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The first dibenzo-1,4-phosphaborins were synthesized and characterized by X-ray crystallographic analysis. The phosphaborins exhibited
UVIvis absorption derived from intramolecular charge transfer from the phosphorus atom to the boron atom. The phosphaborins showed
different fluorescent properties depending on the substituents on the phosphorus atom.

Heterosr-conjugated molecules have been paid much atten-a few heteraz-conjugated systems featuring six-membered
tion in recent years because atomic orbitals on heteroatomsings have been studied so far.

can interact electronically with carbon-basedrbitals, and Dibenzo-1,4-dihydro-1,4-azaborine (azaborink)is a

the resultant hetera-systems reduce HOMEOLUMO gaps nitrogen and boron analogue of 9,10-dihydroanthracene and
compared to the parentsystem, owing to a rise of HOMO  has a heteree-conjugated system including the lone pair of
level (N, P) or a decline of LUMO level (B, ShHeteroatom-  the nitrogen atom and the vacant p-orbital of the boron atom
substituted cyclopentadienes (heteroles) are the most studiedFigure 1) HOMO—LUMO excitation ofla (Amax408 nm)
compounds among such molecules due to the interestingresulted in intramolecular charge transfer (ICT) from the
electronic and optical properties derived from efficient nitrogen atom to the boron atom and fluorescent emission
hyperconjugation between planar extendedrbital and with a high quantum yield (420 nm, ¢ 0.8) from the
atomic orbitals on heteroatoms. As for phosphorus-containing zwitterionic excited statéCompoundl also shows interest-
m-systems, the electronic and optical properties of phosphorus-ing optical properties, such as UV—vis absorption and
containing t-conjugated systems can be changed by the
electrochemical or chemical tuning of the lone pair, which _ (2) Fave, C.; Hissler, M.; Karpati, T.; Rault-Berthelot, J.; Deborde, V.;
is induced by oxidation, coordination to Lewis acids, and gogac" - Nyulaszi, L.; Reau, R. Am. Chem. So&004,126, 6058~

complexation with transition metad$On the other hand, only (3) Maitlis, P. M.J. Chem. Socl961, 425—429.
(4) (a) Kuznetsov, V. A.; Gamzatov, A. Z.; Barabonin, S. Y.; Reikhsfel'd,
V. O.; Nesterova, S. VZh. Obshch. Khim1990, 60, 2505—2511. (b)
(1) (@) Yamaguchi, S.; Tamao, K. [Fhe Chemistry of Organic Silicon Ryzhikov, M. B.; Rodionov, A. N.; Nesterova, O. V.; Shigorin, D. Rh.
Compounds; Rappoport, Z., Apeloig, Y., Eds.; Wiley: Chichester, 2001; Fiz. Khim.1988,62, 1097—1100. (c) Ryzhikov, M. B.; Rodionov, A. N.;

Vol. 3, pp 641-694. (b) Yamaguchi, S.; Akiyama, S.; Tamao, K. Nekrasov, V. V.; Shigorin, D. NZh. Fiz. Khim.1988,62, 2491—2493. (d)
Organomet. Chen2002,652, 3-9. (c) Hissler, M.; Dyer, P. W.; Reau, R. Ryzhikov, M. B.; Rodionov, A. N.; Godik, V. A.; Shigorin, D. NZh. Fiz.
Coord. Chem. Rei2003,244, 1-44. Khim. 1989,63, 638—641.
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s phosphorus nucleus is probably increased by steric conges-

tion around the phosphorus atom because of the rigid fused-
ring structure. In thé'B NMR spectra, the signals &a (g

Ar Ar

||3 ||3 65.1) and2b (6 62.3) appeared in the usual region of
©: D ©i ]@ triarylborane and shifted downfield compared with those of

N P azaborinel, indicating the existence of weakekc—2ps

Me Ar?

interaction in phosphaborins than 1n
1 2 Single crystals oRa suitable for X-ray crystallographic
a: Ar=Ph a: Ar! = Mes, Ar? = Ph analysis were obtained by recrystallization from benzene/
b:Ar=Mes b At = A = Mes Et,O (Figure 2)%7 Unlike the azaborine ring, the phos-
¢ Ar' = Ar? = Ph
d: Ar' = Ph, Ar? = 2 6-Xyl

Figure 1. Azaborines and phosphaborins.

fluorescence in response to external stimuli (i.e., ORIOH,
or other Lewis bases§ or the formation of a CT complex
with electron acceptors (i.e., TCN®).

