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Abstract

A series of 1,3-diarylated imidazo[ldhpyridine derivatives were synthesized in high ggeby

a one-pot, three components, condensation of p{mmyin-2-yl)methanone with several
aldehydes in the presence of ammonium acetate.eTbesipounds were characterized by
spectroscopic and crystallographic techniques ded toptical properties were discussed in
relation to their chemical structures. Absorptiord dluorescence spectra generally show two
absorption maxima around 310 nm and 350 nm andrégs®n maximum between 460-550 nm
with a remarkable Stokes’ shift range of 90-166 mareover, depending on the chemical
structure of the substituent in position 3, we wadoie to tune the quantum yieldB)(in solution

from 6.4% to 38.5%. Finally, the 1-phenylimidaz&fg]pyridine substituted with a 3-(2-
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methoxyphenyl) group (large Stokes’ shift, highwas dispersed in a transparent thermosetting

polyurethane resin giving a luminescent low costemal.

1. Introduction

Large Stokes’ shift organic emitting molecules acquiring a great interest due to their potential
application as low-cost and eco-friendly active poonds in down-shifting luminescent layers
both in lighting [1] and photovoltaic (PV) techngles [2]. Moreover, luminescent solar
concentrators (LSC) based on thin-film organic rooles represent a convenient technology to
improve power conversion efficiency of PV systeis [

Two of the most important prerequisites for a geaddidate molecule for down-shifting and
LSC applications are a large Stokes’ shift (to dua@-absorption) and a high quantum yield [4].
It is of paramount importance that absorbed photwase-emitted and not dissipated as heat. In
previous studies regarding down-shifting technaegithe choice of fluorophores has been
focused on molecules with a very high quantum y{8EP0), but a very small Stokes’ shift [5].
While the high quantum yield ensures that almostryabsorbed photon is then re-emitted, the
very small Stokes’ shift leads to a very high re@ption. In these conditions, a photon may be
re-absorbed several times before it can reach trkimg layer of the photoelectric device. Since
the emission of the molecule is isotropic and weoused, a high photon loss is unavoidable. In
this work we focused our attention on imidazo[&]pyridine derivatives, a class of UV
absorbers that is well known for biological aciest [6-11], but which also shows unique
photophysical properties. These compounds have lbeetied in a large variety of fields,
including organic thin-layer field effect transisdo(OFETS) [12] and organic light-emitting

diodes (OLEDSs) [13]This class of compounds is known for its large 88lkshift, but these



dyes generally show too low quantum yields for pcat applications [14-15]. A deep synthetic
effort, in conjunction with a solid photophysicaldastructural characterization [16], is therefore
needed in order to understand which are the meietide to improve the emission behavior
without decreasing the Stokes’ shift properties.r Fbis purpose, we synthesized and
characterized eleven 3-substituted-1-phenylimidbsah]pyridines (Figure 1). Concerning the
synthetic approach, several methods have been theamported involving the use of Pd-
catalyzed [14] and Cu-catalyzed reactions on difiersubstrates [17]. Less recently, most
reactions were conducted starting from amines a&tonles or aldehydes either in the presence of
a sensitive Lewis acid [18] or of a stoichiometimount of elemental sulphurg&s an oxidant
[15], or from the oxidation of a Schiff base [19]. Unforately, all these methods require two or
three steps from the initial reagents [20] and foh@ocessing due to the use of highly sensitive
reagents, thus hampering an easy scale up of th#hesys towards industrial application.
Nonetheless, an efficient synthetic method for pieparation of the imidazo[1&pyridine
moiety has also been proposed via a three comporentiensation reaction using
pyridylketones, aldehydes and ammonium acetate [@1he present work, we selected this last
synthetic approach, due to its simplicity and loestcof reagents, with promising scale up
perspectives. This method allowed us to introdudgerdnt substituents, enhancing the
conjugation length and introducing electron-dor@tior electron-withdrawing moieties in
position 3 of the 1-phenylimidazo[1dpyridine skeleton. In compoundsand10 an OH group

in the ortho position of the substituent was irs@rin order to verify the possibility for the
molecules to undergo an Excited State Intramoleddaton Transfer (ESIPT) [22] fluorescence
mechanism. In compour&la triphenylamine group was added, which is knowbe a thermally

stable electron-donating group [23] and a chargesporting species used in nonlinear optics



[24], two-photon absorption [25] and OLED materigd§]. This structural diversity should also
imply photofunctional differences making the 1-pylenidazo[l,5a]pyridines an interesting
series of easily tunable photofunctional materials.

Finally, the most promisingompound4 (Figure 1) was also dispersed in a thermosetting

polyurethane resin, and its photophysical propestiere investigated in the solid state.

Please insert here Figure 1.

