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ABSTRACT

The first bis(BF,) core complex containing a 1,8-naphthyridin derivative (1,2-bis(5,7-dimethyl-1,8-naphthyridin-2-yl)hydrazine) and with yellow-
green emission as well as a high quantum yield was synthesized and structurally characterized, and the compound exhibits two-photon

absorption and excited fluorescence properties.

Compared to many conventiona fluorophores, organic
fluorine—boron complexes BODIPY (BODIPY denotes
boron dipyrromethene and its derivatives) have attracted
plenty of interest in various areas of research because of their
high absorption coefficients and fluorescence quantum
yields.® These properties alow for BODIPY to be applied
as fluorescent sensors,? laser dyes® light harvesters, and
fluorescent switches.* Despite a large amount of investiga-
tion having been done on different aspects of BODIPY, the
research on boron complexes is still inadequate.® 1,8-
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Naphthyridine derivatives used as ligands for BF, have been
the subject of extensive studies for their biocompatibility and
their good fluorescence properties,” and the N atoms in these
compounds can effectively bind with the nitrogenous bases
of DNA through hydrogen bonding, thereby allowing for
potential applications of the 1,8-naphthyridyl derivativesin
medical and biological fields.2 We introduced BF, coresinto
the conjugated framework of the parent molecule to obtain
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the first intensely fluorescent bis(BF,) core compound
containing a 1,8-naphthyridine derivative. Its intriguing
structure and high fluorescent quantum yield as well as two-
photon absorption (TPA) properties indicate its potential
applications in fluorescence microscopy.

The synthetic route toward complex 1 is shown in Scheme
1. Compounds 3 and 4 were synthesized according to a

Scheme 1. Synthesis of Complex 1
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literature procedure in good yields.® Compound 5 was
previously obtained by reacting 4 with acetic acid under a
nitrogen atmosphere at ambient temperature and has been
reported by our group.’® The desired fluorine—boron com-
plex 1 was prepared in a satisfactory yield (56%) using
diethyl ether as a solvent by the reaction of 1,2-bis(5,7-
dimethyl-1,8-naphthyridin-2-yl)hydrazine and BFzEt,O in the
presence of 2,6-lutidine, and its structure was determined
by NMR, ESI MS, elemental analysis, and X-ray crystal-
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lography. The crystal data and details on data collection as
well as the structure refinement of 1 are summarized in the
Supporting Information (S1).

The X-ray crystal analysis of compounds 1 and 5 revealed
that the two naphthyridyl rings are nearly coplanar and that
the special structure of 5 results from the formation of two
five-membered rings by the interaction of N(3) or N(3A)
and H atoms with a short distance of 2.044 A (Figure 1a).**

Figure 1. Perspective view of 5 (a) and complex 1 (b) representing
the thermal ellipsoids with 50% probabilities.

A perspective view of 1 is shown in Figure 1b along with
an atom numbering scheme. The asymmetric unit of 1
consists of half the molecule, while the whole molecule is
generated by inversion. The two BF, cores were complexed
with N—N and two 1,8-naphthyridine moieties, respectively,
and they exhibt the familiar “S-frame” pattern. In addition,
two central fiveemembered CNBN, rings with average
B—N(3), B—N(2), N(2)—C(9), C(9)—N(3), and N(3)—N(3A)
bond lengths of 1.571(2), 1.579(2), 1.356(2), 1.329(2), and
1.407(2) A, respectively, were found for the complex.

The absorption and emission spectra that were recorded for
complex 1 in CH,CI, are shown in Figure 2, and the UV —vis
absorption spectra of 1 and 5 were found to be dependent on
the type of solvent (Figures S1 and S2, Sl). The absorption
spectrum of 1 has well-resolved vibronic peaks at 392, 415,
440, and 470 nm with an &mgx of 30083 dm® mol~t cm™2, and
the vibration progressions ranging from 1370 to 1450 cm™* are
close to C=C and C=N dtretching frequencies of complex 1.
In general, the formation of BODIPY compounds should result
in ared shift of the absorption and emission spectra; however,
complex 1 has a remarkable blue-shifted absorbance relative
to the absorbance of 5 in CH,Cl, solution (432, 456, 486, and
521 nm, the vibration progressions ranging from 1220 to 1380

(12) Crystalographic datafor 1: CxHigB2FsNg, M = 440.02, T = 113(2)
K. Orthorhombic, space group Pbca, a = 8.538(2), b = 14.696(3), ¢ =
15.467(3) A, a. = 90, f = 90, y = 90°, V = 1940.6(7) A3, Z = 4, Dc =
1.506 Mg m~3; reflections collected, 14 645, R, = 0.0578. Final R indices
[I > 201]: Ry = 0.0453, wR, = 0.1153. R indices (al data): R; = 0.0613,
wR, = 0.1273.
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Figure 2. Linear absorption (—, 7.3 x 1075 M) and emission (- -
-, 1.1 x 107® M, excitation at 440 nm) spectra of 1 in dichlo-
romethane, and photograph of dichloromethane solution of 1 under
irradiation of 365 nm light.

