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Abstract: A series of benzobis(imidazolium) (BBI) salts has been prepared and studied as a new class of
versatile fluorescent materials. Using a high yielding, modular synthetic strategy, BBI salts with a range of
functionality poised for investigating fundamental and applications-oriented characteristics, including emission
wavelength tunability, solvatochromism, red-edge excitation, chemical stability, multiphoton excitation, and
protein conjugation, were prepared in overall yields of 40—97%. Through structural variation, the BBIs
exhibited Aem ranging between 329 and 561 nm while displaying ®rs up to 0.91. In addition, the emission
characteristics of these salts were found to exhibit strong solvent dependencies with Stokes shifts ranging
from 4570 to 13 793 cm™?, depending on the nature of the BBI core. Although red-edge effects for BBI
salts with Br and BF4 counterions were found to be similar, unique characteristics were displayed by an
analogue with MeSQO, anions. The stability of an amphiphilic BBI was quantified in aqueous solutions of
varying pH, and >85% of the emission intensity was retained after 2 h at pH 3—9. Through multiphoton
excitation experiments in aqueous solutions, a BBI salt was found to exhibit three-photon fluorescence
action cross sections similar to serotonin. The application of BBI salts as fluorescent protein tags was
demonstrated by conjugating bovine serum albumin to a maleimide-functionalized derivative.

Introduction novel materials for display applicatioh§multiphoton excitation

The discovery and development of novel organic emissive (MPE).” and nanoscopic fluorescent ionic liquitfsOverall,
materials is essential for advancement in a multitude of areastheseé materials encompass a tremendous breadth of structural

of chemical researchAs an emerging subclass, fluorescent diversity, each targeting a specific application or area of study.
organic salts are receiving considerable attention due to their 10 complement these systems, we sought a single, modular
unique attributes. They not only exhibit tunable electronic and Platform from which task-specific fluorophores could be
physical characteristics, including solution-based and solid-state©0tained rapidly and efficiently. Benzobis(imidazolium) (BBI)
fluorescence, but also offer other advantages ascribed specifi-Salts are one class of such compounds that feature a number of
cally to their charged nature. For example, the incorporation of attributes poised for achieving this goal (see Figure 1). The BBI
ionic moieties in emissive salts has been credited with imparting &rchitecture features two imidazolium ring systems annulated
high thermal stabilities, phase tunabilities, water-solubility, {© & common arene linker. An important consequence of this
chemoselective sensing via electrostatic interactions, and strength@rangement is that the charged moieties are embodied within
ened solid-state intermolecular interactions. These features havdhe system’s chromophore, which distinguishes these materials
already inspired research in a number of areas including from common types of fluorescent organic salts. In addition,
fundamental photophysical investigatidisensory materiafs;® BBIs feature four N-substituents, two C1l-substituents, and two

(1) For excellent reviews, see the following: (a) Thomas, S. W., lll.; Joly, G.  (6) (a) Harrison, B. S.; Ramey, M. B.; Reynolds, J. R.; Schanze, K. Sm.

D.; Swager, T. M.Chem. Re. 2007, 107, 1339. (b) Finney, N. Surr. Chem. Soc200Q 122 8561. (b) Balanda, P. B.; Ramey, M. B.; Reynolds,
Opin. Chem. Biol2006 10, 238. (c) Glasbeek, M. Zhang, I€hem. Re. J. R.Macromolecules1999 32, 3970.
2004 104, 1929. (d) Lakowicz, J. RPrinciples of Fluorescence Spectros- (7) Xu, H.; Meng, R.; Xu, C.; Zhang, J.; He, G.; Cui, ¥ppl. Phys. Lett.
copy, 2nd ed.; Plenum Publishing: New York, 1999. 2003 83, 1020.
(2) (a) Mandal, P. K.; Paul, A.; Samanta, A.Photochem. Photobiol., 2006 (8) Chondroudis, K.; Mitzi, D. BAppl. Phys. Lett200Q 76, 58.
182113. (b) Samanta, Al. Phys. Chem. BR006 110, 13704. (c) Das, S.; (9) (a) Krishna, T. R.; Parent, M.; Wets, M. H. V.; Moreaux, L.; Gmouh, S;
Frdlich, R.; Pramanik, AOrg. Lett.2006 8, 4263. (d) Paul, A.; Mandal, Charpak, S.; Caminade, A.-M.; Majoral, J.-P.; Blanchard-Descérdew.
P. K.; Samanta, Al. Phys. Chem. BO05 109, 9148. (e) Paul, A.; Mandal, Chem, Int. Ed. 2006 45, 4645. (b) Woo, H. Y.; Liu, B.; Kohler, B.;
P. K.; Samanta, AChem. Phys. LetR005 402, 375. (f) Mandal, P. K.; Korystov, D.; Mikhailovsky, A.; Bazan, G. Cl. Am. Chem. So2005
Sarkar, M.; Samanta, Al. Phys. Chem. 2004 108 9048. 127, 14721. (c) Woo, H. Y.; Korystov, D.; Mikhailovsky, A.; Nguyen,
(3) For excellent reviews, see the following: (a) Hu, Z.; Margulis, CAck. T.-Q.; Bazan, G. CJ. Am. Chem. So2005 127, 13794. (d) Abbotto, A.;
Chem. Res2007, 40, 1097. (b) Demchenko, A. R.uminescenc002 Beverina, L.; Bozio, R.; Facchetti, A.; Ferrante, C.; Pagani, G. A.; Pedron,
17, 19. D.; Signorini, R.Org. Lett.2002 4, 1495.
(4) Wang, S.; Chang, Y.-TJ. Am. Chem. So2006 128 10380. (10) For an example of an loWy, ionic PAMAM dendrimer exhibiting blue
(5) Chen, L.; McBranch, D. W.; Wang, H.-L.; Helgeson, R.; Wudl, F.; Whitten, photoluminescence, see the following: Huang, J.-F.; Luo, H.; Liang, C.;
D. G. Proc. Nat. Acad. Sci. U.S.A999 96, 12287. Sun, I-W.; Baker, G. A.; Dai, SJ. Am. Chem. So2005 127, 12784.
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Solubility Tuning—\ Scheme 2. Synthesis of BBI Salts via Anion Metathesis
) o Key Features:
Joo2X . 28FY 28° 2MeSO;
Thermal Stability Ry R Amphiphilicit By Bu Bu Bu Bu 4 Bu
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Figure 1. Key features of fluorescent benzobis(imidazolium) salts. To further investigate the photophysics and applications of
) ) ) fluorescent BBI salts, a systematic series of these materials was
Scheme 1. Synthesis and Photoluminescence Properties of . .
Tetrabutyl BBI Salt 2-Br and Tetraphenyl BBI Salt 4 prepared and studied. Syntheses and analyses were aimed at
250 understanding how electronic charge delocalizes throughout the
" H 1)2‘flg|éghMe BuN r N,Bu BBI chromophores, methods for controlling their emission
¢ ﬁ[ ) ——— <@©@> pem z%i"&:om properties, and incorporation of task-specific functionalities.
=Y . . .
N N ) N Herein, we report a series of designer BBI fluorophores and
u u . . . . . . . . .
1 o7% 2-Br studies involving their absorption and emission characteristics,
solvatochromism, red-edge excitation, and chemical stability,
1) PhNHp, Pd(OAc), 2.cP as well as applications in MPE and protein conjugation.
5 5 IPr-HCI, NaOtBu ~ Ph Ph
' P_PMe T A ey Pem=474nm Results and Discussion
Br Br 2) HCI, HC(OEt) N N =041 (MeOH) P :
1m0 PH Ph Syntheses of Benzobis(imidazolium) SaltsTo develop
3 64% 4 comprehensive structurg@hotophysical property relationships

) ) ] ) based upon BBI salts, focus was placed on controlling four areas
counterions which can be independently varied. As such, the ot sy ctural modulation: (1) counterions; (2) regioisomers; (3)
phy3|c_al, electronlc_, and chemical propertles exhibited by these N-aryl electronics; and (4 1-aryl electronics. Photophysical
materials may be finely tuned. Combined, these features may gy gies and applications of BBI salts are described in subsequent
synergistically open new opportunities for fluorescent organic sections. General syntheses utilized one of four strategies,
salts that not only display versatile photoluminescence charac- g, mmarized in Schemes-3 below. Overall syntheses of BBIs
teristics but also may be used in a broad array of applications.» g 9 15 16 and26—32 required a maximum of four steps

Our preliminary interest_ in annulated bi_s(imidazoliym) salts \yere chromatography-free, and afforded products in yields
was as precursors to facially opposed Kisterocyclic car- ranging from 40 to 97% from commercially available starting
bene)s! As such, syntheses were designed to provide predomi- qaterials.
nantly symmetric and exclusively C1-unsubstituted systems (i.e., (3) Counterions.A unique feature of organic salts is that, in
R = H, Figure 1). Initial efforts focused on two primary variants  principle, both their cation and anion constituents may be
exemplified in Scheme 1: one featuring foNralkyl groups independently tuned. While the anion has been shown to play
(e.9.,2:Br) and the other containing fold-aryl groups (€.9., 3 key role in controlling physical propertiésts photophysical
4). In general, syntheses of the former were accomplished via gpin dependencies have not been fully expldfdehis is likely
4-fold alkylation of benzobis(imidazole]with an appropriate e 10 the fact that, for emissive organic salts, focus is placed
alkyl halide: ! The latter were prepared from 1,2,4,5-tetrabro- primarily on cationic chromophores. However, ion-pairing
mobenzened) via Pd-catalyzed 4-fold aryl aminatisii*using interactions may greatly influence the photophysical character-
1,3-bis(2,6-diisopropylphenyl)imidazolium chloride (1RCI) istics of an organic salt under specific conditions. For example,
as a preligand. Subsequent formylative cyclization of the oy eqge effects (REE)from charged compounds have been
tetraaminobenzene intermediates (not shown) resulted in BBIS oyihyted to different orientations of associated speidgus,
such as4 in modest to excellent overall yields (388%):¢ one might expect that the counterion would influence a

During our initial studies, we observed that systems such as ,orescent salt's response to red-edge excitation.
2-Br and4 were highly photoluminescent witkem of 330 and To facilitate a comparative study involving counterion effects
474 nm, respectively. In addition, high photoluminescence 4, photophysical properties of BBIs, compounds with simple,
efficiencies (br) were observed from each BBI, with; = 0.64 highly symmetric dicationic cores and either Br,/36r MeSQ
and O.A.fl for2-Br and 4 respectively. These results inspired o\ nterions were investigated. Capitalizing on the nucleophilic
the design and synthesis of new subclasses of fluorescent, phasg;5iyre of halides2-Br was treated with either gB-BF; or Mex-
tunable (i.e., ionic liquid and ionic liquid crystal) BBI saklts. SQ, to produce anion metatheSiproducts2-BF,; and2-MeSQ,
respectively, as shown in Scheme 2. Subsequent removal of

(11) (a) Khramov, D. M.; Boydston, A. J.; Bielawski, C. \lingew. Chem.
Int. Ed. 2006 45, 6186. (b) Boydston, A. J.; Rice, J. D.; Sanderson, M.

D.; Dykhno, O. L.; Bielawski, C. WOrganometallic2006 25, 6087. (c) (15) (a) Kouwer, P. H. J.; Swager, T. M. Am. Chem. So2007, 129, 14042.
Khramov, D. M.; Boydston, A. J.; Bielawski, C. WDrg. Lett. 2006 8, (b) Lopez-Martin, I.; Burello, E.; Davey, P. N.; Seddon, K. R.; Rothenberg,
1831. (d) Boydston, A. J.; Williams, K. A.; Bielawski, C. W. Am. Chem. G. Chem. Phys. Cheri007, 8, 690. (c) Yoshio, M.; Ichikawa, T.; Shimura,
S0c.2005 127, 12496. H.; Kagata, T.; Hamasaki, A.; Mukai, T.; Ohno, H.; Kato,Bull. Chem.
(12) For additional reports regarding aryl amination, see the following: (a) Prim, Soc. Jpn2007, 80, 1836. (d) Binnemans, KChem. Re. 2005 105, 4148.
D.; Campagne, J.-M.; Joseph, D.; Andrioletti, Betrahedron2002 58, (16) Fluorescent anion sensors require separate consideration, see ref 1a and
2041. (b) Wolfe, J. P.; Wagaw, S.; Marcox, J.-F.; Buchwald, SA¢tc. the following: (a) Gunnlaugsson, T.; Glynn, M.; Tocci, G. M.; Kruger, P.
Chem. Resl998 31, 805. (c) Hartwig, J. FAngew. ChemInt. Ed. 1998 E.; Pfeffer, F. M.Coord. Chem. Re 2006 250, 3094. (b) Badugu, R.;
37, 2046. Lakowicz, J. R.; Geddes, C. DCurr. Anal. Chem.2005 1, 157. (c)
(13) For another example of 4-fold aryl amination of tetrahaloarenes, see the Martinez-Mdiez, R.; Sanceim F.Chem. Re. 2003 103 4419. (d) Sessler,
following: Wenderski, T.; Light, K. M.; Ogrin, D.; Bott, S. G.; Harlan, C. J. L.; Tvermoes, N. A.; Davis, J.; Anzenbacher, P., Jr.;Bow K.; Sato,
J. Tetrahedron Lett2004 45, 6851. W.; Siedel, D.; Lynch, V.; Black. C. B.; Try, A.; Andrioletti, B.; Hemmi,
(14) Boydston, A. J.; Pecinovsky, C. S.; Chao, S. T.; Bielawski, CJWAM. G.; Mody, T. D.; Magda, D. J.; KfaV. Pure Appl. Chem1999 71, 2009.
Chem. Soc2007, 129, 14550. (17) Vu, P. D.; Boydston, A. J.; Bielawski, C. V&reen Chem2007, 9, 1158.

