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Development of a Class of Easily Scalable, Electron-Deficient,
Core-Extended Benzo-Fused Azadipyrromethene Derivatives
(“MB-DIPY”)

Yuriy V. Zatsikha,* ' Liliya I. Shamova,’ Tanner S. Blesener, llya A. Kuzmin,™ Yaroslaw V. Ger-
manov,” David E. Herbert,” Victor N. Nemykin,*
TDepartment of Chemistry, University of Manitoba, Winnipeg, MB, R3T 2N2, Canada

KEYWORDS. aza-BODIPY, BODIPY, azadipyrromethene, phthalonitrile, electron-deficient chromophore, isoindolin-1-
imines

ABSTRACT: We have developed a new synthetic strategy for the preparation of a series of isoindolin-1-imines and isoindolin-1-
ones from aromatic ketones and phthalonitrile. Self-condensation reactions of these isoindolin-1-imines led to the formation of a
novel class of benzo-fused, highly electron-deficient core-extended azadipyrromethene chromophores (“MB-DIPY™). The influence
of temperature, catalyst, and the template ions, on the self-condensation reaction rate, yield, and stereoselectivity, was examined in
detail. New chromophores (sodium, zinc, and metal-free compounds) were characterized by NMR, UV-Vis, fluorescence, high-
resolution mass spectroscopies, and in many cases, X-ray crystallography. Their redox properties were probed by electrochemical
and spectroelectrochemical approaches that revealed the remarkable electron-accepting nature of the new systems. Stepwise one- and
two-electron reduction of the new MB-DIPYs and their zinc complexes was investigated by spectroscopic and spectroelectrochemical
methods. Both one- and two-electron reduced forms of all zinc complexes studied have strong absorption in the NIR region up to
~1200 nm. An unusual spectroscopic and electrochemical properties of these dyes were correlated with their electronic structures and
excited state natures predicted by Density Functional Theory (DFT) and Time-Dependent DFT calculations. Despite some structural
similarities with well-known aza-BODIPY's, the new MB-DIPYs differ remarkably from them in spectroscopic and redox properties.

INTRODUCTION via ortho lithiation-cyclization of N-acyl-2-bromoben-
Besides traditional use as pigments and colorants, functional zamides,*! by the reaction of electron-deficient alkynes with N-

dyes have proven to be useful systems in catalysis, photody- hydroxyphthalimides.*

namic cancer and antibacterial therapies, sensing, imaging, and NH _N

molecular electronics. In particular, phthalocyanines (Pcs) and NH ©</

their analogs®” as well as more recent BODIPYs,%'? aza-BOD- N SN

IPYs,*18 and BOPHYs'%2® have been intensively studied as ou !

easily tunable universal platforms for a variety of applications. N A Q;(N@

Phthalonitrile (1) is one of the most popular precursors for mak- NN NN

ing organic dyes, such as Pcs,?* aza-BODIPYs,?® subphthalocy- N M N X oy pn ¥

anines,?® and “half”-Pcs?” (Chart 1). It is well known, that upon (N % X,Y =0orNH "half" Pc

the treatment with ammonia, phthalonitrile can also be con- N THIS STUDY

verted into its more reactive form — a 1,3-diiminoisoindoline NH

(D) heterocycle, often a more desirable precursor for prepara- O NH

tion of organic dyes.??* Thus, a variety of substituted 1,3- Y

diiminoisoindoline derivatives can be found in the literature.?3! Q

In comparison, the number of 3-alkylidene-1-iminoisoin-

dolines(ones) derivatives is limited, and their syntheses tend to aza-BODIPY MB-DIPYs

be more complicated compared to with DII.%2 Since the isoin-

dolinone fragment is an integral part of many naturally occur- X g

ring products,**34 its derivatives attract significant synthetic in- N.\“-‘ N

terest as a pharmacological scaffolds in medicinal chemistry.®> 4 IN'B*N )

3 An improvement in the synthesis of 3-alkylidene-isoindol-1- Nig e

ones has been made in recent years, and a few alternative meth- subphthalocyanine M=H Na”, 2n tribenzodiazasubporphyrin

ods developed as well. For instance, some 3-alkylidene-isoin- Chart 1. Selected examples of traditional aromatic macrocy-

dolin-1-ones were prepared starting from the thionation of cles, hybrid structures, and new compounds from this study. 2+

phthalimide followed by alkylation with o-bromoketones,* by 27:43:48

the palladium-catalyzed condensation of o-iodobenzamides At the same time, a very limited number of synthetic strate-

with terminal alkynES,AO thrOUgh the aromatic heteroannulation gies have been proposed for the Synthesis of isoindol-1-imine

derivatives,*** with, to the best of our knowledge, only one
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method reported for the preparation of 3-alkylidene-isoindol-1-
imine:*® the microwave assisted, palladium-catalyzed reaction
of 2-bromobenzamide with phenylacetylene. Cammidge and
coworkers recently described the synthesis of new hybrid meso-
substituted tetrabenzotriazaporphyrins,* new hybrid boron sub-
phthalocyanine-subporphyrin - systems* as well as aza-
BODIPY type compounds® starting from such isoindol-1-
imines (Chart 1).

The development of new synthetic methodologies for prepa-
ration of a large variety of the 3-alkylidene-isoindol-1-imines is
therefore both a promising and challenging task that could lead
to the discovery of new hybrid chromophoric systems. It is
known that under strongly basic conditions, phthalonitrile un-
dergoes an ortho-hydrogen deprotonation reaction, which leads
to the formation of asymmetric benzo-fused azadipyrrome-
thene-type compounds.*® This unusual side reaction is very
likely the main reason a limited number of 3-alkylidene-isoin-
dol-1-imines have been reported in the literature so far. The
only known exception is the reaction of Grignard reagents with
the phthalonitrile, which can be used for the synthesis of benzo-
fused azadipyrromethenes.5%5! However, this route is limited to
aromatic magnesium halides.5% Herein, we report a new syn-
thetic strategy for the preparation of 3-alkylidene-isoindol-1-
imines(ones). These precursors were found to undergo a self-
condensation reaction that leads to the formation of an unprec-
edented class of a highly electron-deficient benzo-fused core-
extended azadipyrromethene systems (“MB-DIPYs”, Chart 1).
These new chromophores can be reversibly reduced into tradi-
tional aza-DIPY type chromophores that have intense and rich
NIR absorption and fluorescence properties.

RESULTS AND DISCUSSION
Synthesis

Following our recent findings on the condensation of DIl with
organic CH-acids that resulted in the formation of 1,3-bis-al-
kylidene-isoindole-based chromophores,**** we decided to ex-
plore the reactivity of the phthalonitrile 1 towards other carbon-
centered nucleophiles. As the CH-acid precursors, we chose a
series of aromatic ketones (acetophenones) 2a-c which can gen-
erate nucleophilic enolates upon treatment with a strong base.
These ketones were chosen due to their relatively high acidity
(pKa ~ 25) and limited bulkiness at the nucleophilic carbon cen-
ter. We believed these properties would facilitate nucleophilic
attack on the cyano-group of phthalonitrile, rather than the usual
ortho-deprotonation reaction of phthalonitrile with subsequent
formation of azadipyrromethene-type products.® Indeed, we
found that a series of new (Z)-3-alkylidene-isoindol-1-imines
3a-c can be easily synthesized by the reaction of phthalonitrile
1 and aromatic ketones 2a-c in gram-scale quantities (Scheme
1).

For instance, simply mixing 4-methoxyacetophenone 2b,
phthalonitrile 1, and potassium tert-butoxide in dry DMF at
room temperature for 10 hours (route i, Scheme 1), following
by workup with agueous ammonium chloride solution, we ob-
tained the isoindol-1-imine derivative 3b in 80 % yield. The
scope of this reaction has been tested on other aromatic ketones
2a and 2c. However, it was found that under these reaction con-
ditions the yields of target heterocycles 3a and 3c were quite
low (6% for 3a and 4 % for 3c).

Scheme 1. General procedure for the synthesis of 3-alkyli-
dene-isoindolin-1-imines 3a-c and isoindolin-1-ones 4a-c @
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2Reagents and Conditions: (i) THF(DMF)/t-BuOK; (ii)
DMF/NaH; (ii) THF/n-BulLi.

To improve the reaction yields, the effect of both solvent and
base on the yield of 3-alkylidene-isoindol-1-imines 3a-c was
evaluated. Among different solvents examined, including THF,
1,4-dioxane, and diethyl ether, aprotic polar solvents such as
dry DMF were found to be the most useful. At the same time,
sodium hydride (NaH) was identified as the most suitable base
for the preparation of 3a-c (route ii, Scheme 1). Surprisingly,
the attempt to synthesize these compounds using lithium diiso-
propylamide (LDA) in THF resulted in the formation of only
trace amounts of 3a-c. The use of n-butyl lithium (n-BuLi) as a
base gave a much better yields (~50 %, route iii, Scheme 1). It
was interesting to see, that although the reactions with both
LDA and n-BuLi were carried out at -78 °C, the formation of
phthalocyanine as a side product was detected in all cases. Thus,
among three different protocols for the synthesis of heterocy-
cles 3a-c (THF(DMF)/t-BuOK (i), DMF/NaH (ii), and THF/n-
BulLi (iii)), the combination of DMF as a solvent and NaH as a
base was found to be the most successful (Scheme 1). To our
surprise, no sign of the partial hydrolysis of compounds 3a-c
under aqueous workup of the reaction mixture was found,
which is in a contrast to the moisture sensitivity of “half”-
phthalocyanine derivatives.?” The hydrolysis of compounds 3a-
c to products 4a-c can be achieved by the overnight refluxing
of corresponding imines in ethanol in the presence of aqueous
hydrochloric acid.

'H NMR spectroscopy was used in order to elucidate the ste-
reochemistry of the imines 3a-c (Figure 1, SI). According to the
NMR data, all three compounds exist as a pure (Z)-isomers,
which proves high stereoselectivity of this reaction. In CDCls,
spectra of all three compounds contain a resonance between
~6.5 - 6.7 ppm, characteristic of the CH-singlet of the methine
group located at position 3 of the isoindoline core. Compound
3a has a broad deshielded singlet of the NH proton at 10.83
ppm, due to the formation of an intramolecular hydrogen bond
between CO-group of acetophenone moiety and NH proton at
position 2 of isoindoline heterocycle. This hydrogen bond is

r 3a
* * S
Cr AT O
o)
(b) (c)
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very weak and was not observed for compounds 3b and 3c (SI).
None of the three compounds showed an imino group NH-
signal at the a-position of 3a-c in CDClI; spectra, due to fast
exchange reaction with water. On the other hand, two separate
broad singlets of the NH-protons at ~11 and 9 ppm can be
clearly seen in DMSO-ds spectra for compounds 3a and 3c (Fig-
ure 1, SI). At the same time, DMSO-dg spectrum of compound
3b has a broad singlet for two protons at 10.5 ppm, which might
indicate that this molecule exists as amine-tautomer, as it was
shown for another isoindoline derivative.*

120 1ns : 110 105 100 9. 85 80 7. 65
iioom)
e s J
: Y
3

RIS

11.0 106 102 98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66
11 (ppm)

Figure 1. *H NMR spectrum of compound 3a in CDCl; (main
figure) and DMSO-ds (inset).

