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Abstract
Six novel oxazaborines based on 7-aminocoumarin substituted by either fluoride or phenyl group on the boron atom were

prepared from the corresponding enaminones. The compounds were characterized by means of 1H, 13C, 19F, and 11B NMR

in solution, X-ray diffraction in crystal, UV–Vis spectroscopy, and electrochemistry. The observed optical properties were

compared to the DFT calculations. Dynamic behaviour of selected oxazaborines was studied by means of 19F and 1H VT

NMR and 2D EXSY. Both the enaminones and oxazaborines exhibit relatively strong fluorescence both in solid state and in

frozen 2-methyltetrahydrofuran at 77 K, but none in solution. In some cases, phosphorescence was observed as well.

Preliminary aggregation tests revealed aggregation induced emission (AIE) properties of the studied molecules. Con-

cerning the electrochemical properties, the first reduction of all the oxazaborines studied proceeds as transport controlled

one-electron (quasi)reversible process whereas the first oxidation of BPh2 oxazaborines proceeds as a two-electron irre-

versible process most probably of the ECE type. The oxidation of BF2 compounds was not possible to obtain within the

given potential window. Analysis of frontier orbitals showed that change from BF2 to BPh2 leads to decrease of energy gap.
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Introduction

Due to the still growing area of the applicability of lumi-

nescent molecules, the searching for novel luminophores is

an actual topic. One approach is to combine known lumi-

nophores into one molecule [1]. In our present research we

have combined two well-known luminophores: amino-

coumarins and boron ketiminates. 7-Aminocoumarins are

excellent luminophores, exhibiting high fluorescence

quantum yields and large Stokes shifts [2–13]. From huge

amount of applications and studies on 7-aminocoumarins

that can be found in the literature see, e.g., [14–33].

An advantage of coumarins is the possibility of adding

other substituents that both affects their spectral charac-

teristics and enables their interaction with an environment

which is important for their applications [10, 34–37].

Spectral characteristics of 7-aminocoumarins can be espe-

cially affected by the substitution on the nitrogen [2].

Series of papers describing the relationship between the

structure and luminescence properties of coumarin dyes

was published by Cole et al. [1, 38, 39].

Difluoroboron complexes of b-enaminones I (Fig. 1)

which belong to the family of b-iminoenolate boron com-

plexes [40] have recently attracted attention as a promising

class of fluorophores. Number of them have been synthe-

sized and characterized [40–73] showing interesting AIE

(aggregation-induced emission) [48–50, 59, 61, 62,

64, 66, 70, 74–77] as well as MLC (mechanoluminescent

chromism) [48–50, 74, 75, 78] properties. An important

part of this class of compounds form salicylaldimine-

derived complexes (boranils) II [51, 53, 55, 78] and fused

boron complexes III where nitrogen originates from

annelated heterocyclic ring [43, 45, 57, 59, 60, 75, 79–90].

In contrast to their difluoro analogues, diarylboron chelates

of b-enaminones are less characterized [68, 91–94]. During

the past several years our group has published synthesis,

NMR and X-ray characterization, basic fluorescence and

DSC study and some interesting chemical behaviour for

number of 2,2-diphenyl-1,3,2-oxazaborines, prepared from

b-enaminones and related compounds [41, 95–97].

Recently [98] we have synthesized and characterized

(NMR, X-ray) several boron iminoenolates IV having

coumarin-6-yl fragment on their nitrogen atom (Fig. 1).

We have also performed introductory study of their fluo-

rescence properties. The compounds exhibited fluorescence

in solid state as well as in frozen 2-methyltetrahydrofuran

at 77 K. Exploratory tests showed promising AIE proper-

ties of the tested compounds. AIE-active coumarin-based

boron complexes have been recently published [76].

As 7-aminocoumarins are better fluorophores than their

6-amino relatives [99] it inspired us to prepare, character-

ize, and explore fluorescence and electrochemical beha-

viour of boron iminoenolates V (Fig. 1) substituted with

coumarin-7-yl fragment on the nitrogen atom. We used

7-amino-4-methylcoumarin derivative as it is better syn-

thetically accessible than the corresponding 4-unsubstituted

one, although C4-methyl group can, in principle, have

some effect on the properties studied. Another goal of this

work is to compare the properties of 7-aminocoumarin

derivatives V with their 6-aminocoumarin analogues IV as

well as study of the effect of the coumarin fragment. For

this purpose, iminoenolates with N-Me fragment were also

prepared and studied.

Results and discussion

Synthesis of boron ketiminates

The starting b-enaminones 3 were prepared using classic

condensation of corresponding b-diketone 2 with appro-

priate amine (7-amino-4-methylcoumarin (1a), methyl-

amine (1b), or 6-aminocoumarin (1c) [98], resp.)

(Scheme 1). Enaminones 3 were converted to the corre-

sponding oxazaborines 4, 5 upon reaction with compounds

of trivalent boron (BPh3 or BF3�Et2O, resp.) (Scheme 1).

Fig. 1 General formulae of relevant boron iminoenolates
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NMR spectroscopy of the boron ketiminates

19F NMR spectra of ketiminates 5 reflect their dynamics.

The dynamics is both solvent and temperature dependent.

At laboratory temperature in CDCl3
19F NMR spectra of

compounds 5a, 5b (Fig. S28) consist of one broad signal

indicating relatively fast exchange of both the fluorines (are

equivalent on the NMR time scale). No boron splitting is

observable due to the broadening. The structure and reac-

tivity of compound 5d was previously studied by Itoh et al.

[100–103] where authors, on the basis of 19F NMR split-

ting, concluded on the non-equivalency of the fluorines.

The fluorines in compound 5d (lacking the coumarin

fragment) give sharp signal consisting of 1:1:1:1 lines with

distances 16.7 Hz (1J(19F, 11B)) which is comparable with

those observed for similar compounds [98, 100] (Fig. S28).

However, our interpretation, based on both 19F VT NMR

and boron-11 NMR properties (for details see Ref. [98]) is

different from the one given in Ref. [100]. The fluorines in

5d are equivalent even at laboratory temperature and the

splitting 1:1:1:1 is due to boron-11 splitting. The sharp

lines in the fluorine signal in 19F NMR spectrum of 5d

suggests higher rates of interconversion between the fluo-

rines in comparison with 5a, 5b. The interconversion in 5a,

5b is slower than in 5d, which could be due to the much

different size of N-substituents (4-methylcoumarin-7-yl vs.

methyl). The spectrum of compound 5c is different from

other compounds 5 (Fig. S28). Both the fluorines are non-

equivalent and the spectrum looks like a broad AB-system

(only the fluorine splitting is observable). This indicates

that the exchange between the fluorines is slow on the

NMR time scale (the slowest from all compounds 5). For

comparison of all the fluorine spectra see Fig. S28.