3144 J. AM. CHEM. SOC. = VOL. 130, NO. 10, 2008



Modular Fluorescent Benzobis(imidazolium) Salts ARTICLES

Scheme 3. Synthesis of Regioisomeric Diphenyl Scheme 4. Synthesis of BBI Salts with Electronically Modified
Dimethylbenzobis(imidazolium) Salts N-Aryl Substituents
Yy
© Ar-NH,  O2N NO;
Me 2-MeSO4 Me IjL - 2 Pd/C, HCOzNa </N N\>
{ ) —_—
N N MeSOs N F1OH, 80°C HN NH HCOH, 110°C N N
</ \> > <(® ®)> Ar /I\r Ar Ar
N N nggcg N N 11, Ar = 4-(COLEt)Ph, 98% 13, Ar = 4-(COLEt)Ph, 96%
(Q} Ph 55 Ph 009% PH 6gyn PN 12, Ar = 4-MeOPh, 96% 14, Ar = 4-MeOPh, 78%
‘o
N N N
¢ > — T * 2MeSO; va 2% we
N’ Phl, Cul, K,CO3 Ph Me 504 Ph Mel N N
] DMF, 130°C N N MeSO, N N oo el Jop
4 » — ] Jop ' N N
N N MeCN N N Ar Ar
P 80°C PH Me 15, Ar = 4-(CO,EPh, >99%
Santi >99% 6anti 16, Ar = 4-MeOPh, 99%

95% (1:1 mixture)

o nature of the N-substituent (c2;Br and4 in Scheme 134 To
”.‘;“,.”.:“g.;ﬁ‘;%’t’;ﬁ’f pn © Ph 2MeSO; Me further explore the effects of differentidll-aryl electronic

ij[N\ PhMe, 110 °C N@ N MexSO <‘(N@I:@h)j> factors, BBIs bearing e.lectron-donating.and WithdraWHagryl
a N 2) HC(OED N N MecN N i groups were syntheS|ze'd.as shovyn in Scheme 4. Th|s was

Me HCI, 100 °C Ph Me 80°C Ph Me accomplished from 2,4-dinitro-1,5-dichlorobenzeh@)(which

7 86%, two steps 8 >99% ® underwent §Ar reactions with benzocaine amqsanisidine to

provide dinitroarened1 and 12, respectively. Reduction fol-

reSiduaL V0|ati|e bypI’OdUCtS afforded eaCh Of the deSired BBIs |0wed by in Srtu formy'atlve cyc“za“on afforded the corre-
in excellent isolated yields=(95%). As will be discussed below, sponding benzobis(imidazole)s8 and 14. Finally, alkylation
the counterions had little effect on thgy, provided excitation with Mel afforded the BBI salt&d5and16in 94 and 74% overall
was performed at thesps however, analysis of these compounds  yield, respectively, from10. As will be discussed below,
ultimately revealed counterion-dependent REEs in dilute solu- incorporation of electron-ricN-arenes bathochromically shifted
tions. the Aem Of these compounds by as much as 61 nm (compare:

(b) Regioisomersincorporation of distinct functional groups 16, Aem = 469 nm, versud5, Aem = 408 nm, in MeOH). In
around the BBI core was expected to provide an additional contrast, electron-pods-arenes resulted in significant hypso-
degree of control over thé., of the resulting BBIs. Prior to chromic shifts in thelem
engaging in the synthesis of compounds bearing substituents (d) Differential N- and C1-Substitution Effects. The ability
with different electronic properties, however, we investigated to independently functionalize the N- and C1-positions of the
the effects of site-specific N-arylation. Hence, BBI regioisomers BBI structure provides an additional handle for precisely tuning
bearing twoN-phenyl and twoN-methyl groups in various BBI photophysical properties. To facilitate solubility in common
substitution patterns were synthesized as shown in Scheme 3organic solvents (see below), BBIs bearMg4-BuPh) groups
Benzobis(imidazole] underwent Cu-catalyzed cross coupling were targeted. Furthermore, these BBIs provided a platform for
with Phl to provide a 1:1 mixture of 1,7-diphenybs(,) and independently comparing different C1-substituents while main-
1,5-diphenylbenzobis(imidazole)$baf) in 95% combined taining constant N-groups (i.e., BBB6—29). In addition to
yield 1819 Separation of the two isomers was accomplished via solubility enhancement, thi-aryl substituents were also used
recrystallization from hot DMS@? Subsequent alkylation with  to modulate the electronic characteristics of the BBI chro-
Me,SO; afforded BBIS6syn and 6ani, respectively?! As shown mophores. Specificali\-(4-MeOPh) groups were incorporated
in Scheme 3, the other possible regioison@rwas obtained into C1-substituted BBIS0 and31 to ultimately provide longer

from 5,6-dichloro-1-methylbenzimidazol@)(? Aryl amination wavelengthiem than other analogues (see below for a full
with PhNH,, followed by formylative cyclization of the resulting  discussion).
diamine with HC(OE®, afforded benzimidazolium chloride Dinitroarenesl2 (Scheme 4) and7 (Scheme 5) were each

in 86% vyield. Treatment 08 with 2.0 equiv of MeSQO, not synthesized from @Ar reactions of 1,5-dichloro-2,4-dinitroben-
only resulted in N-methylation but also effectively removed the zene (0) with the corresponding aryl amines. Reduction of the
Cl anion (as gaseous MeCl), affording the desired bis(methyl nitro groups using Pd/C and hydrazine under acidic conditions
sulfate) salt®) in 85% overall yield fronv7. As will be discussed  afforded the corresponding tetraaminobenzd@end19, which
below, BBI6syndisplayed a longetem (447 nm) tharbang (442 were each isolated as their hydrochloride salts @9% yield?3
nm) and9 (403 nm). Hence, further structural modulation Reaction of these tetraamines with various aroyl chlorides
focused on 1,7-diaryl BBIs. afforded diamide intermediates (structures not shown), which
(c) N-Aryl Electronic Effects. As stated previously, the  underwent dehydrocyclization in AcOH to give benzobis-
photophysics of BBI salts were found to be dependent on the (imidazole)s20—25 in yields ranging from 78 to 99% over the
two steps* The aroyl chlorides chosen for study were com-
(18) In this context, we use the subscripts “syn” and “anti” to indicate the relative mercially available and encompassed both electron-withdrawing
positions of theN-phenyl groups about the BBI core. (e.g., R= 4-CNPh) and -donating functional groups (e.g5R

(19) For an example of this type of coupling using benzimidazole as a substrate,
see the following: Harkal, S.; Rataboul, F.; Zapf, A.; Fuhrmann, C.;

Riermeier, T.; Monsees, A.; Beller, M\dv. Synth. Catal2004 346, 1742. (23) These compounds were found to decompose gradually upon storage under
(20) Chromatographic separation on silica gel (1:1 EtOA€IEIuent) was also ambient conditions. Under dryJINthey showed no signs of decomposition
effective. An alternate synthesis bf,, has been previously reportéd. for >2 months.
(21) An alternate synthesis of BHiy, has been previously reportét. (24) For related synthetic approaches @i-aryl benzimidazoles, see the
(22) For a synthesis of, see the following: Feitelson, B. N.; Mamalis, P.; following: (a) Xin, Z. et al.J. Med. Chem2006 49, 4459. (b) Gong B.;
Moualim, R. J.; Petrow, V.; Stephenson, O.; Sturgeon,].EChem. Soc. Hong, F.; Kohm, C Bonham, L.; Klein, Bioorg. Med. Chem. LetR004
1952 2389. 14, 1455. (c) McKee, R.; Bost, RI. Am. Chem. S0d.947 69, 471.
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Scheme 5. Synthesis of BBI Salts Bearing N- and C1-Aryl Me Me  Ph Me Ph Me
Substituents N N N N N N
(el Jey el o)p (o] Jo)p
1) RC(O)CI N N N N N N
Pd/C, HCI 2HCl Na,COj3 / \ / \ / \
ON NO2 H,NNH, H2N NHz  THF RT N N Ph 6syn Ph Me g, PP Ph g Me
O o gy
HN NH EtOH, 80 °C  HN NH  2) AcOH N N Aem = 447 nm 442 nm 403 nm
Ar Ar Ar Ao om0 A A Figure 2. BB salts used to evaluate the electronic impacts of regioisomeric
17, Ar = 4-BuPh 18, Ar = 4-BuPh, >99% 20, Ar = 4-BuPh, R = Ph, 96% g . X P 9
12, Ar = 4-MeOPh 19, Ar=4-MeOPh, >99% 21, Ar = 4-BuPh, R = 4-CNPh, 93% placement oN-aryl andN-alkyl substituents.
22, Ar = 4-BuPh, R = 4-MeOPh, 91%
23, Ar = 4-BuPh, R = 2-Th, 78%
24, Ar = 4-MeOPh, R = 4-PhPh, 88% Me\N NMe Me\N NMe
25, Ar = 4-MeOPh, R = 4-CNPh, 99%
(eI ) D
Me 22 Me
s S O
rR—(® ®))—R
MeCN, 80 °C _<,(4:©:2,>_
Al Ar Et0,C CO,Et
26, Ar = 4-BuPh, R = Ph, >99% Beyn 15
27, Ar = 4-BuPh, R = 4-CNPh, >99% 447 nm 408 nm
28, Ar = 4-BuPh, R = 4-MeOPh, 95%
29, Ar = 4-BuPh, R = 2-Th, 93%
30, Ar = 4-MeOPh, R = 4-PhPh, 94%
31, Ar = 4-MeOPh, R = 4-CNPh, 99% Me, NMe Me Me
. | . @@OX CPO)
4-MeOPh, 2-thienyl, and 4-biphenyl). Subsequent alkylation of N N N N
bis(imidazole)s20—25 with Mel provided a series of highly
functionalized BBI saltsZ6—31) in overall yields of 6794%
based ori0. As discussed below, the different electron-donating MeO 1 OMe  MeO 2 CO,Et

and -withdrawing capabilities of the C1-substituents leati.tp 469 nm 472 0m

tunability over a broad range of wavelengths (3881 nm). Figure 3. BBI salts used to evaluaié-aryl electronic effects ofem Values
Ultimately, through judicious combinations of N- and C1-aryl shown arelen (excitation at thela,) in MeOH under ambient conditions.
groups, we were ab!e to prepare BBI salts w’l[;gh1 that were uents, we compared BBISs,, 15 and 16 (see Figure 3).
bathochromically shifted by up to 227 nm relative to BBI Whereas BBI6s,, showed alen at 447 nm, incorporation of
Br; specific details are discussed in the following sections. electron-withdrawing groups on th-aryl substituents 1)
Photophysical AnalysesWith a systematic series of BBl regyited in a hypsochromically shiftég at 408 nm. In contrast,
salts in hand, attention turned toward studying the electronic gg| 16 which bears electron-donating groups on tharyl
and physical characteristics of these materials; a summary Ofsubstituents showed/an, at 469 nm. Thus, from this series, it
key results is shown in Table 1. Collectively, these BBI saltS a5 apparent that increased electron density at the N-substituent
displayed goodpPs and molar absorptivities as well as a broad effectively increased théem of BBIs.
range Oflem The following sections summarize our investiga- 1 fyrther study electronic communication within the BB
tions of probing how structural, substituent, and solvent varia- chromophore, and to probe a new avenue for further tuning the
tions influence the photophysical properties of BBI fluorophores. Jem exhibited by these materials, we prepared an N-to-N
The utilities of BBI salts in a variety of applications are also “donor—acceptor” BBl @2) featuring N-(4-MeOPh) and
discussed. . o ) N'-(4-EtO,CPh) groups (see Figure 3 for the structure of this
As stated .preV|0ust, the emission properties of.BBI salts compound). The synthesis (not shown)3%began with 1,5-
are _strongly |nf|ue_nced by the nature of its N-suk_)stltuents. In dichloro-2,4-dinitrobenzenel(), which was treated in a step-
particular, comparin@-Br versus4 revealed a relatively large  \yise fashion with benzocaine (to afford intermedic38)
Alem (124 nm) by incorporatindN-phenyl @) versusN-alkyl followed by p-anisidine to provide the respective dinitroarene
(2-Br) groups. Hence, we aimed to better uqderstand thle.lmpact34 in 93% vyield over the two steps. Following reductive
of systematically placing\-aryl groups at different positions  cyjization, the resulting benzobis(imidazog§was alkylated
on the BBI core. Specifically, regioisomeric BBign Ganis and  yith Mel to provide BBI32 in 78% overall yield from10.
9 (see Figure 2) were analyzed by BVis and fluorescence  apajysis of the emission spectra of this compound revealed a
spectroscopies in methanolic solutions. While each of the 3 4 470 nm, representing a slight bathochromic shift relative
regioisomers displayed simildess (345-347 nm), the longest 4 16 Collectively, comparison of various BBI salts used to
wavelengthtem were obtained wheN-phenyl substituents were oy ajuateN-aryl electronic effects (shown in Figure 3) not only
placed on opposite imidazolium rings. In particular, BBig, revealed an ability to tune the emission characteristics through
and6ang sShowedlem at 447 and 442 nm, respectively, whereas n_ary| variation but also established a means to incréase
BBI 9, which bears twoN-phenyl substituents on the same  yimarily via incorporation of electron-rich-arenes.
imidazolium ring, exhibited dem at 403 nm. Considering BBI Next, we turned our attention toward evaluating the feasibility
6syn displayed the longesiem and was straightforward 10  of tning fluorescence properties through Cl-substitution.
synthesize, subsequent efforts focused on studying de“Vat'VeSAnalysis of BBIs 26—31 (see Figure 4) revealed a strong
of this compound to further tune its emissive properties (see dependence of th,m on the nature of the C1-substituent. Since

below)?° ) ) C1l-substituted BBI fluorophores were essentially unexplored,
Effects of Incorporating Functional N-Aryl Groups. To we initially investigated the effects of incorporating phenyl
compare the effects of electronically tuning tNearyl substit- groups at these positions. Thus, we compared &gJ which
is unsubstituted at C1, with C1-Ph substituted BBl The Aem

(25) For comparison, 1-methyl-3-phenylbenzimidazolium iodide exhiblifgd .
at 270 nm andiem at 392 nm under identical conditions. of the latter appeared at a considerably longer wavelength (507
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Table 1. Photophysical Properties of Benzobis(imidazolium) Salts?