Similarly to heterocycles 3a-c, isoindolin-1-ones 4a-c exist in
a pure (Z2)-form at the carbon-carbon double bond, and no evi-
dence of (E)-isomers was found by either NMR or X-ray anal-
ysis (Figure 2, Sl). From the theoretical point of view, com-
pounds 3a-c can exist in four different tautomeric forms I-1V.
Forms 111 and IV, however, were not observed in the NMR ex-
periments (Chart 2).

not observed

NH NH, : NH NH
NH Su —_— : @ié’\‘\( —_— N
\ 0 \ © : o __OH
Ar r ‘777A7r 77777777777777777777777777777
| Il n v

Chart 2. Plausible tautomeric forms of compounds 3a-c.

Single-crystal X-ray diffraction studies of compounds 3b, 3c,
and 4c confirmed a (Z)-configuration at each carbon-carbon
double bond, which fell within the expected C=C range in all
three compounds (3b: 1.320(10), 3c: 1.355(2), 4c: 1.3500(17)
A). Similarly, short C=0 bonds (3b: 1.235(8), 3c: 1.240(2), 4c:
1.2411(16) A) and C=N (or C=0 for 4c) (3b: 1.264(9), 3c:
1.276(3), 4c: 1.2147(15) A) bond lengths were consistent with
assignment of imine tautomeric form I (Chart 2) for each com-
pound.%”

The plausible mechanism of the formation of 3a-c is illus-
trated in Scheme 2 using 3b as an example. In the first step,
sodium hydride reacts with acetophenone 2b generating nucle-
ophilic derivative [2b]. This nucleophile then attacks the cy-
ano-group of phthalonitrile 1 yielding anionic adduct [30]
(open form) which undergoes intramolecular heterocyclization
via another nucleophilic attack of an imine anion on the second
cyano-group, producing isoindol-1-imine anionic derivative
[3b]" (tautomer I11). This anion tautomerizes into more stable
imine form [3b]" (tautomer 1) under basic reaction conditions.

The Journal of Organic Chemistry

Finally, upon aqueous workup, this tautomer gets protonated
and precipitates from the reaction mixture to give imine deriv-
ative 3b as a pure (Z)-sterecisomer. We postulate that the driv-
ing force for the formation of pure (2)-isomer of 3a-c is the hy-
drogen bond formed between N-H and C=0 fragments in [3a-

c]
N1
N1 02
N2
o1 N2 N1
o1 o
) S1
S1A
02
3b 3c

4c

Figure 2. Solid-state structures of 3b, 3c, and 4c with ellip-
soids shown at 50% probability levels. Hydrogen atoms and co-
crystallized solvent molecules (3b and 3c) are omitted for clar-
ity.

Scheme 2. The plausible mechanism for the formation of
compound 3b

NH

//N
o @
O N~ Na
o)
- o ®
[3b] N" Na
tautomer | O— O
A (301
(o] O

[3b]
tautomer lll

With sufficient quantities of compounds 3a-c in hand, we de-
cided to test their potential use as precursors for the preparation
of more complex chromophores, as has been demonstrated for
a number of 1,3-diiminoisoindoline derivatives,?3 as well as
on new hybrid isoindol-1-imines (Scheme 3).46-* Initially, the
potential for self-condensation reactions of heterocycles 3a-c,
which would give us a new class of benzo-fused core-extended
azadipyrromethene analogs, was studied in detail. We found
that under refluxing conditions for a prolonged time in non-po-
lar solvents such as toluene or o-xylene, the formation of new
products can be observed by the color change of the reaction
mixture. Indeed, the formation of self-condensation products of
compounds 3a-c was confirmed by mass-spectrometry analysis.
However, under these reaction conditions, the reaction yields of
the target products were very low, and the reaction mixture was
mainly consisting of the unreacted starting materials 3a-c in all
cases.
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Scheme 3. Synthesis of anionic compounds [5a-c]” and their protonated derivatives 5a-c
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Use of other high-boiling point solvents (DMF, NMP, or
quinolone) did not improve these yields. At the same time, in
protic solvents such as 2-propanol, 1-butanol, or 2-dimethyla-
mino-ethanol, no traces of desired products 5a-c were observed
even after 24 h of refluxing. Nevertheless, by refluxing isoin-
dol-1-imine 3b in toluene, we were able to isolate a small quan-
tity of desired self-condensation product 5b by column chroma-
tography. *H NMR analysis confirmed the structure of com-
pound 5b and showed its unsymmetrical structure with (Z,E)-
configuration at the carbon-carbon double bond at the a-posi-
tion of this benzo-fused core-extended azadipyrromethene ana-
log (SI Figures S19 and S20, Scheme 3). Since a simple heating
approach was found to be very limited from the synthetic point
of view, it was necessary to develop a new method for synthesis
of desired MB-DIPY compounds 5a-c. We thought that the
deprotonated imines [3a-c]” would be much stronger nucleo-
philes compared to the parent 3-alkylidene-isoindol-1-imines
3a-c, which might increase the overall condensation reaction
rate. Indeed, it was found that the reaction between 3a-c and
their sodium salts [3a-c]" (prepared by the deprotonation of 3a-
¢ with sodium hydride) in 1:1 molar ratio under the refluxing
conditions in dry 1,4-dioxane leads to the formation of desired
condensation MB-DIPY products [5a-c] in almost quantitative
yields. Although the anions [3a-c] are stable enough for isola-
tion and characterization, they were used for the condensation
with another equivalent of appropriate isoindoline 3a-c in situ.
This reaction is very sensitive to moisture, thus the use of a dry
solvent, as well as inert atmosphere, is optimal. Since com-
pounds [5a-c] are not stable for TLC analysis, reaction progress
was monitored by UV-Vis spectroscopy. After two hours of the
refluxing an intense purple solution was formed in all cases. Af-
ter cooling to room temperature, the reaction products [5a-c]
can be easily precipitated from the reaction mixture by the ad-
dition of n-hexane. In the solid-state, MB-DIPY's [5a-c]" were
found to be quite stable, and can be stored at ambient conditions
for a long time. The formation of anionic dyes [5a-c] was first

5a-c
(Z,Z - stereoisomer)

confirmed by the NMR spectroscopy (Figure 3, Sl). The solu-
bility of these compounds in CDCl; was found to be low and
the slow fading of the intense purple color was observed while
using this solvent. In the case of highly polar DMSO-ds, slow
degradation of these compounds was observed as well. Thus,
the NMR spectra on anionic compounds [5a-c]” were recorded
using dry acetone-ds as the solvent, due to a good solubility and
stability of these dyes in this media.

H H, H Hocin [He
!L_ MM V_JIJJU&_ T
Py !

I I P L

wt |

&0 77
2 (ppm)

58 54 5.0 4.6 4.2

6.6 6.2
L (ppm)

Figure 3. H- and 'H-'H COSY (inset) NMR spectrum of
compound [5a] in (CD3).CO-ds

Similar to isoindol-1-imines 3a-c, the NMR spectra of MB-
DIPYs [5a-c] have a characteristic CH-singlet of the methine
group at a-position observed around 7.5 ppm. Unlike the ther-
mal self-condensation reaction, the reaction with the sodium ion
as a template allows for very high product yields. More im-
portantly, the NMR spectra of anionic compounds [5a-c]" indi-
cate their symmetric structure with (Z,Z)-configuration at the
carbon-carbon double bond (Figure 3, SI Figures S21 — S29).
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Scheme 4. Synthesis of compounds 7a-c and 8a-c.
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The template chelation of sodium cation by the N,O, coordi-
nation sphere during the condensation reaction allows retention
of this configuration even under refluxing conditions in 1,4-di-
oxane. Thus, sodium hydride serves not only as a base for the
deprotonation of starting isoindol-1-imines 3a-c but also as a
template during the self-condensation reaction, which is the key
for the stereoselective preparation of (Z,2)-isomers of [5a-c]".
The role of the template can be also confirmed by the X-ray
structure of [5c], in which sodium counter-ion is chelated by
the anionic ligand (Figure 4), which further dimerizes in the
solid-state via intermolecular Na-N(aza) interactions that are
slightly longer (2.7070(14), 2.8865(14) A; two crystallograph-
ically distinct molecules in the asymmetric unit; SI) compared
with the two intramolecular Na-N distances.

[5¢]

Figure 4. Solid-state diagrams of MB-DIPYs [5c]" and 5b
with ellipsoids shown at 50% probability levels. Hydrogen at-
oms and the second half of symmetry-generated dimeric unit of
[5¢] are omitted for clarity. For [5c], one of two unique mole-
cules in asymmetric unit is shown.

We thought that simple treatment of MB-DIPYs [5a-c]” with
acid following by the liquid-liquid extraction with organic sol-
vent would give us the protonated dyes 5a-c. However, this was
not the case. Instead, treatment of [5a-c]” with Bronsted acids
leads to an immediate change of intense purple color to a less

intense yellow solution, and after the workup of the reaction
mixture, the only trace amounts of desired dyes 5a-c were found
by the NMR analyses. Evidently, these compounds undergo
partial hydrolysis in agueous solution, which minimizes the to-
tal yield of the metal-free MB-DIPYs 5a-c. The presence of hy-
drolysis products 3a-c can also be seen from the TLC analysis
of the reaction mixture. This observation forced us to synthesize
compounds 5a-c by the addition of a small excess of acetic acid
into the suspension of appropriate anionic dyes [5a-c] in alco-
hol in 50 - 60 % vyield. The target protonated products precipi-
tate from the ethanol solution as a fine brown powder, which
can be collected by vacuum filtration. The symmetric structure
of these compounds was confirmed by 'H NMR analyses as
well as X-ray crystallography in the case of compound 5b (Fig-
ure 4). The characteristic NH peak around 13 ppm can be
clearly seen in their *H NMR spectra (SI Figures S30 - S38).
Also, similar to the anionic dyes [5a-c], all protonated dyes 5a-
cretain a (Z,Z)-configuration at the carbon-carbon double bond.