The phosphorus analogue bfphosphaborin, is expected
to have electronic and optical properties different from those
of 1. The lone-pair electrons of phosphorus atom make a
smaller contribution to conjugation with thesystem than
those of nitrogen. In addition, tricoordinated phosphorus
compounds take a pyramidal structure unlike tri- and
diarylamine, which are usually trigonal planar, so phos-
phaborin will change the local structure around phosphorus
atom upon excitation, resulting in a large Stokes shift in
photoluminescence. Despite its potential application for Figure 2. ORTEP drawing oB-mesityl+-phenylphosphaboripa

; ; : ith thermal ellipsoid plot (50% probability). H atoms and solvent
optical devices, phosphaborin has not yet been reported. HeréanoIecuIes are omitted for clarify. Selected bond lengths (A) and

we report the synthesis, structure, and fluorescent properties‘dng|es (deg): BC1 1.570(5), B-C2 1.554(5), B-C3 1.553(5),

of the first phosphaborin. P—C4 1.836(3), P-C5 1.811(3), PC6 1.819(3); C+B—C2
B-Mesityl-P-phenylphosphaborin 2a  and B,P-di- 120.6(3), C2—B—C3 119.9(3), C3—B—C1 119.3, C4—-P-C5

mesitylphosphaborib were synthesized by the reactions 100.33(14), C5—P—C6 103.22(16), C6—P—C4 103.37(14).

of dilithio derivatives prepared from the arylbis(2-bromo-

phenyl)phosphanefa and 3b, respectively, with MesB-

(OMe), in Et,O under reflux conditions (Scheme 1). Both

phaborin ring of2a deviates from planarity due to pyrami-
dallization at the phosphorus atom. The sums of the bond
angles around the phosphorus atom (307°) and the boron
atom (360) are similar to those of ordinary triarylphosphanes

Scheme 1 and triarylboranes.
) m-Bull Mes Single crystals oRb were obtained by recrystallization
n-BulLi . .
Br 2) MesB(OMe), @[BD from benzene. Although the crystallographic analysi2iof
—_—
Et,O P (6) Crystallographic data foRa: GC7H24BP-Y/benzene, pale yellow
2 PAr | needle, monoclinic, space gro@i/c, a = 8.138(4) A,b = 16.833(9) A,
Ar ¢ = 16.975(9) A8 = 92.835(3)°V = 2323(2) &, Z = 4, F(000)= 908,
3a: Ar=Ph 2a: Ar = Ph (80%) crystal size 0.50< 0.10 x 0.05 mn#, 6.16 < 20 < 54.96. In total, 9578
3b: Ar = Mes 2b: Ar = Mes (62%) reflections were collected, of which 2774 were independ@pt£ 0.0355)

and employed for refinement: 292 parameters, 0 restrdiatd, > 20(1))
= 0.0445, wR (all data) = 0.0871. The intensities of reflection were
collected at 120 K on a RIGAKU MSC Mercury CCD diffractometer with

; - - ; a graphite-monochromated Mo Keadiation (1 = 0.71070 A) using
phosphabonnga andzb were obtained as crystalline solids, CrystalClear (Rigaku Corp.). The structure was solved by direct methods

which were stable against air and moisture in the solid state, (SHELXS) and expanded using Fourier techniques. The structures were

but 2b decomposed gradually for several days in solution. Lef(ijned by f:l"-matfix Ieafst-sguarestme_tholfsﬁf(H (?HELXLt-97)- Allnon- §
2 . ~ ydrogen atoms were refined anisotropically. Hydrogen atoms were assigne
In the *'P NMR spectra, the signals @& (6p —13.3) and idealized positions and were included in structure factor calculations. CCDC-