The difference in the dynamic behaviour between

compounds 5a–5c and 5d could be ascribed by the dif-

ferent size of the N-substituent. Considerably smaller

methyl group enables much faster interconversion of the

fluorines (free C–N rotation) in comparison with the

4-methylcoumarin-7-yl fragment (coalescence point for 5d

lies below 180 K). The size of the aminocoumarin frag-

ment slows down the C–N rotation and makes it hindered

with possible contributions of various conformers (espe-

cially flat and twisted form). Only a slight lowering the

temperature makes both the fluorines clearly distinct and

both geminal [2J(19F, 19F)] and one bond [1J(19F, 11B)]

couplings are clearly visible (see Fig. S29). In accordance

with this, an increasing the temperature leads to a gradual

equivalency of the fluorines, where finally only boron

splitting is observable (Fig. S29). Fluorine-19 NMR

parameters of the compounds studied are summarized in

Table 1.

The appearance of the boron-11 spectrum depends on

the type of the oxazaborine. Signals of 2,2-difluoro

derivatives 5 are split into triplets via direct boron–fluorine

coupling with 1J(11B, 19F) = 14.6–15.2 Hz. The chemical

shifts and coupling constants of 5 are comparable to those

found for 6-aminocoumarin analogues [98]. The change of

the N-substituent (5a–5c,? 5d) has some effect on both the

chemical shift and the coupling constant (Table 1). On the

other hand, the boron signals of 2,2-diphenyl derivatives 4

are broad singlets. This is typical behaviour for this kind of

compounds [95–98]. Chemical shifts are downfielded in

Scheme 1
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comparison with their BF2 analogues, similarly to those

described in [98] which is common [104].

Upon comparison of the proton and carbon chemical

shifts of the atoms being most affected by the formation of

the oxazaborine motif in 3 with those in 4, 5 (Table 2),

some conclusions can be drawn.

The formation of the oxazaborine ring causes downfield

shift for proton H2 both in BF2 and, to a lesser extent, BPh2

derivatives. The change is practically homogeneous

(Dd = 0.29–0.31 ppm for BF2 and 0.18–0.19 ppm for

BPh2, see Table 2, column 3) excepting 5d, where H2

proton is slightly more downfielded (Dd = 0.37 ppm).

Generally, the deshielding of H2 could be attributed to

electron-withdrawing effect of the positively charged

nitrogen and fluorines (in the case of 5). For more detailed

discussion see Ref. [100].

The upfield change of the C1 chemical shift can be

ascribed to the coordination of the boron species leading to

the change in the C–O bond order (from carbonyl to enol).

The change is relatively significant (Dd = - 14 to -

19 ppm, see Table 2, column 5). Contrary to this, carbon

C3 shows downfield shift due to the positively charged

nitrogen (Table 2, column 9). These changes in C1/C3

shielding can be attributed to the fact, that enol-imino form

is the more contributing (Fig. 2). This is similar to

6-aminocoumarin analogues studied previously [98].

Anomalous change of d(C3) in compounds 4d, 5d may be

caused by the different electronic nature of the adjacent

N-substituent (? I effect compensating the positive charge

at the nitrogen atom). Most of the data in Table 2 are

consistent with those published in Ref. [100]. Generally,

compounds 4 and 5 are similar to their 6-aminocoumarin

analogues studied previously [98].

Both proton and carbon NMR spectra of compounds 4

also reflect their dynamics. Carbon spectrum of BPh2

fragment of compound 4c consists of two sets of signals

that were undoubtedly assigned by means of 2D 1H-13C

HSQC (for the spectra see Supporting Info Figs. S19, S26;

the signal of the quaternary C–B carbon is missing prob-

ably due to its broadness caused by the quadrupole effect of

the adjacent boron atom). It indicates non-equivalency of

the phenyls within of the BPh2 fragment that can be

explained by a deformed envelope structure of the oxaza-

borine ring with a slow interconversion between the phe-

nyls on the NMR time scale. The envelope structure was

confirmed by means of X-ray in the case of 4a (see Figs. 3,

S34). Similar features, albeit not so striking, can be seen in

carbon spectra of 4a, 4b (signals of the relevant carbons are

not fully separated, but broadened, see Supporting Info,

Figs. S15a, S17a). The dynamics of compound 4c is evi-

dent also on looking at proton NMR spectra measured in

Table 1 19F and 11B NMR parameters of compounds 4, 5 in CDCl3 at

laboratory temperature

19F 11B

4a 5.49 br

4b 5.73 br

4c 5.21 br

4d 4.75 br

5a - 134.9, br s 0.34 (t, 1J(11B, 19F) = 15.1 Hz)

5b - 135.4, br s 0.68 (t, 1J(11B, 19F) = 14.6 Hz

5c - 135.6 br d, - 134.3 br d 0.40 (t, 1J(11B, 19F) = 15.2 Hz)

5d - 140.0 (q 1:1:1:1)
1J(19F, 11B) = 16.7 Hz

0.74 (t, 1J(11B, 19F) = 16.7 Hz

5ea - 134.0 br s, - 135.6 br s 0.36 (t, 1J(11B, 19F) = 15.2 Hz)

5fa - 134.5 br s, - 136.3 br s 0.68 (t, 1J(11B, 19F) = 14.6 Hz)

aData taken from Ref. [98]

Table 2 The chemical shifts

and changes in the shielding of

selected protons and carbons

upon forming the oxazaborine

ring

d(H2) Dd(H2) d(C1) Dd(C1) d(C2) Dd(C2) d(C3) Dd(C3)

3a 5.30 197.6 100.4 158.2

5a 5.61 0.31 178.8 - 18.8 99.3 - 1.1 171.7 13.5

4a 5.48 0.18 180.2 - 17.4 100.8 0.4 169.1 10.9

3b 5.99 189.7 96.8 160.2

5b 6.28 0.29 172.3 - 17.4 96.1 - 0.7 171.9 11.7

4b 6.18 0.19 173.3 - 16.4 97.7 0.9 169.7 9.5

3c 5.33 201.6 97.4 163.7

5c 5.63 0.30 183.3 - 18.3 95.7 - 1.7 176.4 12.7

4c 5.51 0.18 184.5 - 17.1 97.2 - 0.2 174.0 10.3

3da 5.66 187.4 91.8 165.8

5d 6.03 0.37 171.4 - 16.0 95.7 3.9 168.9 3.1

4d 5.84 0.18 170.2 - 17.2 96.6 4.8 168.9 3.1

aFrom Ref. [107]
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toluene-d8. The spectrum at laboratory temperature

(Fig. S31) shows separated signals of both the phenyl

groups within BPh2 fragment (their assignment was veri-

fied by means of COSY, see Supporting Info, Figs. S25,

S25a). Increasing the temperature leads to a gradual

equivalence of the phenyl groups with coalescence point at

about 323 K. The chemical exchange between the phenyls

was confirmed also by means of 2D EXSY experiment

(Fig. S32). An interesting VT NMR behaviour can be

observed also for the rest of the molecule 4c (see SI, Fig

S31 and the accompanying text).

The spatial proximity of BPh2 and coumarin fragments

was confirmed by means of 2D NOESY (see Supporting

Info for details, Figs. S32, S33). Generally, it can be stated

that in toluene-d8 solution at laboratory temperature the

spatial structure of 4c is similar to that found in crystal for

4a (Figs. 3, S34).

