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ABSTRACT: A general method for the synthesis of difluor-
obora-diisoindolomethene dyes with phenyl, p-anisole, or ethyl-
thiophene substituents has been developed. The nature of the
substituents allows modulation of the fluorescence from 650 to
780 nm. Replacement of the fluoro ligands by ethynyl-aryl or
ethyl residues is facile using Grignard reagents. Several X-ray
molecular structures have been determined, allowing establish-

R =F, Et, 4-tolylethynyl or 1-pyrenylethynyl

ment of structure—fluorescence relationships. When the steric crowding around the boron center is severe, the aromatic
substituents O to the diisoindolomethene nitrogens are twisted out of coplanarity, and hypsochromic shifts are observed in the
absorption and emission spectra. This shift reached 91 nm with ethyl substituents compared to fluoro groups. When ethynyl linkers
are used, the core remains flat, and a bathochromic shift is observed. All the fluorophores exhibit relatively high quantum yields for
emitters in the 650—800 nm region. When perylene or pyrene residues are connected to the dyes, almost quantitative energy
transfer from them to the dye core occurs, providing large virtual Stokes shifts spanning from 8000 to 13000 cm ™' depending on the
nature of the dye. All the dyes are redox active, providing the Bodipy radical cation and anion in a reversible manner. Stepwise
reduction or oxidation to the dication and dianion is feasible at higher potentials. We contend that the present work paves the way for
the development of a new generation of stable, functionalized luminophores for bioanalytical applications.

B INTRODUCTION

The existence of an absorption window of blood between 650
and 900 nm (due to concomitant low absorption and minimal
autofluorescence of hemoglobin and water)" has stimulated re-
search into the development of efficient fluorophores emitting in
this particular spectral region. Such dyes should find numerous
applications in noninvasive and in vivo fluorescence imaging”
and mapping deeper tissues or DNA sequences.’ Before being
used under biological conditions of analysis, they must, however,
meet many criteria such as: (i) high absorption and high fluores-
cence quantum yields, (ii) solubility in various solvents without
forming nonemissive aggregates, (iii) resistance to photodecom-
position under intense light sources, (iv) pronounced Stokes shifts
to facilitate signal detection, (v) low toxicity if in vivo analysis is
intended. Existing red fluorophores from the cyanine family (e.g.,
CyDye, namely, Cy 5.0 and Cy S) despite their high extinction
coeflicients suffer from low fluorescence quantum yields and limited
photochemical stability. Nowadays most common red emitters
are from the rhodamine family (Texas Red, Alexa...). They have
good brightness, but they are essentially limited to the 650—700 nm
region.* There is an ongoing synthetic challenge for the devel-
opment of brilliant red-NIR organic emitters which are soluble in
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most common solvents including polar ones. Due to their special
photophysical properties (high fluorescence quantum yields,
large molar extinction coefficients, sharp fluorescence peaks) cou-
pled to a chemical versatility and color tunability, the difluoro-
bora-diaza-s-indacene family of Bodipy dyes represents a unique
category of fluorophore.® Several strategies have been used to
bathochromically shift the emission of such dyes: (i) extension of
the 7T conjugation of the cyanine core at the 3,557 or 2,6-
positions,"” (ii) fusion of aromatic moieties onto the indacene
skeleton,'" (iii) replacement of the C8-carbon by a nitrogen, pro-
viding azaBodipy dyes,"” (iv) decoration with electron-donating
groups,” and (v) fusion with a cyanine skeleton."* However, most
of these compounds suffer from the inherently low Stokes shifts
characteristic of organic fluorophores, which is a major drawback
in biological experiments, and there is a need to overcome this
problem to enhance the sensitivity of the probes. Two strategies
have been applied to excite the sample well away from the emission
wavelength: (i) the use of two-photon excitation with suitable
fluorophores'® or (i) building a so-called cassette system by
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Scheme 1. Synthesis of Diisoindolemethene Borates
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connection of an appropriate high-energy absorber to the emit-
ting molecule.'®"” The latter was successfully applied to various
Bodipys emitting in the green—orange region by attaching poly-
aromatic substituents to the Bodipy core'® or at the boron
center.'® The cassette strategy was also recently successfully applied
to a water-soluble Bodlpy system used for monitoring interac-
tions in living cells”’ and by attachment to Nile Red as an acceptor
red-emitting dye.”!

We present here our comprehensive investigations of cassette-
like systems derived by the linking of dnsomdolomethene—based
Bodipys to polyaromatic chromophores.”> The chromophores have
been connected to the boron atom via an ethynyl tether to pre-
vent steric congestlon inducing strong perturbation of the optical
properties. >

B RESULTS AND DISCUSSION

A convenient sequence leading to the symmetrically substi-
tuted diisoindolometheneboron difluoride compounds 6a—c is
depicted in Scheme 1.** It allows the nature of the substituents R,
and R, on both sides to be changed through preparation of the
precursor 2-acylacetophenones 4a—c. These substituents have a
direct influence on the resulting diazaboraindacene absorption
and emission wavelengths.

Commercially available 2-acetylphenols bearing R, were re-
acted with benzo or thieno (R; group) carbohydrazides 2a—c,
obtained from their corresponding ethyl esters, to give acylhy-
drazones 3a—c. The treatment of 3a—c with lead tetraacetate led
to intramolecular migration®® and the replacement of the phenolic
hydroxyl by the acyl substituent as in 4a—c. The diisoindolo-
methenes Sa—c were obtained by condensation of diketones

4a—c with an ammonium salt. In this reaction, the bis-isoindo-
lylmethane intermediate underwent formaldehyde ehmlnatlon
by a retro-aldol reaction before being oxidized by air.” ® Finally,
the formation of 6a—c was accomplished by reaction of Sa—c
with boron trifluoride in the presence of Hunig’s base.
Developing upon our previous work performed on “cascatelle”
dyes obtained by linking high-energy chromophores to the boron
center of yellow Bodipy fluorophores via acetylenic bridges,"®*’
we first attempted to connect similar polyaromatic fragments to a
diisoindolomethene acceptor via the same procedure. The use of
lithium acetylide was unsuccessful, leading to decomposition of the
dye. We then decided to use a Grignard acetylide, known to be
useful for substitution of halides on a trigonal boron center.*®
This choice was also based on the fact that reaction of a lithium
alkyl with 3-diketiminate boron(III) chelates results in attack at a
ring carbon atom, whereas reaction with a Grignard results in
substitution at boron.”’ A general procedure was optimized to
synthesize the diisoindolomethene diacetylide (E-Bodipy)®® de-
rivatives (Scheme 2) by using a large excess (2.4—3 equiv) of the
appropriate magnesium acetylide bromide, generated by addition of
ethylmagnesium bromide to an anhydrous THF solution of the
arylacetylene. This solution was heated at 60 °C prior to use, to
ensure complete formation of the Grignard. The acetylide was then
added to diisoindolomethene difluoride derivatives 6a—c at room
temperature, and the mixture was heated overnight at 60 °C.
Standard workup and chromatography on silica afforded the desired
compounds, and the average yields are given in Table 1. Several
compounds obtained by varying the high-energy donor as well as
the low-energy emitters were prepared with satisfactory yields,
which were not dependent on the nature and size of the polyaro-
matic substituents Rs. No monoacetylide derivatives were detected,
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Table 1. Summary of the Different Substituents of the Homodisubstituted Diisoindolomethene Borates

Entry R, R, Rs Isolated |''BNMRY
Yields (%)
§
S
7 /\U‘s’ OMe OO 46 63
O+
8 /\Q}S’ OMe ‘@*3‘ 62 73
9 \S J % OMe O.O 29 -6.4
v O Q a
g_
10 /\Q}f OMe 76 7.4
CqHy CaHo
{2
1 MeoO§— OMe QO 41 6.7
s
12 Meo—@—g- OMe O?' 49 -6.9
13 @i- H 4@3‘ 4 7.1

“ Calibrated referring to residual glass B,O3.

but small amounts (<5%) of starting material did remain. It seems
that the formation of the first B—Csp bond favors the attack of a
second molecule of magnesium bromide acetylide on the boron.
The fluoride substitution is easily monitored by ''B NMR, where
disappearance of the characteristic triplet of B bound to two
fluorines is observed and a highly shielded singlet appears (Table 1).

Fortuitously, the conditions under which the alkyl-substituted
compound 14 was obtained provided the key for the synthesis of
the boron heterodisubstituted derivatives 15 and 16 (Scheme 3).
The reaction of ethylmagnesium bromide with 6a at RT appeared to
be almost instantaneous, and the diethylboron compound 14 was
obtained in 68% yield after purification. Taking this to mean that
the intermediate monoethyl compound must be highly activated
toward all nucleophiles, the reaction was conducted using an equi-
molar mixture of ethyl- and ethynyl-magnesium bromides and,
gratifyingly, was found to lead to a mixture of diethyl-, dialkynyl-,
and alkynylethylboron derivatives which could be easily sepa-
rated by flash chromatography (Scheme 3).

This procedure provided a means to introduce two different
molecular subunits on the boron center, one carrying a polyaromatic
residue and the second a masked function. One of our objectives
here was to introduce an pyrenylethynyl unit as well as a sub-
stituent which could function as a potential anchoring arm
(an activated succinic-ester for instance see Scheme S). The
succinimidyl ester (NHS ester) group is an exceptionally
useful grafting entity that, for example, preferentially acylates
amino groups under mild reaction conditions. Thus, the coupl-
ing of biopolymers such as proteins can be envisaged. The first
step in its synthesis was the preparation of the oxazoline 19.

4-Iodobenzoylchloride was reacted with 2-amino-2-methylpro-
panol to give oxazoline 17, which was subjected to Sonagashira
coupling with trimethylsilylacetylene to give 18 in 98% yield.
Deprotection of the acetylene unit using K,CO5 then provided
19 in essentially quantitative yield (Scheme 4).*' Dyes 20a—c
were obtained by the sequence of reactions listed in Scheme $
where the reaction of derivatives 6a—c with a mixture of the
Grignards from compound 19 and from ethynylpyrene gave 20a
43%, 20b 56%, and 20c 9%. Various reaction conditions were
explored to transform the oxazoline function into carboxylic ester
without degradation of the dibenzopyrromethene backbone and
substitution on the boron center. Hydrolysis in a mixture of aqueous
3 M H,SO, and THF proved effective for compounds 20a—c.
The resulting polar amino-esters were transesterified to facilitate
purification. Thus, reaction with sodium methoxide gave the methyl
esters in good yields (21a 80%, 21b 67%, 21c 86%). To assess its
suitability for biolabeling, compound 21a was hydrolyzed with
NaOH at room temperature overnight. The crude acid ob-
tained by neutralizing the product solution with NH4Cl was
treated at room temperature with N-hydroxysuccinimide in the
presence of 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
(EDCI) and 4-dimethylaminopyridine (DMAP) to give the
activated ester in good yield (67%), and as expected, reaction of
n-propylamine with this NHS ester led instantaneously to the
amide 22a (81%).

X-ray Structure Determinations. Single-crystal X-ray diffrac-
tion measurements provided the molecular structures of com-
pounds 6¢, 8, 11, 13, 14, 15, and 16, confirming the identity ex-
pected on the basis of their synthesis and defining, in particular,
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Scheme 3. Approaches to Heterodisubstituted Diisoindolemethene Borates
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the influence of the boron substituents on the planarity of the
edifice (Figures 1—7). Characteristic bond lengths and angles are
reported in Table 2. In all structures, the boron atom has a distorted
tetrahedral environment. N—B—N angles fall within the range
for known species [mean 106.34(12)° from 200 hits found in the
Cambridge Structural Database (CSD version 5.31, with August
2010 updates)],** but the C—B—C angle is slightly larger than
that observed in C- or E-borondipyrromethenes™ [115.2(5)° from
16 hits]. The average B—N bond length is slightly longer than
that for the corresponding F-Bodipy.” The average N1—C4/
N2—CS length is 1.36 A, typical of this family of dyes, as is the
longer bond length of 1.42 A for N1—C1/N2—C8.> The elon-
gated B—C bonds in 8 and 13—16 of ca. 1.59 A are similar to
those found in other C- or E-Bodipy. The triple bond character
of the ethyne link is maintained, with an average bond length
of 1.20 Ain 8, 13, 15, and 16. A slight distortion from planarity
of the cyanine core is observed as previously described for
Bodipys bearing bulky groups in the 3,5-positions.> It may be
described as a “butterfly” conformation, with the wings being
the BN1IC1C2C3C4C9 and BN2CSC6C7C8C9 planes. The
dihedral angles are larger with phenyl substituents on the C4,

CS ortho positions than with thiophene residues (ca. 9—12°
versus 2—6°).