It is well known from the chemistry of BODIPYs and aza-
BODIPYs that the formation of a rigid six-membered ring by
chelation of dipyrromethenes or azadipyrromethenes with BF;
fragment leads to a significant redshift of both absorption and
emission spectra.® From X-ray data and DFT calculations, it
was clear for us that the N,O, cavity in MB-DIPYs [5a-c] is
likely too small to fit the entire BF, fragment. Nevertheless, this
reaction has been tested by the addition of boron trifluoride
etherate solution to [5a-c] in THF to see if BF,-coordination of
the boron center into N,O; cavity will occur. After the aqueous
solution workup of the reaction mixture, the TLC analysis
showed the formation of a small amount of highly fluorescent
product in all cases. The products 7a-c were purified by chro-
matography and analyzed by proton NMR (S| Figures S39 —
S41). It was found, that these fluorescent dyes are BF,-
complexes of isoidolin-1-ones 4a-c, which are the hydrolysis
products of [5a-c]. Dyes 7a-c can also be obtained by the direct
synthesis starting from compounds 4a-c in a very high reaction
yields (Scheme 4). In addition to the spectroscopic methods, the

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

X-ray crystallography on 7b (Figure 5) confirms successful co-
ordination of the BF, fragment by isoindolic nitrogen and C=0
group oxygen atoms.

A nearly square-planar geometry of the N,O, cavity in MB-
DIPYs [5a-c], on the other hand, can be potentially used as a
platform for synthesis of main-group and transition-metal com-
plexes. Indeed, a simple treatment of the THF solutions of ani-
onic dyes [5a-c]” with a stoichiometric amount of zinc(Il) ace-
tate leads to the formation of a series of zinc complexes 8a-c in
high yield (Scheme 4). Unlike sodium salts [5a-c]", MB-DIPYs
8a-c are chemically stable and do not undergo the hydrolysis in
the presence of usual protic solvents. Although complexes 8a-c
have very low solubility, their structure can be confirmed by H
NMR (Sl Figures S42 — S44) and high-resolution mass spec-
troscopy (Sl Figures S67 — S69). The presence of both acetate
and THF signals in their 'H NMR spectra is indicative of the
formation of hexacoordinated rather than pentacoordinated
compounds. Crystals of 8c suitable for the X-ray analysis were
obtained by slow diffusion of acetonitrile into an acetic acid so-
lution of the MB-DIPY (Figure 5). The Zn(ll) center in 8c has
a similar N,O, coordination environment to the sodium cation
in [5¢];, but is capped instead by an acetate anion in axial posi-
tion. The Zn bears a ts parameter consistent with distorted
square pyramidal geometry (0.09), where the Zn is pushed out
of the N,O, plane (two largest angles are N(2)-Zn(1)-O(2)
156.32(10)° and N(3)-Zn(1)-O(1) 151.01(10)°).

02
F1
Bl 0
F2
0O1
03
7b 8c

Figure 5. Solid-state diagrams of 7b and 8c with ellipsoids
shown at 50% probability levels. Hydrogen atoms and co-crys-
tallized solvent molecules (8c) are omitted for clarity. For 7b,
one of two unique molecules in asymmetric unit is shown.

Attempts for the preparation of reduced B,O-chelated
aza-BODIPYs.

Despite the substantial similarity with the traditional azadi-
pyrromethene chromophores, the new core-extended MB-
DIPYs 5a-c, [5a-c], as well as their zinc complexes 8a-c repre-
sent a completely different and novel class of compounds. In-
deed, these molecules can be considered as the two-electron ox-
idized cores of benzo-fused azadipyrromethenes 9a-c (Scheme
5). Thus, the potential two-electron reduction followed by the
proton transfer reaction in these highly electron-deficient sys-
tems might result in the formation of a regular core-extended
azadipyrromethenes and corresponding main-group and transi-
tion-metal complexes.

To probe new MB-DIPY chromophores toward chemical re-
duction, a variety of reducing agents (H./Pd(C), NaBHy,
LiAlH,, and NaBH3;CN) have been tested out on these systems.
Similar to Cammidge and coworkers’ report on related core-

modified aza-BODIPY analogs,* no sign of the formation of
desired reduction products was observed. For instance, the re-
duction of new chromophores with hydrogen gas in the pres-
ence of Pd/C catalysis leads to the formation of colorless prod-
ucts. In the case of strongly basic reducing agents as NaBH, and
LiAIH, the formation of anionic MB-DIPYs [5a-c]” were ob-
served.

Scheme 5. The theoretical two-electron reduction process
of compounds 5a-c.

+2H+ +26” \ N=
\_OHHO-¢/

enol
keto

N
X N
\ NH N=
O O
Ar Ar

9a-c

Based on these preliminary observations, we thought, that the
use of a weakly basic reducing agent such as NaBH(OAC)s (so-
dium triacetoxyborohydride, STAB) might avoid the undesira-
ble deprotonation reaction and will lead to the formation of the
target reduction products. Indeed, when STAB was used as a
reducing agent, the formation of a deeply colored brown solu-
tion was observed while heating of the toluene solution of 5a
with a small excess of reducing agent (Scheme 6).

Scheme 6. The synthesis of compounds 10a-c and their
B,0O-chelated derivatives 11a-c under two-electron reduc-
tion process of 5a-c with STAB.

NaBH(OAc)3 \ N=
Toluene \ Y/
reflux 1 min OHHO

Toluene,

reflux 1-3 min NaBH(OAG)

(a) | ) (c)

The scope of this reaction was tested on compounds 5a-c. It
was found, that the reduction products are not stable and quickly
decompose under the reaction mixture workup conditions even
under the inert gas atmosphere. A new reduced systems 1la-c,
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however, were found to be stable enough for characterization
by UV-Vis and high-resolution mass spectroscopy. According
to the HRMS analysis (Figure 6, SI Figures S70 — S75), these
molecules are present as B,O-chelated aza-BODIPYs lla-c,
which are the products of boron chelation of dyes 9a-c. Also,
the molecular peaks of the corresponding non-chelated interme-
diate compounds 10a-c can be found in their mass spectra.

5
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Figure 6. APCI high-resolution mass spectrum of compound
1la.

Absorption and emission spectra.

All new compounds were characterized by the UV-Vis and
fluorescence spectroscopy (Table 1, Figures 7 and 8, and SI Fig-
ures S76 — S89). The anionic MB-DIPY's [5a-c] have very sim-
ilar absorption profiles with three major absorption peaks ob-
served around 580, 545 and 360 nm (Figure 7). The higher-en-
ergy transition observed around 360 nm show the highest molar
extinction coefficients in an order of 35,000 M* cm, whereas
the lowest-energy transitions (~580 nm) were found to be less
intense (g ~20,000 Mt cm™?). Experimental molar extinction co-
efficients for anionic [5a-c] are significantly lower compared
to the classic aza-BODIPY and aza-DIPY systems.®>% The ab-
sorption shoulder observed at ~545 nm was assigned as the vi-
bronic satellite of the first excited state (Figure 7). MB-DIPYs
[5a-c] are highly emissive and show the emission maximum

The Journal of Organic Chemistry

around 600 nm with a shoulder at 650 nm (Table 1). The emis-
sion profiles look close to the mirror images of the correspond-
ing absorption spectra (SI Figures S76 — S78) and are indicative
of relatively small (~20 nm) Stokes shifts that are reflective of
rather small geometry reorganization of the first excited state of
these systems. Because of the low stability of diluted solutions
of MB-DIPYs [5a-c] toward hydrolysis, their quantitative flu-
orescence quantum yields were not determined.

In general, the absorption profiles of zinc MB-DIPYs 8a-c are
very similar to those of [5a-c]. However, the lowest-energy
transitions are less intense (¢ ~15,000 M* cm™) and slightly
(~15 nm) blue-shifted compared to [5a-c]. Although the exci-
tation spectra of 8a-c closely resembled their absorption spectra
(SI Figures S99 — S101), the fluorescence spectra of these com-
pounds are not the mirror images of the excitations spectra and
are dominated by a peak around 610 nm, followed by a shoulder
of smaller intensity (Figure 7). The solutions of MB-DIPY's 8a-
c look less fluorescent compared to [5a-c] to the naked eye,
with fluorescence quantum yields of ~10 % (Table 1). It should
be mentioned, that the aromatic group adjacent to the carbonyl
of dyes [5a-c]” and 8a-c has a minor impact on the absorption
and fluorescence spectra. Indeed, in the case of thiophene de-
rivatives, the small redshift (~10 nm) was observed in both ab-
sorption and emission spectra. Also, the lowest-energy transi-
tions in the dyes [5c]" and 8c are more intense, compared to
those of phenyl- and p-methoxyphenyl-substituted compounds.
Apparently, this is due to a better degree of conjugation of five-
membered thiophene ring compared to the six-membered phe-
nyl groups.

In contrast to anionic [5a-c]” and zinc complexes 8a-c, the
protonation of [5a-c] leads to a drastic change in their absorp-
tion profiles (Figure 8). Indeed, upon the treatment of [5a-c]
with the acid, these deeply colored and fluorescent purple com-
pounds transform into yellow-brownish weakly colored solu-
tions. The absorption spectra of MB-DIPY's 5a-c are, in general,
very similar to those azadipyrromethene-analogs described by
Cammidge and coworkers.*® These compounds display an in-
tense absorption in a UV-region around 330 nm, the less inten-
sive and broad peaks around 450 nm, as well as a very weak
low-energy transition around 580 nm.
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Figure 7. UV-Vis absorption spectra of MB-DIPYs [5a-c] in THF (left), 8a-c in DCM (middle), and fluorescence spectra of 8a-c

in DCM solution (right).
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Figure 8. UV-Vis absorption spectra of MB-DIPYs 5a-c (left), 7a-c (middle) in DCM and 11a-c in toluene (right).

MB-DIPYs 5a-c were found to be weakly fluorescent with the
emission maxima around 600 nm and fluorescent quantum
yields between 5 and 7% (Table 1). Such drastic changes in both
absorption and emission spectra are the result of more flexible
geometries of protonated MB-DIPYs 5a-c compared to the ri-
gidified structures of [5a-c]  and 8a-c.

The UV-Vis spectra of BF,-containing systems 7a-c resemble
those of classic BODIPYs®¥? and BOPHYs!?:2% with the
strong absorption band centered between 420 and 440 nm,
which is followed by a set of much less intense transitions be-
tween 250 and 400 nm (Figure 8). Compounds 7a-c are fluores-
cent (Table 1) with their fluorescence spectra being close to the
absorption mirror images (SI Figures S82 — S84). The excitation
spectra of all fluorescence compounds shown in the Supporting
Information. Except the metal-free compounds 5a-c, the excita-
tion spectra are close to the respective absorption spectra. In
case of the metal-free compounds 5a-c, the excitation spectra

are closer to those observed for the zinc complexes 8a-c and
this discrepancy will be further probes by the time-resolved
spectroscopic methods.

The chemical reduction of MB-DIPY's 5a-c (Scheme 6) allowed
us to transform these chromophoric systems into the classical
B,O-chelated aza-BODIPY systems 1la-c. The treatment of
protonated systems 5a-c with STAB in refluxing toluene re-
sulted in the formation of deeply colored brown (11a) to green
(11c) solutions. As it was mentioned above, these systems were
found to be not stable in solution. However, their UV-Vis-NIR
spectra can be collected by the immediate recording after the
reduction reaction. The normalized absorption spectra on the
reduced species 11a-c are shown in Figure 8. The B,O-chelated
dyes exhibit NIR absorption with the maxima at 840, 870, and
910 nm for 11a, 11b, and 11c respectively. The fluorescence
measurements of these dyes were not conducted, due to their
low stability.