Compound 4c partially decomposes on heating to

100 �C. Boron-11 NMR reveals chemical shift of the

decomposition product as about 45 ppm (see Supporting

Info, Fig. S27). It corresponds to a trivalent boron [104],

i.e., breaking of either B–O or B–N bond takes place. Due

to the similarity of 11B NMR chemical shifts for both the

possibilities (e.g., Ph2BOH has d(11B) = 45.5 ppm (Ref.

[105]) and Ph2BNPh2 has d(11B) = 48.7 ppm (Ref. [106])

and the lack of other relevant analytical data it is impos-

sible to determine the correct one. Based on the observed

thermal transformation of aryldiazenyl substituted oxaza-

borines to the triazaborines going through B–O bond rup-

ture (e.g., [95]) we incline rather to the first alternative.

Crystallography

Structure of 4a (Fig. 3) is analogous to other

[52, 69, 71, 95, 98, 108–111] boron ketiminate complexes.

The ketiminate ligand is anisobidentately bound with

boron–oxygen and boron–nitrogen distances being only by

0.4 Å longer than the sum of the covalent radii of both

types of atoms [112]. The values of C(Ph)–B1–C(Ph)

angles, other angles and distances characteristic for boron

ketiminate complexes are comparable to already reported

data [52, 69, 71, 95, 98, 108–111]. The p-electron density

conjugation is a bit more pronounced than in the rest of

compounds where the multiple bond character is localized

between C3–N1 and C1–C2 atoms of the ligand. A

deformed envelope like conformation of the central ring

(azaboraoxacycle) is found with the deviation of

0.247(2) Å for N1 and 0.834(2) Å for B1 atoms from the

Fig. 2 Mesomeric structures of

the boron iminoenolates

Fig. 3 The molecular structure

(ORTEP 50% probability level)

of 4a. Selected interatomic

distances (Å) and angles (�):
O1–B1 1.513(3), N1–B1

1.601(3), O1–C1 1.315(3), C1–

C2 1.367(3), C2–C3 1.409(3),

N1–C3 1.325(3), O2–C6

1.378(3), O2–C7 1.384(3), O3–

C7 1.209(3), O1–B1–N1

104.11(17), C16–B1–C22

114.56(19), C1–C2–C3

119.3(2), C6–O2–C7

121.10(19)
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plane defined by the C1, C2, C3, and O1 atoms. Surpris-

ingly, only the C–H���O short contacts are responsible for

the supramolecular architecture of 4a.

UV–Vis spectroscopy

All the studied compounds exhibit broad absorption bands

with the maxima at 320–380 nm in 2-MTHF (Table 3 and

Figs. 4, 5). The vinylogous enlargement of the conjugation

(1a ? 3a) results in a bathochromic shift of 19 nm.

While the size of the alkyl group has no effect on the

position of the absorption maxima (cf. 3a, 3c), the

replacement of R1 by phenyl group results in the bath-

ochromic shift of 20 nm (cf. 3a, 3b, Fig. 10 left). The

complexation of compounds 3 with triphenyl borane (to

give 4) or boron trifluoride (to give 5) leads to the large

hypsochromic shift of the intense absorption bands (24 nm

for a and c, 34 nm for b, and 36 nm for d, Fig. 4 right and

Fig. 5, Table 3). The hypsochromic shifts could be con-

nected with a decrease of an interaction of the N1 nitrogen

with coumarin ring caused by the complexation.

Luminescence

Very weak fluorescence quantum yields (U\ 0.01) were

found for the compounds 3 in 2-MTHF at room tempera-

ture. The other compounds do not fluoresce at all in the

solution at room temperature. At 77 K a luminescence was

detected (Figs. 6 and 7 left).

In the range of 370–500 nm, the compounds 3a–3c

show a fluorescence with well-cut vibronic structure; in

comparison with 3a and 3c, the fluorescence maxima of 3b

are bathochromically shifted by 40 nm.

All the complexed compounds (4, 5) exhibit broad flu-

orescence bands with maxima at 465 nm (4a, 4c), 425 nm

(5a), and at 422 nm (5c); in comparison with the com-

pounds a and c the fluorescence maxima of compounds

b are bathochromically shifted by 40–50 nm.

The fluorescence spectra at room temperature show

similar trends as do the absorption bands, i.e., significant

bathochromic shifts of the compounds b.

The compounds a and c, show a phosphorescence in the

range 450–600 nm at 77 K; the phosphorescence spectra of

the compounds 3a and 3c exhibit a clear cut vibronic

structure, while the phosphorescence spectra of the com-

pounds 4a, 4c and 5a, 5c consist of one broad band. The

lifetime of the phosphorescence was found to be very short

(20–30 ls) and may correspond to the emission from a Tnp*

state. The absence of phosphorescence in all compounds

b may be due to the bathochromic shift of the absorption

band and subsequently by changing the deactivation cas-

cade with respect to the energy of np* singlet and triplet

states.

Because of the very small fluorescence quantum yield,

the fluorescence kinetics was measured for highly con-

centrated solutions. Multi-exponential decay kinetics with

time constants in a range of 1–3 ns was observed (Fig. 8).

Besides the low-temperature phosphorescence, the rela-

tively long (ns) lifetimes together with low fluorescence

quantum yields also imply coupling of the emitting state to

the triplet state manifold. If the non-radiative de-excitation

were caused by fast internal conversion only, the radiative

lifetimes would be unrealistically long.

The fluorescence spectra of the studied compounds in

the solid state (powder) are formed by structural bands

(compounds 3) and broad structureless bands (4 and 5) with

maxima in the range 423–550 nm (Fig. 7 right) With

regard to the used experimental techniques (luminescence

detected from the surface of pressed powder), only one

relation could be detected: the exchange of the phenyl rings

Table 3 Spectral

characteristics of the studied

compounds

2-MTHF Powder

kA(max)/nm e/103 mol-1 dm3 cm-1 kF(max)/kPh(max) (77 K)/nm kF(max)/nm

3a 362 37,000 397, 420/499, 538 516, 549

3b 382 31,000 436, 460/– 469, 485

3c 362 39,000 399, 422/496, 537 475, 516

3d 339 27,000 384, 405, 420/– 420

4a 341 43,000 465/540 460

4b 381 71,000 516/– 508

4c 341 48,000 465/531 513

4d 368 40,000 441, 469, 500/– 479

5a 317 30,000 427/510 415

5b 347 11,000 464/– 451

5c 316 29,000 422/498 423

5d 332 20,000 373, 396, 419/– 425
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by the fluorines on the boron atom (4 ? 5) results in strong

hypsochromic shift (45–90 nm). It is noteworthy that the

same dependence show the fluorescence spectra in

2-MTHF at 77 K. The spectral characteristics of the

compounds d as the part of all the studied compounds were

also investigated; the absorption spectra are formed by

broad bands with maxima at 340–370 nm. At 77 K these

compounds exhibit well-structured fluorescence spectra.

No phosphorescence was found.

AIE/AIEE properties

From the above-mentioned discussion on the luminescence

properties it follows that the compounds studied are solid

state luminophores, but their solution state luminescence is

poor. Compounds with such behaviour are potential AIE-

gens, i.e., exhibit aggregation induced emission (AIE) or

aggregation induced emission enhancement (AIEE). This

phenomenon is important from the aspect of the application

of luminescent materials and has recently been extensively

reviewed, see, e.g., [77, 113, 114]. In our previous work

[98] we have performed preliminary AIE exploration of

boron iminoenolates substituted with N-coumarin-6-yl

fragment. The samples studied showed to be AIE-active.

