g

Accepted Manuscript g
I ang
/' IGHIENTS

Al
LA’

Synthesis of novel substituted methoxybenzo[2,3-b]carbazole derivatives via C-H
functionalization. Experimental and theoretical characterization of their photophysical
properties

Cinthia da Silva Lisboa, Nanci C. de Lucas, Simon J. Garden

Pl S0143-7208(16)30395-3
DOI: 10.1016/j.dyepig.2016.08.012
Reference: DYPI 5392

To appearin:  Dyes and Pigments

Received Date: 25 May 2016
Revised Date: 1 August 2016
Accepted Date: 5 August 2016

Please cite this article as: Lisboa CdS, de Lucas NC, Garden SJ, Synthesis of novel substituted
methoxybenzo[2,3-b]carbazole derivatives via C-H functionalization. Experimental and theoretical
characterization of their photophysical properties, Dyes and Pigments (2016), doi: 10.1016/
j-dyepig.2016.08.012.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.dyepig.2016.08.012

ACCEPTED MANUSCRIPT

@)

250

2 (nm)
Ground state MEP

functionalization 1

MeO
S,
> —_—
N 12 examples

Me OMe

-h

J 9 ‘
‘ ‘ '—J.,yclonexane

~——Acetonitrile
‘ ~—Dichloromethane

Fluorescence

ethanol

0 : ;
400 4@ 600
e

First Excited state MEP

(nm)



Synthesis of Novel Substituted Methoxybenzo[@&arbazole Derivatives via C-H
Functionalization. Experimental and Theoretical Kbterization of their

Photophysical Properties.

Cinthia da Silva Lisboa, Nanci C. de Lucas, Simo@arden*

Instituto de Quimica, Universidade Federal do ReoJdneiro, Cidade Universitaria

CT bloco A, RJ 21941-909, Brazil

* Contact information, email: garden@iq.ufrj.br

Keywords: palladium catalysis; oxidative C-H functionalizatj benzo[2,3-
b]carbazoles; UV-vis spectroscopy; time resolvedrifiscence spectroscopy; density

functional theory calculations.

Abstract

The novel, highly blue, fluoresceni-methyl-6,11-dimethoxybenzo[2,3-
bjcarbazole derivatives were prepared by oxidatiwipting of anilines with
naphthoquinone followed by palladium catalyzed akite C-H functionalization and
a one pot reductive methylation reaction. The beadwzole fluorophores were
photophysically characterized and the effects ef ghbstituents investigated. (TD)-
DFT calculations faithfully reproduced experimenpiotophysical properties of the
benzocarbazoles and revealed how the substitugets the photophysical properties

of these compounds.



1. Introduction

Carbazole derivatives are an important class ofogén containing
heterocyclic compounds that are widespread in astmd have been found to have
useful applications. Since the isolation of carlbazo 1872 by Graebe and Glazer,[1]
and later the description of the isolation andraiatiobial properties of murrayanine,
a naturally occurring carbazole alkaloid froMurraya koenigii Spreng,[2] the
intriguing structural features and promising pharatagical activities of these natural
products have attracted the attention of numeressarch groups. The interest in this
heterocyclic system has led to the isolation of neatural compounds and an
enormous effort to develop synthetic methodology fbe synthesis of novel
derivatives.[3] The carbazole structure is foundaimide range of compounds that
possess a diverse array of pharmacological aetvitiincluding anti-tumor,
antibacterial, anti-parasitic, antifungal, antilemhmatory, and as treatments for
neurological disorders.[3a, 3b, 4]

In addition to the interesting pharmacological m@xies of carbazole
derivatives, carbazole derivatives have been istmgly attracting attention in terms
of their electrical and optical properties.[5] Amaltions of carbazole derivatives
include for example: use in organic light emittingjodes,[5m, 6] organic
photorefractive materials,[7] optical sensors,[8]an active semiconductor layer in
organic field effect transistors,[9] as a fluoregcswitch,[10] or as components of
dye-sensitized solar cells.[6h, 11]

The present study details the synthesis and phgsogdl characterization of
novel 6,11-dimethoxybenziojcarbazole derivatives derived from benzocarbazol-

6,11-diones[12] and comparison is made with thenknproperties of carbazole[13]



and other derivatives of the parent heterocyclsteay benzo[2,B®jcarbazole.[13a,

14]

2. Experimental Section
2.1 General

All reagents were purchased from Sigma-Aldrich amskd as received.
Spectroscopic grade solvents were used for theophgsical characterization of the
benzocarbazole derivative$d and*C NMR spectra were recorded using either a
Bruker 200 or 300 MHz spectrometer with TMS asrgtarnal standard. Mass spectra
(ESI:HRMS) were obtained with a Mass Spectrometdidp Micromass, in positive
mode. Absorption spectra were recorded using a &hkim UV-2450
spectrophotometer. Fluorescence experiments weferped using an Edinburgh
Instruments FS920 and a HITACHI F4500 spectrofimeter, as indicated. The
fluorescence lifetime was measured using an Edgtbunstruments FL920 CD
pumped by an EPL 404.2 nm laser, also from Edirfblmgtruments. The excitation
and emission wavelengths ranged from 365 to 370 amd 420 to 465 nm,

respectively.

2.2 Photophysical characterization

2.2.1 Measurement of Molar Absorption Coefficient. The molar absorption coefficient
(¢) was determined from a single weighed sample biedan a stock solution that
was subsequently diluted. The dilutions were madsuich a way that the range of
absorbance was from 0 to 1 (~°1f 10° mol/L) at the maximum wavelength and

each measurement was made 5 times.



2.2.2 Fluorescence Quantum Yields (®7). The fluorescence quantum yields were
measured by the relative standard method,[15] msaturated solutions, using
perylene as a reference standasy € 0.73 in cyclohexane[16]) and a FS920
Edinburgh Instruments spectrofluorimeter with a &ermrc Lamp (Xe900, 450 W)

and a TMS300 monochromator. In this method,®hef the sample were calculated

from equation 1.

®f x = Prst X (Gx/Gsn(NxNsT) Eqg. 1

The subscripts ST and X denote standard and samgdpectively; ®s is the
fluorescence quantum yield, G the slope from that pf integrated area of the
fluorescence intensity versus absorbancertite refractive index of the solvent (for
an example see Sl Figure 65). The sample and teeenee were excited at the same
wavelength, the same range of emission wavelengtissanalyzed and both samples
were maintained under the same experimental conditi

For eachd; determination, the fluorescence spectra of isaglise solutions
(five samples in the absorbance range of 0.01Xca0the same wavelength) of the
sample in an appropriate solvent (acetonitrile,hidiomethane, methanol and
cyclohexane) relative to a standard solution ofyle@e in cyclohexane, were

recorded using a 10 mm quartz cuvette.

2.2.3 Fluorescence Lifetime (1) Measurements. Solutions with an absorbance of 0.1
0.5 at the absorption wavelengh (404.2 nm) werecgglain quartz cuvettes.
Fluorescence decay profiles of air saturated argbradeoxygenated (15 min)
solutions were recorded with the use of a fluoresedifetime spectrometer FL920

from Edinburgh Instruments. Decays were monitoretha corresponding emission



maxima of the compounds. The FAST software, Edighbunstruments, allowed the

fitting of the decay spectra and yielded the flsoence lifetimes.

2.3 Theoretical calculations

The theoretical calculations were performed uskagissian 09 rev. C.01.[17]
The density functional methods B3LYP,[18] PBEO,[T2AM-B3LYP,[20] wB97X-
D[21] were used in conjunction with Pople’s doubldasis set augmented with
diffuse functions and polarized with d orbitals]JZrevious studies substantiate the

effectiveness of this basis set for calculatiotufvis spectra.[23]

2.4 Synthesis and Characterization of 5. The methyl benzdcarbazolediol ether§
were prepared as shown in scheme 1. The subsstaeatdetailed in Table 1. The
first step was an oxidative coupling of naphthoqu& with anilines to give
anilinonaphthoquinones3), using catalytic quantities of copper acetatehvétetic
acid as the solvent.[24] The benjafarbazoledioneg were prepared by oxidative
cyclization of3 in an analogous fashion to a literature proce{RBg.The final step
involved the one pot reduction and methylation gssndium dithionite and methyl

iodide adapting a previously reported proceduré.[26

2.4.1 Preparation of compounds 4

2-Anilino-1,4-naphthoquinone3 (0,5 mmol), Pd(OAg) (10 mol%),
Cu(OAcy H-0 (20 mol%), KCO; (20 mol%) and pivalic acid (2 g) were added to a
round bottomed flask and closed with a septum twlvan oxygen filled balloon was
connected. The reaction mixture was heated at 18@ter an @atmosphere for 14-

20 hours. The substrate consumption was monitosed llC and after complete



consumption the volatiles were removed under redliyecessure. The resulting crude
product was taken up in a minimal volume of LLH and applied to a column of
chromatography silica gel. The column was elutethweHCl, and an EtOAc

gradient. The fractions containing the proddctvere combined and the volatiles

removed under reduced pressure.

