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HIGHLIGHTS

Structural features of 3,4-diargH-pyrrol-2,5-diimines and 2,3-diarylmaleimides.
UV-vis absorption and fluorescence spectra invastg.

The electronic structures of the ground and exdtates elucidation.

ABSTRACT

Structural features of 3,4-diar¢H-pyrrol-2,5-diimines and their derivatives have testudied by molecular
spectroscopy techniques, single-crystal X-ray ddfion, and DFT calculations. According to the tietical
calculations, the diimino tautomeric form of 3,4udil-1H-pyrrol-2,5-diimines is more stable in solution tha
the imino-enamino form. We also found that thedtrtally related 2,3-diarylmaleimides exist in gwlid state

in the dimeric diketo form. 3,4-DiaryiH-pyrrol-2,5-diimines and 2,3-diarylmaleimides exhiftuorescence in
the blue region of the visible spectrum. The flsoence spectra have large Stokes shifts. Aryl gubsts at
the 3,4-positions oLH-pyrrol-2,5-diimine do not significantly affect fmescence properties. The insertion of
donor substituents into 2,3-diarylmaleimides letmbathochromic shift of emission bands with hypeomic
effect.

Keywords: 2,3-diarylmaleimides; 3,4-diarflH-pyrrol-2,5-diimines; DFT and TD-DFT studies; flescence

1. Introduction

In recent years, organic fluorescent compounds ladtvacted considerable attention as objects ferhthsic
research and commercial applications [1-3]. Thagestances are useful in organic light-emitting é®d
(OLEDSs), fluorimetric sensors, surface coatingsksjncosmetics, and textile industries. No reports o
fluorescence properties of pyrrol-2,5-diimines wereélished until this work, however, optical projpes of
some of their derivatives were studied both expenitally and theoretically [4-6]. Most of the spacie the
dicarboxylic acid imide family, such as phthalimigephthalimide, and perylenebisimide have beemgead
for their UV-vis absorption or fluorescence progdit, 8]. Recently, Chen et al. reported the flyaght and
efficient non-doped red organic emitting diode lbagm naphthylphenylamino-substituted N-methyl-2,3-
diphenylmaleimide as the host emitter, which iseapred fluorophore with a relatively large Stokb#t both

in solution and the solid phase [9]. Chen et aoakported on a new synthesis procedure for assefi2,3-
diarylmaleimide based fluorophores, where the agfistituent could be phenyl, 1-naphthyl, 2-naphtbt.
carrying varied functionality [8]. It is known, tha&,3-diarylsubstituted maleimide compounds alsbabe as
fluorophores with various colors of fluorescencd arhibit larger Stokes shift in more polar sohegi0, 11].

In this work, we studied structures and photoptalsicoperties of 3,4-diarylH-pyrrol-2,5-diimines and 2,3-
diarylmaleimides. Tautomerizm, conformations, nonalent intermolecular interactions and their iefiae on
optic properties of these compounds are in thesfadwur investigation.

2. Experimental

2.1. Materials and Methods

All solvents were dried and purified by conventibnzethods and were freshly distilled under argoarts
before use. Other reagents were used without fughefication. FTIR spectra were recorded on Shima
FTIR-8400S (4000-400 ¢ and IRAffinity-1 (4000—-350 cil) spectrometers using KBr pellef$i NMR
measurements were performed on a Bruker-DPX 40€ument at ambient temperature. Electrospray
ionization mass spectra were obtained on a BrukerQWOF spectrometer equipped with electrospray
ionization (ESI) source using MeOH as the solv&he instrument was operated in both positive arghtiee
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ion modes using a m/z range of 50-3000. The capilaltage of the ion source was set at —4500 M {88S)

or 3500 V (ESI-MS) and the capillary exit at +(70-150) V. The unkger gas flow was 0.4 bar and drying gas
flow 4.0 L/min. The absorption spectra were recdrda a Perkin—Elmer precision spectrophotometeriddam
1050. The emission spectra, excitation spectrasureaents of the lifetimes of excited states weeasured
on a modular spectrofluorimeter Fluorolog-3 (Horibabin Yvon). Fluorescence lifetime measuremengs ar
based on time-correlated single photon countingSFC). Device also includes an integrating spher@n@u
with fiber optics which enables direct measurenadmfuantum yields of luminescence.

