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ABSTRACT: Design, synthesis, and optical properties of a Common excitation

series of novel chlorin—bacteriochlorin energy transfer dyads
are described. Each dyad is composed of a common red-
absorbing (645—646 nm) chlorin, as an energy donor, and a
different near-IR emitting bacteriochlorin, as an energy
acceptor. Each bacteriochlorin acceptor is equipped with a
different set of auxochromes, so that each of them emits at a
different wavelength. Dyads exhibit an efficient energy transfer
(>0.77) even for chlorin—bacteriochlorin pairs with large (up
to 122 nm) separation between donor emission and acceptor
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absorption. Excitation of the chlorin donor results in relatively strong emission of the bacteriochlorin acceptor, with a quantum
yield @ range of 0.155—0.23 in toluene and 0.12—0.185 in DMF. The narrow, tunable emission band of bacteriochlorins enables
the selection of a series of three dyads with well-resolved emissions at 732, 760, and 788 nm, and common excitation at 645 nm.
Selected dyads have been also converted into bioconjugatable N-succinamide ester derivatives. The optical properties of the
described dyads make them promising candidates for development of a family of near-IR fluorophores for simultaneous imaging
of multiple targets, where the whole set of fluorophores can be excited with the common wavelength, and fluorescence from each

can be independently detected.

B INTRODUCTION

Multicolor in vivo fluorescence imaging has recently emerged
as a promising tool for medicinal diagnosis of various diseases,
by the capability for simultaneous visualization of multiple
disease markers, multiple cells, or multiple pathological
1-10 . L o
processes. Multicolor imaging utilizes a set of fluorophores,
with distinct emission bands, and differentiation between
fluorophores is achieved by independent fluorescence detection
from each individual fluorophore. Ideally, fluorophores for
multicolor imaging should exhibit distinct, well-resolved
emission bands, so that emission of each individual fluorescent
probe can be selectively detected in the presence of other
probes. Additionally, the capability to excite the whole set of
fluorophores with a common wavelength is highly beneficial for
practical applications, because this simplifies and speeds the
imaging process.” In practice, these requirements are difficult to
achieve for fluorophores suitable for in vivo imaging. For deep
tissue applications, fluorophores should absorb and emit in the
red or near-IR spectral window (650—900 nm) where light has
the deepest tissue penetration, and light scattering and tissue
autofluorescence are diminished."” Several classes of fluoro-
phores have been exploited for in vivo multicolor imaging,
including small organic molecules,*”” fluorescent proteins,8
quantum dots,3 upconverting nanocrystals,9 and upconverting
nanocrystal—organic fluorophore conjugates.'® Because of the
broad emission bands (~40 nm and more) of typical organic
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fluorophores used in the red and near-IR regions (e.g,, cyanine
dyes),"" the number of fluorophores that can be simultaneously
used in this narrow spectral window is limited. The same
organic fluorophores typically also have narrow excitation
bands, with a relatively small Stokes shift.'"" Both of these
features make the efficient excitation of a whole set of
fluorophores, emitting at different wavelengths, with a single
wavelength challenging, if possible at all. Therefore, application
of organic fluorophores for in vivo imaging requires multiple
cycles of excitation and detection,*®> which is technically
demanding and limits the temporal resolution of the imaging.
Alternatively, quantum dots, which exhibit broad absorption
band and tunable, narrow emission can be excited simulta-
neously in vivo at a common wavelength and used for
multicolor imaging;® however, their potential toxicity raises a
concern for use for humans.'

Development of improved sets of fluorophores for multicolor
imaging would therefore require overcoming two major
limitations of organic fluorophores: their broad emission
spectra (which limits the number of fluorophores available
for simultaneous use) and narrow, distinctive excitation bands
(which imposes a necessity for multiple excitation cycles).
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Chlorins and bacteriochlorins (collectively termed hydro-
porphyrins) are the tetrapyrrolic macrocycles which constitute
the core of naturally occurring photosynthetic pigments:
chlorophylls and bacteriochlorophylls."> Synthetic and semi-
synthetic hydroporphyrins possess a set of unique properties,
which makes them particularly well-suited for development of
fluorophores for multicolor in vivo imaging. They strongly
absorb and emit in the red (chlorins, 600—700 nm) and near-
IR (bacteriochlorins, 710—823 nm) spectral window and
exhibit appreciable fluorescence quantum vyields (chlorins
0.20—0.40, bacteriochlorins 0.10—0.25)."*7>° Both chlorins
and bacteriochlorins have already been examined for in vivo
fluorescence imaging.*"*> Hydroporphyrins have also been
proposed for use as contrast agents for in vivo photoacoustic
cancer imaging.”> Another attractive feature of hydroporphyrins
is the possibility of combining imaging modality with
therapeutic capability, that is, with singlet oxygen photo-
sensitization for photodynamic therapy”> or with photothermal
therapy.”

Hydroporphyrins exhibit exceptionally narrow emission
bands among organic compounds. Typically, the full width at
half maximum (fwhm) for emission bands is ~12—19 nm for
chlorins,®* and 12—25 nm for bacteriochlorins.">'” Con-
sequently, emission bands in hydroporphyrins are narrower
than in the cases of other near-IR fluorophores used in
bioimaging, such as cyanine dyes or quantum dots.'"!
Moreover, the position of long-wavelength absorption and
emission bands can be adjusted with high precision, by a
relatively simple substitution on the pyrrole rings, ie., the 3-
and 13-positions of the macrocycle (for numbering of chlorins
and bacteriochlorins, see Figure 1).15—19 Taken together, it is

C-BC: M = HH
ZnC-BC: M = Zn

Figure 1. Phenylethynyl-linked chlorin—bacteriochlorin dyads studied
by Holten, Lindsey, and co-workers.?%333837

possible to select a series of chlorin and bacteriochlorin
derivatives spanning the spectral window of ~650—820 nm,
with minimally overlaspiped emission bands, with maxima
separated by ~25 nm.">"”'” However, because hydroporphyr-
ins exhibit narrow excitation bands in the near-IR spectral
window (fwhm typically closely matches their emission bands)
and a small Stokes shift (typically <10 nm),">" they still
require a separate excitation wavelength for each derivative.
The possible solution for that is to incorporate hydro-
porphyrins into energy transfer (ET) dyads. ET dyads*>*°
are composed of a donor and an acceptor, and excitation of the
donor results in the transfer of excitation energy to an acceptor
and, consequently, acceptor emission. If quantum efficiency of
energy transfer is high enough, an ET dyad can function as a

single chromophore with the excitation wavelength correspond-
ing to the donor excitation, and the emission wavelength
characteristic for the acceptor emission. Thus, suitably chosen
donor/acceptor pairs allow, in principle, for the independent
tuning of the absorption and emission wavelengths. ET arrays
have been utilized to increase the Stokes shift of fluoro-
phores,” ™ development of families of fluorophores with a
common excitation wavelength and different emission wave-
lengths,lo’zg_32 or a common emission wavelength and different
excitation wavelengths” and have been applied for intra-
273931 and in vivo %2333 imaging,

Applications of ET dyads for in vivo imaging necessitate both
absorption of donor and emission of acceptor to fall within the
650—900 nm spectral window. Chromophores that have been
used so far in ET dyads as donors and acceptors usually emit
and/or absorb in the visible region,25’26 while those manifesting
both an excitation of donor and emission of acceptor in deep-
red/near-IR regions have been much less e){plored.lo’zg’33’3’4

The idea to use hydroporpyrins as deep-red and near-IR
absorbing donors and emitting acceptors in ET arrays
originates from very intensive research on tetrapyrrolic ET
arrays, which has aimed to understand and mimic the
photosynthetic solar energy-converting systems in plants and
bacteria.* While porphyrin—porphyrin and chlorin—chlorin ET
arrays have been studied in great detail for more than three
decades, the chlorin—bacteriochlorin ET dyads are known
much less, and the systematic investigation of their photo-
chemical properties has begun only recently. Tamiaki*® and
Mironov®” reported an efficient energy transfer in chlorin—
bacteriochlorin dyads, connected by flexible linkers. Holten,
Lindsey, and co-workers performed detailed studies on
chlorin—bacteriochlorin dyads, where macrocycles are linked
by a phenylethynyl group at 10- and 15 (meso)-positions
(Figure 1).*°*3%3% In the latter case, fast (4.8 ps™') and nearly
quantitative ET (with quantum efficiency >0.99) has been
determined, which results in exclusive emission from the
bacteriochlorin (acceptor) moiety, even when the chlorin
component was selectively excited.””*® The same authors
demonstrated that chlorin—bacteriochlorin arrays show an
excellent selectivity in excitation, due to the narrow absorption
band of the chlorin donor.”*** Thus, in pairs of two chlorin—
bacteriochlorin dyads (C-BC and ZnC-BC) with a common
bacteriochlorin acceptor and different chlorin donors with an
absorption maximum at 650 and 675 nm, respectively, each
dyad can be excited with more than 90% selectivity, in the
presence of the other one. Such high selectivity has been
observed in a phantom tissue model® as well as in vivo in
whole animal imaging.*®

To further expand the potential of chlorin—bacteriochlorin
dyads as fluorophores for multicolor in vivo imaging, we
prepared a family of chlorin—bacteriochlorin dyads, possessing
a common chlorin donor and bacteriochlorin acceptors
equipped with a different set of auxochromes. Subsequently,
we evaluated the spectral and photochemical properties of this
type of architecture, specifically the brightness of acceptor
fluorescence upon donor excitation. This set of dyads, excitable
simultaneously at a common wavelength in the red region and
emitting at different wavelengths in the near-IR region would
provide a benchmark for evaluation of suitability of their optical
properties for in vivo multicolor imaging.

cellular
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B RESULTS AND DISCUSSION

1. Design. Several issues need to be considered when
designing ET dyads which will exhibit bright fluorescence of the
acceptor upon donor excitation. The first consideration is the
efficiency of energy transfer between donor and acceptor. The
excitation energy between tetrapyrrolic macrocycles can be
transferred either through-space (via the Forster dipole—dipole
interaction mechanism) or through-bond (when there is an
appreciable donor—acceptor electronic communication).>® It
has been shown that in chlorin—chlorin and chlorin—
bacteriochlorin dyads the dominant mechanism is through-
space Forster energy transfer, even when a linker allows an
electronic communication between donor and acceptor.***

The ritle of the through-space Forster energy transfer is given
by eq 1.