2.4.2 Preparation of compounds 5

To the reaction flask were added: bemicgrbazolequinonel (0.25mmol),
NaS,04 (2mmol), BuNBr (0.1-1mmol) and a mixture of THFB (1:1V/V, 10mL).
The reaction flask was closed with a septum botnah to pressure equalize with the
atmosphere via an open syringe needle. The reastignstirred at room temperature
for about one hour or until the reaction color haded. Subsequently, NaOH
(20mmol) and an excess of @H1-2 mL) were added and the reaction was left
stirring at room temperature for another hour. Thede product was isolated by
partitioning the reaction between dichloromethand water. The organic extracts
were dried over N&O,, filtered and evaporated onto silica. The silics@abed
product was applied to a short column of chromatplgy silica gel and the column
eluted with dichloromethane. Fractions containihg product were identified by

TLC, combined, and evaporated to give the isolptadfied product.

2.5 Spectroscopic structural characterization of compounds 5

2.5.1 6,11-Dimethoxy-5-methylbenzojcarbazolesa 81% yield; FT-IR (crit; KBr):
3062, 3030, 2987, 2931, 2850, 2831, 1633, 16042,14844, 1394, 1363, 1296,
1083, 997, 765, 744H NMR (200MHz, CDC)): & 8.38 (3H, m); 7.48 (5H, m); 4.21

(6H, s); 4.09 (3H, s)l,BC NMR (50MHz, CDCY): 6 147.2; 143.6; 134.9; 132.1; 127.2;



126.9; 125.0; 123.4; 122.4; 122.3; 122.0; 121.4).12119.3; 118.0; 107.7; 62.9;
61.2; 31.1; ESIHRMS (m/z + Bt calculated 292.1332; found 292.1329

(ClgH 13N02+).

2.5.2 6,11-Dimethoxy-3,5-dimethylbenztdfarbazole5b: 57% yield. FT-IR (cri,
KBr):. 3074, 3062, 3000, 2929, 2850, 2831, 16334161461, 1442, 1429, 1396,
1359, 1311, 1295, 1211, 1193, 1176, 1149, 11283,11081, 1051, 1020, 995, 968,
950, 906, 838, 808, 769, 736, 70 NMR (300MHz, CDC}): & 8.34 (1H, dJ =
9.0); 8.27 (2H, m); 7.56 (1H, §,= 6.0); 7.47 (1H, t, 6.0); 7.20 (1H, s); 7.15 (I,
=9.0); 4.19 (6H, s); 4.08 (3H, s); 2.64 (3H, S NMR (75MHz, CDCY): & 146.6;
143.9; 137.2; 134.7; 132.1; 126.8; 124.6; 124.2.92122.2; 121.8; 120.6; 120.5;
118.8; 117.9; 108.0; 77.2; 62.8; 61.0; 30.8; 2ESI:HRMS (m/Z): calculated

305.1410; found 305.1414 £E10NO,").

2.5.3 6,11-Dimethoxy-2,5-dimethylbenzdfarbazole5c: 60% yield. FT-IR (cri,
KBr):. 3064, 3023, 2987, 2933, 2856, 2832, 17373316616, 1583, 1490, 1463,
1444, 1407, 1390, 1361, 1338, 1294, 1241, 12308,12189, 1166, 1157, 1145,
1108, 1081, 1051, 1006, 970, 944, 883, 848, 798, 786, 701, 692'H NMR
(200MHz, CDCY): 6 8.22 (2H, m); 8.11 (1H, s); 7.33 (3H, m); 7.16 (1HJ = 8.0);
4.08 (3H, s); 4.06 (3H, s); 3.96 (3H, s); 2.50 (3),°C NMR (50MHz, CDC}): &
147.5; 142.2; 135.2; 132.8; 129.0; 128.3; 127.55.22123.8; 122.6; 122.4; 122.4;
121.8; 120.9; 118.2; 107.7; 63.1; 61.3; 31.3; 2ESI:HRMS (m/z): calculated

305.1410; found 305.1406 £§E10NO,").



2.54 4,6,11-Trimethoxy-5-methylbenzgfarbazole 5d: 84% vyield. FT-IR (cri,
KBr): 3066, 2990, 2953, 2931, 2832, 1629, 1585614360, 1308, 1254, 1082, 766,
734."H NMR (200MHz, CDCY): & 8.33 (2H, tJ = 8.0); 8.09 (1H, dJ = 6.0); 7.53
(3H, m); 7.25 (1H, tJ = 8.0); 7.07 (1H, dJ = 6.0); 4.49 (3H, s); 4.18 (3H, s); 4.08
(3H, s); 4.04 (3H, s)l,BC NMR (50MHz, CDCJ): 6 147.3; 147.0; 135.8; 133.5; 127.6;
125.2; 123.9; 122.8; 122.7; 122.3; 121.1; 120.8.8]1116.6; 109.5; 62.9; 61.6; 56.1;

34.6; ESI:HRMS (m/z + B: calculated 322.1438; found 322.14234GoNOs").

255 3,6,11-Trimethoxy-5-methylbenzutarbazole 5 81% vyield. FT-IR (cr,
KBr): 3061, 2997, 2926, 2849, 2833, 1605, 1460,913%296, 1231, 1080, 764
NMR (200MHz, CDC}): 6 8.29 (2H, m); 8.27 (1H, d] = 8.0); 7.51 (2H, m); 6.92
(1H, dd,J = 2.0;J = 8.0); 6.85 (1H, dJ = 2.0); 4.16 (3H, s); 4.15 (3H, s); 4.06 (3H,
s); 3.98 (3H, s)!*C NMR (50MHz, CDC}): & 160.3; 146.3; 145.5; 135.1; 132.7;
126.8; 124.9; 124.4; 122.8; 122.7; 122.1; 120.8.21115.3; 107.1; 93.2; 63.2; 61.3;
55.8; 31.3; ESIHRMS (m/z + Bt calculated 322.1438; found 322.1428

(Ca0H20NO3").

2.5.6 2,6,11-Trimethoxy-5-methylbenzuarbazole 5f; 76% yield. FT-IR (cr,
KBr): 3065, 2991, 2934, 2903, 2848, 2831, 1634,81611609, 1584, 1488, 1363,
1083, 1000, 765, 744, 45844 NMR (200MHz, CDC}): § 8.21 (1H, dJ = 8.0); 8.13
(1H, d,J = 8.0); 7.84 (1H, dJ = 2.0); 7.39 (2H, m); 7.15 (1H, d,= 2.0); 7.08 (1H,
dd; J = 2.0;J = 8.0); 4.06 (6H, s); 3.93 (3H, s); 3.87 (3H, 153;; NMR (50MHz,
CDCl): 6154.0; 147.5; 138.9; 135.2; 133.0; 127.5; 125.2.82122.3; 122.2; 120.9;
118.2; 115.3; 108.6; 107.7; 63.1; 61.6; 56.4; 3EIL:HRMS (m/z + H): Calculated;

322.1438; found 322.1446 £E,NO3").



2.5.7 1,5-Dimethyl-4,6,11-trimethoxybenztifarbazolesg 80% yield. ; FT-IR (cri,
KBr): 3067, 2991, 2933, 2832, 1360, 1291, 1259,710862, 971, 766:H NMR
(200MHz, CDC¥): 6 8,30 (2H, m). 7.49 (2H, m); 7.01 (1H, 3= 8.0); 6.96 (1H, dJ
= 8.0); 4.44 (3H, s); 4.05 (3H; s); 4.01 (3H, sPB(3H, s); 3.05 (3H, s}’C NMR
(50MHz, CDC}): 6 147.2; 145.4; 136.0; 135.1; 134.9; 127.8; 12725.8; 123.7;
123.3; 123.1; 123.0; 123.0; 121.1; 119.7; 110.4;,663%2.6; 56.6; 35.2; 22.8

ESI:HRMS (m/z + H): calculated 336.1594; found 336.1573&-NOs").