2.2. Synthetic procedures

3,4-Diaryl-1H-pyrrol-2,5-diimines 2a-f were obtained from the appropriate commerciallyailable
arylacetonitriles by two step reaction. The syrithstheme is shown in Fig. 1. Starting from a seé
arylacetonitriles, following Linstead’s procedur®?], yielded the nitriles of 2,3-diarylbutenedi@icidsla—d.
2,3-Diarylfumaronitrilesle and 1f were produced electrochemically from the apprderaaylacetonitriles [13].
Compoundsla—f were converted to the corresponding 3,4-didiipyrrol-2,5-diimines2a—f by bubbling of
dry ammonia into ethylene glycol solution [14]

MeONa |2,
Et,O or
electrochemical NH;, Na

/©/\\ reactlon CN (CHon)z
NN
Ry

R; =H, CH;, CH;0, F,
Cl, Br
1a-f 2a-f
81-94%
Fig. 1. Preparation of 3,4-diaryH-pyrrol-2,5-diimines2a—f.

3,4-Diphenyl-1H-pyrrol-2,5-diiming2a): Yield 0.480 g (89%)*H NMR spectrum (300 MHz, CDg)I 3,
ppm: 7.43-7.35 (m,16, H-Ar), 7.27-7.19 (m, 4, H-Ar). *C{*H} NMR spectrum (100 MHz, CDG) 5, ppm:
166.2 (C=N), 129.6, 129.4, 129.1, 128.9, 128.3 sfiectrum (KBr, selected bands, ¢n 1659 sv(C=N).
HRMS (ESI), m/z: 248.1181 [M+H), 495.2234 [2M+H]. C¢H14Ns. Calcd., m/z: 248.1188.

3,4-Di(4-methylphenyl)-1H-pyrrol-2,5-diimingb): Yield 0.476 g (91%)*H NMR spectrum (400 MHz,
CDCl) &, ppm: 7.19 (d2J = 9.0 Hz, #, H-Ar), 7.13 (d,%) = 9.0 Hz, 8, H-Ar), 2.37 (s, 6H, Ch). *C{*H}
NMR spectrum (100 MHz, CD@)I§, ppm: 166.6 (=C), 139.1 {§; 129.9, 129.6 (CH), 128.6 (CH), 127.0, 21.4
(CHy). IR spectrum (KBr, selected bands, §m 1641 sv(C=N), 1535 mv(CCAr). HRMS (ESI), m/z:
276.1504 [M+H]. CigH1gN3. Caled., m/z: 276.1501.

3,4-Di(4-methoxyphenyl)-1H-pyrrol-2,5-diimin@c) [15]: Yield 0.493 g (94%) NMR spectrum (400
MHz, CDCL) 5, ppm: 7.82 (d3J = 9.0 Hz, 4H, HAr), 7.04 (d,?J = 9.0 Hz, 4H, HAr), 3.91 (s, 6H, CH).
13c{*H} NMR spectrum (100 MHz, CDG) &, ppm: 166.7, 160.1, 130.8, 122.1, 122.0, 114.88 §5CH,). IR
spectrum (KBr, selected bands, Yn1647 sv(C=N), 1605 s, 1504 ¢(CCAr). HRMS (EST), m/z: 308.1402
[M+H] i CigH1sN30.. Calcd., m/z: 308.1399.

3,4-Di(4-fluorophenyl)-1H-pyrrol-2,5-diiminé2d): Yield 0.432 g (81%)'H NMR spectrum (400 MHz,
CDCl) &, ppm: 7.23 (m, 4H, HAr), 7.11 (d,%J = 8.0 Hz, 2H, HAr), 7.08 (d,3J = 8.0 Hz, 2H, HAr). *C{'H}
NMR spectrum (100 MHz, CD@)I5, ppm: 165.3'0cr = 189.0 Hz, €), 161.9 (=C), 131.9 (€9, 131.4 {Jcr =
8.0 Hz, €), 125.6 (C=C), 116.34 = 22.0 Hz, &). IR spectrum (KBr, selected bands, ¢m1643 sv(C=N),
1601 s, 1502 8(CCAr). HRMS (ESI), m/z: 284.0998 [M+H]. C;¢H1:N3F,. Caled., m/z: 284.0999.

3,4-Di(4-chlorophenyl)-1H-pyrrol-2,5-diiminé2e): Yield 0.424 g (81%) NMR spectrum (400 MHz,
CDCl) &, ppm: 7.39 (d%J = 8.0 Hz, 4H, HAr), 7.18 (d,%J = 8.0 Hz, 4H, HAr). **C{*H} NMR spectrum (100
MHz, CDCLk) 8, ppm: 166.2 (C=N), 135.7, 130.7, 129.5 (CH), 12&#8i), 128.0. IR spectrum (KBr, selected
bands, crit): 1645 sv(C=N), 1593, 1483 nv(CCAr). HRMS (ESI), m/z: 316.0391[M+H]. C;gH1,N5Cl,.
Calcd., m/z:. 316.0408.