Table 1. Spectroscopic properties of the dyes presented in this report.

Compound Aabs., M (&-107%, Mt.cm™) Aem, NM (DF) Stokes shift, cm*
[5a] & 581 (17.9), 546 (14.7), 360 (28.2) 604 655
[5b] @ 580 (21.9), 544 (18.0), 364 (40.2) 600 575
[5¢c] 589 (25.3), 550 (17.7), 371 (32.1) 608 530

5a 577 (1.1), 440 (13.0), 330 (33.0) 613 (0.07) 1018

5b 581 (0.7), 437 (14.5), 330 (34.1) 606 (0.07) 710

5¢ 590 (0.6), 446 (14.0), 342 (37.2) 615 (0.05) 689

7a 418 (46.1) 430 (0.03) 668

7b 440 (61.0) 473 (0.27) 1586

7c 439 (63.6) 451 (0.12) 607

ga 565 (13.1), 536 (12.1), 370 (37.6) 603 (0.07) 1116

8b @ 573 (14.5), 538 (13.1), 375 (34.5) 604 (0.13) 896

gc @ 575 (13.2), 542 (11.7), 384 (34.5) 609 (0.10) 971
[8a]~ 1190, 1034, 720, 638, 588, 480, 399 - -
[8b]~ 1186, 1030, 717, 642, 589, 480, 402 - -
[8c]~ 1236, 1068, 740, 646, 592, 490, 408 - -
11a 840 - -
11p [ 870 - -
11c [ 910 - -

[12a] &0 720, 680, 400, 335 753 608

[12b]- 0] 712, 664, 439, 388, 336 750 711

[12c] 730, 696, 448, 403, 335 763 592

[& Spectroscopic measurements were done in dry THF
®! Compounds are not stable in solution for a prolonged time
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Figure 9. CV (bottom) and DPV (top) spectra of MB-DIPY's 5a (left) and 8a (right) in deoxygenated 0.1 M TBAP/DCM system.

Electrochemical and spectroelectrochemical studies

The redox properties of the MB-DIPYs 5a-c, as well as their
zinc(Il) complexes 8a-c, were probed by cyclic voltammetry
(CV), and differential pulse voltammetry (DPV) techniques. All
experiments were done in deoxygenated 0.1 M TBAP (tetrabu-
tylammonium perchlorate) DCM solutions. In the case of pro-
tonated dyes 5a-c two fully reversible reduction processes sep-
arated by ~300 mV can be observed in both CV and DPV at ~ -
1.2 V and ~ -1.5 V (Figure 9, Table 2, and SI Figures S102,
S103). Despite the highly electron-deficient properties of these
compounds, their irreversible oxidation can be observed around
+1.3V, which is anodically shifted compared to classical dipyr-
romethene systems.54¢ On the other hand, zinc(Il) complexes
8a-c are even more electron-deficient systems according to CV
and DPV data. The first reduction potentials of these complexes
are anodically shifted by ~350 mV compared to protonated spe-
cies 5a-c (-0.85 V for compounds 8a and 8c and -0.95 V for
8b). Such low reduction potentials are comparable with those
observed for Ceo fullerene and its derivatives (~ -1.1 V),57°
which makes zinc MB-DIPYs complexes 8a-c good candidates
for non-fullerene acceptors in organic heterojunction solar cells.
The second reductions are also reversible and anodically shifted
by ~300 mV compared to 5a-c. The oxidation peaks were not
detected within the electrochemical window for zinc complexes
although small, diffuse peak was observed in their DPV curves
at ~+0.8V (Figure 9, S104, S103).

Table 2. Redox properties of compounds 5a-c and 8a-c in
0.1 M TBAP DCM solutions. [

Compound ox., V Red. 1,V Red. 2,V
5a 1.30 [b -1.21 -1.51
5b 1.36 [ -1.26 -1.54
5¢c 1.38 [t -1.16 -1.39
8a - -0.85 -1.23
8b - -0.95 -1.29
8c - -0.85 -1.21

& All potentials are referenced to the FcH/FcH* couple; Scan
rate — 100 mV/s;
1 _ jrreversible process

To probe the electron-accepting properties of zinc complexes,
we conducted spectroelectrochemical experiments on MB-
DIPYs 8a-c. It was found that during the first reduction process
in these compounds under the spectroelectrochemical condi-
tions, the decrease of m- w* transition around 570 nm and the
formation of two peaks at 490 and 660 nm occurred in all cases.
In addition, two new quite intense NIR peaks at ~1000 and
~1250 nm were observed, which is indicative of the formation
of paramagnetic open-shell anion-radical species [8a-c]". The
second reduction can be also successfully followed by spectro-
electrochemical approach. During the second reduction, the de-
crease of NIR peaks at ~1000 and ~1250 nm and the formation
of a peak at 700 nm were observed for all compounds. This peak
is accompanied by a vibronic satellite and is energetically close
to the main low-energy transition observed in the case of nickel
azadipyrromethene NO, complex reported by us earlier.%
Thus, we have tentatively assigned this transition to the finger-
print band of desired two-electron reduced closed-shell benzo-
fused zinc azadipyrromethenes [12a-c]” (Scheme 7).

Stepwise one- and two-electron reductions of zinc complexes
8a-c can be achieved not only under spectroelectrochemical
conditions but also by the direct chemical reduction with
NaBH, (Scheme 7). It was found that upon the treatment of THF
suspensions of 8a-c with NaBH,, under the inert gas atmos-
phere, the formation of deep-green colored solution (similar to
that observed in spectroelectrochemical experiments) can be
observed in all cases. The UV-Vis-NIR analysis on these solu-
tions is suggestive of the formation of one-electron reduced
open-shell species [8a-c]~ with the characteristic NIR absorp-
tion around 1200 nm for all three compounds. Expectedly,
NMR spectra of these one-electron reduced species are para-
magnetic (SI Figure S45). In general, the absorption profiles of
chemically generated anion-radicals are very close to each other
and are in a good agreement with spectroscopic signatures ob-
served in spectroelectrochemical experiments (Figure 10, SI
Figures S106 — S110).

The open-shell species [8a-c]~ were found to be moderately
stable under ambient atmosphere, and their oxidation into the
starting, red-colored MB-DIPY's 8a-c, was observed after ~30
min. The further reduction of these compounds into the two-
electron-reduced species [12a-c] can be achieved by the addi-
tion of tetramethylammonium hydroxide, which stabilizes these
systems by tetramethylammonium counter-ion.
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Scheme 7. Stepwise chemical one- and two-electron reductions of MB-DIPYs 8a-c.
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Closed-shell diamagnetic systems [12a-c] display the absorp-
tion around 740 nm, which is about 160 nm redshifted com-
pared to starting 8a-c. Their closed-shell electronic structure
can be also confirmed by fluorescence and *H NMR spectros-
copy (SI Figure S46). Indeed, all three reduced derivatives
[12a-c]” were found to be fluorescent and show the emission
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maxima around 755 nm (Table 1, SI Figures S85 — S87). De-
spite their stabilization by tetramethylammonium cation, fully
reduced species [12a-c] are not stable enough for large-scale
isolation using conventional synthetic methods. They are, how-
ever, can be re-oxidized back to the zinc MB-DIPYs 8a-c in the
oxygen atmosphere after the addition of acetic acid.
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Figure 10. UV-Vis-NIR absorption spectra of MB-DIPY 8a (red) and its one-electron-reduced [8a]-~ (green) and two-electron-
reduced [12a] (blue) derivatives obtained by the reduction with NaBH, in THF (left) and 8a— [8a] - transformation under spectroe-
lectrochemical reduction conditions in deoxygenated 0.3 M TBAP/DCM system (right).

Quantum-chemical calculations

To gain insight into the photophysical and electrochemical
properties of the electron-deficient MB-DIPYs [5a-c], 5a-c,
and 8a-c as well as their reduced derivatives 11a-c and [12a-c]
, we have conducted DFT and TDDFT calculations on these
systems. The molecular orbital energy diagram of [5a-c]’, 5a-c,
and 8a-c is presented in Figure 11. In the case of anionic dyes
[5a-c] and their zinc complexes 8a-c, the predicted energies for
the HOMOs are close to each other in all systems, while the

energies of LUMOs in 8a-c are lower, which is in a good agree-
ment with their experimental absorption spectra and redox po-
tentials. A similar trend can be observed for the protonated dyes
5a-c, however, the HOMOs are slightly more stabilized while
the LUMO energies remain the same. These differences in the
electronic structure lead to the higher HOMO-LUMO energy
gap, which results in a blue shift of their absorption bands.
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Figure 11. DFT-predicted molecular energy diagram of MB-
DIPYs [5a-c], 5a-c, and 8a-c.

It is worth mention that in the case of p-methoxy-substituted
dyes [5b], 5b, and 8b, the LUMOs are slightly destabilized
compared to the phenyl- or thiophene-substituted dyes. This
correlates well with their CV and DPV data, in which the reduc-
tion potentials of these systems are anodically shifted. The fron-
tier molecular orbitals of the [5a], 5a, and 8a systems are pre-
sented in Figure 12 and their compositions described in the SI.
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Figure 12. DFT predlcted frontler orbltals of MB-DIPYs
[5a], 5a, and 8a.

When compared to the regular BODIPY's and aza-BODIPYs,
the DFT-predicted frontier w-orbitals of compounds [5a-c], 5a-
¢, and 8a-c were found to be flipped. Indeed, in the case of the
regular BODIPYs and aza-BODIPYs,”"2 the HOMO resem-
bles “half” of the classic porphyrin ai, orbital with a large con-
tribution from the pyrrolic o- and pB-carbon atoms, while the
LUMO resembles a “half” of the classic porphyrin a,, orbital
that is dominated by the contribution from the pyrrolic nitrogen
atoms and the meso-carbon or nitrogen atom. In the case of MB-
DIPYs [5a-c], 5a-c, and 8a-c, DFT predicts that the highest en-
ergy n-centered orbital has a large contribution from the nitro-
gen atoms complemented by the significant contribution from
the carbonyl groups. In addition, in the case of thiophene- and
p-methoxyphenyl substituted systems, this orbital also has a
significant contribution from these aromatic substituents, while
such contribution from the phenyl fragment is much smaller
(SI). The HOMOs in MB-DIPYs [5a-c], 5a-c, and 8a-c resem-
ble the LUMO is regular BODIPYs and aza-BODIPYs. The
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DFT-predicted LUMOs in compounds [5a-c], 5a-c, and 8a-c
have a significant contribution from the pyrrolic - and -car-
bon atoms complemented by a contribution from the carbonyl
groups and, to a lesser extent, peripheral aromatic groups (SI).
Again, such electron distribution resembles the HOMO of reg-
ular BODIPYs and aza-BODIPYs. Importantly, the DFT-
predicted LUMO+1s in compounds [5a-c],, 5a-c, and 8a-C
again have a large contribution from the nitrogen atoms similar
to the LUMOs in classic BODIPY's and aza-BODIPYs. Thus,
we reasoned that the two-electron reduction of compounds [5a-
c], 5a-c, and 8a-c should result in the typical for BODIPY's and
aza-BODIPYs electronic structure, with electronic spectra
which agree with experimental observations and DFT/TDDFT
predictions as discussed below.