A tilt between the R; aromatic groups located in the 3,5-po-
sitions and the indacene core is observed and may be indicative of
the steric congestion induced by the boron substituent. The ethynyl
substituents seem to minimize congestion around the boron center,
and thus the tilt is very similar to that induced by fluorine (com-
pare 6¢ and 13) (Figures 1 and 2). When the substituent is a
flexible, saturated group such as ethyl, the tilt angle is much greater
(15 and 16) (Figures 3 and 4), with the two bulky substituents
(14) becoming almost orthogonal (Figure 5). Comparison of the
thienyl-substituted compound structures shows that the sulfur
atoms point in opposite directions in the homodisubstituted dyes 8
(Figure 6) and 14 but predominantly (in about 70% of molecules) in
the ethynyl bond direction in the case of 15 (Figure 3). The crystal
structure features of 11 (Figure 7) with two ethynylpyrene residues
is similar to 13 bearing two ethynyltolyl fragments (Figure 2).

With respect to the molecular packing, each of the seven crystal
structures displays inversion-related pairs of diisoindolomethene
fragments with mean plane-to-plane distances ranging from
3.37 A (13, Figure S1, Supporting Information) to 3.69 A (14,
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Scheme 5. Synthesis of Diisoindolemethene Borates Bearing Ethynylpyrene and Benzoic Acid Precursor Substituents on the

Boron Center
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Figure 1. Orthogonal ORTEP views of the molecular structure of 6c.
(Here and in all other figures, probability displacement ellipsoids are
shown at the 30% level.)

Figure S2, Supporting Information). The absence of cumber-
some substituents at the boron atom for 6c results in the
formation of infinite stacks of 6c molecules along the a
direction. In the case of 14, the greatest overlap is found
between the outer phenyl groups with a centroid—centroid
distance of 3.655(2) A (Figure S2, Supporting Information).
Pyrene interactions with an interplanar distance of 3.431 A,
parallel to (100), and sandwiched here by edge-to-face inter-
actions with the outer phenyl groups of pairs of diisoindole-
methene groups are observed for compound 16 (Figure 8). Similar
packing is seen in compounds 11 (Figure 9) and 15 (Figure S3,

Figure 2. Orthogonal ORTEP views of the molecular structure of 13.

Supporting Information) with 3.428 and 3.483 A pyrene-to-
pyrene distances and with methoxy groups or thiophene groups,
respectively, on both sides of the pairs of pyrenes.

Electrochemical Properties. Cyclic voltammetry in dichlor-
omethane solution was used to probe the electronic effects of the
various substituents on the Bodipy electrophore. Table 3 lists the
potentials (relative to the SCE reference electrode) for the waves
observed in the +1.6 to —2.2 V windows.

For the starting materials 6a, 6b, and 6c, a single anodic wave,
safely assigned to the (Bodipy/Bodipy ") couple, was observed in
the region between +0.73 and +0.43 V (Figure 10). All were re-
versible (ipa/ fpe A 1), with a shape characteristic of a Nernstian
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Table 2. Selected Geometric Parameters Deduced from the X-ray Structural Data

average average average C4/ average C4/ NI1-B—N2 X1-B—-X2 dihedral angles dihedral angles BN1C1C2C3C4C9/
compds B—N (A) B—X (4) 5=N (A) 5—C3/6 (A) (deg) (deg) diisoindolomethene/R1 BN2CSC6C7C8C9

6¢ 1.57 1.38 135 142 107.9(1)  110.9(1) 59.2/54.4 8.6
58.8/54.1 8.7

8 1.60 1.58 1.36 1.43 1074 (3) 118.1(3) 54.4/32.3 1.7

11 1.59 1.58 1.36 1.43 1072+ 0.3 1169+0.7 68.1/38.1 92+22
84.5/65.4—45.2

13 1.59 1.58 1.35 1.42 106.6 (1)  118.4(1) 68.2/53.4 12.3
67.5/532

14 1.61 1.61 135 142 105.0(2)  115.1(2) 81.1/78.8 6.0

15 1.60 1.59 1.36 143 1064(3)  1127(3) 61.1/ 49
83.9—-65.0

16 1.59 1.58 1.35 1.39 1066(3)  117.8(3) 69.9/65.3 9.0
68.6/65.6

Figure 5. Orthogonal ORTEP views of the molecular structure of 14.

Figure 4. Orthogonal ORTEP views of the molecular structure of 16.

one-electron process (AEP =60—70 mV). Note that this wave is
less anodic for the dye substituted with ethylthiophene fragments
(derived from 6a) than for the anisole- and phenyl-substituted
dyes (derived from 6b and 6¢, respectively), the last being the
most difficult to oxidize. This reflects the fact that the thiophene
and anisole residues are better electron-donating groups than
phenyl. Interestingly, oxidation of these blue and green dyes is
easier by 370—670 mV relative to that of the yellow dyes of type
Ain Chart 1.°*

The second oxidation found at higher potential in the +1.3 to

1.59 V range for the same dyes is assigned to formation of the Figure 7. Orthogonal ORTEP views of the molecular structure of 11.
(Bodipy” ") dication and appears to be reversible for dyes 6a and

6b but irreversible for 6c. The formation of Bodipy®" dications Dyes 6a, 6b, and 6c¢ are also reducible, displaying a reversible
has previously been observed in particular solvent conditions and reduction to the radical anion (Bodipy ) in the range —0.92 to
when pyridine moieties are §rafted onto the central position of —1.08 V and an irreversible reduction to the dianion (Bodipy” )
the basic yellow molecules.? at more cathodic potentials (Table 3). It is interesting to note
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that the HOMO—LUMO gaps of 1.35 eV for 6a, 1.58 eV for 6b,
and 1.79 eV for 6¢ are in keeping with the bathochromic shift of
the emission wavelength for the corresponding dyes in dilute so-
lution (vide infra).

Surprisingly, along a series of dyes constructed from the same
skeleton, for instance, the ethylthienyl derivative of 6a, the sub-
stitution of both fluoro groups with an arylethynyl or alkyl fragment
has little effect on the first oxidation potential, which remains around
+0.41 V. This is in strong contrast with the previous observation
made for the yellow dyes A and B, where fluoride substitution
leading to dyes C resulted in a shift of ~100 mV toward the anodic
region for both the radical cation and radical anion, although the
HOMO/LUMO gap remained similar to that of molecules A and
B.'®?2 However, note that the second oxidation process leading
to the dication (Bodipy” "), with the exception of dye 14 where
ethyl groups replace the fluoro residues, is difficult to compare
due to the irreversibility of most of the processes. However,
it seems that this second oxidation is facilitated and sensitive
to the presence of the alkyne fragments on the boron center.

Figure 8. View of packing of compound 16 down the b—c direction.
Cyan dashed lines indicate pyrene—pyrene stacking parallel to (100)
between molecules at x, y, zand —x,3 — 3,1 — z.

The electron-rich polyaromatic units seem to facilitate this
second oxidation, in contrast with the alkyl substituent which
does not significantly perturb the process. However, the substitu-
tion of the fluoro groups renders the first reduction more difficult
by about 200 mV for an alkyne substitution and by 470 mV for an
alkyl substitution (dye 14). An intermediate situation is found for
dye 15 bearing an ethynylpyrene and an ethyl fragment. In all cases,
the first electrochemical reduction remains reversible and mono-
electronic just like the first oxidation wave.

As would be expected based on the increase of electron density,
substitution of the fluoro groups by arylethynyl fragments perturbs
the second reduction of the Bodipy core, which is more cathodic
by at least 140 mV. This reduction potential is located around
—1.91 V and does not depend on the nature of the polyaromatic
rings, excluding the direct reduction of the aryl to the radical anion
[compare dye 7 (pyrenylethynyl) with dye 8 (phenylethynyl)].
Furthermore, this redox potential is shifted to —1.96 V for dye 15
(bearing pyrenylethynyl and ethyl groups) and to —2.20 V in the
case of dye 14 (with two ethyl groups). The same trends are seen
in the series constructed from dye 6b with an anisole fragment
and dye 6¢ with an unsubstituted phenyl group (for details see
Table 3).

These observations reflect the different electronic environments
of Bodipy dyes and indicate that significant electronic interac-
tions may result from substitution of the isoindole core. They clearly
reflect the combined effects of electron donation of the thiophene
and anisole fragments and the polyaromatic moieties grafted onto
the boron center.

Optical Properties. Spectroscopic data relevant to the present
discussion are collected in Table 4. In solution, all the compounds
show a strong Sy—S; (77—7*) transition between 4 &~ 630—720 nm
with an absorption coefficient of 80 000—120000 M~ " cm ™/,
unambiguously assigned to the boradiisoindolomethene chro-
mophores (Figure 11). The spectral profile is slightly dependent
on the solvent polarity, and in using dioxane, dichloromethane or
ethanol shifts of only a few nanometers were observed. The
absorption wavelength of this band is directly affected by the level
of delocalization of the boradiazaindacene 77—s* system and also
dependent on the free rotation ability of the aromatic substituent
in the ortho position to the nitrogen atoms. For instance, in the
compounds where bulky substituents are present on the boron,

A/
1

(//0 =

(/l/ T2

=

A
‘,{.
CX

e
({
o

Figure 9. Packing of compound 11. Cyan dashed lines indicate 77— stacking interactions between diisoindolemethene platforms related by inversion.
Ethynylpyrene rings are colored in light and dark gray to underline the alternate positions with occupancy factors of 0.5 taken along the a axis. Therefore,
pyrene stacking is observed every two a unit cell dimensions.
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Table 3. Solution Electrochemical Properties of the Dyes”

E., V (AE, mV) Eeqy V (AE, mV)
compds Bodipy "/Bodipy Bodipy®*/Bodipy ™ Bodipy/Bodipy Bodipy/Bodipy” ™
6a 0.43(70) 1.03 (70) —0.92 (70) —1.77 (irr.)
7 0.40 (80) 097 (irr.) —1.10(80) —1.91 (irr.)
8 0.41 (70) 0.97 (irr.) ~1.12(80) —1.91 (irr.)
9 0.40 (80) 0.97 (irr.) —1.11(80) —1.91 (irr.)
10 0.41 (70) 0.98 (irr.) —1.11(80) —1.92 (irr.)
14 0.42 (80) 1.05 (90) —1.39(90) —2.20 (irr.)
15 0.40 (80) 0.96 (irr.) —1.25(70) —1.96 (irr.)
20a 0.40 (80) 098 (irr.) —1.12(80) —1.92 (irr.)
6b 0.50 (70) 1.17 (80) —1.08(70) —1.99 (irr.)
11 0.44 (70) 1.16 (irr.) —120(70) —1.96 (irr.)
12 0.44 (70) 1.15 (irr.) —1.25(70) —1.98 (irr.)
20b 0.42 (60) 1.18 (irr.) —1.27(100) —2.00 (irr.)
6c 073 (70) 1.59 (irr.) —1.06 (80) —1.90 (irr.)
13 0.65 (80) 1.44 (irr.) —127(80) —1.98 (irr.)
16 0.66 (60) 1.34 (irr.) —1.29(80) —1.97 (irr.)
20c 0.64 (80) 1.37 (irr.) —127(80) —1.90 (irr.)

“ Potentials determined by cyclic voltammetry in deoxygenated CH,Cl, solution, containing 0.1 M TBAPFg, at a solute concentration of ca. 1 mM and at
rt. Potentials are given versus the saturated calomel electrode (SCE) and in the case of the series 6¢ standardized vs ferrocene (Fc) as internal reference
assuming that E, ;, (Fc/Fc) = +0.38 V (AE, =70 mV) vs SCE. The error in half-wave potentials is =15 mV. Where the redox processes are irreversible,
the peak potentials (E,, or E,) are quoted. All reversible redox steps result from one-electron processes unless otherwise specified.