R? 2x’ R3
N N
(e )
N N
R* RS
BBI Rt R? R3 R* R® X Aaps (NM)? log(e)? Aem (NM)2 P yield (%)°

2:Br H Bu Bu Bu Bu Br 288 4.29 330 0.64 97
2-BF4 H Bu Bu Bu Bu BR 290 4.25 329 0.55 92
2:-MeSQy H Bu Bu Bu Bu MeSQ 289 4.26 331 0.63 96
4 H Ph Ph Ph Ph Cl 352 3.94 474 0.41 64
Bsyn H Me Me Ph Ph MeS® 345 3.31 447 0.91 86
Banti H Ph Me Me Ph MeS® 345 4.05 442 0.38 40

H Ph Me Ph Me MeSQ® 347 3.92 403 0.31 85
15 H Me Me 4-(CQEt)Ph 4-(CQEt)Ph | 360 4.13 408 0.02 94
16 H Me Me 4-MeOPh 4-MeOPh | 343 3.93 469 0.05 74
32 H Me Me 4-MeOPh 4-(CgEt)Ph | 362 3.60 472 0.01 78
26 Ph Me Me 4-BuPh 4-BuPh | 311 4.54 507 0.14 90
27 4-CNPh Me Me 4-BuPh 4-BuPh | 388 4.94 551 0.43 87
28 4-MeOPh Me Me 4-BuPh 4-BuPh | 332 451 393 0.55 86
29 2-Th Me Me 4-BuPh 4-BuPh | 349 4.00 400 0.18 67
30 4-PhPh Me Me 4-MeOPh 4-MeOPh | 331 4.61 461 0.05 79
31 4-CNPh Me Me 4-MeOPh 4-MeOPh | 389 491 561 0.06 94

apata taken in MeOH under ambient conditioARQuantum efficiencies &;) were determined relative td-stilbene, anthracene, or 9,10-
bis(phenylethynyl)anthracenglsolated overall yield from commercial materiélisolated overall yield from 5,6-dichloro-1-methylbenzimidazaie (

Me Me R
%NI:[N% 26, R=Bu, Ar=Ph ‘N N
Ar ® @ Ar 27, R = Bu, Ar = 4-CNPh

29, R =Bu, Ar=2-Th

30, R = MeO, Ar = 4-PhPh o )

31, R =MeO, Ar = 4-CNPh e e
R R

Figure 5. Diagram of the proposed major electronic communication
pathways throughout the BBI chromophore: =D electron donor; A=
electron-acceptor.

the Aem Of these BBIs to appear at wavelengths that were lower
than even Cl-unsubstituted BBy,

Electron-withdrawing C1-substituents, on the other hand,
increasedlen relative to BBI26. For example, installation of
4-CNPh groups at C12(7) resulted in alem at 551 nm, which
is bathochromically shifted by 44 nm relative26. Overall, it
appeared that electronic influences from tNe and C1-
> —_ : substituents were complementary in thatreasedelectron
350 400 450 500 550 600 650 700 density at the I_\I-posmons ardiac_reas_edalectron density at C1

each resulted in longélem Considering these two factors, we

A (nm) envisioned it should be possible to take advantage of a donor

Figure 4. Photoluminescence spectra 6fl-aryl BBI salts in MeOH,  acceptor functionalized BBI featuring electron-donathhgryl
excited at the absorption maximum, under ambient conditions. The . S . . .
concentration is ca. BM; signal intensities have been normalized. groups in combination with electron-withdrawitg-aryl groups

to further increaseen. Such a system was expected to display
nm) than the former (447 nm). Having revealed a strong electronic communication as depicted in Figure 5.
dependence of théem on the Cl-substituent, we considered To investigate, we synthesized BBl which features
electronic variation at this position as an additional parameter 4-MeOPh groups at the 1- and 7-positions and 4-CNPh groups
for tuning this property. at C1. Thelem of BBI 31 appeared at 561 nm, which is the

Installation of electron-donating Cl-aryl groups such as longestlem Of all the BBIs described herein. Although the
4-MeOPh 28), 2-thienyl 9), or 4-biphenyl 80) resulted in emission spectra &1l and27 were very similar (see Figure 4),
hypsochromic shifts in thelem relative to BBI 26. The close examination revealed that thg, for 31 was slightly
magnitudes of these shifts were consistent with the relative bathochromically shifted relative &7 (1em= 551 nm). Notably,
electron-donating abilities of the respective Cl-arenes (i.e., both BBI 27 and31 undergo efficient excitation in the visible
4-MeOPh> 2-thienyl> 4-biphenyl). In other words, increased region, as the absorption cutoff of each appeared at ap-
electron density at C1 was consistently accompanied by aproximately 450 nm.
decrease iden Interestingly, the effect of increased electron Solvent Effects on Absorption and Emission Properties.
density at C1 in BBI28and29was significant enough to cause Many classes of molecules exhibit solvent-dependent photo-

Normalized Emission (a.u.)
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Figure 6. BBI salts used to evaluate photophysical solvent effects as a

function of structure.

Table 2. Solvent Effects on the Photophysical Properties [Aabs/Aem
(nm)] of Various BBI Salts@

BBI MeCN (MeQ)sPO DMF DMSO
27 312/437 313/439 315/551 315/557
27-BF4 312/446 313/436 315/550 316/561
26 310/420 310/412 312/412 314/438
28 331/392 331/390 332/394 333/395
21 350/436 336/438 358/439 354/442

aBBIs 26—28 were used as their diiodide salts. Data were taken under
ambient conditions. Concentration were caM. Solvent donor numbers
and dielectric constants respectively are as follows: Me€li4.1, 38.0;
(MeOxPO = 23.0, 20.6; DMF= 26.6, 38.3; DMSO= 29.8, 45.03*

physical propertied®=28 Commonly, thedapsand Aem respond

to changes in solvent dielectric in a manner consistent with
changes in the polarity of the chromophore as it transitions from
the ground state to an excited state. Other factors such as solve
reorganization energies, solvent donor and acceptor abilities,
and chemical reactions taking place in an excited state can eac

alter the Stokes shift, and thus thie,, as the solvent is
varied?93°Regardless of the origins, it is important to note that

solvent dependency can offer an excellent handle for tuning

the photophysical characteristics of a sofke.

Scheme 6. Proposed Excited-State Reaction Giving Rise to Large
Stokes Shifts and Positive Solvatofluorochromism

Me M

\

Ar

Al

Me Me Me Me
N N o N _N®
e ORI = e O AL
/N N\ Ar @/N N\ Ar
Ar Ar Ar Ar

Table 3. Stokes Shifts (cm~1) of BBIs 26—28 and Bis(imidazole)
21 in Different Solvents

BBI MeCN (MeQ)sPO DMF DMSO

27 9168 9170 13597 13793
26 8449 7986 7779 9016
28 4701 4570 4740 4714
21 5636 6931 5154 5624

a Stokes shifts, in various solvents, given incnby 10/ (1/Aem — 1/Aabg.
Solvents are listed in order of increasing donor number (DN).

reactions’® For comparison, the Stokes shifts exhibited by BBIs

6 (7779-9016 cnT!) and28 (4570-4740 cntt) were smaller
than27. The relative magnitudes of the Stokes shifts observed
or these BBIs were consistent with the trendiig, and may

e rationalized in terms of the relative electron densities on the
BBI cores.

As described in Scheme 6, one plausible reorganization

pathway may involve nucleophilic attack at one of the electro-

To probe the effects of different solvents on the photophysical Philic C1-positions. Such an event would result in a strongly

properties of BBI salts, the absorption and emission spectra o
BBI 27 (see Figure 6) were analyzed in MeCN, (Mg,
DMF, and DMSO; limited solubilities precluded analysis in less
polar solvents (i.e., PhMe, THF, Gal,, dioxane, etc.§? For
comparison, more electron-rich BBB&65 and 28, as well as
benzobis(imidazole?1, were also investigated (see below for
further discussion). As shown in Table 2, thgsof 27 remained
fairly constant upon increasing solvent polarity. Thg of this

compound, however, was found to be strongly dependent on

the nature of the solvent, displaying positive solvatofluoro-
chromism withAem ranging from 437 to 557 ni#v

The Stokes shifts exhibited by BRI7 ranged from 9168 to
13 793 cn1l, depending on the donor number (DN) of the
solvent used? These values are in the range of unusually large
Stokes shifts (500015 000 cn!), commonly ascribed to
structural reorganization of the fluorophore or excited-state

(26) For excellent reviews, see the following: (a) ReichardtG@en Chem.
2005 7, 339. (b) Minkin, V. 1.Chem. Re. 2004 104, 2751. (c) Reichardt,
C. Chem. Re. 1994 94, 2319. (d) Buncel, E.; Rajagopal, 8cc. Chem.
Rev. 199Q 23, 226.

(27) For a discussion of solvatochromism in quadrupolar fluorophores, see the

following: Terenziani, F.; Painelli, A.; Katan, C.; Charlot, M.; Blanchard-
Desce, M.J. Am. Chem. So@006 128 15742.

(28) Reichardt, CSobents and Selent Effects in Organic Chemistrgrd ed.;
Wiley-VCH: Weinheim, Germany, 2003.

(29) Mertz, E. L.; Tikhomirov, V. A.; Krishtalik, L. 1.J. Phys. Chem. A997,
101, 3433.

(30) Marcus, R. AJ. Chem. Phys1963 38, 1858.

(31) Joshi, H. S.; Jamshidi, R.; Tor, ¥ngew. ChemInt. Ed.1999 38, 2722.

(32) Similarly, BBI 43 was excluded from comparative analyses due to poor
solubility. See Experimental Section for details.

(33) To clarify, the terms “solvatochromism” and “solvatofluorochromism” are
used to describe solvent-induced changes.iand Aem, respectively.

(34) Gutmann, VCoordination Chemistry in Non-Aqueous SolutioBpringer-
Verlag: New York, 1968.
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fdipolar system capable of extended delocalization, features

commonly manifested in large positive solvatofluorochronfgm.

The most likely nucleophilic species (Nuc) are either an iodide
counterion or a solvent molecule. To exclude the former from
consideration, we prepare2i-BF, from 27 (which contains
iodide counteranions) using the anion metathesis method
previously describef. As shown in Table 2, nearly identical
spectroscopic signals were observed in each of the aforemen-
tioned solvents suggesting that excited-state structural changes
were independent of the anion.

We next considered the solvent as a possible nucleophile in
the mechanism described in Scheme 6. As stated above, an
interesting relationship was realized after comparing the sol-
vatofluorochromic shifts with solvent DNs, which is a semi-
quantitative comparison of solvent nucleophilicittésand
dielectric constantsc}.3* The Aem for BBI 27 correlated better
with increasing solvent DN than witkh. For example, MeCN
and DMF have nearly identical(38.0 and 38.3, respectively),
but different DN (14.1 and 26.6, respectively). Thg, of 27
appeared at 437 nm in MeCN but was shifted to 551 nm in
DMF. This strong dependence on solvent DN, in combination
with counterion independence (c27 and27-BF,; see above),
further supported the proposed excited-state reaction described
in Scheme 6.

To further explore the source of the observed solvatofluoro-
chromism, we compared the solvent dependencies of.dhe
and Stokes shifts exhibited by BB2§ and28, as well as neutral
benzobis(imidazoled1, with the more electron-deficient dicyano

(35) Doroshenko, A. OTheor. Exp. Chenm2002 38, 135.
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Figure 7. Solutions of BBIs27 (left) and31 (right) irradiated with a 365
nm (5 W) lamp. Solvents in each series from left to right: MeCN; EtOH;
pyridine.

BBI 27 (see Tables 2 and 3). In contrast wah BBI 26 showed
only relatively small changes ity (412—438 nm) and Stokes
shifts (7779-9016 cntl) upon varying the solvent (Table 3).
Similar effects were observed with BB18 and benzobis-
(imidazole)21, which also exhibited relatively narrow ranges
of Zemand Stokes shifts. However, more generally, no discern-
ible trends were observed between flag or Stokes shifts for
21, 26, and 28 and solvent DN. In other words, a positive
correlation betweefen (and Stokes shifts) and solvent DN was
observed only for a relatively electron deficient BBI (i.27).

Figure 8. Electronic absorption (solid line), excitation (dashed line,
emission intensity monitored at 330 nm), and emission (dotted line,
excitation at 290 nm) spectra &MeSQ, in MeOH under ambient
conditions.

Emission Intensity (a.u.)