2.5.8 2-Chloro-6,11-dimethoxy-5-methylbenbifarbazole5h: 41% vyield. FT-IR
(cm'l, KBr): 3311, 3066, 2991, 2934, 2833, 1636, 1604821 1456, 1361, 1339,
1297, 1083, 999, 799, 765, 698, 654.NMR (200MHz, CDC}): & 8.33 (1H, dJ =
2.0); 7.27 (1H, m); 7.52 (4H, m); 7.29 (1H,X 4.0); 4.17 (6H, s); 4.07 (3H, §?C
NMR (50MHz, CDC}): 6147.8; 142.3; 135.4; 132.6; 127.9; 127.1; 125.74.92
123.2; 123.0; 122.9; 122.6; 122.5; 121.0; 117.8.9063.3; 61.7; 31.5; ESI:HRMS

(m/z + H): calculated 326.0942; found 326.093344;,CINO,").

2.5.9 6,11-Dimethoxy-5-methyl-3-trifluoromethylbentij¢arbazole5i: 15% vyield.
FT-IR (cm®, KBr): 3068, 3035, 2993, 2939, 2850, 2835, 278411 1614, 1481,
1462, 1444, 1367, 1328, 1292, 1168, 1103, 10830,1009, 948, 759'H NMR
(200MHz, CDC}): 5 8.46 (1H, dJ = 8.0); 8.33 (1H, d) = 8.0); 8.26 (1H, d) = 8.0);
7.53 (4H, m); 4.25 (3H, s); 4.18 (3H, s); 2.99 (3I)t,13C NMR (50MHz, CDC)): 6
148.3; 143.3; 135.5; 132.8; 129.2; 128.3; 126.01.62123.8; 123.2; 122.8; 122.6;
121.1; 117.2; 116.3; 105.1; 63.4; 61.8; 31.5; EBMS (m/z + H): calculated

360.1206; found 360.1196 £§;,FNO;").



2.5.10 3-Fluoro-6,11-dimethoxy-5-methyl-benbdfarbazolesj: 53% yield of isomer
mixture from which a sample & was separated. FT-IR (€mKBr): 3066, 2987,
2929, 2850, 2834, 1614, 1592, 1492, 1459, 14449,14396, 1361, 1342, 1297,
1228, 1191, 1168, 1097, 1081, 1052, 998, 973, 938, 825, 806, 765, 707H
NMR (200MHz, CDCY4): § 8.28 (3H, m); 7.51 (2H, m); 7.02 (2H, m); 4.14 (38);
4.06 (3H, s)*C NMR (50MHz, CDC}): & [165.5; 160.60c.r 240HZ)]; 147.0; 145.0
(Je-r 10H2Z); 135.3; 132.7; 127.3; 125.3; 124.8{15Hz); 124.4; 123.0; 122.8; 122.2;
121.0; 117.9 @ 15Hz); 107.2 (¢ 20Hz); 95.4 (d.r 25Hz); 63.3; 61.4; ESI:HRMS

(m/z): calculated 309.1160; found 309.11665kGsFNO,").

2.5.11 1-Fluoro-6,11-dimethoxy-5-methylbenbjarbazolesj : 53% yield of isomer
mixture from which a sample &’ was separated. FT-IR (¢mKBr): 3066, 2989,
2929, 2852, 2834, 1616, 1494, 1463, 1444, 13612,13295, 1241, 1147, 1083,
1052, 1008, 983, 968, 921, 867, 848, 790, 765, 786, 690."H NMR (300MHz,
CDCl): 8 8.37 (1H, dJ = 6.0); 8.22 (1H, dJ = 9.0); 7.51 (3H, m); 7.15 (1H, d,=
6.0); 6.98 (1H, ddJ = 9.0,J = 9.0); 4.20 (3H, s); 4.13 (3H, s); 4.05 (3H,'$%; NMR
(75MHz, CDC}): & [159.7; 156.4 {0cr 248Hz)]; 147.7; 146.4¢k 15Hz); 135.2;
132.3; 128.5r 7.5Hz); 127.8; 125.8; 123.2; 123.1; 123.0; 12035.2(3.F 7.5Hz);
109.5(&r 15Hz); 106.6 (dr 23Hz); 106.3; 104.0; 104.0; 77.2; 63.6; 63.3; 31.8

ESI:HRMS (m/z + N&: calculated 332.1057; found 332.10624@/FNONa").

2.5.12 2-Fluoro-6,11-dimethoxy-5-methylbenbj¢arbazole 5k: 79% yield. FT-IR

(cm™, KBr): 2991, 2935, 2835, 1629, 1606, 1487, 1460421 1361, 1301, 1274,

1082, 997, 937, 862, 806, 767, 748.NMR (200MHz, CDCJ): § 8.33 (2H, m); 8.12

10



(1H, m); 7.53 (3H, m); 7.32 (1H, m); 4.19 (3H, 4)17 (3H, s); 4.08 (3H, s)°C
NMR (50MHz, CDC}): & [159.9; 155.2 {Jc.r 235Hz)]; 147.7; 140.2; 135.3; 133.0;
127.8; 125.6; 122.8; 122.4; 122.3; 122¢1{A0Hz); 121.0; 117.8¢) 5Hz); [114.7;
114.2 (3r 15Hz)]; [109.8; 109.3G)r 25HZ)]; 108.4 (dr 5Hz); 63.1; 61.7; 31.4;

ESI:HRMS (m/z + H): calculated 310.1238; found 310.12344d;,FNG,").

3. Results and Discussion
3.1 Synthesis

The previously unknown 6,11-dimethoxybenzocarbazoleere prepared
through the sequence of reactions given in Schen¥hé synthesis of the anilino-
naphthoquinones3] has been described by our group.[24] These congsowere
obtained in good to excellent yields. The compouBdsere then submitted to a
palladium(ll) catalyzed oxidative cyclization.[2B/] Themeta-substituted substrates
3 (R2 = CH; 3b, OCH; 3¢ CF; 3i, and F3j) could result in the synthesis of two
regioisomeric benzocarbazoldiondy. (However, the oxidative cyclization 8k and
3i gave products that were found to be single reginers fe and4i, respectively).
On the other hand, the substraddsand3j each gave a mixture of two regioisomeric
products as determined by GC-MS analydig/lf’ and4j/j’ ). In the former case only
4b was isolated upon chromatographic purification, 48 was a very minor
component, and in the latter case the regioisonmis, could not be separated.
Reductive methylation of compoundswas performed in a one pot procedure.[26]
There are a very limited number of examples of ¢édn of compoundgl in the
literature to give benzo[2Blcarbazole-6,11-diols. The use of zinc in acetic
anhydride results in the obtention of the bebj#rbazole-6,11-diol acetate

esters,[28] whilst reduction dfwith zinc in AcOH[29] or NaBRin MeOH[10] gives

11



the air unstable benzo[2[§earbazole-6,11-diol derivatives which are rapidly
oxidized back to4. Therefore the one pot reductive methylation ofmpounds4
allowed the synthesis and facile isolation of teal, highly blue, fluorescent 6,11-
dimethoxybenzo[2,®]carbazole derivatives5). The reductive methylation of the
regioisomeric mixturedj/j’ allowed the separation of the regioisomeric prosiog
and5j . The new compounds were structurally characterized Byt and**C NMR,

FT-IR spectroscopy and high resolution mass speetcy.

R 0 0 R4
2 3
HaN R O‘ 10 mol% Cu(OAC),.H,0 O‘ R
+ :
R3 AcOH, 60°C, air N R2
R* o o M g
1a-k 2 3a-k
10 mol% Pd(OAC),, 20 mol% K,COs,
20 mol% Cu(OAC),.H,0 | PivOH, 130°C, O,
R4 R3 R4 R3
HsCO o)
R2 RZ
Na,S,04, BuyNBr, NaOH,
O‘ N R'  Mel, THF/H,O (1:1 VIV), Ar O‘ N R
\ H
OCH, Me o)
5a-k dak

Scheme 1: Preparation of methoxybenzocarbazolevalees (See Table 1 for

substituent details).