3,4-Di(4-bromophenyl)-1H-pyrrol-2,5-diimin@f) [15]: Yield 0.438 g (83%)'H NMR spectrum (400 MHz,
CDCl) &, ppm: 7.55 (d%J = 8.0 Hz, 4H, HAr), 7.11 (d,%J = 8.0 Hz, 4H, HAr). **C{*H} NMR spectrum (100
MHz, CDCL) 6, ppm: 166.1 (C=N), 132.4, 131.9 (CH), 130.9 (CH)8.4, 124.0. IR spectrum (KBr, selected
bands, crif): 1645 sv(C=N), 1533, 1479 m(CCAr). HRMS (EST), m/z: 509.8365 [M+Ad] CisH1:N3BrAg.
Calcd., m/z: 509.8371.



2,3-Diarylmaleimides3a—d were synthesized by hydrolysis of 3,4-diatid-pyrrol-2,5-diimines in aqueous
methanol [16]. These compounds were prepared witintifative yields. Crystals &b-d suitable for X-ray
diffraction were grown from a concentrated chlorafcsolution.

2,3-Diphenylmaleimidé3a): *H NMR spectrum of the compound is identical to jpoesly published data
[17].

2,3-Di(4-methylphenyl)maleimid@b): *H NMR spectrum (400 MHz, CD@I3, ppm: 7.86 (s, 2H, NH), 7.41
(d, J=8.00 Hz, 8H, Ar), 7.19 (d, J=8.00 Hz, 8H, A?)39 (s, 12H, CH. *C{*H} NMR spectrum (100 MHz,
CDCl) &, ppm: 170.8, 140.2, 136.4, 129.8, 129.3, 125.6.2R (KBr, selected bands, ¢ 1713 sv(C=0),
1607, 1503 mv(CCAr). HRMS (ESI), m/z: 277.1341 [M+H] (calc. 277.1103), 300.1005 [M+Na]calc.
300.1000), 577.2118 [2M+Na]+ (calc. 577.2103).

2,3-Di(4-methoxyphenyl)maleimid8c): '"H NMR spectrum (400 MHz, CD@)I 8, ppm: 7.40 (s, 2H, NH),
7.50 (d, J=8.00 Hz, 8H, Ar), 6.91 (d, J=8.00 Hz, &), 3.86 (s, 6H, CkD). C{*H} NMR spectrum (100
MHz, CDCL) &, ppm: 170.7, 160.8, 135.0, 131.5, 121.1, 114.13.9R spectrum (KBr, selected bands, &m
1707 sv(C=0), 1601 m, 1516 m(CCAr). HRMS (ESI), m/z: 332.0888 [M+Nd](calc. 332.0899), 641.1889
[2M+Na]" (calc. 641.1899).

2,3-Di(4-fluorophenyl)maleimidéd): *H NMR spectrum (400 MHz, CDg)I8, ppm: 7.88 (s, 2H, NH), 7.51
(d, J=8.00 Hz, 4H, Ar), 7.48(d, J=8.00 Hz, 4H, Af)105 (d, J=12.00 Hz, 4H, Ar), 7.075 (d, J=12.00 #H,
Ar). BC{*H} NMR spectrum (100 MHz, CDG) 5, ppm: 170.1, 164.9, 162.4, 135.8, 132.0, 131.8,2,2116.2,
116.0. IR spectrum (KBr, selected bands; 9l 710 sv(C=0), 1599, 1503 nv(CCAr). HRMS (ESI), m/z:
308.0504 [M+Na] (calc. 308.0499), 555.5091 [2M+N4Ealc. 555.1132).

2.3. Crystallography

The crystals of3b—d were obtained by a slow evaporation of solventratm temperature. Crystals of
compounds3b—-d were immersed in cryo-oil, mounted in a nylon Ipapd analysed at a temperature of 100 K.
The X-ray diffraction data were collected on an l&gt Technologies Excalibur Eos and Supernova Atlas
diffractometers. The temperature for all experiteemas kept at 100 K. The structures have beerddly the
direct methods and refined by means of the SHELXL{®B] program incorporated in the OLE)rogram
package [19]. The carbon-bound H atoms were planedalculated positions and were included in the
refinement in the ‘riding’ model approximation, withs,(H) set to 1.5(C) and C—H 0.96 A for CHgroups,
Uiso(H) set to 1.2{C) and C-H 0.93 A for the CH groups, angdy®) set to 1.2U(N) and N-H 0.86 A for
the NH groups. Empirical absorption correction vegaplied in CrysAlisPro program complex [20] using
spherical harmonics, implemented in SCALE3 ABSPASzi4ling algorithm.

