Accepted Manuscript

Synthesis and studies of symmetric dibenzothienylcyclopentenes

Vasily A. Migulin , Michael M. Krayushkin , Valery A. Barachevsky , Olga |. Kobeleva ,
Valentin V. Novikov , Konstantin A. Lyssenko

PII: S0040-4020(14)01726-8
DOI: 10.1016/j.tet.2014.12.036
Reference: TET 26257

To appearin:  Tetrahedron

Received Date: 29 September 2014
Revised Date: 25 November 2014
Accepted Date: 9 December 2014

Please cite this article as: Migulin VA, Krayushkin MM, Barachevsky VA, Kobeleva Ol, Novikov VV,
Lyssenko KA, Synthesis and studies of symmetric dibenzothienylcyclopentenes, Tetrahedron (2015),
doi: 10.1016/j.tet.2014.12.036.

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.tet.2014.12.036

Graphical Abstract

Synthesis and studies of symmetric Leave this area blank for abstract info.
dibenzothienylcyclopentenes

Vasily A. Migulin 0, Michael M. Krayushkir?, Valery A. Barachevsky, Olga I. Kobeleva , Valentin V.
Novikov ¢, Konstantin A. Lyssenkd

#N. D. Zelinsky Institute of Organic Chemistry, &tas Academy of Sciences, Leninsky prospect, #B911Moscow, Russian Federation
® Photochemistry Center, Russian Academy of ScieNeestorov Str., 7a, 119421 Moscow, Russian Fitera
¢ A. N. Nesmeyanov Institute of Organoelement CongmRussian Academy of Sciences, Vavilov Str], 12891 Moscow, Russian Federation

Symmetric
Photochromes

Antiparallel Parallel

as
H-bond

R =NHCOPh

Stability to Photodegradation

R=:N<0Ph<H<Br<Cl<CHO<CN




journal homepage: www.elsevier.com

Tetrahedron

Synthesis and studies of symmetric dibenzothiemytpentenes

Vasily A. Migulin ® 0, Michael M. Krayushkiri , Valery A. Barachevsky, Olga I. Kobelevd , Valentin
V. Novikov ¢, Konstantin A. Lyssenkd

#N. D. Zelinsky Institute of Organic Chemistry, &tas Academy of Sciences, Leninsky prospect, 4B911Moscow, Russian Federation
® Photochemistry Center, Russian Academy of ScieNeestorov Str., 7a, 119421 Moscow, Russian Feitera
¢ A. N. Nesmeyanov Institute of Organoelement CongmRussian Academy of Sciences, Vavilov Str], 12891 Moscow, Russian Federation

ARTICLE INFO

ABSTRACT

Article history

Received

Received in revised form
Accepted

Available online

Keywords

Photochromism

UV/Vis spectroscopy

NMR spectroscof
Conformation analysis
Density functional calculations
X-ray diffraction

Various symmetric 5,55ubstituted dibenzo[b]thienylcyclopentenes werett®sized from tr
corresponding dibromide with a formation of new C&N, C-O, C-Si, and Cbonds. Th
influence of the introduced substituent on the tpbloromic properties of the obtair
compounds was systematically researched in bothtigol and solid state. The ratio
antiparallel and parallel conformers in solutiorsvagetermined by NMR spectroscopy. Only
compound of the series — 5,5'-diphenoxy-substituteldas displayed photochromism in
single crystal. High resolution X-ray diffractioma@wved that intermolecular Sz..and S...+
contacts kept two benzothiophene rings togethéneérmolecule, hence decreasing the dist
between the two redge centers responsible for the photocyclizaticacten. DFT calculatior
of the isolated molecules appeared to be in goodeagent with the obtained XRD data,
therefore could also essentially assist a reseanctiee design of photochromic molecules.
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1. Introduction

In recent years much attention has been drawn tidhis of
optoelectronics¥ and photo switching, where organic
compounds are being widely used as photoresponsiaidnal
materials. Most promising results in this area haeen achieved
by exploiting an extensive class of dihetaryleti¥#heand
dithienylethenes of general formulth in particular=® Under
photo irradiation these compounds undergo a
interconversion between a colorless opgeform and a colored

cyclic B form, as shown in Scheme 1, thus allowing a

controllable change of distinct physical propertieghin a

material under light as an external trigger. Ditlylethenes are
also characterized by thermal irreversibility, higlatigue

resistance and rapid response time to the radidtierfeatures
that are indispensible for modeling and constructi practical
photoresponsive objects.

RTSS"RR S
1A 1B
Scheme 1. Photochromic interconversion of dithienylethenesdam
irradiation.

To date, the best results in this field are achdewgth
dithienylethenes having a perfluorocyclopentene ddmi
numerous compounds of this subclass, both symmetnid
nonsymmetric, have been synthesized and thorowghbjied in
solution and solid state for their photochromic pedies®’
However, the described syntheses are limited by arergl
strategy of either concurrent or sequential anisuigstitution of
fluorides®  in rather  expensive  and
octafluorocyclopentene. At the same time,
dithienylethenes with a cyclopentene bridge could dasily
assembled by McMurry reaction from available cqroegling

diketones. The comparison of physical properties in various

solutions of dithienylethenes linked by either perfo- or
perhydrocyclopentene showed no major dissimilaritiegheir

photochromic behavidf, thus, promoting further search and

exploration of perspective cyclopentene-based mhotones
nowadays.

In 1998 Feringa et al. reported a synthesis ofigitylethene
2, which
intermediates for further modification. Introductief various
functionalized substituents into both thienyl migetin this

molecule allowed construction of numerous photochtom iniroduced functional

systems with applications as metal ion complék
photoresponsive organogéfsgold nanoparticle bindef silicon

atom-connected two-component molecular photo swifthes

living cells imaging?® peptidomimetics! etc. Considering that
inclusion of benzothiophene units in perfluorocypeatene-
bridged analogs led to high quantum vyield, rapidpomse,
remarkable fatigue resistance and excellent thestadility of
the photochromic molecul&3?it would be logical to investigate
benzothiophene-substituted cyclopentenes, in tidtowever,
despite the synthesis of the first symmetric unstuied analog

described years agdonly a handful of functionalized molecules

of this type were reported since, which comprised prmumds of

both symmetri?®> and nonsymmetf¢®* structures. Recent
review on synthetic methods used for
dithienylcyclopentenes nicely summarized known apphes>

rehlersi

construction of

R = CHO, COCHjz, COCH,Hal, CO,Et, COCO,Et
Fig. 1. Known symmetric cyclopentene-based dithienylethenes

As can be seen from Fig. 1 representatives, both &l
6,6'- disubstituted symmetric benzothienylcyclogemds are
known. Two general strategies were developed towareseth
compounds. The first one was based on acylation asilye
accessed by various acylating reagents to gi%e while the
second one included the final construction of ttedetule based
on already functionalized benzothiophene. Howeverth bo
methods have their limitations with restrained alzllity of
suitable electrophiles in the synthesis5pfand a necessity for
substituted 2-methylbenzo[b]thiophenes as stantiagerials for
4, which resulted in rather scarce representatiothisfsubclass
of photochromes. As a result, only isolated indigidu
descriptions of physical properties like UV-vis atpgimn spectra
or X-ray analysis could be found in the literatu these
compound$®? In our previous work, we have compared the
physical properties of 5,5-dichlorosubstituted fetrome 4
and its perfluorocyclopentene analog in both sofutiand
crystal®® However, the influence of the substituent itselfthie

volatile core of the molecule on the photochromic propertésthe
altermativ ¢orresponding compound was never performed for dlaiss of

dithienylethenes. Thus, a profound systematic releaf various
symmetric functionalized benzothienylcyclopentehas become
required in order to find a relation between theuratof the
substituent and the photochromic properties ofitbéecule.

In this article, we demonstrate that dibromiflecould be
easily prepared in multigram quantities and cowddve as an
important precursor to diverse symmetric 5,5'- Oiituted
dibenzothienylcyclopentenes with formation of eitke€C, C-N,
C-0, C-Si or C-I chemical bonds. All novel compoumegorted

later besme one of the most commonly used here were obtained with yields varying from good xcedlent

and could participate in further modification adatiog to the
needs of the target molecule due to the differattine of the
groups. Physical properties the

€S, synthesized compounds were studied both in solwtith solid

state in comparison mode to see all possible oglatbetween the
original structure of the photochrome and its ptakiand
chemical behavior.

2. Results and discussion
2.1. Synthesis

Recently we reported a synthesis of symmetric draido4
starting from 5-chloro-2-methylbenzothiophene viecNWirry
condensation of the corresponding diket6hénfortunately,
chlorides in4 remained inert both under standard catalytic
conditions and via anion formation synthetic praged, thus,
prompting us to switch attention to the analogousrd@no-2-
methylbenzothiopheng which could be easily accessed in any
quantities from 4-bromothiophenol in 82 % vyield Isjight
modification of the published procedéftéScheme 2). It is worth



mentioning that this optimized protocol is the mpsictical one
to date for synthesis afin bulk.

Br 1. tBUOK /EtOH  Br. j) O( pPA  Br
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82 % for 2 steps
Scheme 2. Optimized synthesis of 5-bromo-2-methylbenzo[b]tiene.

The main consideration was that substitution ofldhemides
in the benzothiophene moiety must proceed mucheeass
compared to the chlorides as it was attested foalytat
amination reactions for nonsymmetric

dithienylethenes remained intact under McMurry dbons.

Acylation of benzothiophen& with glutaryl dichloride was
rather straightforward and afforded diketo®e which was
subsequently converted to the target dibronédey McMurry
reaction in excellent overall yield. The synthesias repeated
several times with different loads showing high rej@bility
for either small amounts of starting materials ortloe multigram

scale.
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Scheme 3. Synthetic route to symmetric dibromiée

In the course of our research, synthesis of dibderfii was
also performed by Wagenknecht gréligdowever, despite the
fact that the general synthetic route appearec tartalogous, the
reported yields turned out to be inferior to ouRurther
substitution of either one or both bromides by mtimg the
benzothiophene units to the chosen nucleoside al@uéhors to
introduce a photochromic moiety into a DNA chain. Thine
published work gave another justification for thecessity and
the great potential of synthetically available mobiromic
dibenzothienylcyclopentene capable of various fnth
transformations.

Substitution of bromides 6 could be performed by either
dianion formation or under catalytic conditionsthiation was
accomplished by-BuLi in THF at -80°C with formation of a
dianionic intermediate, which subsequently reactetth warious
electrophiles as shown in Table 1.

Table 1. Coupling of dibromide6 with various electrophiles via dianion
formation.

1. Buli (2 eq)
THF, -80 °C
—_—
2. Electrophile

Entry Electrophile R Product Yield
1 I, -1 9 81 %
2 TMSCI -TMS 10 90 %
3 DMF -CHO 11 83 %
4 Acetamide -COCH 12 52 %

photochromic g,
dithienylcyclopentene®. Besides, as was shown, bromides in

5 Acetaldehyde -CH(OH)CH 13 81 %

As can be seen, the reaction proceeded smoothly with
electrophiles of a different nature providing tdrgeaterials in
good yields. As a result, several important symrogirecursors
with essential functionalities, such as aldehydeodide, were
accessed by this method.

Diiodide 9 was synthesized in excellent yield as well by
catalytic halogen exchange under Buchwald condifiditsalso
appeared to serve as amsitu intermediate in other copper (1)
iodide catalyzed substitution of bromidesi(iTable 2).

Table 2. Copper () iodide catalyzed coupling of dibrom&ie

Br Reagent

Cul //H\/\N/

Dioxane

S 6 S A
9,14- 16

Entry Reagent TC/ R Product Yield
Time

1 Nal 115°C/ -1 9 93 %
24 h

2° NaCN, Ki 120°C/ -CN 14 88 %
20 h

3 Benzamide, 115°C/ 0 15 60 %

K2COs 24 h _NE_Q

4 Phenol, 135°C/ _O_O 16 82 %

t-BuOK days

#Toluene was used as a solvent.
® No ligand was added.

While the cyano-substitutéd product 14 and the amide
derivativé® 15 could be obtained under standard conditions
without complications, the synthesis 8 turned out to be the
most laborious. Employing N,N’-dimethylethylenediamied to
the undesired amination, while other suggested digafor
copper (I) catalyzed couplirig, switching to CuO or Pd (0),
addition of a crown ether or cesium iodide for bes@ubility of
the phenolate did not furnish the target compousich anajor
product. As a result of our search, the best canditifor
coupling of 6 with potassium phenolate, obtained situ from
phenol andt-BuOK, were observed after prolonged stirring in
dioxane at 135C without input of any ligand. However, in order
to force the reaction to completion, addition of tieagents and
Cul as solids was required each time TLC analys@avsd no
further progress of the reaction. This procedutewadd us to
finally obtain diphenoxy-substituted6 in 82 % vyield, thus
demonstrating the universality of Cul as a catafgstvarious
couplings of6 with the formation of a C-C, C-N, C-O, or C-I
bonds.

Palladium (0) catalyzed coupliffgpf 5-bromobenzothiophene
containing a nonsymmetric photochrome with functicaraines
was reported earliér. This time we decided to show applicability
of Pd (0) catalysis to the coupling of symmetribrdimide6 with
simple amines:n-amylamine and pyrrolidine, as primary and
secondary amines, correspondingly (Table 3).

Table 3. Palladium (0) catalyzed amination of dibromtle

Br Amine, t-BuONa R

Pd,(acac) 3
BINAP (cat.)
toluene, 85 °C/7 h S
17-18
Entry Amine R Product Yield
1 n-Amylamine H 17 93 %
—No~~
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2 Pyrrolidine _G 18 77 % Previously, we showed that the halide insertion into

: __ i nonsymmetric dithienylethenes did not cruciallyluehce the

Both reactions proceeded smoothly providing symimetr ahsorption spectra of the compouRtisin turn, symmetric
diamines after 7 h of stirring at 86. Lower yield of18 could be photochromes fully confirmed this observation disig
explained by the visually observed air sensitidifjthe product,  pasijcally no distinction in the absorption spectimth the
besides, to minimize its decomposition,@® was used during wavelengths of absorption band maxima for cycliovierand
the pur|f|cat|0n ofl18 instead of the trad|t|0na.”y employed silica values of absorption density for either unsubstduor halide-

gel. substituted compounds looked analogous, showing no
Thus, symmetric dibromidé was synthetically converted to dependence of these parameters on the halide origin

VariOUS diSubStitUted mOIeCUleS. BOth d|||th|athmfrﬁ, fo”OWed In Contrast’ |ntroduct|on of Other funct|ona| grsumto a

by addition of miscellaneous electrophiles, analgét coupling  symmetric structure led to essential differenceth@absorption

on either Cul or Pgacac) appeared to be reliable and effective hands (Fig. 2). While the absorption spectra ofitdie 14

methods for symmetric functionalization of corresponded to ones displayed by dihalides orubstituted”3,

dithienylcyclopentenes at the 5 and 5' positions e the presence of an electron-donating amino-groul¥ inot only

benzothiophene units. resulted in significant bathochromic shift, as cangal tol4, but

2.2. Spectral and kinetic characteristics also had notably increased the values of the abisorgSimilar

tendency was also observed ft8 with moderately electron-

Synthesized symmetric dibenzothienylcyclopente6e9-18 donating phenoxy groups, however, for this compobath the

together with known unsubstituted compowidiand previously bathochromic shift and the absorption rise wereasfsiderably

reported dichloride4”® were subjected for spectral and kinetic less value than that for diamino-substitut&d

studies at C = 2 x 10M in both toluened = 2.4) and acetonitrile The experimental data for all compounds are sunmadrin

(e = 36.1), as two chosen solvents of dissimilar gixds: Typical Table 4 xper pou u

photoinduced spectral changes in toluene solutienpeesented aple 4.

for “unsubstituted”3 and compoundd4, 16, 17 with diverse The molar extinction coefficient was measured fa tipen

functional groups (Fig. 2). form A before UV irradiation (Scheme 1) for each of the

recorded absorption maxima in both solvents, witteaception
for 14 in toluene where the absorption band appearedatex
wavelength (< 300 nm) and was, therefore, overcasthigy
solvent absorption. In order to describe the alismrpefficiency
of activating UV irradiationADB"h/DA values were calculated
using the obtained experimental daf®;""/D, is a value of the
photoinduced change of optical density at the marinmof the
absorption band for the cyclic forBinormalised to the value of
optical density at the maximum of the long-wavedoapison
band for the initial open fornA. Thus, comparison of these
values allowed us to estimate a light-sensitivitpetelence of
the compound on the nature of the group, introduoéadl the
benzothiophene moiety.

A

0.4

0.3

0.2

uv  vis

R . , A, nm

0.0 L
300 350 400 450 500 550 600

Fig. 2. Absorption spectra of dibenzothienylcyclopenteBegorange),14
(green),16 (red), andL7 (blue) in toluene after UV irradiation.