9000 In 10x>

for 1287r5n4Nr61f (1)
where « is the orientation factor, 7; is the fluorescence lifetime
of donor in the absence of acceptor, r is the distance between
donor and acceptor, n is the refractive index, N is Avogadro’s
constant, and ] is the overlap integral, ie., integral of the
normalized donor fluorescence and acceptor extinction
coeflicient.

Thus, an efficient through-space energy transfer requires
large spectral overlap, i.e., overlap between donor emission and
acceptor absorption. This requirement restricts the choice of
donor and acceptor pairs to the one possessing relatively small
separation between their absorption bands. The second
important issue which needs to be taken into account is the
competitive electron transfer from or to the photoexcited dyad
component. Hydroporphyrins in their excited states are potent
electron donors, and the photoinduced electron transfer in
dyads comgrising hydroporphyrins produces a nonfluorescent
ion pair.***" The photoinduced electron transfer is
specifically efficient in polar solvents, where the resulting ion
pair is stabilized.***** Consequently, extensive quenching of
fluorescence intensity of chlorin—bacteriochlorin dyads in polar
solvents (e.g, DMSO) has been observed.” Applications of
chlorin—bacteriochlorin dyads in medicinal diagnosis would
require their strong fluorescence in polar (aqueous) solvent.
Therefore, the photoinduced electron transfer between dyad
components must be inhibited, to achieve high fluorescence
quantum yield from the dyad.

On the basis of the above consideration and keeping in mind
the prior results obtained for chlorin—bacteriochlorin
%37 we proposed the series of arrays shown in Chart
1. The key design features of proposed dyads are as follows: (1)
chlorin and bacteriochlorin are connected through their
respective 13 (f)-positions, along the axis, nearly colinear
with the long-wavelength Q, transition moments of both
macrocycles; (2) a part of the chlorin—bacteriochlorin linker is
also an auxochrome which tunes the spectral properties of
bacteriochlorin; (3) an amide functionality is used to link the
chlorin and bacteriochlorin. Because the terminal groups of the
chlorin—bacteriochlorin linker function as auxochromes for
chlorin and bacteriochlorin, the number of substituents to be
installed on the both macrocycles is reduced; hence, the
synthesis will be simplified. The amide group for linking was
chosen for numerous reasons. First, the amide group reduces
the electronic conjugation within the linker, which allows a
variety of auxochromes at the 13-positions of both chlorin and

Chart 1. Structures of the Chlorin—Bacteriochlorin Dyads
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bacteriochlorin moieties to be chosen, without providing strong
electronic conjugation between both macrocycles. We also
expect that the use of an amide linker, instead of the more
conjugated one (e.g,, phenyethynyl), would reduce electronic
communication between both macrocycles and, in turn,
accentuate the possible photoinduced electron/hole transfer
between chlorin and bacteriochlorin. For example, the
phenylethynyl linker assures efficient photoinduced electron
transfer between donor and acceptor.*’ Finally, the use of an
amide bond should facilitate the modular synthesis of dyads, as
it allows a coupling of separately prepared chlorin and
bacteriochlorin building blocks, under mild conditions, using
well-established chemistry. Additionally, each dyad is also
equipped with a 4-(methoxycarbonyl)phenyl substituent,
placed at the 10-position of the chlorin component. This
carboxylate moiety functions as a bioconjugatable group (upon
conversion to active N-succinimide ester) for dyad attachment
to biomolecules, which will serve as a targeting unit.

As a common donor, we utilized the 13-(4-aminophenyl)-
chlorin derivative. As acceptors, we used a series of
bacteriochlorins with different sets of substituents at the 3-
and 13-positions, which function as auxochromes to tune the
positions of absorption and emission bands of the given
bacteriochlorin. The auxochrome at the 13-position of
bacteriochlorin is a part of the chlorin—bacteriochlorin linker.
One set of dyads (compounds C-BC1 and C-BC2) contains a
N-phenylbenzamide linker, whereas a second set (compounds
C-BC3, C-BC4, and C-BCS) has a N-phenyl-4-ethynylbenza-
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mide linker. Consequently, the donor—acceptor distance in the
second set of dyads is slightly longer than in the first set. The
auxochromes installed at the 13-position of bacteriochlorin
include none (hydrogen, in C-BCl1), 4-(dimethylamino)-
phenylethynyl (C-BC2), vinyl (C-BC3), phenylethynyl (C-
BC4), and 2,4-diphenylbuta-1-en-3-ynyl (CBCS). The place-
ment of different sets of auxochromes on the bacteriochlorin
not only affects their spectral properties but should also alter
the redox potential of the bacteriochlorin acceptor,®® which,
assuming the redox potential of the donor remains the same,
should affect the rate of the putative electron transfer between
dyad components. Taken together, examination of dyads C-
BC1-5 should allow the selection of sets of dyads with
common excitation and distinctive emission wavelengths and,
additionally, allows the evaluation of the influence of the
donor—acceptor linker length and acceptor redox potential on
the energy and electron transfer properties of chlorin—
bacteriochlorin dyads. Chart 2 presents the structures of
chlorin and bacteriochlorin benchmarks for donor (C-NHPh)
and acceptors (BC1-S5).

2. Syntheses. The chlorin component, 13-(4-
aminophenyl)chlorin C-NH,, of the dyads has been prepared
following the reported procedure for a synthesis of 13-
substituted chlorins (Scheme 1).**** Thus, the required 1,2-
dibromo-9-formyldipyrromethane 3 was obtained by Vilsmeier
formylation and subsequent dibromination** of 5-(4-
(methoxycarbonyl)phenyl)dipyrromethane 1.** The resulting
3 was semipurified with column chromatography and
immediately used in the next step. 13-Bromochlorin C-Br has
been obtained by condensation of 3 and previously reported
tetrahydrodipyrrin 4* in three steps (Scheme 1):**** acid-
catalyzed condensation, oxidative cyclization, and TFA-induced
demetalation of the resulting zinc chlorin. The overall yield of
chlorin synthesis from 2 is 10%. The 4-aminophenyl group was
installed via Suzuki coupling, utilizing modified published
conditions,"® in 77% yield. The benchmark monomer, N-
benzoylated C-NHPh, has been prepared by EDC-mediated
coupling of C-NH, with benzoic acid, in DMF, in the presence
of DMAP, in 87% yield (Scheme 1).

Bacteriochlorin Components. Bacteriochlorin components
of the dyads are derivatives of 5-methoxybacteriochlorin, each
having different substituents at the 3- and 13-positions.
Substituents at the 13-position, in each case, are also equipped
with a carboxyl group, which subsequently functions as a
synthetic handle to attach the desired bacteriochlorin to the
chlorin C-NH,. The ester derivatives of bacteriochlorin
components BC1—5, which are precursors for dyads, also
serve as benchmark acceptors (Chart 2). For synthesis of
bacteriochlorins BC1—5, we utilized a recently developed
method of selective functionalization of 3,13-dibromo-5-
methoxybacteriochlorins BC-Br,.*” This method takes advant-
age of the diminished reactivity of bromine at the 3-position
toward palladium-catalyzed cross-coupling, presumably due to
the steric effect of the adjacent methoxy group. Bacteriochlorins
BC3—S5 have been prepared previously via this method.*” For
synthesis of BC1,2, we extended the selective functionalization
of BC-Br,, which was previously demonstrated for the
Sonogashira reaction only, on the Suzuki cross-coupling.
Thus, Suzuki reaction of BC-Br,*® with (4-(methoxycarbonyl)-
phenyl)pinacolborane provided 13-(methoxycarbonylphenyl)-
3-bromobacteriochlorin BC-BrCOOMe in 74% yield (Scheme
2). The BC-BrCOOMe was then further derivatized at the 3-
position. Palladium-catalyzed reduction of BC-BrCOOMe,
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Chart 2. Structures of Benchmark Donor and Acceptors
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using a modified published procedure,'” provides the 3-
desbromo BC1 in 93% yield. Sonogashira reaction of BC-
BrCOOMe with 4-ethynyl-N,N-dimethylaniline provides BC2
in 77% yield (Scheme 2).

The synthesis of (Z)-2,4-diphenylbut-2-en-3-yne-substituted
bacteriochlorin BCS was described previously;*’ however, its
structure was only tentatively assigned based on the NMR and
MS data. Here, we ultimately confirmed the structure of BCS
by X-ray crystallography.*’ The X-ray structure (see Figure S5,
Supporting Information) confirms the presence of the 2,4-
diphenylbuta-1-en-3-ynyl substituent at the 3-position of
bacteriochlorin, with Z configuration of the carbon—carbon
double bond (see Supporting Information for more detailed
discussion of the BCS structure).
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Scheme 1
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The final dyads were assembled by the reactions of carboxylic
acids, obtained by basic hydrolysis of BC1—S5, with the amine
function of C-NH, (Scheme 3). The amide formation,
mediated by EDC, in the presence of DMAP, provides the
final dyads in 40—73% yields.

The ester groups in selected dyads (C-BC1, C-BC2, and C-
BCS) were hydrolyzed (using aqueous NaOH in MeOH/
THF) and reacted with N-hydroxysuccinimide (NHS) in the
presence of EDC and DMAP, to provide bioconjugatable N-
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Scheme 2
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succinimide esters in 74%, 56%, and 43% yields, respectively
(Scheme 3).

3. Characterization. The final dyads as well as benchmark
monomers and intermediates were fully characterized using 'H
and “C NMR, LD-MS, and high resolution MS (we were not
able to collect a good-quality *C NMR spectra for C-BC4 and
C-BCS because of solubility issues). The spectroscopic data are
consistent with the proposed structures. The "H NMR spectra
for each dyad contain proton signals from both chlorin and
bacteriochlorin, with chemical shifts comparable to those for
corresponding benchmark monomers (see Supporting In-
formation for examples).
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Scheme 3
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4. Optical Properties. Absorption. Both absorption and
emission properties of dyads and benchmark monomers were
determined in toluene and DMF. Absorption spectra of
benchmark donor C-NHPh and acceptors BC1—$5 are
presented in Figure 2, and their maxima are listed in Table 1.
The absorption spectrum of C-NHPh matches that of the
analogous 13-phenylchlorin reported previously'® and shows an
intensive Q, band at 4 = 646 nm. The extinction coefficients for

1.24

14

0.8

0.64

0.44

Normalized absorbance [a.u.]

