hexanes/ethyl acetate) yielded products 10a-e in 61-95% yields.®”

Compound 10a: (Starting material 8a: 1.99 g, 7.18 mmol); yield:
1.09g (61%); yellow solid; R,=0.82 (SiO, 1:1 hexanes/ethyl
acetate); m.p.=128-130°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
7.41 (quasi d, J=8.7 Hz, 2H), 7.32 (quasi d, J=8.7 Hz, 2H), 6.65 (br. s,
1H), 3.77 (s, 3H), 0.24 ppm (s, 9H); *C{"H} NMR (100 MHz, CDCl,,
298 K); 0=153.9, 138.2, 133.0, 1182, 118.0, 105.0, 93.5, 52.6,
0.1 ppm; IR (ATR): v"=3279 (m), 2956 (m), 2159 (s), 1702 (s) cm™";
HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for Cy;H,eNO,Si~ 246.0950;
Found 246.0944.

Compound 10b: (Starting material 8b: 2.52 g, 8.66 mmol); yield:
2.14g (95%); yellow solid; R;=0.48 (SiO, 5:1 hexanes/ethyl
acetate); m.p.=112-114°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =
7.40 (quasi d, J=8.7 Hz, 2H), 7.32 (quasi d, J=8.7 Hz, 2H), 6.64 (br. s,
1H), 4.22 (q, J=7.1 Hz, 2H), 1.31 (t, J=7.1 Hz, 3H), 0.24 ppm (s, 9H);
B3C{"H} NMR (100 MHz, CDCl;, 298 K); 6=153.4, 138.3, 133.0, 118.1,
117.9, 105.0, 93.5, 61.5, 14.7, 0.1 ppm; IR (ATR): v"=3321 (m), 2961
(w), 2157 (s), 1704 (s) cm™~'; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for
C,4H,5NO,Si™ 260.1107; Found 260.1102.

Compound 10c: (Starting material 8c: 2.01 g, 6.30 mmol); yield:
143 g (78%); yellow solid; R,=0.72 (SiO, 3:1 hexanes/ethyl
acetate); m.p.=130-132°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
7.40 (quasi d, J=8.3 Hz, 2H), 7.33 (quasi d, J=8.3 Hz, 2H), 6.74 (br. s,
1H), 3.94 (d, /=6.7 Hz, 2H), 1.90-2.02 (m, 1H), 0.95 (d, /J=6.7 Hz,
6H), 0.24 ppm (s, 9H); C{'H} NMR (100 MHz, CDCl,, 298 K); 6=
153.5, 138.3, 138.1, 133.1, 118.1, 105.0, 93.5, 71.7, 28.1, 19.2,
0.2 ppm; IR (ATR): v"=3318 (m), 2959 (m), 2153 (w), 1698 (s) cm™";
HRMS (ESI-TOF) m/z: [M—H]™ Calcd. for C,gH,,NO,Si~ 288.1420;
Found 288.1423.

Compound 10d: (Starting material 8d: 2.79 g, 7.07 mmol); yield:
2169 (84%); yellow solid; R=0.48 (SiO, 5:1 hexanes/ethyl
acetate); m.p.=130-132°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
7.44 (quasi d, J=8.6 Hz, 2H), 7.36 (quasi d, J=8.6 Hz, 2H), 6.92 (br. s,
1H), 4.82 (s, 2H), 0.24 ppm (s, 9H); *C{'"H} NMR (100 MHz, CDCl,,
298 K); 0=151.4, 137.3, 133.1, 118.8, 1184, 104.7, 95.2, 94.0, 74.6,
0.1 ppm; IR (ATR): v"=3304 (m), 2959 (w), 2156 (m), 1714 (s) cm™";
HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for C,,H;sCIsNO,Si~ 361.9938;
Found 361.9932.

Compound 10e: (Starting material 8d: 2.44 g, 7.19 mmol); yield:
2099 (94%); yellow solid; R;=0.52 (SiO, 5:1 hexanes/ethyl
acetate); '"H NMR (400 MHz, CDCl,, 298 K); 6=7.43-7.31 (m, 9H),
6.73 (br. s, TH), 5.20 (s, 2H), 0.24 ppm (s, 9H); *C{'H} NMR (100 MHz,
CDCl;, 298 K); 0=153.2, 138.1, 1359, 133.0, 128.7, 128.5, 1284,
118.2, 118.0, 105.0, 93.6, 67.3, 0.1 ppm. Spectral data is consistent
with the literature.””

General procedure for the synthesis of 1a-e. A solution of 10a-e
(1.00 equiv.) in tetrahydrofuran (THF) was cooled to 0°C using an
ice bath. Subsequently, tetrabutylammonium fluoride (TBAF, 1.0 M,
1.20 equiv.) was added, and the reaction mixture was stirred for 15
minutes. After completion, the reaction was quenched with
saturated NaHCO,, followed by extraction with ethyl acetate
(2x50 mL). The organic layers were dried over MgSQO,, filtered, and
concentrated. Purification by CC provided products 1a-e in yields
ranging from 30% to 83 %.

Compound 1a: (Starting material 10a: 1.05 g, 4.24 mmol); yield:
589 mg (79%); yellow solid; R,=0.84 (SiO, 1:1 hexanes/ethyl
acetate); 'H NMR (400 MHz, CDCl;, 298 K); 6=7.44 (quasi d, J=
8.3 Hz, 2H), 7.35 (quasi d, J=8.3 Hz, 2H), 6.63 (br. s, 1H), 3.81 (s, 3H),
3.03 ppm (s, TH); *C{"H} NMR (100 MHz, CDCl,, 298 K); 5=153.8,
138.5, 133.2, 1183, 117.0, 83.5, 76.7, 52.7 ppm. Spectral data is
consistent with the literature "
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Compound 1b: (Starting material 10b: 2.14 g, 8.19 mmol); yield:
1.289 (83%); yellow solid; R,=0.57 (SiO, 5:1 hexanes/ethyl
acetate); '"H NMR (400 MHz, DMSO-d,, 298 K); 6=9.87 (br. s, TH),
7.47 (quasi d, J=8.6 Hz, 2H), 7.38 (quasi d, J=28.6 Hz, 2H), 4.12 (q,
J=7.1Hz, 2H), 407 (s, 1H), 1.23 ppm (t, J=7.1 Hz, 3H); *C{"H} NMR
(100 MHz, DMSO-d,, 298 K); 6=153.5, 140.0, 132.5, 118.0, 115.3,
83.7, 79.7, 60.5, 14.6 ppm. Spectral data is consistent with the
literature.”

Compound 1c: (Starting material 10c: 1.30 g, 4.49 mmol); yield:
789 mg (81%); yellow solid; R,=0.88 (SiO,; CH,Cl,); m.p.=81-83°C;
'H NMR (400 MHz, CDCl;, 298 K); 6=7.43 (quasi d, J=8.4 Hz, 2H),
7.35 (quasi d, J=8.4 Hz, 2H), 6.71 (br, s, 1H), 3.95 (d, J=6.6 Hz, 2H),
3.03 (s, TH), 2.03-1.91 (m, TH), 0.96 ppm (d, J=6.6 Hz, 6H); *C{'H}
NMR (100 MHz, CDCl;, 298 K); 6=153.5, 138.7, 133.2, 118.3, 116.9,
83.6, 76.6, 71.7, 28.1, 19.2 ppm; IR (ATR): v"=3338 (m), 3299 (m),
2107 (w), 1702 (s) cm™'; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for
Cy5H,,NO,™ 216.1025; Found 216.1016.

Compound 1d: (Starting material 10d: 2.00 g, 5.48 mmol); yield:
485 mg (30%); yellow solid; R;=0.79 (SiO,; 1:1 CH,CL,); m.p.=113-
115°C; "H NMR (400 MHz, CDCls, 298 K); 6 =7.44 (quasi d, J=8.4 Hz,
2H), 7.35 (quasi d, J=8.4 Hz, 2H), 6.66 (br. s, 1H), 3.78 (s, 2H),
3.03 ppm (s, TH); "*C{'"H} NMR (100 MHz, CDCl,, 298 K); =151.7,
139.1, 132.6, 1184, 116.1, 95.8, 83.5, 80.0, 73.5 ppm; IR (ATR): v'=
3306 (m), 3270 (m), 2101 (w), 1714 (s) cm™'; HRMS (ESI-TOF) m/z:
[M—H]~ Calcd. for C;;H,CI;NO,™ 289.9542; Found 289.9540.

Compound 1e: (Starting material 10e: 1.91 g, 5.90 mmol); yield:
903 mg (61%); yellow solid; R;=0.50 (SiO, 5:1 hexanes/ethyl
acetate); '"H NMR (400 MHz, CDCl,, 298 K); 6=7.34-7.46 (m, 9H),
6.73 (s, 1H), 5.20 (s, 2H), 3.03 ppm (s, TH); *C{"H} NMR (100 MHz,
CDCl;, 298 K); 8=153.1, 1384, 135.9, 133.2, 128.8, 128.6, 128.5,
118.2, 117.0, 83.5, 76.7, 67.4 ppm. Spectral data is consistent with
the literature.®™

General procedure for the synthesis of 12a-e. Under an inert
nitrogen atmosphere, TCNE 11 (2.07 equiv.) was added to a solution
of compound 1a-e (1.00 equiv.) in CH,Cl, (3 mL). The reaction
mixture was stirred overnight at room temperature, and the
resulting product was recrystallized from chloroform to yield pure
red-colored chromophores 12a-e in between 36-82 % yield.