Table 1: Substituent details for derivatives (Dgrof compoundd, 3, 4, and5.®

Deriv. | R R’ R’ R* | Deriv.| R R’ R’ R’
a H H H H f H H OMe H
b H Me H H g OMe H H Me
b’ H H H Me h H H Cl H
c H H Me H i H CF; H H

12



d OMe H H H ] H F H H
e H OMe H H I H H H F
e’ H H H OMe k H H F H
® For compoundd and3, b =b', e= €', j = j’. Compoundst (b,b’) and |,j') were obtained as

mixtures of two regioisomers resulting from thedative cyclization of3b and3j respectively. The
purification of4b,b’ resulted in the isolation of on#b (the principal regioisomer of the mixture). The
regioisomers4j/j could not be separated and the mixture was useetthi in the reductive
methylation reaction. The regioisomel,j’ were separated and individually characterized. In
principal, the oxidative cyclization &e could give rise to a regioisomeric mixtutge,e’). However,
the productde was obtained as a single regioisomer and thistiasformed intdbe Compoundse’
was modeled in the theoretical study but has nehtmynthesized. Similarlgi could have given a
mixture of two regioisomers, but a single regioigongorresponding tdi was obtained which was

subsequently transformed irbo

3.2 UV-vis absor ption spectroscopy

The UV-vis absorption and emission spectra of caimgs5 employed in this
study were recorded in dilute solution using foalvents with different polarities:
cyclohexane (Cyh), dichloromethane (DCM), acetdaitfACN) and methanol
(MeOH) at room temperature.

The absorption spectra of compouridshow strong absorption bands at short
wavelengths (270 - 300 nm), a weak band at sligbthger wavelengths (300 - 330
nm), and a weak band that extends into the visidgon (350 - 430 nm). Figure 1
shows the absorption spectra foa in four solvents of different polarities. The
longest wavelength absorption band exhibits vibromtructure. A discrete
bathochromic effect (0-2 nm) was observed when gbleent was changed from
cyclohexane to acetonitrilbg, figure 1). Although, in general, the UV-vis spact

obtained in CHCI; revealed a marginally larger red shift relativeyclohexane (3-4

13



nm, Table 2, see Sl tables 2-13). Table 2 detalaes ofAnax ande for the most
intense and the lowest energy absorption bandsdompoundsb in cyclohexane as
well as Amax for the $-S; transition in the other solvents. Bonesial[13b] have
observed a small bathochromic shift of the absarbapectra with increasing solvent
polarity for carbazole derivatives. Such a behaigaonsistent with the—x* nature
of the electronic transition associated with thistfexcited state. In comparison to the
absorption spectrum of the parent benzofi¢arbazole §), the spectra db reveal a
bathochromic shift for the longest wavelength béamtox. 30 nm) and a considerable
reduction in intensity of the intermediate banddJL3

The absence of a significant solvatochromic effesctnot unusual for
polyaromatic hydrocarbons of intermediate polafpossessing few heteroatoms
within a structure that is predominantely hydrocam}j13b, 15b] That both apolar
and polar solvents result in very similar absomptgpectra must reflect differing
extents of interaction (electrostatic, hydrogending and or other permanent dipole-
dipole interactions, as well as dispersion foradsthe solvent with the HOMO and
LUMO orbitals, where the net effects with respectite HOMO-LUMO gap result in
a similar difference in energy for extremes of salvpolarity. In this context it is
perhaps therefore not surprising that a solveimtefrmediate polarity could therefore
result in a larger bathochromic shift of the>n* excitation in comparison to a more

(a)polar solvent.
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— Cyclohexane
— Methanol
— Acetonitrile

0.8 — Dichloromethane

0.6

0.4 ©

Normalized Absorption {(a.u.)

0.2

250 300 350 400

Wavelength (nm)

Figure 1: Normalized absorption spectra & in DCM, ACN, Cyh, and MeOH.

Concentration variation from Fto 10° mol/L and around I&mol/L at expansion.

The data in Table 2 reveals how both the naturgufei 2, part A - variation of
the substituent | part B - variation of the substituenf)Rand the position (Figure 3,
fixed the nature of the substituent and variedpitsition) of substituents have an
effect on the absorption spectra. Variation of shbstituent R (Figure 2A) resulted
in a bathochromic shift ofmax for 5¢ (Me 6 nm),5f (OMe 16 nm),5h (Cl 9 nm),5k
(F 11 nm) for the first excited state relative te tunsubstituteda In contrast,
variation of B (Figure 2B) resulted in a hypsochromic shift &y (Me 3 nm),5e
(OMe 14 nm), an®j (F 10 nm) whilst a bathochromic shift was obseriadi (CF;

11 nm). The introduction of a MeO group at positRingave bathochromic shifts for
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5d (4 nm) and5g (R*=Me, 12 nm) whilst a F substituent af Rave a small
hypsochromic shift § 2 nm). In a general manner, substituents with tesi
mesomeric or sigma electron donating effects aitipps R and R result in a
bathochromic shift whilst these same substitueritpasition R resulted in a
hypsochromic shift, with the exception dig, whilst the strongly electron

withdrawing substituent @i (R* = CF;) has the opposite effect.

A

Normalized Absorption (a.u.)

250 300 350 400

Wavelenth (nm)
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Normalized Absorption (a.u.)

250 300 350 400

Wavelenth (nm)

Figure 2: A) Normalized absorption spectrébafand compoundS with a substituent
at the R position in cyclohexane. B) Normalized absorptismectra of5a and
compounds5 with a substituent at the?Rposition in cyclohexane. Concentration

variation from 16 to 10° mol/L.
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Table 2: Photophysical absorption and emissionrpatars ob.

Comp.

(Sub.)

AmaxAbs (nm,Cyh)?

(¢ 10*.L.mol ™ cm?)®

So-S1 AmaxAbs (nmj

Amax EM (nm),

(Stokes shift, nnf)°

5a

5b

5c

5d

5e

5f

59

5h

5i

5]

5§’

5k

235, 274(5.42), 283, 297
321, 384, 40%0.55)
236, 27:(2.52), 284, 29¢
324, 339, 381, 40(.26)
237, 27((8.01), 301, 322
389, 410(0.86)

282 (18.6), 322, 38¢
409(1.03)

272, 281, 30 (6.21), 327
342, 374, 3920.60)
277 (4.49), 287, 309, 32!
399, 421(0.49)
28€ (7.72), 308, 324, 39
417(0.42)

236, 26¢(4.23), 304, 322
337, 391, 4130.43)
26¢ (6.56), 278, 299, 32:
335, 394, 4160.64)
232, 261(4.72), 278, 29¢
321, 337, 375, 396.42)
27E (17.3), 305, 319, 38:
403(1.23)

236, 27((5.85), 287, 30z

321, 394, 41%0.72)

409 (DCM]

406 (ACN); 405 (MeOH)
405 (DCM;

404 (ACN); 401 (MeOH)
414 (DCM;

412 (ACN); 410 (MeOH)
412 (DCM;

409 (ACN); 407 (MeOH)
396 (DCM

393 (ACN); 392 (MeOH)
425 (DCM]

422 (ACN); 421 (MeOH)
418 (DCM;

416 (ACN); 414 (MeOH)
417 (DCM;

415 (ACN); 414 (MeOH)
419 (DCM;

417 (ACN); 416 (MeOH)
398 (DCM

398 (ACN); 396 (MeOH)
406 (DCM;

405 (ACN); 404 (MeOH)
419 (DCM;

417 (ACN); 416 (MeOH)

413 8 Cyh), 422 13DCM)
423 (17 ACN), 420 (15 MeOH)
411 (9 Cyl), 419 (14 DCM
422 (18 ACN), 418 (17 MeOH)
421 (11 Cyl), 428 (14 DCM
431 (19 ACN), 426 (16 MeOH)
418 (9 Cyl), 431 (19 DCM
433 (24 ACN), 429 (22 MeOH)
402 (11 Cy)?, 411 (15 DCM
413 (20 ACN), 409 (17 MeOH)
431 (10 Cyl), 443 (18 DCM
445 (23 ACN), 441 (20 MeOH)
427 (10 Cyl), 443 (25 DCM
445 (29 ACN), 440 (26 MeOH)
421 (8 Cyl), 431 (14 DCM
432 (17 ACN), 428 (14 MeOH)
426 (10 Cyl), 437 (18 DCM
440 (23 ACN), 437 (21 MeOH)
404 9 CH), 411 (13 DCM
413 (15 ACN), 410 (14 MeOH)
411 8 Cyh), 418 (12 DCM
421 (16 ACN), 417 (13 MeOH)
425 (10 Cyl), 434(15 DCM)

435 (18 ACN), 431 (15 MeOH)

& Cyclohexane (Cyh), dichloromethane (DCM), acetdaitfACN) or methanol (MeOH) as

solvent.
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® Molar extinction coefficients of the most intenband and the lowest energy band,
respectively, in cyclohexane.
Excitation at 370 nm and emission range from 3904G0;

4Excitation at 365 nm and emission range from 380G®.

Normalized Absorption (a.u.)