0.2

Wavelength [nm]

Figure 2. Absorption spectra of benchmarks chlorin C-NHPh (black)
and bacteriochlorins BC1 (blue), BC2 (green), BC3 (red), BC4
(orange), and BCS (light-blue). Spectra of bacteriochlorins are
normalized at their Q, bands. All spectra were measured in toluene
and are normalized at the maxima of Q, bands of bacteriochlorins and
the B band of chlorin.

the Q, band of C-NHPh are 3.63 X 10* M~":em™" and 3.96 X
10* M~":cm™ in toluene and DMF, respectively.

Absorption spectra of bacteriochlorin benchmark acceptors
(Figure 2 and Table 1 spectra of BC3, BC4, and BCS have
been reported previously’’) show intensive Q, bands at
wavelengths above 700 nm, a Q, band at 520—535 nm, and a
broad band at ~375 nm, consisting of B, and B, bands. As
expected, the Q, bands exhibit a gradual bathochromic shift
with increasing conjugation of auxochromes at the 3- and 13-
position.'>"” Thus, 3-unsubstituted-13-phenylbacteriochlorin
BC1 exhibits a Q, band at 725 nm, 3-(4-(dimethylamino)-
phenylethynyl)-13-phenylbacteriochlorin BC2 at 750 nm, 3-
vinyl-13-phenylacetylenebacteriochlorin BC3 at 752 nm, 3,13-
diphenylethynylbacteriochlorin BC4 at 759 nm, and 3-(2,4-
diphenylbut-1-en-3-ynyl)-13-phenylethynylbacteriochlorin BC5
at 775 nm. The Q, bands for most of the derivatives are narrow
with the fwhm in the range 19—25 nm, with the exception of
BCS for which the Q, band is substantially broader (34 nm).
The broadening of the absorption band for BCS might arise
from the conformational heterogeneity of the complex
substituent at the 3-position. It is expected that the twisting
along single carbon—carbon bonds in the buta-1-en-3-yne
substituent reduces the degree of electronic conjugation and in
turn leads to the slight hypsochromic shift of the Q, band,
which overall causes the observed broadening in BCS.

For each benchmark monomer, the position and shape of the
absorption bands are nearly independent of the solvent polarity
and are essentially the same in toluene and in DMF (Table 1).
Changing the solvent from toluene to DMF results in a slight
hypsochromic shift (1 nm) of the absorption maxima of each
band and slight broadening of the Q, band.

Absorption spectra of dyads in toluene (Figure 3, Table 1)
are essentially the sum of the spectra of their benchmark
components, which indicates that only weak ground-state
interactions occur between dyad components. Thus, the
spectrum of each dyad contains absorption peaks characteristic
for the chlorin donor: Q band at 646 nm, and B bands with a
maximum at 413 nm. Each spectrum also contains the Q, band
of the bacteriochlorin, with the maximum centered at the same
wavelength as its corresponding benchmark monomer. The
ratio of absorbance of Q, bands of chlorin to bacteriochlorin
varied from 0.33 for C-BC4 to 0.59 for C-BCS. This reflects the
difference in extinction coefficients for Q, bands of chlorins and
bacteriochlorins. The reported values of extinction coefficients
for similar synthetic bacteriochlorins are in the range of 110
000—130 000 M~":cm™'%° Similar to the monomers, shapes
and positions of absorption maxima for dyads vary only slightly
with solvent polarity (Table 1).

Emission Properties. Emission spectra of benchmark chlorin
and bacteriochlorin monomers (Figure 4, Table 2) are similar
to those for reported previously analogous chlorins and
bacteriochlorins.">'”'® Thus, benchmark chlorin C-NHPh
exhibits in toluene a strong emission Qy(0,0) band at 650
nm. Benchmark bacteriochlorins exhibit, in toluene, strong
Q,(0,0) bands with the Stokes shift in the range of 7—13 nm.
The fwhm of emission bands for bacteriochlorins are in the
range of 21—28 nm, with the exception of BCS, for which
fwhm is 35 nm. The markedly broader emission band for BCS
is presumably due to the conformational heterogenity within
the enyne substituent. The positions of emission maxima only
slightly depend on the solvent polarity and follow the same
trend as was observed for Q, absorption bands. The quantum
yields of fluorescence for benchmark bacteriochlorin monomers
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Table 1. Absorption Properties of Chlorin—Bacteriochlorin Dyads and Corresponding Benchmark Monomers

Qac” Qac” Qusc Qac” -
compd (toluene) (DMF) (toluene) (DMF) (toluene)
C-BC1 725 724 507 505 368, 413
C-BC2 750 749 521 S18 370, 384,
413

C-BC3 752 751 523 521 380, 413
C-BC4 759 758 527 525 391, 413
C-BC5 776 775 535 533 413

BC1 725 724 507 506 368

BC2 750 749 522 520 369

BC3 752 752 523 522 378

BC4 759 758 527 525 380

BCS 775 776 536 536 382

C- 646 645 503 503 413

NHPh

Qc?  Q/Q?  fwhm Qpc”  fwhm Qpc
B¢ (DMF) (toluene) (DMF) (toluene) (DMF)
366, 412 0.47 0.47 19 20
368, 393, 0.45 0.47 25 29
412
379, 412 043 0.42 22 23
394, 412 0.33 0.32 20 21
412 0.59 0.59 34 36
366 - - 19 20
368 - - 25 28
376 - - 22 23
379 - - 20 21
383 - - 33 34
412 - - 15 17

“The wavelength of the maximum of the bacteriochlorin Q, band in toluene and DMF, respectively [nm]. “The wavelength of the maximum of the
bacteriochlorin Q, band in toluene and DMF, respectively [nm]. “The wavelengths of the maxima of the bacteriochlorin and/or chlorin B bands in
toluene and DMEF, respectively. 9Ratio of absorbance at the maxima of Q, bands of chlorin and bacteriochlorin components in dyads, in toluene and
DMEF, respectively [nm]. “Full-width-at-half- maximum for Q, band of bacteriochlorin in toluene and DMF, respectively [nm].
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Figure 3. Absorption spectra of dyads: C-BC1 (blue), C-BC2 (green),
C-BC3 (red), C-BC4 (orange), and C-BCS (light-blue). All spectra
are normalized at the maximum of the B band of the chlorin
component (413 nm). All spectra were measured in toluene.
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Figure 4. Normalized emission spectra of benchmarks chlorin C-
NHPh (black) and bacteriochlorins BC1 (blue), BC2 (green), BC3
(red), BC4 (orange), and BCS (light-blue). All spectra were measured
in toluene. Chlorin was excited at the maximum of its B band (413
nm), while bacteriochlorins were excited at the corresponding maxima

of their Q, bands.

in toluene and DMF are given in Table 2 and are in the range
0.17—0.25, which is consistent with data reported previously for
similar synthetic bacteriochlorins."® Fluorescence of bacterio-

10684

Table 2. Emission Properties of Chlorin—Bacteriochlorin
Dyads and Benchmark Monomers”

fwhm fwhm of (0%

Amax Amax 5 ¢

dyad (toluene) (DMF) (toluene) (DMF) (toluene) (DMF)
C-BC1 732 732 21 22 - -
C-BC2 761 762 26 28 - -
C-BC3 761 760 22 22 - -
C-BC4 767 766 20 21 - -
C-BCs- 788 788 28 29 - —

NHS¢
BC1 732 732 21 22 0.22 0.20
BC2 761 762 25 28 0.25 0.21
BC3 761 760 21 22 0.22 0.19
BC4 767 766 20 21 0.23 0.21
BCS 788 788 28 29 0.20 0.17
C- 653 652 17 18 0.27 0.26

NHPh?

“All samples containing a bacteriochlorin were excited at the
maximum of Q, band of the bacteriochlorin component. “Fluor-
escence quantum yield of benchmark donor and acceptors.
Fluorescence quantum yields were determined in nondegassed
solvents, using tetraphenylporphyrin in nondegassed toluene (®; =
0.07"%) as a standard and were corrected for solvent refractive index.
The estimated experimental error is +5%. “Data listed were
determined for the corresponding NHS-ester, due to the presence of
trace amount of nonseparable, red-fluorescent contamination in the
sample of C-BCS. “Excited at the maximum of the B band.

chlorin monomers is moderately quenched in DMF, where
quantum yields are 0.84—0.90 fold of those determined in
toluene. It is worth noting that the fluorescence quantum yield
for BC2, substituted with an electron-rich 4-(dimethylamino)-
phenylethynyl substituent, is relatively high in both toluene
(0.25) and in DMF (0.21), which indicates that putative
electron transfer from the electron-rich N,N-dimethylphenyl
moiety to bacteriochlorin is negligible. Fluorescence quantum
yield for the benchmark chlorin monomer C-NHPh in toluene
is 0.27 and is only slightly quenched in DMF (0.26).
Emission spectra of each dyad in toluene (Figure S)
predominantly consist of the emission band of the correspond-
ing bacteriochlorin component, whereas emission of the chlorin
is significantly quenched, regardless of excitation wavelength.
Bacteriochlorin emission is predominant even when the dyad is
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Figure S. Normalized emission spectra (in toluene) of dyads: C-BC1
(blue), C-BC2 (green), C-BC3 (red), C-BC4 (orange), and C-BCS-
NHS (light-blue). All dyads were excited at the maximum of B band of
the chlorin component (413 nm for C-BC1—4, 414 nm for C-BCS-
NHS). The humps at ~825—830 nm are due to the subharmonic
scattering from the excitation beam.

excited at the maximum of the chlorin component absorption
(413 nm), where bacteriochlorin shows a negligible absorption.
The wavelengths of bacteriochlorin emission for dyads are
identical to those for the corresponding benchmark monomers.
The fluorescence excitation spectra of dyads (not shown),
monitored at wavelengths where bacteriochlorin components
of dyads emit almost exclusively, closely match the correspond-
ing absorption spectra. These observations are consistent with
an efficient energy transfer from chlorin to bacteriochlorin.
Fluorescent quantum yields of the bacteriochlorin component
in dyads, when chlorin is selectively excited, in toluene and
DMF (@gy,, Table 3) are lower than for corresponding
benchmark monomers. The @y, values are in the range of
0.155—0.23 in toluene, whereas in DMF are in the range of
0.12—0.185. In toluene the fluorescence of the acceptor in
dyads, when the donor is excited, is moderately quenched for
C-BC5 and C-CB2 (0.78 and 0.92-fold, compared to the
corresponding monomers), while for other dyads is fairly
comparable with the respective monomers. At the same time,
Dyonor in DMF is markedly lower than ®; for corresponding
monomers in each dyad, ranging from 0.69-fold for C-BC2 to
0.88-fold for C-BC4, of their corresponding benchmark
bacteriochlorins.