Compound 12a: (Starting material 1a: 50 mg, 0.29 mmol); yield:
43 mg (50%); red solid; R/=0.73 (SiO,; 2:3 hexanes/ethyl acetate);
m.p.=209-211°C; '"H NMR (400 MHz, CDCl,, 298 K); 6 =8.02 (s, TH),
7.67 (quasi d, J=8.8 Hz, 2H), 7.44 (quasi d, J/=8.8 Hz, 2H), 6.94 (br. s,
TH), 3.82 ppm (s, 3H); C{'H} NMR (100 MHz, CDCl;, 298 K); 5=
161.4, 153.2, 152.9, 143.8, 130.9, 124.4, 119.0, 111.74, 111.65, 111.2,
108.6, 98.3, 90.3, 53.1 ppm; UV/vis (CH,Cl): Ay (€) =290 (2.93x10,
447 nm (6.55x10° M~ cm™); IR (ATR): v"=3345 (s), 2224 (m), 1721
(s) cm™'; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for C,4HgNsO,~
302.0678; Found 302.0670.

Compound 12b: (Starting material 1b: 50 mg, 0.26 mmol); yield:
56 mg (67 %); red solid; R,=0.57 (SiO,; 2:3 hexanes/ethyl acetate);
m.p.=128-130°C; '"H NMR (400 MHz, CDCl,, 298 K); 6 =8.02 (s, TH),
7.66 (quasi d, J=8.7 Hz, 2H), 7.43 (quasi d, J=8.7 Hz, 2H), 6.94 (br. s,
1H), 4.27 (g, J=7.1 Hz, 2H), 1.33 ppm (t, J=7.1 Hz, 3H); *C{'"H} NMR
(100 MHz, CDCl,, 298 K); 6=161.4, 153.1, 152.9, 144.0, 130.9, 124.3,
119.0, 111.74, 111.70, 111.2, 108.6, 98.3, 90.1, 62.2, 14.6 ppm; UV/vis
(CH,CL): Apax (€)=290 (3.01x10%), 447 nm (7.10x10° M~ cm™); IR
(ATR): v"=3293 (m), 2233 (m), 1705 (s) cm™'; HRMS (ESI-TOF) m/z:
[M—H]~ Calcd. for C;;H,,NsO,” 316.0834; Found 316.0837.

Compound 12c: (Starting material 1c: 50 mg, 0.23 mmol); yield:
40 mg (50%); red solid; R/=0.76 (SiO,; 2:3 hexanes/ethyl acetate);
m.p.=121-123°C; '"H NMR (400 MHz, CDCl,, 298 K); 6 =8.02 (s, TH),
7.68 (quasi d, J=8.6 Hz, 2H), 7.44 (quasi d, J=8.6 Hz, 2H), 6.96 (br. s,
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1H), 3.99 (d, J=6.7 Hz, 2H), 2.03-1.95 (m, TH), 0.98 ppm (t, J=
6.7 Hz, 6H); *C{'"H} NMR (100 MHz, CDCl,, 298 K); §=161.4, 153.0,
152.9, 144.0, 130.9, 124.3, 119.0, 111.74, 111.69, 111.2, 108.6, 98.3,
90.1, 72.2, 28.0, 19.2 ppm; UV/vis (CH,Cl,): A,y (€) =291 (3.39x10%,
447 nm (7.80x10° M~ cm™); IR (ATR): v"=3369 (m), 2221 (m), 1738
(s) ecm™; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for C;oH,,N;O,~
344.1147; Found 344.1130.

Compound 12d: (Starting material 1d: 50 mg, 0.17 mmol); yield:
26 mg (36%); red solid; R,=0.80 (SiO,; 2:3 hexanes/ethyl acetate);
m.p.=110-112°C; "H NMR (400 MHz, CDCl;, 298 K); 6 =8.03 (s, TH),
7.72 (quasi d, J=8.6 Hz, 2H), 7.46 (quasi d, J=8.6 Hz, 2H), 7.24 (br. s,
1H), 4.85 ppm (s, 2H); C{'H} NMR (100 MHz, CDCl,, 298 K); 5=
161.3, 152.6, 151.0, 142.8, 130.8, 125.1, 119.5, 111.7, 111.5, 111.0,
108.6, 98.4, 94.8, 91.3, 75.0 ppm; UV/vis (CH,CL): A (€)=288
(1.99x10%, 431 nm (4.80x10°M~' cm™"); IR (ATR): v"=3305 (m),
2227 (w), 1751 (s) cm™'; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for
C,,H,CI;N,0,™ 417.9665; Found 417.9666.

Compound 12e: (Starting material 1e: 50 mg, 0.20 mmol); yield:
62 mg (82%); red solid; R,=0.78 (SiO,; 2:3 hexanes/ethyl acetate);
m.p.=168-170°C; "H NMR (400 MHz, CDCl;, 298 K); 6 =8.00 (s, TH),
7.66 (quasi d, J=8.5Hz, 2H), 7.43-7.36 (m, 7H), 7.05 (br. s, 1H),
523 ppm (s, 2H); C{'H} NMR (100 MHz, CDCl,, 298 K); 6=161.4,
153.0, 152.6, 143.8, 135.4, 130.9, 128.90, 128.86, 128.6, 124.5, 119.1,
111.74, 111.67, 111.2, 108.6, 98.3, 90.3, 67.9 ppm; UV/vis (CH,Cl,):
Amax (€) =278 (3.48x10%, 444 nm (6.25x10° M~" cm™"); IR (ATR): v"=
3373 (m), 2224 (m), 1755 (s) cm™'; HRMS (ESI-TOF) m/z: [M—H]~
Calcd. for C,,H,,NsO,™ 378.0991; Found 378.0989.

Synthesis of Compound 14

4-lodoaniline (6) (1.00 g, 4.57 mmol, 1.00 equiv.) was dissolved in
10 mL of diisopropylamine (DIPA) in a flask sealed with a rubber
septum. The atmosphere was purged with nitrogen for 10 minutes.
Cul (26 mg, 0.14 mmol, 0.03 equiv.) and [Pd(PPh;),Cl], 96 mg,
0.14 mmol, 0.03 equiv.) were then added, followed by an additional
10 minutes of nitrogen purging. Phenylacetylene (13) (560 mg,
5.48 mmol, 1.20 equiv.) was introduced via syringe, and the reaction
mixture was stirred at room temperature overnight. Upon comple-
tion, the solvent was removed under reduced pressure, and the
residue was extracted with dichloromethane (50 mLx2). The
combined organic layers were dried over MgSO4, filtered, and
concentrated. Purification by CC (SiO,; CH,Cl,) afforded compound
14.

Compound 14: yield: 707 mg (80%); brown solid; R=0.65 (SiO,;
CH,Cl,); m.p.=124-126°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =7.50
(quasi d, J=7.4 Hz, 2H), 7.37-7.28 (m, 5H), 6.64 (quasi d, J=8.1 Hz,
2H), 3.82 ppm (br. s, 2H); *C{"H} NMR (100 MHz, CDCl;, 298 K); 6 =
146.8, 133.1, 131.5, 128.4, 127.8, 124.0, 114.9, 112.7, 90.3, 87.4 ppm.
Spectral data is consistent with the literature.”

General Procedure for the Synthesis of 2 a-f

Compound 14 (1.00 equiv.) was dissolved in 10 mL of THF and
cooled using an ice bath. Pyridine (1.30 equiv.) was then added,
followed by the dropwise addition of the corresponding chlorofor-
mates 7a-f (1.20 equiv.). The reaction mixture was gradually
warmed to room temperature and stirred for one hour. Upon
completion, the reaction was quenched with water, extracted with
CH,Cl, (3x30 mL), and the combined organic layers were dried over
MgSO,. The solvent was removed under reduced pressure, and the
resulting solid was purified by CC to afford products 2a-f with
yields ranging from 56 % to 90 %.%¢
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Compound 2a: (Starting material 14: 280 mg, 1.45 mmol) yield:
310 mg (85%); yellow solid; Ry =0.71 (SiO, 4:1 hexanes/ethyl
acetate); m.p.=136-138°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =
7.54-7.46 (m, 4H), 7.41-7.31 (m, 5H), 6.69 (br. s, TH), 3.79 ppm (s,
3H); *C{'"H} NMR (100 MHz, CDCl,, 298 K); 6 =153.9, 138.0, 132.5,
131.6, 1284, 128.2, 123.4, 118.4, 118.0, 89.3, 88.9, 52.6 ppm; IR
(ATR): v"=3347 (m), 2215 (w), 1712 (s) cm~'; HRMS (ESI-TOF) m/z:
[M—H]~ Calcd. for C,¢H,,NO,~ 250.0868; Found 250.0868.

Compound 2b: (Starting material 14: 280 mg, 1.45 mmol) yield:
346 mg (90%); yellow solid; R;=0.61 (SiO, 4:1 hexanes/ethyl
acetate); m.p.=110-112°C; '"H NMR (400 MHz, CDCl,, 298 K); 6 =
7.54-7.50 (m, 2H), 7.48 (quasi d, J=8.7 Hz, 2H), 7.41-7.32 (m, 5H),
6.70 (br. s, 1H), 4.24 (q, J=7.1 Hz, 2H), 1.32 ppm (t, J=7.1 Hz, 3H);
BC{'H} NMR (100 MHz, CDCl;, 298 K); 6=153.5, 138.2, 132.6, 131.6,
128.5, 128.2, 123.5, 118.3, 118.0, 89.3, 88.9, 61.6, 14.7 ppm; IR (ATR):
v'=3266 (m), 2216 (w), 1737 (s) cm™'; HRMS (ESI-TOF) m/z: [M +
H1* Calcd. for C,,H,(NO," 266.1181; Found 266.1181.

Compound 2c: (Starting material 14: 280 mg, 1.45 mmol) yield:
380 mg (89%); yellow solid; R;=0.78 (SiO, 9:1 hexanes/ethyl
acetate); m.p.=168-170°C; '"H NMR (400 MHz, CDCl;, 298 K); 6=
7.54-7.47 (m, 4H), 7.43-7.32 (m, 5H), 6.88 (br. s, 1H), 3.97 (d, J=
6.5 Hz, 2H), 2.02-1.94 (m, TH), 0.98 ppm (d, J=6.5 Hz, 6H); *C{'H}
NMR (100 MHz, CDCl,, 298 K); 6 =153.6, 138.2, 132.6, 131.6, 128.4,
128.2, 123.5, 118.4, 118.0, 89.3, 88.9, 71.7, 28.1, 19.2 ppm; IR (ATR):
v"=3298 (m), 2217 (w), 1700 (s) cm™'; HRMS (ESI-TOF) m/z: [M +
HI* Calcd. for C,oH,oNO,* 294.1494; Found 294.1502.