Although UV-Vis spectra of the MB-DIPYs [5a-c], 5a-c, and
8a-c are somewhat different, TDDFT calculations (Figure 13)
suggest that the similar excited states contribute the most into
their spectroscopic signatures. In the case of sodium salts [5a-
c], TDDFT calculations predicted that their UV-Vis spectra are
dominated by three excited states. The first, lowest energy in-
tense band observed for all three compounds between 550 and
600 nm originates from the HOMO — LUMO single-electron
excitation, the lower intensity band observed around 420 nm is
dominated by the HOMO-1 — LUMO single-electron excita-
tion, and the most intense band observed between 360 and 380
nm is dominated by the HOMO — LUMO+1 single-electron
excitation. In addition, TDDFT calculations correctly predicted
low-energy shift for the lowest energy transition going from
[5a] to [5b] to [5¢c]. In the case of zinc complexes 8a-c, the
DFT-predicted HOMO is localized over the axial acetate group.
It was therefore unsurprising to see that the low-energy acetate-
to-chromophore charge-transfer transition was predicted by
TDDFT calculations between 635 and 667 nm. The TDDFT-
predicted intensity of such CT band is rather small, explaining
why it was not observed in the experimental spectra. Similar to
the anionic MB-DIPYs [5a-c],, the most intense, low-energy
band observed experimentally between 565 and 575 nm for 8a-
c is dominated by the highest energy, chromophore-centered
HOMO-1 to LUMO single-electron excitation. Again, TDDFT
calculations correctly predicted a low-energy shift of this band
going from 8a to 8b to 8c. In addition, TDDFT calculations
have also predicted several excited states around 500 nm, which
are, probably, responsible for the absorption between 470 and
520 nm observed experimentally. As in the case of sodium salts,
the most intense transition in the 360-380 nm region is domi-
nated by the HOMO-1 — LUMO+1 single-electron excitation.
In the case of protonated compounds 5a-c, TDDFT correctly
predicted that the most intense low-energy band experimentally
observed between 420 and 440 nm should be shifted to the
higher energy compared to the other systems. Similar to sodium
and zinc compounds, it is still dominated by the HOMO —
LUMO single-electron transition, while the most intense band
observed between 320 and 350 nm is dominated by the HOMO
— LUMO+1 single-electron excitation. Finally, similarly to the
regular BF,-coordinated chromophores (BODIPY's, aza-BOD-
IPYs, and BOPHYs), TDDFT calculations predict that the
HOMO — LUMO single-electron excitation is responsible for
the strongest absorption band observed between 420 and 440
nm in BF;-coordinated compounds 7a-c (SI Figures S120-
S122).

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

0.4

0.4

Exp. Exp.
0.2 0.2
A\ A\ )
£ E E
o = o
- - < 00
= 12 = 12 =
o ) - © 08 _
= -
E 08 o 08l n
(= (= e
0.5
B B 0.4 .
04" 04" -
0.0 ! 0.0 0.0 0.0
800 300 400 500 600 700 300 400 500 600 700

Wavelength, nm

Wavelength, nm

Wavelength, nm

Figure 13. TD DFT-predicted electronic spectra of MB-DIPYs [5a] (left), 5a (middle), and zinc complex 8a (right)
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Figure 14. DFT-predicted molecular energy diagram and fron-
tier molecular orbitals of one-electron reduced [8a] - and two-
electron reduced [12a] zinc complexes.

The DFT-predicted molecular energy diagram and images of
the frontier orbital for the single-electron reduced [8a] - com-
plex (radical-anion form) are shown in Figure 14. As expected,
the DFT-predicted SOMO (a,—156) resembles “half” of the
porphyrin ay, orbital, which used to be the LUMO in a starting
8a, HOMO (o, —155) resembles “half” of the porphyrin ay, or-
bital, and the LUMO (a,p—157) resembles the LUMO+1 orbital
in the starting 8a. The TDDFT-predicted UV-Vis spectrum of
the radical-anion correlates well with the experimental data

(Figure 15). Indeed, the low-energy, “radical-anion” band ob-
served in the NIR region at ~1200 nm is dominated by the
SOMO to LUMO (a—156 — a—157) single-electron excitation
(predicted at 1084 nm). Similarly, HOMO to SOMO single-
electron excitation (B—155 — B—156) provides a major contri-
bution to the second excited state predicted at 631 nm, which
correlate well with the experimentally observed band at 637 nm.
Higher-energy part of the experimental UV-Vis spectrum of a
one-electron reduced [8a]~ complex is also well reproduced by
the TDDFT calculations.

We also elucidated electronic structures of the two-electron
reduced aza-BODIPY like B,O-chelated systems 11a-c and zinc
complex [12a]". In all cases, the HOMO resembles the “half” of
the porphyrin aj, orbital, and the LUMO resembles the “half”
of the porphyrin ay, orbital, > which is typical for the BODIPY
and aza-BODIPY compounds. It is not surprising to see then
that the energy of TDDFT-predicted aza-BODIPY like transi-
tion is significantly red-shifted compared to the MB-DIPY's
[5a-c], 5a-c, and 8a-c. Indeed, TDDFT calculations predict that
the B,O-chelated compounds 11a-c should have BODIPY -like
absorption in the NIR region around 820, 840 and 880 nm, re-
spectively, with an excellent agreement to experimental data
(Figure 15). As expected, this transition can be described as al-
most pure HOMO to LUMO single-electron excitation. In the
case of zinc complex [12a], TDDFT calculations clearly under-
estimate the vertical excitation energies of this complex alt-
hough provide reasonable qualitative agreement with the exper-
imental spectrum of this compound (Figure 9).
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Figure 15. TD DFT-predicted electronic spectra of one-electron reduced [8a] - and two-electron reduced [12a] zinc complexes, as

well as two-electron reduced B,O-chelated aza-BDP 11a.
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In particular, similar to B,O-chelated compounds 1la-c, the
lowest energy band correlates well with the first excited state
that is almost pure HOMO to LUMO single-electron excitation.
The strong band observed at ~420 nm correlate with a second
excited state, which, again, similarly to the B,O-chelated com-
pounds 11a-c, is dominated by the HOMO to LUMO+1 single-
electron excitation. Finally, three closely energy spaced excited
states (excited states 6, 7, and 9) form the strong absorption
band observed experimentally at 400 nm. Overall, DFT and
TDDFT calculations are suggesting that upon stepwise reduc-
tion of the initial DBP compound, their transforms into a classic
aza-BODIPY chromophores with intense NIR absorption.

CONCLUSIONS

We report here a new synthetic strategy for preparation of a
series of isoindolin-1-imines 3a-c and isoindolin-1-ones 4a-c
from widely available aromatic ketones and phthalonitrile using
several reaction routes. The isoindolin-1-ones 4a-c can form
fluorescent BF, complexes in solution and solid state. The iso-
indolin-1-imines 3a-c undergo self-condensation reaction that
leads to the formation of a novel class of benzo-fused, highly
electron-deficient core-extended azadipyrromethene chromo-
phores (“MB-DIPY”) [5a-c]". The influence of temperature,
catalyst, as well as the template ions on the self-condensation
reaction rate, yield, and stereoselectivity, was examined in de-
tail. MB-DIPYs [5a-c] can be hydrolyzed to the metal-free lig-
ands 5a-c or used for the formation of zinc derivatives 8a-c.
New chromophores (in the form of sodium and zinc complexes
as well as metal-free ligands) were characterized by NMR, X-
ray, UV-Vis, fluorescence, and high-resolution mass spectros-
copies, while their redox properties were probed by electro-
chemical, spectroelectrochemical, or chemical reduction ap-
proaches that reveal their remarkable electron-accepting nature.
Stepwise one- and two-electron reduction of the new, core-ex-
tended azadipyrromethenes and their zinc complexes was in-
vestigated by spectroscopic and spectroelectrochemical meth-
ods. Both one- and two-electron reduced forms of all zinc com-
plexes studied have strong absorption in the NIR region up to
~1200 nm. Unstable in solution, NIR absorbing boron deriva-
tives of two-electron reduced ligands 9a-c (10a-c and 11a-c)
were also characterized by mass speacometry and UV-vis spec-
troscopy. Unusual spectroscopic and electrochemical properties
of these dyes were correlated with their electronic structures and
excited states nature predicted by the DFT and TDDFT calcu-
lations. Despite some structural similarities with well-known
aza-BODIPY and azadipyrromethene chromophores, the new
systems differ remarkably from them in optical, emission, and
redox properties.

EXPERIMENTAL SECTION

Materials. Solvents were purified using standard approaches:
THF, 1,4-dioxane, and toluene were dried over sodium metal
and benzophenone, DMF and DCM were dried over phospho-
rous(V) oxide. Phthalonitrile 1, aromatic ketones 2a-c, potas-
sium tert-butoxide, sodium hydride, LDA, 1.6 M n-BuLi, so-
dium triacetoxyborohydride (STAB), zinc acetate dihydrate,
were purchased from Sigma Aldrich. All air-sensitive reactions
were carried out under dry argon atmosphere using Schlenk-
tube and vacuum-line techniques.

Spectroscopy Measurements. Jasco-V770 spectrophotome-
ter was used to collect UV-Vis data. Steady-state fluorescence
studies were performed on Horiba PTI QuantaMaster system.
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Electrochemical cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) measurements were conducted using a
CHI-620 C electrochemical analyzer utilizing a three-electrode
scheme with platinum working, auxiliary and Ag/AgCl refer-
ence electrodes. DCM was used as solvent and 0.1 M solution
of tetrabutylammonium perchlorate (TBAP) was used as sup-
porting electrolyte. In all cases, experimental redox potentials
were corrected using decamethylferrocene (Fc*H) as an inter-
nal standard. NMR spectra were recorded a Bruker Avance in-
strument with a 300 MHz frequency for protons and 75 MHz
frequency for carbons. Chemical shifts are reported in parts per
million (ppm) and referenced to the residual proton resonance
of the deuterated solvent (CDCl; = ¢ 7.26; DMSO-d; = § 2.50),
and carbon spectra are referenced to the carbon resonances of
the solvent (CDCl; = § 77.16; DMSO-ds = ¢ 39.52). High-reso-
lution mass spectra of all new compounds were recorded using
a Bruker micrOTOF-QIIl. All exact mass measurements
showed an error of less than 5 ppm. Melting points were deter-
mined by a Stuart SMP10 apparatus and are uncorrected.