Current (JA)

1 -500 -1500 -2500
Potential (mV)

Figure 10. Cyclic voltammograms: of 6a (green line), 6b (blue line),
and 6¢ (red line) in dichloromethane at rt, using tetrabutylammonium
hexafluorophosphate as the supporting electrolyte. Potentials are plotted
against the saturated calomel electrode (SCE).

coplanarity of the 3,5-aryl substituents with the cyanine core is
disfavored, and as a consequence the absorption is hypsochro-
mically shifted by 91 and 52 nm (cases 14 and 15) with respect to
6a (Figure 11a). Conversely, the use of ethyne tethers or fluoro
groups reduces the steric congestion, and the absorption profile
is bathochromically shifted by 66 nm in the case of 8 with respect
to dye 14. Interestingly, a correlation can be made between the
dihedral angle between the boradiisoindole plane and that of the
aromatic substituents O to the nitrogen atom (see Table 2) with
the observed color of the dyes. For a given diisoindolomethene
skeleton bearing the bulkier substituents on the boron (two ethyl
groups in 14), the absorption lies at 641 nm, and the dihedral
angle between the cyanine core and the thienyl group is ca. 80°.
When an ethyl group is replaced by an arylethynyl substituent,

Chart 1. Nonconjugated Bodipy Dyes with Various Substit-
uents on the Core and the Boron Atom

the dihedral angle is smaller (ca. 64°), and the delocalization path-
way in the dye is enhanced, leading to an absorption at 680 nm in
dye 15. With two tolylethynyl substituents (dye 8), the steric con-
gestion around the boron is weaker (dihedral angle dye/thienyl
about 54°), and a bathochromic shift is observed with an absorption
located at 707 nm. With two fluorine atoms (dye 6a), the red shift
is even stronger (4. = 732 nm). Similar conclusions apply for
compounds 6c and 16, where the dihedral angle between the
phenyl group and the cyanine is around 55° in the solid state struc-
ture of 6¢ but becomes larger (ca. 65° in the solid structure of 16)
where a single ethyl group is present on the boron center. In this
case, a hypsochromic shift from 634 to 612 nm is observed for the
So—S; transition. Interestingly, the use of an ethynyl tether to
connect an even bulkier polyaromatic group such as pyrene or
perylene to the boron atom does not dramatically affect the color
of the dye with respect to the reference difluoro compounds. There
is an apparent correlation between the dihedral angles observed
crystallographically in the molecular structures and the spectro-
scopic data; however, we have to keep in mind that these dihedral
angles are not fixed in solution, and the electronic as well as steric
effects of the substituents may be significantly different in both
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Table 4. Spectroscopic Data for the Compounds at 298 K*

compds Aaps (nm) e(M 'em™Y) Ap (nm) D’ (%)

6a 732 77800 780 16
7 720 78100 756 21
370 1117000 21

8 707 85000 746 29
9 720 82000 755 24
464 117000 755 15

496 4

10 709 82000 750 22
324 110000 16

14 641 91200 697 43
15 680 78000 737 26
371 70000 20

20a 717 79000 753 24
371 76000 24

2la 716 83000 751 19
371 79000 17

22a 713 84000 750 24
371 101500 21

6b 679 89800 708 49
11 669 84500 695 52
370 102000 52

12 668 76100 700 49
20b 671 89800 701 57
368 73200 57

21b 669 75800 701 50
368 54000 49

6¢ 641 103700 663 65
13 632 82500 656 60
16 612 94100 643 71
370 46700 70

20c 634 82900 658 62
368 52600 61

21c 634 92300 660 65
368 55100 64

“Measured in CH,Cl, at 25 °C. ’Determined in dichloromethane solution, ca. S X 10~ 7 M. Using Cresyl Violet, as reference (¢ = 0.50 in ethanol

c
PET

100

63

72

77

89

88

100

100

98

99

98

7x (ns) k4107 s7Y) ke (107 s71) Stokes shift (cm™ ")
2.6 6.35 32.1 840
5.3 3.96 14.9 660
13800
7.5 3.9 9.5 740
4.6 S5.2 16.5 644
32 18.5 8307
1390
5.2 42 15.0 771
3.1 16.2 17530
5.4 7.9 10.6 1250
S$.3 4.9 14.0 1137
3.8 15.1 13386
4.7 S.1 16.2 631
S.1 16.2 13700
S4 3.5 15.0 650
3.1 154 13700
S2 4.6 14.6 692
4.1 15.2 13600
6.8 72 7.5 603
6.9 7.5 6.9 560
7.5 6.9 12638
7.5 6.5 6.8 684
74 7.7 5.8 638
7.7 5.8 12910
6.4 7.8 7.8 682
7.6 7.9 12910
6.6 9.8 5.3 518
9.6 6.2 4.2 479
6.2 11.5 4.7 788
11.3 4.8 11475
8.2 7.6 4.6 §75
74 4.8 11976
6.4 10.2 S.5 621
10.0 5.6 12000

)42

and compounds (¢ = 0.51 in methanol) 6b.>** All @y, are corrected for changes in refractive index. ° Energy transfer efficiency calculated by d1v1d1ng the
photoluminescence quantum yield obtained by irradiation in the aryl fragment by the yield obtained by direct excitation in the S; transition. 4 Calculated
using the following equations: k, = @ /g, ky, = (1 — Pg)/7g, assuming that the emitting state is produced with unit quantum efficiency.

situations. Similar observations were recently reported for F-Bodi-
pys bearing various aromatic substituents on the 3,5-positions.>®
Other spectroscopic characteristics are the broad bands observed
in the 350 420 nm window corresponding to the Sy—S, (77—7*)
transition®® of the boradiazaindacene. We have previously noted
that the S;—S, transition of extended Bodipys is not shifted sig-
nificantly by increasing the delocalization pathway.*” The poly-
aromatic fragments introduce strong 71—s* transitions with marked
vibronic structure at 320— 370 and 230—310 nm for pyrene,
250—340 nm for fluorene,® and 400—480 nm for perylene.*’
The absorption envelope in the 350—420 nm window of com-
pounds 7—11 and 15—22a can be analyzed as a superposition of
the separate absorptions of the boradiazaindacene and the polyaro-
matic fragments. This observation confirms that each module re-
mains isolated and that delocalization over the Bodipy core and
the polyaromatic fragments is not effective. This result is in keeping
with the absence of available orbitals on the boron(III) center.

4497

Excitation of all the compounds in the S;—S; transition pre-
sent in the 632—727 nm range leads to emission in the region
640—780 nm, and the small Stokes shifts observed indicate that
the fluorescence originates from a weakly polarized state in which
little reorganization is occurring (Figure 11b). The relatively high
quantum yield values observed for the red emitters decrease as
the emitting wavelength energy decreases, in keeping with the
energy gap law, from 65% for 6¢ to 16.5% for 6a (Table 4).*' The
fluorescence decay profiles can be described by a single expo-
nential fit, with fluorescence lifetimes in the range of 3—9 ns, a
result in accordance with a singlet excited state. In fact, the radiative
rate constants are much faster than the nonradiative rate constants
for compounds emitting below 680 nm, indicating minimal in-
teraction of the emitting state with an energetically low-lying
localized state (triplet, charge transfer states, or vibronic energy
loss) reflected in the high quantum yields. For compounds emitting
in the NIR region, the nonradiative rate constant is higher than the
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Figure 11. (a) Absorption spectra of 6a (black line), 8 (blue line), 15
(green line), and 14 (red line) in dichloromethane at rt. (b) Emission
spectra of 6a (black line), 8 (blue line), 15 (green line), and 14 (red line)
in dichloromethane at rt (excitation in the respective So—S; absorption
band, respectively, at 700, 660, 630, and 595 nm).

radiative one. No significant solvatochromic effect was observed
in the absorption and fluorescence spectra, confirming weak po-
larization of the ground and excited states which is also in keeping
with a singlet excited state.

For compounds 7—11, 15, 16, and 20—22, excitation in the
most intense absorption band of the polyaromatic fragments
(250—470 nm range) did show weak residual emission of the
polycyclic fragments and the characteristic emission of the boradia-
zaindacene core (Figure 12 and Figures S67, S69, $74, and S76—82,
Supporting Information). In all cases, the fluorescence excitation
spectra match the absorption spectra, confirming a very efficient
energy transfer from the polyaromatic parts to the indacene emitter
(Figure 13 and Figure S64—S83, Supporting Information). The
quantum yield measurements are in agreement with an intramo-
lecular energy transfer efficiency of 70—100% (calculated by di-
viding the photoluminescence quantum yield obtained by irra-
diation in the aryl fragment by the yield obtained by direct excitation
in the S, transition). The efficiency of the energy transfer is likely
due to a good overlap of the Sy—S, band of the boradiazainda-
cene emitter with the emission band of the pyrene and fluorene
unit leading to a very efficient Forster-type energy transfer, as we
have greviously observed with the pyrene-substituted Bodipy
dyad" and polychromophoric systems based on the compound
6a skeleton bearing multiple phenyl-ethynyl-polyaromatic on the
boron center.* In the case of compound 9, a weak overlap between
perylene emission and Sy—S; transition takes place; the energy
transfer is less efficient and a residual emission of 4% of the
perylene could be observed (Figure 12b).

Compounds bearing the same antenna (e.g., pyrene in 7, 11,
and 16) on the boron form a model family of Red-NIR dyes
having a common excitation wavelength and different emission

a 140000 A

~ 120000 1

100000 A
80000 1
60000

Absorption (M'cm

300 500 700
Wavelength (nm)

140000 1

o

120000 1

100000 A

80000 1
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e (M'.cm™)
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0 -
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Figure 12. (a) Absorption (full lines) and emission spectra (dotted
lines, excitation in the high-energy polyaromatic band, 4 = 360 nm) of 7
(black), 11 (blue), and 16 (green) in dichloromethane, at rt. (b) Absorp-
tion (dark lines) and emission spectra (light lines, excitation in the high-
energy polyaromatic band) of 9 (black), 7 (blue), and 10 (green) in
dichloromethane, at rt.

band (Figure 12a). This interesting feature is maintained even
within the series of compounds possessing a benzoate group
(21) and for the product 22a of coupling to a primary amine.

B CONCLUSION

By using diisoindolomethene-based Bodipy dyes bearing various
substituents on the core (ethylthiophene, anisole, or phenyl rings),
we have been able to build efficient cassette systems after intro-
duction of 1-ethynylpyrene or 3-ethynylperylene units on the
boron center by means of Grignard reagents. The simultaneous
addition of two different carbanions during the substitution reaction
gave us the opportunity to construct several boron-centered hetero-
disubstituted systems. This has provided dyes with pyrene as a
high-energy input unit and an activated acid function allowing
grafting on various supports. Steric hindrance around the boron
center is a means of tuning the absorption and emissive proper-
ties. In particular, bulky groups tethered on the boron induce a
pronounced rotation of the substituents ortho to the nitrogen
atoms, reducing the delocalization pathway and resulting in a pro-
nounced hypsochromic shift of about 91 nm compared to the
difluoro starting material. The pyrene residue can be used as an
input energy module promoting very efficient intramolecular energy
transfer to the Bodipy subunit, which then emits the light ab-
sorbed by the pyrene. This is also true for perylene substituents.
In these two cases, Stokes shifts of around 13 000 and 8000 cm !,
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Figure 13. Absorption (blue line), emission (green line, A, 380 nm),
and excitation (red line, A, 780 nm) spectra of 20a.

respectively, were obtained. In the extreme case of a functiona-
lized fluorene, the value reached 17 500 cm™ .

Finally, these dyes are redox active, exhibiting reversible reduction
and oxidation to the radical cation and radical anion. In some
cases, further reduction to the dication and dianion is also readily
observed. To obtain red-NIR emitters suitable for biological label-
ing, the next step is to balance the hydrophobic character of these
new dyes by decoration with hydrophilic groups, such as the charged
groups recently used to obtain water-soluble Bodipys emitting in
the 500—600 nm window.** We are currently investigating dif-
ferent approaches to gain water solubility and thus emissive dyes
suitable for use in biological conditions and for bioconjugation to
vitamins, polypeptides, sugars, native or modified proteins, and
antibodies.