250 300 350 400 450

Wavelenth (nm)

Figure 3: Normalized absorption spectra5af and compound$ substituted with

methoxy groups in cyclohexane. Concentration viariatrom 10° to 10° mollL.

The large bathochromic shift of the lowest excitstéhte of benzo[2,3-
blcarbazole §) relative to the heteroatom free benzo[B]fBdorene has been
attributed to the facile displacement of electremgity from nitrogen to the naphthyl

system on excitation, thus resulting in an excgtade structure for which an extended

19



quinoid type canonical form was proposed as an fmpb structural
contribution.[13a] In principal, the compounds bk tcurrent study could present
somewhat similar excited state structures (FigyrdJging this model allows for an
interpretation of how electron donating substitseRt (ortho to nitrogen) and R
(para to nitrogen) of the phenylene ring system can rdouite to stabilize, and hence
red shift, $ relative to the substituent fré&a. The hypsochromic shift when electron
donating substituents areeta to the nitrogen (Rand/or R) is better rationalized
through consideration of the resonance modgl At the same time modél may
rationalize the large bathochromic shift for strignelectron withdrawing C§(5i) at

position R.

N ® 'H 6 .

Possible canonical form that may > @ ’l\‘ o (7)
contribute to the structure of S, Me
OMe s OMe 3 A resonance model (7) for
R R delocalization of electron
O hv density from nitrogen
- > @ through the ring system.
MeO "\l R’ MeO "\l R’
© Me © Me

(5)
Figure 4: Resonance structure representation obtanpal extended quinoid type
canonical form contribution to the structure of theexcited state 05 and6, and a

resonance model representati@hdf conjugated electron density delocalization.

3.3 Fluorescence spectroscopy
Figure 5 shows normalized absorption, excitatioth @mission spectra f&a
in cyclohexane. The excitation and emission spedcligplay excellent mirror

symmetry with only a small Stokes shift separatihg absorption and emission
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maxima. Additionally, the excitation spectrum relgethat some of the higher excited
states can contribute to emission through intecoaiversion to thés, state. The
fluorescence spectra of compourti®ccur in the range of 400-500 nm and reveal
vibrational structure (see also S| Figures of ndized emission spectra &f in the
Sl). Figure 6 shows the normalized emission spefdraba in four solvents of
different polarities XmaEM: Cyh 413nm, MeOH 420nm, DCM 422nm, ACN
423nm). A minor red shift of the emission spectradiffering solvents relative to
emission in cyclohexane is observed and it is retdlat emission in the protic
solvent MeOH is blue shifted relative to the lesdap CH.CI, or similarly polar
ACN. The greater stability of the relaxed excitedtes in the polar solvents is
reflected by the larger Stokes shift (Table 2)dorission in the polar solvents (Cyh 8
nm, MeOH 15 nm, CkCl, 13 nm, ACN 17 nm) and longer fluorescence lifesme
(Table 3,1).[15b] The observations are consistent with tlewihat the excited state

has a slightly larger dipole moment than the grostade.
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Figure 5: Normalized absorption, excitation and s=ion spectra of5a in

cyclohexane.
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Figure 6: Normalized emission spectra fdsa: cyclohexane, methanol,

dichloromethane, acetonitril@g.= 370 nm).

Figure 7 reveals the effect of the variation of tlaure of the substituent at a
fixed position. Figure 7A compares the emissiorctpe recorded in cyclohexane, of
5a with the spectra recorded for derivatives with stitbents at the Rposition
(methyl 5¢, methoxy5f, chlorine 5h and fluorine5k) and Figure 7B compares the
emission spectra for compoun8swith a substituent at theZFposition (methyl5b,
methoxy 5e trifluoromethyl 5i and fluorine5j) with 5a. Figure 8 compares the
emission spectra oba with the methoxy substituted derivativésl-g where the

position of the substituent (MeO group) is varied.
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Normalized Intensity (a.u.)
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0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

I
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Wavelenth (nm)

OCH,

e
99!
N

OCH, y

I ‘
400 420 440 460 480 500 520 540

Wavelenth (nm)

Figure 7: Part A. Normalized emission spectr&aand derivatives with a substituent

at R in cyclohexanely.= 370 nm). Part B. Normalized emission spectr&aénd

derivatives with a substituent af R cyclohexaneig,.= 370 nm).
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0.8

0.6

0.4

Normalized Intensity (a.u.)

0.2

0 | | |
380 400 420 440 480 480 500 520 540

Wavelenth (nm)

Figure 8: Normalized emission spectra B& and compounds with methoxy
substituent in cyclohexane. Fba, 5d, 5g and5f (Aexc= 370 nm) and fobe (Aexc =

365 nm).

The fluorescence emission spectra of the subdlitutenzocarbazole
derivatives5 preserve the substituent effect observed in tleorgkion spectra and
values ofAmax emission are linearly red shifted relative Xgax for absorption in
cyclohexane (Figure 9). The change of solvent froyolohexane to acetonitrile
results in a greater variation of the larger Staitafts, although a similar tendency is
observed to cyclohexane as solvent. The subtlerdiftes in stabilization of botly S
and § for each compound in the polar solvent may beawesiple for the greater
variation of the observed Stokes shifts (Figure 9).

In comparison with substituted carbazole derivatjMe8b] the emission from

compounds5 is more than 50 nm red shifted whilst comparisath whe parent
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heterocycleg[14a] reveals that the introduction of the 6,11-glihoxy substituents
results in an approximately 30 nm red shift in #mission spectra. Further, the
emission maxima of5 are very similar to the recently reported 6,11-

diphenylbenzo[2,3]carbazole derivatives.[14b]

Plots of Emission A,,,,, against Absorption A,

450

445 * Cyclohexane y=122x-7027 4
440 A Acetonitrile R2 = 0.89
435
430
425
420
415
410
405
400
395

390 395 400 405 410 415 420 425

Emission
A (NM)

Absorption A, (nm)

Figure 9. Graphical analysis of emissioRx against absorptioNmax for 5.

3.4 Quantum yield and fluorescence lifetime measurements

Table 3 details the quantum yields férmeasured in four air saturated
solvents of different polarities. The fluorescemeantum yield ¢5) for 5ais similar
to that ofN-methylcarbazoled; 0.48 deoxygenated Cyh, 0.37 air saturated Cyh)[13b
and to 6,11-diphenylbenzo[2{8earbazole ¢; 0.50 in DCM).[14b] Further, the
fluorescence quantum vyields for the derivatives Sofvary in function of the
substituents and the solvents (Table 3). Within éneor of the experiment, the
fluorescence quantum yields in MeOH are systembtismaller than in the non-
protic solvents and®; in CHyCI, is generally the largest or similar @ in

cyclohexane. The smallest valuesdagfare observed witbg (R'=MeO,R=Me) and
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5h (R*=Cl). The reduced of 5g and5h maybe due to enhanced internal conversion
as a result of the increased number of substituerits rotational freedom in the
former and possibly spin-orbit coupling in the éaitOn the other hand the largest
values of®; are observed fosa (ACN) and5b (CH,Cl,). The fluorescence lifetimes
of 5 were measured using air and argon saturated ssi#decan be seen f&a in
figure 10 and for the other compounds in tableh®, presence of oxygen decreases
the respective fluorescence lifetime of each comporhe fluorescence quenching
by oxygen maybe due to a number of mechanisticilpibges.[30] Interestingly,
under air saturated conditions the longest flu@ese lifetimes are observed in
CH.Cl,. In the absence of oxygen the fluorescence lifegi@re slightly longer in the
polar ACN and MeOH solvents reflecting the increasebility of the more polar

lowest singlet excited state.

5000 -
4000 |\

3000 -~

Counts

2000 -

Air saturated

1000 - Argon de-oxygenated

0 50 100 150
Time (ns)

Figure 10: Fluorescence lifetime determination %@r in cyclohexane for an air

saturated sample (—) and for a de-oxygenated, asgturated, samplé&I{ll
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Table 3: Fluorescence emission photophysical pt@seiFluorescence quantum vyield, lifetimg, Xk, of 5a-k.