General procedure for the synthesis of compounds 3a-c.
To the solution of aromatic ketones 2a-c (20 mmol) in dry DMF
(200 mL) solid sodium hydride (40 mmol, 960 mg, 2 eq.) was
added portionwise at -20 °C (at 0 °C for 2b) under argon atmos-
phere and stirred for 5 min at this temperature. Then, the solu-
tion of phthalonitrile 1 (20.4 mmol, 2610 mg, 1.2 eq.) in dry
DMF (25 mL) was slowly added. The resulting mixture was
stirred at -20 °C for 30 min, then at 0°C for 1 hour, and at room
temperature for 6 hours. Then the solution was slowly added
into the iced water and neutralized with saturated aqueous am-
monium chloride solution. After additional stirring for 1 hour
the resulting precipitate was collected by vacuum filtration and
air dried.

2-[(12)-3-imino-2,3-dihydro-1H-isoindol-1-ylidene]-1-phe-
nylethan-1-one (3a). Isolated yield 4.6 g (93 %); Mp: 144 —
145 °C; 'H NMR (300 MHz, CDCls) 6 10.83 (s, 1H), 8.04 —
8.02 (m, 2H), 7.85 — 7.81 (m, 2H), 7.67 -7.62 (m, 2H), 7.57 -
7.48 (m, 3H), 6.73 (s, 1H); *C{*H} NMR (75 MHz, CDCl3) &
191.1, 151.7, 139.1, 136.4, 132.4, 131.6, 128.7, 127.8, 122.2,
121.3, 91.1.; *H NMR (300 MHz, DMSO-ds) 6 11.25 (br.s.,
1H), 9.06 (br.s., 1H), 8.27 — 8.24 (m, 1H), 8.18 — 8.15 (m, 2H),
7.94 (brs., 1H), 7.74 — 7.54 (m, 5H), 7.10 (s, 1H); BC{*H}
NMR (75 MHz, DMSO-ds) 6 189.8, 168.9, 147.6, 137.8,
137.3, 133.3, 133.2, 132.1, 128.8, 128.5, 128.2, 123.4, 122.6,
95.7; HRMS (APCI-TOF) m/z: [M - H] Calcd for C16H12N20O
247.0877; Found 247.0905.

2-[(12)-3-imino-2,3-dihydro-1H-isoindol-1-ylidene]-1-(4-

methoxyphenyl)ethan-1-one (3b). Isolated yield 4.89 g (88
%); Mp: 158 — 160 °C. 'H NMR (300 MHz, CDCls) & 8.06 -
8.01 (m, 2H), 7.90 — 7.87 (m, 1H), 7.83 — 7.81 (m, 1H), 7.66 —
7.61 (m, 2H), 7.00 — 6.97 (m, 2H), 6.73 (s, 1H), 3.90 (s, 3H);
13C{*H} NMR (75 MHz, CDCl;) 5189.8, 163.3, 151.1, 136.6,
132.0, 131.6, 131.5, 130.1, 122.4, 121.3, 114.3, 113.9, 91.1,
55.6; 'H NMR (300 MHz, DMSO-ds) &10.49 (br.s., 2H), 8.32
(d, Jun = 7.4 Hz, 1H), 8.19 (d, Jun = 8.8 Hz, 2H), 8.04 (d, Jun =
7.0 Hz, 1H), 7.79 — 7.69 (m, 2H), 7.25 (s, 1H), 7.10 (d, Jun =
8.8 Hz, 2H), 3.87 (s, 3H); ®*C{*H} NMR (75 MHz, CDCls)
0188.2, 163.0, 160.8, 149.3, 136.7, 132.2, 131.6, 131.1, 130.4,
130.3, 123.0, 122.5, 114.0, 93.1, 55.6; HRMS (APCI-TOF)
m/z: [M - H] Calcd for C17H14N20, 277.0983; Found 277.0988.
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2-[(12)-3-imino-2,3-dihydro-1H-isoindol-1-ylidene]-1-(thio-
phen-2-yl)ethan-1-one (3c¢). Isolated yield 4.8 g (94 %); Mp:
169 — 171 °C; 'H NMR (300 MHz, CDCls) 6 7.87 -7.78 (m,
3H), 7.66 — 7.62 (m, 2H), 7.17 (dd, Jun = 4.9 Hz, Juw = 3.8 Hz,
1H), 6.56 (s, 1H); B¥C{*H} NMR (75 MHz, CDCls) §183.5,
1514, 146.2, 136.3, 133.0, 131.7, 130.5, 128.3, 122.5, 1214,
91.5; 'H NMR (300 MHz, DMSO-ds) §10.92 (br.s., 1H), 9.10
(br.s., 1H), 8.21 — 8.19 (m, 2H), 7.98 — 7.93 (m, 2H), 7.74 —
7.68 (m, 4H), 7.30 (dd, Jun = 4.9 Hz, Jun = 3.8 Hz, 1H), 6.99 (s,
1H); #¥C{*H} NMR (75 MHz, CDCl;3) 5182.5, 160.0, 150.6,
146.6, 136.6, 134.0, 131.6, 131.5, 131.4, 128.7, 122.4, 122.2,
90.8; HRMS (APCI-TOF) m/z: [M - H]" Calcd for C14H10N20S
253.0441; Found 253.0414.

General procedure for the synthesis of compounds 4a-c

To the solution of isoindol-1-imines 3a-c (4 mmol) in ethanol
(40 mL), concentrated hydrochloric acid (2 mL) was added. The
resulting mixture was refluxed for 8 hours. After cooling to
room temperature, the solution was diluted with water (40 mL)
and stirred for another 30 min. Then, the resulting precipitate
was collected by filtration and air dried to give pure isoindolin-
1-ones 4a-c.

(32)-3-(2-0x0-2-phenylethylidene)-2,3-dihydro-1H-isoin-
dol-1-one(4a). Isolated yield 747 mg (75 %); Mp: 164 — 166
°C; 'H NMR (300 MHz, CDCls) §10.61 (s, 1H), 8.06 — 8.03
(m, 2H), 7.93 - 7.90 (m, 1H), 7.85 — 7.83 (m, 1H), 7.72 — 7.50
(m, 5H), 6.89 (s, 1H); *C{*H} NMR (75 MHz, CDCl3) §191.2,
169.2, 148.6, 138.6, 137.3, 133.1, 133.0, 132.1, 129.5, 128.9,
128.1, 124.4, 121.3, 94.9; HRMS (APCI-TOF) m/z: [M - H]
Calcd for C1sH11NO, 248.0717; Found 248.0688.

(32)-3-[2-(4-methoxyphenyl)-2-oxoethylidene]-2,3-dihydro-
1H-isoindol-1-one (4b). Isolated yield 860 mg (77 %); Mp: 182
— 184 °C; *H NMR (300 MHz, CDCls) §10.64 (s, 1H), 8.07 —
8.02 (m, 2H), 7.92 — 7.89 (m, 1H), 7.85 - 7.82 (m, 1H), 7.71 —
7.61 (m, 2H), 7.02 — 6.98 (m, 2H), 6.86 (s, 1H), 3.90 (s, 3H);
BC{*H} NMR (75 MHz, CDCl3) 5189.7, 169.2, 163.7, 147.9,
137.4, 132.9, 131.9, 1315, 130.5, 1295, 124.4, 121.1, 114.1,
94.9, 55.7; HRMS (APCI-TOF) m/z: [M - H]  Calcd for
C17H13NO3 278.0823; Found 278.0847.

(32)-3-[2-0x0-2-(thiophen-2-yl)ethylidene]-2,3-dihydro-1H-
isoindol-1-one (4¢). Isolated yield 867 mg (85 %); Mp: 220 —
222 °C; 'H NMR (300 MHz, CDCls) 6 10.47 (s, 1H), 7.92 —
7.89 (m, 1H), 7.86 -7.82 (m, 2H), 7.72 — 7.62 (m, 3H) 7.21 (dd,
Ji = 4.9 Hz, J, = 3.8 Hz, 1H), 6.70 (s, 1H); ®°C{*H} NMR (75
MHz, CDCls) §183.4, 168.9, 148.2, 145.8, 137.0, 134.1, 133.0,
132.1, 131.4, 129.5, 128.5, 124.4, 121.3, 95.3; HRMS (APCI-
TOF) m/z: [M - H] Calcd for C14HgNO,S 254.0281; Found
254.0257.

General procedure for the synthesis of dyes [5a-c]:

To the solution of isoindol-1-imines 3a-c (4 mmol) in dry 1,4-
dioxane (100 mL), sodium hydride dust (2.4 mmol, 58 mg, 0.6
eq.) was added under argon atmosphere. The solution was
stirred for 5 min at room temperature, then under reflux condi-
tions for 2h. After cooling to room temperature the resulting in-
tense purple solution was diluted with dry hexane (100 mL) and
left for 3 hours for the crystallization. After 3 h, the resulting
black product was filtered off, washed with dry hexane, and
dried under high vacuum.

Compound [5a]". Isolated yield 772 mg (77 %); Mp: >300 °C;
1H NMR (300 MHz, (CD3),CO-ds) 68.31 — 8.29 (m, 4H), 8.15
—8.12 (m, 2H), 8.07 —8.04 (m, 2H), 7.69 — 7.53 (m, 10H), 7.41
(s, 2H); BC{*H} NMR (75 MHz, (CD3),CO-dg) & 191.5, 165.3,
143.2, 141.8, 141.4, 133.2, 130.8, 130.4, 129.5, 129.1, 122.9,
121.4, 102.7; HRMS (APCI-TOF) m/z: [M - H] Calcd for
C32H20N302 4781561, Found 478.1550.

Compound [5b]. Isolated yield 561 mg (50 %); Mp: >300
°C;'H NMR (300 MHz, (CD3),CO-dg) 68.33 (d, Jun = 8.9 Hz,
4H), 8.11 — 8.10 (m, 2H), 8.04 — 8.03 (m, 2H), 7.59 — 7.50 (m,
4H), 7.39 (s, 2H), 7.13 (d, Jun = 8.9 Hz, 4H), 3.94 (s, 6H);
BC{*H} NMR (75 MHz, (CD3),CO-ds) 5190.0, 164.6, 164.3,
143.4, 141.9, 134.2, 131.4, 130.5, 130.2, 122.8, 121.3, 114.6,
102.7, 55.9; HRMS (APCI-TOF) m/z: [M - H]  Calcd for
C34H24N3O4 5381772, Found 538.1761.