2b (0p —22.2) shifted upfield compared with those of the 267794 contains the supplementary crystallographic data for this paper.
; ; ialdi These data can be obtained free of charge from the Cambridge Crystal-

parent triarylphosphanes The magnetic shielding of the lographic Data Centre via www.ccdc.cam.ac.uk/conts/retrieving.htmi (or

from the Cambridge Crystallographic Data Centre, 12, Union Road,
(5) (@) Nesterova, S. V.; Gamzatov, A. Z.; Kuznetsov, V. A.; Reikhsfel'd, Cambridge CB21EZ, UK; fax: «44) 1223-336-033; or deposit@

V. O. zh. Obshch. Khim1988,58, 1296—1299. (b) Ryzhikov, M. B.;  ccdc.cam.ac.uk).

Rodionov, A. N.; Serov, S. A.; Shigorin, D. Mhim. Geterotsikl. Soedin. (7) Sheldrick, G. M.SHELXL-97: Program for Crystal Structure

1989, 1676—1679. Refinement; University of Goéttingen: Géttingen, Germany, 1997.
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is not good enough for precise discussion due to disorder,the nitrogen atom because the planar structure around the

nonplanarity of dibenzophosphaborin ring is obviously
strengthened compared to that 24 derived from steric
repulsion of the mesityl group on the phosphorus atom (see
the Supporting Information).

Density functional calculatiod$B3LYP/6-31G(d) level)
were performed on model compounds and 2d.° The
optimized structure fo2c reproduced the molecular structure
of 2aalmost completely. The frontier molecular orbitals are
delocalized over the phosphaborin rings, but the HOMO and
LUMO have the significant coefficients of a lone pair on
the phosphorus atom and a vacant 2p orbital on the boron
atom, respectively. Natural bond orbital (NBO) analysis was
performed orn2c in order to reveal further insight into the
electronic structure of phosphabotffiNBO analysis showed
that the highest occupied natural localized molecular orbital
corresponds to the phosphorus lone pair and the lowest
unoccupied natural localized molecular orbital is the vacant
2p orbital on the boron atom. The electronic excitation of
phosphaborin is probably derived from ICT from the
phosphorus atom to the boron atom. Second-order perturba:
tion analysis indicates strong electron donation frogg to
2ps*, while the delocalization of the phosphorus lone pair
to mcc* is weak. These data are in contrast to a structural
and theoretical investigation on the electronic structure of
the azaborine that the donation from the nitrogen lone pair

nitrogen atom of azaborine is not widely affected by its

substituents.

Phosphaborin2a and 2b showed different fluorescence

spectra (Figure 3). The fluorescence spectra2afwere

2b 2a

>
=
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=
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Figure 3. Fluorescence spectra &fa (298 K, cyclohexane,
excitation at 368 nm, (orange) 10103 M, (green) 1.0x 104
M, (blue) 1.0x 1075 M) and2b (298 K, cyclohexane, 8.& 107>
M, excitation at 393 nm).

400 600 700

to mcc* is stronger than thercc—2ps* interaction®t

The UV—vis spectra showed absorption maxima in the
near-ultraviolet regionfnax 368 Nm for2a, 393 nm for2b).
These absorptions are derived from the ICT as predicted by
TD-DFT calculations on model compounds (26,ax 365
nm; 2d, Amax 382 Nnm)*? The red shift of the absorption in
2bis explained by planarization around the phosphorus atom
induced by the bulky mesityl group &b and the consequent
elevation of the HOMO levelF The UV—vis absorption
maxima of azaborine do not depend on the substituent of

(8) Gaussian 03, Revision B.05: Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A.,
Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;
Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda,
R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken,
V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski,
V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D.
K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui,
Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith,
T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; and
Pople, J. A. Gaussian, Inc., Wallingford CT, 2004.