2. Experimental details

2.1 Materials and techniques

All solvents and raw materials were used as reddirem commercial suppliers (Sigma-Aldrich
and Alfa Aesar) without further purification. Thed precursors of the polyurethane resin used
for the down-shifting tests, a polyol with produmaime LCR 540RT-DH and an isocyanate with
product name DK 100LV, were acquired from S.E. S&ddengines Srl. TLC was performed on
Fluka silica gel TLC-PET foils GF 254, particle si25 nm, medium pore diameter 60 A.
Column chromatography was performed on Sigma-Aldsitica gel 60 (70-230 mesh ASTM).
'H and**C NMR spectra were recorded on a Bruker Avancest@@trometer at 200 MHz and
50 MHz, respectively, in CDgbr CD;OD. Mass spectra were recorded on a Thermo-Finnigan
Advantage Max lon Trap Spectrometer equipped withegectrospray ion source (ESI) in
positive or negative ion acquiring mode fr2, 6 and9. High-resolution mass spectra were

recorded on an LTQ Orbitrap Hybrid Mass Spectromietecompounds$-5, 7, 8, 10 and11.



2.2Procedure for the preparation of compounds 1-11
Four compounds of this seriek @, 6 and9) were previously reported with different synthetic
approaches based on the use of a metal catallstyia acid or a strong oxidant, as reported in

Table 1. Very recently [17b, 17c] also compodritas been reported.

Please insert here Table 1.

2.2.1General synthetic procedure

A mixture of phenyl(pyridin-2-yl)methanone (800 ng37 mmol, 1 eq), aldehyde (6.55 mmaol,
1.5 eq), and ammonium acetate (1704 mg, 21.85 nmbnedy) in glacial acetic acid (25 mL) was
stirred at 110 °C under inert atmosphere. After, 3hle reaction mixture was cooled to room
temperature and the acetic acid was removed byoeatipn under reduced pressure. The
obtained solid was dissolved in a saturated aqugolusion of NaCOs;and the mixture extracted
with CH,CI,. The organic layer was separated, dried and tiverstoevaporated under vacuum.
The obtained crude product was purified via coluchnomatography on silica gel (GEl.-

CHsOH 98:2).

3-methyl-1-phenylimidazo[1,8}pyridine (1)

712 mg, yield = 78.2%

'H NMR (200 MHz, CDG): & 2.50 (s, 3H), 6.36 (t] = 6.6 Hz, 1H), 6.54 (ddl = 6.4 Hz, 9 Hz,
1H), 7.13-7.44 (m, 5H), 7.60 (d,= 9.2 Hz, 1H), 7.79 (d] = 7.4 Hz, 1H)

13C NMR (50 MHz, CDG): & 12.06, 112.18, 118.34, 118.50, 120.70, 125.79,9125.26.02,

128.40, 129.25, 134.56, 134.84



MS (ESI): m/z 209.17[M+1]

1,3-diphenylimidazo[1,&]pyridine @) [17]

956 mg, yield = 81.1%; solid, m.p.:120°C

'H NMR (200 MHz, CDGJ: & 6.54 (dddJ = 1 Hz, 6.4 Hz, 7.2 Hz, 1H), 6.76 (ddb= 0.8 Hz,
6.4 Hz, 9.2 Hz, 1H), 7.27-7.36 (m, 1H), 7.40-7.58 GH), 7.80-7.87 (m, 3H), 7.93-7.99 (m,
2H), 8.21 (dtJ = 1 Hz, 7.2 Hz, 1H)

13C NMR (50 MHz, CDG): 6 113.35, 119.13, 119.83, 121.76, 126.61, 126.83,68 128.35,
128.78, 128.89, 129.06, 130.06, 131.90, 134.89,0638

MS (ESI): m/z 271.33[M+1]

2-(1-phenylimidazo[1,5-a]pyridin-3-yl)phend)(

792 mg, yield = 50.7%; solid, m.p.:187°C

'H NMR (200 MHz, CDG): & 5.07 (s, 1H), 6.43 (ddd], = 1.2 Hz, 6.4 Hz, 7.3 Hz, 1H), 6.60
(ddd,J =1 Hz, 6.4 Hz, 9.2 Hz, 1H), 6.77 (ddd= 1.4 Hz, 7.2 Hz, 7.8 Hz, 1H), 6.96 (ddd+
0.4 Hz, 1.4 Hz, 8.2 Hz, 1H), 7.03-7.15 (m, 2H),1722230 (m, 2H), 7.51 (ddf,= 0.4 Hz, 1.6 Hz,
7.8 Hz, 1H), 7.58-7.68 (m, 3H), 8.22 (dt= 0.8 Hz, 7.4 Hz, 1H)

3C NMR (50 MHz, CDG]J: 6 113.94, 114.31, 117.94, 119.14, 119.42, 120.63,6R 124.67,
126.81, 127.03, 127.17, 128.94, 129.83, 130.17,663335.66, 156.56

HRMS (ESI): m/z calculated forigH15N,0 [(M + H")] 287.1184; found 287.1173.

HRMS (ESI):m/zcalculated for @H13N-0O [(M — H] 285.1028 ; found 285.0944.