Cyh DCM ACN MeOH

Sample | ®* 1 (nsPC ke Ska | Df* 1 (nsfPC k S Ko ®:® 1 (nsf° k S Ko ®:® 1t (nsf° k SKn
24.58 23.19 29.77 28.72

5a 0.46 4.50 5.28 0.41 2.76 3.97 0.55 5.64 4.61 0.39 3.50 5.48
(10.22) (14.86) (9.76) (11.13)
20.62 21.98 25.81 22.88

5b 0.40 4.15 6.22 0.57 5.29 3.99 0.42 4.53 6.26 0.34 3.59 6.98
(9.64) (10.78) (9.27) (9.46)
24.59 27.56 31.06 29.78

5¢ 0.37 3.61 6.15 0.48 3.04 3.29 0.28 2.83 7.29 0.28 2.50 6.42
(10.24) (15.80) (9.88) (11.21)
21.82 22.01 26.71 25.24

5d 0.39 4.17 6.52 0.44 3.14 3.99 0.40 3.96 5.94 0.39 3.56 5.58
(9.35) (14.02) (10.10) (10.94)
14.26 12.06 19.13 18.33

5e 0.35 4.39 8.15 0.39 4.49 7.02 0.33 4.04 8.20 0.27 2.97 8.03
(7.98) (8.69) (8.17) (9.09)
24.09 27.12 30.98 30.71

5f 0.30 3.03 7.08 0.42 2.79 3.86 0.39 3.76 5.88 0.31 2.67 5.95
(9.89) (15.04) (10.37) (11.60)
17.6 17.55 24.21 21.48

59 0.23 2.62 8.77 0.31 2.69 5.98 0.26 2.83 8.06 0.25 251 7.52
(8.78) (11.53) (9.18) (9.98)
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5h

5i

5j

5§’

5k

0.18

0.35

0.36

0.38

0.39

21.19
(10.51)
25.96
(11.88)
23.31
(10.12)
24.05
(10.37)
25.01

(11.24)

171

2.95

3.56

3.66

3.47

7.80

5.47

6.32

5.98

5.43

0.16

0.36

0.45

0.41

0.37

23.19
(14.16)
25.76
(15.64)
21.24
(14.52)
21.97
(13.39)
23.22

(13.54)

1.13

2.30

3.10

3.06

2.73

5.93

4.09

3.79

4.41

4.65

0.11

0.39

0.27

0.26

0.34

26.80
(9.65)
31.20

(11.33)
25.19

(11.63)
25.01

(11.32)
25.30

(10.59)

1.14

3.44

2.32

2.30

3.21

9.22

5.38

6.28

6.54

6.23

0.17

0.26

0.34

0.33

0.33

25.90
(9.93)
28.57
(12.75)
24.44
(12.76)
24.44
(11.24)
26.73

(11.72)

171

2.04

2.66

2.94

2.82

8.36

5.80

5.17

5.96

5.72

& Air saturated samples.

P Values after 15 min de-oxygenated with argon. Irepthesis air saturated values.
©Excitation wavelength 404.2nm and emission waveteAg5nm.

k= @ 11 (107 s); Tko=(1h)-k; (107 s), calculated for air saturated sample.
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3.5 Theoretical calculations
3.5.1 Calculation of absor ption and emission spectra

Data with respect to the calculated UV-vis speda the parent 2,3-
benzop]carbazole ), N-methyl-6,11-dimethoxybenzbjcarbazole %a), derivatives
5b-k, as well as thenor-5a-k derivatives K-hydrogen instead oN-methyl) are
presented in table 4 (and S| Tables 14 and 15)a Daferring to calculated
fluorescence spectra are given in table 5. The W\spectra ob (experimentalax
383 nm)[14a] andhor-5a were calculated using a number of commonly used TD
DFT methods (B3LYP, CAM-B3LYP, PBEQpd97xd). The long range correction
hybrids (CAM-B3LYP andwB97XD) gave enormously ultra-violet shifted spectra
whereas the global hybrids B3LYP and PBEO gave tsglepredictions of thé\g
transition for the first excited state (ES) mucbselr to the experimentally observed
S-S maximum of 5a and 6.[31] The former being consistently closer to the
experimentally observed maxima in comparison to l#tter, which are marginally
blue shifted. The inclusion of implicit solvatiotEF-PCM, solvent=cyclohexane or
acetonitrile)[32] in the calculation of the UV-\@pectrum obaresulted in a lowering
of the energies of the calculated transitions, isteist with solvent stabilization, and
reproduced the small bathochromic shift on pasfiom the apolar cyclohexane to
the polar acetonitrile solvent. Calculation of tb&/-vis spectra in the following
manner TD-X/6-31+G(d)//B3LYP/6-31+G(d) (X = PBEO 6AM-B3LYP) resulted
in a bathochromic shift of théoo transition for excitation to the first ES in
comparison to the respective calculations based geometries optimized with the
X density functional. However, the results remaib&ge shifted in comparison to the
use of TD-B3LYP. Calculation of the UV-vis spectricba revealed that th-methyl

derivative is red shifted by 10 nm in comparisorite N-hydrogennor-5a. Further,
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the incorporation of implicit solvation through thEF-PCM model resulted in an
additional red shift of the\go transition for the excitation (S.S; such that the
predicted value of th&g o transition was now less than 15 nm (aprox. 0.1) dve
shifted from the observed value forax. The large difference in the results for the use
of the long range correction hybrids (CAM-B3LYP a97XD) most likely reflects
that vertical excitation ob or 6 does not involve a very delocalized charge transfe

excited state.[33]

Table 4: Calculation of UV-vis spectra: Verticahrsitions for the first two lowest
energy singlet excited states and the subsequensitglet excited states with the

largest oscillator strengtfis.

Compound Excited state (ES): Vertical transition energiég, (em)

(TD)-DFT Method Oscillator strength (f)

6-B3LYP ES13.3546 e\ ESZ3.9034e\ ES44.5079e\ ES74.9450¢e\

Exp.: 383 nm[14a] 369.59 nm 317.63 nm 275.04 nm 250.73 nm
f=0.0408 f=0.0622 f=0.4732 f=0.5600

6- PBEO ES 1: 3.4693 eV ES 2:4.0269 eV ES 4:4.6550 eV ES 7:5.1319 eV
357.38 nm 307.89 nm 266.35 nm 241.60 nm
f=0.0447 f=0.0688 f=0.7668 f=0.5124

6- CAM-B3LYP ES 1: 3.8048 eV ES 2:4.2669 eV ES 3:4.8582 eV ES 5:5.1827 eV
325.86 nm 290.57 nm 255.20 nm 239.23 nm
f=0.0573 f=0.0975 f=0.3949 f=1.0986

6 - wB97XD ES 1:3.8421 eV ES 2:4.2970eV ES 3:4.8835eV ES 4:5.2464 eV
322.70 nm 288.54 nm 253.88 nm 236.32 nm
f=0.0582 f=0.0961 f=0.3815 f=1.2254

nor-5a — ES 1: 3.2684 eV ES 2: 3.8482eV ES 3:4.3995eV ES 7:4.8282 eV

B3LYP 379.34 nm 322.19 nm 281.81 nm 256.79 nm
f=0.0695 f=0.0067 f=0.5577 f=0.6006

nor-5a- ES 13.7223e\ ES24.2331e\ ES34.8275e\ ES55.1215¢€)\

CAM-B3LYP 333.09 nm 292.89 nm 256.83 nm 242.09 nm
f=0.0984 f=0.0147 f=0.4859 f=1.0436

nor-5a-— ES13.3775e\ ES23.9719e\ ES34.5636e\ ES75.0402 e\

PBEO 367.08 nm 312.15 nm 271.68 nm 245.99 nm
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f=0.0752 f=0.0064 f=0.6853 f=0.6640
nor-5a — ES 1:3.7595 eV ES 2:4.2630eV ES 3:4.8586 eV ES 4:5.1762 eV
wB97XD 329.79 nm 290.84 nm 255.18 nm 239.53 nm
f=0.1004 f=0.0140 f=0.4609 f=1.1388
nor-5a-— ES13.2307e\ ES23.8364e\ ES34.3121e\ ES64.7439¢e\
B3LYP 383.76 nm 323.18 nm 287.53 nm 261.36 nm
IEFPCM-Cyh f=0.0947 f=0.0089 f=1.0838 f=0.4950
nor-5a - ES13.2126 e\ ES23.8292e\ ES34.3264e\ ES64.7615 e\
B3LYP 385.93 nm 323.79 nm 286.57 nm 260.39 nm
IEFPCM-ACN f=0.0878 f=0.0065 f=1.0087 f=0.4859
nor-5a-— ES13.6222e\ ES24.1557e\ ES34.6937e\ ES44.9493¢e\
CAM-B3LYP//B3LYP | 342.29 nm 298.35 nm 264.15 nm 250.51 nm
f=0.1364 f=0.0245 f=1.1976 f=0.8134
nor-5a-— ES13.3243e\ ES23.9391e\ ES34.4446e\ ES74.9640 e\
PBEO//B3LYP 372.96 nm 314.75 nm 278.95 nm 249.77 nm
f=0.1024 f=0.0098 f=1.2809 f=0.3749
5a - B3LYP ES 1:3.1913 eV ES 2:3.7850eV ES 3:4.3535eV ES 7:4.7831 eV
Exp. 405 nm 388.51 nm 327.57 nm 284.79 nm 259.21 nm
f=0.0630 f=0.0027 f=0.6234 f=0.4868
5a-B3LYP ES 13.1538e\ ES23.7735e\ ES34.2557e\ ES74.7358 ¢\
IEFPCM-Cyh 393.13 nm 328.57 nm 291.34 nm 261.80 nm
Exp. 405 nm f=0.0861 f=0.0036 f=1.1500 f=0.6931
5a-B3LYP ES13.1318e\ ES23.7660e\ ES34.2679e\ ES74.7476 e\
IEFPCM-ACN 395.88 nm 329.22 nm 290.51 nm 261.15 nm
Exp. 406 nm f=0.0790 f=0.0038 f=1.0588 f=0.7650
% calculation method: (IEFPCM)-TD-DFT/6-31+G(d)//(IEEM)-DFT/6-31+G(d). TD-DFT

calculations nstates=20.