Compound 2d: (Starting material 14: 280 mg, 1.45 mmol) yield:
357 mg (67%); yellow solid; R;=0.53 (SiO, 4:1 hexanes/ethyl
acetate); m.p.=123-125°C; '"H NMR (400 MHz, CDCl,, 298 K); 6 =
7.54-7.49 (m, 4H), 7.43 (quasi d, J=8.3 Hz, 2H), 7.38-7.32 (m, 3H),
6.92 (br. s, TH), 4.84 ppm (s, 2H); *C{"H} NMR (100 MHz, CDCl,,
298 K); 6=151.4, 137.1, 132.7, 131.7, 128.5, 128.4, 123.3, 119.0,
118.6, 95.2, 89.3, 89.0, 74.7 ppm; IR (ATR): v"'=3359 (m), 1716 (m)
cm™'; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for Ci,H,,ClsNO,~
365.9855; Found 365.9855.

Compound 2e: (Starting material 14: 280 mg, 1.45 mmol) yield:
424 mg (89%); yellow solid; R;=0.56 (SiO,; 4:1 hexanes/ethyl
acetate); m.p.=147-149°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =
7.54-7.45 (m, 4H), 7.42-7.31 (m, 10H), 6.72 (br. s, 1H), 5.21 ppm (s,
2H); C{'H} NMR (100 MHz, CDCl,, 298 K); 6 =153.2, 137.9, 136.0,
132.6, 131.7, 128.8, 128.6, 128.51, 128.47, 128.3, 123.5, 1184, 118.3,
89.3, 89.0, 67.4 ppm; IR (ATR): v"=3300 (m), 2219 (w), 1697 (s) cm™";
HRMS (ESI-TOF) m/z: [M + H]* Calcd. for Cy,H,gNO,* 328.1338;
Found 328.1349.

Compound 2f: (Starting material 14: 300 mg, 1.55 mmol); yield:
314 mg (56%); white solid; R=0.78 (SiO, 2:1 hexanes/ethyl
acetate); '"H NMR (400 MHz, CDCl;, 298 K); 0=8.29 (quasi d, J=
9.2 Hz, 2H), 7.56-7.51 (m, 4H), 7.45 (quasi d, J=8.5 Hz, 2H), 7.40
(quasi d, J=9.2 Hz, 2H), 7.37-7.35 (m, 3H), 7.08 ppm (br. s, TH); '*C
{'"H} NMR (100 MHz, CDCl;, 298 K); 6=155.3, 150.0, 145.3, 136.7,
132.8, 131.7, 128.52, 128.46, 125.4, 123.3, 122.3, 119.5, 118.8, 89.5,
88.9 ppm; IR (ATR): v'=3305 (m), 1730 (s) cm™'; HRMS (ESI-TOF)
m/z: [M + H]* Calcd. for C,,H;sN,O,* 359.1032; Found 359.1045.

General procedure for the synthesis of 15a-e and 16. Under an
inert nitrogen atmosphere, TCNE (11) (1.5 equiv.) and LiClO,
(2.00 equiv.) were added to a solution of compound 2a-f
(1.00 equiv.) in acetonitrile (2 mL). The reaction mixture was heated
to reflux at 82°C and stirred under inert conditions for 3 days. The
resulting mixture was purified using CC to yield gel-like bright
yellow solids 15a-e in 50-96 % vyield or a red solid 16 in 8% yield.

Compound 15a: (Starting material 2a: 40 mg, 0.16 mmol); yield:
52 mg (86 %); bright yellow solid; R/=0.85 (SiO,; 1:1 hexanes/ethyl
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acetate); m.p.=102-104°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
7.76-7.53 (m, 9H), 7.13 (br. s, TH), 3.82 ppm (s, 3H); “C{'"H} NMR
(100 MHz, CDCl;, 298 K); 6 =167.7, 165.7, 153.2, 144.5, 134.8, 131.43,
131.38, 130.2, 129.5, 125.3, 1189, 112.3, 111.71, 111.67, 111.2, 87.9,
843, 532 ppm; UVAvis (CH,CL): A, (€)=299 (2.08x10%), 330
(2.35x10%, 382 nm (1.95x10°M™" cm™); IR (ATR): v"=3337 (m),
2228 (m), 1734 (s) cm™"; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for
Ca,H;,N;O,™ 378.0991; Found 378.0991.

Compound 15b: (Starting material 2b: 40 mg, 0.15 mmol); yield:
45 mg (76 %); bright yellow solid; R;=0.67 (SiO,; 2:1 hexanes/ethyl
acetate); m.p.=106-108°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
7.74 (quasi d, J=9.0 Hz, 2H), 7.71-7.64 (m, 3H), 7.63-7.53 (m, 4H),
6.98 (br. s, 1H), 4.27 (g, J=7.1 Hz, 2H), 1.33 ppm (t, J=7.1 Hz, 3H);
BC{"H} NMR (100 MHz, CDCl;, 298 K); 6 =167.7, 165.6, 152.7, 144.6,
134.8, 131.5, 131.4, 130.2, 129.5, 125.3, 118.9, 112.3, 111.72, 111.68,
111.2, 87.9, 843, 624, 145 ppm; UV/vis (CH,CL): A.c (€)=297
(2.21x10%, 329 (2.37x10%, 384 nm (1.98x10°M~' cm™); IR (ATR):
v =3335 (m), 2228 (m), 1716 (s) cm™"; HRMS (ESI-TOF) m/z: [M—H]~
Calcd. for C,3H,4,N5O,™ 392.1147; Found 392.1157.

Compound 15c: (Starting material 2c: 40 mg, 0.14 mmol); yield:
55 mg (96 %); bright yellow solid; R,=0.76 (SiO, 2:1 hexanes/ethyl
acetate); m.p.=126-128°C; '"H NMR (400 MHz, CDCl;, 298 K); 6=
7.74 (d, J=9.0 Hz, 2H), 7.71-7.66 (m, 3H), 7.62 (quasi d, J=9.0 Hz,
2H), 7.57 (d, J=8.0 Hz, 2 H), 7.06 (br. s, 1H), 3.99 (d, J=6.7 Hz, 2H),
2.03-1.94 (m, 1H), 097 ppm (d, J=6.7 Hz, 6H); "“C{'H} NMR
(100 MHz, CDCl,, 298 K); 6 =167.7, 165.6, 152.9, 144.6, 134.8, 131.5,
1314, 130.2, 129.5, 125.2, 118.8, 112.3, 111.72, 111.68, 111.2, 87.8,
84.1, 72.3, 28.0, 19.1 ppm; UV/vis (CH,Cl,): A,y (€) =295 (2.15x10%,
330 (2.47x10%, 386 nm (2.11x10* M~ cm™); IR (ATR): v"=3337 (m),
2228 (m), 1716 (s) cm™'; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for
CysHqsNsO,~ 420.1461; Found 420.1454.

Compound 15d: (Starting material 2d: 100 mg, 0.27 mmol); yield:
72 mg (53 %); bright yellow solid; R,=0.38 (SiO,; 3:2 hexanes/ethyl
acetate); m.p.=86-88°C; '"H NMR (400 MHz, CDCl,, 298 K); 6 =7.75
(quasi d, J=8.9 Hz, 2H), 7.71-7.64 (m, 5H), 7.60-7.54 (m, 2H), 7.39
(br. s, TH), 4.85 ppm (s, 2H); *C{'"H} NMR (100 MHz, CDCl;, 298 K);
0=167.5,165.7, 151.0, 143.5, 134.9, 131.4, 131.3, 130.2, 129.4, 126.0,
119.3, 112.1, 111.7, 111.5, 111.2, 94.8, 87.9, 85.2, 74.9 ppm; UV/vis
(CH,CL):  Amax  (€)=298 (2.02x10%), 327 (2.17x10%, 363 nm
(1.88x10* M~ cm™"); IR (ATR): v"=3319 (m), 2229 (m), 1749 (s) cm™;
HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for C,sH,,ClsN;O,” 493.9978;
Found 493.9971.

Compound 15e: (Starting material 2e: 60 mg, 0.18 mmol); yield:
42 mg (50%); bright yellow solid; R;=0.49 (SiO,; 2:1 hexanes/ethyl
acetate; m.p.=86-88°C; 'H NMR (400 MHz, CDCl;, 298 K); 6 =7.75-
7.53 (m, 10H), 7.41-7.37 (m, 4H), 7.05 (br. s, TH), 5.23 ppm (s, 2H);
BC{"H} NMR (100 MHz, CDCl;, 298 K); 6=167.7, 165.6, 152.5, 144.3,
135.3, 134.8, 131.4, 130.2, 129.5, 128.9, 128.7, 1254, 119.0, 112.3,
111.7, 111.6, 111.2, 87.9, 84.5 68.1 ppm (20 out of 22 peaks
observed); UV/vis (CH,Cly): s (€) =296 (1.40x10%), 314 (1.39x10%,
375 nm (1.07x10* M~" cm™"); IR (ATR): v"=3329 (m), 2228 (m), 1734
(s) cm™'; HRMS (ESI-TOF) m/z: [M—H]" Calcd. for CygH;sNsO,™
454.1304; Found 454.1300.