Estimation of the Efficiency of Energy Transfer and
Fluorescence Quenching in Chlorin—Bacteriochlorin Dyads.
The application of chlorin—bacteriochlorin dyads for biological
and biomedical imaging would require their bright fluorescence
in media of different polarity, including aqueous solution.
Because fluorescence quantum vyields of bacteriochlorin

components in dyads (when donor is excited) are markedly
lower than for corresponding benchmark monomers, it would
be instructive to evaluate factors which affect the fluorescence
quantum yield of bacteriochlorin components in dyads, in both
nonpolar and polar solvents. The fluorescence quantum yields
of bacteriochlorin acceptors in dyads, when the chlorin donor is
selectively excited, depend on (a) intrinsic fluorescence
quantum yields of the bacteriochlorin component, (b)
efficiency of energy transfer from chlorin to bacteriochlorin,
and (c) efficiency of quenching processes, e.g., electron/hole
transfer from photoexcited dyad components. The intrinsic
fluorescence quantum yields of the bacteriochlorin acceptor are
identical with the quantum yields of bacteriochlorin bench-
marks and are given in Table 2.

The efficiency of energy transfer (ETE) from chlorin to
bacteriochlorin was estimated using steady-state emission
spectroscopy, by comparison of the fluorescence quantum
yields of acceptor (bateriochlorin) when directly excited with
those obtained when the donor (chlorin) component was
selectively excited.””

donor

ETE =

accep (2)
where @, . is the fluorescence quantum yield of bacterio-
chlorin acceptor, when the chlorin donor is selectively excited;
D, is the fluorescence quantum yield of the same
bacteriochlorin, when directly excited.

ETE defined in such a way (which is different than ET
quantum efficiency ¢y, commonly used for characterization of
ET dyads;Sg’40 see discussion in Supporting Information)
directly shows how much fluorescence intensity is lost when
energy is transferred, due to both “leakage” of fluorescence
intensity by donor emission and putative quenching processes,
which are competitive with energy transfer (e.g., electron/hole
transfer from photoexcited donor).

For direct excitation of bacteriochlorin component in dyads,
we have chosen the maximum of the Q, band of the
bacteriochlorin (~510—525 nm), where bacteriochlorins
absorb predominantly and the chlorin component shows little
absorbance. The chlorin component was selectively excited at
the maximum of its B band (412—414 nm), where
bacteriochlorins show a negligible absorbance. The results are
given in Table 3. Energy transfer efficiency in toluene is
generally high for dyads C-BC1—4, ranging from 0.91 to 0.98
and somehow lower for C-BCS (0.86). The ETE in DMF,
ranging from 0.77 to 0.89 is markedly lower for each dyad than
those determined in toluene. The lower ETE in DMF is also
manifested by a noticeably higher intensity of chlorin
component emission in DMF. Nevertheless, ETEs in both

Table 3. Photochemical Data for Chlorin—Bacteriochlorin Dyads

dyad D yonor” (toluene) (Dampb (toluene)  @y.,.." (DMF) (Dmepb (DMF)  ETES (toluene) ETE® (DMF) ¢qd (toluene) ¢qd (DMF)
C-BC1 0.225 0.23 0.16 0.18 0.98 0.89 1.05 0.94
C-BC2 0.23 0.245 0.145 0.195 0.94 0.75 0.98 0.93
C-BC3 0.21 0.23 0.17 0.195 091 0.89 1.05 1.03
C-BC4 0.22 0.23 0.185 0.21 0.96 0.88 1.00 1.0
C-BC5° 0.155 0.18 0.12 0.155 0.86 0.77 091 091

“Fluorescence quantum yields of bacteriochlorin dyad components excited at the maximum of the B band of the chlorin component. “Fluorescence
quantum yields of bacteriochlorin dyad components excited at the maximum of the Q, band of bacteriochlorin. “Energy transfer efficiency calculated
from eq 2. “The ratio of fluorescence quantum yield of bacteriochlorin component in dyads (when excited at the maximum of the bacteriochlorin Q,
band) to the fluorescence quantum yield of the corresponding bacteriochlorin benchmark monomer.
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solvents are relatively high, given the separation between the
maxima of donor emission and acceptor absorbance, ranging
from 72 nm for C-BC1 to 122 nm for C-BCS. Apparently,
there is a sufficient spectral overlap between donor emission
and acceptor absorption, mainly due to the overlap of the
Q,(1,0) emission band of chlorin with the vibronic absorption
band of bacteriochlorins (see Figure S3, Supporting Informa-
tion). We cannot exclude also a contribution of the through-
bond energy transfer mechanism. The origin of reduced ETE in
DMEF is not obvious. The less efficient energy transfer in polar
solvents (toluene vs benzonitrile) has been reported previously
for amide-linked porphyrin—porphyrin dyads,>' as well as
diphenylethynyl-linked chlorin—chlorin dyads*™ (in all these
cases quantum efficiency of ET was determined; see discussion
in Supporting Information). The comparison of refractive
indexes for both solvents (n,,; = 1.496, npyp = 1.4305) suggests
that energy transfer should be more efficient in DMF than in
toluene (because kyr ~ 1/n* see eq 1). The similarity of
absorption and emission spectra of both donor and each
acceptor in toluene and DMF suggested that only slight
differences in spectral overlap would be expected; thus, this
factor should not account for the observed differences in ETE
in both solvents. The possible reasons would include a
combination of (a) slight changes in fluorescence quantum
yield and lifetime of the donor in both solvents, (b) solvent-
induced conformational changes in the linker, leading to
increasing chlorin—bacteriochlorin distance and/or changes in
their mutual orientation, and (c) competitive electron/hole
transfer from photoexcited chlorin to bacteriochlorin. More
detailed, time-resolved spectroscopic examination is required to
delineate the contribution of these factors.

The electron/hole transfer from photoexcited dyad compo-
nent is potentially highly detrimental for dyad fluorescence
brightness. Chlorins and bacteriochlorins are known as efficient
electron donors in their excited states and might also function
as electron acceptors, and if it is the case, electron transfer
between tetrapyrrolic macrocycles leads to formation of the
nonfluorescent charge-separated state.*”**** The electron
transfer is accentuated in polar solvents, which stabilizes the
resulting charge-separated ion radical pair. We estimated the
extent of quenching of the acceptor fluorescence in dyads in
nonpolar (toluene) and polar (DMF) solvents. For that, we
compared the fluorescence quantum yields of the bacterio-
chlorin acceptor in dyads (determined when the acceptor is
directly excited at its corresponding Q, band maximum) and
fluorescence quantum yields of the corresponding benchmark
monomers in each solvent.

accep
§=—
d (Dbenchmark (3)
where @, is the florescence quantum yield of the

bacteriochlorin acceptor in the dyad (when directly excited),
and @Dy, gk is the fluorescence quantum vyield of the
corresponding benchmark.

The resulting “quenching ratio” ¢, determined in toluene
and DMEF is given in Table 3. The data show that there is a little
quenching of fluorescence in toluene for dyad C-BCS. In other
cases the fluorescence quantum yield of acceptor in the dyad is
equal to or slightly higher than that for benchmark monomers.
In DMF some insignificant quenching for dyads C-BCl1, C-
BC2, and C-BCS was observed (Table 3), while no quenching
was observed for C-BC3 and C-BC4.

To further evaluate the potential of chlorin—bacteriochlorin
dyads for biological imaging, we examined dyad C-BC4 in an
aqueous buffer/surfactant mixture. We used PBS (pH 7.4)/
Triton X-100 (0.35% v/v) mixture. The absorption spectrum of
C-BC4 (see Supporting Information, Figure S4, concentration
of dyad ~0.7S mM) closely resembles that in DMF and in
toluene, indicating that there is no aggregation of the dyad. The
Djonor Was determined as 0.14, ETE was estimated as 0.75, and
the quenching of fluorescence, ¢, compared to the benchmark
in toluene was estimated as 0.79.

The results discussed above indicate that the ETE is
reasonably high and quenching due to putative hole or electron
transfer from photoexcited bacteriochlorin is rather insignificant
in the amide-linked chlorin—bacteriochlorin dyads reported
here. The major factor which accounts for diminished
fluorescence quantum yields of acceptors in dyads in polar
solvent is the reduced ETE from chlorin to bacteriochlorin.

Chlorin—Bacteriochlorin Dyads as Potential Fluorophores
for Multicolor Imaging. Here we discuss the overlap of the
emission bands of chlorin—bacteriochlorin dyads reported here,
to evaluate their usefulness as fluorophores for multicolor
imaging. For that, we looked at how selectively emission from
the individual dyad can be detected in the presence of other
dyads. Previously, Holten and co-workers performed a detailed
comparison of selectivity of excitation and emission detection
for phenylethynyl-linked chlorin—bacteriochlorin dyads and
commercially available Alexa dyes with similar excitation/
emission wavelengths.”® Here, we analyze the selectivity for
emission detection of bacteriochlorin acceptors in dyads.
Inspection of Figure S clearly shows that dyads C-BC2, C-
BC3, and C-BC4 have strongly overlapping emission bands,
with the maxima centered at 761—767 nm, whereas emission
bands of C-BC1 and C-BCS$ are well-separated from the other
bands (with maxima at 732 and 788 nm, respectively). Thus,
three dyads, with minimal emission overlap, can be selected: C-
BC1, C-BCS, and one from the C-BC2—4 series. We chose
three dyads, C-BC1, C-BC3, and C-BCS, to estimate their
spectral overlap; C-BC3 was chosen because its emission
maxima at 660 nm is equally separated from that of both C-
BC1 and C-BCS (28 nm) and its emission band is somehow
narrower than that for C-BC2. Figure 6 presents the emission

1

0.8

0.64

0.4

0.24

Normalized emisson intensity [a.u.]