Table4. Spectral and kinetic characteristics for symmaetifenzothienylcyclopentenes in solution

Compound Solvent Aa, NM ea,Mcm? As, NM ADg""/Da Ka-s/Ks.a W% s
3(H) PhCH 301 9250 445 0.2 2.8 215
CH;CN 289 16750 438 0.1 3.4 70
300 15250
4 (Cl) PhCH 306 7500 455 0.2 3.7 375
CH;CN 296 8250 450 0.1 5.3 100
308 7000
6 (Br) PhCH; 312 6250 457 0.2 4.1 260
CH:CN 296 6500 450 0.1 4.3 90
308 6250
9(l) PhCH; 312 6750 460 0.2 - 225
CH:CN 298 10500 360 - - -
313 9500
10 (TMS) PhCH 302 8000 448 0.1 0.3 400
CH;CN 295 6000 442 0.1 3.7 60
306 5500
11 (CHO) PhCH 317 sh 8000 444 0.1 5.9 800
CH:CN 282 5750 442 0.1 9.9 115
324 2750

12 (COCHy) PhCH; 320 sh 6250 442 0.2 5.0 700



CHiCN 324 4500 440 0.2 6.9 120
13 (CHOHCH) PhCH; 306 7500 450 0.03 2.8 835
CH:CN 291 6750 445 0.1 3.3 40
303 6500
14 (CN) PhCH <300 - 445 0a 5.0 900
CH:CN 286 12500 445 0.1 5.5 180
15 (NHCOPh) PhCH 301 sh 4750 457 0.05 7.0 300
CH:CN 301 14500 460 0.02 8.3 110
16 (OPh) PhCH 306 8500 460 0.3 3.8 145
CH:CN 306 5750 455 0.2 4.4 55
17 (NHGsH1) PhCH; 330 10250 490 0.3 8.5 110
CH:CN 334 9500 480 0.3 8.7 195
18 (NC;Hg) PhCH 346 6750 496 0.6 16.4 25
CH:CN 350 5500 490 0.4 11.8 145

@ ADg""/D4go value was calculated.

Note: A4 and)g are wavelengths of absorption band maxima for @ehcyclic forms, respectively; is a molar extinction coefficient at the maximufitte

absorption band for the open formsoBis a value of optical density of the absorptiondat 300 nm for the open formu s a value of optical density at the

long-waved absorption band maximum for the opemfarDs"" is a value of the photoinduced optical densityhatmaximum of the long-waved absorption

band for the cyclic form in the photoequilibriunatt, ks and k » are rate constants for photocoloration and phetatiling reactions, respectivety**®is the

time required for a 50% decrease of a maximum vafyghotoinduced optical
under unfiltered light; sh stands for absorptioawtier.

As can be seen from Table 4, the absorption maximithe
cyclic form B for “unsubstituted”3 is located at 440-445 nm
(depending on the solvent) and remained practiaatighanged
with introduction of substituents of electron-withadiag nature
at 5- and 5'- positions. On the contrary, any etaeionating
character of the introduced functional groups aséhpositions
immediately resulted in significant bathochromidftshy up to
50 nm. Apparently, the electron-donating effect wesponsible
as well for higher light-sensitivity values observer
compoundg6-18.

In addition, this conclusion was confirmed by theaption
spectra of these compounds recorded in acetonibéspite the
fact that absolute values dDg™" in this solvent appeared to be
slightly lower than in toluene, all general obseivas recorded
earlier were also valid for the more polar media.

The described photochromes were subjected to rélersi
photoinduced transformations between openand cyclic B
forms, at first conducting the intramolecular cgation under
UV light, followed by the converse photobleaching gdare
with rate constants being calculated for each pscEgpical of

other previously studied dithienylethenes, the
dibenzothienylethenes displayed an immediate iserean
absorption density to a certain constant level undd/

irradiation, after which the formed solution was salgd to
visible light. Photobleaching of the formed colosmlutions was
also rather prompt, usually taking seconds untihltdoss of
color. Thus, the rate constant ratiQgkks.o for all compounds
appeared to be in the range of one order of madmifliable 4).

The only exception from the typical photochromich&eor
was observed for diiodid®. In fact, in the toluene solution of
this compound an intensity of photocoloration wastidectly
dependant on the time of the exposure to the UViatiah with
no complete decoloration after its exposure towiséble light
even for a prolonged period of time. At the sameetipractically

density at the maximunthaf long-wave absorption band for the cyclic form

visible light irradiation, thus discarding the pboliromic
potential of this compound.

We also found it important to study photodegradatid the
obtained compounds. For this purpose, the prepsskdions in
either toluene or acetonitrile were subjected to ralopged
exposure to high intensity unfiltered light (sinawieous UV and
visible light). The measuret,,*° value was recorded when the
absorption density at the maximum of the long-waalksorption
band for the cyclic form of the studied solutiomaked its 50%
decrease of the starting maximum value (Table 4ynidbzed
photodegradation curves are presented in Fig. 3:

A/Amax
1.0

0.8

0.6

L

200

1

300

1

400

1

500

i t,s
600

2 L
0 100

Fig. 3. Normalized photodegradation kinetic curves

dibenzothienylcyclopentene3 (yellow), 4 (green),6 (red), 11 (blue), 14

(orange),16 (pink), 17 (brown), andl8 (black) in toluene.

for

One general assumption that could be made fromhtened
data was that the presence of electron-withdrawingpgan the
body of the molecule noticeably increased the tasce to
photodegradation of the compound. Indeed, while

no coloration was observed under UV irradiation in thensypstituted”3 displayed an intermediary behavior pattern in

acetonitrile solution with absorption spectra reivenlseveral
growing peaks, all located in the UV region. Such dgen from
the regular photochromic behavior farshould be explained by
chemical decomposition of the labile C-I bond unddf and

toluene solution under unfiltered light, amino- aptenoxy-
substituted compounds underwent a considerablyjkquigrop in
absorption density. On the other hand, with an irszeaf
electron withdrawing ability of the substituent irettow: H < Br
< Cl < CHO < CN, the same tendency was observed while
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comparing the stability to photodegradation for
corresponding compounds. This important observasbould
definitely be considered while designing various tpbbromic
systems based on dithienylethenes.

At the same time, in acetonitrile solutions
photodegradation of the researched compounds tdede pat
higher rates than in toluene, usually reachings®® absorption
density drop within a minute or two. This might belkned by
the higher efficiency of UV irradiation in acetorligridue to the
absence of any absorption in the UV region for toisent, as
compared to toluene.

To study the photochromic properties
dibenzothienylethenes in the solid state we chosgpoandsll
and 17 bearing formyl- and amino- groups, respectively.cas
be seen from Table 5, both compounds retained phaimic
properties in either polymeric film (PMMA, C = 10 ssa %) or
straightforwardly accessed by evaporation solid.film

Table 5. Spectral and kinetic characteristics for dibenzathlicyclopentenes
11 and17 in the solid state.

Compound Media '™ g, ADBph/DA kA‘B/ kB‘A
nm nm
11 PMMA film 325 440 0.2 15
(CHO)  Solid-phase 336 451 0.2 *
17 PMMA film 338 500 0.3 69
(NHCsH1)  Solid-phase 338 496 0.4 80

* — data could not be obtained.

While UV light sensitivity (characterized byDg"/D, values)
for these compounds proved to be similar to vaheesrded in
the solution, rate constants for the process ofgiiteaching for
both compounds appeared to be much lower in the state.

It is worth mentioning that dibenzothienylethenesptiiyed
thermal irreversibility in solution, polymer, or lgb film. The
value of the photoinduced optical density in thetpkquilibrium
state remained unchanged within 24 hours in the danoom
temperature.

Finally, we decided to explore the influence of pusition of
a substituent in benzothienylethenes on photoclorqroperties
in a comparison mode. For this purpose, two acetigktituted
compounds were chosen with this functional groupither
5,5'- (12) or 6,6'- (5, R = COCH)* positions (Table 6).

Table 6. Spectral and kinetic characteristics for dibenzathiicyclopentenes
12 and5 (R = COCH) in solution.

Compound Solvent s, As, ADSPVDar  ka-sl Ty s
nm nm Kg-a
12 PhCH 320 442 0.2 5.0 700
(5,5-COCH;) CH;CN 324 440 0.2 6.9 120
5 PhCH 332 489 0.6 9.9 300
(6,6'-COCHy) CH:CN 286 480 0.6 11 60
328

Switching the position of the acetyl groups from'5t6 6,6'-
disubstitution led to a significant bathochromiciftsiof an
absorption band maxima for the cyclic form. Also,isth
modification resulted in higher UV sensitivity 5f(R = COCH)
in both toluene and acetonitrile solutions. At tlaens time, the
stability to photodegradation dropped with its valhmcoming
two times less, as compared to 5,5'-disubstitut2d Thus, the
particular location of the same functional group the
benzothiophene ring could noticeably influence
photochemical characteristics of the studied compdu
However, more specific generalizations on the ovendlllence
of various substituents in other than 5,5’-symneefrositions in

the

the

thedibenzothienylethenes could be done only after temidil

research on this subject.
2.3. NMR studies

Synthesized symmetric dibenzothienylcyclopentenese we
characterized usindH and *C NMR spectroscopy. While
solving the 'H spectra taken at room temperature we have
observed a significant broadening of proton peaksafl studied
compounds. Such behavior generally indicates tkernrediate
time-scale dynamic exchange of various protonfiénnbolecule.
Indeed, due to the relatively hindered rotationuath the C-C
bond that connects the thienyl and cyclopenteneetiegi, two

of distinct conformers with antiparallel and paralleieatatior?* of

two benzothienyl fragments could be stable at tteesime, as
shown on Fig. 4, with the existence of an individsetl of NMR
peaks for each rotamer. Room temperature, howeppeased
high enough allowing the mixture of two conformergeach its
fast exchange limit in solution, therefore leadiogan evident
fusion of most signals of both rotamers into brpadks. On the
contrary, cooling the sample to -8G allowed us to obtain two
well-resolved sets of signals, corresponding to viddial
antiparallel and parallel conformers (Fig. 5). Thgnamic
exchange between these signals was additionallyrooedi using
2D EXSY NMR spectrZ (Fig. 6).

Parallel

Antiparallel

Fig. 4.
dibenzothienylcyclopentenes with antiparallel anarafiel orientation of

Sketch of two conformers of  symmetric

benzothienyl fragments.

315K A A

2ok N AN A N

79 78 77 36 75 74 73 12 71 32 Y 28 26 24 22 20

Fig. 5. Temperature dependence 'sf NMR spectrum at 600 MHz of
dinitrile 14 in CDCl.
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The'H NMR signals of antiparallel and parallel rotamersave
distinguished using the remarkable difference & ghielding of
the nuclei by aromatic benzothienyl moieties. Thus, the
antiparallel conformer the methyl groups are lodétethe region
above the opposite aromatic rings (Fig. 4), leadiog a
significant shielding of its nuclei that resultedan upfield shift
of its signals’® For example, ifH NMR spectra ofl4 in CDCl,
at 220 K such a shift occurred from 2.30 ppm fothylesignals
in the parallel conformer (R) where no shielding of methyl
groups was possible to 1.92 ppm for the antipargltedition
(Ame)- Similarly, due to symmetric orientation of
benzothiophene fragments over each other in thellphlr
conformer, they also shielded the nuclei of eanl,rleading to
an analogous upfield shift of their signals, (Ps, P;) (Fig. 6).
Accordingly, in the spectra of dibenzothienyletheBge4, 6, 9 —
18 the signals of antiparallel rotamers were distisbad by up-
and downfield shifts of its methyl group and aromagroup
signals, respectively (see Supplementary data). Hemyethe
low-temperature NMR spectrum of dialcoHd with two chiral
substituents was too complicated to decipher (owimgthe
abundance of signals of diastereomerically and aromditionally
non-equivalent species) and was, therefore, exclfrdedfurther
discussion.

It is worth mentioning that despite the fact thabstantial
structure identification (based on the obtained NMRBta)
remained theoretically possibie,such analysis should be of
major complexity due to the dynamic nature of tiy@iébrium
between the two conformers, temperature dependendheof
observed chemical shifts, different values of tb&tion barrier
in the molecule, and other possible complications.

The integration of the corresponding signals ofheaxtamer
allowed us to roughly estimate the fraction of bsthtes in the
equilibrium in the solution. It was found that theoportion of
two conformers was directly dependant on the natdr¢he
substituent in the benzothienyl moiety (Table 7¢sBes, since

the

the difference in free Gibbs energy between two rotarogone
molecule was of the same order as the solvationagidis of
their solutes in most cas&sit was expected that the choice of
the solvent should also influence the relativeorati rotamers.
Indeed, as could be seen from Table 7, the praponif the
conformers varied over a wide range, depending looththe
substituent in the core and the solvent.

Table 7. Ratio dependence of antiparallel (A) and paral®lrbtamers on the
substituent (R) at 5,5’-positions of symmetric dibethienylcyclopentenes in
both CDC} and CRCN at 235 K.

Compound R CDGI CDChL  CD:CN  CDCN
A% (P),% (A% (P),%
3 H 71 29 50 50
4 cl 67 33 43 57
6 Br 59 41 39 61
9 [ 46 54 37 63
10 ™S 48 52 32 68
11 CHO 53 a7 43 57
12 COCH, 47 53 41 59
14 CN 75 25 37 63
15 NHCOPh 7 93 19 81
16 OPh 60 40 38 62
17 NHCsHy, 54 46 28 72
18 NC,4Hs 50 50 22 78

The influence of the substituent in the benzothéghring on
the preferred conformation of the molecule in dohutis best
seen on the halide-substituted compounds. Thutheimow R =
H, ClI, Br, I with an increase of the size of the Ilgalo atom the
proportion of the parallel conformation had als@réncreasing
in either solvent, with diiodid® displaying a majority of its
parallel-oriented rotamer even in non-polar chlorof at 235 K.
However, the molecules with other functional groupd dot
demonstrate any general regularities in the obdedvgribution
of antiparallel and parallel conformers with the yomlotable
exception of dibenzamid#s. Indeed, the parallel conformation
for this compound was totally dominating in chlonefo and
prevailing in more polar acetonitrile, as coulddadculated from
the'H NMR spectra. Apparently, the most logical explarmafior
this phenomenon should include the formation afaimiolecular
hydrogen bonds, which connected two amide moietig¢kinva
molecule. Such connection, therefore, would stresmgtim less
polar solvents, like chloroform, and slightly weakan polar
media, however, still governing the orientation lué tmolecule —
the fact that was in accordance with the observed fiat 15.

At the same time, the proportion of an antiparallel
conformation for all other benzothienylethenes tiahariably
dropped by switching to more polar acetonitrile. &¥plain this
observation by formation of a higher dipolar momémtthe
parallel orientation, as compared to the opposieition of
benzothiophene rings in the antiparallel conforomtiwhere
such a dipolar moment will be of less value duetsopiartial
qguenching. As acetonitrile has its dielectric constaf much
higher value, this solvent stabilized the conforsneith larger
dipolar moment much more efficiently than chlorafiof Thus,
one should expect a general raise of a parallatifna of a
corresponding symmetric benzothienylcyclopenthensalution
with an increase of the dielectric constant of thlgent.

For this purpose we have performed the measurenwdnts
dibromide6 in various deuterated solvents with either known or
calculated dielectric constants (Table 8). To owetight the
expectations were totally confirmed with an evideehd of a
smooth decrease of an amount of the antiparallefocmer in
the equilibrium between two rotamers as less stauilin more
polar media.
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Table 8. Ratio dependence of antiparallel and parallel retmmof
dibromide6 at 235 K on the dielectric constant of the solvent

Solvent Antiparallel, Parallel, g, 235 K &, RT
% %

Tolueneds 60 40 25 2.4
CDCls 59 41 6.1 4.8
CD.Cl, 50 50 12.0 8.9

Pyridineds 48 52 17.2 12.4

Acetoneds 45 55 29.1 20.7
DMF-d; 44 56 51.3 38.3
CDsCN 39 61 57.6 375

2 Dielectric constants at 235 K were obtained ugilglished equatiori.

P Values were obtained by interpolation of the mh#id equatiof®to the
temperatures, outside of the recommended interval.

This experiment had finally explained the observeder
values of absorbance in acetonitrile as comparechtoroform
for the same compounds at the identical conceatrstias was
mentioned earlier. Indeed, since dithienylethenes being
photoactive only in antiparallel conformation whttee parallel
rotamer could not photocyclize as a result of symnyne

forbiddance™ low interconversion between two conformers (due

to lower temperatures, or structural characteristishould
inevitably lead to a decrease in light-sensitivifya researched
benzothienylethene with an increase of a dielectitstant value
of the used solvent. Moreover, additional strongaimolecular
association in the molecule will certainly lead tmination of
one of the conformers in solution, thus signifitamfluencing
the photochromic properties of the correspondingypound.
Indeed, as was shown before, light-sensitivity oeditamidels
appeared it be inferior to any other analogous evatéi the
researched dibenzothienylethenes (Table 4). At #mestime,
with the help of NMR studies we have learned that Ifghra
conformation stabilized by intramolecular hydrogeonds was
by far dominating in this case in either chlorofosmacetonitrile,
as compared to other compounds, thus also exptpisirch
inadequacy in the observed absorbancd%or

crystalline photochromism by using a non-polar &fization
system such as hexane diffusion into a chlorofooft®n for
most compounds. The importance of a specific citidtion
system was neatly demonstrated with  4,4’-dinitro-
dibenzothienylperfluorocyclopentene  which  formed  two
polymorphic modifications with either photochromiatiparallel

or UV-inactive parallel orientation of benzothioplkeaimgs in the
molecule depending on the used solvént.

Ultimately, crystallization of the researched symmicet
dibenzothienylcyclopentenes furnished single ciystiaat were
subjected to X-ray analysis for a total of 10 comuis. It was
found that antiparallel (A) orientation of benzotbti@ne rings
was observed for dibenzothienylethede&Cl), 6 (Br), 9 (1), 14
(CN), 11 (CHO), and16 (OPh) (Fig. 7) with similar molecular
structures for these compounds, while the parallB) (
arrangement was established for dibenzothienyletheiid), 12
(COCH), 15 (NHCOPh), and8 (NC4Hg).

i3 ¢
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Fig. 7. General view of diphenoxy-substitutéd in representation of atoms
by thermal ellipsoids (p = 50%).

In order to resolve the question of whether an appea of
the specific conformation of the molecule has beeesult of the
crystal packing for each compound or its occurrenas been
dictated by inherent features (as a consequendeeofature of
the substituent in the core), we have performed B&culations
(PBE1PBE/6-311*G) for these compounds including both
antiparallel and parallel orientation.