350 365 380 395 410 425 440 455 470 485 500
A (nm)

Figure 9. Emission spectra o2-Br (1 uM) in MeOH under ambient
conditions excited at 330 (solid line), 340 (dashed line), and 350 nm (dotted
line).

involve different ground-state orientations of associated spe-
cies?37 Considering the BBI structure comprises two imidazo-

The other compounds studied were apparently not sufficiently |jym mojeties, we envisioned REEs may be observed from these

electrophilic to undergo nucleophilic attack from solvent

molecules (Scheme 6). Hence, the dicationic nature of BBI

in combination with the electron-withdrawing C1-substituents,
appear to be primarily responsible for the large solvatofluoro-
chromic shifts. In particular, the electrophilic C1-position may

be involved in an excited-state reaction that is facilitated by
electron-withdrawing C1-substituents but impaired by electron-
donatingC1l-arenes.

materials. In addition, differential ion-pairing interactions of
BBIs 2-Br, 2-BF,4, and2-MeSQ, may manifest in counterion-
dependent REEs.

Since REEs of BBI-type fluorophores were unexplored, we
began our investigations with a simple BBI structug® that
would also be amenable to probing counterion effects. To
determine if a REE was observable from BBI solutions, and
explore any resulting counterion dependencies, MeOH solutions

Since electron-withdrawing C1-substituents appeared to be (ca. 14M) of BBIs 2-Br, 2-BF,, and2-MeSQ, were each excited

mandatory for observing solvatofluorochromism, we envisioned
tuning solvent effects by modulating thM-arenes while
maintaining constan€1-(4-CNPh) groups. Indeed, as can be

at various wavelengths along the red-edge of their excitation
spectra. As shown in Table 1, the absorption and emission
spectra (excitation at thi,g for 2 in MeOH were independent

seen in Figure 7, marked differences in the photoluminescent of the counterion; a representative set of spectrfbteSQ,

properties of BBIS27 and 31 were observed upon irradiation

is shown in Figure 8.

of these compounds in different solvents. Overall, these results  gth 2.Br and2-BF, gave nearly identical spectra upon red-

underscore the potential for solvent effects to influence the
emission characteristics of BBIs.

Red-Edge EffectsA red-edge effect (REE) refers to shifting

edge excitation; the resulting spectra ®Br are depicted in
Figure 9. Excitation at 330 nm resulted in a shoulder protruding
at ca. 410 nm, which became the only apparent pealk,at

of the Zem to longer wavelengths in response to an increase in 340 nm. Notably, a mixture &f-Br and2:BF, (1:1 molar ratio)

the excitation wavelength, along the red-edge of the absorptionalso gave the same response. In contrast, red-edge excitation
band?33¢ Multiple polar organic fluorophores have been found of 2-MeSQ, gave bimodal emission spectra that continued to
to display REEs, phenomena that have found applications in ashift bathochromically when excited at 330, 340, and 350 nm
number of area&:3Particularly interesting to our studies were  (see Figure 10). The difference in fine structure and overall
recent reports of REEs from imidazolium-based ionic liq#ids. response to red-edge excitation betwé@ekleSQ, and 2-Br/

The specific cause of the REE in imidazolium species is not BF, strongly suggested that the counterion plays a decisive role
entirely understood, but it has been speculated that its originsin dictating the photophysical properties @f under these

(36) (a) Galley, W. C.; Purkey, R. MProc. Natl. Acad. Sci. U.S.A97Q 67,
1116. (b) Rubinov, A. N.; Tomin, V. IOpt. Spektroskl97Q 29, 1082. (c)
Weber, G.; Shinitzky, MProc. Natl. Acad. Sci. U.S.A97Q 65, 823. (d)
Weber, G.Biochem. J196Q 75, 335.

(37) In solution, a REE is attributed to excitation of ground-state molecules
that are most strongly interacting with solvent molecules; see the follow-
ing: Lakowicz, J. R.Principles of Fluorescence SpectroscpBlenum
Publishing: New York, 1983.
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Figure 10. Emission spectra &MeSQ, (1 uM) in MeOH under ambient
conditions excited at 330 (solid line), 340 (dashed line), and 350 nm (dotted
line).

conditions. These results demonstrate, for the first time, REEs

in extended, highly photoluminescent imidazolium-based chro-
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Figure 11. Three-photon fluorescence action cross section spectrum of

mophores and support the contention that REEs may be BB 4

influenced by catiorranion interactions.

Multiphoton Excitation. Multiphoton-excited fluorescence
of organic chromophores has provided important capabilities
for three-dimensionally resolved microscof$y?? simultaneous
measurements of multiple fluorophor@sand low-background
analytical assay®¥.Although two- and three-photon fluorescence

action cross-section values are typically small, fluorescence can

be promoted with relatively low excitation powers by using high

peak-power pulsed sources such as a femtosecond titanium:
sapphire (Ti:S) laser. Recently, particular attention has been

given to water-soluble organic salt fluorophores for applications
in biological membranes, cells, and pH sensirfgince mul-
tiphoton excitation (MPE) in BBI chromophores has not been
investigated, we probed the ability of this new class of
fluorophore to undergo MPE, particularly in agueous solutions.
Thus, multiphoton fluorescence action cross sections of 8Bl
were determined semiquantitatively for excitation between 740
and 860 nm.

To begin investigating MPE of BBI salts, BBlwas prepared
in unbuffered water at 26M. Power studies were then

performed at 740, 760, 820, and 860 nm to determine the laser
power dependence of multiphoton-excited fluorescence. Loga-

rithmic plots of the fluorescence emission versus incident laser

power yielded linear least-square fits whose slopes represen

the number of photons required for molecular excitation. At all
wavelengths examined herein, BBlwas found to be excited
primarily via a three-photon mechanism. Specifically,tdog

slopes at 740, 780, 820, and 860 nm were found to be 3.00,

3.00, 3.01, and 2.98, respectively.

t

Scheme 7. Possible Reaction Pathways of BBI Salts under Basic
Aqueous Conditions

R R
RHN NR N N
X o~ p-o
RN NHR N N
R R

pH Stability. The potential of BBI fluorophores will ulti-
mately depend on their stabilities in basic and acidic media.
We have previously demonstrated that BBI salts can be
deprotonatett under strongly basic conditions to generate bis-
(N-heterocyclic carbenef8. When the Nsubstituents were
small, such astalkyl groups (e.g.2:Br), carbene dimerization
ensued which resulted in the formation of poly(enetetraamine)s
as depicted in Scheme 7. Enetetraamines are well-known to be
extremely oxygen sensitive and rapidly convert to ureas upon
exposure to air, a fate that would ultimately preclude the use
of BBI fluorophores at high pH® Decomposition of imidazo-
lium species under acidic conditions, on the other hand, has
not been investigated; hence, a lower pH limit of stability may
also exist for this class of molecules. Notably, an alternate
decomposition pathway to deprotonation may involve hydrolysis

_Three-phot_on fluorescence action_ cross_sections were deterof the BBI to generate a diamide, which upon further hydrolysis
mined over this wavelength range using estimates of the spectraland oxidation would result in a diamirdenzoguinonediimine.

functions of the optics and detector, laser pulse width, and beam-

waist size®® As shown in Figure 11, the cross section of BBI
was greatest at the short wavelength limit of these studies. Thes

The uncertainty of the pH tolerance of BBI fluorophores
prompted us to explore the pH stability of a representative BBI

q2-Br) in aqueous solutions; key data are summarized in

results show absolute three-photon cross sections similar to thosergpje 4.

determined for the native biological fluorophore, serotdfia,
compound that has been used in a range of microsédpand
microanalysis applicatiorf&:43

(38) Maiti, S.; Shear, J. B.; Williams, R. M.; Zipfel, W. R.; Webb, W. Btience
1997 275, 530.

(39) Zipfel, W. R.; Williams, R. M.; Webb, W. WNat. Biotechnol2003 21,
1369.

(40) Okerberg, E.; Shear, J. Bnal. Chem2001, 73, 1610.
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(41) Williams, R. M.; Shear, J. B.; Zipfel, W. R.; Maiti, S.; Webb, W. W.
Biophys. J.1999 76, 1835.

(42) Gostkowski, M. L.; Wei, J.; Shear, J. Bnal. Biochem1998 260, 244.

(43) Wise, D. D.; Shear, J. B.. Chromatogr., A2006 1111, 153.

(44) The X, of imidazolium salts has been estimated to be-28; see the
following: Amyes, T. L.; Diver, S. T.; Richard, J. P.; Rivas, F. M.; Toth,
K. J. Am. Chem. So@004 126, 4366.

(45) Kamplain, J. W.; Bielawski, C. WChem. Commur2006 1727.

(46) (a) Shi, Z.; Thummel, R. Rl. Org. Chem1995 60, 5935. (b) Winberg,
H. E.; Downing, J. R.; Coffman, D. Dl. Am. Chem. Sod.965 87, 2054.
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Table 4. Relative Emission Intensities Observed from BBI 2-Br at Scheme 8. Synthesis of Task-Specific BBI Salt 36
Various Conditions and Durations? Pd/IC
. ON NOz N H-NH, OaN NOz hco,Na
Ik attime n I/l at pH X ji:[ 2 2 ji;[ 2 N N
; ; ; . ; HN cl i ° HN NH ¢ )
pH 0 min 30 min 120 min 30 min 120 min PrOH, 80 °C HCOH N N
98% 110°C
1 0.09 0.09 0.10 0.94 0.93 @ @ 92% @7 Q
3 0.87 0.92 1.00 0.98 0.98
5 0.87 0.89 1.04 0.95 1.02 NH, NH,
7 1.00 1.00 1.00 0.93 0.85 37 8 3
9 0.86 0.91 0.98 0.98 0.97 o
11 0.01 0.01 0.01 0.98 1.03 0(40) Me 2P Ve
o N N, Mel N N
aEmission data collected under ambient conditions. Excitation at 200 —— ¢ > —_— <(@i}>)>
nm. I, = total integrated emission intensity at pHX and time indicated. AcOH N N MeCN,95°C N N
|7 = total integrated emission intensity at pH7 and time indicated, = 80% 99%
total integrated emission intensity at time O for the pH indicated.

itial fi d dyi g B in neutral iNi :<\lj
ff BE1-B O O O
Initial efforts focused on studyin ri tral HO. “ 36 —

Under these conditions, this compound showed absorption and
emission characteristics nearly identical with those observed in

MeOH. After 30 min in BO (pH 7), emission intensity d2- Scheme 9. Conjugation of BBI Salt 36 with MPA

Br was at 93% of its initial value (see Table 4). After 2 h, 85% 2P 2P

of the emission intensity persisted. e g pgocoH M e
To investigate the emission properties ®Br under basic (&@@[@p B <@©§%>

conditions, a fresh sample was dissolved in aqueous media 9;%

buffered to pH 9. The emission intensity remained essentially Q @7

unchanged from that at pH 7 and did not diminish significantly

NP N
even after 2 h. At pH 11, the photoluminescence disappeared o{j o:Q;/(
almost instantly and was not returned upon acidification to % 3E-MPA §TN-COMH

pH 7. Thus, the upper limit of tolerable pH levels appeared to | )
be approximately 9. Furthermore, the irreversibility of the USing & BBI fluorophore that featured a pendant substituent

fluorescence loss suggested that the BBI chromophore was inPredisposed to reacting with specific protein residues. Consider-
fact destroyed via hydrolysis or oxidation, as described in ing maléimides are commonly used to conjugate with cysteine
Scheme 7. residuesy initial efforts were focused on incorporating this
To elucidate the degradation pathway of BBBr under basic ~ functional group into a BBI. Thus, we targetéfi (see Scheme
aqueous conditions, we performed NMR-scale experiments in 8) Which features (1) twél-aryl groups to provide emission in
D,O/NaOH (pH= 11). Analysis of the products aft® h at the VI.'S.Ib|e_ region, (2) sma_m-methyl substituents to fac_|I|t_ate
room temperature revealed complete loss of the Ci-proton SClubility in agueous media, and (3) a pendant maleimide to
signals iH: 0 = 9.57 in D:O). In addition, signals attributable ~ Undergo reactions with thiols.
to arene protons were found &t= 8.22, 7.47, 7.42, and 6.76 The synthesis 086 is shown in Scheme 8 and was based
ppm. These four singlets, which were each upfield of the upon the &Ar/reductive cyclization/alkylation methodology
respective BBI arene signal, likely resulted from isomeric Previously describe#! Starting from dinitroarene37, SyAr
hydrolysis products. Indeed, mass-spectral analysis confirmedreaction withp-phenylenediamine provided dinitroare&@ in
products consistent with the bis(formamide) shown in 98% yield. Reductive cyclization &7 at 110°C gave benzobis-
Scheme 7. (imidazole)39in 92% yield. To install a maleimide functional-
Next, we explored the stability & Br under acidic aqueous  ity, 39was first treated with anhydrid€0. Condensation 040
conditions. At pH levels of 3 and 5, the emission intensities With amine 39 resulted in clean formation of imidd1, a
remained essentially unchanged afteh and were similar to ~ Protected maleimide. Subsequent alkylation of the benzobis-
the emission intensity observed at pH 7. Upon further acidifica- (imidazole)41, and concomitant deprotection via a retro Diels
tion (pH 1), however, photoluminescence was lost immediately Alder reaction at elevated temperature, provided B&in 67%
and was not regained upon neutralization to pH 7. Analysis of overall yield from37.
the degradation products @Br in acidic DO using NMR The Aaps and Aem of 36 in MeOH appeared at 346 and 432
spectroscopy revealed upfield shifts of the arene and alkyl nm, respectively. Although thér was low (0.01), this may be
signals. In addition, there appeared to be loss of butyl groups related to the maleimide functionality which has been found to
relative to arene signals. Mass-spectral analysis confirmed thereduce quantum efficiencies in other fluorophof€slo deter-
presence of dibutyl benzobis(imidazole) suggesting that the BBI mine if 36 would be a feasible Michael acceptor for protein
is subject to dealkylation under strongly acidic conditions. conjugation, and to explore the photophysical impacts of altering

Overall, despite reactive imidazolium moieties, BRIBr the maleimide moiety, we performed a control experiment using
showed excellent stability in aqueous solutions ranging in pH 3-mercaptopropionic acid (MPA) as a model for a nucleophilic
from 3 to 9. thiol residue. Thus, BBB6 was dissolved in KD and treated

Protein Conjugation. Encouraged by the amphiphilic nature  With an equimolar amount of MPA as shown in Scheme 9. After
and broad pH stability of the BBI salts, we next addressed the — ‘
challenge of synthesizing a task-specific BBI designed for (47) (a) Guy, J.; Caron, K.; Dufresne, S.; Michnick, S. W.; Skene, W. G.; Keilor,

X : . . ) - J. W.J. Am. Chem. So@007, 129, 11969. (b) Corrie, J. E. T. Chem.
protein conjugation. To accomplish this goal, we envisioned Soc., Perkin Trans1994 1, 2975.
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Figure 12. Absorption (solid lines) and emission (dotted linesB6fMPA
(red) and36-BSA (black) in MeOH under ambient conditions.