3-(2-methoxyphenyl)-1-phenylimidazo[1dpyridine @) [17b,c]

810 mg, vyield = 61.8%; solid, m.p.:106°C

'H NMR (200 MHz, CDG}: & 3.80 (s, 3H), 6.53 (ddd} = 1.2 Hz, 6.4 Hz, 7.2 Hz, 1H), 6.80
(ddd,J = 1 Hz, 6.4 Hz, 9.2 Hz, 1H), 7.05 (dbi= 0.8 Hz, 8.4 Hz, 1H), 7.13 (td,= 1 Hz, 7.5 Hz,
1H), 7.24-7.33 (m, 1H), 7.42-7.52 (m, 3H), 7.59, (& 1 Hz, 7.2 Hz, 1H), 7.70 (ddd,= 0.4
Hz, 1.8 Hz, 7.6 Hz, 1H), 7.86 (dt= 1.2 Hz, 9.4 Hz, 1H), 7.95-8.00 (m, 2H)

3%C NMR (50 MHz, CDGJ: 6 55.61, 111.25, 112.15, 118.64, 119.05, 119.67,2B21123.59,
126.35, 126.81, 127.47, 128.70, 130.97, 131.41.,883235.19, 136.20, 157.47

HRMS (ESI): m/z calculated forgH17N,O [(M + H")] 301.1341; found 301.1330.

4-(1-phenylimidazo[1,5-a]pyridin-3-yl)benzonitri(&)

1070 mg, yield = 81.6%; m.p.:228°C

'H NMR (200 MHz, CDG): & 6.70 (ddd, = 1.4 Hz, 6.5 Hz, 7.2 Hz, 1H), 6.89 (ddi= 1 Hz,
6.4 Hz, 9.2 Hz, 1H), 7.29-7.37 (m, 1H), 7.44-7.58 QH), 7.79 (dddJ = 1.4 Hz, 2 Hz, 8 Hz,
2H), 7.86-7.94 (m, 3H), 8.01 (ddd,= 1.4 Hz, 1.9 Hz, 8.1 Hz, 2H), 8.28 (dt= 1 Hz, 7.2 Hz,
1H)

3C NMR (50 MHz, CDG]J: 6 111.85, 114.65, 118.70, 119.58, 120.85, 121.538,0R8 127.25,
128.27, 128.76, 128.96, 132.86,133.23, 134.14,293435.77

HRMS (ESI): m/z calculated forfgH14N3 [(M + H")] 296.1187; found 296.1177.

N,N-dimethyl-4-(1-phenylimidazo[1,5-a]pyridin-3-yl)dme (6) [14b]

758 mg, yield = 55.3%; m.p.:138°C



'H NMR (200 MHzCDs0OD ): § 3.04 (s, 6H), 6.66 (f] = 6.8 Hz, 1H), 6.83 (dJ = 7.8 Hz, 1H),
6.91 (d,J = 8.3 Hz, 2H), 7.31 () = 7.3 Hz, 1H), 7.46 (1) = 7.3 Hz, 3H), 7.62 (d, J = 8.4 Hz,
2H), 7.81 (dJ = 7.6 Hz, 3H), 8.22 (d] = 7.3 Hz, 1H).

3C NMR (50 MHz, CBOD )): § 152.61, 140.53, 135.86, 131.98, 130.57, 129.78.312

127.99, 127.66, 123.23, 121.27, 119.75, 117.89,581413.49, 40.49.

MS (ESI): m/z 314.40[M+1]

3-(1H-indol-3-yl)-1-phenylimidazo[1,&]pyridine (7)

341 mg, yield = 25.3%; m.p.:139°C

'H NMR (200 MHz, CBOD): § 4.54 (s, 1H), 6.53 () = 6.4 Hz, 1H), 6.67 (t) = 7.4 Hz, 1H),
7.25-7.03 (m, 3H), 7.47-7.35 (m, 3H), 7.59 (d, 3.4 Hz, 1H), 7.83 -7.67(m, 4H), 7.98 @@=

6.8 Hz, 1H).

3C NMR (50 MHz, CBDD): & 137.95, 136.03, 131.83, 129.78, 128.11, 127.87,5R 127.37,
126.63, 126.59, 123.81, 123.53, 121.33, 121.21,002119.68, 114.25, 112.99, 105.39.

HRMS (ESI): m/z calculated forfH:gNs [(M + H")] 310.1344; found 310.1332.

N,N-diphenyl-4-(1-phenylimidazo[1,8}pyridin-3-yl)aniline @)

195 mgq, yield = 34.8%; m.p.:155°C

'H NMR (200 MHz, CDG): & 6.54-6.62 (m, 1H), 7.79 (broad, 1H), 7.03-7.34 {#H), 7.47 (t,
J=7.4 Hz, 2H), 7.70 (d] = 8.6 Hz, 2H), 7.84 (dt] = 1.2 Hz, 9.2 Hz, 1H), 7.95 (d,= 7.4 Hz,
1H), 8.24 (broad, 1H)

3¢ NMR (50 MHz, CDG): & 119.39, 120.03, 122.08, 122.16, 123.06, 123.19,75 125.16,

126.92, 127.03, 127.11, 127.22, 127.41, 128.89,452929.57, 138.02, 147.37, 148.87



HRMS (ESI): m/z calculated forsH,4Ns [(M + H")] 438.1970; found 438.1953.

