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A series of planar and twisted heteroaromatic quaterphenyl analogues containing BN ring linkages has
been synthesized using primarily difunctional Lewis acidic diborabiphenyl moieties as molecular cores.
Crystal structure analyses indicated the presence of large twist angles between adjacent aromatic rings in
1 and3, which were also observed to possess nonfluorescent behavior due to a lack of molecular rigidity
and insufficient B=N character in the excited state. In contrast, the incorporation of one or two bridging
ethylene groups between the adjacent rings (installed via an ethynyl cycloisomerization) was found to
afford planar phenanthrene or pyrene moieties, which resulted in weak fluorescence befavior (
0.02-0.16) for then-Bu and Ph derivative§—12. Emission colors ranged from greeh.4 = 521 nm)

to red @em = 630 Nm) and depended primarily on the conformation'{2y®8 4,4-), the extent of
chromophore conjugation (phenanthrene vs pyrene), and the type of exocyclic substituent prBsient (

vs Ph). Communication between the two phenanthrene or pyrene moieties was observed in some cases,
which was characterized by bathochromically shifted emission bands relative to that of monomeric
phenanthrene or pyrene species. Unique excited-state dimer (excimer) fluorescence was observed for the
2,2-isomer8, which was characterized by broad, low-energy emission bands bathochromically shifted
from that of the corresponding monomer.

Introduction light emission, chemical stability, high photoluminescence
efficiency, and ability to form highly structured thin films via

The phenylene oligomep-quaterphenyl adopts a linear epitaxial growth method%. While the higher oligomerp-

configuration through four para linked benzene rings and has
been found to be a promising candidate in optoelectronic devices -

o . . (1) Gundlach, D. J.; Lin, Y. -Y.; Jackson, T. N.; Schlom, D. &ppl.
such as thin film transistofand UV dye lasefsdue toits blue  pog | et1997 71, 3853,
(2) (a) Gisten, H.; Rinke, M.; Wirth, H. OAppl. Phys. B198§ 45,

* Corresponding author. Tel.: (403) 220-5746; fax: (403) 289-9488. 279. (b) Nijegorodov, N. I.; Downey, W. S.; Danailov, M. Bpectrochim.
T University of Calgary. Acta, Part A200Q 56, 783. (c) Hibino, R.; Nagawa, M.; Hotta, S.; Ichikawa,
* University of Alberta. M.; Koyama, T.; Taniguchi, YAdv. Mater. 2002 14, 119.
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sexiphenyl has found more common application in organic light- SCHEME 1
emitting diodes (LEDg)due to a maximized effective conju-
gation length, examples of perfluorinatgatquaterphenyl
analogues have also been shown to display efficietype
semiconducting behaviérln addition, oligomeric phenylenes
have been utilized as model compounds in computational and

OO0 — OO0 e
experimental studi€on the effects of increasing chain length

on the electronic and optical properties of pphghenylene)s

(PPPsY, a well-known class of conjugated polymers. While phenanthren& and triphenylene-based system&significant
unsubstituted PPPs have been found to display high efficienciesbathochromic shifts were observed in the fluorescence spectra
and moderate charge carrier mobilities as the active layer in that resulted in emission in the visible region instead of the
blue light-emitting polymer LEDS the use of ladder-type PPPs  UV. Thus, it was anticipated that by substituting the ring@©
and the related poly(fluorene)s have become increasingly utilizedlinkages of quaterphenyl by-BN bonds, similar effects on the
as a result of the facile ability to tune the properties of the fluorescence color and efficiency might occur. While this
resulting materials. Variation of the bridging side-grof§§or synthetic strategy has been previously utilized to provide BN
polymer end-group® the incorporation of different bridging  analogues of biphenilandp-terphenyk? no investigations on
elements such as Bior N2 or even the use of different the photophysical properties (e.g., fluorescence) of the resulting
counterions in polyelectrolytéscan all be utilized to modify materials have been performed to date. In this paper, we describe
the solubility, efficiency, and band gap to meet specific device our efforts to synthesize a series of twisted and plan#i,B
criterial4 However, the most important function served by the analogues based on the quaterphenyl core and provide an in-
bridging groups is that they induce the planarization of the depth investigation into their resulting structural and photo-
molecular backbone, which can result in extendeélectron physical properties.
conjugation.

Our group has previously shown that by replacing aromatic Results and Discussion

B ; ot : YT 5
C—C units with isoelectronic BN moieties in pyrends Synthesis of BN,-Substituted p-Quaterphenyl and o-

Quaterphenyl AnaloguesAs shown in Scheme 1, we identified
A andB as two isomeric and isoelectronigi,-analogues of
p-quaterphenyl for potential synthetic targets in this study.
Isomer A possesses a 4;Bipyridine core capped by two
borabenzene moieties, while isomBr possesses a 4.di-
borabiphenyl core capped by two pyridine moieties. A third
isomerC is also a plausible target, but while routesAt@ndB
are readily envisioned? would require the preparation of a
4,4-borabenzenepyridine core that may be unstable with respect
to self-condensation and the formation of undesirable oligomeric
or polymeric species. Thus, we focused on the two isomers with
opposing B-N dipoles in the present work.

Reaction of the commercially available 4fipyridine with
2 equiv of 1-chloro-4-isopropyl-2-trimethylsilylboracyclohexa-
2,5-diene 2,5-B) was found to affordl (corresponding ta\)

(3) (@) Mikami, T.; Yanagi, H.Appl. Phys. Lett1998 73, 563. (b)
Yanagi, H.; Morikawa, T.; Fukushima, M.; Mikami, Bynth. Met2001,
121, 1613.

(4) (a) Leising, G.; Tasch, S.; Brandgtar, C.; Meghdadi, F.; Froyer,
G.; Athouel, L.Adv. Mater.1997, 9, 33. (b) Niko, A.; Tasch, S.; Meghdadi,
F.; Brandsttter, C.; Leising, GJ. Appl. Phys1997 82, 4177. (c) Yanagi,
H.; Okamoto, SAppl. Phys. Lett1997, 71, 2563. (d) Meghdadi, F.; Tasch,
S.; Winkler, B.; Fischer, W.; Stelzer, F.; Leising, Synth. Met1997, 85,
1441. (e) Yanagi, H.; Okamoto, S.; Mikami, $ynth. Met1997 91, 91.
(f) Koch, N.; Pogantsch, A.; List, E. J. W.; Leising, G.; Blyth, R. I. R.;
Ramsey, M. G.; Netzer, F. Rppl. Phys. Lett1999 74, 2909.

(5) (@) Winkler, B.; Meghdadi, F.; Tasch, S.;Nher, R.; Resel, R.;
Saf, R.; Leising, G.; Stelzer, POpt. Mater 1998 9, 159. (b) Sakamoto,
Y.; Suzuki, T.; Miura, A.; Fujikawa, H.; Tokito, S.; Taga, ¥. Am. Chem.
So0c.200Q 122 1832. (c) Heidenhain, S. B.; Sakamoto, Y.; Suzuki, T.;
Miura, A.; Fujikawa, H.; Mori, T.; Tokito, S.; Taga, Yd. Am. Chem. Soc.
200Q 122, 10240.

(6) (@) Khanna, R. K.; Jiang, Y. M.; Creed, D. Am. Chem. S0d.991

113 5451. (b) Meerholz, K.; Heinze, Electrochim. Actal996 41, 1839.
(c) Heimel, G.; Pogantsch, A.; Zojer, Bhys. Scripta2004 109 156.