Compound [5c]". Isolated yield 822 mg (81 %); Mp: >300
°C;'H NMR (300 MHz, (CD3),CO-ds) 68.27 (dd, Jun = 3.8 Hz,
Jun = 1.1 Hz, 2H), 8.11 — 8.09 (m, 2H), 8.06 — 8.03 (m, 2H),
7.93 (dd, Jun = 5.0 Hz, Juw= 1.1 Hz, 2H), 7.60 — 7.51 (m, 4H),
7.32 — 7.29 (m, 4H); BC{*H} NMR (75 MHz, (CD3),CO-ds)
6184.0, 176.6, 165.0, 149.5, 143.06, 141.9, 134.8, 1324,
130.8, 130.4, 129.4, 129.2, 123.0, 121.4, 102.7; HRMS (APCI-
TOF) m/z: [M - H] Calcd for CzsH16N30,S, 490.0689; Found
490.0676.

General procedure for the synthesis of compounds 5a-c

The suspension of anionic dye [5a-c]* (0.5 mmol) in dry ethanol
(8 mL) was treated with glacial acetic acid (1 mmol, 60 mg, 2
eq.) and stirred for 1 hour at room temperature. The resulting
brown precipitate was collected by filtration and vacuum dried.

Compound 5a. Isolated yield 139 mg (58 %); Mp: 200 — 202
°C; 'H NMR (300 MHz, (CDCI3) §13.38 (s, 1H), 8.15 — 8.12
(m, 4H), 8.09 — 8.06 (m, 2H), 7.88 — 7.85 (m, 2H), 7.61 — 7.58
(m, 4H), 7.52 — 7.43 (m, 6H), 7.07 (s, 2H); BC{*H} NMR (75
MHz, (CDCls) §190.8, 167.6, 151.9, 138.7, 136.3, 133.1,
132.9, 132.7, 132.3, 130.9, 130.6, 129.2, 128.9, 128.9, 128.8,
128.4, 128.2, 123.0, 121.5, 121.5, 120.9, 106.8, 97.0; HRMS
(APCI positive) Calcd for CsH21NsO, [M + H]*: 480.1707,
Found 480.1702.

Compound 5b. Isolated yield 172 mg (64 %); Mp: 164 — 166
°C; 'H NMR (300 MHz, CDCl;) §13.34 (s, 1H), 8.13 — 8.10
(m, 4H), 8.08 — 8.05 (m, 2H), 7.84 -7.84 (m, 2H), 7.59 — 7.57
(m, 4H), 7.01 (s, 2H), 6.94 — 6.91 (m, 4H), 3.82 (s, 6H); *C{*H}
NMR (75 MHz, CDCl;) §189.5, 167.3, 163.4, 151.2, 138.8,
136.3, 131.9, 131.6, 130.8, 130.4, 122.9, 120.8, 113.6, 107.1,
55.6; HRMS (APCI positive) Calcd for C3sHsN3O4 [M + H]™:
540.1918, Found 540.1916.

Compound 5c. Isolated yield 135 mg (55 %); Mp: 174 — 176
°C; 'H NMR (300 MHz, CDCl;) §13.25 (s, 1H), 8.08 — 8.06
(m, 2H), 7.90 (dd, Juw = 3.8 Hz, Junw= 1.0 Hz, 2H), 7.86 — 7.82
(m, 2H), 7.65 (dd, Jun = 4.9 Hz, Jynu = 1.0 Hz, 2H), 7.60 — 7.56
(m, 4H), 7.13 (dd, Jun = 4.9 Hz, Jun = 3.8 Hz, 2H), 6.93 (s, 2H);
BC{*H} NMR (75 MHz, CDCl;) §182.8, 167.6, 151.7, 146.3,
138.7, 1363, 133.8, 132.6, 131.0, 130.6, 128.0, 123.0, 120.9,
106.7; HRMS (APCI positive) Calcd for CzsH17N30,S; [M +
H]* :492.0835, Found 492.0838.
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General procedure for the synthesis compounds 7a-c.

To the solution of isoindolin-1-ones 4a-c (0.4 mmol) in dry
DCM (10 mL), N,N-diisopropylethylamine (DIPEA) (1.2
mmol, 155 mg, 3 eq.), and boron trifluoride diethyl etherate (2.4
mmol, 341 mg, 6 eq.) were added. The resulting mixture was
stirred for 1 hour. Then the solution was quenched with water,
the organic layer was washed with water (2 * 50 mL), saturated
brine solution (20 mL), dried over Na,SO4, and evaporated to
dryness. The crude product was stirred in ethanol (20 ml) for 30
min. Then the resulting precipitate was collected by vacuum fil-
tration and air dried.

1,1-difluoro-3-phenyl-9H-[1,3,2]oxazaborinino[4,3-a]isoin-
dol-9-one (7a). Isolated yield 89 mg (75 %); Mp: 260 — 262 °C;
H NMR (300 MHz, CDCl3) 68.24 — 8.22 (m, 2H), 8.00 — 7.97
(m, 1H), 7.91 — 7.88 (m, 1H), 7.82 — 773 (m, 3H), 7.63 — 7.57
(m, 2H), 6.97 (s, 1H); HRMS (APCI-TOF) m/z: [M - H] Calcd
for C16H10NO2BF, 297.0781; Found 297.0769.

1,1-difluoro-3-(4-methoxyphenyl)-9H-[1,3,2]oxazaborin-
ino[4,3-alisoindol-9-one (7b). Isolated yield 93 mg (71 %);
Mp: 285 — 287 °C; 'H NMR (300 MHz, CDCl3) §8.25 (d, J =
9.1 Hz, 2H), 7.98 -7.95 (m, 1H), 7.88 — 7.85 (m, 1H), 7.78 —
7.73 (m, 2H), 7.07 (d, J = 9.1 Hz, 2H), 6.89 (s, 1H), 3.96 (s,
2H); HRMS (APCI-TOF) m/z: [M - H]* Calcd for
Ci17H12NO3BF, 327.0887; Found 327.0883.

1,1-difluoro-3-(thiophen-2-yl)-9H-[1,3,2]oxazaborinino[4,3-
alisoindol-9-one (7c). Isolated yield 90 mg (74 %); Mp: 287 —
289 °C; *H NMR (300 MHz, CDCl3) §8.20 (dd, J; = 4.0 Hz, J;
=1.1 Hz, 1H), 8.01 - 7.98 (m, 2H), 7.88 — 7.85 (m, 1H), 7.81 —
7.72 (m, 2H), 7.35 (dd, J, = 4.8 Hz, J, = 4.0 Hz, 1H), 6.76 (s,
1H); HRMS (APCI-TOF) m/z: [M - H] Calcd for
C14HgNO,SBF, 303.0345; Found 303.0346.

General procedure for the synthesis of compounds 8a-c

To the solution of dye [5a-c]” (0.1 mmol) in dry THF (10 mL)
zinc acetate dihydrate (0.11 mmol, 24 mg, 1.1 eq.) was added.
The resulting mixture was stirred for 1 hour at room tempera-
ture. Then the resulting precipitate was collected by filtration,
washed with hexane and vacuum dried.

Compound 8a. Isolated yield 56 mg (83 %); Mp: 235 — 237 °C;
'H NMR (300 MHz, CDCls) §8.34 - 8.31 (m, 4H), 8.18 - 8.15
(m, 2H), 7.92 — 7.89 (m, 2H), 7.67 — 7.56 (m, 10H), 7.35 (s,
2H), 3.77 — 3.73 (m, 2H), 1.92 — 1.87 (m, 2H, THF) 1.79 (s,
3H); HRMS (APCI-TOF) m/z: [M + H]* Calcd for
C32H20N3022n 542.0841; Found 542.0853.

Compound 8b. Isolated yield 51 mg (70 %); Mp: 242 — 244 °C,
'H NMR (300 MHz, CDCl3) §8.35 (d, J = 8.9 Hz, 4H), 8.16 —
8.12 (m, 2H), 7.93 7.88 (m, 2H), 7.63 — 7.58 (m, 4H), 7.32 (s,
2H), 7.07 (d, J = 8.9 Hz, 4H), 3.95 (s, 6H), 3.77 — 3.72 (m, 3H),
1.88 — 1.85 (m, 5H); HRMS (APCI-TOF) m/z: [M + H]* Calcd
for Cz4sH24N304Zn 602.1053; Found 602.1053.

Compound 8c. Isolated yield 55 mg (80 %); Mp: 251 — 253 °C;
'H NMR (300 MHz, CDCl3) 68.16 - 8.11 (m, 5H), 7.89 — 7.87
(m, 2H), 7.82 —7.80 (m, 2H), 7.64 — 7.56 (m, 5H), 7.14 (s, 2H),
3.77 -3.72 (m, 3H, THF), 1.88 — 1.86 (m, 7H); HRMS (APCI-
TOF) m/z: [M + H]* Calcd for CusH1sN30,S,Zn 553.9970;
Found 553.9975.
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General procedure for the synthesis of compounds 1la-c
The mixture of dyes 5a-c (0.1 mmol) and sodium triacetoxy-
borohydride (STAB) (0.25 mmol, 53 mg, 2.5 eq.) was refluxed
in dry toluene for 1-2 min until intense brown to green solution
of B,O-chelated dyes 11a-c formed. Due to the low stability of
the obtained dyes they were immediately subjected to HRMS
and UV-Vis spectroscopy analyses.

Compound 1la. Reaction time — 1 min. UV/Vis (Toluene):
Amx=840 nm; HRMS (APCI-TOF) m/z: [M + H]* Calcd for
Cs2H20N30,B 489.1660; Found 489.1645.

Compound 11b. Reaction time — 2 min. UV/Vis (Toluene):
Ama=870 nm; HRMS (APCI-TOF) m/z: [M - H]" Calcd for
CasH24N304B 550.1939; Found 550.1920.

Compound 11c. Reaction time — 2 min. UV/Vis (Toluene):
Amax=910 nm; HRMS (APCI-TOF) m/z: [M + H]* Calcd for
CasH16N30,S,B 501.0788; Found 501.0788.

General procedure for the synthesis of one- and two-elec-
tron reduced compounds [8a-c]~ and [12a-c]". The suspen-
sion of appropriate zinc(ll) compexes 8a-c (0.1 mmol) in dry
THF (10 mL) was treated with sodium borohydride (0.25 mmol,
10 mg, 2.5 eq.) under argon atmosphere. The resulting mixture
was stirred for 10 min yielding [8a-c] - as a deep green solution.
Then the solution was treated with 25% methanolic tetrame-
thylammonium hydroxide solution (0.1 mmol, 37 mg, 1 eq.)
and stirred for another 5 min yielding green solution of two-
electron reduced anionic zinc(l1) complexes [12a-c]". Due to the
low stability of the obtained dyes they were immediately sub-
jected to UV-Vis absorption and fluorescence (in the case of
dyes [12a-c]’) spectroscopy analyses.

Compound [8a] . UV/Vis (THF): 1max=1190, 1030, 720, 637,
480, 400 nm.

Compound [8b]". UV/Vis (THF): Amax=1185, 1030, 718, 642,
480, 402 nm.

Compound [8c]". UV/Vis (THF): Amax=1236, 1070, 740, 645,
490, 408 nm.