The crystallographic details and refinement paransetre summarized in Table 1. The crystal strastand
crystallographic details are given in Figs. S1-88 @ables S1-S4 of the Supporting Information. @Gdydata
have been deposited at the Cambridge Crystallogrdpéita Centre (CCDC) with deposition numbers CCDC
1518210, CCDC 1518077, and CCDC 151821 Bfgr3c, and3d, respectively.

Table 1
Crystallographic data and refinement parameters

3b dimer 3cdimer 3d dimer
Empirical formula GegH3cN,O, CieH3cN,Og Cy,H1eN,O4F4
Molecular weight 554.62 618.63 570.48
Temp (K) 100(2) 100(2) 100(2)
Radiation CuKa CuKa MoKa
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P21/c
a(A) 10.8587(4) 5.9948(3) 10.1015(6)
b (A) 11.8492(4) 8.8120(6) 21.6426(11)
c(A) 12.7173(5) 13.9547(9) 11.7949(7)
a(®) 69.065(4) 91.627(5) 20
L) 81.847(3) 95.486(5) 97.996(5)
y(©) 72.045(3) 98.101(5) 90
V (A% 1452.93(9) 725.82(8) 2553.6(3)
Z 2 2 4
Deaic (Mg/mn?) 1.268 1.520 1.484
4 (mmit) 0.663 1.277 0.118
Total reflections 32384 6096 17389
Unique reflections 5496 2844 5727



GOOF ¢?) 1.052 1.027 1.009

Rt 0.0934 0.0298 0.0370
Ro 0.0442 0.0370 0.0518
R, (all data) 0.0659 0.0549 0.0769
WR, (all data) 0.1614 0.1264 0.1027
Ri (| > 405) 0.0512 0.0421 0.0478
WR, (|| > 405) 0.1447 0.1106 0.0922

Ry = Z|Fol — [FII/ZIFol; WR, = {Z[W(F,? — FA/Z[W(F) T w =1/[0%(F,)+(aP)? + bP], whereP = (Fy +
2FA)I3; s= {Z[W(F> — FA)J/(n — p}*? wheren is the number of reflections apds the number of refinement
parameters.

2.4, Computational details

The full geometry optimization, orbital views, aiddienergies, total energies, electron transitiarthe UV-vis
spectra have been carried out at the DFT hybridl lef/theory using Becke’s three-parameter hybxichange
functional in combination with the gradient-corettcorrelation functional of Lee, Yang, and ParBl(BP)
[21-24] and standard basis 6-31+G(d,p) in methanolgusihe Gaussian 03 [25] (if not explicitly stated
otherwise) and Gaussian 09 [26] program packaghs. r€lative energies of pyrroldiimine (or maleinjide
dimerization were calculated per one molecule ofgigtimine (or maleimide).

3. Results and discussion

Tautomeric forms ol H-pyrrol-2,5-diimines and their derivatives (maleit®s) were studied theoretically [27].
The existence of two tautomers of 2,3-diarylmaléiesi is possible; the diketo tautomédl) and keto-enol
tautomer B1) are represented in Fig. 2.

R R

W W

| NH s———= |/N
ot g
R A1 R B1

Fig. 2. Tautomers of 2,3-diarylmaleimides.

According to the theoretical calculations, dikétb tautomer of maleimide is the most stable botthandas
phase and in solution [27]. The labile hydrogemate attached to the nitrogen atoAlL(in Fig. 2). Additional
stabilization of the diketo form is accomplished tbhydrogen bonds between two neighboring moleculgbeé
solid phase [28]. We have studied the structurez ®diarylmaleimides both theoretically and expentally.

It is known that3a crystalizes in two polymorphic forms, via.andf forms [28]. According to the XRD data
[28], a-3acrystallizes in a triclinic crystal system, wherg@eking off3-3ais monoclinic. The asymmetric unit
of a-3a contains two molecules, whereas thatfea contains one molecule. The two N-HB hydrogen
bonds link the molecules pair-wise in both polynm@mf 3a, thus forming the centrosymmetric dimers. The
gydrogen bond distancesdnr3aare 2.02(3) and 1.99(3) A, while g13a, the hydrogen bond is shorter (1.91(4)

).

The prepare@a crystallizes in the triclinic space groBpl, which corresponds -3a.

Although, the crystals oBb—-d were obtained analogousi$b and3c crystallize in the triclinic space group
P-1, whereas3d crystallizes in the monoclinic space groB@llc (Table 1) In 3b-d, two molecules are
connected to each other by two hydrogen bonds (F3ds-S3 of Supporting Information). In the dimeric
structure3b, the hydrogen bond lengths are 2.104(2) and 22)6®((Table 2S of Supporting Information). In
the dimer3c, the two hydrogen bonds exhibit the same length813(2) A) (Table 3S of Supporting
Information). The hydrogen bond lengths in the dige are 2.153(2) and 1.965(2) A (Table 4S of Suppgrtin
Information). In3d, the additional weak C(QIF interaction links two dimers. Owing to this imeslecular
interaction, the orientations of dimers in two @arare observed and the crystallization in a mamoatrystal
system becomes more preferable.