cmY) (Figure S3, SI).*2 This implies that the intramolecular
charge transfer (ICT) in 1 was suppressed by the introduction
of the BF, coresinto 5. The hypothesisis further supported by
time-dependent density functiona theory (TD-DFT) calcula
tions.*® Cal culation results showed that the HOMO and LUMO
energy gaps for compounds 1 and 5 should be at 2.93 (423
nm) and 2.64 (470 nm) eV, and this is essentidly consistent
with the experimental results (Figure 3). These results suggest
a change in the distributing electron density on going from
compound 5 with a symmetrical Acceptor—Donor—Acceptor
(A—D—A) type to compound 1 with an A—D—D—A pattern.

Compound 1 has an intense solid-state emission with a
Amax @ 542 nm, while 5 exhibits a relative weak red emission
at 630 nm in the solid state at room temperature (Figures
4 and S5, Sl). The fluorescence spectrum of complex 1
has two emission maximum peaks at 478 (z = 121 ns) and
512 (r = 124 ns) nm which are of an ailmost mirror-image
symmetry to the corresponding absorption spectrum in
CH,Cl, (Figure 2). The emission quantum yields of 1 were
measured using fluorescein in 0.1 N NaOH as a reference
and were found to be 0.965 and 0.767 in CH,Cl, and DM SO,
respectively, and only 0.009 for 5 in CH,Cl, solution (Figure
S6, SI).** The enhanced emission of 1 compared to that of
the precursor 5 can be explained by their crystal structures
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Figure 3. Contour plots and orbital energies of the HOMO and
LUMO for 5 (a) and 1 (b).

asshown in Figure 1. The crystal structure of 1 clearly shows
that the sz-conjugated framework of the complex exhibiting
B—N interactions results in a rigid molecular structure and
hinders the free rotation of the 1,8-naphthyridine rings around
the N—N single bond. A loss of energy from the excited
states via the nonirradiative pathway was thus prevented.
Symmetric charge transfer and the molecular interactions
such asinthe A—D—A or A—D—D—A patterns and in the
systems exhibiting hydrogen bonds are an efficient way to
enlarge the TPA cross-section.™®*® Figure 4 shows that the
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Figure 4. SPEF of 1 (CH.Cl,, 1.1 x 107 M) and TPEF of 1
(acetonitrile, 1.2 x 107° M). Inset: Fluorescence peak intensities
versus laser intensity upon excitation at 780 nm.

spectral profile and the peak position during two-photon
excited fluorescence (TPEF) for 1 upon excitation at 780
nm are the same as that from single-photon excited fluores-

(14) Demas, J. N.; Crosby, G. A. J. Phys. Chem. 1971, 75, 991.
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cence (SPEF) upon excitation at 440 nm. This implies that
the fluorescence emissions originate from the same excited
state.r” Furthermore, the left part of the multiple peaks
obtained from TPEF is weaker than those obtained from
SPEF, which is probably due to the relatively high sample
concentrations being used which causes the reabsorption of
1.8 To confirm the character of the TPA, the dependence
of the two-photon excited output fluorescence of 1in CH;CN
on the input laser power was conducted. Typica plots of
log(lou) Versus log(lin) demonstrate that the intensity of the
up-converted fluorescence was measured as a function of
input laser intensity as shown in Figure 4 (slope = 2.19).
Therefore, the curve of |1 versus li, fits aquadratic parabolas
well, which possesses the character of the TPEF process in
nature.*®

The TPA spectrum of 1 that was obtained by using the
two-photon-induced fluorescence technique has two TPA
peaks with Ama at 730 and 850 nm (Figure 5).%° The former
corresponds to the shoulder peak at 375 nm in the single-
photon absorption (SPA) spectrum, while the latter is related
to the absorption maximum at 440 nm in the SPA spectrum
in CH3CN solution (Figure S1, Sl). Compared to TPA
properties of the reported compounds containing A—z—A
and A—D—A chromophores, a two-photon absorption cross-
section (0) of 1 ismoderate, but it has arelatively large two-
photon action cross-section (19), where 7 is the fluorescence
quantum yield.?*

In summary, we synthesized the first bis(BF;) core
compound containing a 1,8-naphthyridine derivative. Its
excellent photophysical properties were well investigated and
explained by molecular structure analysis and quantum
chemical calculations. The results indicate that a new family
of fluorescent probes has key properties that enable it to be
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Figure 5. Two-photon absorption spectrum of complex 1 in CH;CN
with the concentration of 1.4 x 10> M, GM = 107 cm* s
photon—?*

used for TPEF, and it may be a candidate for use in
fluorescence microscopy because of a relatively large two-
photon action cross-section. The work on functionalizing
such new two-photon chromophores with potential practical
applications is currently in progress.
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