(7) For reviews on PPPs, see: (a) Tour, JAdv. Mater.1994 6, 190.
(b) Berresheim, A. J.; Mier, M.; Mullen, K. Chem. Re. 1999 99, 1747.
(c) Grimsdale, A. C.; Mlen, K. Adv. Polym. Sci2006 199, 1.

(8) (@) Grem, G.; Leditzky, G.; Ullrich, B.; Leising, @\dv. Mater.1992
4, 36. (b) Grem, G.; Leditzky, G.; Ullrich, B.; Leising, Gynth. Met1992
51, 383.

(9) (a) Li, J. Y.; Ziegler, A.; Wegner, GChem—Eur. J.2005 11, 4450.

(b) Mallavia, R.; Montilla, F.; Pastor, |.; Vétguez, P.; Arredondo, B.;

Alvarez, A. L.; Mateo, C. RMacromolecule2005 38, 3185.

(10) (a) Miteva, T.; Meisel, A.; Knoll, W.; Nothofer, H. G.; Scherf, U.;

Mdiller, D. C.; Meerholz, K.; Yasuda, A.; Neher, Bdv. Mater.2001, 13,

565. (b) Hung, M. C,; Liao, J. L.; Chen, S. A.; Chen, S. H.; Su, AJC.
Am. Chem. So005 127, 14576. (c) Li, Z. H.; Wong, M. S.; Tao, Y.;

Lu, J. Chem—Eur. J.2005 11, 3285.
(11) (a) Chan, K. L.; McKiernan, M. J.; Towns, C. R.; Holmes, A.JB.

Am. Chem. SoQ005 127, 7662. (b) Mo, Y.; Tian, R.; Shi, W.; Cao, Y.
Chem. Commur2005 4925. (c) Chan, K. L.; Watkins, S. E.; Mak, C. S.

K.; McKiernan, M. J.; Towns, C. R.; Pascu, S. |.; Holmes, A.Ghem.
Commun.2005 5766. (d) Usta, H.; Lu, G.; Facchetti, A.; Marks, T.JJ.

Am. Chem. So2006 128 9034. (e) Zhang, X.; Jiang, C.; Mo, Y.; Xu, Y.;

Shi, H.; Cao, Y.Appl. Phys. Lett2006 88, 51116.
(12) (a) Morin, J.-F.; Leclerc, MMacromolecule2001, 34, 4680. (b)

Morin, J. F.; Leclerc, MMacromolecule2002 35, 8413. (c) Jung, S. H.;

Pisula, W.; Rouhanipour, A.; Rier, H. J.; Jacob, J.; Mien, K. Angew.
Chem., Int. Ed.2006 45, 4685. (d) Li, Y.; Wu, Y.; Ong, B. S.
Macromolecule®006 39, 6521. (e) Iraqi, A.; Pickup, D. F.; Yi, HChem.
Mater. 2006 18, 1007.

as an air and moisture sensitive, dark blue solid in 84% yield.
It was observed by multi-nuclear NMR that the formatiorniof
proceeded slowly via an intermediate speciegScheme 2),
which was formed immediately upon addition of the two
reagents. Intermediafé was identified as thbis-2,5B adduct

(13) Yang, R.; Wu, H.; Cao, Y.; Bazan, G. @.Am. Chem. So2006
128 14422.

(14) Short-chain molecular fluorenes have also been used in OLED
devices; see: (a) Chao, T. C.; Lin, Y. T.; Yang, C. Y.; Hung, T. S.; Chou,
H. C.; Wu, C. C.; Wong, K. TAdv. Mater.2005 17, 992. (b) Hadizad, T.;
Zhang, J.; Wang, Z. Y.; Gorjanc, T. C.; Py, Org. Lett.2005 7, 795. (c)
Wong, K. T.; Chen, R. T.; Fang, F. C.; Wu, C. C.; Lin, Y. Org. Lett.
2005 7,1979. (d) Li, Z. H.; Wong, M. S.; Fukutani, H.; Tao, Org. Lett.
20086 8, 4271. (e) Locklin, J.; Ling, M. M.; Sung, A.; Roberts, M. E.; Bao,
Z. Adv. Mater. 2006 18, 2989.

(15) Bosdet, M. J. D.; Sorensen, T. S.; Piers, W. E.; ParveAmngew.
Chem., Int. Ed2007, DOI: 10.1002/anie.200700591.

(16) Bosdet, M. J. D.; Jaska, C. A.; Piers, W. E.; Sorensen, T. S.; Parvez,
M. Org. Lett.2007, 9, 1395.

(17) Emslie, D. J. H.; Piers, W. E.; Parvez, Mngew. Chem., Int. Ed.
2003 42, 1252.

(18) Jaska, C. A.; Emslie, D. J. H.; Bosdet, M. J. D.; Piers, W. E;
Sorensen, T. S.; Parvez, M. Am. Chem. So006 128 10885.

(19) Boese, R.; Finke, N.; Henkelmann, J.; Maier, G.; Paetzold, P.;
Reisenauer, H. P.; Schmid, Ghem. Ber1985 118 1644.

(20) Qiao, S.; Hoic, D. A.; Fu, G. GOrganometallics1997, 16, 1501.
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MeSi SMe; 2 SiMe, intermediate speciez was observed that corresponded to the

N
— — @ J\Ch /= = M\ bis-pyridine adduct o#,4-B. While the conversion o' to 2
R TG v )~ B‘E|N:—> required ca8 h for completion, the reaction df,2-B with
212
5
.

44-B 78 MesSi pyridine proceeded instantaneously to afford spe8iesthout
any observable intermediate. This reactivity is due the facile
nature of the 1,5-hydrogen shift in the 3,5-diene regioisomer

Cl.  SiMe _, of 2,2-B as compared to the 1,3-hydrogen shift in the 2,5-diene
\ 3 N \ / . -
= A\ 2| _ N\B_ 4,4-B.23 Quaterphenyl& and3 were isolated as air and moisture
\ ¢ \— N & X ) sensitive, purpleblack, and dark red solids, respectively, after
Me;si Gl CH,Cl B successive recrystallizations. In addition, it was observed that
22'B 7'82%"933'0'0 (/N \> solutions of1—3 were prone to decomposition in the presence
3 - to 25 °C .. .. . . . L .
— of protic impurities, which hindered their overall stability in

solution over extended time periods. It is likely that the
. ) ) instability of 1—3 is due in part to the sterically uncongested
of 4,4-bipyridine, as evidenced by a new resonance in'tBe  g_N pond, where small molecule impurities can readily add
NMR spectrum at 3.1 ppm, which is in a region characteristic 4¢ross the highly reactive=BC double bond or break the dative

of four-coordinate borof: In addition, slightly shiftedH NMR g .\ pond, leading to rapid decomposition of uncoordinated
resonances for the boracycle ring protons were observed, inporapenzene species.