0 H
700 720 7340 760 780 800 820
Wavelength [nm]

Figure 6. Absorption spectra of the mixture of C-BC1, C-BC3, and C-
BCS-NHS (black) and spectra of each individual dyad: C-BC1 (blue),
C-BC3 (red), and C-BC5-NHS (light blue). All spectra were
measured in DMF, and each sample was excited at 645 nm. The
concentration of each dyad (in the mixture and individually) was
adjusted to an equal absorbance at 645 nm.
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spectra of the mixture C-BC1, C-BC3, and C-BCS in DMF,
excited at 645 nm (black trace), together with the emission
spectra of each individual component. The concentration of
each dyad in the mixture was adjusted to achieve approximately
equal absorbance at 645 nm. The spectrum of each component
was recorded at an equal dyad absorbance at 645 nm, and then
each spectrum was normalized so that the maximum intensity
of C-BC1 was the same as the maximum of the corresponding
peak in the mixture. The vertical lines in Figure 6 represent 10-
nm slices, centered at the maximum of each peak, which
correspond to the 10-nm step size of the tunable emission filter,
usually used for whole-animal, multicolor fluorescence
imaging.*~> The spectrum clearly shows three well-resolved
peaks, with maxima at 732, 760, and 788 nm, fully
corresponding to the maximum of each dyad in the mixture.
Thus, in such a mixture, more than 90% of the total
fluorescence intensity, collected by the 10-nm wide detection
channel, centered at 732 nm, would come from C-BCI.
Similarly, 83% and 80% of total light intensity, collected in
detection channels centered at 760 and 788 nm, would come
from C-BC3 and C-BCS, respectively. This selectivity should
greatly facilitate the use of chlorin—bacteriochlorin dyads in
multicolor fluorescence detection.

B CONCLUSION AND OUTLOOK

We synthesized a family of chlorin—bacteriochlorin energy-
transfer dyads with a common energy donor and different
energy acceptors. The proposed molecular design allows for
relatively straightforward incorporation of bacteriochlorins with
different emission properties into dyads. The resulting dyads
exhibit efficient energy transfer from chlorin to bacteriochlorin,
even for large separation of chlorin emission and bacterio-
chlorin absorption maxima. Overall, the dyads reported here
show a range of optical properties that makes them attractive
candidates for application for in vivo multicolor imaging. These
properties include a common excitation band in the red spectral
window, narrow and tunable emission in the near-IR spectral
window, and relatively bright fluorescence in solvents of
different polarity. Their ultimate application for in vivo imaging
requires addressing a number of issues concerning their toxicity,
biocompatibility, intracellular delivery, photo- and chemo-
stability, etc. The lack of cellular and organ toxicity is an
important issue, when considering in vivo applications. The
toxicity of dyads described here has not been tested yet;
however, previous re{)orts on application of hydroporphyrins
for in vivo imaging” ~>> suggested that hydroporphyrins, in
general, do not show toxicity that would prevent them from
being used in vivo. Application of proposed dyads in biomedical
imaging requires water solubility and methods for their delivery
to the target cells or organs. The dyads reported here are
hydrophobic and water-insoluble; however, this issue can be
surmounted in a variety of ways, e.g.,, by attachment of large
biomolecules (e.g., proteins or antibodies) which may function
as both water-solubilizing moieties and targeting vehicles.”!
Alternatively, hydrophobic dyads may be encapsulated into
hydrophilic nanostructures (e.g,, polymersomes), as reported
for other arrays of tetrapyrrolic macrocycles.’” Finally,
hydrophilic, water-soluble analogues of dyads C-BC1—3 can
be prepared and used, because both synthetic, water-soluble
chlorins>® and bacteriochlorins®* have been reported.

On the other hand, time-resolved spectroscopy and electro-
chemical studies should provide further insight into the kinetics
and mechanism of the energy transfer and the exact nature of

the processes responsible for fluorescence quenching in dyads.
This knowledge would be helpful in further optimization of the
optical properties of dyads for specific imaging purposes. All
these aspects are currently being addressed in our laboratory.

B EXPERIMENTAL SECTION

General. '"H NMR spectra (400 MHz) and *C NMR (100 MHz)
spectra were collected at room temperature in CDCl; unless noted
otherwise. Chemical shifts (5) were calibrated using solvent peaks ("H
signals (residual proton signals): 7.26 ppm for chloroform; **C signals:
77.0 for CDCly; 25.4 ppm for THE-dg). All solvents and commercialy
available reagents were used as received. Commercially available
anhydrous DMF and toluene were used without further purifications.
All palladium coupling reactions and EDC-mediated amide syntheses
were performed in comercially available anhydrous solvents (toluene
and DMF). All palladium coupling reactions were performed under
nitrogen using standard Schlenck glassware, and the reaction mixture
was degassed each time using a freeze—thaw cycle (three times). All
fluorescence spectra were collected in nondegassed, air-equilibrated
solvents, with absorbance at the excitation wavelength (or
bacteriochlorin Q, band, whichever is higher) < 0.1. Fluorescence
quantum yields were determined using tetraphenylporphyrin in
nondegassed toluene as a standard (®; = 0.07)."* The FT-ICR
analyzer was used for ESI HRMS. Known compounds: dipyrro-
methane 1,* tetrahydrodipyrrin 4,"® bacteriochlorins BC-Br,,**
BC3,” BC4,” and BC5* were obtained following the reported
procedures.

1-Formyl-5-(4-(methoxycarbonyl)phenyl)dipyrromethane
(2). Vilsmeier reagent was prepared following a reported procedure.**
A sample of DMF (10 mL) was treated with POCly (2.40 mL, 25.8
mmol) under nitrogen and stirred for 10 min at 0 °C. The resulting
mixture was added to a solution of S-(4-(methoxycarbonyl)phenyl)-
dipyrromethane 1** (6.24 g, 22.3 mmol) in DMF (40 mL) at 0 °C.
After 1.5 h, saturated NaHCOj; solution (100 mL) was added. The
resulting mixture was stirred overnight and extracted with ethyl
acetate. Organic layers were combined, washed (brine), dried
(N2,SO,), and concentrated. Column chromatography [hexane/
ethyl acetate (1:1)] provided unreacted starting material (0.864 g)
and desired product (white powder, 3.86 g, 65%): mp 140—141 °C;
"H NMR (CDCl,, 400 Hz), 9.85 (br, 1H), 9.25 (s, 1H), 8.38 (br, 1H),
7.95 (d, J = 8.2 Hz, 2H), 7.22 (d, ] = 8.2 Hz, 2H), 6.88 (dd, ] = 2.7, 3.9
Hz, 1H), 6.76—6.72 (m, 1H), 6.16 (dd, J = 2.8, 6.0 Hz, 1H), 6.10—
6.06 (m, 1H), 5.96—5.92 (m, 1H), 5.59 (s, 1H), 3.90 (s, 3H); *C
NMR (CDCl;, 100 Hz), 178.8, 166.7, 145.7, 142.0, 132.4, 130.0,
129.7, 129.2, 128.3, 122.5, 1183, 111.0, 108.6, 108.2, 52.2, 44.0; ESL-
MS: Calcd: 309.1234, Obsd: 309.1239 ([M + H]*, M = C;iH(N,0,);
Anal. Caled for CygH,N,05: C, 70.12; H, 5.23; N, 9.09. Found: C,
69.85; H, 5.27; N, 9.01.

13-Bromo-10-(4-(methoxycarbonyl)phenyl)-17,17-dimethyl-
chlorin (C-Br). Following a reported procedure,” a solution of 2
(1.08 g, 3.51 mmol) in THF (40 mL) was treated with NBS (1.32 g,
7.36 mmol) at —78 °C. After 1 h, the cooling bath was removed, the
reaction mixture was allowed to warm to —20 °C, and a mixture of
hexane and water (1:1, 10 mL) was added. The resulting mixture was
diluted with ethyl acetate, washed with brine, dried (Na,SO,), and
concentrated. Column chromatography [hexane/ethyl acetate (1:1)]
provides the semipure 8,9-dibromo-1-formyl-5-(4-(methoxycarbonyl)-
phenyl)dipyrromethane (3), as a yellow solid (1.63 g, 100%), which
was used immediately in next step without further purification. 'H
NMR § (CDCl,;, 400 MHz) 3.92 (s, 3H), 5.49 (s, 1H), 5.96 (s, 1H),
6.13 (s, 1H), 6.93 (d, ] = 4.0 Hz, 1H), 7.23 (d, J = 8.4 Hz, 2H), 7.99
(d, J = 8.4 Hz, 2H), 8.54 (br, 1H), 9.33 (s, 1H), 9.65 (br, 1H).