Compound 16: (Starting material 2f: 200 mg, 0.56 mmol); yield:
15mg (8%); dark red solid; R=0.39 (SiO, 2:1 hexanes/ethyl
acetate; '"H NMR (400 MHz, CDCl;, 298 K); 6 =7.71 (d, J=8.5 Hz, 4H),
7.67-7.62 (m, 1H), 7.55 (t, J=7.7 Hz, 2H), 6.72 (d, J=8.2 Hz, 2H),
4.70 ppm (br. s, 2H); IR (ATR): v"=3316 (m), 2229 (m) cm™'; Spectral
data is consistent with the literature.*
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Synthesis of Compound 18

4-lodoaniline (6) (1.00g, 4.57 mmol, 1.00 equiv.), Cul (17 mg,
0.09 mmol, 0.02 equiv.), [Pd(PPh;).Cl,] (64 mg, 0.09 mmol,
0.02 equiv.), triphenylphosphine (48 mg, 0.18 mmol, 0.04 equiv.)
was dissolved in 60 mL of DIPA/toluene mixture (1:5) in a flask
sealed with a rubber septum. The system was purged with N, for
10 minutes. Subsequently, 1-ethynyl-4-methoxybenzene (17)
(664 mg, 5.02 mmol, 1.10 equiv.) was introduced via syringe. The
reaction mixture was stirred at room temperature overnight. After
completion, the solvent was removed under reduced pressure, and
the residue was extracted with CH,Cl, (50 mLx2). The combined
organic layers were dried over MgSO, and filtered. Following
solvent removal and CC (SiO,; hexanes/ethyl acetate, 3:1), com-
pound 18 was obtained.

Compound 18: Yield: 653 mg (64%); red colored solid; R,=0.65
(SiO,; 3:1 hexanes/ethyl acetate); '"H NMR (400 MHz, CDCls, 298 K);
0=17.43 (quasi d, J=8.9 Hz, 2H), 7.32 (quasi d, J=8.6 Hz, 2H), 6.86
(quasi d, J=8.9 Hz, 2H), 6.63 (quasi d, J=8.6 Hz, 2H), 3.82 (s, 3H),
3.79 ppm (br. s, 2H); *C{"H} NMR (100 MHz, CDCl,, 298 K); 6 =159.3,
146.5, 132.9 (2xC), 116.1, 114.9, 114.0, 113.1, 88.8, 87.3, 55.4 ppm.
Spectral data is consistent with the literature.”

General procedure for the synthesis of 3a-f. Compound 18
(1.00 equiv.) was dissolved in 10 mL of THF and cooled using an ice
bath. Pyridine (1.30 equiv.) was then added, followed by the
dropwise addition of the corresponding chloroformates 7a-f
(1.20 equiv.). The reaction mixture was gradually warmed to room
temperature and stirred for one hour. Upon completion, the
reaction was quenched with water, extracted with CH,Cl,
(3x50 mL), and the combined organic layers were dried over
MgSO,. The solvent was removed under reduced pressure, and the
resulting solid was purified by CC to afford products 3 a—f.

Compound 3a: (Starting material 18: 150 mg, 0.67 mmol); yield:
149 mg (79%); yellow solid; R=0.83 (SiO, 2:1 hexanes/ethyl
acetate); m.p.=128-130°C; '"H NMR (400 MHz, CDCl;, 298 K); 6=
7.48-7.43 ppm (m, 4H), 7.37 (quasi d, J=8.3 Hz, 2H), 6.87 (quasi d,
J=8.7 Hz, 2H), 6.66 (br. s, 1H), 3.83 (s, 3H), 3.79 ppm (s, 3H); *C{'H}
NMR (100 MHz, CDCl,, 298 K); 6 =159.6, 153.9, 137.7, 133.1, 1324,
118.5, 1184, 115.5, 114.1, 88.9, 87.9, 55.4, 52.6 ppm; IR (ATR): v =
3360 (m), 1708 (s) cm™'; HRMS (ESI-TOF) m/z: [M + H]* Calcd. for
Cy,H,eNO,* 282.1130; Found 282.1129.

Compound 3b: (Starting material 18: 250 mg, 1.12 mmol); yield:
307 mg (93%); yellow solid; R;=0.51 (SiO, CH,Cl,); m.p.=150-
152°C; "H NMR (400 MHz, CDCl;, 298 K); 6 =7.45 (quasi d, J=8.6 Hz,
4H), 7.37 (quasi d, J=8.6 Hz, 2H), 6.87 (quasi d, /=28.6 Hz, 2H), 6.68
(br. s, 1H), 423 (q, J=7.1 Hz, 2H), 3.82 (s, 3H), 1.32 ppm (t, J=
7.1 Hz, 3H); “C{"H} NMR (100 MHz, CDCl;, 298 K); 6 =159.6, 153.5,
137.9, 133.0, 132.4, 118.34, 11830, 115.6, 114.1, 88.8, 87.9, 61.5,
55.4, 14.6 ppm; IR (ATR): v"=3306 (m), 1703 (s) cm~". Spectral data
is consistent with the literature.*

Compound 3c: (Starting material 18: 129 mg, 0.58 mmol); yield:
173 mg (93%); yellow solid; (SiO5 CH,Cl,); m.p.=140-142°C; 'H
NMR (400 MHz, CDCl,, 298 K); 6 =7.45 (quasi d, J=8.0 Hz, 4H), 7.37
(quasi d, J=8.0 Hz, 2H), 6.87 (quasi d, J=8.0 Hz, 2H), 6.72 (br. s, TH),
3.96 (d, J=6.6 Hz, 2H), 3.82 (s, 3H), 2.04-1.92 (m, 1H), 0.97 ppm (d,
J=6.6 Hz, 6H); C{'H} NMR (100 MHz, CDCl;, 298 K); 0=159.6,
153.6, 137.9, 133.1, 132.4, 118.4, 118.3, 115.6, 114.1, 88.8, 87.9, 71.7,
55.4, 28.1, 19.2 ppm; IR (ATR): v"=3310 (m), 1701 (s) cm~'; HRMS
(ESI-TOF) m/z: [M + H]" Caled. for C,yH,NO;" 324.1600; Found
324.1600.

Compound 3d: (Starting material 18: 150 mg, 0.67 mmol); Yield:
223 mg (83%); yellow solid; R,=0.83 (SiO, 2:1 hexanes/ethyl
acetate); m.p.=142-144°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
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749 (quasi d, J=8.7 Hz, 2H), 7.46 (quasi d, J=8.7 Hz, 2H), 7.41
(quasi d, J=8.7 Hz, 2H), 6.97 (br. s, 1H), 6.88 (quasi d, J=8.7 Hz, 2H),
4.83 (s, 2H), 3.83 ppm (s, 3H); *C{'"H} NMR (100 MHz, CDCl,, 298 K);
0=159.7, 151.4, 136.8, 133.1, 132.5, 119.3, 118.6, 115.4, 114.1, 95.2,
89.3, 87.7, 74.6, 55.4 ppm; IR (ATR): v'=3324 (m), 1714 (s) cm™;
HRMS (ESI-TOF) m/z: [M]* Calcd. for C;gH,,NO;Cl;" 397.0039; Found
397.0038.

Compound 3e: (Starting material 18: 250 mg, 1.12 mmol); yield:
352mg (88%); yellow solid; R;=0.56 (SiO, 2:1 hexanes/ethyl
acetate); m.p.=148-150°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =
7.45 (quasi d, J=8.8 Hz, 4H), 7.43-7.34 (m, 7H), 6.87 (quasi d, J=
8.8 Hz, 2H), 6.73 (br. s, 1H), 5.21 (s, 2H), 3.83 ppm (s, 3H); *C{'H}
NMR (100 MHz, CDCl;, 298 K); 6 =159.6, 153.2, 137.6, 136.0, 133.1,
132.4, 128.8, 128.6, 128.5, 118.5, 1184, 115.5, 114.1, 88.9, 87.9, 67.3,
55.4 ppm; IR (ATR): v '=3300 (m), 1698 (s) cm™'; HRMS (ESI-TOF)
m/z: [M + H]* Calcd. for C,3H,NO;* 358.1443; Found 358.1444.

Compound 3f: (Starting material 18: 150 mg, 0.67 mmol); yield:
206 mg (79%); yellow solid; R,=0.52 (SiO,; CH,Cl,); decomposes at
188-190°C; 'H NMR (400 MHz, CDCl,, 298 K); 0 =8.30 (quasi d, J=
9.2 Hz, 2H), 7.52 (quasi d, J=8.7 Hz, 2H), 7.49-7.38 (m, 6H), 7.06 (br.
s, TH), 6.88 (quasi d, J=8.8 Hz, 2H), 3.83 ppm (s, 3H); *C{'"H} NMR
(100 MHz, CDCl;, 298 K); 6 =159.8, 155.3, 145.3, 136.4, 133.2, 132.6,
126.4, 125.4, 122.3, 118.7, 115.8, 1154, 114.2, 89.5, 87.6, 55.5 ppm;
IR (ATR): v"=3333 (m), 1731 (s) cm™'; HRMS (ESI-TOF) m/z: [M]*
Calcd. for C,,H;¢N,O5 " 388.1059; Found 388.1066.

General procedure for the synthesis of 19a-e and 20. A solution
of compound 3a-f (1.00 equiv.) in acetonitrile (10 mL) was
prepared, and TCNE (1.50 equiv.) along with LiClO, (2.00 equiv.) was
added under an inert atmosphere. The mixture was heated to 82°C
and stirred under an inert atmosphere for 3 days. The resulting
product was purified by CC to yield the gel-like bright red solids
19a-e in 19-57 % yield and 20 in 8% yield.

Compound 19a: (Starting material 3a: 100 mg, 0.36 mmol); yield:
61 mg (42%); bright red solid; R/=0.31 (SiO, 2:1 hexanes/ethyl
acetate); m.p.=154-156°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
7.77 (quasi d, J=89Hz, 2H), 7.74 (quasi d, J=8.9 Hz, 2H), 7.60
(quasi d, J=8.9 Hz, 2H), 7.16 (br. s, 1H), 7.04 (quasi d, J=38.9 Hz, 2H),
3.92 (s, 3H), 3.82 ppm (s, 3H); C{"H} NMR (100 MHz, CDCl,, 298 K);
0=166.4, 166.2, 165.2, 153.3, 144.4,132.3, 131.5, 125.6, 123.7, 118.8,
115.8, 112.7, 1125, 111.9, 111.7, 84.1, 83.0, 56.1, 53.2 ppm; UV/vis
(CH,CL): Aoy (€) =260 (2.04x10%, 384 nm (3.32x10°M~' cm™"); IR
(ATR): v"=3334 (m), 2226 (s), 1739 (s) cm~; HRMS (ESI-TOF) m/z:
[M—H]~ Calcd. for C,3H;4,NsO;~ 408.1097; Found 408.1095.