Compound [12a]. UV/Vis (THF): Amax= 720, 680, 400, 335
nm; fluorescence (THF): 1ex=710 nmM; Aem=753 nm.

Compound [12b]. UV/Vis (THF): Amax= 712, 665, 440, 390,
336 nm; fluorescence (THF): Aex=710 nm; Aem=750 nm.

Compound [12c]. UV/Vis (THF): Amax= 730, 692, 446, 403,
335 nm; fluorescence (THF): Aex=710 nm; Aem=763 nm.

X-ray data collection, solution and refinement for 3b.

A light yellow, multi-faceted rod of suitable size (0.200 x
0.070 x 0.040 mm) was selected from a representative sample
of crystals of the same habit using an optical microscope and
mounted onto a MiTiGen loop. X-ray data were obtained on a
Bruker D8 QUEST ECO CMOS diffractometer (Mo sealed X-
ray tube, Ko = 0.71073 A) at 150 K. All diffractometer manip-
ulations, including data collection, integration and scaling were
carried out using the Bruker APEX3 software suite.”> Despite
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collecting a number of datasets of which this represents the best,
less than ideal quality data was ultimately obtained, resulting in
a number of alerts highlighted by vrf reports. We are neverthe-
less confident in atom assignment and connectivity. An absorp-
tion correction was applied using SADABS." The space group
was determined on the basis of systematic absences and inten-
sity statistics and the structure was solved by direct methods and
refined by full-matrix least squares on F2. The structure was
solved in the monoclinic space group P2,/c using XS? (incorpo-
rated in SHELXTL). No obvious missed symmetry was re-
ported by PLATON.” All non-hydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms were
placed in idealized positions and refined using a riding model.
The structure was refined (weighted least squares refinement on
F?) and the final least-squares refinement converged to R; =
0.0995 (I > 25(l), 1078 data) and wR, = 0.2576 (F?, 2736 data,
228 parameters).

X-ray data collection, solution and refinement for 3c

A dark purple, multi-faceted block of suitable size (0.143
x 0.092 x 0.091 mm) and quality was selected from a repre-
sentative sample of crystals of the same habit using an optical
microscope and mounted onto a MiTiGen loop. X-ray data were
obtained on a Bruker D8 QUEST ECO CMOQOS diffractometer
(Mo sealed X-ray tube, Ko = 0.71073 A) at 150 K. All diffrac-
tometer manipulations, including data collection, integration
and scaling were carried out using the Bruker APEX3 software
suite.”® An absorption correction was applied using SADABS."®
The space group was determined on the basis of systematic ab-
sences and intensity statistics and the structure was solved by
direct methods and refined by full-matrix least squares on F2,
The structure was solved in the monoclinic space group P2i/c
using XS? (incorporated in SHELXTL). No obvious missed
symmetry was reported by PLATON.” “Flip”-type disorder*
was observed for two thiophenyl side chains, wherein different
types of atoms (sulfur and carbon) occupy positions that are
close to each other. This influences their thermal parameters,
which were therefore equated for each pair of disordered atoms
in the disordered rings. All non-hydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms were
placed in idealized positions and refined using a riding model,
with the exception of those of a co-crystallized molecule of wa-
ter and an N-H engaged in hydrogen bonding, which were lo-
cated from the difference map. The structure was refined
(weighted least squares refinement on F?) and the final least-
squares refinement converged to Ry = 0.0442 (I > 25(1), 2348
data) and wR, = 0.1097 (F?, 2883 data, 185s parameters).

X-ray data collection, solution and refinement for 4c

A light brown, multi-faceted block of suitable size (0.298
x 0.244 x 0.125 mm) and quality was selected from a repre-
sentative sample of crystals of the same habit using an optical
microscope and mounted onto a MiTiGen loop. X-ray data were
obtained on a Bruker D8 QUEST ECO CMOS diffractometer
(Mo sealed X-ray tube, Ko = 0.71073 A) at 150 K. All diffrac-
tometer manipulations, including data collection, integration
and scaling were carried out using the Bruker APEX3 software
suite.”™ An absorption correction was applied using SADABS."®
The space group was determined on the basis of systematic ab-
sences and intensity statistics and the structure was solved by
direct methods and refined by full-matrix least squares on F2.

The structure was solved in the monoclinic space group C2/c
using XS? (incorporated in SHELXTL). No obvious missed
symmetry was reported by PLATON.”” All non-hydrogen at-
oms were refined with anisotropic thermal parameters. Hydro-
gen atoms were placed in idealized positions and refined using
a riding model. The structure was refined (weighted least
squares refinement on F?) and the final least-squares refinement
converged to R; = 0.0382 (I > 25(l), 3071 data) and wR; =
0.1082 (F?, 3456 data, 163 parameters).

X-ray data collection, solution and refinement for 5b

An orange, multi-faceted plate of suitable size (0.176 x
0.149 x 0.033 mm) and quality was selected from a representa-
tive sample of crystals of the same habit using an optical micro-
scope and mounted onto a MiTiGen loop. X-ray data were ob-
tained on a Bruker D8 QUEST ECO CMOS diffractometer (Mo
sealed X-ray tube, K, =0.71073 A) at 296 K. All diffractometer
manipulations, including data collection, integration and scal-
ing were carried out using the Bruker APEX3 software suite.”™
An absorption correction was applied using SADABS.” The
space group was determined on the basis of systematic absences
and intensity statistics and the structure was solved by direct
methods and refined by full-matrix least squares on F?. The
structure was solved in the monoclinic space group P2:/c using
XS? (incorporated in SHELXTL). No obvious missed sym-
metry was reported by PLATON.”” All non-hydrogen atoms
were refined with anisotropic thermal parameters. Hydrogen at-
oms were placed in idealized positions and refined using a rid-
ing model. The structure was refined (weighted least squares
refinement on F?) and the final least-squares refinement con-
verged to Ry = 0.0679 (I > 20(l), 2297 data) and wR, = 0.1452
(F?, 4473 data, 372 parameters).

X-ray data collection, solution and refinement for [5¢]

A dark purple, multi-faceted block of suitable size (0.280
x 0.254 x 0.198 mm) and quality was selected from a repre-
sentative sample of crystals of the same habit using an optical
microscope and mounted onto a MiTiGen loop. X-ray data (Rint
= 0.0354) were obtained on a Bruker D8 QUEST ECO CMOS
diffractometer (Mo sealed X-ray tube, K. = 0.71073 A) at 150
K. All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker
APEX3 software suite.”® An absorption correction was applied
using SADABS." The space group was determined on the basis
of systematic absences and intensity statistics and the structure
was solved by direct methods and refined by full-matrix least
squares on F2. The structure was solved in the monoclinic space
group P24/c using XS? (incorporated in SHELXTL). No obvi-
ous missed symmetry was reported by PLATON.”” Non-mero-
hedral twinning about a 2-axis was detected using
TWINROTMAT embedded within PLATON?” and the appro-
priate twin law applied. “Flip”-type disorder* was observed for
two of four thiophenyl side chains, wherein different types of
atoms (sulfur and carbon) occupy positions that are close to
each other. This influences their thermal parameters, which
were therefore equated for each pair of disordered atoms in the
disordered rings. All non-hydrogen atoms were refined with an-
isotropic thermal parameters. Hydrogen atoms were placed in
idealized positions and refined using a riding model. The struc-
ture was refined (weighted least squares refinement on F?) and
the final least-squares refinement converged to R; = 0.0451 (I >
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20(1), 15571 data) and WR, = 0.1210 (F?, 18245 data, 652 pa-
rameters).

X-ray data collection, solution and refinement for 7b

A dark, multi-faceted block of suitable size (0.100 x 0.080
x 0.050 mm) and quality was selected from a representative
sample of crystals of the same habit using an optical microscope
and mounted onto a MiTiGen loop. X-ray data were obtained
on a Bruker D8 QUEST ECO CMOS diffractometer (Mo sealed
X-ray tube, Ko = 0.71073 A) at 150 K. All diffractometer ma-
nipulations, including data collection, integration and scaling
were carried out using the Bruker APEX3 software suite.” An
absorption correction was applied using SADABS."® The space
group was determined on the basis of systematic absences and
intensity statistics and the structure was solved by direct meth-
ods and refined by full-matrix least squares on F2. The structure
was solved in the triclinic space group P-1 using XS? (incorpo-
rated in SHELXTL). No obvious missed symmetry was re-
ported by PLATON.” All non-hydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms were
placed in idealized positions and refined using a riding model.
Non-merohedral twinning was detected using TWINROTMAT
embedded within PLATON" and the appropriate twin law ap-
plied. The structure was refined (weighted least squares refine-
ment on F?) and the final least-squares refinement converged to
R: = 0.1067 (I > 20(1), 2732 data) and wR;, = 0.2420 (F?, 4921
data, 436 parameters).

X-ray data collection, solution and refinement for 8c

A dark purple, multi-faceted block of suitable size (0.128
x 0.117 x 0.084 mm) and quality was selected from a repre-
sentative sample of crystals of the same habit using an optical
microscope and mounted onto a MiTiGen loop. X-ray data (Rint
= 0.0572) were obtained on a Bruker D8 QUEST ECO CMOS
diffractometer (Mo sealed X-ray tube, Ko = 0.71073 A) at 150
K. All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker
APEX3 software suite.” An absorption correction was applied
using SADABS. The space group was determined on the basis
of systematic absences and intensity statistics and the structure
was solved by direct methods and refined by full-matrix least
squares on F2. The structure was solved in the monoclinic space
group P24/c using XS? (incorporated in SHELXTL). No obvi-
ous missed symmetry was reported by PLATON.”” “Flip”-type
disorder’®" was observed for one of two thiophenyl side chains,
wherein different types of atoms (sulfur and carbon) occupy po-
sitions that are close to each other. This influences their thermal
parameters, which were therefore equated for each pair of dis-
ordered atoms in the disordered rings. All non-hydrogen atoms
were refined with anisotropic thermal parameters. Hydrogen at-
oms were placed in idealized positions and refined using a rid-
ing model. A disordered acetic acid solvent molecule was found
in the lattice, however the acidic O-H hydrogen could not be
satisfactorily modeled for one of two components of the disor-
der. The structure was refined (weighted least squares refine-
ment on F?) and the final least-squares refinement converged to
R: = 0.0589 (I > 25(l), 6879 data) and WR, = 0.1524 (F?, 7984
data, 458 parameters).

Combined crystallographic information file containing all
X-ray data. CCDC 1935790-1935796 containing the supple-
mentary crystallographic data for this paper. The data can be
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obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/structures. Mercury®
was used in all crystallographic images.
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4 ~90 % reaction yields; R R
¢ high stereoselectivity; ¢ Aabs = 590 nm; ¢ Aabs = 575 nm;
¢ high stability; ¢ Afluor = 608 nm; ¢ Afluor = 609 nm;
4 high scalability;
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