particular, the presence of a multiplet at 2.82 ppm due to the
hydrogen atom on the 3arbon located para to the boron.
Intermediatel’ was observable due to a prerequisite but slow
1,3-hydrogen shift in the 2,5-diene regioisomer to give the 3,5-
diene, which can then rapidly eliminate M&CIl and aromatize

to afford the borabenzer#é.Complete conversion of' to 1
typically took ca 8 h at 25°C and was accompanied by a new
resonance in thélB NMR spectrum at 31.2 ppm, which is in

a region typical of borabenzetpgridine adducts (cf. 33.9 ppm

i _ 19
in BB-py).® _ The !B NMR spectrum o’ showed a broad resonance at 2.9

The inverse isomer df (corresponding @), where the boron 5 i 3 region characteristic of four-coordinate botbithe
and nitrogen atoms are mutually exchanged, was subsequently=g|_ms of 4' showed a signal at/z = 228 corresponding to
prepared by the reaction of 4di(boracyclohexa-2,5-diene) 1+ — Cl, which indicated the presence of aBN dative bond
4,4-B (as a 40:60 mixture with the isomeric 2[3@(boracyclo-
hexa-3,5-diene)2,2-B)!® with 2 equiv of pyridine, which . -

. (23) In contrast to 1,3-hydrogen shifts, 1,5-hydrogen shifts in simple

afforded both the desirepg-quaterpheny! analOgL_@ and also cyclic systems are slow due to relatively high activation energies: (a) Hess,
the o-quaterphenyl analogug (Scheme 3) as evidenced by a B. A., Jr.; Baldwin, J. EJ. Org. Chem2002 67, 6025. However, 1,5-

broad!'B NMR resonance at 31.3 ppm. As in the casd,adin hydrogen shifts have been observed experimentally to proceed rapidly with
low barriers when the product contains multiple aromatic rings: (b) Lewis,

F. D.; Zuo, X.; Gevorgyan, V.; Rubin, Ml. Am. Chem. So2002 124,

To confirm the structures of proposed intermedidteand
2', a pyridine adduct of a singly borocyclic model compound
was prepared. Reaction @f5-B with 1 equiv of pyridine in
CD.ClI, at 25°C was found to immediately afford the initial
four-coordinate boron adduct spec#gScheme 4), similar to
the observed reactivity of,4-B. TheH NMR spectrum o’
showed a resonance due to the proton on tRecapbon atom
located para to the boron and three more olefinic resonances
downfield in a similar arrangement to that of unreac2estB.

(21) N@h, H.; Wrackmeyer, BNMR: Basic Princ. Prog1978 14, 1. 13664. The reduction or disappearance of these activation barriers has also
(22) Hoic, D. A.; Wolf, J. R.; Davis, W. M.; Fu, G. @rganometallics be verified computationally: (c) Alabugin, I. V.; Manoharan, M.; Breiner,
1996 15, 1315. B.; Lewis, F. D.J. Am. Chem. So@003 125 9329.
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and confirmed the connectivity. The intermediade was
observed to react further at 2&, undergoing a 1,3-hydrogen
shift with concomitant MgSICl elimination over ca8 h in
solution to form the known borabenzene-pyridine addu¢t
The nature o#' was further established via a crystal structure
determination, details of which are presented in the Supporting
Information.

Since 1—-3 were found to be unstable over prolonged time
periods, the incorporation of a bridging group that could provide
additional steric protection to the reactive boron center, while
also helping to enforce planarity between the adjacent rings,

was determined to be a desirable synthetic goal. This has been
a common strategy in the synthesis of ladder-type PPPs and

poly(fluorene)s, where bridging groups can be utilized to adjust
the emission properties and solubility of the resulting mateffals.

Fortunately, our group has found that ethylene bridges can be

easily installed at thex position of the borabenzene ring via
the cycloisomerization reaction of an alkyne moiety located at
the ortho position of the pyridine rin§:1® For mono- and di-
substituted pyridines, it was found that the first cycloisomer-
ization reaction proceeded spontaneously &i2516.2528yhile

the second isomerization reaction in 2,6-di-substituted pyridines
typically required a catalyst (e.g., P#Clnd heat (8CC) to
ensure complete closure and encapsulation of thé\ Brag-
ment!® Thus, the reaction o4,4-B/2,2-B with either 2-(hex-
1-ynyl)pyridine or 2-(phenylethynyl)pyridine was found to
afford the linked specie$—8 (Scheme 5), which can be
regarded as BN,-analogues of either 2:Diphenanthrenyl§
and7) or 4,4-biphenanthrenyl and 8). The reaction likely
proceeds initially via coordination of the pyridine moiety (similar
in structure to2'), followed by a 1,3-hydrogen shift and
elimination of MgSiCl to afford the borabezene species, which
finally undergoes cycloisomerization with the ethynyl group to
provide 5—8. Fortunately, the ethylene bridges were found to
enhance both the solubility and the stability of the quaterphenyl
cores in5—8, which allowed the use of column chromatography

(24) Ghesner, |.; Piers, W. E.; Parvez, M.; McDonaldORem. Commun.
2005 2480.

(25) The cycloisomerization of the pendant ethynyl group was found to
be unusually facile, as similar transformations in all-carbon or other
heteroaromatic systems are typically incurred via a soft metal catalyst, UV
irradiation, or flash vacuum pyrolysis. The observed increase in reactivity

JOC Article

SCHEME 6
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cat. PtCl,
80 °C

10: R=n-Bu

12: R=Ph
for separation and purification of the 4,4nd 2,2-isomers. The
4,4-isomers5 and 7 and the 2,2isomers6 and 8 were all
isolated in good yields (6476%) as either red or orange solids
and possesse€dB NMR resonances in the range of 2729.1
ppm.

To further enhance the stability, as well as to increase the
potential conjugation of the molecule, the reactiordof-B/
2,2-B with either 2,6-bis-(hex-1-ynyl)-pyridine or 2,6-bis-
(phenylethynyl)-pyridine was performed to achieve sNB
substituted bipyrene analogue. The reaction was found initially
to afford only the half-isomerized 4;4pecie® and11, which
were isolated as reepurple solids after column chromatography
(Scheme 6). Unfortunately, the fate of the'Z;@mponeng,2-B
was not determined in these reactions. 2t#-B species could
potentially form a half-isomerized species analogou8 smd
11, but the second cycloisomerization would be prevented from
occurring due to blockage of the other position of the
borabenzene ring as a result of the' 2 @ction point. However,
formation of a phenanthrene-type ring analogous tand 8
should result in a species that is stable to column chromatog-
raphy, which was not observed in this case. Instead, it is likely
that cycloisomerization did not occur in the 2cd@mponent due

in this case may be due to the enhanced nucleophilic nature of the carbonto an unfavorable geometry, as steric repulsion between the

atoma to boron. See ref 24 and Pan, J.; Kampf, J. W.; Ashe, A. J., IIl.
Org. Lett.2007, 9, 679.

(26) This general mode of reactivity has been observed with a variety
of substituents on the alkyne (e.g., #Bu, or Ph). However, this reaction
is not spontaneous when the alkyne is substituted with §ikésulting in
predominant formation of the 1:1 borabenzgmeidine adduct at 25C.
From this adduct, the subsequent cycloisomerization has been observed t
proceed very slowly at 25C in the absence of a catalyst or very rapidly in
the presence of a catalyst.

(o]

alkyne moiety and the second borabenzene ring would ef-
fectively prevent the required coplanar arrangement of the
pyridine and borabenzene rings prior to isomerization. Thus,
decomposition of the most likely product, namely, the unlinked
borabenzengyridine adduct, was observed to afford the free
pyridine upon attempted purification of the crude reaction
mixture via chromatography.