4 h at room temperature, the solution was concentrated to
provide 36:-MPA in 95% yield. In comparison with fre86,
attachment of the thiol to the maleimide significantly increased
the @; of the BBI to 0.34.

The efficacy of36 in protein conjugation was studied using
bovine serum albumin (BSA). BSA was dissolved iptHand
treated with a slight excess 86. After 4 h atroom temperature,
the conjugat&6-BSA was subjected to dialysis against distilled
H,O for 48 h. After removal of excess;® under vacuum, the
conjugate product was isolated in 90% yield and analyzed by
NMR, UV—vis, and fluorescence spectroscopy. Confirmation

functionalized fluorophore was successfully conjugated with

3-mercaptopropionic acid as a control experiment and was
ultimately attached to bovine serum albumin in agueous media.
The absorption and emission spectra obtained after protein
conjugation, in comparison with those of the control experiment,

confirmed attachment of the fluorophore to the protein.

Collectively, this new class of fluorophores has many
desirable attributes that have been disclosed herein. In addition,
the ease with which the fluorogenic cores may be functionalized
and finely tuned should increase the efficiency with which they
may be deployed in a range of applications. These materials
are expected to open new opportunities and enable advance-
ments in a range of areas, including fundamental photophysical
studies, biological imaging, sensory materials, and electronic
display applications.

Experimental Section

General Considerations.'H and**C NMR spectra were recorded
using a Varian Unity Plus 300 or 400 spectrometer. Chemical shifts
(0) are expressed in ppm downfield from tetramethylsilane using the
residual protio solvent as an internal standard (GD®, 7.26 ppm,
and 13C, 77.0 ppm; DMSQds, 'H, 2.49 ppm, andC, 39.5 ppm).
Coupling constants are expressed in hertz (Hz). HRMS (ESI, Cl) were
obtained with a VG analytical ZAB2-E instrument. UVis spectra
were recorded using a Perkin-Elmer Instruments Lambda 35 spectrom-

of successful conjugation was evidenced by an absence ofeter. Emission spectra were recorded using a QuantaMaster Photon

maleimide proton signals in tHél NMR spectrum (diagnostic
signal atd = 7.27 in DMSOdg). In addition,36-BSA displayed
Aabs @nd dem at 287 (additional peak at 345 nm) and 445 nm,
which were consistent with those observed fr8Gand 36
MPA (see Figure 12).

Conclusions

Technology International fluorometer. Unless otherwise noted, all
reactions were performed under ambient atmosphere. All starting
materials and solvents were of reagent quality and used as received
from commercial suppliers.

1,3,5,7-Tetrabutylbenzobis(imidazolium) Bis(tetrafluoroborate)
(2-BF,). After suspension of BBR-Br (992 mg, 1.82 mmol) in dry
CH.Cl,, Ez0-BF,4 (692 mg, 3.64 mmol) was added in a single portion.
The reaction progress was monitored 1y NMR spectroscopy, and

We have synthesized and analyzed a series of benzobis-upon completion (ca. 10 min), the solution was concentrated to provide

(imidazolium) salts which represent a new class of highly
versatile, robust fluorophores. A modular synthetic design

969 mg (95% yield) of the desired product as a white powdteNMR
(400 MHz, DMSO#dg): 6 10.10 (s, 2H), 8.97 (s, 2H), 4.59 @= 7.2

facilitated access to fluorophores whose structures were tailoredHz, 8H), 2.06-1.93 (m, 8H), 1.42-1.33 (m, 8H), 0.94 () = 7.2 Hz,
to probe various photophysical and applications-based charac-12H)-**C NMR (75 MHz, DMSO«): 6 145.5, 130.2, 98.8, 47.1, 30.2,

teristics, including emission wavelength tunability, solvatochro-
mic effects, red-edge excitation, multiphoton excitation, pH
stability, and protein conjugation. Additionally, the syntheses
provided each of the fluorophores in few synthetic manipulations
and without the need for chromatographic purification.

The fluorophores displayed structure-dependeggrtranging
from 329 to 561 nm in MeOH. Depending on the nature of the
fluorogenic core, solvent-dependelat, were also observed in
conjunction with large Stokes shifts. Although the nature of the

19.1, 13.4. HRMS1V2): calcd for BR, 87.0029; found, 87.0026.
1,3,5,7-Tetrabutylbenzobis(imidazolium) Bis(methyl sulfate) (2

MeSQO,). After suspension of BBR-Br (488 mg, 0.90 mmol) in dry

CH,Cl,, Me;S0O; (0.17 mL, 1.80 mmol) was added in a single portion.

The reaction progress was monitored I/ NMR spectroscopy, and

upon completion (ca. 4 h), the solution was concentrated to provide

542 mg (99% yield) of the desired product as a beige powHeNMR

(400 MHz, CDCh): 6 9.94 (s, 2H), 8.84 (s, 2H), 4.72, t= 7.0 Hz,

8H), 3.76 (s, 6H), 1.961.89 (m, 8H), 1.421.32 (m, 8H), 0.93 (tJ

= 7.2 Hz, 12H).23C NMR (100 MHz, CDC} + DMSO-dg): 6 145.3,

counterion had no detectable impacts in these studies, investigad30.3, 99.7, 54.5, 47.8, 31.1, 19.5, 13.4.
tion of red-edge effects revealed a strong counterion dependency. 1,5-Diphenylbenzobis(imidazole) (5). Benzobis(imidazole}. (500

Specifically, while Br and BE-counterions gave similar results,
a strikingly different REE was observed when MeS®unte-
rions were incorporated. Additionally, preliminary experiments
were conducted to investigate the BBI's ability to display
multiphoton excited fluorescence. Aqueous solutions of tet-
raphenyl BBI14 exhibited three-photon excitation and fluores-
cence action cross sections similar to those observed from
serotonin.

Encouraged by broad emission tunability, ease of function-
alization, and good pH stability, we synthesized a task-specific
fluorophore predisposed for protein conjugation. A maleimide-

3152 J. AM. CHEM. SOC. = VOL. 130, NO. 10, 2008

mg, 3.16 mmol) was dissolved in dry DMF (15 mL) in a screw-cap
vial. Under nitrogen atmosphere, Phl (1.42 mL, 12.6 mmol), Cul (60
mg, 0.32 mmol), 1,10-phenanthroline (114 mg, 0.63 mmol), apd K
CGO; (1.75 g, 12.6 mmol) were added. The vial was then sealed with a
Teflon-lined cap, and the mixture was stirred at 18D for 17 h.
Afterward the mixture was poured into,&8 (30 mL). Collection of
the precipitated solids via vacuum filtration afforded 932 mg (95%
yield) as a 1:1 mixture of two regioisomebs,, and5aq.i. Recrystalli-
zation of the mixture from hot DMSO provided 392 mg (40% yield
based orl) of 5..i. Spectral data fobsy, were consistent with those
previously reported* Data for5ai: *H NMR (300 MHz, CDCH): 6
8.20 (s, 2H), 8.00 (s, 2H), 7.6%.62 (m, 8H), 7.527.45 (m, 2H).
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13C NMR (75 MHz, CDC}) 6 143.7, 142.2, 136.6, 131.5, 130.1, 128.0,
123.9, 100.4; HRM®wz calcd for GoH1sN4 [M + H*] 311.1297, found
311.1299.

1,5-Dimethyl-3,7-diphenylbenzobis(imidazolium) Bis(methyl sul-
fate) (6ani). After diphenylbenzobis(imidazol&)yi (50 mg, 0.15 mmol)
was dissolved in MeCN (1.0 mL) in a screw-cap vial, 86 (29 uL,

filtration, rinsed with HO, and dried under vacuum to provide 1.42 g
(96% vyield) of the desired product as a red-orange powéeNMR
(300 MHz, CDC}): 6 9.57 (br s, 2H), 9.31 (s, 1H), 7.05 (d,= 8.9
Hz, 4H), 6.84 (d,J = 8.9 Hz, 4H), 6.18 (s, 1H), 3.80 (s, 3H}C
NMR (75 MHz, CDC}): 6 158.2, 1147.7, 129.8, 129.4, 126.7, 125.0,
114.8, 94.9, 55.5. HRMSn{/2): calcd for GoH1gN4Og [M + HT],

0.31 mmol) was added in a single portion. The vial was then sealed 411.1305; found, 411.1301.

with a Teflon-lined cap and placed in an oil bath at°8for 4 h. The

1,7-Bis(4-carboethoxyphenyl)benzobis(imidazole) (13Rinitroare-

reaction mixture was then cooled and concentrated to afford 84 mg ne 11 (400 mg, 0.81 mmol) was dissolved in HC(QE{10 mL) in a

(>99% yield) of the desired product as a beige wdk.NMR (400
MHz, DMSO-ds): 6 10.35 (s, 2H), 8.64 (s, 2H), 7.92 (d= 7.6 Hz,
4H), 7.85-7.78 (m, 6H), 4.24 (s, 6H), 3.34 (s, 6HJC NMR (75 MHz,
DMSO-de): 6 147.4,146.3, 132.9, 131.2, 130.9, 130.5, 130.1, 125.7,
99.1, 52.9, 34.0. HRMS/2): calcd for GoHigN4 [M — H*], 339.1610;
found, 339.1609.

Benzimidazolium Chloride 8.1n a nitrogen-filled drybox, a screw-
cap vial was charged with 5,6-dichloro-1-methylbenzimidazol¢375
mg, 1.87 mmol) and PhMe (10 mL). To the solution was added Pd-
(OAC), (4 mg, 0.02 mmol), 1,3-bis(2,6-diisopropylphenyl)imidazolium
chloride (16 mg, 0.04 mmol), NéBu (368 mg, 3.83 mmol), and PhNH
(869 mg, 9.33 mmol). The vial was then sealed with a Teflon-lined
cap and placed in an oil bath at 120 for 12 h. After cooling of the
reaction mixture to ambient temperature, it was poured into a solution
of HC(OEt) (50 mL) and concentrated HCI (1.0 mL). The resulting
mixture was then stirred in an oil bath at 150 for 12 h, allowed to
cool, and then poured into £ (100 mL). The precipitated solids were
collected via vacuum filtration, rinsed with 3, and redissolved in a
saturated solution of N&Qs in 'PrOH. After standing for 1 h, the
mixture was filtered through Celite and the filtrate was concentrated
to provide 523 mg (86% yield) of the desired product as a light brown
powder.*H NMR (400 MHz, DMSOsg): ¢ 10.58 (s, 1H), 8.57 (s,
1H), 8.13 (s, 1H), 8.09 (s, 1H), 8.68.02 (m, 4H), 7.837.72 (m,
6H). °C NMR (75 MHz, DMSOsdg): 6 149.2, 143.2, 143.0, 134.9,

screw-cap vial. To the solution was added HE@38%, 1 mL), HCQ-
Na (1.65 g, 24.3 mmol), and Pd/C (172 mg, 5 wt %, 0.08 mmol Pd).
The vial was then sealed with a Teflon-lined cap, and the mixture was
heated in an oil bath at 11 for 48 h. Upon cooling of the mixture
to ambient temperature, it was filtered through Celite. The filtrate was
treated with 5% HCI, stirred for ca. 30 min, and then brought to pH 9
using saturated aqueousJ8®;. Precipitated solids were subsequently
collected via vacuum filtration, rinsed with,8, and dried under
vacuum to provide 352 mg (96% yield) of the desired product as a tan
powder.*H NMR (400 MHz, CDC}): ¢ 8.38 (s, 1H), 8.26 (d] = 8.4
Hz, 4H), 8.21 (s, 2H), 7.63 (s, 1H), 7.61 (@= 8.4 Hz, 4H), 4.43
(quart,d = 7.2 Hz, 4H), 1.43 (tJ = 7.2 Hz, 6H).23C NMR (75 MHz,
CDClh): 0 165.5,143.1, 141.8, 140.1, 131.8, 131.7, 129.9, 123.3, 111.6,
90.4, 61.4, 14.3. HRMSn{/2): calcd for GeHaN4O4 [M + HT],
455.1719; found, 455.1716.
1,7-Bis(4-methoxyphenyl)benzobis(imidazole) (14pinitroarene
12(1.00 g, 2.44 mmol) was suspended in HE88%, 100 mL). To
the suspension was added HB@ (1.99 mg, 29.2 mmol) and Pd/C
(103 mg, 5 wt %, 0.05 mmol Pd). The mixture was heated in an oil
bath at 110°C for 48 h. Upon completion, the cooled reaction mixture
was filtered through Celite and the filtrate volume was reduced to ca.
20 mL under vacuum. The solution was then added slowly into a
vigorously stirred saturated solution of aqueous®@@; (150 mL).
Precipitated solids were collected via vacuum filtration, rinsed with