Inspired by the previous results [98] we performed

similar study also for 7-aminocoumarin analogues. The

compounds 3 do not exhibit any AIE properties, but boron

complexes 4, 5 do.

The THF solution of 4a does not show any fluorescence

at room temperature. But in 99% (v/v) water/THF mixture

upon excitation at 397 nm, a yellow-green fluorescence

appeared. AIE is well documented by the photographs and

fluorescence spectra of the solutions with different amount

of water (Fig. 9). Practically no AIE was detected for the

solution with 80% of water. Compared with absorption

spectrum in 2-MTHF (Fig. 10), the excitation spectrum of

4a in aggregated form is shifted bathochromically about by

60 nm. Very similar AIE characteristics exhibit all

derivatives of 4 and 5 (Figs. 9, 10). Similar to the

absorption, low-temperature fluorescence and solid state

fluorescence spectra, the AIE of compounds 4b and 5b is

shifted bathochromically by about 50 nm compared to the

Fig. 4 The absorption spectra of 3a–3d (left) and 4a–4d (right) in 2-MTHF

Fig. 5 The absorption spectra of 5a–5d in 2-MTHF
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derivatives a and c. In comparison with AIE, the fluores-

cence spectra of the compounds 4 and 5 in solid state

(powder) exhibit very similar shapes, but their maxima are

shifted hypsochromically about by 50 nm (e.g., compound

5b, Fig. 10). Compound 4b was observed to gradually

decompose in highly diluted aqueous THF solutions to give

aminocoumarin 1a. This is clearly visible as liberated 1a

gives rise to blue fluorescence whereas pure 4b in solution

does not fluoresce (see Fig. S35). Stability and resulting

possible applications of these compounds are to be the

subject of further studies. On the other hand, N-methyl

analogues 4d, 5d are not AIEgens as possess no fluores-

cence even at high concentrations of the poor solvent (99%

water in THF).

Theoretical calculations

For deeper insight into UV–Vis absorption properties, the

DFT calculations were performed. The energy levels of

HOMO and LUMO orbitals are illustrated in Fig. 11.

The results indicate that substitution of phenyl groups

(4) on the boron atom by fluorine atoms (5) leads to

decrease of HOMO and LUMO energy levels and increase

of HOMO–LUMO energy gap. This is in agreement with

observed bathochromic shift of compounds 4. This could

be explained by the fact that in the fluorine-substituted

compounds 5, the HOMO orbitals are distributed mainly

over the coumarin and the oxazaborine moiety. However,

substitution of fluorine atoms for phenyl groups in

Fig. 6 The luminescence spectra of 3a–3c (left) and 4a–4d (right) in 2-MTHF at 77 K

Fig. 7 The luminescence spectra of 5a–5d (left) in 2-MTHF at 77 K and 3c–5c (right) in solid state
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compounds 5 causes appearance of new higher energy

levels for HOMO orbitals located mainly on these phenyl

groups. The bathochromic shift caused by the substitution

of methyl (4a, 5a) for phenyl (4b, 5b) in position 6 of the

oxazaborine ring could be explained in similar way. The

LUMO orbitals in methyl substituted compounds 4a, 5a are

located on the oxazaborine and the coumarin moieties.

However, in phenyl substituted compounds 4b, 5b these

LUMOs are distributed on the phenyl instead of the cou-

marin moieties. The results of TDDFT calculations

including kmax, oscillator strength values f and the main

orbital transitions are summarized in Table 4. The

Fig. 8 Fluorescence (left) and phosphorescence (right) decay kinetics of 3a and 3c in 2-MTHF. Fluorescence was measured at room temperature

and 77 K, phosphorescence only at 77 K

Fig. 9 Left: the aggregate form excitation (Ex) and fluorescence (Fl)

spectra of 4a in H2O/THF mixtures: 99% (red line), 95% (green line)

and 90% (blue line) of water. Right: the aggregate form excitation

(Ex) and fluorescence (Fl) spectra of 4b in H2O/THF mixtures: 99%

(black line), 95% (blue line), 90% (green line), 80% (red line), and

70% (orange line) of water. Bottom: photographs of 4a in H2O/THF

mixture (10-4 M) under UV irradiation (k = 360 nm). The amount of

water is 0, 50 and 99% (from the left)
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calculated kmax values are in good agreement with the

experimental values. Contrary to the work of Kubota [57],

the S0 ? S1 and S0 ? S2 transitions are attributed to the

transitions from the HOMO to LUMO and HOMO-1 to

LUMO, respectively. Location of HOMO and LUMO

orbitals in different parts of compounds 4a, 4b and 5a, 5b

indicates that an intramolecular charge-transfer (ICT)

occurs.

Electrochemistry

The fundamental electrochemical characterization of the

newly synthesized oxazaborine molecules was performed

in acetonitrile containing 0.1 M Bu4NPF6 as the supporting

electrolyte. To get consistent information, several voltam-

metric techniques (cyclic voltammetry, rotating disk

voltammetry, and polarography) as well as electrode

materials: platinum, glassy carbon, mercury (to discern a

role of electrode material) were employed. The electro-

chemical data are summarized in Table 5 and the main

attention has been paid to first oxidation and reduction

potentials and their reversibility considering that their

values are related to HOMO and LUMO energies, more-

over their difference reflects HOMO–LUMO gap.

Reduction

The first reduction of compounds 4a–4f proceeds at

potentials of - 1.44 to - 1.68 V (vs. SCE) as diffusion

controlled one-electron (quasi)reversible process with

cathodic/anodic peak separation 76–93 mV. Concerning

the substitution on the nitrogen of the oxazaborine core,

when comparing methyl substitution (in 4d) with the

coumarin one within the series, the electron-withdrawing

effect of the coumarin moiety causes shift of reduction

potentials to less positive values. Moreover, there is not big

difference in the reduction potentials of the oxazaborines

bearing either coumarin-7-yl (4a, 4b) or coumarin-6-yl (4e,

4f). Furthermore, when comparing reduction of 4a and 4b

where the methyl is replaced by phenyl group, the less

positive potential of the latter one is connected to delo-

calization of electron density as described above in the

chapter Theoretical calculations. In the second series 5a–5f

the reduction process follows in similar manner as for 4a–

4f. The main role plays the electron-withdrawing effect of

two fluorine substituents which replaced both phenyl

groups and caused (e.g., for 5a in comparison to 4a) a shift

of the first reduction potential by about 100 mV to less

positive values.

Oxidation

The first oxidation of compounds 4a–4f proceeds at

potentials of ? 1.51 to ? 1.77 V (vs. SCE) and from

comparison of limiting oxidation current from RDV with

one-electron reduction current it assumes as a two-electron

irreversible process probably of the ECE type. The oxi-

dation most easily proceeds for 4d whereas the presence of

coumarin-7-yl (4a, 4b) or coumarin-6-yl (4e, 4f) moieties

increase oxidation potentials by similar manner and their

Fig. 10 AIE study of compound 5b. Left part: photographs of 5b in

H2O/THF mixture (10-4 M) under UV irradiation (k = 360 nm). The

amount of water is 0, 50, and 99% (from the left). Right part:

fluorescence spectrum of 5b in the aggregated (99% H2O/THF

mixture) and the solid state (SS)
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differences can be explained by the above-mentioned dis-

placement of HOMO. The oxidation of compounds 5 is

outside the potential window given by electrode, solvent,

and supporting electrolyte. For voltammograms see Sup-

porting Information.