Hence, low temperature NMR spectroscopy has shown that

the position of conformational equilibrium betweentiparallel
and parallel orientation can easily be influenceddth nature of
the chemical substituent in the molecular core aruthoice of a
solvent. These variable factors should enable eareber to
optimize the design of a potential dithienyletheneorder to

The obtained results of the DFT optimization for ibelated
molecules appeared to be in apparent agreement tlih
observed arrangement of the corresponding moleculethe
solid state. Indeed, according to our estimatioosly for
dibenzamidel5 the parallel position of benzothienyl fragments

increase the chances for certain needed physicochem Was more stable by 6 kJ/mol, while other compounddeé to

properties including its photochromic assets.

2.4. Molecular and crystal structure

Photochromism in the crystalline phase is a faverab

characteristic of dithienylethenes, which is not cwonly found.
Indeed, for realization of this phenomenon two fextshould
combine accordingly: the molecule must acquireahtparallel
conformation and the distance between two reactivetece
should not exceed an allowed limit of ~ 4.2°°A0nly two
examples of benzothienyl-containing
perhydrocyclopentenes that are photochromic inctlystal are
known to date including both symmeffiand nonsymmetrfé
examples. As we showed above, polarity of a solvanetlout
to play a crucial role in a conformer ratio incriegs the
percentage of the antiparallel orientation of twazmthiophene
moieties in the molecule in less polar solventseréfore, we
decided to enhance our chances in acquiring desegle-

substituted

prefer the antiparallel orientation (Table 9). Howevéhe
calculated differences in energdH) between two conformers
turned out to be moderate in general, varying fl@® to 7.2
kJ/mol with a negligible value of 0.3 kJ/mol for ‘fadel”
diketone 12. Another compound that preferred the parallel
conformation in the crystal — dipyrrolidirnk8 — also had a low
calculated value ofAE,p = -2.6 kJ/mol. In fact, the highest
calculated difference in energy was observed forideal
substituted benzothienylcyclopentenes (5.88 - 6KJImol),
dinitrile 14 (6.4 kJ/mol) and diphenoxy6 (7.2 kJ/mol) —
compounds with an established antiparallel orieomatiof
benzothiophenes in the crystalline state. At the esaime,
“unsubstituted”3 had retained the parallel orientation in the
crystal despite calculatefiE,» = -5.3 kJ/mol which appeared
slightly higher than the analogous value for “aatglel”
dialdehydell (-3.9 kJ/mol).



Table 9. The difference in energy and dipole moments ofpamtalel and parallel conformations of dibenzothieyclopentenes according to PBE1PBE/6-

311G* calculations.

3 2 6 9 11 12 14 15 16 18
(H) @) (Br) 0 (CHO) (COCHy) (CN) (NHCOPh) (OPh) (NCHq)
AEap, kJ/mol 5.3 6.1 6.2 5.9 3.9 03 6.4 6.0 72 26
D (A), D 11 0.8 0.7 0.8 0.3 3.7 35 5.8 0.9 3.2
D (P), D 15 4.3 4.2 4.3 8.0 6.1 9.6 7.7 2.3 45

However, in general, the definedE values should be
considered only as a rough way of estimation thdpshén
assessing the presence of various substituentsfadhy AE
depends not only on various external factors (like used
functional and the basis set) but also on the fiplaf the media
— especially for dibenzothienylethenes with highfesténce of
dipole moments for two conformers likd or 14. Indeed, such
difference calculated for two conformations for gbetwo
compounds turned out to be the largest in the wheles with
ADpp = 7.7 D for1l and ADp., = 6.1 D for 14 (while for

“unsubstituted3 this value equaled only 0.4 D). To illustrate this

point an optimization with the account for a nonsfiesolvation
(SCRF = PCM, acetonitrile) was carried out for ditgt1l4. As a
result, AE value had decreased to -1.6 kJ/mol still favorimng
antiparallel arrangement with the dipole momentseasing to
4.6 D and 13.3 D for antiparallel and parallel posi,
respectively.

The analysis of calculated differences in energgb(@ 9)
clearly showed that it cannot be rationalized im®of inductive
or mesomeric effects of the corresponding substitumdeed,
AE values were almost constant for halides and Cistguted
molecule but at the same time it appeared surgtisidifferent

for CHO and COCH substituents, which were both coplanar to
the aromatic ring and were characterized by comparab

calculated (benzothiophene)C-C(X)=O bond lengths &f74

and 1.492 A for X = H and CHrespectively. Also, the lack of

either electronic effect was supported by the aimlysf

geometrical parameters in the isolated molecules the

antiparallel arrangement. The values of the boadgths C(1C)-
C(5C), C(1C)-C(2) (see Fig. 7 for numeration ofnnasd and
C(5C)-C(2"), dihedral angle between the benzothioghdangs
and the torsion angle C(1)-C(2)-C(1C)-C(5C) were adm
identical in this orientation for dialdehydd and diketonel2,

thus clearly showing that the degree of conjugalietween the
pair of benzothiophene rings and the cyclopentariewas also
equal (Tables S1-S4 in Supplementary data). Furtber, these
geometric parameters remained equivalent for alldist

compounds in the antiparallel orientation negati@mgmajor
influence of a substituent on its values in thisxfoomation.

Therefore, the observed variation &E for the isolated
molecules can be rationalized only as a consequeh@me
specific intramolecular interactions, exclusivelgspible in the
parallel arrangement owing to a proximity of the ubstituents
to each other (an R...R interaction) and/or a prayirof an R-
substituent and the second benzothiophene ring Ramnr

interaction).

Given that geometric parameters cannot be considesezh
unambiguous indication of bonding interaction, wefgrened a
topological analysis of calculated electron deasifunctionp(r)

estimation of their energiéd* The additional benefit of QTAIM
is that it could be applied both fe(r) functions derived from
theoretical and XRD data.

For this purpose, we used “unsubstitut8dds a “reference”.
For this compound the critical point (CP) searclitoantiparallel
arrangement showed all expected C-H, C-C and C-Sshasd
well as two H...H interactions involving benzothiophene
hydrogen atoms C(8), C(8") and -gHatoms C(2C) and C(4C)
of the cyclopentene ring (Fig. 8). Such interadtiare rather
common for various organic compounds and are freitye
responsible for conformational stabilizatiti> The formation of
these C-H...H-C interactions resulted in the presemte
additional ring critical points (RCP) (3,+1) assded with the
formed 7-memebred rings. It should be noted thatseparation
between the above BCP for H...H interactions and the RCP
appeared to be rather large, indicating that thedéo represented
a “stable fragment” of the molecular graph. These HH...
interactions were the only weak interactions beiresent in the
case of the antiparallel position of the benzothae rings with
an almost equal H...H separation of 2.15 A and 2.25 A.
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Fig. 8. Molecular graph for “unsubstituted®’in the antiparallel conformation
according to the DFT calculations. Red and yellamtsccorrespond to (3,-1)
and (3,+1) critical points, respectively.

On the contrary, in the parallel arrangemenB8dhe number
and type of intramolecular interactions became mairerse
(Fig. 9). In addition to the already described H...lteiactions
between benzothiophenes and a cyclopentene ring,
intramolecular H...C and C...C interactions were also
established between the —CHroup and the spatially opposite
benzothiophene ring of the same molecule. In centta the
antiparallel orientation, the separation betweenctiteesponding
BCP and RCP in the parallel position turned outbéorather
small (at least for H.r interactions) indicating that even
smallest perturbations of the system can cause thesd paths

within Bader's quantum theory of “Atoms in Molecules” and BCP to disappear.

(QTAIM).** In addition to distinguishing bonding (stabiliz)ng
interactions from all other contacts based on tbedbcritical
points (BCP) (3, -1) search, it also allowed higlagcurate
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!( Fig. 10. General view of diketon&2 in representation of atoms by thermal
ellipsoids (p = 50%).

Fig. 9. Molecular graph for “unsubstituted3 in the parallel conformation
according to the DFT calculations. Red and yellmtsctorrespond to (3,-1)
and (3,+1) critical points, respectively.

Despite the fact that the number of intramolecuiéeractions
in 3 in the parallel conformation notably exceeded ¢hos the
antiparallel arrangement, the latter could be aulidly
stabilized by a “conjugation pass” increase, whishairather
common effect for polyenéS. The same explanation for
stabilization of an antiparallel conformation shibudle retained
for other substituents, such as halides, -CN, artdCG-@roups
since the characteristic sets of CP in both condétions (i.e. the
number and the type of intramolecular interactionthe isolated

/=
BIS 1S P g o
molecule) for all these compounds perfectly coiadidvith the ¥ 9 o N

data obtained foB.

However, while in the antiparallel arrangement the
characteristic set and the geometry of the molsa@mained the
same for all dibenzothienylcyclopentenes, the dhicdion of R =
COCH;, NHCOPh, and NgHg substituents to the molecule had
led to formation of additional interactions in thearallel
conformation. Thus, in diketonel2 intramolecular R...R
interactions of a C-H...O=C type were discovered (with @... C(30)
and C...O distances being equal to 2.48 A and 3.442 A,
respectively). At the same time, the presence oflargroups in
15 resulted in the expected intramolecular N-H...O hydrog
bond formation (H...O = 2.09 A; N...O = 3.088 A), while in
dipyrrolidine-substituted18 the parallel conformation became
stabilized by an R...benzothiophene interaction dfi C« type
(H...C = 2.84 A; C...C = 3.674 A). The energy values d th
above intramolecular interactions were estimated ngusi
Espinosa’s correlatiofl, giving 7.0, 16.3, and 4.2 kJ/mol for
dibenzothienylethenek?, 15, and18, respectively.

At the same time, the independently obtained XRD (Figs st &
12) data had perfectly confirmed the disclosed REIEulations
for these compounds in the parallel conformation.

Fig. 11. General view of dibenzamid&5 in representation of atoms by
thermal ellipsoids (p = 50%).

C5)  cle) -, Ccl2

Fig. 12. General view of diamind8 in representation of atoms by thermal
ellipsoids (p = 50%).

Despite additional intermolecular interactions fouind the
crystalline packing, such as O=C...@&) (stacking (C...C =
3.343(3) A) for diketond2, hydrogen bonding N-H...O (N...O
= 2.862(2) A) for dibenzamid#s, and various H.n and H...H
contacts for diamin&8, all the intramolecular contacts calculated
for the isolated molecules were also located indtystal. Not
only these R...R and R...benzothiophene intramolecular



interactions persisted in the crystal, but moreptresir geometric
parameters turned out to be rather close to thettmated for the
isolated molecules. The comparison of these datariiéng the
mutual disposition of benzothiophene rings had edsealed that
the crystal packing effects could only insignifidgndisturb the
molecular parameters in the parallel orientation.

Thus, for at least three dibenzothienylethenes wlitrerse
substituents (R = NHCOPh, COgHind NGHg) the domination
of the parallel conformation in the solid state ¢enconsidered
as an inherent feature of these compounds, ieswdtrof specific
intramolecular interactions of the introduced greum the
benzothiophene core. Therefore, it would be logioapropose
that DFT calculations should be considered as jfiigbractical
way to exclude the potential substituent that wotddbiize the
parallel conformation of the molecule, which is cityi
unfavorable while pursuing a search for the phatoiic
phenomenon in the solid state.

Although DFT modeling can be used to define particula

substituents that will stabilize the parallel confiation, and as a
consequence, identifying the antiparallel orieotaif molecules
in the crystal for others, it still cannot assureleotochromic
behavior of the latter in the solid state due @ispensability of a
certain proximity (< 4.2 A) between the reaction eest
C(2)...C(2") for photocyclization reaction to proceduadeed, the
mutual position of benzothiophene units in the parallel
conformation, where no intramolecular interactioresd Hboeen
restraining these rings, could notably vary, agslt of crystal
packing, affecting the crucial C(1)...C(1’) distande this
conformation. Besides the mentioned distance, timm of two
benzothiophene fragments could also be characterine a
pseudotorsion angle C(2)-C(C)1)-C(2) (@. As was
calculated for the isolated molecules in the améfbel
orientation, both these parameters turned out tedng similar
varying in the ranges of 3.641 — 3.671 A and 8181-8°, thus
satisfying the photochromism requirements.

predominantly H...H and H..interactions i, 6, and14; and
[...1'(3.913 A) and I...S 3.614(3) A interactions @), the
C(1)...C(1) distances ang values appeared in a rather close
range for these compounds amounting to 5.36 —A.40d 5.302

A (9), 121.6 — 124.3° and 126.9)( respectively.

For dialdehydell the molecular structure parameters were
much closer to the threshold values from the staimdpof
photochromic properties. In fact, for this molec@lehich was
also on a gaxis) the key distance between two photoreactive
centers C(1)...C(1)) equaled 4.162(3) A which accuyatel
coincided with the border value needed for photottism in a
crystal established by Irie. At the same time, thgleg = 92.8°
in 11 became much closer to the calculated “ideal” \&lfe81 —
82° than it was in the halide- and CN-substitutedese It is
worth mentioning, that in both dialdehydel and similarly
structured diketonel2 the molecules in the crystal were
assembled into stacks by interactions formed betvieerC=0
group and the aromatic cycle of the neighboringzb#riophene
ring. We presume that this type of intermoleculatetiactions
should be mainly governed by the nature of a suiestt rather
than by the conformation of the corresponding mdkedn the
crystal, which was antiparallel fad and parallel fod2.

Hence, only in case of photochromic diphenoxy-stiistil 16
(Fig. 7), the found C(1)...C(1’) distance equaled73®) A — the
distance that was not only shorter than the caledl#treshold
but even shorter than it was estimated in the gasegtwhile the
¢ value was almost identical (80.5°) to that obtaifreth DFT-
modeling (81.1 — 81.8°).

Why had this compound with the phenoxy substituents
appeared to be so different from the others? Singly, but the
phenoxy groups itself were not involved in any sfieci
interactions in the crystal packing. Yet, anotheigua type of
interactions has been determined for this compotima:sulfur
atoms had interacted simultaneously with two benaptiene
moieties of the neighboring molecule by means ofaS(S...C

However, this was not the case for most crystallized3.397 — 3.489 A) and weak S. sElcontacts (Fig. 14). It is worth

dibenzothienylcyclopentenes with the antiparallehagement in
the packing. In fact, only diphenoxyt6 had displayed a
possession of this uncommon attribute with its edgsturning
orange (Fig. 13) under UV-irradiation while other stallized
compounds (halide-, CHO-, and CN-substituted) regthin
uncolored under same conditions. It was establiskieat, the
distances between two reactive centers in the csykinhll these
benzothienylethenes varied from 3.570(1) A to 5.2Dp&( while

@ diverged from 80.5° to 126.9°.

Fig. 13. Microscope photographs of a crystal of diphenoxXyssituted 16
before and after photoirradiation with UV light.

Thus, in the series of halide-
dibenzothienylethenes, all of these compounds.thmitdiiodide
9, were found isostructural (when the molecule istanG, axis)
while the diiodide itself crystallized in anotherasp group (with
the molecule in a general position). Although thestal packing
pattern for dibenzothienylethends(Cl), 6 (Br), 9 (I), and 14
(CN) was ascertained to be, in principle, rathefedént (with

and CN-substituted

noting, that similarly to the role of sulfur atorirs this crystal
structure, multiple various intramolecular interags had kept
the benzothiophene fragments together in the gh@iientation,
as was observed fot2 (COCH), 15 (NHCOPh), and18

(NC4Hg). Moreover, the cell dimensions foi6 remained
unchanged in the crystal of this compound obtaifrech the
polar system of solvents: on slow methanol diffusioto the
acetone solution. This experiment proved the doti@naof

certain intra- and intermolecular interactions ioverning the
crystal structure formation with little or no impaftthe media.

Fig. 14. lllustration of the formation of Sax. and S...HC contacts in the
centrosymmetric dimer of diphenoxy-substitui€d
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Besides, the shortening of the C(1)...C(1’) distaimcéhe
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3. Conclusion

crystal of16 as compared to the same parameter obtained for the

isolated molecule attested to some influential aative
interactions developed in the crystalline stateodder find out
whether these interactions appeared to be the tedcH..x and
S...H contacts or resulted from the transannular CQ{1.)
interaction we have performed a high resolution Xd#fraction
experiment for16 followed by topological analysis of the
resulting experimental electron density.

According to these experimental data, the main featof the
electron density distribution in this dibenzothiktlene
followed the rather typical pattern for the orgaoiempounds. In
particular, deformation electron density maps showbd
maxima corresponding to covalent bonds and eledtoa pairs
of the sulphur atoms. The topological parameterg(of in the

Synthetic approach to diverse 5,5-substituted sgtnim
dibenzothienylcyclopentenes has been  developed
straightforwardly accessible dibromi@ehat could be considered
as a universal starting material for this purpo&hemical
substitution of bromides if via either the dilithiation procedure,
followed by the reaction with different electrophilesr
catalytically induced coupling with various nucledeh
provided a symmetric formation of new C-C, C-N, C-OSiC
and C-1 bonds in the body of the molecule. The ioleth
compounds were profoundly studied in both solutiod agolid
state in order to explore the dependence of phototils
properties of this class of dithienylethenes on ghbstituent in
the benzothiophene ring. It was shown that all comgdsu
displayed standard for dithienylethenes photochcopnoperties

via

crystal of16 were rather close to those in the isolated moleculén solution, with the exception for diiodid® which underwent

with the antiparallel arrangement; however, in thgstline
state the shortening of the interplane distancevédmmt the
benzothiophene rings had led to two additional; CE&(2) and
CHs...C(2") contacts with an energy as small as ~2.1 kJfig.

15). The essential Sz.and S...H contacts that had drawn thethe same

cycles together were both characterized by the poesef BCP,

at the same time, no C(1)...C(1") interaction wereedid.

While the energy of an individual interaction wasidid to be
rather low; yet, combining together it added up @ I&/mol in

total. In fact, this value is comparable with thosé& the

corresponding intramolecular contacts in the paralirangement
described earlier for dibenzothienyletherigs 15, and 18, the

interactions that were proven to be responsiblstabilization of

such conformation in the solid state for these coumpls.