Compound 19b: (Starting material 3b: 50 mg, 0.17 mmol); yield:
41 mg (57%); bright red solid; R/=0.58 (SiO, 1:1 hexanes/ethyl
acetate); m.p.=142-144°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =
7.76 (quasi d, J=89Hz, 2H), 7.74 (quasi d, J=89 Hz, 2H), 7.59
(quasi d, J=8.9 Hz, 2H), 7.13 (br. s, 1H), 7.03 (quasi d, J=8.9 Hz, 2H),
4.26 (q, J=7.1Hz, 2H), 3.91 (s, 3H), 1.32 ppm (t, J=7.1 Hz, 3H); °C
{'"H} NMR (100 MHz, CDCl;, 298 K); 6=166.3, 166.2, 165.2, 152.8,
144.6, 132.3, 131.5, 125.5, 123.7, 1188, 115.8, 112.7, 112.5, 111.9,
111.8, 83.9, 83.1, 62.3, 56.1, 14.5 ppm; UV/vis (CH,CL): 4. (€) =266
(1.93x10%, 384 nm (3.02x10*M™" cm™); IR (ATR): v'=3327 (m),
2227 (s), 1715 (s) cm™'; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for
CpuH,NsO5™ 422.1253; Found 422.1253.

Compound 19c: (Starting material 3¢c: 100 mg, 0.31 mmol); yield:
57 mg (41%); bright red solid; R,=0.32 (SiO,; 2:1 hexanes/ethyl
acetate); '"H NMR (400 MHz, CDCl;, 298 K); 6=7.79-7.72 (m, 4H),
7.60 (d, J=9.0 Hz, 2H), 7.13 (br. s, T1H), 7.04 (d, J=9.1 Hz, 2H), 3.98
(d, J=6.7 Hz, 2H), 3.91 (s, 3H), 2.03-1.94 (m, 1H), 0.97 ppm (d, J=
6.7 Hz, 6H); *C{"H} NMR (100 MHz, CDCl, 298 K); 0 = 166.34, 166.26,
165.2, 152.9, 144.6, 132.3, 131.5, 125.5, 123.7, 118.8, 115.8, 112.7,
112.5, 111.9, 111.7, 83.9, 83.0, 72.3, 56.1, 28.0, 19.1 ppm; UV/vis

Chem. Eur. J. 2025, 31, €202404778 (16 of 20)

(CH,CL): Aoy (€) =260 (2.24x10%, 384 nm (3.61x10°M~' cm™); IR
(ATR): v'=3334 (m), 2227 (s), 1714 (s) cm™'; HRMS (ESI-TOF) m/z:
[M—H]~ Calcd. for C,H,oNsO;~ 450.1566; Found 450.1567.

Compound 19d: (Starting material 3d: 100 mg, 0.25 mmol); yield:
25 mg (19%); bright red solid; R,=0.58 (SiO, 1:1 hexanes/ethyl
acetate); m.p.=105-107°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =
7.79-7.75 (m, 4H), 7.65 (quasi d, J=8.9 Hz, 2H), 7.29 (br. s, 1H), 7.05
(quasi d, J=8.9 Hz, 2H), 4.85 (s, 2H), 3.92 ppm (s, 3H); *C{'"H} NMR
(100 MHz, CDCl;, 298 K); 6 =166.4, 166.0, 165.3, 151.0, 143.4, 132.3,
1314, 1264, 123.6, 119.2, 115.9, 112.6, 1123, 111.9, 111.5, 94.8,
85.0, 83.1, 74.9, 56.1 ppm; UV/vis (CH,CL): A, (€)=270 (1.62x10%,
378 nm (2.21x10* M~ cm™); IR (ATR): v"=3310 (m), 2227 (s), 1751
(s) cm™'; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for CbyHysNsO5Cls™
524.0084; Found 524.0084.

Compound 19e: (Starting material 3e: 100 mg, 0.28 mmol); yield:
75 mg (55%); bright red solid; R,=0.31 (SiO,; 2:1 hexanes/ethyl
acetate); m.p.=93-95°C; '"H NMR (400 MHz, CDCl,, 298 K); 0 =7.78-
7.71 (m, 4H), 7.59 (quasi d, J=8.9 Hz, 2H), 7.41-7.37 (m, 5H), 7.07
(br. s, TH), 7.04 (quasi d, J=8.9 Hz, 2H), 5.23 (s, 2H), 3.92 ppm (s,
3H); C{'"H} NMR (100 MHz, CDCl,, 298 K); 6 =166.3, 166.2, 165.2,
152.6, 144.3, 135.3, 132.2, 131.4, 128.82, 128.79, 128.5, 125.6, 123.6,
118.8, 115.8, 112.6, 1125, 111.9, 111.7, 84.0, 83.0, 67.9, 56.1 ppm;
UV/vis (CH)CL): Ana (€)=268 (1.93x10%, 382 nm (2.40x10*M™'
cm™"); IR (ATR): v'=3310 (m), 2226 (s), 1734 (s) cm~'; HRMS (ESI-
TOF) m/z: [M—H]~ Calcd. for C,qH,gsN;O;~ 484.1410; Found 484.1409.

Compound 20: (Starting material 3f: 90 mg, 0.23 mmol); yield:
6.8 mg (8%); bright red solid; R,=0.28 (SiO, 1:1 hexanes/ethyl
acetate); m.p.=96-98°C; 'H NMR (400 MHz, CDCl;, 298 K); 6=7.78
(d, J=9.0 Hz, 2H), 7.70 (quasi d, J=8.9 Hz, 2H), 7.02 (quasi d, J=
9.0 Hz, 2H), 6.70 (quasi d, J=8.9 Hz, 2H), 4.68 (br. s, 2H), 3.91 ppm
(s, 3H); C NMR (100 MHz, CDCl,, 298 K); =167.4, 165.3, 165.0,
153.3, 132.9, 1324, 124.2, 120.6, 115.6, 115.1, 113.8, 112.9, 1128,
112.0, 83.0, 78.0, 56.0 ppm; IR (ATR): v"=3362 (m), 2220 (s) cm™';
HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for C,,;H,,N;O~ 350.1042; Found
350.1037.

Synthesis of compound 22: In a flask sealed with a rubber septum,
4-iodoaniline (6) (474 mg, 2.16 mmol, 1.00 equiv.), Cul (8 mg,
0.04 mmol, 0.02 equiv.), [Pd(PPh;),.Cl,] (30mg, 0.04 mmol,
0.02 equiv.), and triphenylphosphine (23 mg, 0.09 mmol,
0.04 equiv.) were dissolved in a 30 mL mixture of DIPA and toluene
(1:5). The atmosphere was purged with N, for 10 minutes.
Subsequently, 4-ethynyl-N,N-diethylaniline (21) (450 mg,
2.60 mmol, 1.20 equiv.) was added via syringe. The reaction mixture
was stirred at 60°C for 3 days. Upon completion, the solvent was
removed under reduced pressure, and the residue was extracted
with CH,Cl, (50 mLx2). The combined organic layers were dried
over MgSO, and filtered. Evaporation of the solvent, followed by
purification via CC (SiO,; CH,Cl,), gave product 22.°

Compound 22: Yield: 450 mg (79%); R/=0.47 (SiO,; CH,CL,); m.p.=
90-92°C; 'H NMR (400 MHz, CDCl;, 298 K): 6=7.34 (quasi d, J=
8.9 Hz, 2H), 7.30 (quasi d, J=8.9 Hz, 2H), 6.62 (quasi d, J=8.9 Hz,
4H), 3.76 (br. s, 2H), 3.36 (q, J=7.1 Hz, 4H), 1.17 ppm (t, J=7.1 Hz,
6H); *C NMR (100 MHz, CDCl;, 298 K): 0 =147.2, 146.1, 132.7, 132.6,
114.9, 113.7, 111.4, 109.7, 88.4, 87.5, 44.4, 12.6 ppm; IR (ATR): v'=
3447 (m), 3352 (m), 2203 (m) cm™~'; HRMS (ESI-TOF) m/z: [M + H]*
Calcd. for C;gH,;N,* 265.1705; Found 265.1705.

General procedure for the synthesis of 4a-f. Compound 22
(1.00 equiv.) was dissolved in 10 mL of THF and cooled using an ice
bath. Pyridine (1.30 equiv.) was then added, followed by the
dropwise addition of the corresponding chloroformates 7a-f
(1.20 equiv.). The reaction mixture was gradually warmed to room
temperature and stirred for one hour. Upon completion, the
reaction was quenched with water, extracted with CH,CI,
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(3x30 mL), and the combined organic layers were dried over
MgSO,. The solvent was removed under reduced pressure, and the
resulting solid was purified by CC to afford products 4a-f in 43-
91% yield®

Compound 4a: (Starting material 22: 140 mg, 0.53 mmol); yield:
131 mg (77 %); grey solid; R,=0.52 (SiO; 1:1 hexanes/ethyl acetate);
m.p.=156-158°C; 'H NMR (400 MHz, CDCl;, 298 K); 0 =7.44 (quasi
d, J=8.6 Hz, 2H), 7.38-7.32 (m, 4H), 6.65 (br. s, TH), 6.60 (quasi d,
J=8.9 Hz, 2H), 3.78 (s, 3H), 3.37 (g, J=7.1 Hz, 4H), 1.17 ppm (t, J=
7.1 Hz, 6H); *C{'H} NMR (100 MHz, CDCl,, 298 K.); 6 =154.0, 147.5,
137.2, 132.9, 132.1, 119.2, 1184, 111.3, 109.0, 90.2, 86.9, 52.5, 44.4,
12.6 ppm; IR (ATR): v'=3334 (m), 2203 (m), 1702 (s) cm~'; HRMS
(ESI-TOF) m/z: [M + HI* Calcd. for C,oH,3N,0," 323.1760; Found
323.1755.

