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Abstract: Three series new NHz-benzophosphole oxides were synthesized from cycloaddition of
o-aminophenyl phosphine oxide with alkynes. Photophysics investigation and theoretical
calculation indicate that the position of amino group in these benzophosphole oxides obviously
regulate their properties. 4-NH»-benzo[b]phosphole oxides show strong fluorescence emission and
high fluorescence quantum efficiency. This “One stone three birds” process provides rapid access
to multiple organophosphorus based luminogens for the structure—property relationship study.
Benzophosphole has received increasing research interest in the past decades for its unique
optoelectronic features and potentially broad applications in material science.! The photoelectric
properties of the annulated core can be tuned by substitution pattern and substitute group.? Recently,
the incorporation of amino groups to form donor-acceptor-type luminogens attracts considerable
attention. For example, Yamaguchi’s group reported an arylamine group attached benzophosphole
(I), which was polarity-sensitive and used as an environment-sensitive fluorescent probe.® Tang’s
group investigated several benzophosphole oxides containing acridine (II) or arylamine (III) or
pyridine groups as AlEgens for OLED or photodynamic therapy applications.* Yoshikai and co-
workers introduced the amino group, with or without a  spacer at C5-position (IV), the compounds

with a © spacer displayed stronger solvatochromism than those without a & spacer.®
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Figure 1 Structure of Benzophosphole and Some Representatlve Benzo[b]phospholes with Amino

Groups

Miura, Satoh and their coworkers have reported an approach to benzophosphole oxides from
intermolecular cyclization of alkynes and secondary phosphine oxides in the presence of AgOAc in
DMF at 100 °C.* Following this avenue, we designed and synthesized an ortho-Boc-aminophenyl
phosphine oxide 1, which reacted with diphenylacetylene firstly. The reaction was monitored by 3P
NMR and three new phosphorus derivatives were observed in the resulting reaction mixture. These
three products were isolated in pure form by simple column chromatography in a total 85% yield.
Based on the NMR spectra, these three regioisomers differing in the location of amino group were
recognized as 3a (3P NMR: 6 = 47.9 ppm in CDCls, eluent: PE:EA = 5:1, R¢ = 0.3, yield: 18%), 3b
(3P NMR: 6 = 38.0 ppm in CDCls, eluent: PE:EA = 1:1, Rs = 0.1, yield: 38%), and 3c (*'P NMR:
0 =39.1 ppm in CDCls, eluent: PE:EA = 3:1, Rf = 0.2, yield: 29%). The ratio of 3b in the total yield
is high, which may be caused by the large steric hindrance of NHBoc group. This result was
consistent with previous report and the plausible mechanism was proposed in ESI (Scheme S1).12
Encouraged by these results, we started to examine the reaction scope. All the reactions proceed
smoothly with good substrates tolerance. To our gratify, all of the isomers could be separated easily
and the desired Boc-protected products 4a~7a, 4b~7b and 4c~7c were obtained in medium overall
yields (37%~62%) (Scheme 1A). In the presence of trifluoroacetic acid (TFA), the Boc-protected
products 3a~7a, 3b~7b and 3c~7c were converted into the corresponding NH»-substituted products
3a’~7a’ (a’ series), 3b’~7b’ (b’ series) and 3¢’~7¢’ (¢’ series) in 52%~93% yields (Scheme 1B).
These products were identified by NMR spectra, high-resolution mass spectrometry, and X-ray
crystallographic analysis of 3b’> (CCDC 2161224) and 7¢’ (CCDC 2161185), respectively (Figure
2).



Scheme 1 Synthesis of three regioisomers NH»-Substituted benzo[b]phosphole oxides®
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@Reaction conditions: (A) 1 (1.0 mmol), 2 (0.5 mmol), AgOAc (2 mmol), DMF (3.0 mL), under N2 atmosphere. All
yields were isolated and based on substrate 2. (B) a (b, ¢) (0.2 mmol), TFA (0.6 mL), DCM (1.0 mL). All yields
were isolated and based on substrate a (b, c).