Fig. 15. Molecular graph for diphenoxy-substitutgél according to the high
resolution XRD. Red and yellow dots correspond3tel( and (3,+1) critical
points, respectively. Part of the neighboring moleds omitted for clarity.

Hence, the combination of DFT and XRD investigatioas h
enabled us to explain the forces responsible focegain
conformation of a dibenzothienylcyclopentene molecn the
crystalline state. On one hand, its parallel origmtain the
crystal is being governed by intramolecular intéoars of
specific substituents in the benzothiophene rirgsl therefore,
can be predicted by DFT calculations. On the othaerdh the
antiparallel arrangement is caused by various rimyégcular
interactions that can stabilize the particular rmutlisposition of
aromatic rings. Depending on the origin of suchraxtéons and
their spatial orientation the parameters of thestadystructure,
including the crucial C(1)...C(1’) distance, mightryagreatly,
thus making the target search for photochromic @rigs of
dibenzothienylethenes in the crystalline phase erath
problematical. However,a priory exclusion of potentially
“parallel” structures with a help of DFT analysis shb
considerably assist a researcher in this pursuit.

decomposition under UV irradiation. Besides, an thiidion of
the substituents of an electron-donating nature tedthe
bathochromic shift of the absorption maxima andrtise of the
light-sensitivity for the corresponding compoundssolution. At
time, an improvement of the resistance
photodegradation for this class of photochromes elzserved
with an increase of electron-withdrawing ability d¢fetgroups
introduced to 5- and 5-positions of the benzothiepe rings.
NMR studies revealed that two distinct rotamers wittiparallel
and parallel orientation of benzothienyl fragmemtssted in
solution, interconversion of which could be comgiete
suppressed at -50C. The ratio of two conformers was
established to be dependant on both nature of tesmical
substituent in the molecular core and a value ef dielectric
constant of the solvent. Moreover, symmetric
dibenzothienylcyclopentenes also occupied eithéparallel or
parallel conformation in the crystalline phasewés found that
the latter was controlled by intramolecular intei@ats of
particular substituents in the benzothiophene riraged hence
could be predicted by DFT calculations for the asedl
molecules. On the contrary, the antiparallel arramy@ of the
rings was being governed by different intermoleculsgractions

in the crystal packing, thus excluding the posgibilof a
predictive foresight towards photochromic properties single
crystal. Only diphenoxy-substituted16 had displayed
photochromism in the crystalline state in the wheégies of
compounds. High resolution X-ray analysis showed that
intermolecular S.m and S...H contacts were primarily
responsible for this phenomenon by drawing the biizohene
cycles together, and therefore, shortening theanist between
two reactive centers C(1)...C(1’), thus allowing the
photocyclization reaction to proceed.

to

Overall, we have presented a comprehensive researchis
class of dithienylethenes both in solution and dsaliate. The
obtained data and observed regularities in photoater behavior
should greatly assist a researcher in this field@signing of
future photochromic dithienylethenes.

4, Experimental section
4.1. General

All reactions were carried out under argon atmosphere
Solvents were dried by the usual methods and thstiflelil prior
to use. NMR spectra were obtained at 300 MHZ#bNMR and
at 75 MHz for>C NMR with chemical shift values in the spectra
being referenced to the solvent. Temperature depefid NMR
spectra were recorded using Bruker Avance 600 speetss
(working frequency 600.13 MHz). Variable temperatuné was
calibrated using ethylene glycol and methanol semfpbr high



and low temperature, respectively. The measurenvesits done
using deuterated solvent’s residual signal as tmrial reference.

8.4 Hz,J = 1.8 Hz), 7.61 (d, 1H] = 8.4 Hz), 7.80 (d, 1H] = 1.8
Hz); C NMR (75 MHz, DMSOd,) 5 16.1, 118.0, 120.8, 123.2,

2D H-'H EXSY spectra were obtained using 400 ms mixingl25.1, 126.2, 138.2, 142.0, 142.9; anal. calcdGgt,BrS: C,

time. Data acquisition and processing were performeith
Topspin 2.1 and Mestrenova 9.0.0 software, respaygtiv
Elemental analyses were carried out with a PerkimeEICHN
analyser (2400 series 1l). High resolution mass tspdéiR MS)
were measured on the Bruker micrOTOF Il instrumesing

electrospray ionization (ES1§.The measurements were done in a

positive ion mode (interface capillary voltage -0@5V) or in a
negative ion mode (3200 V); mass range frafn 50 tom/z 3000
Da; external or internal calibration was done withcElespray
Calibrant Solution (Fluka). A syringe injection wased for
solutions in acetonitrile, methanol, or water (flaater 3uL/min).
Nitrogen was applied as a dry gas; interface temperatas set
at 180°C. IR spectra were recorded on Nicolet Magna-IR 75
spectrometer. Spectral and kinetic studies were wed with
«Cary 50 bio» (Varian) spectrophotometer using artqueell
with a path length of 0.2 cm. Irradiation was perfednby
Hamamatsu LC-8 spot light source equipped with eitiggt
filters UFS-1 (240-400 nm) for photocoloration (withadiance |

= 11 mW/cr) or ZHS-16 (460-2800 nm) for photobleaching
(with irradiance | = 11 mW/cf) processes; no filter was used for
photodegradation studies (with irradiance | 94 mw)
Concentration of the photochromic compounds intsmiuwvas C

47.60; H, 3.11; S, 14.12; found: C, 47.45; H, 3.0914618.

4.2.2. 1,5-Bis-(5-bromo-2-methylbenzo[b]thiophen-3-yI)-
pentane-1,5-dione 8. To a solution of 5-bromo-2-
methylbenzo[b]thiophene (4.2 g, 18.4 mmol) and ajiylt
chloride (1.55 g, 9.2 mmol) in dry dichloromethg66 mL) at -
15 °C aluminum (lll) chloride (2.7 g, 20.3 mmol) was adda
portions within 30 min under argon atmosphere. Té&ction
mixture was stirred at @C for 2 h and then at rt for 12 h. The
solvent was evaporated, and water was added to tiderssidue
on cooling. The suspension was filtered, and thel soi filter
was consequently washed with water, ethanol, and azdton

ive 4.5 g (89%) of beige solid after dryidgt NMR (300 MHz,

MSO-dg) 6 2.01-2.11 (m, 2HJ = 6.5 Hz), 2.81 (s, 6H), 3.09 (t,
4H,J = 6.5 Hz), 7.52 (d, 2H) = 8.4 Hz), 7.92 (d, 2H) = 8.4
Hz), 8.38 (s, 2H)*C NMR (75 MHz, DMSOsd,) 6 16.6, 18.7,
42.1, 118.8, 123.8, 125.9, 127.2, 132.0, 135.7,.9.3949.9,
198.1; HRMS (/2 [M + H]" caled for G3H,¢Br,0,S,, 550.9168;
found 550.9163.

4.2.3. 1,2-Bis(5-bromo-2-methylbenzo[b]thiophen-3-
yl)cyclopent-1-eneg). Titanium (IV) chloride (8.9 g, 46.8 mmol)
was added in a dropwise manner to a well-stirred sisépe of

=2 x 10" M. Toluene and acetonitrile from «Aldrich» were usedzinc dust (12 g, 185 mmol) in dry tetrahydrofurd®@ mL) at -

as solvents. Polymer films and solid-phase filmsemarepared
by casting method on quartz plates with an estimtitieiness of
the formed film being 100-150 um. Preparation opadymer
included addition of 100 mg of polymethyl methaeatgl
(PMMA) to the solution of 0.5 mg of the correspargli
dibenzothienylcyclopentene in chloroform (1 mL).li&gphase
films were prepared from solutions
dibenzothienylcyclopentenes in toluene (C = 2 £ M). Photos
of crystals of16: Olympus BH2, Olympus Splan Apo 4, NFK
2.5, reflected light.

4.2. Synthesis of dibromide 6

of

4.2.1. 5-Bromo-2-methylbenzo[b]thiophem®. On coolingt-
BuOK (27.4 g, 245 mmol) was dissolved in absolute E{@B0
mL) and to the clear solution 4-bromothiophenol.§3§, 204
mmol) was added in one portion. The formed homogemeo
solution was stirred at rt for 1 h. 2-Bromopropiatedyde
diethyl acetal (51.6 g, 245 mmol) was then added tr&
suspension was kept at reflux for 24 h, after tlisetTLC
analysis showed no 4-bromothiophenol left in thectiea
mixture. EtOH was evaporated and the residue wasldésbm
CH,CI, and water. The organic layer was combined with@H
extracts of the aqueous phase, washed sequentialyweter
and brine, and dried over p&O, The liquid residue after
evaporation of the solvents was distilled in vacugive 57.3 g
of slightly yellow liquid (136-137C / 1 mm), which was used in
the next step without additional purification.

To a well-stirred suspension of polyphosphoric deid4 %,
120 g) in boiling chlorobenzene (350 mL) intermeelidiethyl
acetal was added in small portions within 3 h. Thetuné was
kept at reflux for a total of 8 h, after this tinT&C analysis
showed no starting material left in the reaction tome. At this
point water was added with formation of two clear layarhe
organic layer was separated, combined with ethybéeeixtracts
of the aqueous phase, then washed sequentially witkr \ead
brine, and dried over N80O,. The residue after evaporation of
the solvents was sublimed in vacuo (95-2G0/ 1 mm) to give
37.9 g (82% for two steps) of white solid: mp 93°95'H NMR
(300 MHz, CDC}) ¢ 2.60 (s, 3H), 6.92 (s, 1H), 7.35 (dd, 1Hs

15 °C under argon atmosphere. The suspension was stitred
for 1 h, then dry pyridine (3.7 g, 46.8 mmol) wasled followed
by addition of diketon@® (8.6 g, 15.6 mmol) in one portion. The
suspension was refluxed for 10 h, after this timeCTanalysis
showed no starting material left in the reaction tome. Water
(2.8 g, 155 mmol) was added with stirring, and thepgnsion
was filtered through a silica plug. The filtrate wpartially
evaporated, and hexane was added under reflux. Tdaugt
crystallizes on cooling as colorless crystals. Tlieate was
evaporated and the solid residue was subjectedi¢a gel flash
column chromatography (hexanes) to additionallyegipure
product as white powder. Combined weight amounted ¢6.9
(85%). High quality single crystals suitable for &yrdiffraction
were grown from ethyl acetate solution by slow evafimma mp
216-218°C; 'H NMR (300 MHz, CDCJ) § 2.05 (s, 6H), 2.10-
2.23 (m, 2HJ = 7.2 Hz), 2.70-3.10 (broad m, 4H), 7.12 (d, 2H,
= 8.5 Hz), 7.33 (d, 2HJ = 8.5 Hz), 7.61 (s, 2H)"C NMR (75
MHz, DMSO«g) ¢ 15.1, 23.9, 37.6, 118.0, 123.1, 124.4, 124.9,
125.5, 126.3, 136.7, 136.8, 140.7; IR (KBr, 9m 2920, 2840,
1579, 1553, 1433, 1413, 1247, 1147, 1067, 958, 888, 741,
anal. calcd for GH;¢Br,S,: C, 53.30; H, 3.50; Br, 30.83; S,
12.37; found: C, 53.35; H, 3.31; Br, 30.71; S, 12.32

4.3. General experimental procedurefor dilithiation

To a stirred clear solution of dibenzothienylethén@06 mg,
0.4 mmol) in freshly distilled THF (15 mL) at -8C n-BuLi (1
mL, 1.6 M) was gradually injected. After 20 min atisth
temperature the corresponding electrophile ifl THF — 3.2
mmol; TMSCI — 4.5 mmol; DMF — 4.1 mmol; GEONH, — 3.5
mmol; CHCHO — 4.5 mmol) was added, and the temperature
was allowed to rise to 8C. After addition of water (0.2 g, 11
mmol) the formed suspension was evaporated and ctabtjéo
silica gel flash column chromatography to give ¢angaterial.

4.3.1. 1,2-Bis(5-iodo-2-methylbenzo[b]thiophen-Zytjopent-
1-ene 9) via dilithiation. The general procedure was slightly
modified at work up. To the reaction mixture satedaNaS,0;
solution and brine were added, and the organic layas
separated and combined with ethyl acetate extrattthe
aqueous phase. Evaporation of the solvents provatedily



14

residue which was dissolved in THF and filtered tiglowa
silica plug. After evaporation of the filtrate thesrdue was
subjected to silica gel flash column
(hexanes/ethyl acetate) to give 200 mg (82%) oftevisolid.
High quality single crystals suitable for X-ray dé€tion were
grown by slow diffusion of hexanes into the chloroficsolution:
mp 170-171°C; '"H NMR (300 MHz, CDCJ) § 2.22 (s, 6H),
2.16-2.32 (m, 2H), 2.85-3.05 (m, 4H), 7.32 (d, 2H; 8.3 Hz),
7.39 (d, 2H,J = 8.3 Hz), 7.78 (s, 2H)**C NMR (75 MHz,
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4.41. 1,2-Bis(5-iodo-2-methylbenzo[b]thiophen-Iytlopent-
1-ene 9) via halogen exchangeDibenzothienylethen® (150

chromatographymg, 0.29 mmol), copper (I) iodide (55 mg, 0.29 mnebdium

iodide (348 mg, 2.32 mmol), and N,N’-dimethylethydeimmine
(102 mg, 1.16 mmol) were sequentially placed infchott tube
under argon atmosphere. Dioxane (4 mL) was then added
washing all the solids from the walls of the tubee Tkaction
mixture was stirred at 118C for 24 h, after this time TLC
analysis showed no starting material left in thectiea mixture.

CDCly) ¢ 15.0, 23.9, 37.6, 89.0, 123.4, 129.4, 131.1, 131.8THF was added, and the formed suspension was filtaredgh

136.7, 137.4, 137.5, 141.0; IR (KBr, 'dfynv 2914, 2840, 1571,
1548, 1428, 1405, 1250, 1150, 1067, 964, 869, 862; anal.
calcd for GiHql5S;: C, 45.12; H, 2.96; |, 41.45; S, 10.47; found:
C, 44.64; H, 2.88; 1, 40.49; S, 10.23; HRMS/9 [M + H]" calcd
for Cy3H14l,S;, 612.9012; found 612.8992.

4.3.2. 1,2-Bis(2-methyl-5-(trimethylsilyl)benzo[bliphen-3-
yhcyclopent-1-ene 10). 180 mg (90%) of colorless foam
(hexanes) were obtainett NMR (300 MHz, CDCJ) 6 0.08 (s,
9H), 0.33 (s, 9H), 1.92 (s, 3H), 2.19-2.32 (m, 5H)72632 (m,
1H), 2.82-2.98 (m, 1H), 3.10-3.29 (m, 2H), 7.22-7.4Q @H),
7.56-7.73 (m, 3H), 7.78-7.89 (m, 1H}’C NMR (75 MHz,
CDCly) 6 -0.9, 15.0, 24.6, 38.1, 121.4, 123.3, 127.4, 1,21739.2,
135.0, 135.8, 137.4, 139.2; IR (KBr, ¢jnv 2954, 2846, 1433,
1399, 1267, 1247, 1176, 1098, 1053, 838, 804, ARAVIS (M/2
[M + H]" calcd for GgH36S,Si,, 504.1791; found 504.1774.

4.3.3. 3,3'-(Cyclopentene-1,2-diyl)bis(2-
methylbenzol[b]thiophene-5-carbaldehydd)ll)( 138 mg (83%)
of white solid (hexanes/ethyl acetate) were obtaihigh quality
single crystals suitable for X-ray diffraction wegewn by slow
evaporation of the chloroform solution: mp 1@5dec.;"H NMR
(300 MHz, CDCY}) ¢ 2.21 (s, 6H), 2.35 (quin, 2H,= 7.4 Hz),
2.93-3.17 (m, 4H), 7.65 (d, 2H,= 8.2 Hz), 7.71 (d, 2H] = 8.2
Hz), 8.02 (s, 2H), 9.77-10.03 (broad s, 2HE; NMR (75 MHz,
CDCly) ¢ 15.2, 23.9, 37.9, 122.5, 123.5, 124.7, 130.8, 8,32.
137.0, 138.2, 139.2, 144.4, 192.0; IR (KBr,"jm 2914, 2720,
1685, 1588, 1553, 1433, 1376, 1304, 1193, 11417 18@6, 715;
HRMS (/2 [M + H]" calcd for GsH,0,S,, 417.0977; found
417.0966.

4.3.4. 1,1'-(3,3'-(Cyclopentene-1,2-diyl)bis(2-
methylbenzol[b]thiophene-5,3-diyl))diethanonel2)( 92 mg
(52%) of white solid (hexanes/ethyl acetate) weraiolkd. High
quality single crystals suitable for X-ray diffraat were grown
by slow evaporation of the chloroform solution: n§51186°C;

'"H NMR (300 MHz, CDCJ) 6 2.08-2.20 (m, 3H), 2.23-2.41 (m,
8H), 2.60-2.71 (m, 3H), 2.83-3.01 (m, 2H), 3.09-3.84 @H),
7.66 (d, 2H,J = 8.2 Hz), 7.71-7.79 (m, 2H), 8.01-8.10 (m, 1H),
8.11-8.23 (m, 1H);®*C NMR (75 MHz, CDCJ) ¢ 15.2, 23.9,
26.3, 38.0, 121.9, 122.6, 122.9, 130.8, 133.4,8,387.8, 138.9,
143.0, 197.8; IR (KBr, cf) v 2926, 2846, 1677, 1585, 1428,
1362, 1307, 1267, 1230, 1050, 907, 821, 809; HRM&) (M +
H]" calcd for GH,40,S,, 445.1290; found 445.1296.