3-(naphthalen-1-yl)-1-phenylimidazo[1dpyridine ()

1095 mgq, yield = 78.2%; m.p.:160°C

'H NMR (200 MHz, CDG): § 6.49 (t,J = 6.8 Hz, 1H), 6.83 (dd] = 6.4 Hz, 9.2 Hz, 1H), 7.28-
7.66 (m, 7H), 7.73-7.82 (m, 2H), 7.90-8.04 (m, 5H)

3%C NMR (50 MHz, CDG): & 112.78, 118.75, 119.86, 122.02, 125.30, 125.46,2E2 126.38,
126.60, 126.95, 127.04, 127.11, 128.49, 128.67,712829.88, 131.49, 131.78, 133.86, 135.03,
136.68

MS (ESI): m/z 321.13[M+1]

1-(1-phenylimidazo[1,8]pyridin-3-yl)naphthalen-2-ol10)

1053 mgq, yield = 71.6%; m.p.:196°C

'H NMR (200 MHz, CDG): & 6.47 (d,J = 6.7 Hz, 1H), 6.75(t) = 6.8 Hz, 1H), 7.05 (d] = 8.8
Hz, 1H), 7.24-7.47 (m, 6H), 7.68 (d, J = 8.4 Hz)1H74-7.80 (m, 4H), 8.0 (d,= 8.0 Hz, 1H).

3C NMR (50 MHz, CDG]J: & 155.14, 148.69, 137.21, 134.20, 133.08, 131.73,513 131.11,
130.81, 128.72, 128.31, 127.12, 126.80, 126.51,3126.24.78, 124.53, 123.57, 120.59, 113.20,
108.17.

HRMS (ESI): m/z calculated for#gH;17N,O [(M + H")] 337.1341; found 337.1328.

3-(anthracen-9-yl)-1-phenylimidazo[1épyridine (11)

456 mg, yield= 28.2%; m.p.:202°C



'H NMR (200 MHz, CDG): 5 6.41 (t,J = 6.8 Hz, 1H), 6.86 (dd] = 6.4 Hz, 9.2 Hz, 1H), 7.17
(d,J = 7 Hz, 1H), 7.30-7.56 (m, 9H), 8.03 (M= 9.4 Hz, 1H), 8.12 (d] = 7.8 Hz, 4H), 8.67 (s,
1H)

3C NMR (50 MHz, CDGJ: § 113.04, 118.99, 120.09, 122.20, 122.95, 125.53,612 126.54,
126.75, 127.04, 127.10, 128.84, 129.61, 129.65,5131.31.71, 131.91, 135.14, 135.17

HRMS (ESI): m/z calculated for#&HgN, [(M + H")] 371.1548; found 371.1536.

2.3 Spectroscopic characterization of the 1-phenylimidzo[1,5a]pyridines

UV-Vis spectra were recorded on a Shimadzu UV-18p@ctrophotometer using different
solvents in order to investigate the solvatochrobbavior ofl-11: a stock solution (3.5 19
M) in acetonitrile was prepared and diluted solsio(3.5-10° M) in cyclohexane,
dichloromethane, acetonitrile, methanol and aqusoluigion of HCI 1 M were analyzed.
Fluorescence measurements were recorded using dBAORDbIn Yvon Fluorolog 2 (for the
excitation wavelengths see Table 3). The wavelemgtige used for fluorescence emission
measurements was between 360 nm and 750 nm. RKdeoeEsquantum yields were determined
using the same instrument with a comparative mefB0H using Rhodamine 6Gb(= 0.94) and

Rhodamine 101d§ = 0.96) as standards [31-32].

2.4Crystal Structure.

Single crystal data of compound 7 and 11 have been collected on a Gemini R Ultra
diffractometer and on a X-Calibur Sapphire3 diffcaweter [33]. All data were collected using
graphite-monochromated MooKradiation A = 0.71073). Cell parameters were retrieved using

CrysAlisPro [34] software, and the same softwares waed to perform data reduction with

10



correction for Lorenz and polarizing effects. Segland absorption corrections were applied by
CrysAlisPro multi-scan technique. All structuresraveolved by direct methods using SHELXS-
97 [35] and SIR2014 [36] and refined with full-niatieast-squares on’Rising SHELXL-97
[35]. All non-hydrogen atoms, except disordered eties in compound.l, have been refined
anisotropically. Hydrogen atoms have been locatedhe final Fourier-difference maps and
refined as riding atoms. Structural pictures hagenbdrawn using CCDC Mercury [37]. Crystal
data and structure refinements can be found in€erablAll the refinement data, the atomic
parameters and the tables with angles and distaacelse found in SI document. CIF files of the
structures have been deposited on the CCDC databiisecodes 1447690, 14476%nd

1447959.

Please insert here Table 2.

2.5Preparation of polyurethane films with compound 4

An amount of compound necessary to reach a final concentration of 0.196 iw the resin was
dissolved in a minimum volume of dichloromethane.thiis solution, the two precursors of the
polyurethane resin (the polyol, LCR 540RT-DH ane igocyanate, DK 100LV) were added in a
1:1 ratio and mechanically stirred. The mixture wésced in a vacuum bell to evaporate the
dichloromethane — leaving compou#dlissolved in the resin — and to degas the ligoidvoid

air bubbles in the final film. To produce the film,mold was fabricated by Scotch-taping two
aluminum bars (to facilitate the film removal) athén placing a spacer of a defined thickness on
the long sides of one of the bars to control the thickness. Once the liquid resin was deposited

on the substrate, the substrate was placed ag#ie vacuum bell for a final outgassing step and

11



then covered with the second aluminum bar. The mals finally placed in an oven at 80°C for

30 min to speed up the resin polymerization.