The crystal analysis revealed a n-r stacking interaction between the two adjacent benzophosphole
cores of 3b’ with a distance of 3.528 A (Figure 2). Water molecules were observed within the crystal,
which formed two types of hydrogen bonds: P=0---H-OH and H>O---H-NH with distances of 1.914
A and 2.084 A, respectively in 3b’. There were also intermolecular hydrogen bonds P=0---H-NH
with a distance of 2.517 A in 7¢’. Additionally, C-H---n interaction was found between C4-H and
benzophosphole core (2.744 A) in 7¢’. Due to the presence of amino groups, supramolecular
structures are formed through hydrogen bonds and m-m interactions in the solid 3b’ and 7¢’,

respectively.

7c' (CCDC 2161185)

Figure 2. X-ray crystal structures of 3b’ and 7¢’ with the packing view



These structurally simple regioisomers differing in the location of NH» group were analyzed by
UV-Vis absorption and fluorescence emission. As shown in Table 1 and Figure 3, the location of
NH:> group has a significant impact on the optical properties. Except of the strong electron-donating
diphenylamino substituted 6, the Amax and Aem of 4-NHz-benzophosphole (b’ series) > 7-NHo-
benzophosphole (¢’ series) > 1-(2’-NHz-phenyl)-benzophosphole (a’ series). Series b’ exhibited
strong fluorescence emission and showed the highest fluorescence quantum yields. In contrast, weak
or even no luminescence was seen from a’ series. Compared with TPPIO (Figure 3, Amax = 340 nm
and Aem = 426 nm), 32’ (Amax = 338 nm and Aem = 388 nm) is blue shifted.!® There are red shifts in
absorption and emission as NH» group anchored on the annulated phenyl ring, larger shifts were
displayed in 3b’ (Amax= 396 nm and Aem= 499 nm) than those of 3¢’ (Amax = 362 nm and Aem = 458
nm). Similar trends were observed in 4a’~4¢’, 5a’~5¢’, and 7a’~7¢’ also (See Figure S1 in ESI).
However, the difference between Aem of 62°~6¢’ is smaller, while 6a’ has the most red-shifted Adem
(565 nm). Contrasted with (TPA),PIO (Figure 3) the emission wavelengths of 6a’~6c¢’ are slightly
red-shifted.*

Table 1 Photophysical Data of the Products?

Entry Compound Amax(nm)? Jem(NM)P D(%)°
1 3a’ 338 388 0
2 3b’ 396 499 29
3 3¢ 362 458 6
4 42’ 338 403 0
5 4b’ 396 495 52
6 4c’ 361 457 7
7 5a’ 371 398 1
8 5b’ 401 500 72
9 5¢’ 372 492 4
10 6a’ 395 565 34
11 6b’ 428 548 45
12 6¢’ 397 556 37
13 7a’ 322 388 0
14 7’ 365 447 9
15 7 350 410 27

162 TPPIO 340 426 3
174 (TPA):P1O¢ 410 543 44

aMeasured in DCM.  Emission maxima upon excitation at the absorption maximum wavelengths. °Relative
fluorescence quantum yield in DCM, relative to quinine sulfate (H2SO4, 0.1 M solution). Measured in THF.

Definitions: Zabs, longest wavelength absorption maxima; dem, emission maxima; @s, fluorescence quantum yield.
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Figure 3. Chemical structures of 3, TPPIO, 6 and (TPA),PIO, UV/Vis absorption (dashed lines)
and normalized emission (solid lines) spectra of compounds 3 (A) and 6 (B) in CH2Cl, at 298 K

In order to further understand the relationship between the structure and optical behaviors of these
luminogens, electronic structures of 3a’~3¢’ and 6a’~6¢’ were calculated using density functional
theory at the basis set level of B3LYP/6-31+ G(d, p). As illustrated in Figure 4, the introduction of
NH; group has greatly changed the distribution of HOMO in 3a’~3¢’. The HOMO orbital of 3a’ is
mainly distributed on the peripheral aminophenyl with very limited delocalization size. Compared
with TPPIO,'3 the presence of NH, group changed the shape and size of HOMO. HOMOs of 3b’
and 3¢’ are well delocalized across NH> group and benzophosphole core, while the contribution
from phenyl at C4-position decreases dramatically. The LUMO orbital distributions of 3a’~3¢’ are
similar, mainly concentrated on benzophosphole core and two phenyls at 2 and 3-positions. 6a’~6c¢’
have similar LUMO distributions, which are mainly localized on benzophosphole core and the
phenyl at 2-position. The diphenylamino moieties of 6a’ and 6c¢’ influence the HOMO
predominantly while the contribution from NH, moiety is negligible. However, 6b’ has well-
delocalized HOMO along the long molecular axis with the involvement of NH, moiety,
benzophosphole core, and diphenylamine at 2-position. This computational calculation confirmed
a larger contribution from benzophosphole core to HOMO of 6a’~6¢’ than (TPA),P10.* These