(9) To reduce the computational timg¢ and 2d, which have phenyl
groups instead of mesityl groups on boron atoms, were used. These
simplifications rarely affected the structure of phosphaborin rings.

(10) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Rev1988, 88,
899-926.

(11) Kranz, M.; Hampel, F.; Clark, TChem. Communl992, 1247—
1248.

(12) (a) Stratmann, R. E.; Scuseria, G. E.; Frisch, M. Lhem. Phys.
1998,109, 8218—8224. (b) Bauernschmitt, R.; Ahlrichs, Ghem. Phys.
Lett. 1996,256, 454—464. (c) Casida, M. E.; Jamorski, C.; Casida, K. C;
Salahub, D. RJ. Chem. Phys1998,108, 4439—4449.

(13) Sasaki, S.; Sutoh, K.; Murakami, F.; Yoshifuji, N.. Am. Chem.
Soc.2002,124, 14830—14831.
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concentration-dependent in the range of 1.0 to 0.010 mM in
cyclohexane solution. In the diluted solution, the intensity
of the broad emission near 560 nm was weakened and the
sharp emission at 410 nm increased. The fluorescengk of
(¢rL 0.16%), however, was independent of its concentration.
Our interpretation of the broad emission observed near 560
nm is that2a forms an excimer upon excitation when in a
concentrated solutior2b does not appear to form an excimer
because of steric repulsion around the phosphorus atom,
resulting in monomer-derived emission. In the case of
azaborine, the emission is independent of concentration
regardless of the reduced bulkiness of substituents on the
nitrogen atom. Thus, the excimer formation @ is
considered a specific characteristic to phosphaborin, which
has a more active lone pair than azaborine.

The monomer emission da does not show significant
Stokes shift (40 nm), bib exhibits rather large Stokes shift
(115 nm). Structural relaxation from excited-state induces
Stokes shift, and?b should experience greater structural
change around phosphorus atom tRarupon photoexcita-
tion. Both crystallographic analysis and theoretical calcula-
tions indicate the phosphorus atom 2 deviates from
phosphaborin ring much more than that2#. The phos-
phorus atom oRb seems to move toward the mean plane
defined by the five atoms of the phosphaborin ring other
than phosphorus atom upon photoexcitation, resulting in a
larger Stokes shift.

(14) The fluorescence quantum yielgk() of 2b was determined at 298
K using 9,10-diphenylanthracene as a standard in cyclohexanepdT oé
2acould not be determined due to the excimer formation and weakness of
emission.
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A similar emission change was observed in response to
the addition of a proton source (Figure 4). When 1,1,1,3,3,3-

HFIP/equiv

Intensity

400

Al nm

Figure 4. Fluorescence change ®& upon addition of HFIP (298
K, cyclohexane, 1.0< 1074 M, excitation at 368 nm).

hexafluoro-2-propanol (HFIP) was added to the cyclohexane
solution of2a as a proton source, the broad emission near
560 nm that was derived from the excimer gradually
decreased and the sharp emission at 410 nm increased. |
contrast with this finding, the emission maximum2if did

not shift, but the emission intensity decreased monotonically
when HFIP was added. The origin of the proton-dependent

4376

fluorescence change @fa is still unclear, but it is evident
that excimer formation is prevented by protonation of the
phosphorus atom in the excited state.

In summary, phosphaborin, the first heavy analogue of
azaborine, was synthesized. The X-ray crystallographic
analysis and theoretical calculations revealed weak delocal-
ization of the phosphorus lone pair electrons into the
m-system. The excimer-derived emission as well as Stokes
shift of phosphaborin can be controlled by steric factor on
the phosphorus atom, judging from the different fluorescent
behavior between the two phosphaborins. Such fluorescent
behavior is not observed in the case of azaborine, and
s-conjugated framework of phosphaborin has an intrinsic
potential for constructions of new optical devices.
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