4.3.5. 1,1'-(3,3'-(Cyclopentene-1,2-diyl)bis(2-
methylbenzol[b]thiophene-5,3-diyl))diethan&B). 145 mg (81%)
of white solid (hexanes/ethyl acetate) were obtaingu111-112
°C; '"H NMR (300 MHz, CDCJ) 6 0.96-1.04 (m, 1H), 1.08-1.19
(m, 1H), 1.39-1.51 (m, 4H), 2.10-2.43 (broad m, 1@i32-3.18
(broad m, 4H), 4.73-4.90 (m, 2H), 6.96-7.13 (m, 2H3%877.59
(m, 2H), 7.66-7.78 (m, 2H)>C NMR (75 MHz, CDCJ) ¢ 15.0,
23.8, 25.4, 37.9, 70.6, 118.6, 121.0, 121.6, 13036,4, 136.9,
137.2, 139.4, 142.0; IR (KBr, chhv 3411, 2971, 2926, 2846,
1545, 1442, 1370, 1293, 1199, 1150, 1075, 895, &RMS
(m/2 [M + H]" calcd for G;H,40,S,, 448.1525; found 448.1503.

4.4, Copper (1) iodide catalyzed coupling of dibromide 6

a silica plug. After evaporation of the filtrate etlesidue was
subjected to silica gel flash column chromatography
(hexanes/ethyl acetate) to give 165 mg (93%) of evbitid.

4.4.2, 3,3'-(Cyclopentene-1,2-diyl)bis(2-
methylbenzol[b]thiophene-5-carbonitrile) 14).
Dibenzothienylethené (150 mg, 0.29 mmol), copper (I) iodide
(55 mg, 0.29 mmol), potassium iodide (48 mg, 0.2&at),
sodium cyanide (57 mg, 1.16 mmol), and N,N'-
dimethylethylenediamine (102 mg, 1.16 mmol) wereusedgjally
placed into a Schott tube under argon atmospheskieiie (2
mL) was then added washing all the solids from thdswalthe
tube. The reaction mixture was stirred at 220for 20 h, after
this time TLC analysis showed some of monosubsttute
intermediate left in the reaction mixture. All reageewere added
at this point once again in the same quantitielevi@d by 2 mL
of toluene, and the well-stirred reaction was addilty kept at
120 °C for 20 h to complete the transformation. Hot remcti
mixture was filtered through a silica plug followey hot ethyl
acetate. After evaporation of the combined filtrgie residue
was subjected to silica gel flash column chromatolgya
(hexanes/ethyl acetate) to give 105 mg (88%) oftavisolid.
High quality single crystals suitable for X-ray dé€tion were
grown by slow diffusion of hexanes into the chloroficsolution:
mp 272°C dec.;'"H NMR (300 MHz, CDCJ) 6 2.16 (s, 6H), 2.32
(quin, 2H,J = 7.4 Hz), 2.90-3.10 (m, 4H), 7.39 (d, 2BH= 8.2
Hz), 7.69 (d, 2H,J = 8.2 Hz), 7.80 (s, 2H)C NMR (75 MHz,
CDCly) ¢ 15.1, 24.0, 37.8, 107.6, 119.3, 122.9, 125.5, 4,26.
129.9, 137.0, 138.9, 139.2, 142.5; IR (KBr, 9m 2914, 2840,
2223, 1594, 1445, 1385, 1227, 1141, 1064, 895, 804,
HRMS (m/2 [M + H]" calcd for GsHigN,S,, 411.0984; found
411.0975.

4.4.3. N,N'-(3,3'-(cyclopentene-1,2-diyl)bis(2-
methylbenzo[b]thiophene-5,3-diyl))dibenzamide 15)(
Dibenzothienylethen& (150 mg, 0.29 mmol), benzamide (140
mg, 1.16 mmol), copper (I) iodide (55 mg, 0.29 mynol
potassium carbonate (320 mg, 2.32 mmol), and N,N’-
dimethylethylenediamine (102 mg, 1.16 mmol) wereusedjally
placed into a Schott tube under argon atmospherxabe (4
mL) was then added washing all the solids from thdswalthe
tube. The reaction mixture was stirred at 205for 24 h, after
this time TLC analysis showed no starting matergd in the
reaction mixture. THF was added, and the formed esusipn
was filtered through a silica plug. After evaporatairthe filtrate
the residue was subjected to silica gel flash column
chromatography (hexanes/ethyl acetate) to giverd§460%) of
white solid. High quality single crystals suitabler fX-ray
diffraction were grown by slow diffusion of MeOH intoeth
DMSO solution: mp 279C dec.;'"H NMR (300 MHz, CDCJ) 6
2.22-2.39 (m, 8H), 2.83-3.01 (m, 4H), 7.21-7.29 @H)), 7.32-
7.37 (m, 2H), 7.38 (d, 2H} = 8.4 Hz), 7.53 (d, 2H] = 8.4 Hz),
7.53-7.61 (m, 4H), 7.79 (s, 2H), 8.10 (s, 2HE NMR (75 MHz,
DMSO-dg) 6 14.7, 23.7, 37.1, 113.5, 117.3, 121.9, 127.5,3,28.
129.8, 131.4, 132.4, 135.0, 136.1, 136.3, 136.9,3,365.5; IR
(KBr, cmi') v 3349, 3297, 2920, 2846, 1651, 1599, 1574, 1511,



1445, 1327, 1273, 1153, 1027, 864, 798, 718; HRM& (M +
H]"* calcd for G/H3N,0,S,, 599.1821; found 599.1815.

4.4.4, 1,2-Bis(2-methyl-5-phenoxybenzol[b]thiophen-3
yhcyclopent-1-ene 16). Phenol (110 mg, 1.17 mmol) artd
BuOK (97 mg, 0.87 mmol) were stirred in warm dioxgBeb
mL) in a Schott tube under argon atmosphere urfitifmation of

a clear homogeneous solution. Then dibenzothiemshet6 (150
mg, 0.29 mmol) and copper (l) iodide (55 mg, 0.290f) were
added followed by dioxane (1.5 mL) to wash all thidsofrom
the walls of the tube. The reaction mixture was efirat 135'C

for several days, with addition of the reagents @ndl as solids
each time TLC analysis showed no further progressthef
reaction. When neither starting material nor mobsstuted
intermediate could be detected by TLC analysis,sthieent was
evaporated, and the residue was stirred in GHChqueous
Na,CO; system. After filtration of the two-layered mixturiane
organic layer was evaporated and subjected to sjedaflash
column chromatography (hexanes/ethyl acetate)we §jv5 mg
(82%) of white solid. High quality single crystalstable for X-
ray diffraction were grown by slow diffusion of eithbexanes
into the chloroform solution or MeOH into the acet@wéution:
mp 137-138C; 'H NMR (300 MHz, CDCJ) 6 1.95 (s, 3H), 2.18
(quin, 2H,J = 7.3 Hz), 2.19-2.37 (m, 3H), 2.63-2.82 (m, 2H),
2.90-3.09 (m, 2H), 6.63-6.80 (m, 2H), 6.82-6.94 (1H),46.97-
7.10 (m, 2H), 7.17-7.36 (m, 6H), 7.45-7.63 (m, 2HE NMR
(75 MHz, CDC}) § 15.1, 24.0, 37.5, 113.5, 116.7, 117.5, 122.4
122.9, 129.6, 130.2, 133.6, 136.9, 138.0, 140.8,5,58.58.6; IR

was filtered through an AD; plug. After evaporation of the

filtrate the Tresidue was subjected to ,@J column
chromatography (hexanes/ethyl acetate) to givedd 177%) of

air sensitive white solid. High quality single crystauitable for
X-ray diffraction were grown by slow diffusion of hexamninto
the chloroform solution: mp 239-24@; 'H NMR (300 MHz,
CDCly) 6 1.84 (s, 6H), 2.00-2.10 (m, 5H), 2.19-2.34 (m, 5H),
2.61-2.73 (m, 1H), 2.84-2.95 (m, 3H), 3.02-3.19 (1H),43.29-
3.46 (m, 4H), 6.50-6.82 (broad m, 4H), 7.37-7.51 2M); *°C
NMR (75 MHz, CDC}) 6 15.2, 24.4, 25.3, 37.7, 48.1, 104.6,
110.5, 121.9, 126.0, 130.3, 136.2, 136.5, 140.3,6t4R (KBr,
cm’) v 2960, 2886, 2823, 1602, 1453, 1367, 1307, 1153, 83
792; HRMS (/2 [M + H]" calcd for GHzN,S,, 499.2236;
found 499.2224.

4.6. X-ray crystallography

X-ray diffraction data were collected on a APEX Il DUO
CCD diffractometer using molybdenum radiation(NloKa) =
0.71072 A,w-scans] for3, 4, 6, 9, 11, 12, 14, 15, 16 and using
copper radiation N(CuKo) = 1.54178 A, w-scans] fori8 at
100K. The substantial redundancy in data allowed igcap
absorption correction to be applied with SADABS by mpldt
measurements of equivalent reflections. The strastuvere
solved by direct methods and refined by the fultiraleast-
squares technique againgt® in the anisotropic-isotropic

approximation. I4, 6, 11 and14, the local G symmetry led to a

significant anisotropy of displacement parametershe atom

(KBr, cm) v 2960, 2840, 1588, 1562, 1488, 1445, 1259, 1227(,3(3C), which in case ofill resulted in its disorder by two

1136, 872, 749, 689; HRMSm(2 [M + H]* calcd for
CasH260,S,, 544.1525; found 544.1520.

4.5, Palladium (0) catalyzed amination of dibromide 6

45.1. 3,3'-(Cyclopentene-1,2-diyl)bis(2-methyl-N-
pentylbenzo[b]thiophen-5-aminell®). Dibenzothienylethenes
(150 mg, 0.29 mmol), tris(dibenzyledeneacetone)digaim (0)
(3 mg, 2 mol %), BINAP (10 mg, 6 mol %), sodiurBuONa
(167 mg, 1.74 mmol), and-amylamine (101 mg, 1.16 mmol)
were sequentially placed into a Schott tube undegorar
atmosphere. Toluene (2 mL) was then added washinghall
solids from the walls of the tube. The reaction mmg&t was
stirred at 85°C for 7 h, after this time TLC analysis showed no
starting material left in the reaction mixture. Htlacetate was
added, and the formed suspension was filtered thr@ugilica
plug. After evaporation of the filtrate the residuas subjected to
silica gel flash column chromatography (hexanegletbetate) to
give 143 mg (93%) of white solid: mp 116-147 *H NMR (300
MHz, CDCL) 6 0.92 (t, 6H,J = 6.7 Hz), 1.30-1.42 (m, 8H), 1.54-
1.67 (m, 4H), 1.90-2.25 (broad s, 6H), 2.21 (quin, 2H; 7.1
Hz), 2.70-3.21 (m, 10H), 6.51-6.59 (m, 2H), 6.70-6(88 2H),
7.39 (d, 2H,J = 8.3 Hz);*C NMR (75 MHz, CDC)) 6 14.0,
15.1, 22.6, 24.3, 29.3, 29.3, 37.5, 44.5, 104.8.2,1122.0,
127.4, 129.9, 136.6, 136.7, 140.7, 145.7; IR (CEH") v 2959,
2928, 2854, 1604, 1564, 1454, 1261, 1118, 10940,1922, 844;
HRMS (/2 [M + H]" calcd for GgH4.N,S,, 531.2862; found
531.2862.

45.2. 1,2-Bis(2-methyl-5-(pyrrolidin-1-yl)benzo[bidphen-3-
ylhcyclopent-1-enel1@). Dibenzothienylethené (150 mg, 0.29
mmol), tris(dibenzyledeneacetone)dipalladium (0)r(, 2 mol
%), BINAP (10 mg, 6 mol %)-BuONa (167 mg, 1.74 mmol),
and pyrrolidine (92 mg, 1.3 mmol) were sequentiglpced into
a Schott tube under argon atmosphere. Toluene (2wak then
added washing all the solids from the walls of thetuThe
reaction mixture was stirred at 85 for 7 h, after this time TLC
analysis showed no starting material left in thectiea mixture.
Ether and ethyl acetate were added, and the formsggeasion

positions with equal occupancies. Ii, the analysis of the
Fourier maps has also revealed a disorder of tggesxatom of
the C=0 group by two positions with the occupanci&8Q2)
and 0.370(2); the positional and anisotropic disphaent
parameters of these two components were refined wigh t
constraints on the C=0 bond length (DFIX) and anigot
displacement parameters (EADP). Hydrogen atoms in all
structures were placed in calculated positions afided within

the riding model. All calculations were performed withe
SHELXTL software packag®. Crystal data and structure
refinement parameters are listed in Table S1 (Supehtary
data). Crystallographic data (excluding structwaetdrs) for the
structures reported in this paper have been dembsi the
Cambridge Crystallographic Data Centre as suppléamgmo.:
CCDC-997775 (for3), CCDC-997776 (ford), CCDC-997777
(for 6), CCDC-997778 (fo®), CCDC-997779 (forll), CCDC-
997780 (for12), CCDC-997781 (forl4), CCDC-997782 (for
15), CCDC-997783 (fol6), CCDC-997784 (fod8) These data
can be obtained free of charge from The Cambridge
Crystallographic Data via www.ccdc.cam.ac.uk/datauesticif.

Multipole refinement for 16 was performed within the
Hansen—Coppens formalisthwith a total pseudostatic charge
density distributionp(r) calculated as a sum of pseudoatomic
charge densities. The refinement in this study wasedwith
XD2006 software’ The multipole expansion was truncated at
the hexadecapole level (I = 4) for heavy atoms amndhe
octupole level (I = 3) for C and O atoms. For hydnogtoms,
only the populations of monopoles andyharmonics were
refined. In each case, we used low-angle reflectiitis sin 6/A
< 0.904 A' to refine multipole parameters and high angle
reflections with sin6/A > 0.504 A" to refine positions and
anisotropic displacement parameters of heavy atdfostipole
and monopole populations and correspondimgefficients inl6
were refined separately in the first steps of tHeneenent and
together in the last steps. The overall qualitythef experiment
and the refinement was supported by analysis oérmdiffces of
mean-squares displacement amplitudes (DMSDA) along



16

Tetrahedron
interatomic vectors in molecule; those values ditlaxceed 9

x 10* A Electron density residuals were randomly distebiut
in the unit cell ofL6 and didn't exceed 0.36 EAThe refinement
for 16 was carried out against F and converged to R =08,03
Rw = 0.0248 and GOF = 1.52 (for 22613 merged reflastigith
I>30(l)). The estimation of the kinetic energy g{vas based on
the Kirzhnits’s approximatiof relating it to the values of the

()

and its

(3/10)(3V)**

derivatives: g =

[p(N)]**+(1/72)Pp(r)F/p(r)+1/60%0(r)]. The use of this relation
in conjunction with the virial theorem (29¢v(r) = 1/43°p(r))
provided the value of the potential energy densify) in a
critical points from experimental diffraction dafor the critical
point search in intermolecular areas, we have usedailowing
procedure: 1) each atom has been surrounded kolubier with
the radii 6 A and each contact with distance up f Has been
analysed; 2) for all the critical points found, wavha calculated
bond paths to verify for what particular pair of a® the
interaction occurred. By means of this proceduseshave check
all interatomic interactions, and thus obtained thelecular
graph for supramolecular organization. The topaalganalysis
of the experimentab(r) distribution and data visualization were
performed with WinXPRO program sufté.

Topological analysis of the theoreticpfr) distribution, as

well as integration op(r) and its derivatives over atomic basis,
was performed with AIMAR* and AIM2002° software
packages.
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1. Materialsand methods.

NMR spectra were obtained at 300 MHz tr NMR and at 75 MHz fof*C NMR with
chemical shift values in the spectra being refezdro the solvent. Temperature dependaht
NMR spectra were recorded using Bruker Avance @@etsometer (working frequency 600.13
MHz). Variable temperature unit was calibrated gsethylene glycol and methanol samples for
high and low temperature, respectively. The measents were done using deuterated solvent’s
residual signal as an internal reference. Speatrdlkinetic studies were conducted with «Cary
50 bio» (Varian) spectrophotometer using a quagtzwith a path length of 0.2 cm. Irradiation
was performed by Hamamatsu LC-4 spot light soutpgpped with either light filters UFS-1
(240-400 nm) for photocoloration (with irradiance 14 mW/cni) or ZHS-16 (460-2800 nm)
for photobleaching (with irradiance | = 190 mWARnprocesses; no filter was used for
photodegradation studies. Concentration of theqaiwbomic compounds in solution was C = 2
x 10* M. Toluene and acetonitrile from «Aldrich» wereedsas solvents. Polymer films and
solid-phase films were prepared by casting methoduartz plates with an estimated thickness
of the formed film being 100-150 um. Preparatioragdolymer included addition of 100 mg of
polymethyl methacrylate (PMMA) to the solution of.50 mg of the corresponding
dibenzothienylcyclopentene in chloroform (1 mL). li&phase films were prepared from

solutions of dibenzothienylcyclopentenes in tolué@e 2 x 16 M).