The bond lengths C(1)=0(1), C(4)=0(2) (~1.20—1/§2)3C(1)—N(1), C(4)-N(1) (~1.37—1.3§) are typical
for the corresponding bonds in imides [28]. The Qzd@dd lengths lie in the double bond region. Th&i®end
lengths are larger than the length of C=N doubledo@-1.28A). The O(1}C(1)-N(1), O(2)-C(4)-N(1), and
C(1)-N(1)-C(4) angles irBb-d (125.0-126.2, 124.13125.6, and 110.7#111.2, respectively) are comparable
to the appropriate previously published angles3in[28]. According to the XRD data given above, 2,3-
diarylmaleimides exist in the diketo tautomericnfoin the solid state.

Accordingly to the DFT calculations, the diketo ttamer is stabilized by the dimer formation. Theedk
tautomers oBBa—din the dimeric form have a comparatively lowemt®le energy than the single molecules of
3a-d (~14 kJ mol?). Therefore, the diketo form is stabilizing by ttiienerization in the solid state. Also, the
stabilization of the diketo tautomer by the dimatian is possible in low-polar solvents. In thegratolvents,
the stabilization of the diketo tautomer occurs foyming of hydrogen bond between the hydrogen atom
H(N)imi¢e @nd the basic atom of the solvent molecule. Sotdraction is observed in the solvate3afand 1-
methylpyrrolidin-2-one [29].

The bond lengths and angles in the optimized sirastof the dimers da—d are comparable with the XRD
data. Larger differences are observed in the positf phenyls regarding to the maleimide ring. Ih a
molecules, the rotation of the two phenyl ringshwitspect to the maleimide ring is due to stetieractions of
the ortho-hydrogen atoms. In the calculated structures,wleepthenyl rings are turned regarding the maleimide
ring on the similar angle (-8 In the solid state, the different angles betwtdencorresponding ring planes
(for example, 21 and 81n 3b) are because of the packing effects.

3,4-Diaryl-1H-pyrrol-2,5-diimines may exist in two tautomericrifes; the diimino form A2) and imino-
enamino formB2) are represented in Fig. 3.

R R
Qp Oy
| NH s——= I/N
SH >R
R A2 R B2

Fig. 3. Tautomers of 3,4-diar{lH-pyrrol-2,5-diimines.

In 1H-pyrrol-2,5-diimines, the diimino form is also maostable than the imino-enamino form, however, the
difference between the energies of tautomers issaatignificant as in the case of maleimides [2Tierefore
coexistence of the diimino and imino-enamino tawdmyin solution is possible. It is known that twén®no-
3,4-diphenyliH-pyrrol-2-one molecules form centrosymmetric dimeia two NyroeHMNimin, hydrogen
bonds in the solid state [30]. The relative enarf§-imino-3,4-diphenyltH-pyrrol-2-one in the dimeric form is
lower than the energy of single moleculd=(=—18.5 kJ mof) (pages S65, S69 of Supporting Information). In
addition, we calculated the energy of dimer, whihie two 5-imino-3,4-diphenylH-pyrrol-2-one molecules
link together by two I,.«—HID hydrogen bonds. The relative energy of this diredrigher than the energy
of dimer, where two molecules link together via tiNgoeHINimin, hydrogen bonds (4.4 kJ mYl (pages
S69, S72 of Supporting Information). Insofar asrinio-3,4-diphenyltH-pyrrol-2-one is structurally related to
3,4-diaryl-LH-pyrrol-2,5-diimines, we suggested that diiminottemers of 3,4-diaryltH-pyrrol-2,5-diimines
can be stabilized by hydrogen bonding in the dimstiucture (Fig. 4).

We have evaluated the relative stability of thendtio tautomer of 3,4-di(4-methylphenyiH-pyrrol-2,5-
diimine, its dimer, and the imino-enamino tautomé&ccording to DFT calculations, the dimer of 3,44di
methylphenyl)d1H-pyrrol-2,5-diimine is more stable than the singwlecule AE = -17.9 kJ mol'). The
difference between the total energies of imino-enamand diimino tautomers of 3,4-di(4-methylphgriH-
pyrrol-2,5-diimine is 7.8 kJ mol.



Fig. 4. Centrosymmetric dimer of 3,4-diatyH-pyrrol-2,5-diimine.