Compound 4b: (Starting material 22: 210 mg, 0.79 mmol); yield:
217 mg (81 %); grey solid; R,=0.44 (SiO,; 5:2 hexanes/ethyl acetate);
m.p.=123-125°C; 'H NMR (400 MHz, CDCl,, 298 K); 6 =7.43 ppm
(quasi d, J=8.8 Hz, 2H), 7.37-7.32 (m, 4H), 6.62 (br. s, TH), 6.60
(quasi d, J=8.8 Hz, 2H), 4.23 (q, /=7.1 Hz, 2H), 3.37 (q, J=7.0 Hz,
4H), 1.31 (t, J=7.1 Hz, 3H), 1.17 ppm (t, J=7.0 Hz, 6H); *C{'H} NMR
(100 MHz, CDCl;, 298 K); 6 =153.5, 147.5, 137.3, 133.0, 132.2, 119.1,
118.3, 111.3, 109.1, 90.2, 86.9, 61.5, 44.4, 14.7, 12.7 ppm; IR (ATR):
v =3340 (m), 2203 (m), 1704 (s) cm~'; HRMS (ESI-TOF) m/z: [M +
HI* Calcd. for C,;H,sN,0," 337.1916; Found 337.1909.

Compound 4c: (Starting material 22: 450 mg, 1.70 mmol); yield:
564 mg (91 %); grey solid; R;=0.78 (SiO,; CH,Cl,); m.p.=159-161°C;
'H NMR (400 MHz, CDCl;, 298 K); 0 =7.44 (quasi d, J=8.9 Hz, 2H),
7.38-7.34 (m, 4H), 6.63 (br. s, 1H), 6.60 (quasi d, J=8.9 Hz, 2H), 3.95
(d, J=6.7 Hz, 2H), 3.37 (q, J=7.0 Hz, 4H), 2.04-1.92 (m, 1H), 1.17 (t,
J=7.0 Hz, 6H), 0.97 ppm (d, J=6.7 Hz, 6H); C{'"H} NMR (100 MHz,
CDCl;, 298 K); 6=153.6, 147.5, 137.3, 132.9, 132.1, 119.1, 1183,
111.2, 109.0, 90.2, 86.9, 71.5, 44.4, 28.0, 19.1, 12.6 ppm; IR (ATR): v'=
3336 (m), 2203 (m), 1702 (s) cm™'; HRMS (ESI-TOF) m/z: [M + HI*
Calcd. for C,3H,6N,0,™ 365.2229; Found 365.2229.

Compound 4d: (Starting material 22: 40 mg, 1.15 mmol); yield:
55 mg (83%); grey solid; R,=0.75 (SiO,; 5:2 hexanes/ethyl acetate);
m.p.=171-173°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =7.47 (quasi
d, J=8.4 Hz, 2H), 7.43-7.33 (m, 4H), 6.91 (br. s, TH), 6.61 (quasi d,
J=8.6 Hz, 2H), 4.83 (s, 2H), 3.37 (q, J=7.0 Hz, 4H), 1.17 ppm (t, J=
7.0 Hz, 6H); C{"H} NMR (100 MHz, CDCl;, 298 K); 6 =151.4, 147.6,
136.2, 133.0, 132.3, 120.2, 118.6, 111.3, 108.9, 95.3, 90.7, 86.7, 74.7,
44.5, 12.7 ppm; IR (ATR): v'=3336 (m), 2208 (s), 1719 (s) cm™;
HRMS (ESI-TOF) m/z: [M + H]* Calcd. for C,;H,,N,0,Cl;* 439.0747;
Found 439.0748.

Compound 4e: (Starting material 22: 153 mg, 0.58 mmol); yield:
135 mg (59 %); grey solid; R,=0.58 (SiO,; 5:2 hexanes/ethyl acetate);
m.p.=127-129°C; 'H NMR (400 MHz, CDCl,, 298 K); 6 =7.33-7.45
(m, 11H), 6.72 (br. s, TH), 6.61 (d, J=8.9 Hz, 2H), 5.21 (s, 2H), 3.37 (q,
J=7.0Hz, 4H), 1.18 ppm (t, J=7.0 Hz, 6H); *C{'"H} NMR (100 MHz,
CDCl;, 298 K); 6=153.2, 147.6, 137.1, 136.1, 133.0, 132.2, 12838,
128.6, 1285, 119.5, 1185, 111.4, 109.2, 90.4, 86.9, 67.3, 44.5,
12.7 ppm; IR (ATR): v'=3385 (m), 2207 (m), 1744 (s) cm™'; HRMS
(ESI-TOF) m/z: [M + H]* Calcd. for CyeH,,N,0," 399.2073; Found
399.2078.

Compound 4f: (Starting material 22: 177 mg, 0.67 mmol); yield:
123 mg (43 %); grey solid; R,=0.50 (SiO,; 5:2 hexanes/ethyl acetate);
m.p.=142-144°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =8.29 (quasi
d, J=9.1 Hz, 2H), 7.49 (quasi d, J=8.5 Hz, 2H), 7.42-7.36 (m, 6H),
7.05 (br. s, TH), 6.61 (quasi d, J=8.5 Hz, 2H), 3.37 (q, J=7.0 Hz, 4H),
1.17 ppm (t, J=7.0 Hz, 6H); *C{"H} NMR (100 MHz, CDCl,, 298 K);
0=155.4,150.1, 147.7, 145.2, 138.3, 135.9, 133.0, 132.3, 125.3, 122.3,
118.8, 111.3, 108.7, 91.0, 86.6, 44.4, 12.7 ppm; IR (ATR): v'=3273
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(m), 2206 (M), 1723 (s) cm~'; HRMS (ESI-TOF) m/z: [M + H]* Calcd.
for C,sH,,N;0,* 430.1767; Found 430.1767.

General procedure for the synthesis of 23a-e and 24. A solution
of compounds 4a-f (1.00 equiv.) in dichloromethane (2 mL) was
prepared, and TCNE (11) (1.00 equiv.) was added. The mixture was
stirred for 15 minutes, then purified by CC to yield dark red solids
23a-e in 88-98% yield and 24 in 63 % yield.

Compound 23a: (Starting material 4a: 27 mg, 0.08 mmol); yield:
33 mg (88%); dark red solid; R(=0.33 (SiO, 1:1 hexanes/ethyl
acetate); m.p.=154-156°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =
7.79-7.74 (m, 4H), 7.56 (quasi d, J=8.3 Hz, 2H), 7.12 (br. s, 1H), 6.70
(quasi d, J=88Hz, 2H), 3.81 (s, 3H), 3.49 (q, /=6.8Hz, 4H),
1.25 ppm (t, J=6.8 Hz, 6H); *C{'H} NMR (100 MHz, CDCl,, 298 K);
0=168.0, 163.2, 153.4, 152.8, 144.2, 133.1, 131.5, 126.2, 118.6, 117.8,
114.7, 113.9, 112.9, 112.2, 112.0, 83.6, 73.0, 53.1, 45.3, 12.7 ppm; UV/
vis (CH,Cl,): Arna (€) =386 (3.58x10%), 475 nm (4.47x10° M~' cm™); IR
(ATR): v"=3339 (m), 2232 (m), 1736 (s) cm~'; HRMS (ESI-TOF) m/z:
[M + H]* Calcd. for C,sH»3NsO,* 451.1882; Found 451.1884.

Compound 23b: (Starting material 4b: 70 mg, 0.21 mmol); yield:
92 mg (95%); dark red solid; Rr=0.48 (SiO, 1:1 hexanes/ethyl
acetate); m.p.=204-206°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =
7.77 (quasi d, J=9.0 Hz, 4H), 7.56 (quasi d, J=9.0 Hz, 2H), 6.93 (br. s,
1H), 6.70 (quasi d, J=9.0 Hz, 2H), 4.26 (g, J="7.1 Hz, 2H), 3.49 (q, J=
7.1 Hz, 4H), 1.33 (t, J=7.1 Hz, 3H), 1.25 ppm (t, J=7.1 Hz, 6H); "*C
{'"H} NMR (100 MHz, CDCl;, 298 K); 6=168.1, 162.9, 152.9, 151.0,
143.1, 133.0, 131.5, 127.0, 119.0, 117.7, 114.7, 113.8, 112.7, 112.2,
111.8, 94.9, 84.6, 749, 73.1, 45.3, 12.7 ppm; UV/vis (CH,Cly): A
(€)=387 (3.03x10%, 475 nm (3.65x10* M~' cm™"); IR (ATR): v'=3295
(m), 2218 (s), 1735 (s) cm~"; HRMS (ESI-TOF) m/z: [M + H]* Calcd.
for C,H,sNgO,™ 465.2039; Found 465.2039.

Compound 23c: (Starting material 4c: 289 mg, 0.79 mmol); yield:
362 mg (93%); dark red solid; Rr=0.61 (SiO,; 1:1 hexanes/ethyl
acetate); m.p.=130-132°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
7.79-7.75 (m, 4H), 7.57 (quasi d, J=8.8 Hz, 2H), 6.95 (br. s, 1H), 6.72
(quasi d, J=8.8 Hz, 2H), 3.98 (d, /=6.6 Hz, 2H), 3.49 (q, J=7.1 Hz,
4H), 2.03-1.94 (m, 1H), 1.26 (t, J=7.1 Hz, 6H), 0.97 ppm (d, J=
6.6 Hz, 6H); *C{"H} NMR (100 MHz, CDCl;, 298 K); 6 =168.0, 163.2,
153.0, 152.8, 144.3, 133.0, 131.5, 126.1, 118.6, 117.7, 114.8, 113.8,
112.9,112.1, 112.0, 83.5, 73.0, 72.2, 45.3, 28.0, 19.1, 12.7 ppm; UV/vis
(CH,CL): Apax (€)=388 (2.68x10%, 476 nm (3.27x10*M~" cm™); IR
(ATR): v"=3317 (m), 2214(s), 1736 (m) cm'; HRMS (ESI-TOF) m/z:
[M + H]* Calcd. for C,oH,0NgO, " 493.2352; Found 493.2352.