S2



2. Absorption spectra.
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FIGURE S1. Absorption spectra of dibenzothienylethéhm toluene before (1) and after (2) UV

irradiation, and after visible light irradiation)(3
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FIGURE S2. Absorption spectra of dibenzothienylethéhim acetonitrile before (1) and after (2)

UV irradiation.
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FIGURE S3. Absorption spectra of dibenzothienylethehm toluene before (1) and after (2) UV

irradiation.
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FIGURE $4. Absorption spectra of dibenzothienylethehm acetonitrile before (1) and after (2)

UV irradiation.
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FIGURE S5 Absorption spectra of dibenzothienylethéhm toluene before (1) and after (2) UV

irradiation.
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FIGURE S6. Absorption3 spectra of dibenzothienylethéhen acetonitrile before (1) and after

(2) UV irradiation.
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FIGURE S7. Absorption spectra of dibenzothienyletheéhen toluene before (1) and after short

(2) and long (3) exposition to UV irradiation.
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FIGURE S8. Absorption spectra of dibenzothienylethénm acetonitrile before (1) and after (2-

5) UV irradiation.
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FIGURE S9. Absorption spectra of dibenzothienylethel®in toluene before (1) and after (2)

UV irradiation.
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FIGURE S10. Absorption spectra of dibenzothienyletheltein acetonitrile before (1) and after

(2) UV irradiation.
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FIGURE S11. Absorption spectra of dibenzothienyletheliein toluene before (1) and after (2)

UV irradiation.
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FIGURE S12. Absorption spectra of dibenzothienyletheliein acetonitrile before (1) and after

(2) UV irradiation.
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FIGURE S13. Absorption spectra of dibenzothienyletherdein PMMA film before (1) and after
(2) UV irradiation.
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FIGURE S14. Absorption spectra of dibenzothienyletheliein solid-phase film before (1) and

after (2) UV irradiation.

300 350 400 450 500 550 A,nm

FIGURE S15. Absorption spectra of dibenzothienylethetiein toluene before (1) and after (2)

UV irradiation.
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FIGURE S16. Absorption spectra of dibenzothienylethet#in acetonitrile before (1) and after

(2) UV irradiation.
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FIGURE S17. Absorption spectra of dibenzothienylethet®in toluene before (1) and after (2)

UV irradiation.
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FIGURE S18. Absorption spectra of dibenzothienylethel®in acetonitrile before (1) and after

(2) UV irradiation.
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FIGURE S19. Absorption spectra of dibenzothienylethel#ein toluene before (1) and after (2)

UV irradiation.
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FIGURE S20. Absorption spectra of dibenzothienylethel®ein acetonitrile before (1) and after

(2) UV irradiation.
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FIGURE S21. Absorption spectra of dibenzothienylethetfein toluene before (1) and after (2)

UV irradiation.
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FIGURE S22. Absorption spectra of dibenzothienyletheltein acetonitrile before (1) and after

(2) UV irradiation.
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FIGURE S23. Absorption spectra of dibenzothienyletheltein toluene before (1) and after (2)

UV irradiation.
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FIGURE S24. Absorption spectra of dibenzothienylethel@ein acetonitrile before (1) and after

(2) UV irradiation.
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FIGURE S25. Absorption spectra of dibenzothienylethetvein toluene before (1) and after (2)

UV irradiation.
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FIGURE S26. Absorption spectra of dibenzothienylethelvein acetonitrile before (1) and after
(2) UV irradiation.
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FIGURE S27. Absorption spectra of dibenzothienyletheitein PMMA film before (1) and after

(2) UV irradiation.
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FIGURE S28. Absorption spectra of dibenzothienylethetein solid-phase film before (1) and

after (2) UV irradiation.

300 350 400 450 500 550 A,nm

FIGURE S29. Absorption spectra of dibenzothienylethet@in toluene before (1) and after (2)

UV irradiation.
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FIGURE S30. Absorption spectra of dibenzothienylethel®in acetonitrile before (1) and after

(2) UV irradiation.
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FIGURE S31. Absorption spectra of dibenzothienylethénéR = COMe) in toluene before (1)

and after (2) UV irradiation, and after visibleHigrradiation (3).

300 350 400 450 500 550 600 A,nm

FIGURE S32. Absorption spectra of dibenzothienylethénéR = COMe) in acetonitrile before

(1) and after (2) UV irradiation.

3. Photocoloration and photobleaching kinetic curves.

0.07 F
0.06 |
0.05 F
0.04 F
0.03 F
0.02
0.01

FIGURE S33. Kinetic curve for dibenzothienylethen@ in toluene for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 445

nm.
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FIGURE S34. Kinetic curve for dibenzothienylethen® in acetonitrile for processes of

photocoloration under UV irradiation and photobl@ag under visible light registered at 440

nm.
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FIGURE S35. Kinetic curve for dibenzothienylethend in toluene for processes of

photocoloration under UV irradiation and photobl@ag under visible light registered at 455

nm.
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FIGURE S36. Kinetic curve for dibenzothienylethené in acetonitrile for processes of

photocoloration under UV irradiation and photoblgag under visible light registered at 450

nm.
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FIGURE S37. Kinetic curve for dibenzothienylethen€é in toluene for processes of
photocoloration under UV irradiation and photoblgag under visible light registered at 460

nm.
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FIGURE S38. Kinetic curve for dibenzothienylethen& in acetonitrile for processes of
photocoloration under UV irradiation and photoblgag under visible light registered at 450

nm.
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FIGURE S39. Kinetic curve for dibenzothienylethen® in toluene for processes of
photocoloration under UV irradiation and photoblgag under visible light registered at 460

nm.
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FIGURE $40. Kinetic curve for dibenzothienylethen@ in acetonitrile for the process of

photocoloration under UV irradiation registerec8@0 nm.
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FIGURE $41. Kinetic curve for dibenzothienylethen®@ in acetonitrile for the process of

photobleaching under visible light registered & 86n.
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FIGURE $42. Kinetic curve for dibenzothienylethen&0 in toluene for processes of
photocoloration under UV irradiation and photoblgag under visible light registered at 445

nm.
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FIGURE $43. Kinetic curve for dibenzothienylethen#0 in acetonitrile for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 440

nm.
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FIGURE $44. Kinetic curve for dibenzothienylethen@l in toluene for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 445

nm.
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FIGURE $45. Kinetic curve for dibenzothienyletheng&l in acetonitrile for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 440

nm.
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FIGURE $46. Kinetic curve for dibenzothienylethenEl in PMMA film for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 440

nm.
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FIGURE $47. Kinetic curve for dibenzothienylethen&2 in toluene for processes of
photocoloration under UV irradiation and photoblgag under visible light registered at 445

nm.
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FIGURE $48. Kinetic curve for dibenzothienylethen&2 in acetonitrile for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 440

nm.
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FIGURE $49. Kinetic curve for dibenzothienylethen&3 in toluene for processes of
photocoloration under UV irradiation and photoblgag under visible light registered at 450

nm.
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FIGURE S50. Kinetic curve for dibenzothienylethen&3 in acetonitrile for processes of
photocoloration under UV irradiation and photoblgag under visible light registered at 445

nm.
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FIGURE SB1. Kinetic curve for dibenzothienylethen&4 in toluene for processes of
photocoloration under UV irradiation and photoblgag under visible light registered at 450

nm.
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FIGURE S52. Kinetic curve for dibenzothienylethen®4 in acetonitrile for processes of
photocoloration under UV irradiation and photoblgag under visible light registered at 445

nm.
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FIGURE S53. Kinetic curve for dibenzothienylethen&5 in toluene for processes of
photocoloration under UV irradiation and photoblgag under visible light registered at 460

nm.
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FIGURE S54. Kinetic curve for dibenzothienylethen#s in acetonitrile for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 460

nm.
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FIGURE S55. Kinetic curve for dibenzothienylethen&6 in toluene for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 460

nm.
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FIGURE S56. Kinetic curve for dibenzothienylethen& in acetonitrile for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 460

nm.
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FIGURE S57. Kinetic curve for dibenzothienylethen&7 in toluene for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 490

nm.
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FIGURE S58. Kinetic curve for dibenzothienyletheng&7 in acetonitrile for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 480

nm.
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FIGURE S59. Kinetic curve for dibenzothienylethert’ in PMMA film for the process of

photocoloration under UV irradiation registered@0 nm.
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FIGURE S60. Kinetic curve for dibenzothienyletherte’ in PMMA film for the process of
photobleaching under visible light registered & 5.
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FIGURE S61. Kinetic curve for dibenzothienyletherlg in solid-phase film for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 495

nm.
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FIGURE S62. Kinetic curve for dibenzothienylethen@8 in toluene for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 495

nm.

01 F
0.08 |
0.06
0.04 F
0.02 f

0 20 40 60 80 100 120 t,s

FIGURE S63. Kinetic curve for dibenzothienylethen#8 in acetonitrile for processes of
photocoloration under UV irradiation and photobl@ag under visible light registered at 490

nm.
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FIGURE S64. Kinetic curve for dibenzothienylethe®e(R = COMe) in toluene for processes of
photocoloration under UV irradiation and photoblgag under visible light registered at 490

nm.
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FIGURE S65. Kinetic curve for dibenzothienylethebgR = COMe) in acetonitrile for processes
of photocoloration under UV irradiation and photdsthing under visible light registered at 480

nm.
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4. Photodegradation kinetic curves.
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FIGURE S66. Photodegradation kinetic curve for dibenzothiergei3 in toluene registered at

445 nm.
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FIGURE S67. Photodegradation kinetic curve for dibenzothiehgete 3 in acetonitrile

registered at 440 nm.
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FIGURE S68. Photodegradation kinetic curve for dibenzothierhgee4 in toluene registered at

455 nm.
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FIGURE S69. Photodegradation kinetic curve for dibenzothierhgete 4 in acetonitrile

registered at 450 nm.
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FIGURE S70. Photodegradation kinetic curve for dibenzothiermgee6 in toluene registered at

455 nm.
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FIGURE S71. Photodegradation kinetic curve for dibenzothierhdeie 6 in acetonitrile

registered at 450 nm.
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FIGURE S72. Photodegradation kinetic curve for dibenzothierhgei9 in toluene registered at

460 nm.
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FIGURE S73. Photodegradation kinetic curve for dibenzothiehgete 9 in acetonitrile

registered at 360 nm.

0.04
0.03 F
0.02

0.01

0 50 100 150 200 250 t,s

FIGURE S74. Photodegradation kinetic curve for dibenzothiermdeie10 in toluene registered

at 445 nm.
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FIGURE S75. Photodegradation kinetic curve for dibenzothierndee 10 in acetonitrile

registered at 440 nm.
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FIGURE S76. Photodegradation kinetic curve for dibenzothiermgeel1l in toluene registered

at 445 nm.
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FIGURE S77. Photodegradation kinetic curve for dibenzothierndee 11 in acetonitrile

registered at 440 nm.
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FIGURE S78. Photodegradation kinetic curve for dibenzothiermgeel12 in toluene registered

at 445 nm.
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FIGURE S79. Photodegradation kinetic curve for dibenzothiermdee 12 in acetonitrile

registered at 440 nm.
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FIGURE S80. Photodegradation kinetic curve for dibenzothiermgeel13 in toluene registered

at 450 nm.
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FIGURE S81. Photodegradation kinetic curve for dibenzothierndee 13 in acetonitrile

registered at 445 nm.
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FIGURE S82. Photodegradation kinetic curve for dibenzothiermgee14 in toluene registered

at 450 nm.
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FIGURE S83. Photodegradation kinetic curve for dibenzothierndee 14 in acetonitrile

registered at 445 nm.
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FIGURE S84. Photodegradation kinetic curve for dibenzothiermdeie15 in toluene registered

at 460 nm.
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FIGURE S85. Photodegradation kinetic curve for dibenzothierndee 15 in acetonitrile

registered at 460 nm.
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FIGURE S86. Photodegradation kinetic curve for dibenzothiermgee16 in toluene registered

at 460 nm.
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FIGURE S87. Photodegradation kinetic curve for dibenzothierngee 16 in acetonitrile

registered at 460 nm.
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FIGURE S88. Photodegradation kinetic curve for dibenzothiemdeie17 in toluene registered

at 490 nm.
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FIGURE S89. Photodegradation kinetic curve for dibenzothierndee 17 in acetonitrile

registered at 480 nm.
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FIGURE S90. Photodegradation kinetic curve for dibenzothiehgee 17 in PMMA

filmregistered at 500 nm.
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FIGURE S91. Photodegradation kinetic curve for dibenzothierhgeie 17 in solid-phase film

registered at 495 nm.
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FIGURE S92. Photodegradation kinetic curve for dibenzothiermgee18 in toluene registered

at 495 nm.
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FIGURE S93. Photodegradation kinetic curve for dibenzothierndee 18 in acetonitrile

registered at 490 nm.
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FIGURE S94. Photodegradation kinetic curve for dibenzothierhgeie5 (R = COMe) in toluene

registered at 490 nm.
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FIGURE S95. Photodegradation kinetic curve for dibenzothiehgee 5 (R = COMe) in

acetonitrile registered at 480 nm.
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5. *H and *C NMR spectra.
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FIGURE S96. 'H NMR spectrum of 5-bromo-2-methylbenzo[b]thioph€Rein CDCk.
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FIGURE S97. **C NMR spectrum of 5-bromo-2-methylbenzo[b]thiophéfein CDC.
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FIGURE S98. 'H NMR spectrum of 1,5-bis-(5-bromo-2-methylbenztiijphen-3-yl)-pentane-

1,5-dione §) in DMSO-0s.

JVMIG P52.013

| | |
ot Al Y o e P o

FIGURE S99. *C NMR spectrum 1,5-bis-(5-bromo-2-methylbenzo[tjfitien-3-yl)-pentane-

1,5-dione 8) in DMSO-ds.
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FIGURE S100. *H NMR spectrum of dibenzothienylethe@én CDCh.
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FIGURE S101. **C NMR spectrum of dibenzothienylethe®ién DMSO-ds.
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FIGURE S102. *H NMR spectrum of dibenzothienyletheBat 600 MHz in CDGJ at 235 K.
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FIGURE S103. 'H NMR spectrum of dibenzothienyletheBeat 600 MHz in toluenesg (1),

CDCls; (2), CD.Cl, (3), pyridineds (4), acetonaks (5), DMF-d; (6), and CRCN (7) at 235 K.
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6. X-ray crystallography and computational data.

X-ray diffraction data were collected on a APEXDUO CCD diffractometer using
molybdenum radiation\{MoKa) = 0.71072 Aw-scans] for3, 4, 6, 9, 11, 12, 14, 15, 16 and
using copper radiationA\[CuKa) = 1.54178 A, w-scans] for18 at 100K. The substantial
redundancy in data allowed empirical absorptiorrexion to be applied with SADABS by
multiple measurements of equivalent reflectionse $tructures were solved by direct methods
and refined by the full-matrix least-squares teghai againsF? in the anisotropic-isotropic
approximation. In4, 6, 11 and 14, the local G symmetry led to a significant anisotropy of
displacement parameters of the atom C(3C), whiotase ofll resulted in its disorder by two
positions with equal occupancies. 14, the analysis of the Fourier maps has also retgeale
disorder of the oxygen atom of the C=0 group by pesitions with the occupancies 0.630(2)
and 0.370(2); the positional and anisotropic disptaent parameters of these two components
were refined with the constraints on the C=0 bamyth (DFIX) and anisotropic displacement
parameters (EADP). Hydrogen atoms in all structuvese placed in calculated positions and
refined within the riding model. All calculationseve performed with the SHELXTL software
package® Crystal data and structure refinement parametees listed in Table 10.
Crystallographic data (excluding structure factdos)the structures reported in this paper have
been deposited to the Cambridge Crystallographi@a @entre as supplementary no.. CCDC-
997775 (for3), CCDC-997776 (fod), CCDC-997777 (fo), CCDC-997778 (fo®), CCDC-
997779 (for11), CCDC-997780 (forl2), CCDC-997781 (forld), CCDC-997782 (forl5),
CCDC-997783 (fol6), CCDC-997784 (fod8) These data can be obtained free of charge from

The Cambridge Crystallographic Data via www.ccdti@a.uk/data_request/cif.
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TABLE S1.  Crysta and  Structure  Refinement  Data  for Studied
Dibenzothienylcyclopentenes
3 (H) 4 (Cl) 6 (Br) 9( 11 (CHO)

Formula GsH20S, CosH17CLS, | CaHi7BrS; CasHigl2S, | CosH200:S;
M 360.51 428.39 517.31 612.29 416.53
T, K 100 100 100 100 100
Crystal system| Orthorhombic  Orthorombic  Orthorhaenbi Monoclinic | Monoclinic
Space group R2,2; Ccc2 Ccc2 Pc C2lc
Z 4 4 4 4 4
a, A 8.9614(4) | 15.6594(11) 15.5976(13)  9.2763(3) .9a38(12)
b, A 11.7359(6) | 15.6349(11) 16.0800(14)  19.9271(6)7.5904(6)
c, A 17.1964(8) 8.2392(6) 8.2883(7) 12.4670(4) 197(16)
a,’ 90.00 90.00 90.00 90.00 90.00
B,° 90.00 90.00 90.00 109.6888(14) 104.911
Y, ° 90.00 90.00 90.00 90.00 90.00
V, A3 1808.55(15) |  2017.2(2) 2078.8(3)|  2169.79(12)  1955.1
Dcac gEim'3 1.324 1.411 1.653 1.874 1.415
K, cm? 2.97 5.34 41.06 30.97 2.92
F(000) 760 884 1028 1176 872
20max °© 58 57 57 62 55
2‘2123;235 22084 11765 7178 43052 6942
Lgﬁggggg:m 4805 2665 2723 6923 2284
(Rint) (0.0256) (0.0214) (0.0254) (0.0323) (0.0295)
Observed
reflections 4617 2551 2464 6284 1951
[I > 20(1)]
Number of
refined 226 123 125 246 151
paramaters
R1 0.0284 0.0243 0.0272 0.0203 0.035(
wWR2 0.0799 0.0706 0.0670 0.0461 0.098(
GOF 1.058 1.016 1.002 1.062 0.972
(Ae”;‘?\i"g?)m“‘” 03180310 | 0.270-0.174 07330552 0897104620 >
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12 (COMe) 14 (CN) | 15(NHCOPh)| 16 (OPh) | 18 (NCsHg)
Formula G7H240,S; CosH17N2S, | Ca7H3oN202S, | CasH2802S, | CaiHaaNLS,
M 444.58 409.53 598.75 544.69 498.72
T, K 100 100 100 100 100
Crystal system Monoclinic Orthorombic  Orthorhomhic Triclinic Monoclinic
Space group Rth Ccc2 PZ£212; P-1 P2/n
Z 4 4 4 2 4
a, A 16.067(11) | 15.5295(17 9.2685(4) 11.0040(2) .032(3)
b, A 8.288(6) 16.4148(18 13.3989(6)  11.3396(2) 0Q@(4)
c, A 16.624(12) 8.1914(9) |  24.3430(11 13.1450(2) .412(3)
a, ° 90.00 90.00 90.00 69.1450(8 90.00
B, ° 100.454(18) 90.00 90.00 76.3654(8)  93.288(4)
V, © 90.00 90.00 90.00 62.5117(8 90.00
v, A3 2177(3) 2088.1(4) 3023.1(2) 1354.69(4)  2552.7(9)
Dcalo, g8M™® 1.356 1.303 1.316 1.335 1.298
W, cnit 2.67 2.68 2.13 2.29 20.52
F(000) 936 852 1256 572 1064
20rmax ° 60 60 57 100 119
2‘2123;235 27777 13203 37257 218785 31182
Lgﬁggggg:m 6359 3049 8044 28154 3723
(Rint) (0.0283) (0.0564) (0.0312) (0.0302) (0.1134)
Observed
reflections 5475 2466 7593 22805 2673
[I > 20(1)]
Number of
refined 284 132 393 356 318
paramaters
R1 0.0345 0.0422 0.0308 0.0443 0.0506
WR2 0.1037 0.1105 0.0875 0.1181 0.1473
GOF 1.026 1.065 1.039 0.998 1.030
ﬁ%;;* Apnn (€ | 0512/-0.207 | 0.361/-0.23 0.282/-0.249  1.266-0.590 0(')_329821/'