B EXPERIMENTAL SECTION

Ethyl 5-Ethylthiophene-2-carboxylate (1a): to a solution of
2-ethylthiophene (10.00 g, 89.13 mmol) in THF (70 mL) at —78 °C was
added dropwise n-butyllithium (65 mL, 97.50 mmol, 1.50 M in hexanes).
The solution was stirred for 1 h and added via a cannula to a solution of
ethyl chloroformate (9.7 mL, 106.96 mmol) in THF (50 mL). The mix-
ture was stirred at —78 °C for 1 h and quenched with a saturated solution
of NH,CI (100 mL). The aqueous layer was extracted with dichlor-
omethane. The organic extracts were washed with water and brine and
dried over magnesium sulfate. The solvent was removed by rotary evap-
oration. The residue was purified by chromatography on silica gel, eluting
with dichloromethane—cyclohexane (v/v 60/40) to give 14.71 g (89%)
of 1a as a colorless viscous liquid. "H NMR (200 MHz, CDCl3): 6 7.61
(d, 1H,°* = 3.6 Hz), 6.78 (dt, 1H, *] = 3.6 Hz, | = 1.1 Hz), 4.31 (q, 2H, *
J =73 Hz), 2.85 (q, 2H, *] = 7.3 Hz), 1.35 (t, 3H, °J = 7.3 Hz), 1.31
(t,3H, % = 7.3 Hz). *C NMR (50 MHz, CDCl;): 0 162.3,155.3, 133.5,
130.9, 124.4, 60.8, 23.8, 15.6, 14.3. ES-MS m/z (nature of the peak,
relative intensity) 185.2 ([M 4 H]™, 100), 140.2 ([M — OEt] ™, 20). Anal.
Calcd for CoH,0,S: C, 58.67; H, 6.56. Found: C, 58.41; H, 6.40%.

5-Ethylthiophene-2-carbohydrazide (2a): to a solution of 1a
(14.00 g, 75.98 mmol) in EtOH (30 mL) was added dropwise hydrazine
monohydrate (11 mL, 227.94 mmol). The mixture was refluxed for 12 h, and
then the solvent was removed by rotary evaporation. The residue was treated
with water and extracted with dichloromethane. The organic extracts were
washed with water and brine and dried over magnesium sulfate. The solvent
was removed by rotary evaporation. The residue was purified by recrystalli-
zation from warm cyclohexane to give 8.90 g (69%) of 2a as a white solid: mp
87—88 °C. "H NMR (200 MHz, CDCl;): 6 7.38 (d, 1H, *] = 3.6 Hz), 6.77
(dt, 1H,* = 3.6 Hz, *T = 1.1 Hz), 3.9 (s,2H), 2.85 (qd, 2H,*] = 7.3 Hz, ¥ =

1.1 Hz), 1.31 (t, 3H, ¥ = 7.3 Hz). >*C NMR (50 MHz, CDCl;): 0 163.5,
1532, 133.1,128.8, 124.3,23.6, 15.6. ES-MS m/z (nature of the peak, relative
intensity) 171.2 ([M + H]*, 100), 139.2 ([M — NHNH,] ", 20). Anal.
Caled for C-H,oN,08.2H,0: C, 40.76; H, 6.84; N, 13.58. Found: C, 40.55;
H, 6.77; N, 13.37%.

(E)-5-Ethyl-N'-(1-(2-hydroxy-4-methoxyphenyl)ethylidene)-
thiophene-2-carbohydrazide (3a): a mixture of 2a (2.90 g,
17.04 mmol) and 2-hydroxy-4-methoxyacetophenone (2.83 g, 17.04 mmol)
was stirred without solvent at 75 °C for 1 h. The resulting yellowish
solid was purified by recrystallization from a mixture of dichloromethane
and methyl alcohol to give 4.52 g (87%) of 3a as a white solid: mp
110—111 °C. "H NMR (200 MHz, CDCL): 6 9.18 (s, 1H), 7.52
(s, 1H), 7.29 (d, 1H, ] = 8.2 Hz), 6.72 (d, 1H, °] = 3.6 Hz),
6.43—4.34 (m, 2H), 3.75 (s, 3H), 2.80 (q, 2H, *J = 7.5 Hz), 2.31 (s,
3H),1.27 (, 3H, *J = 7.5 Hz). "*C NMR (50 MHz, CDCl;): 0 162.3,
161.1, 156.4, 154.4, 132.9, 132.2, 129.9, 129.0, 124.6, 112.5, 106.3,
101.8,55.3,23.7,15.6, 12.8. ES-MS m/z (nature of the peak, relative
intensity) 319.2 ([M + H]*, 100). Anal. Calcd for C;6H;gN,058.H,0:
C, 57.12; H, 5.99; N, 8.33. Found: C, 56.81; H, 5.73; N, 8.19%.

(5-ethyl-2-thienyl)(2-acetyl-5-methoxy-1-phenyl) ketone
(4a): to a solution of 3a (4.30 g, 14.15 mmol) in THF (150 mL) was
added slowly at 25 °C Pb(OAc), (7.52 g, 16.96 mmol). After 1 h the
solution was filtered, and the solvent was removed by rotary evaporation.
The residue was treated with water and extracted with dichloromethane.
The organic extracts were washed with water and brine and dried over
magnesium sulfate. The solvent was removed by rotary evaporation. The
residue was purified by chromatography on alumina, eluting with dichlor-
omethane—cyclohexane (v/v 40/60) to give 4.01 g (98%) of 4a as a
white solid: mp 69—70 °C. "H NMR (200 MHz, CDCl): 6 7.83 (d, 1H,
3] =8.6Hz),7.06 (d, 1H, %/ = 3.7 Hz), 6.98 (dd, 1H, *J = 8.6 Hz, *] = 2.5
Hz), 6.88 (d, 1H, 7] = 2.5 Hz), 6.72 (dd, 1H, *] = 3.7 Hz, *T = 0.8 Hz),
3.84 (s, 3H), 2.84 (q, 2H, >] = 7.3 Hz), 2.46 (s, 3H), 1.29 (t, 3H, ] = 7.8
Hz). *C NMR (50 MHz, CDCl,): 6 196.3, 189.3, 162.4, 157.6, 142.8,
141.4, 134.2, 131.8, 129.2, 124.7, 114.2, 113.6, 55.6, 27.0, 23.9, 15.3.
ES-MS m/z (nature of the peak, relative intensity) 289.1 ([M + H]™,
100). Anal. Calcd for C;¢H;405S: C, 66.64; H, 5.59. Found: C, 66.41;
H, 5.35%.

Compound 5a: to a solution of 4a (330 mg, 1.14 mmol) in acetic
acid (2.4 mL) and ethyl alcohol (12 mL) at 65 °C was added ammonium
acetate (536 mg, 6.87 mmol) and ammonium chloride (61 mg, 1.14 mmol).
The solution was then refluxed at 90 °C for 30 min. The solvent was re-
moved by rotary evaporation. The residue was treated with water and
extracted with dichloromethane. The organic extracts were washed with
water and dried over absorbent cotton. The solvent was removed by rotary
evaporation. The residue was purified by chromatography on silica gel,
eluting with dichloromethane to give 149 mg (50%) of Sa as a deep blue
solid: 166 °C (dec). "H NMR (400 MHz, CDCl,—CCl, (v/v 50/50)):
67.61 (d,2H, *] = 8.5 Hz), 7.46 (s, 2H), 7.21 (s, 2H), 7.06 (s, 1H), 6.86
(m, 4H), 3.91 (s, 6H), 2.98 (q, 4H, >J = 7.3 Hz), 1.46 (t, 6H, *] = 7.4 Hz).
13C NMR (100 MHz, CDCl;): & 158.1, 148.3, 140.1, 135.5, 133.8,
130.8, 129.7, 124.8, 124.7, 120.2, 117.2, 109.2, 102.4, 55.3, 24.0, 16.2.
UV—vis (CH,Cl,): 2 nm (g, M~ cm™") 359 (33000), 659 (48000).
ES-MS m/z (nature of the peak, relative intensity) 525.2 ([M + H]™,
100). Anal. Caled for C5;HagN,0,S, - H,O: C, 68.61; H, 5.57; N, 5.16.
Found: C, 68.33; H, 5.27; N, 5.03%.

Compound 3b: 4-Methoxyphenyl-1-carbohydrazide (2b) (4.00 g,
24.01 mmol) and 2-hydroxy-4-methoxyacetophenone (4.00 g, 24.01
mmol) were stirred in refluxing n-propanol overnight. After cooling,
the solid is filtered and recrystallized from boiling n-propanol, giving
5.10 g (67%) of pure 3b as a white solid. "H NMR (200 MHz, DMSO-
dg): 013.71 (s, 1H), 11.07 (s, 1H), 7.49 (ABsys, 4H, Jop = 9.0 Hz, VO zp=
170.3 Hz), 7.54 (d, 1H, ] = 9.3 Hz), 6.45—6.50 (m, 2H), 3.84 (s, 3H),
3.77 (s, 3H) 2.43 (s, 3H). *C NMR (50 MHz, d¢-DMSO): 0 163.5,
162.1,161.6, 160.7, 158.0, 129.9, 129.6, 124.9, 113.6, 112.7, 105.5, 101.5,
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554, 55.1, 13.9. IR (KBr): 3429, 3253, 2835, 1634, 1615, 1597, 1493,
1254, 1181, 1022, 830 cm ™. ES-MS m/z (nature of the peak, relative
intensity) 315.1 (M + H]", 100). Anal. Calcd for C;,H;gN,Oy4: C,
64.96; H, 5.77; N, 8.91. Found: C, 64.78; H, 5.55; N, 8.76%.

Compound 4b: to a solution of compound 3b (7.00 g, 22.27 mmol)
in THF (170 mL) was added slowly at 25 °C Pb(OAc), (11.84 g, 26.72
mmol). After 1 h the solution was filtered, the solid extracted with
dichloromethane, and the final organic layer evaporated to dryness. The
residue was extracted with dichloromethane and washed with water and
brine and dried over magnesium sulfate. The residue was purified by chro-
matography (alumina Act IV, dichloromethane/ cyclohexane 40:60) to
give 4.13 g (65%) of 4b as a white solid. "H NMR (300 MHz, CDCl,):
07.88 (d, 1H, *] = 8.7 Hz), 7.31 (ABsys, 4H, Jsp = 8.8 Hz, V0,5 = 248.0
Hz), 7.02 (dd, 1H, ] = 8.7 Hz, *] = 2.4 Hz), 6.85 (d, 1H, *] = 2.4 Hz),
3.88 (s,3H), 3.85 (s, 3H), 2.47 (s, 3H). ">*C NMR (75 MHz, CDCl,): 0
196.2,196.1,163.3, 162.7,143.9, 131.8, 131.3, 130.0, 129.2, 114.1, 113.6,
113.3, 55.6, 55.4, 26.7. IR (KBr): 2942, 2844, 1670, 1654, 1600, 1567,
1422, 1261, 1174, 1023, 823 cm™ '. ES-MS m/z (nature of the peak,
relative intensity) 285.1 ([M + H]™, 100). Anal. Calcd for C;;H;604:
C, 71.82; H, 5.67. Found: C, 71.67; H, 5.40%.

Compound 5b: to a solution of compound 4b (2.70 g, 9.5 mmol) in
acetic acid (60 mL) and methanol (120 mL) was added dropwise NH,OH
(35 mL). After addition completion, the solution was stirred at RT for
one day. The blue precipitate was filtered and then dissolved in chloro-
form. The blue organic solution was then washed with water (3 X 30 mL)
and dried over MgSO,. Chromatography (SiO,, dichloromethane) gave
Sb as a deep blue solid (1.30 g, 53%). "H NMR (300 MHz, CDCl;—CCl,
(v/v50/50)): 6 7.90 (br d, 4H,* = 7.9 Hz), 7.72 (br d, 2H, *] = 8.8 Hz),
7.22—7.29 (brs, 3H),7.07 (d, 4H, *J = 8.8 Hz), 6.96 (dd, 2H, *] = 8.7 Hz,
*T'=2.2Hz), 3.93 (s, 6H), 3.90 (s, 6H). >*C NMR (75 MHz, CDCl;—
CCl, (v/v 50/50)): 6 157.7, 128.7, 128.6, 120.2, 116.9, 114.6, 102.5,
55.5, 55.4. ES-MS m/z (nature of the peak, relative intensity) $17.2 ([M +
H]", 100). Anal. Caled for C33H,sN,O4: C, 76.73; H, 5.46; N, 5.42.
Found: C, 76.53; H, 5.20; N, 5.37%.