Compound 23d: (Starting material 4d: 53 mg, 0.12 mmol); yield:
60 mg (88%); deep red solid; R;=0.22 (SiO, 2:1 hexanes/ethyl
acetate); m.p.=160-162°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
7.81-7.75 (m, 4H), 7.62 (quasi d, J=8.8 Hz, 2H), 7.30 (br. s, 1H), 6.72
(quasi d, J=9.2Hz, 2H), 485 (s, 2H), 3.49 (q, /=7.0Hz, 4H),
1.26 ppm (t, J=7.0 Hz, 6H); *C{'"H} NMR (100 MHz, CDCl,, 298 K);
0=168.1,162.9, 152.9, 151.0, 143.1, 133.0, 131.5, 127.0, 119.0, 117.7,
114.7, 1138, 112.7, 112.2, 111.8, 94.9, 84.6, 749, 73.1, 453,
12.7 ppm; UV/vis (CH,CL): Anay (€)=376 (2.57x10%, 475nm
(3.35x10*M™" cm™); IR (ATR): v"=3300 (m), 2213 (m), 1748 (m)
cm™'; HRMS (ESI-TOF) m/z: [M + HI* Caled. for CyH»,ClsNgO, "
567.0870; Found 567.0871.

Compound 23e: (Starting material 4e: 37 mg, 0.09 mmol); yield:
48 mg (98%); deep red solid; R;=0.41 (SiO, 1:1 hexanes/ethyl
acetate); m.p.=209-211°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
7.78-7.74 (m, 4H), 7.56 (quasi d, J=8.7 Hz, 2H), 7.41-7.38 (m, 5H),
7.04 (br.s, 1H), 6.71 (quasi d, J=9.2 Hz, 2H), 5.22 (s, 2H), 3.49 (q, /=
7.0 Hz, 4H), 1.25ppm (t, J=7.0 Hz, 6H); *C{"H} NMR (100 MHz,
CDCl;, 298 K); 0=168.0, 163.1, 152.8, 152.7, 144.0, 135.5, 133.0,
131.5, 128.83, 128.76, 128.5, 126.3, 118.7, 117.7, 114.7, 113.9, 112.8,
112.1, 112.0, 83.8, 73.1, 67.8, 45.3, 12.7 ppm; UV/vis (CH,Cl,): A
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(€) =386 (2.49x10%, 475 nm (3.05x10* M~ cm™); IR (ATR): v"=3313
(m), 2213 (s), 1742 (s) cm™"; HRMS (ESI-TOF) m/z: [M + H]™ Calcd.
for C5,H,,N¢O, " 527.2195; Found 527.2194.

Compound 24: (Starting material 4f: 47 mg, 0.11 mmol); yield:
27 mg (63%); deep red solid; R/=0.31 (SiO, 1:1 hexanes/ethyl
acetate); m.p.=217-219°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =
7.77 (quasi d, J=9.3 Hz, 2H), 7.70 (quasi d, J=8.9 Hz, 2H), 6.69-6.63
(m, 4H), 4.65 (br. s, 2H), 3.47 (q, J=7.1 Hz, 4H), 1.24 ppm (t, J=
7.1 Hz, 6H); *C{"H} NMR (100 MHz, CDCl;, 298 K); 6 =167.0, 164.5,
153.0, 152.7, 133.1, 132.9, 121.3, 118.3, 114.93, 114.86, 114.1, 113.9,
113.0, 112.0, 78.1, 73.7, 452, 12.7 ppm; UV/vis (CH,CL,): 4,.,, (€)=
426 (2.95%x10%, 474 nm (3.29x10* M~ cm™); IR (ATR): v"=3469 (m),
3365 (m), 2210 (s) cm™'; HRMS (ESI-TOF) m/z: [M + H]™ Calcd. for
C,aH,:Ng ™ 393.1828; Found 393.1828.

General procedure for the synthesis of 26a-e and 27. A solution
of compounds 4a-f (1.00 equiv.) in dichloromethane (2 mL) was
treated with TCNQ (25) (1.00 equiv.) and stirred for 1.5 hours. The
reaction mixture was then purified by CC, yielding dark blue solids
26a-e in 78-94 yields and 27 in 59 % yield.

Compound 26a: (Starting material 4a: 27 mg, 0.08 mmol); yield:
38 mg; dark green solid; 86%; R;=0.55 (SiO,; 1:1 hexanes/ethyl
acetate); m.p.=220-222°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =
7.68 (quasi d, J=8.7 Hz, 2H), 7.57-7.50 (m, 3H), 7.31-7.25 (m, 3H),
7.12 (quasi d, J=7.7 Hz, 2H), 6.93 (d, J/=9.3 Hz, 1H), 6.71 (quasi d,
J=8.7 Hz, 2H), 3.79 (s, 3H), 3.47 (q, J=7.0 Hz, 4H), 1.24 ppm (t, J=
7.0 Hz, 6H); C{"H} NMR (100 MHz, CDCl;, 298 K); 6 =171.5, 154.4,
153.5, 152.6, 151.1, 143.6, 136.0, 135.1, 134.6, 131.6, 131.2, 128.9,
125.0, 124.6, 123.6, 118.6, 115.31, 115.26, 113.6, 112.82, 112.75, 84.5,
69.9, 53.0, 45.3, 12.7 ppm; UV/vis (CH,CL): A, (€)=465 (1.94x10%,
690 nm (4.86x10* M~" cm™); IR (ATR): v"=3287 (m), 2195 (s), 2170
(s), 1733 (s) cm™; HRMS (ESI-TOF) m/z: [M + H]* Calcd. for
Cs5,H,,N;O, " 527.2195; Found 527.2195.

Compound 26b: (Starting material 4b: 40 mg, 0.12 mmol); yield:
60 mg (93%); dark green solid; R/=0.48 (SiO,; 1:1 hexanes/ethyl
acetate); m.p.=230-232°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
7.68 (quasi d, J=8.8 Hz, 2H), 7.55-7.47 (m, 3H), 7.31-7.24 (m, 3H),
7.13 (dd, J=9.5, 1.6 Hz, 1H), 6.98-6.88 (m, 2H), 6.74 (d, J=8.4 Hz,
2H), 4.23 (q, J=7.1 Hz, 2H), 3.47 (q, J=7.1 Hz, 4H), 1.31 (t, J=7.1 Hz,
3H), 1.25ppm (t, J=7.1Hz, 6H); C{'"H} NMR (100 MHz, CDCl,,
298 K); 6=171.5, 154.4, 153.0, 152.6, 151.2, 143.6, 136.0, 135.1,
134.6, 131.6, 131.1, 128.9, 125.0, 124.6, 123.5, 118.6, 115.3, 115.2,
113.6, 112.8, 112.7, 84.5, 70.0, 62.1, 453, 14.5, 12.7 ppm; UV/vis
(CH,CLY): Aoy (€) =466 (1.66x10%), 690 nm (4.19x10*M~" cm™); IR
(ATR): v'=3347 (m), 2195 (s), 1729 (s) cm™'; HRMS (ESI-TOF) m/z: [M
+ HI™ Calcd. for C33HoNgO, © 541.2352; Found 541.2350.

Compound 26c: (Starting material 4c: 200 mg, 0.59 mmol); yield:
242 mg (78%); dark green solid; Rr=0.40 (SiO, 1:1 hexanes/ethyl
acetate); m.p.=186-188°C; '"H NMR (400 MHz, CDCl;, 298 K); 6=
7.69 (quasi d, J=8.8 Hz, 2H), 7.54-7.47 (m, 3H), 7.31-7.25 (m, 3H),
7.13 (dd, J=9.5, 1.5 Hz, 1H), 6.99-6.90 (m, 2H), 6.76 (quasi d, J=
7.5 Hz, 2H), 3.96 (d, J=6.7 Hz, 2H), 3.47 (q, J=7.0 Hz, 4H), 2.03-1.91
(m, TH), 1.25 (t, J=7.0 Hz, 6H), 0.95 ppm (d, J=6.7 Hz, 6H); *C{'H}
NMR (100 MHz, CDCl;, 298 K); 6 =171.5, 154.4, 153.1, 152.6, 151.2,
143.7, 136.0, 135.1, 134.6, 131.6, 131.1, 128.9, 125.0, 124.6, 123.5,
118.5, 115.3, 115.2, 113.6, 112.8, 112.6, 84.5, 72.1, 70.0, 45.3, 28.0,
19.1, 12.7 ppm; UVAvis (CH,CL): A, (€)=466 (1.99x10%, 692 nm
(5.26x10°M~" cm™); IR (ATR): v"=3264 (m), 2202 (s), 1732 (s) cm™;
HRMS (ESI-TOF) m/z: [M + H]* Calcd. for C35H;3NgO,™ 569.2665;
Found 569.2667.

Compound 26d: (Starting material 4d: 65 mg, 0.15 mmol); yield:
89 mg; dark green solid; 94%; R,=0.46 (SiO, 1:1 hexanes/ethyl
acetate); m.p.=200°C (decomp.); '"H NMR (400 MHz, CDCl;, 298 K);
0=7.71 (quasi d, J=8.8 Hz, 2H), 7.59-7.53 (m, 2H), 7.52 (dd, J=9.5,
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1.5Hz, 1H), 7.33-7.26 (m, 3H), 7.25 (br. s, 1H), 7.13 (dd, J=9.5,
1.7 Hz, 1H), 6.92 (dd, J=9.4, 1.5 Hz, 1H), 6.69 (quasi d, J=9.1 Hz,
2H), 4.82 (s, 2H), 3.47 (q, J=7.0 Hz, 4H), 1.25 ppm (t, J/=7.0 Hz, 6H);
BC{"H} NMR (100 MHz, CDCl;, 298 K); 6=171.5, 154.3, 152.0, 151.2,
151.1, 142.3, 135.9, 135.0, 134.4, 131.6, 131.4, 130.0, 125.3, 124.9,
123.5, 119.0, 115.1, 115.0, 113.5, 112.6, 94.9, 89.8, 85.6, 74.9, 71.0,
453, 12.8 ppm; UV/vis (CH,CL): A, (€) =468 (1.48x10%, 692 nm
(3.72x10°* M~ cm™); IR (ATR): v"=3287 (m), 2195 (s), 2170 (s), 1733
(s) cm™"; HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for Cs3H,,ClN,O,™
641.1026; Found 641.1024.