3. Results and Discussion

3.1Synthesis

A one-pot direct cyclization of phenyl(pyridin-2}giethanone with eleven different aldehydes in
the presence of ammonium acetate in boiling acatid was used to obtain compouridgl
(Scheme 1). Electron withdrawing and electron dagasubstituents on the aldehyde were very
well tolerated in this reaction. The optimal corahtwas established to have a 1.0 : 1.5 : 5 molar

ratio of ketone/aldehyde/ammonium acetate.

Please insert here Scheme 1.

The isolated yields vary from moderate (28.2%1fbyto excellent (81.6% fds).

3.2 Optical characteristics of the compounds

Good absorption properties in a selected speagbn and efficient emission properties with
large Stokes’ shifts are fundamental requirememtsiy organic emitter, designed to be used in
luminescent down-shifting (LDS) layers [4]. Our stituted 1-phenylimidazo[1,8}pyridines
show absorption maxima below 400 nm, with a goatidparency in the visible range, and a

wide variety of fluorescent emissions at waveleagththe range of 467-562 nm, thus resulting

12



in a large Stokes’ shift, as can be seen in Tablet®re the main optical parameters for all

molecules in CKLCl, are reported.

Please insert here Table 3.

3.2.1 Absorption properties

The main absorption peaks were observed in the lesagth range between 300 nm and 382 nm,
with almost no absorption beyond 450 nm. Usualg, ¢compounds presented two main bands,
one in the 300-320 nm range (except compotaisd5) and a second one centered at 360-380
nm. The intensity of the absorption significanthcreased going from compourid(methyl
substituent in position 3) t8-11, as a clear consequence of the hyperchromic effielciced by
the extension of the conjugation due to the ararrgatbstituent in position 3.

The various substituents had a definite effectr@nabsorption bands. It was evident that both
electron-donating (i.e. N(GHb group, compound) and electron-withdrawing groups (i.e. CN
group, compound) on a phenyl substituent in position 3 had a gfrand opposite effect on the
absorption behavior in the 360-380 nm range, coatpéw the parent phenyl group (Figure 2,
Top-Left). Compoundt, having a donor methoxy group instead of a hydrgxgup, showed a

different behavior in respect to compouhd

Please insert here Figure 2.

In Figure 2 (Top-Right) the absorption spectra @uBstituted 1-phenylimidazo[1d&pyridines

with methyl (compoundL), phenyl (compoun@®), naphthalene (compourfg) and anthracene

13



(compoundll) groups were compared. The extension of the camjog system was evident in
the evolution of the ratio between the intensitytled peak at high energy (308 nm), and the
second band at 360-390 nm.

Figure 2 (Bottom-Left) shows the absorption specfra&aompoundsl, 2, 7, 8 to compare the
effect of different substituents in position 3. domparison to reference dyet &nd 2), an
evident hyperchromic effect was shown for compo8rat low energy, while the indole group
induced a hypochromic effect over 350 nm.

The presence of the hydroxyl group in compou3dand 10 increased the intensity of the
absorption in respect to the analogous d/esnd9 without hydroxyl group (Figure 2, Bottom-
right).

The light harvesting properties of these compownel®e also studied in a series of solvents with
different polarity, to assess the effect of thensival environment. The resulted spectra showed
very little changes with increasing solvent polaiit non protic systems, indicating that there is
practically no charge transfer effect even in thespnce of a strong electron donor (i.e. QCH
compound4) or of a strong electron acceptor (CN, compob)ydhs stated in Table 3. In Figure
3, spectra of compoun8lin different solvents are reported as an examfieés behavior is of
particular interest because it demonstrates thsilpiby to host this class of molecules in several
polymers without an appreciable change in theit@bioysical response.

Conversely, in the case of protic solvents and agsiesolutions at different pH, the absorption
profile was significantly different. This behaviaas common to all studied compounds, which
lead to the conclusion that the common moiety imufid 5a)pyridine was most likely
responsible for this difference [38]. Insertiontleé molecules in polar matrixes might thus result

in varied photophysical properties.

14



Please insert here Figure 3.

3.2.2 Emission properties

The emission spectra of compourid&lin dichloromethane solution are showed in Figudrés
and their emission wavelengths are reported in élébl Most of the products showed an
emission band centered between 470 nm and 500 henefission of compouridl bearing an
anthracene moiety, which occurred 80 nm bathocraltgishifted (Figure 4a), respect to the
other compounds, resulted particularly interestimgthe case of a substitution with an indole
(compound?) or a triphenylamine (compour@), emission data showed moderate bathochromic

shifts (15-20 nm) compared to the reference dyasd2 (Figure 4b).

Please insert here Figure 4.

The presence of a substituent on the phenyl méestsnpound<2-6) had little influence on the

emission spectra. These results showed that etedtnating group strength and position did

not modify the emission maximum, while a small loatiromic shift was observed in compound

6, bearing and electron donor group (Figure 5).