Compound 5c¢: to a solution of 4¢** (10.00 g, 44 mmol) in acetic
acid (200 mL) and methanol (400 mL) was added dropwise concentrated
aqueous ammonia (100 mL). After addition was complete, the solution
was stirred at RT for one day, while the solution turned progressively deep
blue. The blue precipitate was filtered and then dissolved in chloroform.
The blue organic solution was then washed with water (3 x 30 mL) and
dried over MgSO,. Chromatography (SiO,, chloroform) gave Sc as a
deep blue solid (6.50 g, 74%). "H NMR (300 MHz, CDCl): 4 8.01—8.06
(m, 6H), 7.92 (d, 2H, %] = 8.1 Hz), 7.59—7.54 (m, SH), 7.47—7.43
(m, 2H), 7.38—7.35 (m, 2H), 7.32—7.29 (m, 2H). *C NMR (75 MHz,
CDCL): & 146.8, 1362, 133.8, 133.3, 129.2, 129.1, 128.6, 127.5, 126.2,
124.8, 119.2, 1112, 111.8. ES-MS m/z (nature of the peak, relative in-
tensity) 397.2 ([M + H]™, 100). Anal. Caled for C,oH,N,: C, 87.85; H,
5.08; N, 7.07. Found: C, 87.77; H, 4.99; N, 6.98%.

General Procedure Following Experimental Conditions 1
to Produce the BODIPY 6a—c. To a solution of compounds Sa—c
in anhydrous dichloromethane were added dropwise successively N,N-
diisopropylethylamine and boron trifluoride-diethyl etherate. The mix-
ture was stirred at room temperature until the complete consumption of
the starting material (determined by TLC), and then water was added.
The organic extracts were washed with water and dried over hydrophilic
cotton. The solvent was removed by rotary evaporation. The residue was
purified by chromatography on silica gel, eluting with dichloromethane

Compound 6a. Compound Sa (880 mg, 1.68 mmol), anhydrous di-
chloromethane (110 mL), N,N-diisopropylethylamine (650 mg, 5.03 mmol),
and boron trifluoride-diethyl etherate (1.43 g, 10.06 mmol). 773 mg (81%)
of compound 6a was obtained as a deep green solid: mp 277—-278 °C.
"H NMR (400 MHz, CDCl;—CCl, (v/v 50/50)): 0 7.85 (s, 2H), 7.64
(d, 2H, *] = 9.0 Hz), 7.39 (s, 1H), 7.29 (s, 2H), 6.98 (m, 4H), 3.86 (s,
6H),2.98 (q,4H, %] =7.5Hz), 143 (t,6H, >/ = 7.5 Hz). "*C NMR (100 MHz,

CDCl,—CCl, (v/v 50/50)): & 158.3, 151.6, 132.0, 131.4, 129.8, 128.9,
125.1, 1208, 1202, 103.1, 55.5, 23.7, 15.6. "'B NMR (128 MHz, CDCl,—
CCly (v/v50/50)): 5.15 (s). UV—vis (CH,CL,): Anm (&, M~ cm™ ') 353
(29000), 380 (25000), 650 (sh, 21000), 727 (90000). ES-MS m/z (nature
of the peak, relative intensity) 573.2 ([M + H] ™", 100), 534.2 ([M — 2F] ™,
35). Anal. Caled for C3,Hy,BF,N,0,8,: C, 65.04; H, 4.75; N, 4.89. Found:
C, 64.92; H, 4.62; N, 4.74%.

Compound 6b. Compound 5b (0.70S g, 1.37 mmol), anhydrous di-
chloromethane (150 mL), N,N-diisopropylethylamine (0.7 mL, 4.11 mmol),
and boron trifluoride-diethyl etherate (1 mL, 11.62 mmol). 700 mg
(88%) of compound 6b was obtained as deep blue needles. '"H NMR
(300 MHz, CDCly—CCl, (v/v 50/50)): 6 7.90 (br d, 4H, ] = 7.9 Hz),
7.72 (br d, 2H, %] = 8.9 Hz), 7.28 (br s, 3H), 7.06 (d, 4H, ] = 8.9 Hz),
6.96 (dd, 2H, °] = 8.7 Hz, *] = 2.2 Hz), 3.93 (s, 6H), 3.91 (s, 6H). ''B
NMR (128 MHz, CDCl;—CCl, (v/v 50/50)): 5.00 (t, ] = 31.9 Hz).
UV—vis (CH,CL): A nm (¢, M~ ' em ™), 367 (19200), 679 (89800).
ES-MS m/z (nature of the peak, relative intensity) 565.2 ([M + H]™,
100), 545.2 (M — F]*, 25), 5262 ([M —2F]%, 5). Anal. Calcd for
C33H,,BE,N,O,: C, 70.23; H, 4.82; N, 4.96. Found: C, 70.07; H, 4.72;
N, 4.80%.

Compound 6¢. Compound 5c (2.00 g, 5.04 mmol), anhydrous dichlor-
omethane (50 mL), N,N-diisopropylethylamine (2.6 mL, 14.92 mmol), and
boron trifluoride-diethyl etherate (1.9 mL, 14.92 mmol). 1.40 g (63%) of
compound 6¢ was isolated as a deep blue solid. "H NMR (200 MHz,
CDCl,): 6 7.92 (d, 2H, *] = 8.0 Hz), 7.80—7.85 (m, 4H), 7.63 (d, 2H, *
J = 8.4 Hz), 7.43—7.50 (m, 9H), 7.21—7.28 (m, 2H). *C NMR (75
MHz, CDCL): 6 151.7, 134.2, 131.0, 130.6, 130.2, 129.5, 129.0, 128.2,
125.3, 123.7, 118.9, 114.8. ''B NMR (128 MHz, CDCl,): 5.10 (t, J =
31.6 Hz). UV—vis (CH,CL,): A nm (g, M~ em™") 299 (30000),
340 (21700), 641 (103700). ES-MS m/z (nature of the peak, relative
intensity) 445.2 ([M + H]™, 100), 425.2 ([M — F]*, 25). Anal. Calcd
for CooH,oBE,N,: C, 78.40; H, 4.31; N, 6.31. Found: C, 78.19; H, 4.15;
N, 6.20%.

General Procedure Following Experimental Conditions 2
for the Fluoro Substitution Leading to Compounds 7—16. A
Schlenk flask was charged with the ethynyl derivative (2.4 equiv) and
anhydrous THF. A solution of ethylmagnesium bromide (2.2 equiv, 1 M
in THF) was then added dropwise, and the mixture was stirred at 50 °C
for 2 h. The mixture was then added at 25 °C via a cannula to a solution
of difluoroborate complex (lequiv) in anhydrous THF. The mixture was
stirred at 70 °C for 16 h, and the solvent was removed by rotary evaporation.
The residue was treated with water and extracted with dichloromethane.
The organic extracts were washed with water and dried over MgSO,. The
solvent was removed by rotary evaporation. The residue was purified by
chromatography.

Compound 7. Prepared following experimental conditions 2; from 6a
(50 mg, 0.09 mmol), 4-ethynylpyrene (69 mg, 0.31 mmol), EtMgBr
(0.26 mL, 0.26 mmol, 1 M in THF), THF (8 mL); chromatography on
silica gel, eluting with dichloromethane—cyclohexane (v/v 40/60) to give
41 mg (46%) of 7 as a green solid: 162 °C (dec). "H NMR (400 MHz,
CDCl;—CCl, (v/v 50/50)): 8.55 (d, 2H, *T = 3.6 Hz), 8.35 (d, 2H, *] =
9.2 Hz), 8.10 (m, 4H), 7.99—7.93 (m, 10H), 7.82 —7.76 (m, SH), 7.41
(s,2H),7.06 (dd, 2H, °J = 8.0 Hz, *T = 2.4 Hz), 6.91 (d, 2H, *J = 3.6 Hz),
3.92 (s, 6H), 2.75 (q, 4H, *] = 7.4 Hz), 1.08 (t, 6H, *] = 7.4 Hz). °C
NMR (100 MHz, CDCl,—CCl, (v/v 50/50)): 1582, 151.2, 143.1,
133.6,132.4,132.0, 131.4, 130.5, 130.4, 129.9, 128.7, 127.6, 127.5, 127 4,
127.3, 126.8, 125.9, 125.0, 124.9, 124.62, 124.57, 124.5, 124.2, 1204,
120.2, 119.9, 112.8, 102.9, 98.1, 55.5, 23.6, 15.5. ''B NMR (128 MHz,
CDCl;—CCl, (v/v 50/50)): —6.25 (s). UV—vis (CH,Cl,): A nm
(5 M' am™') 248 (127000), 275 (94000), 286 (135000), 351
(108000), 370 (141000), 661 (33000), 719 (91500). ES-MS m/z (nature
of the peak, relative intensity) 985.1 ([M + H]", 100), 7592 ([M —
ethynylpyrene] ™, 15). Anal. Calcd for C¢;H,sBN,O,S,: C, 81.49; H, 4.60;
N, 2.84. Found: C, 81.46; H, 4.28; N, 2.68%.
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Compound 8. Prepared following experimental conditions 2; from 6a
(60 mg, 0.10 mmol), 4-ethynyltoluene (43 mg, 0.37 mmol), EtMgBr
(0.31 mL, 0.31 mmol, 1 M in THF), THF (8 mL); chromatography on
silica gel, eluting with dichloromethane—cyclohexane (v/v 40/60) to
give 50 mg (62%) of 8 as a green solid: 234 °C (dec). '"H NMR
(400 MHz, CDCl,—CCl, (v/v 50/50)): 8.32 (d, 2H, ¥ = 3.6 Hz), 7.61
(m, 3H), 7.20 (m, 2H), 7.02—6.84 (m, 12H), 3.84 (s, 6H), 2.99 (q, 4H,
3]=7.4Hz),2.28 (s,6H), 1.42 (t,6H, *J = 7.4 Hz). >*C NMR (100 MHz,
CDCL—CCl, (v/v 50/50)): 157.8, 150.3, 142.7, 136.6, 1333, 132.1,
1315, 130.5, 128.5, 1274, 1247, 122.4, 119.9, 119.8, 113.1, 1024,
98.5,55.3,23.7,21.5,15.9. "'B NMR (128 MHz, CDCl;—CCl, (v/v 50/
50)): —7.29 (s). UV—vis (CH,CL): A nm (& M~ " em ™) 257 (101000),
267 (102000), 350 (24000), 380 (23000), 645 (26000), 709 (90500).
ES-MS m/z (nature of the peak, relative intensity) 765.2 ([M -+ H] ™, 100),
6492 ([M — ethynyltoluene] *, 25). Anal. Caled for C4oH,4,BN,0,S,: C,
76.95; H, 5.40; N, 3.66. Found: C, 76.70; H, 5.12; N, 3.46%.