Compound 26e: (Starting material 4e: 37 mg, 0.09 mmol); yield:
46 mg (82%); dark green solid; R;=0.41 (SiO, 1:1 hexanes/ethyl
acetate); m.p.=175-177°C; '"H NMR (400 MHz, CDCl;, 298 K); 6 =
7.68 (quasi d, J=8.5 Hz, 2H), 7.55-7.46 (m, 3H), 7.43-7.35 (m, 5H),
7.35-7.25 (m, 3H), 7.14 (d, J=9.8 Hz, 1H), 7.03 (br. s, 1H), 6.93 (d, /=
9.3 Hz, 1H), 6.79 (quasi d, J=7.9 Hz, 2H), 5.20 (s, 2H), 3.47 (q, J=
7.0 Hz, 4H), 1.25 ppm (t, J=7.0 Hz, 6H); *C{'"H} NMR (100 MHz,
CDCl;, 298 K); 0=171.4, 154.3, 152.7, 152.0, 150.6, 143.3, 135.8,
135.5, 134.9, 1344, 131.6, 131.5, 129.1, 128.9, 128.8, 128.6, 125.3,
1249, 118.7, 115.08, 115.06, 115.0, 113.6, 113.2, 112.8, 84.9, 71.3,
67.9, 457, 12.6 ppm; UV/vis (CH,Cl,): An. (€)=465 (1.57x10%,
691 nm (3.86x10* M™" cm™); IR (ATR): v"=3283 (w), 2195 (s), 1734
(m) cm™'; HRMS (ESI-TOF) m/z: M + H]* Caled. for CsgHs,NcO,"
603.2508; Found 603.2509.

Compound 27: (Starting material 4f: 80 mg, 0.19 mmol); yield:
51.5 mg (59%); dark green solid; R,=0.34 (SiO,; 1:1 hexanes/ethyl
acetate); m.p.= >300°C; 'H NMR (400 MHz, CDCl,, 298 K); 6 =7.64
(quasi d, J=8.7 Hz, 2H), 7.54 (d, J=9.2 Hz, 1H), 7.31-7.21 (m, 3H),
7.09 (d, J=9.2Hz, 1H), 6.94 (d, J=9.0 Hz, 1H), 6.70 (quasi d, J=
9.0 Hz, 2H), 6.63 (quasi d, J=8.7 Hz, 2H), 4.54 (br. s, 2H), 3.47 (q, J=
7.0 Hz, 4H), 1.25 ppm (t, J=7.0 Hz, 6H); *C{'"H} NMR (100 MHz,
CDCl;, 298 K); 6=170.6, 154.6, 154.0, 152.5, 151.4, 136.0, 135.2,
135.0, 133.1, 130.6, 124.7, 124.3, 123.8, 123.6, 118.6, 115.5, 1154,
114.8, 113.8, 112.4, 794, 69.3, 45.2, 12.8 ppm; UV/vis (CH,CL,): A,y
(€) =460 (8.85x10%), 682 nm (2.14x10* M~' cm™); IR (ATR): v"=3355
(w), 2194 (s) cm™'; HRMS (ESI-TOF) m/z: [M + H]™ Calcd. for
CyoHosNg " 469.2141; Found 469.2141.

General procedure for the synthesis of 5a-e. 4-lodonitrobenzene
(28) (1.00 equiv.) was dissolved in 10 mL of triethylamine in a flask
sealed with a rubber septum, and the atmosphere was purged with
N, for 10 minutes. Cul (0.03 equiv.) and [Pd(PPh,),Cl,] (0.03 equiv.)
were then added, followed by an additional 10-minute N, purge.
Alkynes 1a-e (1.10 equiv.) were subsequently introduced, and the
mixture was stirred at room temperature overnight. After the
reaction was complete, the solvent was removed under reduced
pressure, and the residue was extracted twice with 50 mL portions
of CH,Cl,. The combined organic layers were dried over MgSO,,
filtered, and concentrated. CC yielded products 5a-e in 47-76%
yields.”

Compound 5a: (Starting material 28: 50 mg, 0.20 mmol); yield:
38 mg (64 %); bright yellow solid; R,=0.65 (SiO,; 2:1 hexanes/ethyl
acetate); m.p.=168-170°C; '"H NMR (400 MHz, CDCl;, 298 K); 6=
8.22 (quasi d, J=89Hz, 2H), 7.64 (quasi d, J=8.9 Hz, 2H), 7.51
(quasi d, J=8.6 Hz, 2H), 7.43 (quasi d, J=8.6 Hz, 2H), 6.72 (br. s, TH),
3.80 ppm (s, 3H); *C{"H} NMR (100 MHz, CDCl,, 298 K); §=153.7,
147.0, 139.0, 133.0, 132.3, 130.6, 123.8, 1184, 116.9, 94.8, 87.3,
52.7 ppm; IR (ATR): v '=3405 (m), 2212 (m), 1727 (s) cm~'; HRMS
(ESI-TOF) m/z: [M—H]~ Calcd. for Cy¢H;;N,0,~ 295.0719; Found
295.0720.

Compound 5b: (Starting material 28: 170 mg, 0.68 mmol); yield:
160 mg (76 %); bright yellow solid; Rr=0.65 (SiO,; 2:1 hexanes/ethyl
acetate); m.p.=168-170°C; '"H NMR (400 MHz, CDCl;, 298 K); 6=
8.21 (quasi d, J=8.9 Hz, 2H), 7.64 (quasi d, J=8.9 Hz, 2H), 7.50

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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(quasi d, J=8.7 Hz, 2H), 7.42 (quasi d, J=8.7 Hz, 2H), 6.72 (br. s, TH),
424 (q, J=7.1Hz, 2H), 1.32 ppm (t, J=7.1 Hz, 3H); “C{'"H} NMR
(100 MHz, CDCl;, 298 K); 6=153.3, 147.0, 139.1, 133.0, 132.2, 130.6,
123.8, 118.3, 116.7, 94.9, 87.3, 61.7, 14.7 ppm; IR (ATR): v'=3399
(m), 2211 (m), 1733 (s) cm™'; Spectral data is consistent with the
literature.™®

Compound 5c: (Starting material 28: 50 mg, 0.20 mmol); yield:
32 mg (47 %); bright yellow solid; R,=0.69 (SiO,; 2:1 hexanes/ethyl
acetate); m.p.=170-172°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
8.21 (quasi d, J=8.8Hz, 2H), 7.64 (quasi d, J=8.8 Hz, 2H), 7.51
(quasi d, J=8.6 Hz, 2H), 7.43 (quasi d, J=8.6 Hz, 2H), 6.73 (br. s, TH),
3.97 (d, J=6.7 Hz, 2H), 2.03-1.94 (m, 1H), 0.97 ppm (d, /=6.7 Hz,
6H); "*C{"H} NMR (100 MHz, CDCl;, 298 K); §=153.5, 146.9, 139.2,
133.0, 132.2, 1306, 1238, 1183, 116.7, 949, 87.3, 71.8, 28.1,
19.2 ppm; IR (ATR): v"=3403 (s), 2213 (s), 1736 (s) cm~'; HRMS (ESI-
TOF) m/z: [M—H]~ Calcd. for C;4H;,N,0,” 337.1188; Found 337.1184.

Compound 5d: (Starting material 28: 50 mg, 0.20 mmol); yield:
59 mg (71%); bright yellow solid; R;=0.76 (SiO,; 2:1 hexanes/ethyl
acetate); m.p.=184-186°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
8.22 (quasi d, J=8.7 Hz, 2H), 7.65 (quasi d, J=8.7 Hz, 2H), 7.54
(quasi d, J=8.6 Hz, 2H), 7.47 (quasi d, J=28.6 Hz, 2H), 7.00 (br. s, 1H),
4.84 ppm (s, 2H); *C{'H} NMR (100 MHz, CDCl,, 298 K); 6=151.3,
147.0, 138.1, 133.1, 132.3, 130.4, 123.8, 118.7, 117.7, 95.2, 94.5, 87.6,
74.8 ppm; IR (ATR): v =3341 (m), 2215 (w), 1738 (s) cm™; HRMS
(ESI-TOF) m/z: [M—H]™ Calcd. For C,,H,,ClsN,0,~ 410.9706; Found
410.9708.

Compound 5e: (Starting material 28: 170 mg, 0.68 mmol); yield:
172 mg (68 %); bright yellow solid; R;=0.74 (SiO,; 2:1 hexanes/ethyl
acetate); m.p.=212-214°C; '"H NMR (400 MHz, CDCl;, 298 K); 0=
8.21 (quasi d, J=8.7 Hz, 2H), 7.64 (quasi d, J=8.7 Hz, 2H), 7.51
(quasi d, J=8.5 Hz, 2H), 7.45-7.35 (m, 7H), 6.82 (br. s, TH), 5.22 ppm
(s, 2H); C{"H} NMR (100 MHz, CDCl;, 298 K); §=153.1, 147.0, 138.9,
135.9, 133.0, 132.3, 130.6, 128.8, 128.7, 128.6, 123.8, 1184, 116.9,
94.8, 87.4, 67.5 ppm; IR (ATR): v"=23400 (m), 2209 (m), 1736 (s) cm™;
HRMS (ESI-TOF) m/z: [M—H]~ Calcd. for C,,H,sN,O,~ 371.1032;
Found 371.1037.

Notes
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