133.5, 133.4, 130.5, 130.4, 128.1, 127.7, 125.6, 125.4, 102.6, 94.6,H,0, and dried under vacuum to provide 705 mg (78% yield) of the

31.5. HRMS (/2):
325.1454.
1,3-Dimethyl-5,7-diphenylbenzobis(imidazolium) Bis(methyl sul-
fate) (9). After benzimidazolium chlorid@® (50 mg, 0.15 mmol) was
dissolved in MeCN (1.0 mL), M&SO, (39 mg, 0.31 mmol) was added
in a single portion. After stirring the resulting solution at 8D for 2
h, it was concentrated to afford 84 mg 9% yield) of the desired
product as a tan solidH NMR (400 MHz, CDC}): 6 10.81 (s, 1H),
10.04, (s, 1H), 8.60 (s, 2H), 8.04 (@= 7.2 Hz, 4H), 7.85-7.78 (m,
6H), 4.18 (s, 6H), 3.35 (s, 6H}*C NMR (75 MHz, DMSO#s): 6

caled for GiHi7;Ns [M1], 325.1453; found,

desired product as a tan powd#&i. NMR (300 MHz, CDC}): 6 8.31

(s, 1H), 8.08 (s, 2H), 7.41 (d, = 8.8 Hz, 4H), 7.35 (s, 1H), 7.06 (d,

J = 8.8 Hz, 4H), 3.88 (s, 6H):3C NMR (75 MHz, CDC}): d 159.2,

143.6, 141.2,132.8, 129.3, 125.9, 115.2, 110.5, 89.8, 55.6. HRMS (

2): calcd for GoH1gN4O, [M + H*], 371.1508; found, 371.1511.
1,7-Bis(4-carboethoxyphenyl)-3,5-dimethylbenzobis(imidazoli-

um) Diiodide (15). Benzobis(imidazolel3 (300 mg, 0.66 mmol) was

dissolved in MeCN (10 mL) and Mel (1.0 mL) in a screw-cap vial.

The vial was then sealed with a Teflon-lined cap, and the mixture was

heated at 80C for 8 h. Afterward, the mixture was concentrated under

147.4,146.3,132.9, 131.2, 130.9, 130.5, 130.1, 125.7,99.1, 52.9, 34.0vacuum to provide 485 mg>(99% yield) of the desired product as a

HRMS (m/2):
339.1607.
1,5-Bis(4-carboethoxyphenyl)amino-3,4-dinitrobenzene (11A
screw-cap vial was charged with 1,5-dichloro-3,4-dinitrobenzégg (
(413 mg, 1.74 mmol), benzocaine (1.44 g, 8.71 mnmBHOH (15 mL),
and a stir bar. The vial was sealed with a Teflon-lined cap, placed in
an oil bath at 120C, and stirred for 48 h. After the mixture was poured
into 5% HCI (50 mL), the precipitated solids were collected via vacuum
filtration, rinsed with HO, and dried under vacuum to provide 1.66 g
(98% yield) of the desired product as a yellow powderNMR (400
MHz, CDCk): ¢ 9.92 (br s, 2H), 9.32 (s, 1H), 8.05 (d,= 8.4 Hz,
4H), 7.25 (d,J = 8.4 Hz, 4H), 6.83 (s, 1H), 4.38 (quad,= 7.2 Hz,
4H), 1.41 (t,J = 7.2 Hz, 6H).2*C NMR (100 MHz, CDC}): 6 165.4,

caled for GoHigNs [M — HT], 339.1610; found,

dark brown powder*H NMR (400 MHz, DMSO¢lg): ¢ 10.48 (s, 2H),

9.12 (s, 1H), 8.27 (d) = 8.2 Hz, 4H), 8.24 (s, 1H), 8.03 (d,= 8.2

Hz, 4H), 4.38 (quart) = 7.2 Hz, 4H), 4.30 (s, 6H), 1.35 (§,= 7.0

Hz, 6H).23C NMR (75 MHz, DMSO¢k): 6 164.7, 147.4, 136.6, 131.6,

131.3,131.2, 129.9, 125.7, 107.3, 99.9, 98.5, 61.4, 34.4, 14.2. HRMS

(m/2): calcd for GgH27N4O4 [M — HT], 483.2032; found, 483.2033.
1,7-Bis(4-methoxyphenyl)-3,5-dimethylbenzobis(imidazolium) Di-

iodide (16).Benzobis(imidazole}4 (500 mg, 1.35 mmol) was dissolved

in MeCN (10 mL) and Mel (1.0 mL) in a screw-cap vial. The vial was

then sealed with a Teflon-lined cap, and the mixture was heated at 80

°C for 8 h. Upon completion, the mixture was concentrated under

vacuum to provide 877 mg (99% vyield) of the desired product as a

dark brown powder*H NMR (400 MHz, DMSOsg): ¢ 10.30 (s, 2H),

145.6,141.2,131.3,129.2,128.2, 126.1, 123.0, 96.7, 61.2, 14.3. HRMS9.06 (s, 1H), 7.87 (s, 1H), 7.76 (d,= 8.8 Hz, 4H), 7.25 (d) = 8.8

(m/2): caled for G4H2aN4Og [M + HT], 495.1516; found, 495.1517.
1,5-Bis(4-methoxyphenyl)amino-3,4-dinitrobenzene (12)After
1,5-dichloro-3,4-dinitrobenzené&@ (1.00 g, 4.22 mmol) was dissolved
in EtOH (75 mL), p-anisidine (2.08 g, 16.9 mmol) was added in a
single portion. The mixture was then placed in an oil bath af@0
and stirred for 48 h. The mixture was then poured intE®H200 mL)

Hz, 4H), 4.27 (s, 6H), 3.86 (s, 6HYC NMR (100 MHz, DMSO#):
0160.7,147.1,130.9, 130.6, 127.0, 125.4, 115.5, 99.4, 97.8, 55.8, 34.2.
HRMS (m/z): calcd for G4H23N4O, [M — HT], 399.1821; found,
399.1817.

1,5-Bis(4-butylphenyl)amino-3,4-dinitrobenzene (17)Following
a similar procedure used to prepd2 1,5-dichloro-3,4-dinitrobenzene

which caused solids to precipitate. The solids were collected via vacuum (10) (1.00 g, 4.22 mmol) and 4-butylaniline (2.52 g, 16.88 mmol)
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afforded 1.83 g (94% yield) of the desired product as a burnt orange 8.28 (s, 1H), 7.50 (d) = 8.1 Hz, 4H), 7.27 (dJ = 7.3 Hz, 4H), 7.19
powder.*H NMR (400 MHz, CDC}): 6 9.68 (br s, 2H), 9.30 (s, 1H), (d, J = 7.3 Hz, 4H), 6.90 (s, 1H), 6.80 (d,= 8.1 Hz, 4H), 3.80 (s,
7.14 (d,J = 8.2 Hz, 4H), 7.05 (dJ = 8.2 Hz, 4H), 6.48 (s, 1H), 2.58 6H), 2.68 (tJ= 7.7 Hz, 4H), 1.76-1.60 (m, 4H), 1.451.33 (m, 4H),
(t, J= 7.6 Hz, 4H), 1.6%+1.53 (m, 4H), 1.46-1.31 (m, 4H), 0.95 (t, 0.96 (t,J = 7.2 Hz, 6H).13C NMR (75 MHz, CDC}): ¢ 160.3, 152.9,
J= 7.2 Hz, 6H).2*C NMR (100 MHz, CDC}): 9 147.0, 141.5, 134.6, 143.3, 140.5, 135.6, 135.0, 130.8, 129.8, 127.3, 122.7, 113.6, 108.4,
129.4,129.3, 125.1, 124.6, 95.1, 35.1, 33.6, 22.2, 13.9. HRNI§:( 89.9, 55.2, 35.3, 33.3, 22.3, 13.9. HRM¥Z): calcd for GHa3N4O,
calcd for GeHziN4O4 [M + H™], 463.2345; found, 463.2343. [M + HT], 635.3386; found, 635.3390.

General Procedure for the Reduction of Dinitroarenes 18 and 1,7-Bis(4-butylphenyl)-2,6-bis(2-thienyl)benzobis(imidazole) (23).
19. After the dinitroarene (1.0 mmol, 1.0 equiv) was dissolved in EtOH Yield: 200 mg (78%)*H NMR (300 MHz, CDC}): ¢ 8.25 (s, 1H),
(20 mL) in & 100 mL flask, Pd/C (5 wt %, 0.10 mmol Pd, 0.10 equiv) 7.37-7.26 (m, 10H), 6.89 (dd appearing aslt= 4.5 Hz, 2H), 6.77
was added. The flask was then fitted with a0Hjacketed condenser,  (d,J= 3.6 Hz, 2H), 6.59 (s, 1H), 2.73 @,= 7.7 Hz, 4H), 1.74-1.64
and HNNHz"H,O (80%, 16 mmol, 16 equiv) was added dropwise (m, 4H), 1.48-1.35 (m, 4H), 0.97 (tJ = 7.2 Hz, 6H).13C NMR (75
followed by 1.2 N HCI (7 mL, 8.0 mmol, 8.0 equiv). The solution was MHz, CDCkL): ¢ 148.2, 144.6, 140.5, 136.4, 134.0, 132.9, 130.0,
stirred in an oil bath at 80C for 4 h. The cooled reaction mixture was  128.25, 128.16, 127.9, 127.4, 108.4, 89.6, 35.4, 33.3, 22.4, 13.9. HRMS
then filtered through Celite and concentrated under vacuum to provide (m2): calcd for GgHssNsS, [M + HT], 587.2303; found, 587.2307.
the corresponding tetraamines as their dihydrochloride salts. These 2,6-Bis(4-biphenyl)-1,7-bis(4-methoxyphenyl)benzobis(imida-
products were used directly in subsequent steps without further zole) (24).Yield: 492 mg (88%)H NMR (400 MHz, CDCh): ¢
purification. Note: these materials were found to decompose upon 8.36 (s, 1H), 7.67 (d) = 8.4 Hz, 4H), 7.59 (d) = 7.2 Hz, 4H), 7.54
prolonged standing under ambient atmosphere and thus were stored ir(d, J=8.4 Hz, 4H), 7.45-7.41 (m, 4H), 7.3%#7.33 (m, 2H), 7.25 (d,

a nitrogen-filled desiccator prior to use. J = 6.8 Hz, 4H), 7.01 (dJ = 8.8 Hz, 4H), 6.85 (s, 1H), 3.88 (s, 6H).
Tetraaminobenzene Dihydrochloride 18.Yield: 4.20 g ¢99%). 13C NMR (75 MHz, CDC}): 6 159.4, 152.9, 141.8, 140.6, 140.1, 136.3,
1H NMR (300 MHz, CDC}): 0 6.97 (d,J = 6.6 Hz, 4H), 6.85 (s, 130.0, 129.7, 129.0, 128.82, 128.78, 127.7, 127.0, 126.8, 115.2, 108.9,
1H), 6.56 (d,J = 6.6 Hz, 4H), 6.26 (s, 1H), 4.86 (br s, 2H), 3.76 (br  90.0, 55.5. HRMS1V2): calcd for GeHasN4O, [M + H*], 675.2760;

s, 4H), 2.49 (br t, 4H), 1.591.49 (m, 4H), 1.46:1.27 (m, 4H), 0.91 found, 675.2763.