Conclusion

Six novel oxazaborines containing 7-aminocoumarin motif

were prepared from the corresponding b-enaminones. For

an evaluation of the effect of the coumarin fragment, N-

methyl analogues were synthesized as well. The com-

pounds were characterized by means of 1H, 13C, 11B, and
19F NMR spectroscopy as well as X-ray diffraction of the

selected compound. Proton and carbon NMR spectroscopy

as well as X-ray revealed predominating enol-iminate

structure. Molecular dynamics of selected oxazaborines

was studied by means of VT NMR (19F, 1H) and EXSY

spectroscopy. The compounds studied exhibit mutual

interconversion between R’s within the BR2 fragment. The

rate is affected by the substituent on the nitrogen atom.

Whereas N-methyl compounds 4d, 5d possesses fast

exchange even at laboratory temperature, the exchange in

their coumarin-7-yl derivatives 4a–4c and 5a–5c is sig-

nificantly slower. The absorption spectra of all the studied

compounds consist of a single broad, intense band in range

300–400 nm. The complexation of the boron fragment

leads to a hypsochromic shift of the absorption maxima

apparently due to a decoupling of the nitrogen with the

Fig. 11 Molecular orbital energy diagram and isodensity surface (contour value 0.04) plots of the HOMO-1, HOMO, LUMO, and LUMO?1

orbitals
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coumarin ring. In a solution, none of the studied com-

pounds fluoresce at room temperature. In 2-MTHF at 77 K,

the compounds 3 exhibit a fluorescence with a clear cut

vibronic structure while the fluorescence of 3b is more

bathochromically shifted. The complexation (compounds 4

and 5) leads to a significant bathochromic shift of fluo-

rescence formed by a single broad band. Compounds 3a, 3c

show a phosphorescence with a well-cut vibronic structure;

the phosphorescence of 4a, 4c and 5a, 5c consist of a single

broad, bathochromically shifted, band. Compounds b do

not phosphoresce. The lifetime of the phosphorescence was

found to be 20–30 ls and may correspond to the emission

from a Tnp* state. Compounds d exhibit only a fluorescence

with a clear cut vibronic structure; no phosphorescence was

detected. In comparison with the derivatives of 6-amino-

coumarin, the derivatives of 7-aminocoumarin exhibit

higher luminescence intensities in solid, frozen solution,

and aggregated states as well. Simultaneously the phos-

phorescence spectra of some derivatives of 7-aminocou-

marin are shifted bathochromically compared to the

fluorescence spectra. This fact has given us the possibility

of further investigation of photophysical properties of these

compounds, i.e., fluorescence and phosphorescence life-

time. The AIE tests in THF/water mixture showed that

compounds 4, 5 are AIE-active molecules. The change of

the substituent on the nitrogen (compounds 4d, 5d) led to

complete inhibition of AIE properties. Concerning the

electrochemical properties, the first reduction of all com-

pounds 4 and 5 proceeds as transport controlled one-elec-

tron (quasi)reversible process at potentials of - 1.31 to -

1.81 V (vs. SCE). It was observed that the reduction

potential is significantly influenced by substituents on the

nitrogen of the oxazaborine core. The electron-withdraw-

ing ability of either coumarin-7-yl (4a, 4b) or coumarin-6-

yl (4e, 4f) cause shift of reduction potential from 130 to

370 mV to less positive values in comparison to methyl

substitution. Moreover, two fluorine substituents which

replaced both phenyl groups (in, e.g., 5a) shifted the first

reduction potential by another 100 mV in the same direc-

tion in comparison to 4a. The first oxidation of oxaza-

borines 4a–4f proceeds as a two-electron irreversible

Table 4 Results of TDDFT

calculations at the B3LYP/6-

311?G** level of theory and

experimentally obtained

absorption maxima

Transition kA(max)/nm calc Main orbital transition f kA(max)/nm obs

4a S0 ? S1 362 HOMO ? LUMO (0.94) 0.05 341

S0 ? S2 352 HOMO-1 ? LUMO (0.95) 0.14

4b S0 ? S1 388 HOMO ? LUMO (0.91) 0.18 381

S0 ? S2 379 HOMO-1 ? LUMO (0.91) 0.17

4d S0 ? S1 370 HOMO ? LUMO (0.97) 0.18 368

S0 ? S2 355 HOMO -1 ? LUMO (0.98) 0.01

5a S0 ? S1 328 HOMO ? LUMO (0.97) 0.37 317

S0 ? S2 300 HOMO -1 ? LUMO (0.79) 0.12

5b S0 ? S1 360 HOMO ? LUMO (0.98) 0.65 347

S0 ? S2 325 HOMO -1 ? LUMO (0.88) 0.25

5d S0 ? S1 321 HOMO ? LUMO (0.99) 0.55 332

S0 ? S2 285 HOMO -1 ? LUMO (0.88) 0.02

6a S0 ? S1 317 HOMO ? LUMO (0.73) 0.17 307

S0 ? S2 310 HOMO ? LUMO ? 1 (0.75) 0.04

6b S0 ? S1 347 HOMO ? LUMO (0.92) 0.47 343

S0 ? S2 323 HOMO ? LUMO ?1 (0.94) 0.03

7a S0 ? S1 351 HOMO ? LUMO (0.91) 0.01 334

S0 ? S2 343 HOMO- 1 ? LUMO (0.93) 0.01

7b S0 ? S1 374 HOMO ? LUMO (0.56) 0.09 377

S0 ? S2 370 HOMO- 1 ? LUMO (0.58) 0.15

Table 5 Electrochemical data of studied compounds

E1/2 (ox1)/V E1/2 (red1)/V Eox - Ered,a/V

4a 1.77 - 1.68 3.45

4b 1.67 - 1.44 3.11

4d 1.51 - 1.81 3.33

4e 1.77 - 1.66 3.42

4f 1.68 - 1.56 3.23

5a – - 1.58 –

5b – - 1.31 –

5d – - 1.63 –

5e – - 1.63 –

5f – - 1.43 –
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process at potentials of ? 1.51 to ? 1.77 V (vs. SCE), most

probably of the ECE type and is again influenced by cou-

marin-7-yl or coumarin-6-yl moieties. The oxidation of

compounds 5 was not possible to obtain within the given

potential window. Analysis of frontier orbitals showed that

substitution of fluorine atoms in 5 to phenyl groups on the

boron atom (giving compounds 4) leads to decrease of

energy gap that explains observed bathochromic shift. The

same applies to substitution of methyl (4a, 5a) to phenyl

(4b, 5b) in position 6 of the oxazaborine ring.