Multipole refinement fotl6 was performed within the Hansen—Coppens formatfswith

a total pseudostatic charge density distribugigm) calculated as a sum of pseudoatomic charge

densities. The refinement in this study was donéh wiD2006 softwar€> The multipole
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expansion was truncated at the hexadecapole lewelt) for heavy atoms and at the octupole
level (I = 3) for C and O atoms. For hydrogen atpamdy the populations of monopoles ang, D
harmonics were refined. In each case, we used tmleaeflections with sif/A < 0.904 A to
refine multipole parameters and high angle reftexsti with sin6/A > 0.504 A* to refine
positions and anisotropic displacement parameténseavy atoms. Multipole and monopole
populations and correspondirgcoefficients in1l6 were refined separately in the first steps of
the refinement and together in the last steps. dVerall quality of the experiment and the
refinement was supported by analysis of differerafesiean-squares displacement amplitudes
(DMSDA) along interatomic vectors in molecule; thogalues did not exceed 9 x 1A~
Electron density residuals were randomly distridutethe unit cell ofl6 and didn’t exceed 0.36
eA. The refinement fot6 was carried out against F and converged to R 305,0Rw = 0.0248
and GOF = 1.52 (for 22613 merged reflections witBo(1)). The estimation of the kinetic
energy gf) was based on the Kirzhnits's approximatiorelating it to the values of thgr) and
its derivatives: g(=(3/10)(3®)* [p(r)]>*+(1/72)Dp(r)P/p(r)+1/60%p(r)]. The use of this
relation in conjunction with the virial theorem (2y+v(r)=1/40%0(r)) provided the value of the
potential energy density n) in a critical points from experimental diffractiodata. For the
critical point search in intermolecular areas, \@géused the following procedure: 1) each atom
has been surrounded by the cluster with the radiighd each contact with distance up to 4 A
has been analysed; 2) for all the critical poiotsid, we have calculated bond paths to verify for
what particular pair of atoms the interaction ocedr By means of this procedures, we have
check all interatomic interactions, and thus oladithe molecular graph for supramolecular
organization. The topological analysis of the ekpental p(r) distribution and data
visualization were performed with WinXPRO programits>°

Topological analysis of the theoretiggl) distribution, as well as integration pfr) and
its derivatives over atomic basis, was performeth wAIMAIl *® and AIM2002’ software

packages.
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TABLE S2.

Selected  bond

lengths

and angles

in

the

crystaluctsires

for

dibenzothienylcyclopentenes with the parallel aaéon of the benzothiophene rings according

to XRD and DFT data.

Parameters 3(H) 12 (COMe) 15 (NHCOPNh) 18 (NC4Hyg)
XRD DFT XRD DFT | XRD | DFT XRD DFT
C(1C)-C(5C), A 1.347(2) 1.348| 1.343(2) 1.346 1.338 1.344 1.354(5) 1835
C(1C)-C(2), A 1.478(2) 1.471| 1.477(2) 1.472 1475 1.464 1.471(5) 1.471
C(5C)-C(2), A 1.476(2) 1.467| 1.477(2 147 1475 1472 1.474(5) 1.467
C(1)C(2)C(5C)C(1C) -62 -56.2 -60.8 60.8 617 63.8 -54.5 -54.6
C(1)C(2)C(BC)C(1C), °| 1295/ 126{7 1155 120.8 124.919.6 130 127.6
C(2)c(nc@aic) - 17.4 21.3 11.1 14.p2 13|19 17.1 22.7 24.9
Q,° 70.7 65.8 69.5 69.6 73.4 70.9 64.2 63.9

Q,° - the dihedral angle between the benzothiophene rings

TABLE S3. Geometry parameters for the parallel orientation tie isolated state for

dibenzothienylcyclopentengs(Cl), 14 (CN), and16 (OPh) according to DFT calculations (for

comparison).

Parameters 4 (Cl) 14 (CN) 16 (OPh)
DFT DFT DFT
C(1C)-C(5C), A 1.348 1.349 1.348
C(1C)-C(2), A 1.471 1.468 1.468
C(5C)-C(2), A 1.467 1.471 1.471
C(1)C(2)C(5C)C(1C) 56.5 56.2 55,5
C(1)C(2)C(5C)C(10), ° 126.3 127.1 125.4
C(2)C(1)C(1)C(2) ° 21.5 22.1 20.6
Q,° 64.4 62.6 65.7
Q,° - the dihedral angle between the benzothiophene rings
TABLE $S4. Selected bond lengths and angles in  the crystaluctsies

for

dibenzothienylcyclopentenes with the antiparallelemtation of the benzothiophene rings

according to XRD and DFT data.

Parameters

4(Cl)

6 (Br)

9 (1)

XRD

DFT

XRD

DFT

XRD

DFT

C(1C)-C(5C), A

1.342(3)

1.348

1.334(5

1.348

1.348

2)

1.348

S58



C(1C)-C(2), A 1.481(2)| 1.468 | 1.481(4 1.468  1.474(Q)  1.468
C(5C)-C(2), A 1.469 1.469 | 1.481(2 1.469
C(1)C(2)C(5C)C(1C) 55.2 55.4 62.9 55.4
C(1)C(2)C(5C)C(1C), °| 127.9 130.3 125
C(2)C(1)C(1)C(2) ° 122.2 81.4 124.5 81.6 126.9 81.7
Q,° 66.4 65.8 64.7 64.7 64 65.4
C(1)...C(1) 5.364(2)| 3.659 | 5.401(4 3.665 6.496 3.661
Parameters 11 (CHO) 14 (CN) 16 (OPh)
XRD DFT XRD DFT XRD DFT
C(1C)-C(5C), A 1.343(2)| 1.347 | 1.339(4 1.348)  1.3541(7) 1.349
C(1C)-C(2), A 1.477(2)| 1.469 | 1.478(3 1.468] 1.4732(7) 1.468
C(5C)-C(2), A 1.470 1.469 | 1.4718(7) 1.468
C(1)C(2)C(5C)C(1C) 66 55.4 56.4 58.8 54.9
C(1)C(2)C(5C)C(1C), ° 54.7 128.1 49.9 54.6
C(2)C(1)C(1)C(2) ° 92.8 81.6 121.3 81.8 80.5 81.1
Q,° 85.8 65.3 65.4 64.6 59.7 65.7
C(1)...C(1) 4.162 3.655 | 5.360(3 3.671 3.570(1) 3.641

Q,° - the dihedral angle between the benzothiophene rings

55 Y
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FIGURE 134. Ellipsoid plot for dibenzothienyletherg(H).
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FIGURE 135. Ellipsoid plot for dibenzothienyletherg(Cl).
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FIGURE 136. Ellipsoid plot for dibenzothienyletherte(Br).
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FIGURE 141. Ellipsoid plot for dibenzothienyletheri® (NHCOPh).
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check CIF/PLATON report

You have not supplied any structure factors. As a result the full set of tests cannot be run.

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. | CIF dictionary [ Interpreting this feport

Datablock: 3 H

Bond precision: C-C =0.0020 A Wavelength=0.71073
Cell: a=8.9614(4) b=11.7359(6) €c=17.1964(8)
alpha=90 beta=90 gamma=90
Temperature: 100 K
Calculated Reported
Volume 1808.55(15) 1808.55(15)
Space group P212121 P 212121
Hall group P 2ac 2ab P 2ac 2ab
Moiety formula C23 H20 S2 C23 H20 S2
Sum formula C23 H20 S2 C23 H20 S2
Mr 360.53 360.51
Dx,g cm-3 1.324 1.324
Z 4 4
Mu (mm-1) 0.297 0.297
FO00 760.0 760.0
FO00’ 761.22
h,k,Imax 12,16,23 12,16,23
Nref 4808[ 2729] 4805
Tmin, Tmax 0.928,0.942 0.916,0.943
Tmin’ 0.915

Correction method= MULTI-SCAN
Data completeness= 1.76/1.00 Theta(max)= 29.000
R(reflections)= 0.0284( 4617) wR2(reflections)= 0.0799( 4805)

S=1.058 Npar= Npar = 226

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-Ilevel.
Click on the hyperlinks for more details of the test.



http://www.iucr.org/iucr-top/cif/cif_core/definitions/index.html
http://journals.iucr.org/services/cif/checking/checkcifreport.html

“ Alert |evel

G

PLATO05 ALERT 5 {d No _iucr_refine_instructions_details inthe CIF  Please Do !
PLAT066 ALERT 1 { Predicted and Reported Tmin&Tmax Range Identical ? Check

Incorrectly? Oriented X(sp2)-Methyl Moiety ..... C9 Check
Incorrectly? Oriented X(sp2)-Methyl Moiety ..... C9’ Check
[PCAT720 ALERT 4 @ Number of Unusual/Non-Standard Labels .......... 13 Note
0 ALERT | evel A= Mostlikely a serious problem - resolve or explain
0 ALERT I evel B=A potentially serious problem, consider carefully
0 ALERT | evel C=Check. Ensure itis not caused by an omission or oversight
5 ALERT | evel G= General information/check it is not something unexpected

1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
0 ALERT type 2 Indicator that the structure model may be wrong or deficient
0 ALERT type 3 Indicator that the structure quality may be low

3 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check

Datablock: 4 CI

Bond precision:
Cell:

Temperature:

Volume
Space group
Hall group
Moiety formula
Sum formula
Mr

Dx,g cm-3

Z

Mu (mm-1)
FO00

FOOO’
h,k,Imax
Nref

Tmin, Tmax
Tmin’

C-C=0.0019 A Wavelength=0.71073
a=15.6594(11) b=15.6349(11) c=8.2392(6)
alpha=90 beta=90 gamma=90
100 K
Calculated Reported
2017.2(2) 2017.2(2)
Ccc?2 Ccc?2
C2-2c C2-2c
C23 H17 CI2 S2 C23 H17 CI2 S2
C23 H17 CI2 S2 C23 H17 CI2 S2
428.41 428.39
1.411 1.411
4 4
0.534 0.534
884.0 884.0
886.42
21,21,11 21,21,11
2669[ 1429] 2665
0.914,0.943 0.856,0.944
0.852

Correction method= MULTI-SCAN

Data completeness= 1.86/1.00 Theta(max)= 28.990

R(reflections)= 0.

0243(2551) wR2(reflections)= 0.0706( 2665)


http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT066.html
http://journals.iucr.org/services/cif/checking/PLAT380.html
http://journals.iucr.org/services/cif/checking/PLAT380.html
http://journals.iucr.org/services/cif/checking/PLAT720.html

S=1.016 Npar= Npar = 123

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-Ievel.
Click on the hyperlinks for more details of the test.

< Alert level G
PLATO005 ALERT 5 @ No _iucr_refine_instructions_details in the CIF  Please Do!
PLAT066 ALERT 1 ( Predicted and Reported Tmin&Tmax Range Identical ? Check

Incorrectly? Oriented X(sp2)-Methyl Moiety ..... C9 Check
[PLAT720_ALERT 4_Q Number of Unusual/Non-Standard Labels .......... 3 Note
0 ALERT | evel A= Mostlikely a serious problem - resolve or explain
0 ALERT | evel B=A potentially serious problem, consider carefully
0 ALERT | evel C=Check. Ensure itis not caused by an omission or oversight
4  ALERT | evel G= General information/check it is not something unexpected

1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
0 ALERT type 2 Indicator that the structure model may be wrong or deficient
0 ALERT type 3 Indicator that the structure quality may be low

2 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check

Datablock: 6 Br

Bond precision: C-C =0.0038 A Wavelength=0.71073
Cell: a=15.5976(13) b=16.0800(14) c=8.2883(7)
alpha=90 beta=90 gamma=90
Temperature: 100 K
Calculated Reported
Volume 2078.8(3) 2078.8(3)
Space group Ccc?2 Ccc?2
Hall group C2-2c C2-2c
Moiety formula C23 H17 Br2 S2 C23 H17 Br2 s2
Sum formula C23 H17 Br2 S2 C23 H17 Br2 S2
Mr 517.31 517.31
Dx,g cm-3 1.653 1.653
z 4 4
Mu (mm-1) 4.106 4.106
FO00 1028.0 1028.0
FO00’ 1027.06
h,k,Imax 21,21,11 21,21,11
Nref 2762[ 1478] 2723
Tmin, Tmax 0.335,0.389 0.260,0.452

Tmin’ 0.152


http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT066.html
http://journals.iucr.org/services/cif/checking/PLAT380.html
http://journals.iucr.org/services/cif/checking/PLAT720.html

Correction method= MULTI-SCAN

Data completeness= 1.84/0.99 Theta(max)= 28.990
R(reflections)= 0.0272( 2464) wR2(reflections)= 0.0670( 2723)
S =1.002 Npar= Npar = 125

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-Ievel.
Click on the hyperlinks for more details of the test.

< Alert level G
PLATO05 ALERT 5 {d No _iucr_refine_instructions_details in the CIF  Please Do !

[PCAT720_ALERT 4 _Q Number of Unusual/Non-Standard Labels .......... 3 Note
0 ALERT | evel A= Mostlikely a serious problem - resolve or explain
0 ALERT | evel B=A potentially serious problem, consider carefully
0 ALERT | evel C=Check. Ensure itis not caused by an omission or oversight
2 ALERT | evel G= Generalinformation/check it is not something unexpected

0 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
0 ALERT type 2 Indicator that the structure model may be wrong or deficient
0 ALERT type 3 Indicator that the structure quality may be low

1 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check

Datablock: 9 |
Bond precision: C-C =0.0020 A Wavelength=0.71073
Cell: a=9.2763(3) b=19.9271(6) c=12.4670(4)

alpha=90 beta=109.6888(14) gamma=90
Temperature: 100 K


http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT720.html

Calculated Reported
Volume 2169.79(12) 2169.79(12)
Space group P 21l/c P 21/c
Hall group -P 2ybc -P 2ybc
Moiety formula C23 H18 12 S2 C23 H1812 S2
Sum formula C23 H1812 S2 C23 H1812 S2
Mr 612.31 612.29
Dx,g cm-3 1.874 1.874
Z 4 4
Mu (mm-1) 3.097 3.097
FO00 1176.0 1176.0
FO00’ 1173.54
h,k,Imax 13,28,18 13,28,18
Nref 6923 6923
Tmin, Tmax 0.446,0.591 0.363,0.621
Tmin’ 0.278

Correction method= MULTI-SCAN
Data completeness= 1.000 Theta(max)= 31.000
R(reflections)= 0.0203( 6284) wR2(reflections)= 0.0461( 6923)

S=1.062 Npar= Npar = 246

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-Ievel.
Click on the hyperlinks for more details of the test.

< Alert level G
PLATO005 ALERT 5 @ No _iucr_refine_instructions_details in the CIF  Please Do!

[PLAT720_ALERT 4_Qd Number of Unusual/Non-Standard Labels .......... 12 Note
0 ALERT | evel A= Mostlikely a serious problem - resolve or explain
0 ALERT | evel B=A potentially serious problem, consider carefully
0 ALERT | evel C=Check. Ensure itis not caused by an omission or oversight
2 ALERT | evel G= Generalinformation/check it is not something unexpected

0 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
0 ALERT type 2 Indicator that the structure model may be wrong or deficient
0 ALERT type 3 Indicator that the structure quality may be low

1 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check

Datablock: 11 CHO

Bond precision: C-C =0.0020 A Wavelength=0.71073


http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT720.html

Cell:

Temperature:

Volume
Space group
Hall group
Moiety formula
Sum formula
Mr

Dx,g cm-3

Z

Mu (mm-1)
FO00

FOOO’
h,k,Imax
Nref

Tmin, Tmax
Tmin’

a=13.9038(12)
alpha=90

100 K

Calculated
1955.1(3)
C 2/c

-C 2yc
C25 H20 02 S2

C25 H20 02 S2
416.55
1.415
4
0.292
872.0
873.32
18,9,25
2297
0.936,0.957
0.913

Correction method= MULTI-SCAN

Data completeness= 0.994

R(reflections)= 0.0350( 1951)

S=0.972

b=7.5904(6)

c=19.1707(16)

beta=104.911(2) gamma=90

Reported
1955.1(3)
C2/c
-C 2yc
C25 H20 02 S2
C25 H20 02 S2
416.53
1.415
4
0.292
872.0

18,9,25

2284
0.915,0.958

Theta(max)=27.730

wR2(reflections)= 0.0980( 2284)

Npar= Npar = 151

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-Ievel.