(t, J = 7.2 Hz, 6H)."*C NMR (75 MHz, CDC}): 6 144.8, 142.5, 2,6-Bis(4-cyanophenyl)-1,7-bis(4-methoxyphenyl)benzobis(imida-
132.9,129.1,126.5, 119.6, 114.0, 102.3, 34.7, 34.0, 22.3, 14.0. HRMS z0le) (25). Yield: 469 mg (99%).'H NMR (400 MHz, CDC} +
(m/2): caled for GeHssN4 [M + H*], 403.2862; found, 403.2858. DMSO-dg): 6 8.29 (s, 1H), 7.68 (dJ = 8.2 Hz, 4H), 7.55 (dJ = 8.2
Tetraaminobenzene Dihydrochloride 19.Yield: 1.15 g ¢99%). Hz, 4H), 7.16 (dJ = 8.4 Hz, 4H), 6.97 (d) = 8.4 Hz, 4H), 6.80 (s,
'H NMR (400 MHz, CDC}): ¢ 6.79 (s, 1H), 6.75 (dJ = 8.8 Hz, 1H), 3.84 (s, 6H)3C NMR (75 MHz, CDC} + DMSO-dg): 6 159.7,

4H), 6.59 (d,J = 8.8 Hz, 4H), 6.25 (s, 4H), 4.74 (br s, 2H), 3.74 (s, 151.1, 140.6, 136.8, 134.2, 131.9, 129.5, 128.9, 128.5, 118.2, 115.4,
6H).*C NMR (100 MHz, CDC}): ¢ 152.8, 141.9, 140.8,125.1,120.5, 112.6, 109.6, 90.3, 55.5. HRM®(): calcd for GgHzsNeO, [M +

115.5, 114.8, 102.6, 55.7. HRM®&Wg): calcd for GoH23sN4O, [M + H*], 573.2039; found, 573.2038.
H*], 351.1821; found, 351.1818. _ _ General Procedure for the Alkylation of Benzobis(imidazole)s
General Procedure for the Synthesis ofCl-Aryl Benzobis-  20-25 To Provide BBI Salts 26-31. The respective benzobis-

(imidazole)s 206-25. Under an atmosphere of dry nitrogen, the (imidazole) (1.0 mmol, 1.0 equiv) was dissolved or suspended in MeCN
corresponding tetraaminobenzene (1.0 mmol, 1.0 equiv) was suspendeq10 mL) and Mel (5.0 mmol, 5.0 equiv) in a screw-cap vial. After the
in THF (10 mL). The respective aroyl chloride (2.0 mmol, 2.0 equiv)  vial was sealed with a Teflon-lined cap, the reaction mixture was stirred
was added, followed by N@O; (10.0 mmol, 10.0 equiv). After stirfing  in an oil bath at 100°C for 2-10 h. The reaction progress was
of the solution for 12 h at ambient temperature, it was slowly poured monitored by No-D'H NMR spectroscop of aliquots taken periodi-
into AcOH (30 mL). The resulting suspension was then heated open- cally. Upon completion of the reaction, the reaction mixtures were
air in an oil bath at 110C for 24 h, during which time ACOH was  cooled to ambient temperature and concentrated. Crude materials were
added in portions to maintain the solution volume at ca. 30 mL. Upon  then rinsed with cold EtOAc and then dried under vacuum to provide
completion, the solvent volume was reduced to ca. 10 mL under reducedthe desired products.
pressure, and the resulting mixture was slowly poured into a vigorously 1,7-Bis(4-butylphenyl)-3,5-dimethyl-2,6-diphenylbenzobis(imida-
stirred solution of 10% NaOH containing an equal weight of crushed zolium) Diiodide (26). Yield: 149 mg ¢99%).H NMR (300 MHz,
ice. The resulting solids were collected via vacuum filtration, rinsed CDCl): 6 8.44 (s, 1H), 7.88 (d] = 7.5 Hz, 4H), 7.65-7.50 (m, 10H),
with 10% NaOH and then ¥, and dried under vacuum. 7.31 (s, 1H), 7.23 (d) = 8.4 Hz, 4H), 4.27 (s, 6H), 1.601.50 (m,
1,7-Bis(4-butylphenyl)-2,6-diphenylbenzobis(imidazole) (20).  4H), 1.35-1.23 (m, 4H), 0.89 (tJ = 7.2 Hz, 6H).13C NMR (75 MHz,
Yield: 580 mg (96%).™H NMR (300 MHz, CDC}): ¢ 8.36 (s, 1H), CDCk): 6 153.7, 146.4, 133.1, 132.9, 132.0, 131.4, 130.2, 129.5, 129.3,
7.58 (dd,J = 6.3, 1.8 Hz, 4H), 7.377.26 (m, 10H), 7.20 (d) = 8.7 127.6, 120.6, 99.9, 98.0, 35.2, 34.9, 32.9, 22.1, 13.8. HRMS){(
Hz, 4H), 6.97 (s, 1H), 2.68 (§ = 2.68 Hz, 4H), 1.76-1.60 (m, 4H), calcd for GoHaaN, [M — H*], 603.3488; found, 603.3492.
1.45-1.32 (m, 4H), 0.96 (t) = 7.3 Hz, 6H).*C NMR (75 MHz, 1,7-Bis(4-butylphenyl)-2,6-bis(4-cyanophenyl)benzobis(imidazo-
CDCly): 6 153.1, 143.4, 135.8, 134.8, 130.1, 129.8, 129.4, 129.3, 128.2, lium) Diiodide (27). Yield: 255 mg ¢99%). 1H NMR (400 MHz,
127.3, 109.0, 90.2, 35.3, 33.3, 22.3, 13.9. HRWZIZ calcd for DMSO-ds)Z 59.33 (S, 1H), 8.12 (dJ =78 HZ, 4H), 8.05 (dJ =78

CadHaaNs [M + H'], 575.3175; found, 575.3176. Hz, 4H), 7.49 (dJ = 8.2 Hz, 4H), 7.38 (s, 1H), 7.36 (d,= 8.2 Hz,
1,7-Bis(4-butylphenyl)-2,6-bis(4-cyanophenyl)benzobis(imida-  4H), 4.19 (s, 3H), 2.59 () = 7.4 Hz, 4H), 1.52-1.48 (m, 4H), 1.25

zole) (21).Yield: 308 mg (93%)."H NMR (300 MHz, CDC}): 6 1.20 (m, 4H), 0.84 (tJ = 7.2 Hz, 6H).23C NMR (75 MHz, CDC} +

8.37 (s, 1H), 7.69 (dJ = 8.7 Hz, 4H), 7.58 (dJ) = 8.7 Hz, 4H), 7.32 DMSO-dg): 6 151.7, 146.5, 132.6, 132.3, 132.1, 131.8, 129.9, 128.7,

(d,J = 8.4 Hz, 4H), 7.19 (dJ = 8.4 Hz, 4H), 6.96 (s, 1H), 2.71 (§, 127.0, 124.8, 116.7, 116.3, 99.8, 97.3, 34.7, 34.3, 32.4, 21.7, 13.3.

= 7.7 Hz, 4H), 1.72-1.61 (m, 4H), 1.46:1.34 (m, 4H), 0.97 (tJ = HRMS (m/2): calcd for GHaNs [M — H'], 653.3393; found,

7.2 Hz, 6H).C NMR (75 MHz, CDCY): ¢ 151.2, 144.3,140.8,136.5,  g53.3398.
134.3, 134.0, 132.0, 130.2, 129.7, 127.1, 118.4, 112.8, 109.9, 90.5,
35.3, 33.3, 22.4, 13.9. HRMSn(2): calcd for GoHaNs [M + H*],
625.3080; found, 625.3078.

1,7-Bis(4-butylphenyl)-2,6-bis(4-methoxyphenylbenzobis(imida-  (4g) Hoye, T. R.; Eklov, B. M.; Ryba, T. D.; Voloshin, M.; Yao, L. Grg.
z0le) (22).Yield: 287 mg (91%):H NMR (300 MHz, CDCl): & Lett. 2004 6, 953,

1,7-Bis(4-butylphenyl)-2,6-bis(4-cyanophenyl)benzobis(imidazo-
lium) Bis(tetrafluoroborate) (27-BF). This compound was prepared
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analogously t®-BF, from BBI 27 (59 mg, 0.06 mmol) to provide 49 9.90 (br s, 1H), 9.06 (s, 1H), 8.18 (@= 8.8 Hz, 2H), 7.38 (dJ = 8.8
mg (98% yield) of the desired produétd NMR (300 MHz, DMSO- Hz, 2H), 7.32 (s, 1H), 4.41 (quad,= 7.2 Hz, 2H), 1.42 (tJ = 7.2
de): 0 9.30 (s, 1H), 8.15 (dJ = 8.4 Hz, 4H), 7.99 (dJ = 8.4 Hz, Hz, 3H).23C NMR (100 MHz, CDC}): ¢ 165.4, 144.2, 140.4, 136.7,
4H), 7.46 (d,J = 8.1 Hz, 4H), 7.43 (s, 1H), 7.38 (d,= 8.7 Hz, 4H), 135.8, 131.7, 130.3, 129.4, 126.5, 124.0, 118.1, 61.4, 14.3. HRMS (
4.20 (s, 6H), 2.62 (t) = 7.8 Hz, 4H), 1.571.47 (m, 4H), 1.3+ 1.19 2): calcd for GsH13N3zOsCl [M + H*], 366.0493; found, 366.0489.

(m, 4H), 0.86 (tJ = 7.2 Hz, 6H)."3C NMR (75 MHz, DMSO¢k): ¢ 1-(4-Carboethoxyphenyl)amino-2,4-dinitro-5-(4-methoxyphenyl)-
152.4, 145.8, 132.8, 132.3, 131.9, 131.3, 130.2, 129.5, 127.4, 125.4,aminobenzene (34)After aryl chloride33 (380 mg, 1.04 mmol) was
117.6, 115.5, 99.4, 96.8, 34.3, 33.8, 32.5, 21.6, 13.7. dissolved in EtOH (10 mL)p-anisidine (256 mg, 2.08 mmol) was added
1,7-Bis(4-butylphenyl)-2,6-bis(4-methoxyphenyl)-3,5-dimethyl- in a single portion. The mixture was then stirred at°@8for 24 h.
benzobis(imidazolium) Diiodide (28).Yield: 425 mg (95%)H NMR After being cooled to ambient temperature, the mixture was poured

(400 MHz, DMSO¢): 6 9.22 (s, 1H), 7.73 (d] = 8.6 Hz, 4H), 7.48 into 5% HCI (50 mL). Precipitated solids were collected via vacuum
(d, J = 8.2 Hz, 4H), 7.37 (dJ = 8.2 Hz, 4H), 7.15 (s, 1H), 7.13 (d, filtration, rinsed with HO, and dried under vacuum to provide 462
J = 8.6 Hz, 4H), 4.19 (s, 6H), 3.82 (s, 6H), 2.61Jt= 7.6 Hz, 4H), mg (98% yield) of the desired product as an orange powtkeNMR
1.55-1.48 (m, 4H), 1.26:1.21 (m, 4H), 0.85 (tJ = 7.2 Hz, 6H).1°C (300 MHz, CDC#): 0 9.85 (br s, 1H), 9.65 (br s, 1H), 9.33 (s, 1H),
NMR (400 MHz, DMSOsdg): 6 162.5, 153.8, 145.4, 133.4, 131.7, 7.98 (d,J = 8.7 Hz, 2H), 7.17 (dJ = 8.7 Hz, 2H), 7.12 (dJ = 8.7
131.1, 130.14, 130.09, 127.5, 114.5, 112.5, 55.7, 34.3, 34.0, 32.5, 21.6 Hz, 2H), 6.92 (dJ = 9.0 Hz, 2H), 6.53 (s, 1H), 4.38 (quatt= 7.2
13.7. HRMS (W2): calcd for G4H47N4O, [M — H*], 663.3699; found, Hz, 2H), 3.81 (s, 3H), 1.41 (1] = 7.2 Hz, 3H).**C NMR (100 MHz,
663.3701. CDCly): 6 165.6, 158.7, 148.1, 145.1, 141.7, 131.1, 129.5, 129.3, 127.6,
1,7-Bis(4-butylphenyl)-2,6-bis(2-thienyl)-3,5-dimethylbenzobis- 127.0, 125.64, 125.55, 122.6, 115.1, 96.1, 61.1, 55.5, 14.3. HRMS (
(imidazolium) Diiodide (29). Yield: 276 mg (93%).H NMR (400 2): calcd for GoH21N4O7 [M + HT], 453.1410; found, 453.1406.

MHz, CDCk): 6 8.48 (s, 1H), 7.80 (d) = 3.6 Hz, 2H), 7.78 (dJ = 1-(4-Carboethoxyphenyl)-7-(4-methoxyphenyl)benzobis(imida-
4.8 Hz, 2H), 7.39 (dJ = 8.2 Hz, 4H), 7.31 (dJ = 8.2 Hz, 4H), 7.25 zole) (35). This compound was prepared analogously1® from
(d,J = 4.8 Hz, 2H), 7.11 (s, 1H), 4.32 (s, 6H), 2.67 Jt= 7.8 Hz, dinitroarene34 (354 mg, 0.78 mmol) to provide 272 mg (84% vyield)
4H), 1.64-1.56 (m, 4H), 1.38-1.29 (m, 4H), 0.92 (tJ = 7.4 Hz, 6H). of the desired product as an off-white solitH NMR (300 MHz,

13C NMR (100 MHz, CDCY): 6 148.7, 147.1, 137.6, 135.5, 132.8, CDCl): ¢ 8.33 (s, 1H), 8.24 (dJ = 8.7 Hz, 2H), 8.19 (s, 1H), 8.10
132.2, 130.6, 129.5, 128.7, 127.8, 119.0, 98.8, 97.0, 35.3, 34.4, 33.0,(s, 1H), 7.61 (dJ = 9.0 Hz, 2H), 7.49 (s, 1H), 7.41 (d,= 9.0 Hz,
22.2,13.8. HRMStv2): calcd for GaHaoNsS: [M — H*], 615.2616; 2H), 7.08 (d,J = 9.0 Hz, 2H), 4.42 (quart) = 7.2 Hz, 2H), 3.89 (s,
found, 615.2612. 3H), 1.42 (t,J = 7.2 Hz, 3H).13C NMR (75 MHz, CDC}): 6 165.5,

2,6-Bis(4-biphenyl)-1,7-bis(4-methoxyphenyl)-3,5-dimethylbenzo- ~ 159.4, 143.9, 142.7, 141.6, 141.5, 140.3, 133.1, 131.6, 131.5, 129.6,
bis(imidazolium) Diiodide (30). Yield: 186 mg (94%)H NMR (400 129.1, 125.9, 123.2, 115.3, 111.1, 90.1, 61.4, 55.6, 14.3. HRM&: (
MHz, DMSO-dg): 6 9.28 (s, 1H), 7.95 (dJ = 8.4 Hz, 4H), 7.90 (d, calcd for GaH21N4O3 [M + H*], 413.1614; found, 413.1611.