The effect of introduction of a methoxy group asitions R to R* on the
phenylene ring ohor-5a was also calculated. The results are detailed iFa8le 14
and reveal a systematic effect upon the valuggffor the $— S; transition relative
to the unsubstitutedor-5a that is dependent upon the position of the swlestitin an
analogous manner to the experimentally observedltsefor 5, ie. substitution at
position R or R (Scheme 1) results in a bathochromic shift wislgbstitution at

positions B or R result in a hypsochromic shift for an electron atimy substituent.
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The faithful reproduction of the substituent effpopdbmpted the calculation of the UV-
vis spectra foba-k (S| Table 15) and the results for the calculatgglifor the - S,

transition are graphically portrayed in figure Bk can be seen from figure 11, the
substituent effect (irrespective of positio—R’, or electron donating or withdrawing

nature) is effectively simulated in the calculaton

Calculated TD-B3LYP %, for absorption against Experimental .,

415
410

405

Calculated 395 -
hoolnm) 390 - - R*=0.96

385 i

380 | o

J—‘_'-'_'_‘_F
375 -
370
390 395 400 405 a10 415 420 425

Experimental & (nm)

Figure 11. Comparison of the calculated (gas phas®-B3LYP/6-
31+G(d)//B3LYP/6-31+G(d), nstates=20) valuesXgg for the $ - S; transition with

the experimentally observed valuehaf.x (cyclohexane) for compounés

Additionally, the results for the first two excitsthtes and the subsequent two
excited states with the largest oscillator stresg#produce the minimal features of
the experimental spectra (Figure 12). Notably,amparison to the parent heterocycle
(6), the second excited state Bfhas an oscillator strength smaller than the first
excited state as also experimentally verified bynparison with the spectrum of

6.[13a]
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Figure 12. TD-B3LYP (nstates=20) calculated UV-sfectra of compoundsa (left)

and6 (right).

The fluorescence emissioig() was calculated fo6 and nor-5a. For the
latter compound implicit solvation (IEFPCM) was@lsken into consideration.[34]
The results are presented in table 4. &at can be seen that the use of the TD-PBEO
functional gave an excellent prediction fdgo emission and the respective TD-
B3LYP result was red shifted by 11 nm. In the caaor-5a the effect of implicit
solvation was evaluated. As seen in the calculdtor, the TD-B3LYP results for
nor-5a are red shifted by approximately 11 nm with respedhe TD-PBEO results.
The inclusion of implicit solvation in the calculat, relative to the gas phase result,
gives a small red shift (3 nm) for cyclohexane andlightly larger red shift for
acetonitrile (about 10-12 nm) independent of thasidg functional used for the
calculation. In addition, the gas phasg emission was calculated using TD-PBEO
for examples of compoundS (Table 5). The results are compared with the
experimental values ofax for emission in cyclohexane. The calculated gaasph
values accurately (within aprox. 0.05 eV) reprodulce experimentally observed

differences in the emission spectra of the varypsabstituted derivatives &f
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Table 5: Calculated values g, emission fron6, and examples &, and comparison with experimental valuea qfx emission.

Fluorescence cal¢c.TD-B3LYP |IEFPCM- IEFPCM-  TD-CAM-  TD-PBEO |IEFPCM- |IEFPCM-
method TD-B3LYP TD-B3LYP B3LYP TD-PBEO-  TD-PBEO-
Compound -Cyh -ACN Cyh ACN
6 3.1103 eV 3.2141 eV
398.62 nm 385.76 nm
387 nnt 387 nnf
nor-5a 2.9438 eV 2.9227eV 2.8620eV 3.3087 eV 3.0256 eV 3.0040 eV 2.9473 eV
421.17 nm 424.21 nm 433.21 nm 374.72 nm 409.79 nm 412.72 nm 420.67 nm
Compound (N-Me) 5a 5d 5e 5e’ 5f 59 5i
Fluorescence calg.
method
TD-PBEO 3.0074 eV 2.9255eV 3.0833eV 3.0103eV 2.8546 eV 2.8618 eV  2.8652 eV
412.27 nm 423.80 nm 402.12 nm 411.87 nm 434.33 nm 433.23 nm 432.72 nm
Experimentdl 413 nm 418 nm 402 nm 431 nm 427 nm 426 nm

a Optimization: (IEFPCM)-(TD)-DFT/6-31+G(d), for thaptimized TD-DFT calculations nstates=10.

® Value taken from reference[14a]

¢ This study, experimental values given are thoserted in cyclohexane as solvent.
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3.5.2 Charge distribution in the ground and lowest lying excited states

A comparison of the charge distribution in the grdwand the lowest energy
singlet excited states foor-5a and6, where the total electronic density was divided
into the naphthylene, phenylene and substitutedgen structural units, is detailed in

table 6.[35]

Table 6. Calculated ChelpG ([TD]-DFT) charges sumrmeer all atoms for structural

units of , S and $ states of compoundsandnor-5a.*

H 6

H nor-5a

Sructural fragment | GS () ES (%) ES (%) GS (%) ES (%) ES (%)

Naphthylen® 0.118( 0.029: 0.079. -0.125. -0.147: -0.152:
Phenylenk 0.1541 0.1296 0.2188 0.1619 0.1584 0.1955
HN® -0.2721 -0.1591 -0.2979 -0.0368 -0.0109 -0.0428
Naphthylen® 0.109¢ 0.025¢ 0.087: -0.119¢ -0.145. -0.143(
Phenylen® 0.156: 0.1337 0.217C 0.167¢ 0.142¢ 0.198¢
HN° -0.2655 -0.1591 -0.3042 -0.0483 0.0023 -0.0559

2 Values are given in electrons (e). A positive ealeflects a relative electron density deficiendylst

a negative value reflects a relative excess oftreleaensity. Any deviation from a total differenice

electron density other than zero is a consequehe@ocing the number of significant figures.
b (TD)B3LYP/6-31+G(d).

¢ (TD)PBE0/6-31+G(d).

Comparison of the fragmented electrostatic potenbéthe optimized § S

and $ states reveals changes in the overall distribuifoglectronic charge associated
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with the excited states relative to the groundestisibtably for the parent heterocyclic
system6, the NH group has an excess of electron density esnsequence of the
electronegativity of the nitrogen, whereas the atien units (naphthylene and
phenylene) are less electron rich relative to thiegkoup with its lone pair. Excitation
to the first excited state results in a redistiiuiof the electron density from the NH
group to the aromatic units, principally the napehe unit. $ of 6 is characterized
by a considerable loss of electron density fromghenylene unit to the naphthylene
unit and the NH group. Thus; $epresents a short range redistribution of electro
density from nitrogen to principally the naphthlgaimit whilst $ represents a greater
charge reorganization between the aromatic units tducharge transfer from the
phenylene unit to the NH and naphthylene units.