Please insert here Figure 5.
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Stokes’ shifts of compound&-11 were strongly influenced by the group bonded te th
imidazo[1,5a]pyridine ring. The extension of the conjugatiosteyn in the side group increased
the Stokes’ shift from 99 nm for the phenyl in caapd?2, to 129 nm for the naphthalene in
compound and to 166 nm for the anthracene in compolihdlhere was also a clear effect of
the substituent on the phenyl ring. Compoundbearing a CN group, showed the smallest
Stokes’ shift, while compoun@, bearing a dimethylamino group in the same pasitshhowed a
Stokes’ shift up to 123 nm. The substituent inflcesh the fluorescence intensities. The 2-
methoxyphenyl group (compoudd showed the maximum quantum yiefd € 0.385), which, to
our knowledge, is also the highest reported imditere among the imidazo[1d&pyridines. With
the exception of the methoxy group of compodndll other substituent groups in position 3 on
the phenylimidazo[1,%pyridine skeleton decreased the quantum yield @eypto the methyl
group of compound (® = 0.263) with the lowest yield observed in preseatthe anthracene
mojety @ = 0.064).

As already discussed in the introduction sectiemmounds3 and10, bearing a hydroxyl group
in the ortho position of the 3-phenyl substituemtre intentionally synthesized in order to verify
a possible ESIPT effect on the emission propertidswever, the comparison among the
guantum yields and emission spectra of compoihdsand9, 10 highlighted the absence of
interactions between the hydroxyl group in the @sol and the naphthalen-2-ol substituents and
the 2-nitrogen of the imidazo[1&pyridine. The emission spectrum of the 2-naphtipaup
(compoundl0) was shifted of about 20 nm compared to the nabdtie substituent (compound
9), while the comparison between the phenyl (comdd&)rand the phenol (compour®l group

indicated no difference (Fig. 6).
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Please insert here Figure 6.

The solvent effect on the fluorescence behaviomlbfcompounds was studied. Spectra of
compound 3 are reported as an example (Figure 7). Regardmeg emission spectra, all
compounds showed a structured emission in cyclatesolution around 450 nm with its
vibronic bands at about 480 nm and 510 nm. No Sogmt differences were observed in the
emission peak maxima in both protic and aprotiocvesatis, while the acid aqueous solution
showed a significantly different profile. This inésting behavior is promising for a possible use

of this class of molecules as pH sensors [38].

Please insert here Figure 7.

Please insert here Table 4.

Please insert here Table 5.

3.4 Crystal Structure Analysis

Compound 2 crystallized after slow evaporation of acetone tive orthorhombic non-
centrosymmetric space group Cmd¢2ee Fig. 8). This non-centrosymmetric space groap

rather unexpected, since compouhdoes not have any chiral center. It is worth pomiout

that, we attempted the solution of the structureh oo symmetries lower than orthorhombic and
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in the centrosymmetric orthorhombic Cmcm but nasoh was found. The R value was rather
good in Pnza, similarly to Cmczand the correlation coefficients and thermal fastoowed no
anomalies, typically observed in the case of a grspace group. The higher symmetry non-
centrosymmetric space group (i.e. Ci)c®ith good agreement values was finally chosen. It
must be noticed that a non-centrosymmetric groupsametimes observed in non-chiral
molecules due to the crystal packing, as alreadgmed for this class of compounds [21e]. The
asymmetric unit contains only half molecule; théirenmolecule is generated by a symmetry
plane passing through the N2 atom and the N1-C3l.bdhis symmetry implies an overall
positional disorder in the molecule, with two difat positions for the N1/C3 atoms,
constrained to the same probability and both laldeih the same position in Figure 11la. The
overall crystal packing is substantially driven ®an der Waals interactions, since steric
hindrance of the phenyl moieties does not pernetstix stacking of the aromatic systems.
Compound4, used for dispersion in the polymeric resin, ispn@milar (only a methoxy group is
added) to compoun@, and it can be inferred that similar weak inte@at characterize its
packing and clustering behavior. The presence @&kwand non-polar interactions explains its
easy dispersion into the polyurethane resin, todyece a photoactive polymer. The main
molecule-polymer interactions should consist of saene weak contacts involving the aromatic
rings. However, looking at the molecular structaf@ (Figure 8a), the nitrogen atom should be

accessible enough to accept weake &l bonds whe is dispersed into polyurethane resin.

Please insert here Figure 8.

Please insert here Figure 9.
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Please insert here Figure 10.

Compound7 crystallized from dichloromethane in yellow crystan the monoclinic space group
P2/c. Two different non-equivalent molecules of theduct and two disordered molecules of
the solvent co-crystallized during the crystal gitowas can be seen in the asymmetric unit
(Figure 9a). This disorder might explain the wedkratting nature of this crystal. The overall
structure is built up by chains based on hydrogamdb through th&l-indolic hydrogen and the
imidazolic nitrogen of the imidazopyridine centtzckbone of the vicinal molecules (Figure
9b). These chains are isolated by the presendeeddlvent molecules that seem not involved in
weak NHe<«Cl| hydrogen bonds. The presence of the phenyl ggemerates a separation of the
chains in layers bonded by dispersion forces omithout the presence afrn stacking due to the
relevant steric hindrance. These relatively strbidigonds are not perturbed by dichloromethane
and presumably also by other polar solvents. Ithinge inferred that the N« Cl interaction is
maintained also in solution of different polaritiius explaining the similar position of emission
maxima in polar solvents (see Table 5) for compoiund