Following a reported procedure,24 a suspension of 3,4,5,6-
tetrahydro-1,3,3-trimethyldipyrrin 4 (0.68 g, 3.6 mmol) and 89-
dibromo-1-formyl-S-(4-(methoxycarbonyl)phenyl)dipyrromethane
(1.63 g, 3.5 mmol) in dichloromethane (100 mL) was treated with a
solution of p-toluenesulfonic acid (3.4 g, 18 mmol) in methanol (24
mL) and stirred at room temperature for 40 min. The resulting
mixture was treated with 2,2,6,6-tetramethylpiperidine (6.60 mL, 38.9
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mmol). The reaction mixture was concentrated, and resulting brown
solid was suspended in acetonitrile (360 mL) and treated with zinc
acetate (9.7 g, 52 mmol), 2,2,6,6-tetramethylpiperidine (15 mL, 89
mmol), and silver trifluoromethanesulfonate (2.7 g, 11 mmol). The
resulting suspension was refluxed for 18 h. The reaction mixture was
cooled and concentrated, and the residue was purified by silica column
chromatography (dichloromethane). The resulting green solid (crude
zinc chlorin, 0.31 g) was treated with a solution of TFA (4 mL, 52
mmol) in CH,Cl, (50 mL). The resulting mixture was stirred for 3 h,
washed (saturated aqueous NaHCOj; and water), dried (Na,SO,), and
concentrated. Column chromatography [silica, hexane/CH,Cl, (1:2)]
provides C-Br as a green solid (0.20 g, 10%). 'H NMR (CDCl,, 400
MHz) § —2.28 (s, 1H), —1.92 (s, 1H), 2.07 (s, 6H), 4.12 (s, 3H), 4.69
(s, 2H), 8.21 (d, ] = 8.6 Hz, 2H), 8.42 (d, ] = 8.6 Hz, 2H), 8.56 (d, ] =
4.3 Hz, 1H), 8.79 (s, 1H), 8.92—8.99 (m, 3H), 9.20 (s, 1H), 9.24 (d, ]
= 4.9 Hz, 1H), 9.84 (s, 1H); 3C NMR (CDCl;, 100 MHz) 6 31.1,
46.5, 52.1, 52.4, 95.1, 95.2, 107.5, 112.8, 119.6, 124.0, 128.0, 128.1,
128.8, 129.6, 132.1, 132.85, 132.91, 134.0, 134.9, 136.1, 1414, 146.0,
151.5, 152.0, 163.4, 167.3, 176.0; MS ([M + H]*, M =
CyoH,BrN,0,): Caled: $53.1234, Obsd: (MALDI-MS) $52.9,
(HRMS-ESI) 553.1234.
13-(4-Aminophenyl)-10-(4-(methoxycarbonyl)phenyl)-
17,17-dimethylchlorin (C-NH,). A mixture of C-Br (28 mg, S1
pumol), 4-aminophenylboronic acid pinacol ester (22 mg, 100 pmol),
potassium carbonate (13.8 mg, 100 umol), and tetrakis-
(triphenylphosphine)palladium (12 mg, 10 gmol) in toluene (6 mL)
and DMF (3 mL) was stirred at 100 °C under nitrogen. After 14 h, the
mixture was diluted with ethyl acetate, washed (water and brine), dried
(Na,SO,), and concentrated. A residue was purified by silica column
chromatography (ethyl acetate and CH,Cl, (1:40)) to afford a green
powder (C-NH,, 22 mg, 77%). '"H NMR (CDCl,, 400 MHz) 5 —2.18
(s, 1H), —1.99 (s, 1H), 2.07 (s, 6H), 3.92 (s, 2H), 4.11 (s, 3H), 4.64
(s, 2H), 7.03 (d, ] = 8.0 Hz, 2H), 7.95 (d, ] = 7.9 Hz, 2H), 8.27 (d, ] =
8.0 Hz, 2H), 8.42 (d, ] = 7.9 Hz, 2H), 8.58 (d, ] = 4.3 Hz, 1H), 8.70 (s,
1H), 8.89—8.98 (m, 2H), 9.00 (d, ] = 4.3 Hz, 1H), 9.20 (s, 1H), 9.24
(d, J = 4.3 Hz, 1H), 9.87 (s, 1H); '*C NMR (CDCl;, 100 MHz) §
31.2, 46.3, 52.3, 52.6, 94.7, 96.1, 107.5, 115.5, 119.0, 122.9, 125.4,
126.1, 127.9, 128.0, 129.4, 131.5, 132.4, 132.7, 133.8, 134.2, 137.9,
138.3, 140.7, 146.4, 147.0, 150.9, 152.5, 163.5, 167.4, 174.9; MS ([M +
H]*, M = C;34H;;N;0,): Calcd: 566.2551, Obsd: (MALDI-MS) 566.0,
(HRMS-ESI) 566.2546; A, (toluene) = 413, 504, 646 nm.
3-Bromo-5-methoxy-13-(4-(methoxycarbonyl)phenyl)-
8,8,18,18-tetramethylbacteriochlorin (BC-BrCOOMe). A mixture
of 3,13-dibromo-5-methoxy-8,8,18,18-tetramethylbacteriochlorin BC-
Br,* (167 mg, 0.299 mmol), 4-(methoxycarbonyl)phenylboronic acid
pinacol ester (86 mg, 0.33 mmol), potassium carbonate (414 mg, 3.00
mmol), and tetrakis(triphenylphosphine)palladium (34 mg, 0.030
mmol) in toluene (40 mL) and DMF (20 mL) was stirred at 80—90
°C under nitrogen. After 18 h, the mixture was diluted with ethyl
acetate, washed (water and brine), dried (Na,SO,), and concentrated.
A residue was purified with silica column chromatography (hexane and
CH,Cl, (1:2)) to afford a green powder (BC-BrCOOMe, 136 mg,
74%). "H NMR (CDCl,, 400 MHz) 6 —1.79 (s, 1H), —1.52 (s, 1H),
1.92 (s, 6H), 1.97 (s, 6H), 4.06 (s, 3H), 4.36 (s, SH), 4.43 (s, 2H),
823 (d, J = 7.9 Hz, 2H), 8.41 (d, J = 7.9 Hz, 2H), 8.51 (s, 1H), 8.63
(s, 1H), 8.69 (d, ] = 1.8 Hz, 1H), 8.73 (s, 1H), 8.80 (s, 1H); *C NMR
(CDCL,, 100 MHz) & 30.8, 31.1, 45.4, 45.9, 47.2, 52.0, 52.3, 64.4, 96.7,
972, 104.7, 123.0, 123.7, 126.3, 129.1, 130.2, 130.8, 133.6, 1354,
135.6, 135.7, 135.8, 140.8, 153.9, 161.5, 167.2, 169.1, 170.4; MS ([M +
H]*, M = Cy,Hy;BiN,0,): Calcd: 613.1809, Obsd: (MALDI-MS)
613.1, (HRMS-ESI) 613.1833.
5-Methoxy-13-(4-(methoxycarbonyl)phenyl-8,8,18,18-tetra-
methylbacteriochlorin (BC1). A mixture of BC-BrCOOMe (18.2
mg, 0.030 mmol), potassium carbonate (41 mg, 0.30 mmol), formic
acid (10 uL, 0.30 mmol), and tetrakis(triphenylphosphine)palladium
(3.4 mg, 30 ymol) in toluene (6 mL) and DMF (3 mL) was stirred at
80—90 °C under nitrogen. After 10 h, the mixture was diluted with
ethyl acetate, washed (water and brine), dried (Na,SO,), and
concentrated. A residue was purified with silica column chromatog-
raphy (hexane and CH,Cl, (1:2)) to afford a green powder (BCl,

14.7 mg, 93%). "H NMR (CDCl;, 400 MHz) 5 —2.12 (s, 1H), —1.93
(s, 1H), 1.97 (s, 6H), 2.00 (s, 6H), 4.07 (s, 3H), 4.42 (s, 2H), 4.44 (s,
2H), 4.51 (s, 3H), 8.28 (d, J = 7.3 Hz, 2H), 8.41 (d, ] = 8.0 Hz, 2H),
8.69 (s, 1H), 8.72 (s, 2H), 8.84 (s, 2H), 8.97 (d, J = 4.3 Hz, 1H); 3C
NMR (CDCl,, 100 MHz) § 31.0, 31.1, 45.6, 45.7, 47.7, 51.9, 52.3,
652, 96.5, 96.9, 97.0, 118.0, 120.9, 121.6, 128.8, 130.1, 131.0, 13L.5,
133.9, 134.3, 134.7, 1352, 136.1, 141.4, 153.9, 159.5, 167.3, 169.1,
169.6; MS ([M + H]*, M = Cy;H,,N,O,): Caled: 535.2704, Obsd:
(MALDI-MS) 534.9, (HRMS-ESI) 535.2699.

3-(4-(Dimethylamino)phenylethynyl)-5-methoxy-13-(4-
(methoxycarbonyl)phenyl)-8,8,18,18-tetramethylbacterio-
chlorin (BC2). A mixture of BC-BrCOOMe (20.2 mg, 33 ymol), 4-
ethynyl-N,N-dimethylaniline (9.6 mg, 66 umol), and bis-
(triphenylphosphine)palladium dichloride (2.3 mg, 3.0 gumol) in
triethylamine (2.5 mL) and DMF (S5 mL) was stirred at 80—90 °C
under nitrogen. After 5 h, the mixture was diluted with ethyl acetate,
washed, (water and brine), dried (Na,SO,), and concentrated. A
residue was purified with silica column chromatography (hexane and
CH,CI, (1:4)) to afford a brown-red solid (BC2, 17.2 mg, 77%). 'H
NMR (CDCl;, 400 MHz) 6 —1.81 (s, 1H), —1.49 (s, 1H), 1.94 (s,
6H), 1.97 (s, 6H), 3.07 (s, 6H), 4.06 (s, 3H), 4.36 (s, 2H), 4.47 (s,
2H), 4.53 (s, 3H), 6.82 (d, ] = 8.6 Hz, 2H), 7.76 (d, ] = 8.6 Hz, 2H),
8.25 (d, J = 8.0 Hz, 2H), 8.41 (d, J = 8.0 Hz, 2H), 8.55 (s, 1H), 8.63
(s, 1H), 8.74 (s, 1H), 8.76—8.83 (m, 2H); *C NMR (CDCl, 100
MHz) & 30.9, 31.0, 40.3, 45.4, 45.7, 47.5, 52.0, 52.3, 64.4, 85.3, 95.0,
96.6, 96.8, 97.1, 111.3, 112.0, 113.5, 122.3, 123.8, 128.9, 130.2, 130.9,
131.2, 132.8, 134.4, 134.89, 134.98, 135.4, 135.6, 141.1, 150.1, 154.6,
1607, 167.2, 169.3, 169.9; MS ([M + H]*, M = C,3H,;N,0,): Calcd:
678.3439, Obsd: (MALDI-MS) 677.8, (HRMS-ESI) 678.3419.

3-[(2)-2,4-Diphenylbut-1-en-3-yn-1-yl]-5-methoxy-13-(4-
(methoxycarbonyl)phenylethynyl)-8,8,18,18-tetramethylbac-
teriochlorin (BC5). Synthetic procedure and 'H NMR and HRMS
data have been presented elsewhere.*” *C NMR (CDCl,, 100 MHz) &
30.9, 31.0, 45.1, 45.9, 48.2, S1.3, 52.3, 64.1, 88.2, 90.2, 95.3, 96.4, 97.1,
97.7, 108.7, 114.5, 121.4, 122.4, 123.9, 124.0, 126.5, 127.9, 128.55,
128.64, 128.7, 129.5, 129.6, 129.7, 130.2, 130.6, 131.6, 131.8, 134.6,
135.9, 136.3, 137.5, 139.6, 156.7, 160.2, 166.7, 169.2, 170.9.