Compound 9. Prepared following experimental conditions 2; from 6a
(50 mg, 0.09 mmol), 3-ethynylperylene (72 mg, 0.26 mmol), EtMgBr
(0.22 mL, 0.22 mmol, 1 M in THF), THF (8 mL); chromatography on
silica gel, eluting with ethylacetate—cyclohexane (v/v 15/85) to give 28 mg
(29%) of 9 as a dark green solid: mp >3350 °C. "H NMR (400 MHz,
CDCl;—CCl, (v/v 50/50)): 8.37 (d, 2H, *T= 3.6 Hz), 8.10 (d, 4H, *] =
72 Hz),8.05 (d,2H, > = 7.2 Hz), 7.95 (m, 4H), 7.75 (d, 2H, *] = 8.4 Hz),
7.67 (s, 1H), 7.59 (m, 4H), 7.42—7.33 (m, 8H), 7.30 (d, 2H, *] = 8.0 Hz),
7.00 (dd, 2H, *] = 8.0 Hz, *] = 2.0 Hz), 6.87 (d, 2H, *] = 3.6 Hz), 3.87
(s, 6H), 2.77 (q, 4H, *] = 7.4 Hz), 1.14 (t, 6H, ] = 7.4 Hz). >*C NMR
(100 MHz, CDCL,—CCl, (v/v 50/50)): 158.2, 151.1, 1432, 135.0,
134.8,133.4, 132.4, 131.6, 131.3, 131.2, 130.8, 130.5, 130.4, 128.8,128.7,
128.6, 127.8,127.7, 127.5, 126.6, 124.5, 122.8, 120.4, 120.22, 120.17, 119.8,
119.6,112.6,102.8,97.6, 55.5,23.7, 15.6. "'B NMR (128 MHz, CDCl,—
CCl, (v/v50/50)): —6.40 (s). UV—vis (CH,Cl,): Anm (¢, M~ ' em™ ")
259 (192000), 436 (97000), 465 (120000), 660 (26000), 721 (82500).
ES-MS m/z (nature of the peak, relative intensity) 1085.2 ([M + H]™,
100). Anal. Caled for C;sH,0BN,0,S,: C, 83.01; H, 4.55; N, 2.58. Found:
C, 82.90; H, 4.28; N, 2.43%.

Compound 10. Prepared following experimental conditions 2; from
6a (50 mg, 0.09 mmol), 9,9-dibutyl-3-ethynyl-9H-fluorene (80 mg,
0.26 mmol), EtMgBr (0.22 mL, 0.22 mmol, 1 M in THF), THF (8 mL);
chromatography on silica gel, eluting with ethylacetate—cyclohexane
(v/v 4/96) to give 75 mg (76%) of 10 as a green solid: 147 °C (dec). "H
NMR (400 MHz, CDClL,—CCl4 (v/v 50/50)): 8.34 (d, 2H, *J =
4.0 Hz), 7.69—7.60 (m, SH), 7.48 (d, 2H, *] = 8.0 Hz), 7.26 (m, 8H),
7.11 (m, 6H), 6.92 (dd, 2H, ] = 8.0 Hz, *] = 2.0 Hz), 3.90 (s, 6H), 3.07
(q, 4H, ] = 7.4 Hz), 1.97—1.84 (m, 8H), 1.49 (t, 6H, °] = 7.4 Hz),
1.10—1.01 (m, 8H), 0.67 (t, 12H, %] = 7.4 Hz), 0.62—0.48 (m, 8H). °C
NMR (100 MHz, CDCl;—CCl, (v/v 50/50)): 158.0, 150.8, 150.4, 150.1,
142.9, 141.0, 140.1, 133.1, 132.3, 1309, 130.8, 128.6, 127.5, 127.1, 126.9,
125.5, 124.5, 124.0, 122.7, 120.0, 119.9, 119.1, 113.2, 102.5, 99.3, 55.3, 54.9,
40.5,26.0,23.9,233,16.0, 14.1. "'B NMR (128 MHz, CDCl,/CCl, (v/v 50/
50)): =743 (s). UV—vis (CH,CL,): A nm (& M~ em™ ") 298 (110000),
323 (136000), 380 (24000), 650 (30000), 710 (95000). ES-MS /2 (nature
of the peak, relative intensity) 1137.2 ([M + H] ™, 100), 835.2 ([M — 9,9-
dibutyl-3-ethynyl-9H-fluorene] *,25). Anal. Caled for C,-H-BN,0,S,: C,
81.31; H, 6.82; N, 2.46. Found: C, 81.11; H, 6.61; N, 2.16%.

Compound 11. Prepared following general conditions 2; from 6b
(50 mg, 0,09 mmol), 1-ethynylpyrene (60 mg, 0.26 mmol), EtMgBr
(0,24 mL 1 M dans THF, 0,24 mmol), THF (8 mL); chromatography
(silica gel, cyclohexane/dichloromethane, 60:40) 11 (35 mg, 41%) as a
blue solid. "H NMR (CDCl;—CCl, 50/50, 200 MHz): 8.36 (d, 2H, *] =
9.2 Hz,), 8.13 (m, 8H), 8.05—7.94 (m, 10H), 7.86—7.78 (m, SH), 7.03
(dd, 2H, ] = 8 Hz, “J = 2 Hz), 6.86 (m, 2H), 6.69 (m,4H), 3.76 (s, 6H),
3.19 (s, 6H). >*C NMR (CDCl;/CCl, 50/50, 75 MHz): 160.1, 157.9,
150.7, 132.5, 132.2, 132.1, 131.51, 131.49, 130.5, 129.6, 128.9, 127.6,
127.5,127.4,127.0,126.6, 126.0, 125.1, 125.0, 124.7, 124.6, 124.2, 120.5,

119.8, 102.1, 97.7, 55.35, 54.6. ''B NMR (CDCl;/CCl, 50/50, 128
MHz): —6.65 (s). UV—vis (CH,CL,) A nm (¢, M' em™ ') = 667
(88500), 618 (27000 sh), 371 (111000), 350 (88500), 286 (175000),
275 (152000), 248 (135000). ES-MS m/z (nature of the peak, relative
intensity) 977.3 ([M + H] ™, 100), 712.3 ([M — ethynylpyrene]™, 45).
Anal. Calcd for CgoHysBN,Oy: C, 84.83; H, 4.64; N, 2.87. Found: C,
84.67; H, 4.42; N, 2.57%.

Compound 12. Prepared following general procedure 2; from 6b
(46 mg, 0.08 mmol), 4-ethynyltoluene (41 mg, 0,35 mmol), EtMgBr
(0.30 mL 1 M dans THF, 0,30 mmol), THF (S mL); chromatography
(silica gel, dichloromethane/cyclohexane, 30:70) gave SO mg (62%) of
8 as a blue solid: 234 °C (dec). "H NMR (DMSO-dg, 200 MHz): 8.54 (s,
1H), 8.13—8.05 (m, 6H), 7.24—7.12 (m, 6H), 6.88 (m, 2H), 6.86 (AB,y,,
8H, Jap = 7.9 Hz, vO,5 = 52.9 HZ), 3.81 (s, 6H), 3.77 (s, 6H), 2.23 (s,
6H), *C NMR (Cy¢Dg, 75 MHz): 160.7, 158.5, 150.5, 136.9, 1332,
132.7,132.1, 129.3, 128.8, 128.3, 127.6, 1274, 126.9, 125.9, 123.1, 120.7,
1202, 114.9, 114.0,107.1, 102.4,99.3, 55.0, 54.9,21.0. "'B NMR (CDCl,
128 MHz): —6.87 (s). UV—vis (CH,CL,) A nm (¢, M ' cm™ ") = 666
(85000), 363 (19000), 268 (99000). ES-MS m/z (nature of the peak,
relative intensity) 757.2 ([M -+ H]™, 100). Anal. Calcd for C;Hy BN,O,:
C, 80.95; H, 5.46; N, 3.70. Found: C, 80.72; H, 5.21; N, 3.42%.

Compound 13. Prepared following general procedure 2; from 6¢
(100 mg, 0.22 mmol), 1-ethynyltoluene (104 mg, 0.90 mmol), EtMgBr
(041 mL, 041 mmol, 1 M in THF), THF (8 mL); chromatography (silica
gel, dichloromethane/cyclohexane, 30:70 to 50:50) gave 8 as a blue,
crystalline powder (60 mg, 42%). "H NMR (CDCl, 300 MHz): 8.2, (d,
4H, ] = 6.6 Hz), 7.96 (d, 2H, ] = 6.0 Hz), 7.92 (s, 1H), 7.61—7.39 (m,
11H), 7.22—7.18 (m, 1H), 6.88 (ABsys, 8H, Jap = 8.0, ¥0, = 24.3 Hz),
2.27 (s, 6H). *C NMR (CDCls, 75 MHz): 151.2, 136.8, 133.7, 132.4,
131.3,130.9,130.3,128.3,128.1, 127.7, 127.6, 124.6, 123.0, 122.4, 121.7,
1184, 115.8, 98.6, 21.3. ''B NMR (CDCls, 128 MHz): —7.14(s).
UV—vis (CH,Cl,) A nm (g, M~' em™") = 632 (82500), 588 (27000
sh), 269 (12000). ES-MS m/z (nature of the peak, relative intensity)
637.1 (M +H]", 100). Anal. Calcd for C4,H33BN,: C, 88.68; H, 5.23;
N, 4.40. Found: C, 88.40; H, 4.95; N, 4.18%.

Compound 14. To a solution of 6a (50 mg, 0.09 mmol) in THF
(6 mL) was added at 25 °C a solution of ethylmagnesium bromide 1 M
in THF (0.22 mL, 0.22 mmol). The mixture was stirred for S min. The
solvent was removed by rotary evaporation. The residue was treated with
water and extracted with dichloromethane. The organic extracts were
washed with water and then brine and dried over absorbent cotton. The
solvent was removed by rotary evaporation. The residue was purified by
chromatography on silica gel, eluting with dichloromethane—cyclohexane
(v/v 60/40) to give 35 mg (68%) of 14 as a deep blue solid:
257—258 °C. '"H NMR (200 MHz, CDCl;—CCl, (v/v 50/50)):
7.84—7.78 (m, 3H), 7.10—7.03 (m, 4H), 6.81 (s, 4H), 3.87 (s, 6H),
2.91(q,4H,%]=7.5Hz), 1.37 (, 6H, > = 7.5 Hz),0.70 (q, 4H,*] = 7.5 Hz),
0.35 (t, 6H, *J = 7.5 Hz). *C NMR (100 MHz, CDCl;—CCl, (v/v 50/
50)): 157.8, 150.0, 141.4, 133.9, 130.2, 130.0, 128.5, 127.2, 123.0, 119.2,
119.1, 115.9, 101.5, 96.2, 55.6, 23.5, 15.7, 9.3. "B NMR (128 MHz,
CDCI;—CCly (v/v 50/50)): 8.63 (br s). UV—vis (CH,Cl,): A nm
(e, M ' em ™) 240 (48000), 300 (19000), 360 (13000), 595 (24000),
640 (90000). ES-MS m1/z (nature of the peak, relative intensity) 593.2
(IM+H]",100),563.1 (M — Et] ", 20). Anal. Calcd for C3sH3,BN,O,S,:
C, 70.93; H, 6.29; N, 4.73. Found: C, 70.65; H, 6.02; N, 4.55%.

Compound 15. Prepared following experimental conditions 2; from
6a (50 mg, 0.09 mmol), 4-ethynylpyrene (24 mg, 0.10 mmol), EtMgBr
(0.21 mL, 0.21 mmol, 1 M in THF), THF (8 mL); chromatography on
silica gel, eluting with dichloromethane—cyclohexane (v/v 30/70) to
give 19 mg (28%) of 15 as a green solid: 227 °C (dec). "H NMR
(400 MHz, CDCl;—CCl, (v/v 50/50)): 8.47 (1H, °] = 8.6 Hz,), 8.12
(m, 2H), 8.02—7.90 (m, 6H), 7.82 (d, 2H, *] = 9.6 Hz), 7.78 (s, 1H),
7.70 (d, 2H, *] = 3.2 Hz), 7.06 (m, 4H), 6.72 (d, 2H, *] = 3.2 Hz), 3.84
(s,6H),2.73 (q,4H, > =7.4 Hz), 1.14 (t, 6H, *] = 7.4 Hz), 1.04 (q, 2H, ]
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=7.8Hz),0.34 (t, 3H, >] = 7.8 Hz). >*C NMR (100 MHz, CDCl,—CCl,
(v/v 50/50)): 158.0, 150.6, 142.7, 133.0, 131.9, 131.7, 131.5, 1314,
130.2,130.1, 129.6, 128.0, 127.4, 127.3, 126.9, 125.9, 124.9, 124.8, 124.7,
124.6, 124.3, 123.6, 121.1, 119.8, 119.5, 114.4, 102.3, 98.4, 55.5, 23.4,
14.4, 8.9. "B NMR (128 MHz, CDCl;—CCl, (v/v 50/50)): 1.07 (s).
UV—vis (CH,CL,): A nm (¢, M~ ' cm™") 276 (144000), 286 (148000),
351 (54500), 370 (64000), 681 (71500). ES-MS m/z (nature of the peak,
relative intensity) 789.2 ([M -+ H] ", 100). Anal. Calcd for Cs;Hy BN, O5S,:
C, 77.65; H, 5.24; N, 3.55. Found: C, 77.40; H, 5.05; N, 3.38%.