J = 8.4 Hz, 4H), 7.58-7.43 (m, 10H), 7.37 (s, 1H), 7.10 (d,= 9.2 Benzobis(imidazolium) Diiodide (36) Benzobis(imidazole31(2.00

Hz, 4H), 4.24 (s, 6H), 3.76 (s, 6H)*C NMR (75 MHz, DMSOd): g, 4.23 mmol), was dissolved in dry MeCN (20 mL) and Mel (5.99 g,

0 160.6, 153.8, 144.1, 138.0, 132.3, 132.0, 131.2, 129.2, 128.8, 127.0,42.3 mmol) in a screw-cap vial. The vial was then sealed with a Teflon-

126.9, 124.7,119.8, 115.5, 99.1, 96.4, 55.6, 34.1. HRMS){ calcd lined cap and placed in an oil bath at 95 for 12 h. The solution was

for CygHaoN4O2 [M — HT], 703.3073; found, 703.3077. then cooled, opened to air, and then stirred in an oil bath 4Cantil
2,6-Bis(4-cyanophenyl)-1,7-bis(4-methoxyphenyl)-3,5-dimethyl-  the solvent volume reached ca. 1 mL. The residue was then dried under

benzobis(imidazolium) Diiodide (31).Yield: 102 mg (99%)*H NMR vacuum to provide 2.88 g (99% yield) of the desired prodttttNMR

(400 MHz, DMSOds): 6 9.30 (s, 1H), 8.14 (d] = 8.6 Hz, 4H), 8.04 (400 MHz, DMSOds): ¢ 10.45 (s, 1H), 10.43 (s, 1H), 9.15 (s, 1H),
(d, J = 8.6 Hz, 4H), 7.51 (dJ = 9.0 Hz, 4H), 7.49 (s, 1H), 7.07 (d,  8.13 (s, 1H), 8.04 (d] = 8 Hz), 7.93 (d,J = 8 Hz, 2H), 7.73 (m, 5H),
J = 9.0 Hz, 4H), 4.18 (s, 6H), 3.76 (s, 6H¥C NMR (100 MHz, 7.27 (s, 2H), 4.32 (s, 2H), 4.31 (s, 2HJC NMR (100 MHz, DMSO-
DMSO-ds): & 160.7, 152.5, 132.8, 132.4, 131.3, 129.1, 125.5, 124.2, d): 169.6, 147.2, 147.1, 134.9, 133.4, 133.0, 131.8, 131.1, 131.1, 130.7,
117.6, 115.5, 115.4, 96.9, 88.0, 55.6, 34.0. HRMSZ( calcd for 130.5, 130.0, 129.9, 128.3, 125.8, 125.3, 99.7, 98.3. HRWS:( calcd

CagH29NsO2 [M — H*], 601.2352; found, 601.2355. for CogH21INsO2 [M + 1], 562.0740; found, 562.0716.
1-(4-Carboethoxyphenyl)-7-(4-methoxyphenyl)-3,5-dimethylben- Conjugate 36 MPA. BBI 36 (130 mg, 0.19 mmol) and 3-mercap-

zobis(imidazolium) Diiodide (32). This compound was prepared topropionic acid (20 mg, 0.19 mmol) were dissolved i#0H2.0 mL)

analogously to BBI15 from benzobis(imidazole35 (100 mg, 0.24 in a screw-cap vial. The mixture was stirred for 12 h at room

mmol) to provide 169 mg>99% vyield) of the desired product as a temperature and then concentrated under vacuum to provide 142 mg
pale yellow powdertH NMR (300 MHz, DMSO¢): 6 10.48 (s, 1H), (95% vyield) of the desired productdi NMR (400 MHz, DMSO#):
10.33 (s, 1H), 9.1 (s, 1H), 8.27 (d= 8.7 Hz, 2H), 8.07 (s, 1H), 8.04 6 10.47 (s, 1H), 10.43 (s, 1H), 9.16 (s, 1H), 8.14 (s, 1H) 8.0T,

(d, J = 9.0 Hz, 2H), 7.80 (dJ = 9.0 Hz, 2H), 7.25 (dJ = 9.0 Hz, 8 Hz, 2H), 7.93 (dJ = 8 Hz, 2H), 7.71 (m, 5H), 4.31 (s, 3H), 4.30 (s,
2H), 4.38 (quart) = 6.9 Hz, 2H), 4.30 (s, 3H), 4.29 (s, 3H), 3.86 (s, 3H), 4.25-4.22 (m, 1H) 3.44-3.37 (m, 1H), 3.06:2.89 (M, 2H), 2.76
3H), 1.35 (t,J = 7.2 Hz, 3H).13C NMR (100 MHz, DMSO#€s): o 2.70 (m, 1H), 2.652.60 (M, 2H).13C NMR (100 MHz, DMSO€k):

164.7, 160.6, 147.2, 136.7, 131.6, 131.3, 131.1, 131.0, 130.6, 129.8,0 175.8, 174.0, 172.8, 147.3, 147.1, 133.9, 133.0, 132.6, 131.1, 130.7,

127.0, 125.8, 125.5, 115.5, 99.7, 98.2, 61.4, 55.8, 34.4, 34.3, 14.1.130.5, 130.0, 129.8, 128.9, 125.9, 125.2, 99.8, 98.3, 36.2, 34.4, 34.3,

HRMS (m2): calcd for GeHzsN4Os [M — H*], 441.1927; found, 34.1, 26.3. HRMS1{V2): calcd for GgH27INsO,S [M + 1], 668.0828;

441.1930. found, 668.0828.
1-(4-Carboethoxyphenyl)amino-5-chloro-2,4-dinitrobenzene (33). Conjugate 36BSA. BBI 36 (61 mg, 0.08 mmol) and bovine serum

A screw-cap vial was charged with 1,5-dichloro-3,4-dinitrobenz&fe ( albumin (BSA) (200 mg, 0.003 mmol) were dissolved in distillegDH

(595 mg, 2.51 mmol), benzocaine (829 g, 5.02 mmol), EtOH (10 mL), (3 mL). The resulting solution was stirred at 2@ for 4 h. Upon

and a stir bar. The vial was then sealed with a Teflon-lined cap, and completion, the solution was transferred to a 6000 Da dialysis

the mixture was placed in an oil bath at 30 and stirred for 12 h. membrane and dialyzed against distillegOHor 48 h. Afterward, the

Upon completion, the mixture was poured into 5% HCI (50 mL). solution was concentrated under vacuum and analyzed.

Precipitated solids were collected via vacuum filtration, rinsed with 1-Chloro-2,4-dinitro-5-(phenylamino)benzene (37)1,5-Dichloro-

H20, and dried under vacuum to provide 875 mg (95% vyield) of the 2,4-dinitrobenzenelQ) (10.0 g, 42.2 mmol) and PhNH7.85 g, 84.4

desired product as a yellow powdéH NMR (400 MHz, CDC}): 6 mmol) were dissolved itPrOH (250 mL), and the resulting mixture
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was stirred at room temperature for 48 h. The resulting slurry was then provide 500 mg (96% vyield) of the desired compoutid.NMR (400
poured into HO (250 mL), and the solids were collected by vacuum MHz, CDCk): ¢ 8.39 (s, 1H), 7.70 (dJ = 8.4 Hz, 4H), 7.59 (dJ =
filtration, rinsed with HO, and dried under vacuum to provide 11.6 g 8.4 Hz, 4H), 7.53-7.52 (m, 6H), 7.3+7.29 (m, 4H), 6.94 (s, 1H}3C
(94% vyield) of the desired productd NMR (400 MHz, DMSO«): NMR (75 MHz, CDC}): 6 151.2, 140.9, 136.6, 136.5, 134.2, 132.0,
0 10.14, (s, 1H), 8.88 (s, 1H), 7.51 (m, 2H), 7.38 (m, 3H), 6.96 (s, 130.4, 129.7, 129.2, 127.4, 118.3, 113.0, 110.1, 90.3. HRM3):(
1H). 13C NMR (100 MHz, DMSOsdg): 6 145.3, 137.3, 134.6, 133.3, calcd for GsH21Ng [M + H*], 513.1828; found, 513.1822.

130.0, 127.3, 126.6, 125.8, 117.9. HRM8Z): calcd for G2HgCIN3Os 2,6-Bis(4-cyanophenyl)-1,7-dimethyl-3,5-diphenylbenzobis(imida-
[M + H*], 294.0282; found, 294.0283. zolium) Diiodide (43). This compound was prepared analogously to
1-(4-Aminophenyl)amino-5-(phenyl)amino-2,4-dinitrobenzene (38).  BBIs 26—31 from benzobis(imidazole}2 to provide 255 mg¥99%

In a flask fitted with a HO-jacketed condenser, aryl chlori@é (5.00 yield) of the desired compoundH NMR (400 MHz, DMSOék): o
g, 17.1 mmol) andp-phenylenediamine (3.69 g, 34.1 mmol) were 9.35 (s, 1H), 8.13 (dJ) = 8.6 Hz, 4H), 8.06 (dJ = 8.6 Hz, 4H),
dissolved in'PrOH (75 mL). The resulting mixture was stirred in an  7.61-7.55 (m, 10H), 7.48 (s, 1H), 4.20 (s, 6H}C NMR (100 MHz,
oil bath at 80°C for 24 h. Afterward, the mixture was poured into 100  DMSO-ds): ¢ 152.3, 132.7, 132.5, 132.0, 131.9, 131.4, 130.5, 127.7,
mL of water, which caused solids to precipitate. After collection by 1254, 117.6, 115.5, 99.7, 96.9, 54.4, 34.1. HRM®2z) calcd for
vacuum filtration, the solids were rinsed with® and then dried under CagHasNg [M — HY], 541.2141; found, 541.2137. UWis and

vacuum to provide 6.10 g (98% yield) of the desired prodiittNMR fluorescence data in MeOHtaps= 384, log€) = 4.19,Aem = 547, Dy
(400 MHz, DMSO#g): 6 9.54 (s, 1H), 9.56 (s, 1H), 9.01 (s, 1H), 735 = 0.33.
7.16 (m, 2H), 7.25 (d) = 6.0 Hz, 2H), 7.16 (tJ = 8.0 Hz, 2H) 6.89 Multiphoton Excitation. All experiments were performed using a

(d, J = 8.0 Hz, 2H), 6.21 (dJ = 8.0 Hz, 2H), 6.33 (s, 1H), 5.17 (S, mode-locked Ti:S oscillator (Coherent Mira 900F) pumped by a 532
2H). C NMR (100 MHz, DMSO¢): 0 147.4, 147.3, 145.6, 137.8, 19w frequency-doubled neodymitmanadate (Coherent Verdi)
129.3, 128.5, 126.7, 125.7, 125.3, 124.7, 124.6, 124.3, 114.1, 95.4.|55¢r. This source produces ca. 150 fs pulses at a repetition rate of 76
HRMS (W/2): calcd for GeHigNsOs [M + H'], 366.1202; found, MHz. The near-IR output of the Ti:S was attenuated to desired powers

366.1197. . o . using a half-wave plate/polarizing beam splitting pair. After attenuation,
1-(4-Aminophenyl)-7-(phenyl)benzobis(imidazole) (39)This com- the beam was passed through a long-pass dichroic mirror (Chroma
pound was prepared analogously to benzobis(imidazb#)rom Technology Corp., 575DCXR) and directed into the back aperture of

dinitroarene38 (5.00 g, 15.4 mmol). Analysis of the crude product 5 100¢ 1.3-NA oil-immersion objective (Fluar, Zeiss). Fluorescence
mixture by*H NMR spectroscopy and LC-MS revealed the presence generated at the beam focus within a sample cuvette was collected by
of a 1-(4-formamidophenyl) analogue of the desired product. To effect {he Flyar objective and reflected by the dichroic mirror through a series
hydrolysis of the formamide, the crude product was suspended in 10% o fijters (5 cm saturated aqueous CuS@d two 3-mm thick BG-39
aqueous K5O, (100 mL) and heated at 10T for 3 h. The cooled filters) before striking a bialkali photomultiplier tube (PMT; Hamamatsu
solution was then neutralized with,€0; powder, and the resulting  14¢.125) detector. Signal was sent to a photon counter (Stanford
precipitate was collected via vacuum filtration, rinsed witfOHand Research Systems SR-400), which collected dafas intervals. Data
dried under vacuum to provide 4.14 g (92% yield) of the desired \yere corrected for background counts from the cuvette and solvent.
product.H NMR (400 MHz, DMSOde): ¢ 8.54 (s, 1H), 8.36 (s, 1H),  The collection efficiency of the instrument was estimated from the
8.06 (s, 1H) 7.69 (dJ = 8.0 Hz, 2H), 7.63-7.59 (M, 2H), 7.477.43 fluorescence emission spectrum of BBl and measured/reported
(m, 2H), 7.27 (dJ = 8.0 Hz, 2H), 6.72 (d) = 8.0 Hz, 2H), 5.42 (s, transmission spectra of the optics, filters, and PMT.
2H). 3C NMR (100 MHz, DMSOeg): ¢ 148.7, 144.5, 143.9, 140.9,
140.8, 136.3, 132.2, 131.1, 130.1, 127.6, 125.3, 124.2, 123.6, 114.4, Acknowledgment. We are grateful to the United States Army
109.0, 90.0. HRMSr(/2): caled for GoHisNs [M + H'], 326.1406;  Research Office (Grants W911NF-05-1-0430 and W911NF-06-
found, 326.1407. o 1-0147), the National Science Foundation (Grant CHE-
Benzob|s(|m|da_zole) _41.Benzob|s(|m|dazole)39 (3‘_00 g, 9.23 0645563), the Petroleum Research Fund as administered by the
mmol) and 4,10-dioxatricyclo[5.2.1.0]dec-8-ene-3,5-dioad) (1.53 American Chemical Society (Grant 44077-G1), and the Robert

g, 9.23 mmol) were dissolved in AcOH (150 mL), and the resulting . .
mixture was stirred at ambient temperature for 12 h. Upon completion, A. Welch Foundation (Grant F-1621), for their generous
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