Dyad C-BC1. A mixture of BC1 (11.2 mg, 21.0 ymol), aqueous
NaOH (2 mL, 1 M), THF (4 mL), and methanol (2 mL) was stirred
at room temperature for 15 h. HCl solution (1 M, 10 mL) was added,
and the resulting mixture was extracted with ethyl acetate. Combined
organic layers were washed with brine, dried (Na,SO,), and
concentrated. The resulting crude solid (11.0 mg, 100%) was
suspended in DMF (1 mL) and treated with DMAP (24.4 mg, 200
umol), C-NH, (12 mg, 21 umol), and EDCI (38 mg, 200 ymol). The
resulting mixture was stirred at room temperature. After 14 h, the
mixture was diluted with ethyl acetate, washed with brine, dried
(Na,S0,), and concentrated. A residue was purified with silica column
chromatography (CH,Cl, and ethyl acetate (40:1)) to afford a green
solid (C-BC1, 13.9 mg, 62%). 'H NMR (CDCl,, 400 Hz) § —2.16 (s,
1H), —2.10 (s, 1H), —1.90 (s, 2H), 1.98 (s, 6H), 2.01 (s, 6H), 2.09 (s,
6H), 4.13 (s, 3H), 4.44 (s, 2H), 4.46 (s, 2H), 4.53 (s, 3H), 4.67 (s,
2H), 8.10 (d, J = 8.6 Hz, 2H), 8.21 (d, J = 7.9 Hz, 2H), 8.25 (s, 1H),
8.29—8.35 (m, 6H), 8.46 (d, ] = 8.6 Hz, 2H), 8.61 (d, ] = 4.3 Hz, 1H),
8.71 (s, 1H), 8.72—8.76 (m, 2H), 8.82 (s, 1H), 8.85 (d, J = 1.8 Hz,
1H), 8.87 (s, 1H), 8.95—9.01 (m, 4H), 9.24 (d, ] = 4.9 Hz, 1H), 9.26
(s, 1H), 9.87 (s, 1H); *C NMR (CDCl,;, 100 MHz) § 31.06, 31.1,
312, 45.68, 45.7, 46.4, 47.7, 519, 52.4, 65.3, 94.8, 95.9, 96.5, 96.9,
97.0, 107.4, 118.1, 119.6, 120.7, 121.1, 121.5, 123.4, 125.9, 127.7,
128.1, 1283, 129.4, 1314, 131.6, 131.8, 132.1, 132.3, 132.8, 133.32,
133.35, 133.8, 134.0, 134.2, 134.4, 134.7, 135.2, 136.1, 137.0, 137.3,
137.7, 140.6, 140.9, 146.8, 151.2, 152.3, 154.0, 159.4, 163.6, 165.8,
1674, 169.1, 169.7, 175.4; MS ([M + H]*, M = C¢Hg NyO,): Calcd:
1068.4919, Obsd: (MALDI-MS) 1068.1, (HRMS-ESI) 1068.4936.

Dyad C-BC2. A mixture of BC2 (13.5 mg, 19.9 umol), aqueous
NaOH (2 mL, 1 M), THF (4 mL), and methanol (2 mL) was stirred
at room temperature for 15 h. HCl solution (1 M, 10 mL) was added,
and the resulting mixture was extracted with ethyl acetate. Combined
organic layers were washed with brine, dried (Na,SO,), and
concentrated. The resulting crude solid was suspended in DMF (1
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mL) and treated with DMAP (24 mg, 200 ymol), C-NH, (11.3 mg,
20.0 gmol), and EDCI (38 mg, 200 pmol). The resulting mixture was
stirred at room temperature. After 16 h, the mixture was diluted with
ethyl acetate, washed with brine, dried (Na,SO,), and concentrated. A
residue was purified with silica column chromatography (CH,Cl, and
ethyl acetate (50:1)) to afford a green solid (C-BC2, 14.6 mg, 60%).
'H NMR (CDCl,, 400 MHz) § —2.17 (s, 1H), —1.91 (s, 1H), —1.80
(s, 1H), —1.48 (s, 1H), 1.96 (s, 6H), 1.99 (s, 6H), 2.10 (s, 6H), 3.06
(s, 6H), 4.12 (s, 3H), 4.39 (s, 2H), 4.49 (s, 2H), 4.54 (s, 3H), 4.68 (s,
2H), 6.80 (d, ] = 9.2 Hz, 2H), 7.75 (d, ] = 8.6 Hz, 2H), 8.11 (d,] = 7.9
Hz, 2H), 8.22 (d, ] = 8.6 Hz, 2H), 8.23 (s, 1H), 8.28—8.34 (m, 6H),
8.45 (d, J = 8.0 Hz, 2H), 8.57 (s, 1H), 8.60 (d, ] = 4.3 Hz, 1H), 8.66
(s, 1H), 8.76 (s, 1H), 8.78—8.83 (m, 3H), 8.95—9.02 (m, 3H), 9.23—
9.27 (m, 2H), 9.89 (s, 1H); *C NMR (CDCl;, 100 MHz) § 30.9,
31.1, 31.2,40.3, 45.5, 45.7, 46.4, 47.5, 52.0, 52.4, 64.5, 85.2, 94.8, 95.1,
95.9, 96.5, 96.8, 97.2, 107.4, 111.2, 112.0, 113.7, 119.6, 120.7, 122.2,
123.4, 123.9, 125.9, 127.7, 128.1, 128.3, 129.4, 131.27, 131.32, 131.8,
132.1, 132.3, 132.77, 132.85, 133.4, 133.5, 134.2, 134.4, 134.5, 134.7,
134.8, 1354, 135.6, 136.9, 137.3, 137.7, 140.3, 140.9, 146.8, 150.1,
151.2, 152.3, 154.7, 160.7, 163.6, 165.7, 167.4, 169.4, 169.9, 175.4; MS
([M + H]*, M = C;gH,N;,0,): Calcd: 1211.5654, Obsd: (MALDI-
MS) 1211.2, (HRMS-ESI) 1211.5699.

Dyad C-BC3. A mixture of BC3 (14 mg, 24 ymol), aqueous NaOH
(2 mL, 1 M), THF (4 mL), and methanol (2 mL) was stirred at room
temperature for 12 h. HCl solution (1 M, 10 mL) was added, and the
resulting mixture was extracted with ethyl acetate. Combined organic
layers were washed with brine, dried (Na,SO,), and concentrated. The
resulting crude solid (14 mg, 100%) was suspended in DMF (1 mL)
and treated with DMAP (30 mg, 240 umol), C-NH, (13.6 mg, 24
umol), and EDCI (47 mg, 240 umol). The resulting mixture was
stirred at room temperature. After 16 h, the mixture was diluted with
ethyl acetate, washed with brine, dried (Na,SO,), and concentrated. A
residue was purified with silica column chromatography (CH,Cl, and
ethyl acetate (40:1)) to afford a green solid (C-BC3, 12.6 mg, 48%).
'"H NMR (CDCl,, 400 MHz) 6§ —2.18 (s, 1H), —1.94 (s, 1H), —1.92
(s, 1H), —1.57 (s, 1H), 1.971 (s, 6H), 1.975 (s, 6H), 2.09 (s, 6H), 4.12
(s, 3H), 427 (s, 3H), 4.43 (s, 2H), 4.47 (s, 2H), 4.67 (s, 2H), 5.77 (4,
] =122 Hz, 1H), 6.38 (d, ] = 17.2 Hz, 1H), 8.07 (t, ] = 9.2 Hz, 4H),
8.14 (d, J = 8.5 Hz, 3H), 821 (d, ] = 8.6 Hz, 2H), 829 (d, ] = 8.5 Hz,
2H), 8.38—8.47 (m, 3H), 8.57—8.62 (m, 3H), 8.79 (s, 1H), 8.81 (d, J
= 1.8 Hz, 1H), 8.83 (d, J = 1.8 Hz, 1H), 8.94—8.92 (m, 4H), 9.23 (s,
1H), 9.26 (d, ] = 4.9 Hz, 1H), 9.88 (s, 1H); *C NMR (THF-d, 100
MHz) 8 31.0, 312, 31.4, 45.9, 46.8, 472, 49.0, 52.0, 52.4, 53.1, 64.4,
79.0, 79.3, 79.6, 88.3, 95.7, 96.0, 96.7, 96.9, 97.4, 98.7, 108.2, 115.1,
1167, 119.7, 120.3, 121.3, 121.4, 1242, 1244, 126.4, 128.0, 128.8,
129.0, 130.0, 130.7, 132.3, 132.4, 132.5, 1334, 133.7, 134.4, 135.1,
1354, 136.1, 137.1, 137.6, 140.5, 141.8, 142.0, 147.9, 152.5, 153.4,
157.4, 160.6, 164.4, 165.6, 167.3, 169.5, 171.9, 176.1. Note: Because of
low solubility of C-BC3 in CDCl,, *C NMR spectra were collected in
THF-dg. '"H NMR spectra were reported in CDCl,, due to the better
peak resolution in that solvent, compared to THF-dg. MS ([M + H]*,
M = C,,HgN,O,): Caled: 1118.5076, Obsd: (MALDI-MS) 1118.7,
(HRMS-ESI) 1118.5117.

Dyad C-BC4. A mixture of BC4 (9.1 mg, 14 umol), aqueous
NaOH (2 mL, 1 M), THF (4 mL), and methanol (2 mL) was stirred
at room temperature for 16 h. HCl solution (1 M, 10 mL) was added,
and the resulting mixture was extracted with ethyl acetate. Combined
organic layers were washed with brine, dried (Na,SO,), and
concentrated. The resulting crude solid (9.1 mg, 100%) was suspended
in DMF (1 mL) and treated with DMAP (17 mg, 140 ymol), C-NH,
(7.9 mg, 14 pmol), and EDCI (27 mg, 140 umol). The resulting
mixture was stirred at room temperature. After 16 h, the mixture was
diluted with ethyl acetate, washed with brine, dried (Na,SO,), and
concentrated. A residue was purified with silica column chromatog-
raphy (CH,CL, and ethyl acetate (50:1)) to afford a green solid (C-
BC4, 6.5 mg, 40%). '"H NMR (CDCl;, 400 MHz) § —2.12 (s, 1H),
—1.87 (s, 1H), —1.71 (s, 1H), —1.45 (s, 1H), 1.98 (s, 12H), 2.10 (s,
6H), 4.12 (s, 3H), 4.46 (s, 4H), 4.52 (s, 3H), 4.67 (s, 2H), 7.41-7.53
(m, 3H), 7.87 (d, ] = 7.4 Hz, 2H), 8.02—8.11 (m, SH), 8.14 (d, ] = 8.0
Hz, 2H), 8.20 (d, ] = 7.9 Hz, 2H), 8.29 (d, ] = 7.9 Hz, 2H), 8.44 (d, J

=7.9 Hz, 2H), 8.53—8.61 (m, 3H), 8.77—8.86 (m, 3H), 8.92—9.01 (m,
4H), 9.19-927 (m, 2H), 9.87 (s, 1H); MS ([M + HJ*, M =
C,gHgN,O,): Caled: 1192.5232, Obsd: (MALDI-MS) 1191.8,
(HRMS-ESI) 1192.5276.