J. Org. ChemVol. 72, No. 14, 2007 5237
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FIGURE 1. (a) Molecular structure ofl. All hydrogen atoms have been omitted for clarity. Selected bond lengths (angstroms):NB{})
1.546(4), B(2)-N(2) 1.551(4), B(1)-C(11) 1.494(5), C(11)C(12) 1.386(4), C(12)C(13) 1.392(4), C(13)C(14) 1.390(4), C(14)C(15) 1.393-
(4), B(1)-C(15) 1.475(5), N(1)C(1) 1.355(4), C(1}C(2) 1.364(4), C(2rC(3) 1.393(5), C(3)C(4) 1.390(4), C(4yC(5) 1.369(4), N(1)-C(5)
1.353(4), and C(3)C(8) 1.476(4) and twist angles (deg):sB%1)—CsN(1) 19.7, GN(1)—CsN(2) 28.6, and EN(2)—CsB(2) 21.7. (b) View ofl
that displays the helical twist along the backbone.

Heating specie8 or 11 at 80°C in the presence of a catalytic
amount of PtGlwas found to afford the fully isomerized species
10o0r 12, which were isolated as orange solids in moderate yields
(57—67%) after column chromatography (Scheme 6). i
NMR spectra ofLl0 and12 displayed broad singlets centered at
21.8 and 23.3 ppm, respectively, slightly shifted upfield from
that of their isomeric precursogsand11 (29.3 and 28.5 ppm).
Unfortunately, X-ray quality crystals d®—12 could not be
obtained even after several repeated attempts, due to the
preferred formation of thin needles comprised of microcrystal-

line layers.
. . FIGURE 2. Molecular structure 08. All hydrogen atoms have been
Structural Analysis of BoN,-Substituted p-Quaterpheny| omitted for clarity. Selected bond lengths (angstroms): B{(1)

and o-Quaterphenyl Analogues.The molecular structure df 1.550(3), B(2)-N(2) 1.554(3), B(1}C(11) 1.485(4), C(1BC(12)
was confirmed by X-ray crystallography and is shown in Figure 1.389(4), C(12)C(13) 1.388(4), C(13YC(14) 1.405(4), C(14)YC(15)
la. The four aromatic borabenzene and pyridine ringsvirere 1.407(3), B(1)-C(15) 1.504(4), N(1}C(1) 1.352(3), C(1)C(2) 1.368-
found to be planar with delocalized=€C double bonds, along (l\?()l)Cg@)_)Cl(% 61(-??)82(?1)5}((3:(?1}5(142 914?3%2(4)8 (C(%dc_(5;(l-323(4;.

: H o — . , . ,an raine ridaine
\t/)wth the presence of large twist angles (19.7, 28.6, and’p1.7 0" =) angles (deg): JB(L)—CoB() 48%/, QB(l)ByC5B(2)
etween adjacent rings that resulted in a partial helical twist 1258, and €B(2)~CsN(2) 56.5.
along the molecule’s long axis (Figure 1b). This type of helical
twist is in contrast to the two reported crystal polymorphs of
p-quaterphenyl in which the rings were found to be alternately 1.550(3) and 1.554(3) A were found (cf. 1.546(4) and 1.551(4)
twisted along the backbor#é.The B—N dative bond lengths A in 1), while the C(15)-C(16) bond length was found to be
were found to be 1.546(4) and 1.551(4) A, with a G{8)8) 1.494(3) A (cf. 1.476(4) A inl). The most notable feature $
bond length of 1.476(4) A between the central pyridine rings was the presence of an intramolecufastacking interaction
(cf. 1.484 A in 4,4-bipyridine)2 In comparison, the BN bond between the two pyridine rings (closest contact ca. 3.58 A) that
lengths in the BN analogues of biphetyand p-terphenyi® arises as a result of a cis geometrical arrangement of the two
were determined to be 1.56 and 1.55 A, respectively. These Lewis acidic boron centers.
species were also observed to possess much larger twist angles The molecular structure @ (Figure 3a) was found to consist
between adjacent rings than were foundljnwith values of of two planar BN-phenanthrene moieties situated nearly per-
43 for the biphenyl analogue and 49CsB—NCs) and 43 pendicular to each other (88)4and to the exocyclic phenyl
(NCs—Cy) for the p-terphenyl analogue, which also possessed groups (84.9). The B—N bond length was found to be 1.493-
alternately twisted rings. While herringbone packing motifs have (2) A, significantly shorter than those found in eittefl.546-
been observed ip-quaterphenyl through close edge carbon- (4) and 1.551(4) A) o8 (1.550(3) and 1.554(3) A) but longer

c19

to-wr-face interactions? both the helical twist and the bulkir than those found in the heteroaromatigNB-triphenylene
groups combine to prevent this type of extended solid-state (1.464(4) A¥8 or BN-pyrene (1.456(4) A analogues. This
assembly inl. bond length is the same as that found in the structure of BN-

The molecular structure o3 (Figure 2) was observed to  Ph-phenanthrene (1.489(2)*Ajand suggests that some degree
possess four planar, aromatic rings with delocalizee€d®bonds of B=N double bond character exists @ The C(1}>-C(1*)
and very large twist angles (48.3, 125.8, and 3p6tetween bond length of 1.510(3) A was found to be slightly longer than
the adjacent rings. As in the case HfB—N bond lengths of that of 1 (1.476(4) A) or3 (1.494(3) A), likely due to the

(27) (a) Baudour, J. L.; Delugeard, Y.; Cailleau, Acta Crystallogr., (28) Boag, N. M.; Coward, K. M.; Jones, A. C.; Pemble, M. E;
Sect. B:Struct. Scl976 32, 150. (b) Baudour, J. L.; Delugeard, Y.; Rivet,  Thompson, J. RActa Crystallogr., Sect. C:Cryst. Struct. Comm&899
P. Acta Crystallogr., Sect. B: Struct. Sdi978 34, 625. 55, 672.
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c10

(b)

FIGURE 3. (a) Molecular structure 06. All hydrogen atoms have
been omitted for clarity. Selected bond lengths (angstroms): -B(1)
N(1) 1.493(2), B(1}C(1) 1.531(2), C(1yC(2) 1.376(2), C(2rC(3)
1.420(2), C(3)-C(4) 1.363(2), C(4yC(5) 1.425(2), B(1)-C(5) 1.516-
(3), C(5)-C(6) 1.418(2), C(6yC(7) 1.376(2), C(7C(8) 1.402(2),
N(1)—C(8) 1.390(2), C(8yC(9) 1.418(2), C(9yC(10) 1.355(3),
C(10)-C(11) 1.408(3), C(1HC(12) 1.351(2), N(1}C(12) 1.386(2),
C(1)—C(1*) 1.510(3); twist angles (deg): sN(1)—CsB(1) 4.3, GB-
(1)—CsB(1*) 88.4, Ph-C,BN 84.9; and torsion angles (deg): Cf1)
B(1)—N(1)—C(12)—2.9(2), C(1)-B(1)—N(1)—C(8) —179.5(1), C(5)-
B(1)—-N(1)—C(8) —0.4(2), C(5¥-B(1)—N(1)—C(12) 176.2(1), and
C(5)—C(6)—C(7)—C(8) —2.0(3). (b) View of 6 that displays the
perpendicular arrangement of the planar rings.

increased steric repulsion between the two bulky phenanthrene
moieties. In the carbon framework periphery of the phenanthrene

moiety, the G=C double bonds were found to be partially
localized with alternating longer (average 1.42 A) and shorter
bond lengths (average 1.36 A), a similar type of bonding
arrangement to that found in both BN-Ph-phenantht®eaad
B2N,-triphenylenél® Because of the perpendicular arrangement
of the planar rings (Figure 3b), no significamt-stacking

JOC Article

FIGURE 4. Fluorescence of cyclohexane solutions5f12 upon
irradiation at 365 nm.

biphenanthrenyl, and 2;Bipyrene have all been previously
synthesized (albeit, usually as a component in a complex mixture
of products), no photophysical data for these species have been
reported in the literature to daté.However, the biphenyl
analogueBB-py, the p-terphenyl analogueBB-py-Ph, the
isomericp-quaterphenyl analogudsand2, as well as the bent
o-quaterphenyl analogud were all observed to display no
fluorescence behavior. This may be due in part to a lack of
rigidity in the molecule, which would support radiationless
deactivation pathways and thus inhibit fluorescence behavior.
In addition, biphenylp-terphenyl, ang-quaterphenyl are also
expected to possess more pronounced double bond character
in the C(sp)—C(sp) bonds between aromatic rings in the
excited staté® which would help contribute to the molecular
rigidity and thus fluorescence behavior. As fluorescent behavior
was not observed in the BN-analogues, it is likely that the\B
bonds do not possess any significant double bond character in
either the ground or the excited state.