To address the tautomerism, different types ofttyrogen-bonding motifs were designed and invetsdja
recently [3+34]. For example, K. Epat al. [32] have illustrated how relative stabilities @futomers can
drastically change with a change of environment had, by controlling the environment, it is possilib
deliberately isolate a desired tautomer. The meltdesiH-imidazo[4,5-b]pyridine tautomer can be selectively
isolated by using urea derivatives as cocrystallizagents capable to forming three hydrogen bomts.
average energy of the hydrogen bond GEGN is ~48 kJ motf. Also, the hydrogen bonds stabilize the
nitrogen-linked conjugate 2-methyltetrazole-sacttze in the 2H-2-methyltetrazole aminosaccharin
tautomeric form [3334]. Pairs of molecules are linked in dimers thtougtermolecular hydrogen bonds
involving the NH spacer group as proton donor dmrtitrogen in position 4 of the tetrazole ringaaseptor.
The energy of the MingHMNeraz0ehydrogen bond is estimated as ~14 kJ‘htw DFT calculations [34]. The
hydrogen bonds in the 2,3-diarylmaleimide, 5-imBd-diphenyliH-pyrrol-2-one, and 3,4-diaryiH-pyrrol-
2,5-diimine dimers are relatively strength and camaple with those for other known dimeric strucsurehese
intermolecular interactions stabilize the diketattemers of 2,3-diarylmaleimides, keto-imino tautonoé 5-
imino-3,4-diphenyliH-pyrrol-2-one, and diimino tautomers of 3,4-diaty#pyrrol-2,5-diimines.

Two stable conformer<C(l andC?2) of 3,4-di(4-methylphenyl}H-pyrrol-2,5-diimine have been obtained by
the geometry optimization (Fig. 5).

0 kJ/mol 5.3 kdJ/mol

Fig. 5. Stable conformersC( and C2) of 3,4-di(4-methylphenyl}-H-pyrrol-2,5-diimine obtained by DFT
calculations and their relative potential energiesindicated in units of kJ mal

The relative energies are 0 and 5.3 kJ ok C1 andC2, respectively.

The optimized structures of 3,4-di(4-methylpheryj-pyrrol-2,5-diimine in the diimino and imino-enaroin
tautomeric  forms, its dimer, 5-imino-3,4-di(4-melpiyenyl)-LH-pyrrol-2-one, and = 2,3-di(4-
methylphenyl)maleimide with the bond lengths andles are shown in Fig. S4.

The structures of the four 3,4-diadH-pyrrol-2,5-diimines and 2,3-diarylmaleimides (aryl phenyl, 4-
methylphenyl, 4-methoxyphenyl, and 4-fluoropherhdye been optimized. It was found that the sulesiitat
the 4" position of the phenyl ring slightly affects thertnl lengths and the values of the valence angléisein



pyrrole ring. Change of substituent has a littke@fon the NH bond order. Consequently, the acidity does not
depend on the nature of substituent.

The schematic representations of the frontier mdégcorbitals for2b and3b are exhibited in Fig. 6. The
nature of the frontier MOs of compounds with difiet substituents (compoun@s—d, 3a-d) at the &'
positions of benzene rings is the same. The foomatf dimers changes the HOMO and LUMO energies
insignificantly. Also, dimers of 3,4-diarfiH-pyrrol-2,5-diimines and tautomeric forms (iminoaemno) have
the same nature of the frontier MOs. The HOMO eiesrdor 3,4-diaryliH-pyrrol-2,5-diimines and 2,3-
diarylmaleimides are almost identical. While theN.O energies for 3,4-diarylH-pyrrol-2,5-diimines and 2,3-
diarylmaleimides differ considerably (ESI). This dsie to the contribution of heteroatom atomic a@ibtb
LUMO. The HOMO energies for 3,4-diargH-pyrrol-2,5-diimines are almost independent onghlestituent in
the phenyl ring. However, the LUMO energies dependhe substituent stronger. The insertion of edect
withdrawing substituents leads to decreasing ofitfes orbital energy. The differences between ttomtier
orbital energie\Eyomo-Lumo for 2,3-diarylmaleimides are correlated with tteofescence band shift value
caused by the changing of substituent. This cdioglavas not found for 3,4-diarylH-pyrrol-2,5-diimines due
to a small band shift in the fluorescence speéia 6).

HOMO LUMO

Fig. 6. Isosurfaces of MOs (HOMO and LUMO) for 8i¢4-methylphenyl)tH-pyrrol-2,5-diimine gb) and
2,3-di(4-methylphenyl)maleimidek).

For a deep insight into the optical properties @f-@iaryl-LH-pyrrol-2,5-diimines and 2,3-diarylmaleimides,
UV-vis absorption and fluorescence emission spaftthese compounds in chloroform were calculated.