results clearly showed that NH, groups anchored on the annulated phenyl ring of benzophosphole



b

core can effectively affect their photophysical properties, and the photophysical properties of 6a’~6¢

are controlled by their triphenylamine substitutes.

3a’ 3b’ 3¢’
LUMO -2.50 eV LUMO -1.99 eV LUMO -2.05 eV
HOMO -5.70 eV HOMO -5.71 eV HOMO -5.93 eV

LUMO

6a’ 6b’ 6¢c’
LUMO -2.05 eV LUMO -1.98 eV LUMO -1.97 eV
HOMO -5.12 eV HOMO -5.09 eV HOMO -5.10 eV

Figure 4. Frontier orbitals of 3 and 6

Subsequently, we studied the effect of 2,3-substituents on the optical properties. As shown in
Table 2 and Figure 3, all of the electron neutral 3b’ (Amax = 396 nm and Aem = 499 nm), electron-
withdrawing fluoride substituted 4b’ (Amax = 396 nm and Aem = 495 nm), and electron-donating OMe
substituted 5b’ (Amax = 401 nm and Aem = 500 nm) have similar UV-vis absorption and emission
peaks. 6b° (Amax = 428 nm and Aem = 548 nm) showed significantly red-shifted absorption and
emission. In comparison, the ethyl substituted 7b’ (Amax = 365 nm and Aem = 447 nm) showed blue-
shifted due to the reduced m-conjugation. 4-NH,-substituted benzophospholes 3b’~7b’ displayed
the best fluorescence quantum yields among three regioisomers, except alkyl-substituted 7b’. The
highest quantum yield was obtained with Sb’ (@ = 72%). The UV-vis absorption and emission
spectra of compounds 3a’~7a’ and 3¢’~7¢’ have the same trend as 3b’~7b’ (See Figure S2 in ESI).
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Figure 5 UV/Vis absorption (A) and normalized emission (B) spectra of compounds 3b’~7b’
(CHCl3, 298 K)

Table 2 Photophysical Data of 3b” in Different Solvents®

Entry Solvent Jmax(Nm)? Jem(nM)®  £[10* M1 cm] (%)
1 Hexane 382 465 0.41 36
2 Toluene 391 493 1.26 -
3 DCM 396 499 0.99 29
4 THF 402 501 1.04 -
5 Acetone 401 507 1.08 -
6 DMF 408 516 0.99 -
7 DMSO 410 526 0.80 40

aMeasured in solvent (1x10-° M). PEmission maxima upon excitation at the absorption maximum wavelengths.

Relative fluorescence quantum yield in solvent, relative to quinine sulfate (H2SO4, 0.1 M solution).
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Figure 6. UV/Vis absorption (A) and normalized emission (B) spectra of compound 3b’ in different
solvents (298 K)

The solvatochromism was studied with 3b”, and it was found that the absorption and fluorescence
spectra were both red-shifted gradually with the increased solvent polarity (Figure 6, Table 2). It
should be pointed out that 3b’ is highly fluorescent (Table 2, entry 7) with a pronounced emission
solvatochromism, which suggests the formation of an intramolecular charge-separated emitting state

in DMSO. 3b’ has the largest molar absorption coefficient ¢ in toluene (Table 2, entry 2).



In summary, photophysics investigation and theoretical calculation of these structurally diverse
isomers clearly indicated that the introduction and location of amino groups in these
benzophosphole oxides obviously affect their photophysical properties. Among the three isomers,
4-NH»-substituted derivatives exhibited the best emission performance. This research provides a
new perspective and method for the structural engineering of benzophosphole, and the utilization

and derivatization of the NH> group are in progress in our laboratory.
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Experimental procedures, characterization data for all new compounds including 'H, 3'P, and '3C
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