BB-py BB-py-Ph

As discussed previously, however, the X-ray structural
analysis of ethylene-bridged species such as phenanthrene (e.g.,
6) and pyrené clearly indicates the presence of someI8
double bond character in the ground state, which should result
in more planar species in the excited state and may result in
fluorescent behavior. Indeed, irradiation of speé&ied2 at 365

interactions were observed in the extended solid-state structurenm \as found to result in fluorescence in the visible region

Photophysical Properties of BN,-Substituted p-Quater-
phenyl and o-Quaterphenyl Analogues. (a) Photophysical

(Figure 4 and Table 1).
(b) Fluorescence Emission of 5 and 8Beginning with the

Properties of 1-3. It has been previously observed that the case of the Ph-substituted derivatives, the lineargpéciess
all-carbon phenylene series displays fluorescent behavior with\yas observed to possess an emission maximum at 568 nm,

moderate to high quantum yields: biphengl{ = 305 nm,

®r = 0.17-0.25), p-terphenyl fem = 338 nm, & = 0.84—
0.88),0-quaterphenylAem = 396 nm), ang-quaterphenyliem

= 407 nm,®r = 0.81)2>2°The biphenyl derivatives with one
and two ethylene bridges are also fluorescent, with red-shifted

emission maxima and higher quantum yields than biphenyl as

a result of a larger and more rigid aromatic system: phenan-
threne fem = 346 nm,® = 0.31) and pyrenelm = 372 nm,
®r = 0.60)2°b While examples of 2,2biphenanthrenyl, 4,4

(29) (a) Jurgensen, A.; Inman, E. L., Jr.; Winefordner, JABal. Chim.
Acta1981], 131, 187. (b) Nijegorodov, N. I.; Downey, W. S. Phys. Chem.
1994 98, 5639. (c) Uchida, K.; Kakei, T.; Takahashi, ¥. Lumin.1997,
72—74, 501.

whereas the bent 2;8pecies was found to be red-shifted by
23 nm with an emission maximum at 591 nm (Figure 5). This
is in contrast to the behavior exhibited by the lingar
quaterphenyl and the bentquaterphenyl, in which the latter
is blue-shifted by 11 nm due to slightly reduced conjugation.

(30) For 2,2-biphenanthrenyl: (a) Lang, K. F.; Buffleb, H.; Kalowy, J.
Chem. Ber196Q 93, 303. (b) Badger, G. M.; Donnelly, J. K.; Spotswood,
T. M. Aust. J. Chem196Q 17, 1138. (c) Shih, H. T.; Shih, H. H.; Cheng,
C. H.Org. Lett.2001, 3, 811. For 4,4biphenanthrenyl: (d) Dore, A.; Fabbri,
D.; Gladiali, S.; Valle, GTetrahedron: Asymmetr3Q95 6, 779. For 2,2
bipyrene: (e) Mukherjee, J.; Sarofim, A. F.; Longwell, J0Bmbust. Flame
1994 96, 191. An example of a 2,2"'-terphenanthrenyl has recently been
reported: Tian, H.; Shi, J.; Dong, S.; Yan, D.; Wang, L.; Geng, Y.; Wang,
F. Chem. Commur2006 3498.

J. Org. ChemVol. 72, No. 14, 2007 5239



]OCAT’tiCle Jaska et al.

TABLE 1. UV-vis, Fluorescence, Quantum Yield, and Lifetime = 0.49)16 the emission bands i and6 are dramatically red-
Data for 5—-12 shifted by 109 and 132 nm, respectively, which is suggestive
UV—vis®  fluorescence(nm)  Avd(cm1) of some degree of communication between the phenanthrene
(nm) [color] [nm] P 1 (ns) moieties that results in a longer effective conjugation length.
5 517 568 1737 0.16 4.0 However, this extended conjugation comes at the expense of
[yellow] [51] increased nonradiative pathways, as the quantum yields are
6 449,424 [gf’aln o-red] [ffglz 002 45 substantially reduced in value.
7 512,490 543,9558 1115 0.05 35 The effect of solvent polarity on the fluorescence emission
[yellow—green] [31] of 5and6 were also investigated. However, the emission bands
8 446 451, 475 (monomer) 249 0.03 4.3 in 5 were found to be essentially invariant when recorded in
fi?uésvx—cgaeﬁ) ] 5] 005 233 cyclohexaned = 2.0), toluened = 2.4), EsO (¢ = 4.3), THF
[orange-red] [75] S10, Supporting Information). This implies that the fluorophore
10 426 550 5292 0.06 205 has little or no change in the dipole moment between the ground
11 546401 [962?09”] [24213]2 0or 24 and the excited states, as nonpolar molecules usually display
' [red] [84] ' ’ little sensitivity toward solyent polarity. Slmlla_r solvent behawor
12 444 521 3329 012 258 was also observed fd¥ (Figure S11, Supporting Information).
[green] [77] (c) Fluorescence Emission of 7 and 8n the case of the
a All experiments were performed in cyclohexah@©nly the bands in linear 4,4-n-Bu derivative7, an emission maximum at 543 nm
the visible region are reported. See the Experimental Section for more was observed, which was found to be blue-shifted by 25 nm as
details. Excitation at either 260 or 330 nfiAv = Stokes shift® ®f = compared to that of the analogous Ph derivaéiv&igure 5).