Crystals of compound.1l were grown by slow evaporation of a dimethyl ethelution. All
tested crystals resulted twinned. In the best datadbe presence of three individuals was
recognized (Table 2S) and twinning was treated bysAlisPro. In the measured sample one
individual was largely predominant and the simwtauns refinement of the four individuals with
the HKLF 5 option resulted unstable, so this meth@s discarded. The refinement was thus
completed on the extracted HKLF4.hkl file of theegwminant individual. The structure was

initially solved in Pn, then an additional 2-foldrew axis was found by PLATON [39] and the
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space group changed in the more common centrosymni#1/n. The phenyl ring is free to
oscillate, as indicated by the presence of disaifthtrwas treated using the PART command.
Compoundl1l crystallized in a cell with two angles of 90° ahe  angle close to 90° (Fig.10).
The crystal system is thus monoclinic but almogharhombic, with a lattice parameter
a~1/2b=1/2c. The individuals grew by exchanging “b” and’,“evhich were similar, and
occasionally doubling the packing along “a”, as taninferred from the orientation matrices
reported in table 2S in the Sl file. The twinnimgcurring through the above mentioned axes
exchange, was thus favored by the absence of idin@ttinteractions in the packing, held only
by weak interactions such as T-shape £Ebntacts. These contacts should also be favored in
polar solvent, inducing a molecular clustering, Il&hin apolar solvents they should be
overwhelmed by solute-solvent interaction, with aren efficient dispersion. Such different
dispersion efficiency might contribute to the exgton of the different spectroscopic behavior
in different solvents. In fact, as can be seen abl@ 4 and 5, the different solvents induce

different positions of the emission maximum.

3.5Optical properties in a polymer host

Based on the data in Table 3, compodmnas selected as a possible candidate for dowtirghif
applications, due to the much higher quantum ymidthpared to the other molecules of the
series. This approach has also been recently pedpms another class of low cost fluorophores
[40].

To assess the photophysical properties of compdund down-shifting applications, films with
the compound uniformly dissolved inside a polymemedium were produced, in order to

evaluate its properties in the solid state. A comunaé polyurethane resin already used for
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photovoltaic and lighting devices was used to poceda luminescent polymer (see Fig.12).
Spectra of such films are reported in Figure 11 slmav that the absorption in the solid state did
not change compared to the dichloromethane solutitnie the emission was blue-shifted of
about 15 nm when compared to the solution. Deghpiteblue shift, the overlap between the
absorption and emission peaks in the solid stataltesl still negligible, which means that there

will be very little re-absorption of the emitteglit from the compound itself.

Please insert here Figure 11.

Please insert here Figure 12.

4. Conclusions

Eleven 1,3-diarylated imidazo[1dpyridine derivatives were synthesized by meanthefeasy

to scale up one-pot condensation of phenyl(pyritiglymethanone with several aldehydes and
ammonium acetate. Reaction yields were moderagadellent (from 28.2% fot1 to 81.6% for

5). All the phenylimidazo[1,&]pyridines obtained exhibited interesting opticabgerties in
solution, with a wide variety of fluorescent emis®s (467-548 nm). These compounds showed
large Stokes’ shifts and, depending on the chenstrakture of the substituent in position 3,
fluorescence quantum yield®) in solution were easily tuned from 6.4% (compourij to
38.5% (compound). From the results of the optical studies we exetuthe ESIPT fluorescence

mechanism in all the products. The crystal stregwf2, 7 and11 were also solved, in order to
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gain insights about the intermolecular interactjansd their effect on the optical properties in
solution and when dispersed into a polymeric resin.

Finally, compound4, showing the best compromise between stoke shift lagd ®, was
dissolved in a polyurethane resin to investigagepioperties in the solid state. Despite a blue
shift of 15 nm when compared to a dichloromethatet®n, the overlap between the absorption
and emission spectra was negligible, proving thas ian interesting low cost candidate for
down-shifting applications, also thanks to its &splubility and homogeneous dispersion in the
polymer.

On the basis of these promising emission propeffigther studies are in progress to test these

phenylimidazo[1,5]pyridines derivatives as tunable low-cost fluosrgamaterials.
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Table 1. Comparison of different synthetic appr@sctor compounds, 2, 4, 6 and9 previously

reported.
COMPOUNDS CATALYST LITERATURE YIELD OXIDANT REFERENCES
% Or
DEYHDRATING
1 NO 82 YES (T3P) [27]
NO 6 NO [28]
NO 78 NO This work
2 YES (Ni) 99 NO [15b]
NO 74 Yes (9 [15b]
YES (Cs/Pd) 74 NO [14b]
Yes (Cu) 42 NO [29]
YES (Cu) 93 NO [17]
NO 81 NO This work
4 YES (Cu MOF74) 61 NO [17b]
YES (Cu) 65 NO [17¢]
NO 62 NO This work
6 YES (Cs/Pd) 71 NO [14b]
NO 55 NO This work
9 YES (Cu) 90 NO [17]
NO 78 NO This work
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Table 2 Crystal data and structure refinement for compls@n7 and11.