Experimental

NMR spectra were measured using NMR spectrometers

Bruker AVANCE III operating at 400.13 MHz (1H),

376.50 MHz (19F), 127.38 MHz (11B), and 100.12 MHz

(13C) and Bruker AscendTM equipped with CryoprobeTM

Prodigy operating at 500.13 MHz (1H), 470.66 MHz (19F),

160.48 (11B), and 125.12 MHz (13C). Proton spectra in

CDCl3 were calibrated on internal TMS (d = 0.00 ppm)

and in DMSO-d6 on the middle peak of the solvent mul-

tiplet (d = 2.50 ppm). Carbon spectra were measured with

broadband proton decoupling in an ordinary way or using

APT pulse sequence. Calibration of the carbon spectra was

done on the middle peak of the solvent multiplet

(d = 77.23 ppm in CDCl3 and 39.51 in DMSO-d6). Fluo-

rine-19 NMR spectra were measured without proton

decoupling using a,a,a-trifluorotoluene as the secondary

external standard (d = - 63.9 ppm against CFCl3 as the

primary standard) [115]. Boron-11 NMR were measured in

5 mm quartz NMR tubes (Norell) using B(OMe)3 as an

external standard (d = 18.1 ppm) [116]. All the pulse

sequences were taken from the Bruker pulse sequence

library. The multiplicity of the signals is expressed as

follows: s (singlet), d (doublet), t (triplet), q (quartet), dd

(doublet of doublets), m (multiplet), br (broadened signal).

The X-ray data for colourless crystals of 4a were

obtained at 150 K using Oxford Cryostream low-temper-

ature device on a Nonius Kappa CCD diffractometer with

Mo Ka radiation (k = 0.71073 Å), a graphite monochro-

mator, and the / and v scan mode. Data reductions were

performed with DENZO-SMN [117]. The absorption was

corrected by integration methods [118]. Structures were

solved by direct methods (Sir92) [119] and refined by full

matrix least-square based on F2 (SHELXL97) [120].

Hydrogen atoms were mostly localized on a Fourier dif-

ference electron density map, however, to ensure unifor-

mity of treatment of the crystal, all hydrogen atoms were

recalculated into idealized positions (riding model) and

assigned temperature factors Hiso(H) = 1.2 Ueq (pivot

atom) or 1.5 Ueq (methyl). Hydrogen atoms in methyl

moieties and in aromatic rings were placed with C–H

distances of 0.96 and 0.93 Å, respectively.

Rint ¼
X

F2
o � F2

o;mean

���
���=
X

F2
o ; GOF

¼ ½
X

ðwðF2
o � F2

c Þ
2Þ=ðNdiffrs

� NparamsÞ�1=2for all data;RðFÞ
¼

X
Foj j � Fcj jj j=

X
Foj jfor observed data;wRðF2Þ

¼ ½
X

ðwðF2
o � F2

c Þ
2Þ=ð

X
wðF2

oÞ
2Þ�1=2for all data:

Crystallographic data for structural analysis have been

deposited with the Cambridge Crystallographic Data Cen-

tre, CCDC no. 1413238 for 4a. Copies of this information

may be obtained free of charge from The Director, CCDC,

12 Union Road, Cambridge CB2 1EY, UK (fax: ?44-

1223-336033; e-mail: deposit@ccdc.cam.ac.uk or www:

http://www.ccdc.cam.ac.uk). Crystal data for 4a are in

Supplement together with other characterization data.

The absorption spectra were measured on a UV/Vis

Perkin-Elmer Lambda 35 spectrophotometer at room tem-

perature. The emission spectra were measured on a Perkin-

Elmer LS55 Spectrofluorimeter equipped with a commer-

cial low-temperature accessory and a special commercial

cuvette. For fluorescence measurements, the solutions of

very low concentration about 10-6 mol dm-3 (optical

density * 0.05 at the excitation wavelength in 1-cm cell)

were used. The fluorescence spectra in solid phase were

recorded from the surface of the pressed powder in the

special cuvette. The spectra were corrected for the char-

acteristics of the emission monochromator and for the

photomultiplier response and by excitation at the wave-

lengths of the absorption maxima. The luminescence

kinetics was measured using Horiba Jobin–Yvon Fluoro-

max TCSPC spectrometer. The cylindrical round-bottom

quartz cuvette with the solution was placed into the Oxford

Research Instrument OPTISTATDN cryostat. As the exci-

tation source, 370 nm IBH NanoLED was used. Fluores-

cence decay kinetics at 296 K was recorded at 430 nm

(4 nm bandwidth) using 1 MHz excitation pulse repetition

rate. Phosphorescence decay kinetics at 77 K was mea-

sured at 537 nm (14 nm bandwidth) using 1 kHz repetition

rate.

Electrochemical measurements were carried out in

acetonitrile containing 0.1 M Bu4NPF6. Cyclic voltam-

metry (CV), rotating disk voltammetry (RDV), and

polarography were used in a three-electrode arrangement.

The working electrode was glassy carbon or platinum disk

(2 mm in diameter) for CV and RDV experiments, whereas

for the study of reduction a dropping mercury electrode

(DME) was employed. As the reference and auxiliary

electrodes were used saturated calomel electrodes (SCE)

separated by a bridge filled with supporting electrolyte. All

potentials are given vs. SCE. Voltammetric measurements
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were performed using a potentiostat PGSTAT 128 N

(AUTOLAB, Metrohm Autolab B.V., Utrecht, The

Netherlands) operated via NOVA 1.11 software.

The calculations were performed using the density

functional method B3LYP (Refs. [121–124]) in conjunc-

tion with 6-31?G** basis set as implemented in the

Gaussian 09 suite [125]. For all optimized structures, fre-

quency analyses at the same level of theory were used to

assign them as genuine minima on the potential energy

surface. The single point and TDDFT calculations were

performed on the optimized structures on the B3LYP/6-

311?G** level of theory.

All the solvents and reagents were commercial and used

without further treatment.

General procedure for the synthesis of b-
enaminones 3a–3c

The mixture of 1.2 g 7-amino-4-methylcoumarin (1a,

6.85 mmol), b-diketone 2a–2c (6.85 mmol, 8.63 mmol in

the case of 2a), and catalytic amount of p-toluenesulfonic

acid (10 mg, 0.058 mmol) in 80 cm3 toluene was refluxed

for 18–20 h. Water formed during the reaction was

azeotropically distilled off. The solvent was evaporated

under reduced pressure. The crude products 3a–3c (white

or yellow solids) were purified by recrystallization or iso-

lated by column chromatography.

4-Methyl-7-[[(2Z)-4-oxopent-2-en-2-yl]amino]-2H-chromen-
2-one (3a, C15H15NO3) From 7-amino-4-methylcoumarin

(1a) and acetylacetone (2a). Reaction time 20 h. Recrys-

tallization from ethanol afforded 0.65 g (37%) of yellow

solid. M.p.: 165–166.5 �C; 1H NMR (500 MHz, CDCl3):

d = 12.73 (br s, 1H), 7.54 (d, J = 8.5 Hz, 1H), 7.08 (d,

J = 2.2 Hz, 1H), 7.00 (dd, J = 8.5 Hz, J = 2.2 Hz, 1H),

6.23 (br q, J = 1.2 Hz, 1H), 5.30 (s, 1H), 2.43 (d,

J = 1.3 Hz, 3H), 2.17 (s, 3H), 2.14 (s, 3H) ppm; 13C NMR

(125 MHz, CDCl3): d = 197.6, 161.0, 158.2, 154.4, 152.3,

142.6, 125.6, 119.4, 116.5, 113.8, 110.2, 100.4, 29.7, 20.7,

18.8 ppm.