Quantum yield. Quantum yields are reported relative to 9,10-diphenylan-

fhracene @ — 0.90)." zr — Fluorescence lifetime. This is due to exocyclic conjugation effects, as replacement of

the aromatic phenyl groups withbutyl substituents will reduce
104 the overall conjugation of the chromophore leading to an
expected blue-shift in the emission band. In addition, the Stokes
shift, quantum yield, and lifetime for were found to be 31
nm and 0.05 and 3.5 ns, respectively. These values are
comparable to those found fd& with the exception of the
guantum yield, which was determined to be lower i0.05 vs
0.16). In comparison to the uncoupled BNBu-phenanthrene
(Aem= 456 nm,®r = 0.56)16 the emission maximum iA was
found to be red-shifted by 87 nm, which is again suggestive of
communication between the phenanthrene moieties, while the
guantum yield was again determined to be substantially lower.
In contrast to6, the bent 2,2n-Bu derivative8 displayed
different emission behavior with the presence of two emission
0.0 - . - - bands at 451 and 566 nm (Figure 5). The band at 451 nm was
425 475 525 575 625 675 .. N . .
Wavelength (nm) observed to have a similar mirror image fine structure as that
seen in the absorption spectrum with a rather small Stokes shift
FIGURE 5. Fluorescence emission spectra ®{blue), 6 (red), 7 value of 5 nm. The low-energy band (566 nm) was found to be
(green), and (orange). broad and featureless as well as concentration-dependent, as
. the intensity was observed to decrease at the expense of the
The Stokes shifts fob and6 were observed to be 51 and 142 high-energy band (451 nm) upon increased dilution. For

nm, respectively, which are comparable to those observed forexample, at high concentrations (E0V), only the 566 nm band
their closest structural analogupsjuaterphenyl (ca. 75 nm) ;o present, while at low concentrations (1), the band at
and o-quaterphenyl (148 nm). These values imply that in the 451 nm was the dominant feature (Figure 6). This type of
excited state, there is a more pronounced geometric distortion;oncentration-dependence is suggestive of excimer fluores-
in the structure of as compared to that & This distortion  ¢encedt with emission occurring from an excited-state dimeric
may be attributed to an increase in steric hindrance about aNcomplex resulting in the low-energy band at 566 nm. The
ortho linkage relative to that of a para linkage, as the two middle {qrmation of an excimer (e.g.8]*2) may be attributed to a
rings in6 are nearly perpendicular to one another. Thus, these ¢ompination of strong-stacking interactions and intermolecular
two rings would be required to undergo a significant twist to pg...\ dipole interactions that dominate in solution at high
achieve a more coplanar conformation, which would allow for ¢,ncentrations. However, upon dilution, these interactions

more C=C double bond character (of the critical ring-linking  pecome disfavored, and the excimer can dissociate to afford
BCs—CsB bond) in the excited state. In contrast, a more coplanar gmission predominantly from the monomeric species. Interest-

conformation for5 would be expected due to less severe steric ingly, fluorescence emission from an excimer has never been

interactions and thus would not have to distort to a great extent 5jycerved for the monomeric BiBu-phenanthrene even at high

to allow for increased €C character in the excited state, concentrationd® which implies unique behavior for the dimeric
resulting in & lower Stokes shift value. In addition, the quantum qytemg, This excimer behavior is also in contrast to the all-
yield of the linear5 was determined to be 0.16 with a lifetime

of4.0 ns,_wh|le the quantum_yle_ld of the bénivas much onver (31) (@) Foster, T.Angew. Chem., Int. Ed. EngL969 8, 333. (b)
at 0.02 with a comparable lifetime of 4.5 ns. In comparison to geriman, I. B.Handbook of Fiuorescence Spectra of Aromatic Molegules
the uncoupled BN-Ph-phenanthrene specigg£ 459 nm,®¢ Academic Press: New York, 1971.
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FIGURE 6. Fluorescence emission spectra8o@t concentrations of
10° M (red), 10°® M (orange), 107 M (green), and 1¢° M (blue).

The spectral intensities are normalized to X at 566 nm.

carbon phenanthrene, which fails to give excimer fluoresé@nce

JOC Article

0.8 4
0.6 4

0.4 4

Normalized Intensity {a.u.)

0.2 4

™

350

0.0
450

500 600

Wavelength {nm)

630 700

FIGURE 7. Fluorescence emission spectra9gforange),10 (green),
11 (blue), and12 (red).

that of 5 due to increased conjugation from the additional
ethynyl group, the emission band 12 was found to be blue-

unless the chromophores are geometrically constrained inshifted by 47 nm as compared%and unchanged from that of

cyclophane-type arrangemefsis.

181

One other observation to note is that the low-energy excimer
emission band ir8 was similar in location and appearance to
the emission bands iB—7. This raised the possibility that the
emission in5—7 may actually result from excimer complexes
as well. However, this possibility was excluded as emission

bands from a monomeric species were never observed even al
low concentrations where dimerization would be disfavored. In

addition, excimers may be effectively prevented6irby the
orthogonally positioned Ph groups, which may prevent close

mr-stacking interactions between phenanthrene moieties due to

steric repulsion, whereas tmeBu groups in8 may be able to
lie flat to allow such interactions to occur more readily.

(d) Fluorescence Emission of 912. Beginning with the case
of then-Bu derivatives, emission maxima were observed at 598
and 550 nm for speci€band10, respectively (Figure 7), which
are red-shifted by 55 and 7 nm relative to spededue to
increased conjugation provided by an additional ethynyl group
(9) or ethylene bridge1(0). In addition, specied0 was red-
shifted by 39 nm as compared to that of the monomeric B
n-Bu-pyrene fem= 511 nm,®¢ = 0.16)1° which is suggestive

N-

of communication between the pyrene moieties. In the case of

the uncoupled BN-Ph-pyrend¢f, = 521 nm,®r = 0.11)1°
These shifts suggest tha® is less conjugated thah despite
having a larger aromatic system and that there is no com-
munication between the pyrene moieties in contrast to that
observed in10. These observations may be explained by the
molecular geometry, which may be directly influenced by the
type of exocyclic substituent present. For example, it is likely
that specie® and7, as well as the ethynyl-substituted species

9 and 11, would adopt a trans arrangement in which the
exocyclicn-Bu and Ph substituents are pointing into opposite
regions of space to minimize steric interactions. Thus, a coplanar
arrangement between the phenanthrene moieties may result in
enhanced communication between the chromophores and give
rise to red-shifted emission bands from that of a single
phenanthrene molecule due to extended conjugation. Conversely,
the two pyrene moieties in specig8and12 would likely adopt

a nearly orthogonal orientation to each other due to steric
repulsion of the exocyclic substituents, which would result in
educed communication between the chromophores and a shorter
effective conjugation length. Indeed, this was the case observed
in the Ph derivativel2, as the emission peaks were not red-
shifted relative to the monomer, suggesting that the two pyrene
moieties are orthogonal and act as independent chromophores.
However, then-Bu derivative 10 was observed to possess a
red-shifted emission spectrum, which suggests that some degree
of communication exists between the two chromophores. This
may be explained by reduced steric interactions due to the
smallern-butyl groups that could reduce the amount of twist
between the two chromophores and provide some extended
conjugation. The quantum yield and lifetime were observed to
be 0.06 and 20.5 ns fdrO and 0.12 and 25.8 ns fd2, where

the long lifetimes are consistent with those found in other BN-
pyrene specie¥

the Ph derivatives, emission maxima were observed at 630 andconclusion

521 nm for11 and 12, respectively. While the emission band

Through the simple substitution of ring—<€C linkages by

for 11was observed to be red-shifted by 62 nm as compared t0ispelectronic BN moieties, significant alteration of the photo-

(32) Chandross, E. A.; Thomas, H.J.Am. Chem. S0d972 94, 2421.