Compound 2 7 11
Crystal system, space group Orthorhombic, Cmc2(1Monoclinic, P2(1)/c Monoclinic
P2(1)/n
Unit cell dimensions (A and °) a =23.840(1) a=19.230(1) a=28.062(2)
b =7.4163(3) b =9.5164(5) b =16.292(8)
c =7.8802(3) € =22.460(1) c =14.341(3)
3 =107.03(1) B =90.37(2)°
Volume () 1393.29(9) 3929.9(4) 1883.6(12)
Reflections collected / unique 10783/ 1463 30388 /5635 32724 | 3187
[R(int) = 0.0309] [R(int) = 0.0695] [R(int) = 0.0517]
Final R indices [I>2sigma(l)] R1 =0.0318 R1 =0.0591 R1 = 0.0467
wR2 = 0.0773 wR2 = 0.1399 wR2 =0.1295
Largest diff. peak and hole (€3A | 0.130 and -0.229 0.348 and -0.247 0.182 add 20
R
o CH3COOH /<
N Ox_H CH3COONH, Z "N N
+ _— S
| _N R reflux, 5h

Scheme 1. One-pot synthesis of substituted 1-pheitdzo[1,5a]pyridines




Table 3. Selected photophysical properties of titainedl-phenylimidazo[1,5-
a]pyridines in dichloromethane solution.

Absorption Emission
Aabs eM*? Stokes’ shift
Compound hex (NM) | Aem (NM) | @ (%)
(nm) cm™) (nm)
306 7525
1 367 485 26.3 118
367 3113
306 19958
178
2 342sh 12215 385 484 21.7
385sh 5215
316 16587
3 345 484 14.4 139
345 17990
305 23664
4 374 479 38.5 174
374sh 7953
301 17169
5 380 477 21.0 97
380 22208
316 19846
6 372 495 12.0 123
372 3290
309 13639
7 380 506 16.2 126
380 3161
305 31688
8 353 491 12.7 138
353 30783
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305 17507

9 357 486 12.5 129
357 10842
306 11578

10 314sh 10495 362 467 13.6 105
362 10634
304 17090

11 366 14213 366 548 6.4 166
382 14255
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Fig. 2. Comparison between UV-Visible spectra aihpoundsl-11 in dichloromethane. Top-
Left: Compounds 2-6 Top-Right: Compounds 1, 2, B,Bbttom-Left: Compounds 1, 2, 7, 8.

Bottom-Right: Compounds 2, 3, 9 and 10.
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Fig. 3. Absorption spectra 8fin different solvents.
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. 4. a: Normalized fluorescence spectra of caimpsl, 2, 9 and11in dichloromethane; b:

fluorescence spectra of compourg®, 7 and8 in dichloromethane.
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Fig. 5. Fluorescence spectra of compougi@sn dichloromethane.
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Fig. 6. Fluorescence spectra of compoudyd; 9 and10in dichloromethane.
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Fig. 7. Emission spectra in different solvents.
Table4. Absorption spectroscopic data in different sotgen
Cicloesane CH.Cl, CH:CN CHsOH H,O H,O/HCI 1M
)\abs(nm) )\abs(nm) )\abs(nm) )\abs(nm) )\abs(nm) )\abs(nm)
1 299 306 295 295 270 270
374 367 364 354 338 330
2 302 306 305 301 305 329
342sh
385sh
3 310 340 316 304 299 299 290 324
345 343

40



4 303 305 300 298 291 330
374sh
5 299 377 301 301 | 296372 305 283
380 377 430 352
6 315 316 317 315 300 284
372 345 341 338
7 300 308 309 300 314 285
382 380 381 372 390 360
8 305 305 304 300 314 293
352 353 350 348 360 362
9 293362 | 305358 | 293 291 350 297 288 336
355 328
367
10 361 314 362 | 355 343 280 279 338
355
11 375 304 366 | 375 366 375 358
380 373
394

Tableb5. Fluorescence emission data in different solvents.
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Cicloesane

CH:Cl;

CH:CN

CH;OH

HO

H-O/HCI 1M

Aabs(NmM) Aabs(NM) Aabs(NM) Aabs(NM) Aabs(Nm) Aabs(nm)
1 475 485 467 473 470 440
2 445 484 478 477 479 433
476
508
3 479 484 480 474 481 437
4 477 479 481 475 481 435
5 444 477 453 487 470 459
472
500
6 482 495 509 500 512 430
7 482 506 506 500 507 472
8 462 491 492 488 498 516
490
522
9 478 486 480 475 475 440
10 407 467 435 433 440 437
436

465
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Fig. 8. Molecular structure (a) and packing in ¢thgstal structure (b) of compoui2d
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ACCEPTED MANUSCRIPT
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Fig. 9. Molecular structure (a) and packing in ¢hgstal structure (b) of compournd
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Fig. 10. Molecular structure (a) and packing in¢hgstal structure (b) of compouid.
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Fig. 11. Absorption and emission spectra of comgauim the polyurethane film and in

dichloromethane.

Fig. 12. Polyurethane film with compouddinder normal lighting (left) and UV lamp (right).
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Highlights (for review):

e 1,3-diarylated imidazo[1,5-a]pyridine derivatives

* Successful one-pot synthesis in high yields

* Large Stokes’ shifts (more than 100nm) and fluorescence quantum
yields up to 38.5%

e Optical properties of a promising compound was investigated in
polyurethane resin

e Molecular structure and packing in the crystal structure for three
compounds