Click on the hyperlinks for more details of the test.

@ Alert |evel
[PCAT390 ALERT 3 B Deviating Methyl C3C  X-C-H Bond Angle ......

B

119 Degree

“ Alert |evel

PLAT094 ALERT 2 ( Ratio of Maximum / Minimum Residual Density ....
[PLAT390_ALERT_3_( Deviating Methyl C3C  X-C-H Bond Angle ......

C

3.24 Why ?
117 Degree

< Aert |level
PLATOO05 ALERT 5 {d No _iucr_refine_instructions_details in the CIF
PLATO066 ALERT 1 { Predicted and Reported Tmin&Tmax Range Identical

PLAT301 ALERT 3 { Main Residue Disorder
[PLAT720 ALERT 4 @ Number of Unusual/Non-Standard Labels ..........

G

............ Percentage =

Please Do !
? Check
10 Note

4 Note

0 ALERT | evel A= Mostlikely a serious problem - resolve or explain
B = A potentially serious problem, consider carefully

1 ALERT | evel


http://journals.iucr.org/services/cif/checking/PLAT390.html
http://journals.iucr.org/services/cif/checking/PLAT094.html
http://journals.iucr.org/services/cif/checking/PLAT390.html
http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT066.html
http://journals.iucr.org/services/cif/checking/PLAT301.html
http://journals.iucr.org/services/cif/checking/PLAT720.html

2 ALERT | evel
4  ALERT | evel

C = Check. Ensure it is not caused by an omission or oversight
G = General information/check it is not something unexpected

1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
1 ALERT type 2 Indicator that the structure model may be wrong or deficient
3 ALERT type 3 Indicator that the structure quality may be low

1 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check

Datablock: 12 COMe

Bond precision:

C-C=0.0019 A

Wavelength=0.71073

Cell: a=16.067(11) b=8.288(6) €=16.624(12)
alpha=90 beta=100.454(18) gamma=90
Temperature: 100 K
Calculated Reported
Volume 2177(3) 2177(3)
Space group P 21/n P 21/n
Hall group -P 2yn -P 2yn

Moiety formula
Sum formula

C27 H24 O2 S2
C27 H24 O2 S2

C27 H24 O2 S2
C27 H24 O2 S2

Mr 444.60 444,58
Dx,g cm-3 1.357 1.356

Z 4 4

Mu (mm-1) 0.267 0.267
F000 936.0 936.0
FOO00’ 937.34

h,k,Imax 22,11,23 22,11,23
Nref 6359 6359
Tmin, Tmax 0.935,0.963 0.919,0.964
Tmin’ 0.918

Correction method= MULTI-SCAN
Data completeness= 1.000 Theta(max)= 30.000
R(reflections)= 0.0345( 5475) wR2(reflections)= 0.1037( 6359)

S=1.026 Npar= Npar = 284

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-Ilevel.
Click on the hyperlinks for more details of the test.

“ Alert level C
|PLAT094 ALERT 2 ( Ratio of Maximum / Minimum Residual Density ....

2.47 Why ?



http://journals.iucr.org/services/cif/checking/PLAT094.html

“ Alert |evel

G

PLATO05 ALERT 5 {d No _iucr_refine_instructions_details inthe CIF  Please Do !

PLAT066 ALERT 1 @ Predicted and Reported Tmin&Tmax Range Identical

[PLAT720_ALERT_4_Q Number of Unusual/Non-Standard Labels .......... 12 Note
0 ALERT | evel A= Mostlikely a serious problem - resolve or explain
0 ALERT I evel B=A potentially serious problem, consider carefully
1 ALERT | evel C=Check. Ensure itis not caused by an omission or oversight
3 ALERT | evel G= General information/check it is not something unexpected

1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
1 ALERT type 2 Indicator that the structure model may be wrong or deficient
0 ALERT type 3 Indicator that the structure quality may be low

1 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check

? Check

Datablock: 14 CN

Bond precision:

Cell:

Temperature:

Volume
Space group
Hall group
Moiety formula
Sum formula
Mr

Dx,g cm-3

Z

Mu (mm-1)
FO00

FOOO’
h,k,Imax
Nref

Tmin, Tmax
Tmin’

C-C =0.0029 A

a=15.5295(17)
alpha=90
100 K

Calculated
2088.1(4)
Ccc?2
C2-2c
C25H17 N2 S2
C25H17 N2 S2
409.55
1.303
4
0.268
852.0
853.25
21,23,11
3055[ 1631]
0.935,0.961
0.918

Correction method= MULTI-SCAN

Data completeness= 1.87/1.00

R(reflections)= 0.0422( 2466)

Wavelength=0.71073

b=16.4148(18) c=8.1914(9)
beta=90 gamma=90
Reported
2088.1(4)
Ccc?2
C2-2c

C25 H17 N2 S2
C25 H17 N2 S2
409.53
1.303
4
0.268
852.0

21,23,11
3049
0.919,0.961

Theta(max)= 30.080

wR2(reflections)= 0.1105( 3049)


http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT066.html
http://journals.iucr.org/services/cif/checking/PLAT720.html

S=1.065 Npar= Npar = 132

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-Ievel.
Click on the hyperlinks for more details of the test.

< Aert level G
No _iucr_refine_instructions_details in the CIF  Please Do !
Predicted and Reported Tmin&Tmax Range Identical ? Check
Incorrectly? Oriented X(sp2)-Methyl Moiety ..... C9 Check
[PCAT710 ALERT 4 { Delete 1-2-3 or 2-3-4 Linear Torsion Angle ... # 33 Do!

C8 -C7 -C10-N1 13.0014.00 1.555 1.555 1.555 1.555
[PCAT710 ALERT 4 Q Delete 1-2-3 or 2-3-4 Linear Torsion Angle ... # 34 Do!

C6 -C7 -C10-N1 17.00 0.00 1.555 1.555 1.555 1.555

[PLAT720 ALERT 4 { Number of Unusual/Non-Standard Labels .......... 3 Note
0 ALERT | evel A= Mostlikely a serious problem - resolve or explain
0 ALERT | evel B=A potentially serious problem, consider carefully
0 ALERT | evel C=Check. Ensure itis not caused by an omission or oversight
6 ALERT | evel G= General information/check it is not something unexpected

1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
0 ALERT type 2 Indicator that the structure model may be wrong or deficient
0 ALERT type 3 Indicator that the structure quality may be low

4 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check

Datablock: 15 NHCOPh

Bond precision: C-C =0.0019 A Wavelength=0.71073
Cell: a=9.2685(4) b=13.3989(6) €c=24.3430(11)
alpha=90 beta=90 gamma=90

Temperature: 100 K


http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT066.html
http://journals.iucr.org/services/cif/checking/PLAT380.html
http://journals.iucr.org/services/cif/checking/PLAT710.html
http://journals.iucr.org/services/cif/checking/PLAT710.html
http://journals.iucr.org/services/cif/checking/PLAT720.html

Volume
Space group
Hall group
Moiety formula
Sum formula
Mr

Dx,g cm-3

Z

Mu (mm-1)
FO00

FO00’
h,k,Imax
Nref

Tmin, Tmax
Tmin’

Calculated
3023.1(2)
P212121
P 2ac 2ab
C37 H30 N2 02 S2
C37 H30 N2 02 S2
598.77
1.316
4
0.213
1256.0
1257.45
12,18,33
8041[ 4500]
0.929,0.944
0.914

Correction method= MULTI-SCAN

Data completeness= 1.79/1.00

R(reflections)= 0.0308( 7593)

S=1.039

Reported
3023.1(2)
P212121
P 2ac 2ab
C37 H30 N2 02 S2
C37 H30 N2 02 S2
598.75
1.316
4
0.213
1256.0

12,18,33
8044
0.916,0.945

Theta(max)= 28.990

wR2(reflections)= 0.0875( 8044)

Npar= Npar = 393

The following ALERTS were generated. Each ALERT has the format

test-name_ALERT alert-type_alert-Ievel.
Click on the hyperlinks for more details of the test.

@ Alert |evel

B

[PCAT41I0 ALERT 2 B Short Intra H...H Contact H4CB .. H3CD ..  1.84 Ang.
< Alert level C
[PLAT410 ALERT 2 4 Short Intra H...H Contact H2CB .. H3CD ..  1.98 Ang.

“ Alert |evel

G

PLATOO05 ALERT 5 @ No _iucr_refine_instructions_details in the CIF  Please Do !

PLATOO/ ALERT 5  Number of Unrefined Donor-H Atoms

.............. 2 Why ?

PLATO66 ALERT 1 @ Predicted and Reported Tmin&Tmax Range Identical ? Check

PLAT301 ALERT 3 { Main Residue Disorder

Percentage = 2 Note

Incorrectly? Oriented X(sp2)-Methyl Moiety ..... C9 Check

Incorrectly? Oriented X(sp2)-Methyl Moiety ..... C9’ Check

Number of Unusual/Non-Standard Labels .......... 16 Note

[PCAT779_ALERT 4 _Q Suspect or Irrelevant (Bond) Angle in CIF ... # 25 Check
C3C -C2C -C3C' 1.555 1.555 1.555 20.30 Deg.

[PCAT779 _ALERT 4 _Q Suspect or Irrelevant (Bond) Angle in CIF ... # 59 Check

C3C’ -C4C -C3C

1.555 1.555 1.555

20.60 Deg.

0 ALERT | evel

A = Most likely a serious problem - resolve or explain


http://journals.iucr.org/services/cif/checking/PLAT410.html
http://journals.iucr.org/services/cif/checking/PLAT410.html
http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT007.html
http://journals.iucr.org/services/cif/checking/PLAT066.html
http://journals.iucr.org/services/cif/checking/PLAT301.html
http://journals.iucr.org/services/cif/checking/PLAT380.html
http://journals.iucr.org/services/cif/checking/PLAT380.html
http://journals.iucr.org/services/cif/checking/PLAT720.html
http://journals.iucr.org/services/cif/checking/PLAT779.html
http://journals.iucr.org/services/cif/checking/PLAT779.html

1 ALERT | evel B=A potentially serious problem, consider carefully
1 ALERT | evel C=Check.Ensure itis not caused by an omission or oversight
9 ALERT | evel G= General information/check it is not something unexpected

1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
2 ALERT type 2 Indicator that the structure model may be wrong or deficient
1 ALERT type 3 Indicator that the structure quality may be low

5 ALERT type 4 Improvement, methodology, query or suggestion

2 ALERT type 5 Informative message, check

Datablock: 16 OPh

Bond precision: C-C =0.0009 A Wavelength=0.71073

Cell: a=11.0040(2) b=11.3396(2) c=13.1450(2)
alpha=69.1450(8) beta=76.3654(8) gamma=62.5117(8)
Temperature: 100 K

Calculated Reported
Volume 1354.69(4) 1354.69(4)
Space group P-1 P-1
Hall group -P1 -P1
Moiety formula C35 H28 02 S2 C35H28 02 S2
Sum formula C35 H28 02 S2 C35H28 02 S2
Mr 544.71 544.69
Dx,g cm-3 1.335 1.335
z 2 2
Mu (mm-1) 0.229 0.229
FO00 572.0 572.0
FO00’ 572.71
h,k,Imax 23,24,28 23,24,28
Nref 28420 28154
Tmin, Tmax 0.941,0.951 0.906,0.951
Tmin’ 0.904

Correction method= MULTI-SCAN
Data completeness= 0.991 Theta(max)= 50.000
R(reflections)= 0.0443( 22805) wR2(reflections)= 0.1181( 28154)

S=0.998 Npar= Npar = 356

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-Ilevel.
Click on the hyperlinks for more details of the test.

< Alert level C



[DIFMX0T _ALERT 2 G The maximum difference density is > 0.1*ZMAX*0.75

_refine_diff_density_max given =

Test value =

1.200

1.266

IDIEMX02 ALERT 1 ¢ The maximum difference density is > 0.1*ZMAX*0.75

The relevant atom site should be identified.

PLAT094 ALERT 2 ( Ratio of Maximum / Minimum Residual Density ....
[PCAT097 ALERT 2_( Large Reported Max. (Positive) Residual Density

2.15 Why ?
1.27 eA-3

“ Alert

| evel
PLATO05 ALERT 5 { No _iucr_refine_instructions_details in the CIF

G

PLATO066 ALERT 1 ( Predicted and Reported Tmin&Tmax Range Identical

PLAT154 ALERT 1 { The su’s on the Cell Angles are Equal

PLAT180 ALERT 4 { Check Cell Rounding: # of Values Ending with 0 =

[PCAT720 ALERT 4 @ Number of Unusual/Non-Standard Labels ..........

Please Do !

? Check

0.00080 Degree

12 Note

ALERT | evel
ALERT | evel
ALERT | evel
ALERT | evel

ok~ OO

A = Most likely a serious problem - resolve or explain
B = A potentially serious problem, consider carefully
C = Check. Ensure it is not caused by an omission or oversight
G = General information/check it is not something unexpected

3 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
3 ALERT type 2 Indicator that the structure model may be wrong or deficient

0 ALERT type 3 Indicator that the structure quality may be low

2 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check

Datablock: 18 NC4H8

Bond precision:
Cell:

Temperature:

Volume
Space group
Hall group
Moiety formula
Sum formula
Mr

Dx,g cm-3

Z

Mu (mm-1)
F000

FOO00’
h,k,Imax
Nref

Tmin, Tmax
Tmin’

C-C=0.0052 A

a=12.058(3)
alpha=90
100 K

Calculated
2552.6(11)
P 21/n
-P 2yn
C31 H34 N2 S2
C31 H34 N2 S2
498.74
1.298
4
2.052
1064.0
1069.02
13,19,14
3785
0.821,0.921
0.782

Wavelength=1.54178

b=17.000(4)

c=

beta=93.288(4)

Reported
2552.7(9)
P 21/n

-P 2yn
C31 H34 N2 S2
C31 H34 N2 S2

498.72
1.298
4
2.052
1064.0

13,19,14
3723
0.791,0.922

12.473(3)
gamma=90


http://journals.iucr.org/services/cif/checking/DIFMX_01.html
http://journals.iucr.org/services/cif/checking/DIFMX_02.html
http://journals.iucr.org/services/cif/checking/PLAT094.html
http://journals.iucr.org/services/cif/checking/PLAT097.html
http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT066.html
http://journals.iucr.org/services/cif/checking/PLAT154.html
http://journals.iucr.org/services/cif/checking/PLAT180.html
http://journals.iucr.org/services/cif/checking/PLAT720.html

Correction method= MULTI-SCAN

Data completeness= 0.984 Theta(max)= 59.990
R(reflections)= 0.0506( 2673) wR2(reflections)= 0.1473( 3723)
S=1.030 Npar= Npar = 318

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-Ievel.
Click on the hyperlinks for more details of the test.

@ Alert level B
[THETMOT ALERT 3 B The value of sine(theta_max)/wavelength is less than 0.575
Calculated sin(theta_max)/wavelength = 0.5616

“# Alert level C

[PLAT241 ALERT 2 dHigh Ueq as Compared to Neighbors for ..... C3C Check
[PCAT340_ALERT 3 _{ Low Bond Precision on C-C Bonds ............... 0.0052 Ang.

< Alert level G
PLATO005 ALERT 5 @ No _iucr_refine_instructions_details in the CIF  Please Do !
PLAT066 ALERT 1 ( Predicted and Reported Tmin&Tmax Range Identical ? Check

The Supplied and Calc. Volume s.u. Differ by ... 2 Units
[PLAT720_ALERT 4_Qd Number of Unusual/Non-Standard Labels .......... 12 Note
0 ALERT | evel A= Mostlikely a serious problem - resolve or explain
1 ALERT | evel B=A potentially serious problem, consider carefully
2 ALERT | evel C=Check. Ensure itis not caused by an omission or oversight
4  ALERT | evel G= General information/check it is not something unexpected

2 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
1 ALERT type 2 Indicator that the structure model may be wrong or deficient
2 ALERT type 3 Indicator that the structure quality may be low

1 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check



http://journals.iucr.org/services/cif/checking/THETM_01.html
http://journals.iucr.org/services/cif/checking/PLAT241.html
http://journals.iucr.org/services/cif/checking/PLAT340.html
http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT066.html
http://journals.iucr.org/services/cif/checking/PLAT152.html
http://journals.iucr.org/services/cif/checking/PLAT720.html

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure
refinements. However, the purpose of your study may justify the reported deviations and the more
serious of these should normally be commented upon in the discussion or experimental section of a
paper or in the "special_details" fields of the CIF. checkCIF was carefully designed to identify
outliers and unusual parameters, but every test has its limitations and alerts that are not important
in a particular case may appear. Conversely, the absence of alerts does not guarantee there are no
aspects of the results needing attention. It is up to the individual to critically assess their own
results and, if necessary, seek expert advice.

Publication of your CIF in [UCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journalé¢ta Crystallographica, Journal of Applied

Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit fxta
Crystallographica Section C or E, you should make sure that full publication checks are run on the
final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to thidotes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 05/02/2014; check.def file version of 05/02/2014


http://journals.iucr.org/services/cif/checking/checkform.html

Datablock 3_H - ellipsoid plot
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Datablock 4_ClI - ellipsoid plot
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Datablock 6_Br - ellipsoid plot
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Datablock 9_1 - ellipsoid plot
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Datablock 11_CHO - ellipsoid plot
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Datablock 12_COMe - ellipsoid plot
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Datablock 14_CN - ellipsoid plot
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Datablock 15_ NHCOPh - ellipsoid plot
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Datablock 16_OPh - ellipsoid plot
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Datablock 18 NC4H8 - ellipsoid plot
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