7-[(2Z)-(4-Oxo-4-phenylbut-2-en-2-yl)amino]-4-methyl-2H-
chromen-2-on (3b, C20H17NO3) From 7-amino-4-methyl-

coumarin (1a) and benzoylacetone (2b). Reaction time

18 h. Repeated column chromatography (CHCl3:EtOAc

3:2; DCM:EtOAc 10:1) afforded 1.31 g (60%) of yellow

solid. M.p.: 160–160.5 �C; 1H NMR (400 MHz, CDCl3):

d = 13.36 (br s, 1H), 7.93–7.91 (m, 2H), 7.57 (d,

J = 8.5 Hz, 1H,), 7.52–7.43 (m, 3H), 7.14 (d, J = 2.1 Hz,

1H,), 7.09 (dd, J = 8.5 Hz, J = 2.2 Hz, 1H), 6.23 (br q,

J = 1.1 Hz, 1H), 5.99 (br s, 1H), 2.43 (d, J = 1.1 Hz, 3H),

2.31 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):

d = 189.7, 160.9, 160.2, 154.4, 152.2, 142.5, 139.6, 131.7,

128.6, 127.4, 125.6, 119.5, 116.8, 113.9, 110.4, 96.8, 21.3,

18.8 ppm.

4-Methyl-7-[[(3Z)-5-oxohept-3-en-3-yl]amino]-2H-chromen-
2-one (3c, C17H19NO3) From 7-amino-4-methylcoumarin

(1a) and heptane-3,5-dione (2c). Reaction time 18 h. Col-

umn chromatography (silica gel/CHCl3-EtOAc 3:2 v/v)

furnished 1.17 g of pale yellow solid. M.p.: 101–102.5 �C;
1H NMR (500 MHz, CDCl3): d = 12.74 (br s, 1H), 7.54 (d,

J = 8.5 Hz, 1H), 7.07 (d, J = 2.2 Hz, 1H), 7.01 (dd,

J = 8.5 Hz, J = 2.2 Hz, 1H), 6.23 (br q, J = 1.2 Hz, 1H),

5.33 (s, 1H), 2.50 (q, J = 7.4 Hz, 2H), 2.45–2.41 (m, 5H),

1.17–1.14 (m, 6H) ppm; 13C NMR (125 MHz, CDCl3):

d = 201.6, 163.7, 161.1, 154.5, 152.3, 142.7, 125.6, 119.6,

116.5, 113.8, 110.7, 97.4, 35.7, 25.7, 18.8, 12.6, 9.7 ppm.

General procedure for the synthesis
of oxazaborines 4a–4d

The flask fitted with a calcium chloride drying tube was

charged with enaminone 3a–3d (2 mmol) in 20 cm3

anhydrous DCM. Afterwards 0.6 g triphenylborane

(2.5 mmol) was added gradually under argon atmosphere.

The reaction mixture was then stirred for 2–7 days at room

temperature. The crude product was isolated by column

chromatography followed by further purification (see

details at individual compounds).

4,6-Dimethyl-2,2-diphenyl-3-(4-methyl-2-oxo-2H-chromen-
7-yl)-1,3,2k4-oxazaborine (4a, C27H24BNO3) From 3a,

reaction time 6 days. Volatile components were evaporated

in vacuo and ca. 10 cm3 MeOH was added to the residue.

The flask with the mixture was immersed into an ultrasonic

bath. The precipitate formed was isolated by suction.

Recrystallization from EtOH afforded 0.25 g (40%) of

white solid. M.p.: 217.5–218.5 �C; 1H NMR (500 MHz,

CDCl3): d = 7.31–7.28 (m, 5H), 7.18–7.13 (m, 6H), 6.88

(d, J = 1.9 Hz, 1H), 6.73 (dd, J = 8.3 Hz, J = 1.9 Hz, 1H),

6.21 (br q, J = 1.3 Hz, 1H), 5.48 (s, 1H), 2.32 (d,

J = 1.2 Hz, 3H), 2.09 (s, 3H), 2.00 (s, 3H) ppm; 13C NMR

(125 MHz, CDCl3): d = 180.2, 169.1, 160.6, 153.4, 152.0,

146.4, 133.7–133.5 (br), 127.1–126.9 (br), 126.6–126.3

(br), 124.7, 123.2, 118.6, 115.8, 115.2, 100.8, 23.8, 22.3,

18.8 ppm.

4-Methyl-3-(4-methyl-2-oxo-2H-chromen-7-yl)-2,2,6-tri-
phenyl-1,3,2k4-oxazaborine (4b, C32H26BNO3) From 3b,

reaction time 6 days. Volatile components were subse-

quently evaporated in vacuo and the residue was subjected

to column chromatography [silica gel, CHCl3:EtOAc (3:2

v/v)]. Subsequent recrystallization from EtOH afforded

0.23 g (85%) of white solid. M.p.: 203.5–205 �C; 1H NMR

(400 MHz, CDCl3): d = 7.95–7.92 (m, 2H), 7.51–7.47 (m,
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1H), 7.43–7.37 (m, 6H), 7.31 (d, J = 8.5 Hz, 1H),

7.18–7.12 (m, 6H), 6.96 (d, J = 2 Hz, 1H), 6.80 (dd,

J = 8.4 Hz, J = 2.2 Hz, 1H), 6.22 (br q, J = 1.2 Hz, 1H),

6.18 (s, 1H), 2.33 (d, J = 1.1 Hz, 3H), 2.15 (s, 3H) ppm;
13C NMR (100 MHz, CDCl3): d = 173.3, 169.7, 160.6,

153.5, 151.9, 146.6, 134.3, 133.7 (br), 132.4, 128.7, 127.9,

127.0 (br), 126.5 (br), 124.7, 123.2, 118.7, 115.8, 115.3,

97.7, 22.9, 18.8 ppm.

4,6-Diethyl-3-(4-methyl-2-oxo-2H-chromen-7-yl)-2,2-di-
phenyl-1,3,2k4-oxazaborine (4c, C29H28BNO3) From 3c,

reaction time 6 days. Volatile components were evaporated

in vacuo and ca. 10 cm3 MeOH was added to the residue.

The flask with the mixture was immersed into an ultrasonic

bath. The precipitate formed was isolated by suction.