Compound 16. Prepared following experimental conditions 2; from
6¢c (100 mg, 0.225 mmol), l-ethynylpyrene (51 mg, 0.225 mmol),
EtMgBr (0.20 mL, 2.2 M in THF, 0.45 mmol), THF (2 mL); chroma-
tography (silica gel, dichloromethane/petroleum ether 30:70), followed
by a recrystallization in a dichloromethane/cyclohexane mixture, gave 8 as
deep blue crystalline needles (60 mg, 40%). "H NMR (CDCls, 400 MHz):
8.36 (d, 1H, *] = 9.1 Hz), 8.19—8.14 (m, 2H), 8.09 (s, 1H), 8.06—7.82
(m, 12H), 7.52—7.37 (m, 2H), 7.29—7.17 (m, 10H), 0.57 (q, 2H, *] =
7.2Hz),029 (t, 3H, *J = 7.3 Hz). *C NMR (C¢Ds, 75 MHz): 151.6,133.8,
133.1, 132.5, 1319, 1319, 1309, 130.1, 129.1, 128.7, 127.6, 127.1, 127.0,
1262, 1255, 1254, 1253, 1252, 124.8, 123.1, 121.2, 1187, 117.3, 98.0,
27.3,8.7."'B NMR (CDCL; 128 MHz): 1.09 (s) . FAB' m/z: 660.6 ([M
+H]", 40), 631.5 ([M — Et, 100] "), 4354 ([M—pyr-=-, 25]". UV—vis
(CH,CL) A nm (e, M~' em™") = 614 (78300), 574 (24000 sh), 370
(42000), 351 (37400). ES-MS m/z (nature of the peak, relative intensity)
6612 ([M + H]™, 100), 631.2 ([M — ethyl]™, 10). Anal. Calcd for
CaoH33BN,: C, 89.09; H, 5.04; N, 4.24. Found: C, 88.72; H, 4.75; N, 4.07%.

Preparation of Compound 17. To a solution of 4-iodobenzoyl-
chloride (3.50 g, 13.13 mmol) in anhydrous dichloromethane (100 mL)
was added dropwise 2-amino-2-methylpropanol (2.22 g, 24.96 mmol).
The solvent was removed by rotary evaporation to afford an amide.
Thionyl chloride (15 mL, 0.20 mol) was then slowly added, and the
resulting solution was stirred for 30 min at 25 °C. The thionyl chloride
was removed in vacuo, and water (250 mL) was added. The solution was
made basic with 25% NaOH and extracted with ether. The organic extracts
were washed with water and then brine and dried over magnesium sulfate.
The solvent was removed by rotary evaporation. The residue was purified by
chromatography on alumina, eluting with dichloromethane—cyclohexane
(v/v10/90) to give 3.51 g (88%) of 17 as a white solid: mp 59—60 °C.
'H NMR (200 MHz, CDCl,): 8 7.60 (AB, 4H, “] = 8.3 Hz, 0 o5 = 16.9
Hz), 4.00 (s, 2H), 1.28 (s, 6H). *C NMR (50 MHz, CDCl;): § 161.1,
137.2, 129.6, 127.3, 97.9, 79.0, 67.5, 28.2. ES-MS m/z (nature of the
peak, relative intensity) 302.1 ([M + H] ™, 100). Anal. Calcd for C,,H,;,INO:
C, 43.87; H, 4.02; N, 4.65. Found: C, 43.60; H, 3.74; N, 4.43%.

Preparation of Compound 18. To a solution of 17 (1.50 g,
4.95 mmol) in THF (10 mL) and diisopropylamine (4 mL) were added
Cul (59 mg, 0.30 mmol) and PdCL,(PPh;), (208 mg, 0.30 mmol). The
solution was argon-degassed for 30 min, and then ethynyltrimethylsilane
(736 mg, 7.42 mmol) was added. The solution was stirred for 6 h. The
solvent was removed by rotary evaporation. The residue was treated with
water and extracted with dichloromethane. The organic extracts were
washed with water and then brine and dried over magnesium sulfate. The
solvent was removed by rotary evaporation. The residue was purified by
chromatography on alumina, eluting with dichloromethane—cyclohexane
(v/v 10/90) to give 1.33 g (98%) of 18 as a white solid: mp 92—93 °C.
"H NMR (200 MHz, CDCl,): 8 7.63 (AB, 4H, “] = 8.5 Hz, V0 o5 = 75.2
Hz), 4.03 (s, 2H), 1.32 (s, 6H), 0.21 (s, 9H). *C NMR (50 MHz,
CDCL): 0 161.4, 131.7, 127.9, 127.8, 125.8, 104.4, 96.5, 79.0, 67.6, 28
.3, —0.2. ES-MS m/z (nature of the peak, relative intensity) 272.2 ([M +
H]*, 100). Anal. Caled for C,¢H,,NOSi: C, 70.80; H, 7.80; N, 5.16.
Found: C, 70.69; H, 7.70; N, 5.04%.

Preparation of Compound 19. To a solution of 18 (1.25 g
4.61 mmol) in THF (20 mL) was added a solution of K,CO; (3.19 g,
23.03 mmol) in water (10 mL) and methyl alcohol (3 mL). The mixture
was stirred for 1 h. The solvent was removed by rotary evaporation. The

residue was treated with water and extracted with dichloromethane. The
organic extracts were washed with water and then brine and dried over
magnesium sulfate. The solvent was removed by rotary evaporation. The
residue was purified by chromatography on alumina, eluting with dichl-
oromethane—cyclohexane (v/v 10/90) to give 0.91 g (99%) of 19 as a
white solid: mp 77—78 °C. "H NMR (200 MHz, CDCLy): 8 7.70 (AB,,
4H, “B] = 8.6 Hz, vO,5 = 74.7 Hz), 4.10 (s, 2H), 3.17 (s, 1H), 1.38
(s, 6H). *C NMR (50 MHz, CDCl;): 0 161.4, 132.0, 128.2, 128.1,
124.8, 83.1, 79.2, 79.1, 67.7, 28.4. ES-MS m/z (nature of the peak,
relative intensity) 200.1 ([M + H]™, 100). Anal. Caled for C;3H,;3NO:
C, 78.36; H, 6.58; N, 7.03. Found: C, 78.24; H, 6.42; N, 6.92%.

General Procedure Following Experimental Conditions 3
for the Fluoro Substitution by Two Diffrenet Alkyne Moi-
eties Leading to Compounds 20a—c. Two Schlenk flasks were,
respectively, charged with 19, THF (6 mL), and 4-ethynylpyrene, THF
(6 mL). A solution of ethylmagnesium bromide in THF was then added
dropwise in each Schlenk flask, and the mixtures were stirred at 50 °C for
2 h. These mixtures were then added successively at 25 °C via a cannula
to a solution of dibenzopyrrometheneboron difluoride in anhydrous THF.
The mixture was stirred at 70 °C for 16 h, and the solvent was removed
by rotary evaporation. The residue was treated with water and extracted
with dichloromethane. The organic extracts were washed with water and
dried over absorbent cotton. The solvent was removed by rotary evapora-
tion. The residue was purified by chromatography on silica gel.

Compound 20a. Prepared following experimental conditions 3;
from 19 (90 mg, 0.45 mmol), THF (6 mL), 4-ethynylpyrene (102 mg,
0.45 mmol), THF (6 mL), ethylmagnesium bromide (0.42 mL, 0.42 mmol,
1 Min THF), and 6a (200 mg, 0.35 mmol) in anhydrous THF (15 mL);
chromatography on silica gel, eluting with dichloromethane—cyclohexane
(v/v85/15) to dichloromethane—cyclohexane (v/v80/20) to give 146 mg
(43%) of 20a as a green solid: 162 °C (dec). '"H NMR (400 MHz,
CDCl;—CCl, (v/v 50/50)): 8.36 (d, 2H, *T = 3.8 Hz), 8.23 (d, 1H, *] =
9.0 Hz), 8.08 (d, 2H, *] = 7.5 Hz), 7.98—7.90 (m, 5H), 7.77 (t, 3H, %] =
7.5Hz),7.71 (d, 2H, *] = 8.0 Hz), 7.66 (s, 1H), 7.36 (s, 2H), 7.10—7.04
(m, 4H), 6.94 (d, 2H, *] = 3.5 Hz), 4.05 (s, 2H), 3.89 (s, 6H), 2.87 (q,
4H,% =74Hz),1.36 (s, 6H), 1.27 (t,6H, *J = 7.4 Hz). *C NMR (100 MHz,
CDCI;—CCl, (v/v 50/50)): 161.8, 158.2, 151.0, 143.1, 133.4, 132.4,
131.9, 131.5, 131.4, 131.3, 130.5, 129.9, 128.7, 128.4, 127.7, 127.5, 127.4,
127.3, 1267, 126.3, 125.9, 125.02, 127.97, 124.6, 124.5, 124.1, 120.3,
120.2, 119.8, 112.7, 102.9, 98.7, 97.8, 79.1, 67.7, 55.5, 28.6, 23.7, 15.8.
"B NMR (128 MHz, CDCl;—CCl, (v/v 50/50)): —7.64 (s). UV—vis
(CH,CL): Anm (&, M~ " em™") 351 (65000), 371 (79000), 650 (20000),
710 (79000). ES-MS m/z (nature of the peak, relative intensity) 958.1
(IM+H]",100),732.2 ([M — 19]",20). Anal. Calcd for Cg,H4sBN30;S,:
C, 77.73; H, 5.05; N, 4.39. Found: C, 77.54; H, 4.73; N, 4.18%.

Compound 20b. Prepared following experimental conditions 3; from
19 (92 mg, 0.46 mmol), THF (3 mL), 1-ethynylpyrene (104 mg, 0.46
mmol), THF (3 mL), ethylmagnesium bromide (0.42 mL, 0.42 mmol, 1
M in THF), and 6b (200 mg, 0.35 mmol) in anhydrous THF (10 mL);
chromatography on silica gel, eluting with petroleum ether—dichloro-
methane (v/v 50/50) to give 185 mg (56%) of 20b as blue crystals. "H
NMR (CDCl;/CCl, 50/50, 300 MHz): 8.34 (d, 1H, ] = 9.0 Hz),
8.20—8.00 (m, 6H), 7.99—7.94 (m, SH), 7.85—7.74 (m, 6H), 7.06
(dd, 2H, *] = 8.8 Hz, *J = 2.2 Hz), 6.97—6.1 (d, 8H), 4.09 (s, 2H), 3.79
(s, 6H), 3.62 (s, 6H), 1.39 (s, 6H). *C NMR+ DEPT (CDCl,/
CCl, 50/50, 75 MHz): 161.9, 160.1, 157.7, 150.1, 132.5, 131.95, 131.9,
131.3, 1312, 131.1, 1304, 1294, 128.8, 128.1, 127.6, 127.5, 127.45,
1272, 126.5, 126.4, 1262, 1260, 125.1, 125.05, 125.0, 124.4, 1242, 120.3
(CH), 119.9, 119.8, 114.4, 113.5, 102.0, 98.9, 97.1, 79.1, 55.5, 55.2, 28.4.
UV—vis (CH,CL) A nm (¢, M em™ ) = 667 (93000), 368 (73200),
350 (60500), 286 (99000). ES-MS m/z (nature of the peak, relative
intensity) 950.2 ([M + H] ™, 100), 751.2 ([M — 19]™, 15). Anal. Calcd
for Ce4H,4sBN;Os: C, 80.92; H, 5.09; N, 4.42. Found: C, 80.77; H, 4.81;
N, 4.19%.
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Compound 20c. Prepared following experimental conditions 3; from
19 (175 mg, 0.88 mmol), THF (6 mL), 4-ethynylpyrene (199 mg, 0.88
mmol), THF (6 mL), ethylmagnesium bromide, (0.81 mL, 0.81 mmol, 1
M in THF), and 6¢ (300 mg, 0.675 mmol) in anhydrous THF (15 mL);
chromatography on silica gel, eluting with dichloromethane—cyclohexane
(gradient v/v 85/15 to 100/00) to give SO mg (9%) of 20c as a blue
powder. '"H NMR (400 MHz, CDCl;): 828 (d, 4H, *J = 9.0 Hz),
8.22—8.12 (m, 4H), 8.07 (s, 1H), 8.02—7.92 (m, 7H), 7.81 (d, 2H, *] =
7.9 Hz), 7.69—7.60 (m, 4H), 7.52—7.47 (m, 2H), 7.42—7.37 (m, 4H),
7.32—7.23 (m, SH), 6.75 (d, 2H, ] = 8.7 Hz), 4.07 (s, 2H), 1.36 (s, 6H).
13C NMR (100 MHz, CDCL,): 151.9, 134.3, 132.7, 132.4, 131.8, 131.6,
131.5,131.4, 130.9, 129.9, 129.4,129.2, 128.8, 128.2, 128.0, 127.9, 127.7,
127.6,126.7,126.6,126.3, 125.5, 125.4,125.2, 124.8, 124.7, 124.5, 123.6,
120.0, 118.8, 116.2, 104.0, 91.6, 79.5, 28.8. ''B NMR (128 MHz,
CDCly): —7.16 (s). UV—vis (CH,CL): A nm (¢, M~ cm™ ') 287
(79900), 350 (48300), 368 (52600), 634 (82900). ES-MS m/z (nature
of the peak, relative intensity) 830.2 ([M + H]*, 100), 631.2 ([M —
18]", 35). Anal. Caled for CgH,oBN5O: C, 86.85; H, 4.86; N, 5.06.
Found: C, 86.58; H, 4.72; N, 4.80%.