(33) (@) Nakamura, Y.; Tsuihiji, T.; Mita, T.; Minowa, T.; Tobita, S.;
Shizuka, H.; Nishimura, JJ. Am. Chem. Socl996 118 1006. (b)
Nakamura, Y.; Yamazaki, T.; Nishimura, Qrg. Lett.2005 7, 3259.

physical properties was found to result for a series of species
containing quaterphenyl molecular cores. While the photolu-
minescent efficiencies were observed to be well below that of
p-quaterphenyl itself, the emission maxima were found to be
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bathochromically shifted from the UV into the visible to afford of 2 and3 was observed immediately. No attempt was made to
fluorescence colors ranging from green to red. This strategy of try and isolate?’, which was characterized in situ by multi-nuclear
BN heteroatom incorporation might provide an alternative NMR. _ _
method for tuning the emissive properties of quaterphenyl-based For2: *HNMR (CD,Cl,, mixture of diastereomersand"): o
materials for use in optoelectronic devices. In addition, the = 8:74 (dd"]j“ = 7, 1 Hz, H-3), 7.95 (br_tJHH =7 Hz, H-1),
observed electronic communication between the two phenan-7'55 (ddiHH =8 7Hz, ',_"2)‘ 6.99 (ddJu _ 8, 1Hz, H-8), 6.75
-~ e (dd, Jyu = 3, 2 Hz, H-8"), 6.64 (ddd,Juy = 10, 2, 1 Hz, H-7),
threne or pyrene moieties suggests that conjugation could be6 14 (dd,duy = 12, 2 Hz, H-8), 5.62 (ddd,J = 12, 3, 2 Hz
. . 1JHH ’ ’ 3 I HH 1 9 ’
further extended into th(_a red or the near-lR?OO nm) upon  H-7"), 5.51 (dd Jus = 12, 2 Hz, H-8), 3.33 (br s, H-6, 3.29 (br
the successful synthesis of higher oligomers or polymeric s H.6"), —0.20 (s, SiMg), —0.33 (s, SiMg) ppm; B{1H} NMR
species. In particular, near-IR fluorophores have attracted much(CD,Cl,): ¢ = 3.0 (br s) ppm23C{H} NMR (CD.Cl,, 253 K):
attention for use as biologically relevant fluorescent probes, with ¢ = 155.9 (s, C-5, 148.9 (s, C-5), 146.8 (s, C-3), 143.1 (s, Cy7
a large emphasis placed upon the labeling and sensing of141.5 (s, C-1), 138.5 (br s, C-8 C-8"), 134.9 (s, C-7), 127.3
biomolecules, as well as in vivo diagnostic imagig. (s, C-2), 47.3 (s, C-§, 46.1 (s, C-8), 0.03 (s, SiMe), 0.00 (s,
SiMe;) ppm, C-4 was not observed.
Experimental Section For2: H NMR (CD,Cl,): 6 =9.07 (dd,Juy = 7, 1 Hz, H-3),
8.01 (tt,Jun = 6, 1 Hz, H-1), 7.70 (ddJun = 7, 6 Hz, H-2), 7.60
All reactions and product manipulations were performed under (4 i = 11 Hz, H-5), 6.70 (dJwy = 11 Hz, H-4) ppmB{*H}
an atmosphere of purified argon using vacuum line techniques or NMR (CDCly): 6 = 31.3 (br) ppm;"*C{*H} NMR (CD:Cly): ¢
in a glovebox using dry solvents. See the Supporting Information = 144.4 (s, C-3), 140.2 (s, C-1), 135.3 (s, C-5), 126.9 (s, C-2),

for further details. 119.5 (s, C-4) ppm, C-6 was not observed; s (¢ (10* L mol—2
Synthesis of 1and 1. (a) A solution of 4,4bipyridine (0.012 €M )i Amax (CH.Cly) = 385, 365, 330, 262 nm; fluorescence

g, 0.077 mmol) in toluene (3 mL) was added to a solutioB,6{B (THF): .n? fluorescence was observed.

(0.036 g, 0.16 mmol) in toluene (3 mL) at 26. The mixture was For3: 'H NMR (CD,Cl): 6 = 8.37 (dd,Jun = 7, 2 Hz, H-3),

immediately diluted with hexanes (10 mL) and cooled85 °C, 7.88 (tt,Jun = 8, 2 Hz, H-1), 7.34 (tJun = 7 Hz, H-2), 7.23 (dd,

which afforded a minor amount of pale yellow crystalslbbver Jnn =7, 1 Hz, H-7) 7.17 (dddJs = 10, 7, 1 Hz, H-5), 6.55 (td,
2—3 weeks. Yield: 0.005 g (11%). (b) A solution of 4iipyridine Jun = 7, 1 Hz, H-6), 6.15 (ddJn = 10, 1 Hz, H-4) ppm;"B-
(0.071 g, 0.045 mmol) in C¥Tl, (5 mL) was added to a solution ~ {*H} NMR (CD:Cly): 6 = 31.3 (br) ppm;**C{*H} NMR (CD.-
of 2,5B (0.205 g, 0.90 mmol) in CkCl, (10 mL) at 25°C. After Clp): 6 = 145.9 (s, C-3), 140.0 (s, C-1), 136.7 (s, C-7), 133.1 (s,
16 h, the volatiles were removed to affatchs a dark blue solid,  C-5), 125.9 (s, C-2), 120.0 (br s, C-4), 117.7 (s, C-6) ppm, C-8
which was washed with hexanes ¥210 mL) and dried in vacuo. ~ Was not observed; UWvis (¢ (10" L mol™ cm™)): Amax (THF) =
X-ray quality crystals ofl were obtained from slow evaporation 923 (0.1), 386 (0.2), 306 (0.4), 220 (0.8) nm; fluorescence (THF):
of a CHCl/hexanes (2:1) solution at 2&. Yield: 0.148 g (84%). o fluorescence was observed; ESI-MS (CH, positive): m'z=

For 1: H NMR (CD,Cl): & = 9.18 (d,Jus = 7 Hz, H-3), 309 (M" + H, 100%). _ »
7.92 (d,Jun = 7 Hz, H-2), 6.75 (br s, H-5), 6.15 (dyy = 12 Hz, Synthesis of 5 and 6A solution of 2-(phenylethynyl)pyridine
H-8), 5.82 (dd,Juy = 12, 2 Hz, H-7), 2.82 (m, H-6), 1.99 (m, (0.034 g, 0.19 mmol) in CkCl; (5 mL) was added to a 60:40
iPr—CH), 0.97 (d,Jus = 8 Hz,iPr—Me), —0.12 (s, SiMg) ppm; mixture of2,2-DBB and4,4-DBB (0.037 g, 0.10 mmol) in Ck
11B{1H} NMR (CD,Cl): ¢ = 3.1 (br) ppm:33C{H} NMR (CD,- Cl, (10 mL)_ at 25°C. After 3 dgiys, the volatiles were remc_)ved,
Cl,, 233 K): 0 = 150.4 (s, C-5), 146.1 (s, C-3), 144.2 (s, C-1), and the residue was dissolved in®tCH;Cl (10:1). The solution
136.7 (s, C-7), 133.7 (br s, C-8), 123.8 (s, C-2), 47.4 (s, C-6), 32.2 Was loaded onto a short column of alumina, and elution witDEt
(s,iPr—CH), 19.4 (sjPr—Me), —0.2 (s, SiMg) ppm, C-4 was not then afforded a yellow band & which gave an orange solid after

observed. solvent removal. Yield: 0.020 g (65%). Subsequent elution with
For1l: H NMR (CD,Cl): & =9.07 (d,Jun = 7 Hz, H-4), 7.82 THF afforded an orange band &f which gave a red solid after

(d, Jun = 7 Hz, H-5), 7.35 (dJuy = 10 Hz H-2) 6.73 (ds];-iH _ solvent removal: Yield: 0.014 g (67%). X-ray quality crystals of

10 Hz H-3) 285 (sépteﬂHH — 7 Hz iPr—éH) 1.4 (o = 7 6 were obtained by slow evaporation of,6tsolution at 25°C.

Hz, iPr—Me) ppm;llB{lH} NMR (CD2C|2)Z d=231.2 (br) ppm; For 5: 'H NMR (CDC|3)Z 0 = 9.39 (d,JHH = 7 Hz, H-12),