3.1. UV-vis absorption spectra and TD-DFT computatiostaildies

The absorption spectra of 3,4-diafy-pyrrol-2,5-diimines and 2,3-diarylmaleimides inatoform are shown

in Fig. 7, and the corresponding spectroscopic degdisted in Table 2.

All pyrroldiimines display very similar absorpti@pectra with one or two intensive absorption bandee near

UV region. However, the absorption band2afis shifted in the field of higher frequencies, gared with other

pyrroldiimines. Use of methanol as a solvent caasskight blue shift of the band at 231 nm accompanied
with a decrease of its intensity.

The absorption spectra of 2,3-diarylmaleimides leit4i-6 bands (Table 2). The extinction coefficientsiedf t
bands at 246253 nm are 0.91.110° M~-cm™.

DFT and TD-DFT computational studies were perforrt@eélucidate the electronic structures of the gobu
and excited states @a—f and3a—d. The calculated UV-vis spectra fab and3b are represented in Fig. S5.
The calculated spectra are similar to the experialespectra for these compounds. The ten transitioere
calculated. The nature of vertical transitions 3p4-di(4-methylphenyltH-pyrrol-2,5-diimine is analyzed in
Table 3.

The comparison of UV-vis spectra calculated for t@aformationsC1 andC?2) of 3,4-diaryliH-pyrrol-2,5-
diimines shows that the nature of the transitioossdnot depend on conformation. However, the postand
intensities of the bands are very sensitive tanbéecular conformation.

Table 2

The corresponding data of UV-vis absorption spdathloroform

Compound Aabs, NM (£, M~cm™?)

2a 278 (17 000)

2b 305 (18 000), 375*

2c 311 (11 000), 385*

2d 303 (13 000), 350*

2e 308 (14 000), 367*

2f 311 (12 000), 367*

3a 242 (11 000), 251 (10 000), 269 (7 000), 304*, 31387 (6 000)
3b 253 (11 000), 262 (10 300), 280 (6 000), 313*, 32380 (8 000)
3c 240 (9 000), 257 (8 000), 340 (3 000), 409 (5 000)

3d 252 (11 000), 273 (7 000), 306*, 318*, 366 (7 000)

* Shoulder.

Most long-wavelength band has a high-frequencyt siif20 cm® and the simultaneous decrease in the
relative intensity of the bands 1 and 2 in the spec of C2 in comparison with that a€1. This is true for any
type of substituent in the benzene ring.

a) b)
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Fig. 7.The UV-vis absorption spectra of 3,4-diafy-pyrrol-2,5-diimines (a) and 2,3-diarylmaleimidds (C
=2.510° M) in chloroform.



On the other hand, the change of the substituerth®menzene ring has a little effect on the speetThe
insertion of electron-withdrawing substituent (fturee) leads to a slight shift (20 nm) of the longwe band to
the high frequency region.

According to the DFT-TD calculations of the longweaband of the medium intensity (f = 0,17) faris due
to the typical HOMO-LUMO transition, the second dds caused by the HOMQ - LUMO transition (f =
0.1).

The bathochromic shift of these transitions is doiea destabilizing contribution of oxygen p-orbitai
methoxy group to the energies of HOMO and HOM@rbitals (Table 3).

Table 3

The transitions in the UV-vis spectrum3i

Ne | MO* Transitions Assignment

173574 HOMO- LUMO | n(C(2)C(3))~ pif(Nimino) + (Ph,h) - 7*(C(1)C(2)) — Pz (Nimino)
2 | 715 74| HOMO-2 - LUMO | =n(Ph,h) - 6(CCpyirole — t(CHs) — 7*(C(1)C(2)) — P (Nimino)
3 |70~ 74| HOMO-3 - LUMO n(Ph,3) + N'(Nimino) — 7*(C(1)C(2)) = Pz (Nimino)

4 | 72~ 74| HOMO-1 - LUMO P (Nimino) = Pr{Npyrrole) — 7*(C(1)C(2)) = pz (Nimino)
5169 74| HOMO-4 - LUMO 7(Ph,a) + N"(Nimino) — ©(C(1)C(2)) - ;7 (Nimino)

6 |68~ 74| HOMO-5 - LUMO N (Nimino) - 0" (CGyyrroie) ~ m*(C(1)C(2)) ~ P (Nimino)

7 |66 - 74| HOMO-7 - LUMO n*(Nim) + o*(pyrrole ring) — ©*(C(1)C(2)) - p;; (Nimino)

8 | 73 - 75| HOMO - LUMO+1 n(C(2)C(3))- p;it (Nimino) + m(Ph,h) - 7*(Ph,&)

9 | 67~ 74| HOMO-8 — LUMO 7 (C(2)C(1)=N}yrote - T(C(1)C(2)) — Pz (Nimino)

10| 73 - 78| HOMO - LUMO+4 1(C(2)C(3))- p; (Nimino) + m(Ph,h) - = (Ph,h)

* MO is participated in the vertical transition (grorbitals with the highest coefficient in thediar combination
are given for the transitions involving several MIOs

3.2. Emission spectra of 3,4-diaryl-1H-pyrrol-2,5-diineis
3,4-Diaryl-LH-pyrrol-2,5-diimines give the highest fluoresceriatensity in the visible (blue) region upon
excitation wavelength of 350 nm.