Dyad C-BC5. A mixture of BCS (14.8 mg, 19.4 umol), aqueous
NaOH (2 mL, 1 M), THF (4 mL), and methanol (2 mL) was stirred
at room temperature for 9 h. HCI solution (1 M, 10 mL) was added,
and the resulting mixture was extracted with ethyl acetate. Combined
organic layers were washed with brine, dried (Na,SO,), and
concentrated. The resulting crude solid (13.2 mg, 91%) was suspended
in DMF (1 mL) and treated with DMAP (24 mg, 197 ymol), C-NH,
(11 mg, 194 pmol), and EDCI (38 mg, 200 pmol). The resulting
mixture was stirred at room temperature. After 18 h, the mixture was
diluted with ethyl acetate, washed with brine, dried (Na,SO,), and
concentrated. A residue was purified with silica column chromatog-
raphy (CH,Cl,) to afford a red solid (C-BCS, 16.6 mg, 73%). 'H
NMR (CDCl,, 400 MHz) § —2.17 (s, 1H), —1.93 (s, 1H), —1.71 (s,
1H), —1.40 (s, 1H), 1.99 (s, 12H), 2.09 (s, 6H), 4.12 (s, 3H), 4.30 (s,
3H), 4.45 (s, 2H), 4.47 (s, 2H), 4.67 (s, 2H), 7.41—7.60 (m, 6H), 7.84
(d, J = 6.7 Hz, 2H), 7.95—8.13 (m, 7H), 8.17 (d, ] = 7.9 Hz, 4H), 8.30
(d, J = 8.0 Hz, 2H), 8.46 (d, ] = 8.0 Hz, 2H), 8.56—8.65 (m, 3H), 8.80
(s, 1H), 8.84 (s, 1H), 8.93—9.02 (m, 4H), 9.20-9.31 (m, 3H), 9.79 (s,
1H), 9.89 (s, 1H); MS ([M + H]*, M = CgH,N,O,): Calcd:
1294.5702, Obsd: 1293.9 (MALDI-MS), 1294.5652 (HRMS-ESI).

C-BC1-NHS. A mixture of C-BC1 (10.8 mg, 10.1 umol), aqueous
NaOH (2 mL, 1 M), THF (4 mL), and methanol (2 mL) was stirred
at room temperature for 13 h. HCl solution (1 M, 10 mL) was added.
The resulting mixture was extracted with ethyl acetate. Combined
organic layers were washed with brine, dried (Na,SO,), and
concentrated. The resulting crude solid (10.3 mg, 97%) was suspended
in DMF (1 mL) and treated with DMAP (12.2 mg, 100 ymol), N-
hydroxysuccinimide (11.5 mg, 100 gmol), and EDCI (19 mg, 100
umol). After 1S h, the mixture was diluted with ethyl acetate, washed
with brine, dried (Na,5SO,), and concentrated. A residue was purified
with silica column chromatography (CH,Cl, and ethyl acetate (50:1))
to afford a green solid (C-BC1-NHS, 8.3 mg, 74%). '"H NMR (CDCl,,
400 MHz) § —2.20 (s, 1H), —=2.11 (s, 1H), —1.97 (s, 1H), —1.91 (s,
1H), 1.98 (s, 6H), 2.01 (s, 6H), 2.09 (s, 6H), 3.00 (br, 4H), 4.45 (s,
4H), 4.52 (s, 3H), 4.68 (s, 2H), 8.09—8.19 (m, 2H), 8.22—8.41 (m,
9H), 8.55 (d, J = 7.3 Hz, 3H), 8.67—8.77 (m, 3H), 8.80 (s, 1H), 8.88
(s, 2H), 8.99 (s, 4H), 9.25 (s, 1H), 9.30 (s, 1H), 9.91 (s, 1H); MS ([M
+ HJY, M = C,;HuN,,O,): Caled: 1151.4927, Obsd: 1151.4970
(HRMS-ESI); A, (toluene) = 368, 414, 506, 647, 724 nm.

C-BC2-NHS. A mixture of C-BC2 (5.7 mg, 4.7 pmol), aqueous
NaOH (2 mL, 1 M), THF (4 mL), and methanol (2 mL) was stirred
at room temperature for 10 h. HCl solution (1 M, 10 mL) was added,
and the resulting mixture was extracted with ethyl acetate. Combined
organic layers were washed with brine, dried (Na,SO,), and
concentrated. The resulting crude solid (5.9 mg, 100%) was suspended
in DMF (1 mL) and treated with DMAP (5.7 mg, 47 umol), N-
hydroxysuccinimide (5.4 mg, 47 ymol), and EDCI (8.9 mg, 47 ymol).
The resulting mixture was stirred at room temperature. After 16 h, the
mixture was diluted with ethyl acetate, washed with brine, dried
(Na,S0,), and concentrated. A residue was purified with silica column
chromatography (CH,Cl, and ethyl acetate (15:1)) to afford a violet-
brown solid (C-BC2-NHS, 3.4 mg, 56%). 'H NMR (CDCl,, 400
MHz) § —2.19 (s, 1H), —1.95 (s, 1H), —1.79 (s, 1H), —1.46 (s, 1H),
1.96 (s, 6H), 1.99 (s, 6H), 2.10 (s, 6H), 3.02 (br, 4H), 3.08 (s, 6H),
4.39 (s, 2H), 4.48 (s, 2H), 4.53 (s, 3H), 4.69 (s, 2H), 6.85 (br, 2H),
7.76 (d, ] = 7.9 Hz, 2H), 8.12—8.20 (m, 2H), 8.26 (d, J = 8.0 Hz, 3H),
8.32—8.41 (m, 6H), 8.52—8.59 (m, 4H), 8.66 (s, 1H), 8.74—8.85 (m,
4H), 8.97—9.06 (m, 3H), 9.24—9.31 (m, 2H), 9.91 (s, 1H); MS ([M +
HIY, M = CgH,N,,0,): Calcd: 1294.5662, Obsd: 1294.5645
(HRMS-ESI); A, (toluene) = 370, 414, 521, 647, 749 nm.

C-BC5-NHS. A mixture of C-BCS (14.1 mg, 10.9 ymol), aqueous
NaOH (2 mL, 1 M), THF (4 mL), and methanol (2 mL) was stirred
at room temperature for 9 h. HCI solution (1 M, 10 mL) was added,
and the resulting mixture was extracted with ethyl acetate. Combined
organic layers were washed with brine, dried (Na,SO,), and
concentrated. The resulting crude solid (13.9 mg, 100%) was
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suspended in DMF (1 mL) and treated with DMAP (13.4 mg, 110
umol), N-hydroxysuccinimide (12.7 mg, 110 gmol), and EDCI (20.9
mg, 110 pmol). The resulting mixture was stirred at room
temperature. After 15 h, the mixture was diluted with ethyl acetate,
washed with brine, and dried over Na,SO,. After being concentrated,
the residue was purified with silica column chromatography (CH,Cl,
and ethyl acetate (25:1)) to afford a red solid (C-BCS-NHS, 6.5 mg,
43%). 'H NMR (CDCI,, 400 MHz) § —2.20 (s, 1H), —1.98 (s, 1H),
—1.71 (s, 1H), —1.41 (m, 1H), 1.99 (s, 12H), 2.10 (s, 6H), 3.02 (br,
4H), 4.30 (s, 3H), 4.44 (s, 2H), 4.47 (s, 2H), 4.68 (s, 2H), 7.41-7.62
(m, 6H), 7.84 (d, J = 8.0 Hz, 2H), 8.00-8.28 (m, 11H), 8.37 (d, ] =
7.9 Hz, 2H), 8.51—8.66 (m, SH), 8.79 (s, 1H), 8.84 (s, 1H), 8.93-9.07
(m, 4H), 9.23-9.32 (m, 3H), 9.78 (s, 1H), 9.92 (s, 1H); MS ([M +
H]Y, M = CgH,N,(O¢): Caled: 1377.5709, Obsd: 1377.5738
(HRMS-ESI) .

Amide C-NHPh. A mixture of C-NH, (6.7 mg, 12 ymol), DMAP
(2.9 mg, 24 umol), and benzoic acid (2.9 mg, 24 pmol) in DMF (2
mL) was treated with EDCI (4.6 mg, 24 ymol). The resulting mixture
was stirred at room temperature. After 16 h, the mixture was diluted
with ethyl acetate, washed with brine, dried (Na,SO,), and
concentrated. A residue was purified with silica column chromatog-
raphy (CH,Cl, and ethyl acetate (40:1)) to afford a green solid (C-
NHPh, 6.9 mg, 87%). '"H NMR (CDCl,;, 400 MHz) & —2.19 (s, 1H),
—1.95 (s, 1H), 2.07 (s, 6H), 4.11 (s, 3H), 4.64 (s, 2H), 7.54—7.65 (m,
3H), 7.97—8.07 (m, SH), 8.15 (d, ] = 8.6 Hz, 2H), 8.27 (d, ] = 7.9 Hz,
2H), 8.42 (d, J = 8.6 Hz, 2H), 8.58 (d, ] = 4.3 Hz, 1H), 8.76 (s, 1H),
8.93—9.01 (m, 3H), 9.20 (s, 1H), 9.25 (d, J = 4.9 Hz, 1H), 9.87 (s,
1H); C NMR (CDCl;, 100 MHz) § 31.2, 46.4, 52.4, 94.8, 96.0,
107.4, 119.5, 120.6, 123.4, 1259, 127.1, 128.1, 128.3, 1289, 129.4,
131.7, 132.0, 132.2, 132.6, 133.3, 134.1, 134.4, 134.9, 137.0, 1374,
137.6, 140.9, 146.8, 163.6, 165.9, 167.4, 1754; MS ([M + H]*, M =
CyHyNO,): Caled: 67028127, Obsd: 670.3, (MALDI-MS)
670.2794 (HRMS-ESI).
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