Recrystallization from EtOH afforded 0.34 g (44%) of

yellow solid. M.p.: 168–169 �C; 1H NMR (500 MHz,

CDCl3): d = 7.30–7.26 (m, 5H), 7.15–7.11 (m, 6H), 6.89

(d, J = 2.0 Hz, 1H), 6.73 (dd, J = 8.4 Hz, J = 2.0 Hz, 1H),

6.21 (br q, J = 1.2 Hz, 1H), 5.51 (s, 1H), 2.35–2.32 (m,

5H), 2.27 (q, J = 7.6 Hz, 2H), 1.17 (t, J = 7.5 Hz, 3H),

1.11 (t, J = 7.5 Hz, 3H) ppm; 13C NMR (125 MHz,

CDCl3): d = 184.5, 174.0, 160.6, 153.4, 152.0, 146.1,

133.7, 133.5, 127.0, 126.8, 126.5, 126.2, 124.6, 123.4,

118.5, 115.9, 115.2, 97.2, 30.4, 28.0, 18.8, 12.6, 10.6 ppm.

3,4-Dimethyl-2,2,6-triphenyl-1,3,2k4-oxazaborine (4d,
C23H22BNO) From 3d, reaction time 6 days. Volatile

components were evaporated and the residue was subjected

to column chromatography [silica gel, CHCl3:EtOAc (3:2

v/v)]. Subsequent recrystallization from EtOH afforded

1.0 g (86%) of yellow solid. M.p.: 174–176 �C; 1H NMR

(400 MHz, CDCl3): d = 7.87–7.85 (m, 2H), 7.43–7.32 (m,

7H), 7.28–7.18 (m, 6H), 5.84 (s, 1H), 2.93 (s, 3H), 2.17 (s,

3H) ppm; 13C NMR (100 MHz, CDCl3): d = 170.2, 168.9,

148.9 (br), 134.8, 133.2, 131.4, 128.5, 127.3, 127.2, 126.4,

96.6, 37.4, 21.2 ppm.

General procedure for the synthesis
of oxazaborines 5a–5d

The procedure was adopted from Ref. [126]. Enaminone

3a–3d (1.5 mmol) was dissolved in 10 cm3 DCM and

0.42 cm3 triethylamine (3 mmol) was added afterwards.

The reaction mixture was stirred at room temperature for

20 min. Consequently, 1.16 cm3 48% BF3�Et2O

(4.5 mmol) was added; the mixture was refluxed for 3 h

and then stirred for another 12–87 h at room temperature.

The crude product was obtained by evaporation of the

solvent and further purified.

2,2-Difluoro-4,6-dimethyl-3-(4-methyl-2-oxo-2H-chromen-7-
yl)-1,3,2k4-oxazaborine (5a, C15H14BF2NO3) From 3a,

stirred for 87 h at room temperature; the volatile compo-

nents were evaporated under reduced pressure; the residue

was suspended in water. The product was isolated by

suction; recrystallization from ethanol followed with

washing with ether afforded 0.22 g (46%) of white solid.

M.p.: 195.5–196.5 �C; 1H NMR (500 MHz, CDCl3):

d = 7.69–7.67 (m, 1H), 7.21–7.20 (m, 2H), 6.34 (br q,

J = 1.2 Hz, 1H), 5.61 (s, 1H), 2.46 (d, J = 1.3 Hz, 3H),

2.23 (s, 3H), 2.01 (s, 3H) ppm; 13C NMR (125 MHz,

CDCl3): d = 178.8, 171.7, 160.3, 153.9, 151.9, 142.7,

125.8, 122.6, 120.0, 115.8, 115.5, 99.3, 23.3, 21.6,

18.9 ppm; HRMS (MALDI): C15H14BF2NO3 requires

[M ? H]? 306.11076, found 306.11076; [M ? Na]?

328.09270, found 328.09270; [M - F]? 286.10453, found

286.10392.

2,2-Difluoro-4-methyl-6-phenyl-3-(4-methyl-2-oxo-2H-chro-
men-7-yl)-1,3,2k4-oxazaborine (5b, C20H16BF2NO3) From

3b, stirred for 12 h at room temperature, the volatile

components were evaporated in vacuo, the residue was

purified by washing with ether and ethanol. Yield 0.83 g

(90%) of light yellow solid. M.p.: 266–267.5 �C; 1H NMR

(400 MHz, CDCl3): d = 8.01–7.99 (m, 2H), 7.72–7.69 (m,

1H), 7.59–7.55 (m, 1H), 7.51–7.47 (m, 2H), 7.28–7.26 (m,

2H), 6.35 (br q, J = 1.2 Hz, 1H), 6.28 (s, 1H), 2.47 (d,

J = 1.2 Hz, 3H), 2.16 (s, 3H) ppm; 13C NMR (100 MHz,

CDCl3): d = 172.3, 171.9, 160.3, 154.0, 151.9, 142.9,

133.1, 133.0, 129.0, 127.9, 125.8, 122.6, 120.1, 115.9,

115.5, 96.1, 22.2, 18.9 ppm; HRMS (MALDI): C20H16-

BF2NO3 requires [M ? H]? 368.12641, found 368.12697;

[M ? Na]? 390.10835, found 390.10902; [M - F]?

348.12018, found 348.12068.

4,6-Diethyl-2,2-difluoro-3-(4-methyl-2-oxo-2H-chromen-7-
yl)-1,3,2k4-oxazaborine (5c, C17H18BF2NO3) From 3c,

stirred for 12 h at room temperature. Column chromatog-

raphy [silica gel, CHCl3:EtOAc (3:2 v/v)] afforded 0.54 g

(96%) of white solid. M.p.: 130–131 �C; 1H NMR

(500 MHz, CDCl3): d = 7.69–7.67 (1H, m), 7.22–7.20

(2H, m), 6.34 (1H, br q, J = 1.3 Hz), 5.63 (1H, s), 2.50

(2H, q, J = 7.6 Hz), 2.46 (3H, d, J = 1.2 Hz), 2.27 (2H, q,

J = 7.6 Hz), 1.26 (3H, t, J = 7.5 Hz), 1.13 (3H, t,

J = 7.6 Hz) ppm; 13C NMR (125 MHz, CDCl3):

d = 183.3, 176.4, 160.4, 153.9, 151.9, 142.4, 125.7, 122.9,

120.0, 115.8, 115.7, 95.7, 30.1, 27.4, 18.9, 12.2, 10.6 ppm;

HRMS (MALDI): C17H18BF2NO3 requires [M ? H]?

334.14206, found 334.14248; [M ? Na]? 356.12400,

found 356.12450; [M - F]? 314.13583, found 314.13620.

2,2-Difluoro-3,4-dimethyl-6-phenyl-1,3,2k4-oxazaborine
(5d, C11H12BF2NO) Synthesis and structure of these com-

pounds were described previously in Ref. [100]. From 3d,

reaction time 20 h, the precipitate was filtered off and the

filtrate was evaporated in vacuo. Recrystallization from
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ethanol afforded 0.4 g (53%) of white solid. M.p.:

138–139 �C; 1H NMR (400 MHz, DMSO-d6):

d = 7.93–7.91 (m, 2H), 7.59–7.49 (m, 3H), 6.52 (s, 1H),

3.16 (s, 3H), 2.35 (s, 3H) ppm; 13C NMR (100 MHz,

DMSO-d6): d = 173.0, 166.0, 132.0, 128.9, 126.6, 96.1,

32.5, 20.2 ppm; HRMS (MALDI): C11H12BF2NO requires

[M ? Na]? 246.08722, found 246.08755; [M ? K]?

262.06154, found 262.06116; [M - F]? 204.09905, found

204.09918.
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