The normalized fluorescence spectra of 3,4-diaHdpyrrol-2,5-diimines in chloroform are given in Fi§.
Excitation and emission band maxima and fluoreseepu@antum yields are presented in Table 4.
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Fig. 8.Emission spectra of 3,4-diargM-pyrrol-2,5-diimines2a—f (C = 2.510° M) in chloroform.



Table 4
Maximum excitationXe,) and emissioni,) wavelengths and FL quantum yieldB) (for 2a—f in chloroform

Compound Aex, nm Aem, nm Stokes shift, nm D, %
2a 340 478 138 3
2b 341 478 137 16
2c 295*, 348 494 146 17
2d 352*, 370 493 123 7
2e 343 488 145 3
2f 348 493 145 3
*Shoulder.

The compoundga—c, e, fhave the broad excitation spectra with the strenigand at 346348 nm.

Only one type of bands is observed in the lumineseespectra of 3,4-diarflH-pyrrol-2,5-diimines in
chloroform. This indicates the presence of one hastence form in the solution. The insertion of aton
substituents (CkD, CH) in the paraposition of the benzene ring leads to increase usintum vyields of
luminescence. The position of the maximum of lumgence band is practically independent on the isubsts
in the aromatic rings. All compounds are classifiesdfluorescent phosphors, because the shorniistiof the
excited states (<< 0.1 ms) are obsenZsgf display room temperature excited-state lifetimesveen 2 and 13
ns.

The fluorescence spectra of 3,4-diatid-pyrrol-2,5-diimines in methanol exhibit similaresgral properties.
The nature of the solvent does not affect the jwrsind shape of the bands.

3.3. Emission spectra of 2,3-diarylmaleimides
The fluorescence spectra of 2,3-diarylmaleimideghioroform have one intensive broad structurelessd
(Fig. 9).
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Fig. 9.Emission spectra of 2,3-diarylmaleimid@s-d (C = 6.2510°° M) in chloroform.

Table 5

Maximum excitationXe,) and emissioni,) wavelengths foBa—d in chloroform

Compound Aex, M Aer, NM Stokes shift, nm
3a 365 493 128

3b 380 515 135

3c 433 553 120

3d 370 498 128

10



The maxima of the spectra of H- and F-derivativagehthe same positioriz. 493-498 nm (Table 5). The
donor substituents (Me, MeO) cause the bathochrahift (3b: A, =515 nm, red shifAA = 22 nm;3c: Aep, =
553 nm, red shifAA = 60 nm). The insertion of donor substituents $etadthe increasing of the band intensity.

4, Conclusion

The geometry and electronic structure of 3,4-diditpyrrol-2,5-diimines and 2,3-diarylmaleimides were
calculated by DFT B3LYP/6-31+G(d,p) method. We fduhat the substitution in 3,4-diaryH-pyrrol-2,5-
diimines and 2,3-diarylmaleimides has no effecttts molecular geometry. The substitution has ke léffect

on the electron density distribution and compositad frontier MOs. The UV-vis spectra of 3,4-diafyH-
pyrrol-2,5-diimines and 2,3-diarylmaleimides wenaterpreted. Fluorescence of 3,4-diatyl-pyrrol-2,5-
diimines and 2,3-diarylmaleimides were studied. Thmsrescence spectra have large Stokes shifts. The
insertion of donor substituents causes bathochrahift of emission bands with hyperchromic effeéthe
effect of solvent on the emission spectra of 3ahdilH-pyrrol-2,5-diimines and 2,3-diarylmaleimides is
insignificant.

5. Supplementary information

Crystallographic data reported in this paper hagenbdeposited with the Cambridge CrystallographédaD
Centre 8b, CCDC 15182103c, CCDC 15180773d, CCDC 1518211). The data can be obtained frebafye
on application to CCDC, 12 Union Road, Cambridgg2@EZ (e-mail: deposit@ccdc.cam.ac.uk).
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HIGHLIGHTS

Structural features of 3,4-diaryl-1H-pyrrol-2,5-diimines and 2,3-diaryl maleimides.
UV -vis absorption and fluorescence spectra investigation.

The electronic structures of the ground and excited states elucidation.