The introduction of the methoxy substituents o tiaphthylene unit has the
effect of increasing the ground state electron itlemathin the naphthylene unit and
at the same time moderates the polarizing effeahefNH group. The phenylene
group is also less electron rich in comparisorhtoriaphthylene and NH groups. For
nor-5a, excitation to $parallels the electronic distribution seer6inThe NH group
losses electron density and the naphthylene andypdre groups have greater
electron density relative to the ground state. Hamtin a similar manner té,
excitation to $ involves electron density loss from the phenylamét to the
naphthylene and NH groups. Thus the electronicsitians to $ and $ of nor-5a are
in essence similar to those observedd@oHowever, the magnitude of the changes in
electronic density within the structural fragmeisisonsiderably smaller faror-5a

in comparison t®.
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Table 7: Calculated ChelpG ([TD]-PBEO) charges semhmver all atoms for

structural units of §and S states of selectesl®

OMe OMe OMe
Structure OMe
MeO I\Il\/lle MeO N’jle OMe MeO ,\"\/lle
5 S 5a S S 5d S S 5e S
Narﬂ3 -0.1924 -0.2627 -0.2093 -0.3868 -0.2214 -0.2993

Phenft 0.0967 0.0962 0.0344 0.0783 0.0488 0.0631

NMe° 0.0957 0.1664 0.1748 0.3085 0.1726 0.2361

OMe OMe OMe OMe OMe
Structure CFS
MeO Med MeO
S S 5¢' S S 5 S S 5 S
Nar® -0.165¢ -0.198¢ -0.214% -0.370¢ -0.152: -0.080:

Pherlt 0.0298 0.0359 0.0547 0.0942 0.0465 -0.0916

NMe® 0.1361 0.1629 0.1596 0.2767 0.1058 0.1723

a (TD)PBEO0/6-31+G(d). Values are given in electr¢as A positive value reflects a relative electron

density deficiency whilst a negative value refleatselative excess of electron density. Any small
discrepancy from a total difference in electrongdgnother than zero is a consequence of redutieg t

number of significant figures.

b Nap = dimethoxynaphthylene unit, Phen = substitpteenylene unit, NMe N-methyl unit.

The calculated charges for the ground and firstteacstates of selected
examples of compoundsare detailed in table 7 and color coded MEPsyadrtl S
for compoundsba, 5f and 5i are shown in figure 13. For compoun8d-f, the
presence of the additional MeO group bonded tgotienylene ring fragment on the

excitation - $; results in a displacement of electron density ftbemphenylene and

38



nitrogen groups to the naphthylene fragment. Ferrttethoxyphenylene derivatives
the largest displacement of charge occurs ®itfollowed by5d where the methoxy

substituents occupy the positiond &d R respectively. In contrast, the calculated
structure for $ of compound5i clearly indicates an inversion of the electronic
transition that results in the loss of electron gignfrom the naphthylene and the

NMe units to the phenylene unit.

Ground state — S, Excited state — S,

Figure 13. Color coded maps of electrostatic paefChelpG) for $ and S of 5a,

5f and5i (blue is positive and red is negative).

Evaluation of the charge density by comparisothefground and first excited
state MEPs allows for rationalization of the substnt effects upon the absorption
spectra ob. Figure 14 depicts a cartoon representation ofdtfierences in electron

density of the first excited state fBrwith electron donating or electron withdrawing
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substituents at positions'®or R respectively. The charge delocalization in the
excited state is stabilized by the respective swiesits and leads to a bathochromic
shift of the absorption spectra and a more relaeuted state in polar solvents. The
inverse situation is less well defined due to tih@téd number of examples in the
present study and requires further study. Howewehen electron donating
substituents occupy positionéRhe electronic transition to, 8 destabilized relative
to 5a (a blue shift occurs). This can be attributednt® inability of these substituents
to stabilize the electron density deficiency onragen as a consequence of the
electronic transition to ;S Further, it can be speculated that the incorpmrabf
strongly electron withdrawing groups at positiorts Rill also result in bathochromic

shifts due to a change in the nature of the eleirpansition.

For electron donating For electron withdrawing
groups at R' and R® groups at R? and R*

OMe R*

Figure 14. Cartoon representations of electronitedsstribution in § as a function

of the electronic properties of the substituenté. R

4. Conclusion

A selection of novel 6,11-dimethoxy®)-methylbenzdp]carbazole
derivatives %) were prepared in a concise manner from anilings gnd
naphthoquinone?j by use of consecutive catalytic oxidative C-H dtionalization
reactions followed by a one pot reductive methglatof the intermediated. The

absorption and fluorescence emission propertiesthef novel structures were
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characterized in solvents of different polariti8siall Stokes shifts were observed in
cyclohexane whilst marginally larger values wersaslied in CHCI, and principally
the polar solvents ACN and MeOH reflecting stahifian of the lowest excited state
in the polar solvents. The increased stabilizatbrihe lowest excited state in the
polar solvents was also verified by the longer riiscence lifetimes d in the polar
solvents. Compounds displayed reasonably large fluorescence quantwhals/iand
might be interesting biological probes. The posiémd nature of the substituents’R
were found to influence the spectroscopic properte5. Time dependent density
functional theory calculations were used to chammd the absorption and
fluorescence emission spectra Bf An excellent correlation of the calculated
absorption properties was obtained through theofigbe B3LYP functional whilst
the emission properties were faithfully reprodudadbugh the use of the PBEO
functional. That the global hybrids gave the bestztions of values fakg o reflects
the nature of theeTt* electronic transition for both absorption and sson where the
extent of charge delocalization is relatively sm@ie calculation of the electrostatic
potential for g and S allowed comparison of the overall electron dendistribution

in the two states for differently substituted datives of 5. An inversion of the
electronic transition dipole moment was observedemwtthe strongly electron
withdrawing substituent R= CR; (5i) was present and this accounted for the
moderate bathochromic shift of this substituenpatar solvents similar to that seen
for R = MeO 6f) although for a different reason. The latter commb reveals a
moderate bathochromic shift due to resonance watidn of the electron density
shift to the naphthylene unit in contrastSo The analysis of the experimental and
theoretical data point to the possibility of thesidaed control of the excited state

properties of judiciously substituted derivativé$Ho
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Figure/ scheme Captions

Scheme 1: Preparation of methoxybenzocarbazolevalees (See Table 1 for

substituent details).

Figure 1: Normalized absorption spectra & in DCM, ACN, Cyh, and MeOH.

Concentration variation from Pao 10° mol/L and around I®mol/L at expansion.

Figure 2: A) Normalized absorption spectrébafand compoundsS with a substituent
at the R position in cyclohexane. B) Normalized absorptispectra of5a and
compounds5 with a substituent at the?Rposition in cyclohexane. Concentration

variation from 10 to 10° mol/L.

Figure 3: Normalized absorption spectra5af and compound$ substituted with

methoxy groups in cyclohexane. Concentration viamgirom 10° to 10° mol/L.

Figure 4: Resonance structure representation obtanpal extended quinoid type
canonical form contribution to the structure of eexcited state 05 and6, and a

resonance model representati@ndf conjugated electron density delocalization.
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Figure 5: Normalized absorption, excitation and s=ioin spectra of5a in

cyclohexane.

Figure 6: Normalized emission spectra fdsa cyclohexane, methanol,

dichloromethane, acetonitrilac(.= 370 nm).

Figure 7: Part A. Normalized emission spectr&a&nd derivatives with a substituent
at R in cyclohexaneXg.= 370 nm). Part B. Normalized emission spectr&aénd

derivatives with a substituent af R cyclohexaneXex.= 370 nm).

Figure 8: Normalized emission spectra 6& and compounds with methoxy
substituent in cyclohexane. Fba, 5d, 5g and5f (Aexc= 370 nm) and fobe (Aexc =

365 nm).

Figure 9. Graphical analysis of emissikgrx against absorptiolmay for 5.

Figure 10: Fluorescence lifetime determination $ar in cyclohexane for an air

saturated sample (—) and for a de-oxygenated, agturated, sampl&I{l}l
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Figure 11. Comparison of the calculated (gas phas®-B3LYP/6-
31+G(d)//B3LYP/6-31+G(d), nstates=20) valuesXgg for the $ - S, transition with

the experimentally observed valuehaf.x (cyclohexane) for compounés

Figure 12. TD-B3LYP (nstates=20) calculated UV-siectra of compoundsa (left)

and6 (right).

Figure 13. Color coded maps of electrostatic paegChelpG) for $ and S of 5a,

5f and5i (blue is positive and red is negative).

Figure 14. Cartoon representations of electronitdedsstribution in § as a function

of the electronic properties of the substituenté. R
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Highlights

» Synthesis of novel fluorescent benzocarbazole derivatives by use of C-H
functionalization reactions.

* Photophysical characterization: UV-vis, fluorescence emission, quantum
yields and lifetimes.

» Study of substituent effects and solvent polarity upon absorption and emission
properties.

» (TD)-DFT calculations of the lowest excited singlet states and electron density
distribution.

» Characterization of a substituent induced change in the transition dipole

moment to S;.