13C{1H} NMR (CD,Cl,): 6 = 151.1 (s, C-6), 144.5 (s, C-4), 142.2  8-38 (dd,Juw = 11, 1 Hz, H-5), 8.11 (dJun = 1 Hz, H-2), 7.79
(s, C-1), 134.2 (s, C-5), 124.3 (s, C-2), 120.3 (br s, C-3), 35.4 (s, (& In = 12 Hz, H-4), 7.72 (dJuw = 9 Hz, H-9), 7.63 (ddJun =
iPr—CH), 25.5 (sjPr—Me); UV—Vis (¢ (10* L mol=* cm)): Amax 8, 2 Hz, H-14), 7.5%+7.47 (m, H-10+ H-15 + H-16), 7.22 (s,
(CH.Cl,) = 578 (0.6), 256 (1.4) nm; fluorescence (THF): no H-7), 7.11 (td, Jm = 7, 11 Hzl, H-11) ppm;HB{*H} NMR
fluorescence was observed; ESI-MS (i}, positive): mz = 393 (CDCl): 6 = 27.7 (br) ppm;=*C{*H} NMR (CDCL): 6 = 155.5
(M* + H, 10%). (s, C-8), 142.8 (s, C-6), 142.1 (s, C-5), 141.3 (s, C-13), 137.5 (s,
Synthesis of 2, 2, and 3.(a) Pyridine (0.155 g, 1.96 mmol) ~ C1). 135.8 (s, C-12), 130.1 (s, C-10), 130.0 (s, C-14), 129.2 (s,
was condensed into a 60:40 mixture@-B/4,4-B (0.125 g,0.341 ~ C2). 128.3 (s, C-15), 127.7 (s, C-16), 127.2 (s, C-9), ca. 122 (br
mmol) in CHCl, (10 mL) at—78 °C. After 15 min, the mixture 5 ©4). 115.5(s, C'l}z' 1lf'l'0_ (s, C-7) ppm, C-3 was not observed;
was warmed to 25C and stirred for 16 h. The volatiles were SV VIS (€ (10° L mol* cm 7): Zmay (Cyclohexane)= 517 (4.8),
removed, and the resulting solid was washed with hexanes (30 mL)300 (6.6), 250 (6.2), 233 (6.5) nm; fluorescence (cyclohexahg):

and dried in vacuo to afford a mixture @fand3 as a dark purple 568 nm, @ = 0.16, 7 = 4.0 ns; HR-MS for GeHzeN2''B,
solid. Yield: 0.079 g (75%). X-ray quality crystals 8f(large red (M7): fOUPd 508.2282, calcd 508.2282.

blocks) were obtained from GBl./hexanes (2:1) at-35 °C. For 6. *H NMR (CDCl): 0 = 9.64 (d,Ju = 7 Hz, H-12),
Unfortunately, pure samples @fcould not be obtained due to the 7.85(dd,Juy = 8, 1 Hz, H-2/4), 7.74 (ddJww = 7, 1 Hz, H-2/4),
presence of3 as a consistent impurity. (b) When the previous 7.71(ddJuw =7, 1 Hz, H-14), 7.68 (dJun = 8 Hz, H-9), 7.58 (t,

reaction was performed in an NMR tube at 25, the formation Jnn = 8 Hz, H-15), 7.52 (t.)yy = 8 Hz, H-16), 7.32 (dddJun =
P 8, 7, 2 Hz, H-10), 7.16 (dd}uy = 8, 7 Hz, H-3), 6.48 (tdJuy =
7, 2 Hz, H-11) ppmiB{1H} NMR (CDCl): 6 = 29.1 (br) ppm;

(34) For reviews, see: (a) Fabian, J.; Nakazumi, H.; Matsuok&hém. 131 1 LS _ _
Rev. 1992 92, 1197. (b) Sevick-Muraca, E. M.. Houston. J. P.: Gurfinkel, . t.H} NMR (CDCL): 6 =155.6 (s, C-8), 1435 (s, C-6), 141.8

M. Curr. Opin. Chem. Biol2002 6, 642. (c) Tung, C. HBiopolymers (s, C-13), 139.9 (s, C-2/4), 138.3 (s, C-12), 130.2 (s, C-10), 130.1
2004 76, 391. (d) Patonay, G.; Strekowski, L.; Raszkiewicz, A.; Kim, J. (S, C-14), 128.9 (s, C-2/4), 128.3 (s, C-15), 127.8 (s, C-16), 127.0
S. Proc. SPIE-Int. Soc. Opt. Eng2006 6097, 609709. (s, C-9), 121.7 (s, C-3), 115.0 (s, C-11), 114.3 (s, C-7) ppm, C-1
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and C-5 were not observed; UWis (¢ (10* L mol~* cm™)): Amax 7.58 (d,Jun = 8 Hz, H-9), 7.22 (dddJun = 8, 7, 1 Hz, H-10),

(cyclohexane)= 450 (1.2), 293 (2.2), 234 (1.9) nm; fluorescence 7.19 (dd,Juy = 8, 7 Hz, H-3), 7.13 (s, H-7), 6.33 (tduy = 7, 2

(cyclohexane):Amax = 591 nm,®r = 0.02,7¢ = 4.5 ns; HR-MS Hz, H-11), 3.29 (m, H-13), 1.92 (penteky = 7 Hz, H-14), 1.58

for CzgHaeN211B, (M1): found 508.2324, calcd 508.2282. (sextet,Jyy = 7 Hz, H-15), 1.05 (tJyn = 7 Hz, H-16) ppm;11B-
Synthesis of 7 and 8A solution of 2-(hex-1-ynyl)pyridine (0.047  {*H} NMR (CDCl): 6 = 27.6 (br) ppm3C{*H} NMR (CDCl):

g, 0.30 mmol) in CHCI; (5 mL) was added to a 60:40 mixture of  § = 156.6 (s, C-8), 143.7 (s, C-6), 139.4 (s, C-2/ 4), 138.2 (s, C-12),

2,2-DBB and4,4-DBB (0.054 g, 0.15 mmol) in CkCl, (10 mL) 129.8 (s, C-10), 126.3 (s, C-2/4), 121.1 (s, C-3), 114.3 (s, C-11),

at 25°C. After 16 h, the volatiles were removed, and the residue 113.8 (s, C-7), 34.0 (s, C-13), 33.8 (s, C-14), 23.4 (s, C-15), 14.3

was dissolved/suspended in hexanes (5 mL). The suspension wags, C-16) ppm, C-1 and C-5 were not observed;-tiNs (¢ (10* L

filtered through a short column of alumina and washed with another mol~1 cm1)): Amax (Cyclohexane}= 446 (2.0), 288 (0.7), 235 (1.3)

5 mL of hexanes. Elution with BED afforded a yellow band d, nm; fluorescence (cyclohexan€)max= 451, 475 (monomer), 566

which gave an orange solid after solvent removal: Yield: 0.031 g (excimer) nm,®r = 0.03 (monomer), 0.05 (excimer); = 4.3

(76%). Subsequent elution with THF afforded an orange band of (monomer), 23.3 (excimer) ns; HR-MS forsElN21B; (M*):

7, which gave a red solid after solvent removal: Yield: 0.018 g found 468.2924, calcd 468.2908.

(64%).
-1 . = = -
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