General Procedure Following Experimental Conditions 4
for the Hydrolysis of the Oxazoline Leading to Compounds
21a—c. To a solution of the dissymmetric bodipy (20a—c) in THF was
added H,SO, The mixture was stirred at 75 °C for 1 h and neutralized at
25 °C with a satured solution of NaHCO;. The solvent was removed by
rotary evaporation. The residue was treated with water and extracted with
dichloromethane. The organic extracts were washed with water and dried
over absorbent cotton. The solvent was removed by rotary evaporation to
give the corresponding amino ester. THF (40 mL) and a satured solution of
sodium methoxide in methyl alcohol (6 mL) were then added, and the
solution was stirred at 25 °C for 10 min. The mixture was neutralized with a
solution of H,SO4 3 M, and the solvent was removed by rotary evaporation.
The residue was treated with water and extracted with dichloromethane.
The organic extracts were washed with water and dried over absorbent
cotton. The residue was purified by chromatography on silica gel.

Compound 21a. Prepared following experimental conditions 4; from
20a (145 mg, 0.15 mmol), THF (40 mL), H,SO, (S mL, 3 M in water);
chromatography on silica gel, eluting with dichloromethane—cyclohexane
(v/v 50/50) to dichloromethane to give 112 mg (80%) of 21a as a green
solid: 132 °C (dec). "H NMR (400 MHz, CDCl;—CCl, (v/v 50/50)):
8.39 (d, 2H, ] = 3.8 Hz), 8.30 (d, 1H, %] = 9.1 Hz), 8.06 (m, 2H),
7.96—7.88 (m, SH), 7.81 (d, 1H, *J = 3.9 Hz), 7.66 (d, 2H, *] = 8.7 Hz),
7.62 (s, 1H), 7.50 (AByy, 4H, “*] = 8.5 Hz, v0 55 = 269.7 Hz), 7.28 (d,
2H, *T=2.5Hz),6.97 (d,2H, *J = 3.8 Hz), 6.93 (dd, 2H, *] = 4.3 Hz, ] =
1.0 Hz), 3.88 (s, 3H), 3.87 (s, 6H), 2.90 (q, 4H, * = 7.4 Hz), 1.29 (t, 6H,
3] = 7.4 Hz). "*C NMR (100 MHz, CDCl;—CCl, (v/v 50/50)): 166.3,
158.2,150.9, 142.9, 133.3, 132.3, 132.0, 131.5, 131.4, 131.3, 130.6, 130.5,
130.3, 129.8, 129.1, 128.6, 128.4, 127.59, 127.55, 127.51, 127.3, 126.6,
125.9, 125.0, 124.7, 124.6, 124.2, 120.3, 120.2, 119.8, 112.9, 102.6,
98.5, 98.0, 55.3, 51.9, 23.7, 15.8. "'B NMR (128 MHz, CDCl;—CCl,
(v/v 50/50)): —7.00 (s). UV—vis (CH,CL,): Anm (&, M~ ' em™ ") 351
(655000), 371 (79000), 650 (sh, 21000), 717 (83000). ES-MS m/z
(nature of the peak, relative intensity) 919.2 ([M 4 H]™, 100), 694.2
(IM — ethynylpyrene]™, 25). Anal. Calcd for CsoHy43BN,O,S,: C,
77.12; H, 4.72; N, 3.0S. Found: C, 77.02; H, 4.69; N, 2.84%.

Compound 21b. Prepared following experimental conditions 4; from
20b (105 mg, 0.11 mmol), THF (40 mL), H,SO,, (S mL, 3 M in water);
chromatography on silica gel eluting with dichloromethane/cyclohexane
(v/v 50/50) to give 67 mg (67%) of 21b as a blue solid. "H NMR
(CDCl,/CCl, 50/50, 400 MHz): 8.28 (d, 1H, *] = 9.0 Hz), 8.14—8.00
(m, 6H), 7.99—7.95 (m, SH), 7.82—7.79 (m, 6H), 7.14 (d, 2H, *] = 9.0
Hz), 6.93—6.90 (m, 8H), 3.89 (s, 3H), 3.81 (s, 6H), 3.59 (s, 6H). *C
NMR (100 MHz, CDCl;—CCl, (v/v 50:50)): 167.2, 164.1, 153.4,
145.4,132.3,131.7, 131.6, 131.5, 130.8, 130.3, 129.8, 129.2, 128.5, 127.9,
127.6, 126.4, 125.5, 125.4, 124.8, 124.7, 124.5, 120.3, 102.6, 97.4, 55.5,

52.4. UV—vis (CH,CL,) Anm (g, M ' em™") = 669 (70000), 616 (sh,
21000), 368 (55000), 350 (45000). ES-MS m/z (nature of the peak, re-
lative intensity) 911.2 ([M 4 H]*, 100), 751.2 ([M — ethynylpyrene] ™,
25). Anal. Calced for C4,H43BN,O4: C, 80.44; H, 4.76; N, 3.08. Found:
C, 80.22; H, 4.49; N, 2.68%.

Compound 21c. Prepared following experimental conditions 4; from
20c (50 mg, 0.06 mmol), THF (20 mL), H,SO, (2.5 mL, 3 M in water);
chromatography on silica gel, eluting with dichloromethane—cyclohexane
(v/v 50/50) to dichloromethane to give 41 mg (86%) of 21c as a blue
solid. "H NMR (400 MHz, CDCl;—CCl, (v/v 50/50)): 8.27 (4, 1H, >
J =9 Hz),821(d, 4H, ] = 7.5 Hz), 8.15—8.13 (m, 2H), 8.07 (s, 1H),
8.03—7.93 (m, 6H), 7.82—7.76 (m, 3H), 8.52 (d, 2H, ¥] = 7.6 Hz),
7.52—7.48 (m, 2H), 7.39—7.43 (m, 4H), 7.33—7.25 (m, 5H), 6.78 (d,
2H, %/ = 8.5 Hz), 3.88 (s, 3H). ">*C NMR (100 MHz, CDCl;—CCl, (v/v
50/50)): 167.2, 151.9, 134.3, 132.7, 132.3, 131.8, 131.6, 131.5, 131.3,
130.9, 130.0, 129.9, 129.4, 129.1, 128.8, 128.6, 128.2, 128.0, 127.9, 127.6,
126.6,126.3,125.5, 1254, 125.2, 124.8, 124.7, 124.5,123.6, 119.9, 118.8,
116.2, 99.4, 97.6, 91.3, 86.6, 52.4. ''B NMR (128 MHz, CDCl;—CCl,
(v/v50/50)): —7.01 (s). UV—vis (CH,CL,): Anm (& M~ " cm ') 286
(79900), 350 (50000), 368 (55100), 634 (92300). ES-MS m/z (nature
of the peak, relative intensity) 791.2 ([M + H]™, 100), 631.2 ((M —
ethynylpyrene] ™, 25). Anal. Calcd for Cs;H3sBN,O,: C, 86.58; H, 4.46;
N, 3.54. Found: C, 86.39; H, 4.18; N, 3.11%.

Preparation of Compound 22a. Step 1: to a solution of 21a
(39 mg, 0.04 mmol) in THF (15 mL) was added a solution of sodium
hydroxide (4 mg, 0.08 mmol) in H,O (3 mL) and MeOH (10 mL). The
mixture was stirred at 25 °C for one night and neutralized with a satured
solution of NH,Cl. The solvent was removed by rotary evaporation. The
residue was treated with water and extracted with dichloromethane. The
organic extracts were washed with water and dried over absorbent cotton.
The solvent was removed by rotary evaporation to give the correspond-
ing carboxylic acid. Anhydrous CH,Cl, (10 mL), DMAP (10 mg, 0.08
mmol), EDCI (15 mg, 0.08 mmol), and N-hydroxysuccinimide (9 mg,
0.08 mmol) were then added, and the solution was stirred for 1 h. The
solvent was removed by rotary evaporation. The residue was treated with
water and extracted with dichloromethane. The organic extracts were
washed with water and dried over absorbent cotton. The residue was
purified by chromatography on silica gel, eluting with dichloromethane—
cyclohexane (v/v 80/20) to dichloromethane to give 29 mg (67%) of the
NHS derivative as a green solid. UV—vis (CH,CL): A nm (¢, M~ " cm™ ")
351 (64000), 371 (79000), 650 (sh, 21000), 718 (82000).

Step 2: a solution of the NHS derivative (20 mg, 0.02 mmol) in
n-propylamine (4 mL) was stirred at 25 °C for S min. The solvent was
removed by rotary evaporation. The residue was treated with water and
extracted with dichloromethane. The organic extracts were washed with
water and dried over absorbent cotton. The residue was purified by chro-
matography on silica gel, eluting with dichloromethane to give 15 mg
(81%) of 22a as a green solid: 148 °C (dec). 'H NMR (400 MHz,
CDCl;—CCl, (v/v 50/50)): 8.35 (d, 2H, */=3.96 Hz), 8.19 (d, 1H, ] =
8.8 Hz), 8.08 (d, 2H, *] = 7.9 Hz), 7.99—7.89 (m, 6H), 7.81 (d, 2H, *] =
8.8 Hz), 7.75 (d, 1H, 3] = 8.0 Hz), 7.68 (s, 1H), 7.53 (d, 2H, 8.9), 7.39
(d,2H,%=2.2Hz),7.13—7.09 (m, 4H), 6.93 (d, 2H, ] = 3.56 Hz), 3.91
(s,6H),3.38 (q,2H, *] = 7.5 Hz), 2.85 (q, 4H, *] = 7.4 Hz), 1.62 (m, 2H,
3=7.5Hz),1.24 (t,6H, = 7.4 Hz),0.99 (t, 3H, ] = 7.5 Hz). ''B NMR
(128 MHz, CDCl3—CCly (v/v 50/50)): —7.38 (s). ES-MS m/z (nature
of the peak, relative intensity) 946.2 ([M + H] ™, 100), 720.2 ([M —
ethynylpyrene]™, 25). Anal. Calcd for Cg,H,4sBN305S,: C, 77.45; H,
5.11; N, 4.44. Found: C, 77.23; H, 4.92; N, 4.21%.

B ASSOCIATED CONTENT

© Supporting Information.  General methods, details of the
X-ray crystal structure determination for compounds 6¢, 8, 11,
and 13—16, as well as crystal packing, absorption, emission and
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excitation spectra for all compounds, analytical data, and NMR
plots for all compounds are provided in this section. This material
is available free of charge via the Internet at http://pubs.acs.org.
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