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Negatively Photochromic Organic Compounds: Exploriig the Dark Side
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B. Mark Herofi” and Peter A Hobs6n

#Department of Chemical Sciences, School of Appietnces, University of Huddersfield,
Queensgate, Huddersfield, HD1 3DH, UK

P QinetiQ Group PLC, Cody Technology Park, Ively Rdrnborough, GU14 OLX, UK

Abstract: The last few years have seen an expiasianterest in traditional photochromic

systems not only for their applications in variablnsmission devices, which continues to
attract commercial interest, but also for the apitif these molecules to undergo structural
and electronic reorganisation which has been seigemh by materials scientists for the
development of switches, logic gates, photoinducedecular motions such as rotors and
fibrils, and photoregulation of drug availabilityThis comprehensive review examines, for
the first time, the ‘dark side of photochromismégatively photochromic systems which are
coloured in their ground state and reversibly phlgach upon exposure to electromagnetic
radiation with a wavelength over ca. 400 nm i.eibke light responsive systems. This
review is organised by structural class and exasnitteeir synthesis, structure, key
spectroscopic data for coloured and bleached spestieicture — switching relationships and
applications. The usefulness of these negativelytqthromic systems is only gradually
coming to the fore with the advantages of low epeagtivation c.f. conventional Uv-

activated switches, enabling the modulation of ethara of useful optical and physical

properties and the design of new materials wittan@nging applications.

Keywords photochromism, negative photochromism, spirobpyzn, naphthoxazine,
thioindigoid, dithienylethene, dihydropyrene, swigs, logic gates.

1.0 Introduction
The phenomenon of photochromism may be simply ddfars:

‘a light-induced reversible transformation of a cheal species between
two states having different absorption spectra’,



and was first noted in 1866 by J. Fritzsche whceoled the reversible photodimerisation of
anthracené. Brown compiled the first major review of photosttism, in Techniques of
Chemistry, volume Ill, entitled ‘Photochromism’ i1971> Normal or positive
photochromism is exemplified by the reversible depment of an intense colour upon
irradiation, typically with UV light, of the photdcomic molecule. Colour fading, associated
with return of the photogenerated species to igiral state, either occurs thermally upon
cessation of irradiation (T-type photochromism) upon irradiation with an alternative
wavelength of light (P-Type photochromism). Hehe tauthors note that the originally
conceived distinction between T- and P- type phutmwmic systems is somewhat fuzzy since
many photochromic systems originally described #gp€ do indeed show some component
of P-type behaviour with the reverse reaction raedpag to some extent to irradiation as well
as temperaturé. Studies on P-type photochromic systems are alewtiely dominated by
switching applications of diarylethenes. T-Typeofathromic behaviour is a common
occurrence for wearers of ophthalmic sunlenses avtte lens appears coloured in normal
sunlight and fades upon being placed in the shadalate photochromic sunlenses remain
the major commercial application of photochromismd asunlenses invariably utilize
combinations of naphthb-and indend- pyrans and spiroindolinonaphthoxazifiesThe
absorption spectra of a simple T-Type photochrodye, pre- and post- irradiation, are
presented in Figure 1.
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Figure 1. Response of a typical T-type positivetpbloromic dye solution
(A pre-irradiated, B immediately after cessationrddiation)



Conversely, negative photochromism (sometimes nederto as reverse or inverse
photochromism) is observed when the colour of a oyeersibly fades on exposure to
electromagnetic radiation such as visible lightsanlight but the intensity of the colour

recovers in the absence of visible light i.e. thtemse colour of the dye develops in the dark.
The term negative photochromism has also been @ateto systems wherein the intensity of
the long wavelength absorption band of a dye hasedsed (hypochromism) upon irradiation
with the emergence of a new band at shorter wagtiem the visible region of the

electromagnetic spectrum.

There have been several academic reviews concephiogpbchromism and photochromic
systems following on from the initial comprehensix@ume edited by Browf. In 1998 a
two volume set in the series Topics in Applied Clstm was edited by Crano and
Guglielmetti; volume 1 dealt with the synthesis gndperties of the ‘Main Photochromic
Families” and volume 2 with ‘Physicochemical Studies, Bidta§j Applications and
Thermochromism®. Irie edited a complete issue of Chemical Reviewslichted to the
application of photochromism in memories and svag;hthough much valuable general
information on photochromic systems was included®erhaps as a consequence of the
appearance of the latter two reviews and a gelreradase in interest in the subject Dirr and
Bouas-Laurent revised their original book, ‘Photachism Molecules and Systent&’ and
included much more material in the 2003 revisibnThe most recent addition to major
works on photochromism entitled ‘Photochromic Mitist was edited by Tian and Zhang in
2016 An English translation of a more obscure multikmued Russian work entitled
‘Organic Photochromes’ edited by El'tsov appeared990™ Whilst many of the foregoing
reviews focus on more academic aspects of photoubno one major work, edited by
McArdle in 1992, ‘Applied Photochromic Polymer Sysis’, is devoted to the behaviour and
application of photochromic polymetsthough due to the relatively recent activity ire th
area of photochromic polymer systems, see for el@mprk by Evan®t al,”>*" ‘McArdle’

is probably due an update.

Other general reports and reviews featuring photonlsm have appearfd? and more
specific reviews dedicated to individual photochionsystems have been published,
noteworthy amongst these are those on diaryl besnzd-naphtho- pyrarfs diarylethene$?*
28 spiropyrang’>!  spiropyran-based materidfs, spiroindolinonaphthoxazinéd?*
photochromic compounds as ligaridsphotoswitching transition metal complex&s’

photochromic systems containing crown ether thitsand azobenzend%** A notable
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recent review by Jacquemat al, examines highly functional materials which camtaore
than one photochromic switching moiéfy. Photochromic systems also feature in reviews
concerned with the control of molecular architeefiirmolecular switche$,*® devices and
machines, photoswitchable bio-materials and bio-molectflesid in reversible optical data
storage device’. Special issues of Molecular Crystals, Liquid Gajs’"® Dyes &
Pigment3’ and also Advanced Optical materfilsontaining papers and abstracts from the
International Symposia on Photochromism (ISOP) legopeeared. In spite of such activity on
positive or normal photochromic systems there remalatively few articles concerning
negative photochromism, indeed the phenomenon wamsnarised in only a few lines by
Brown>® A short account of the reverse photochromismpifopyrans was authored by

Barachevsky in the Russian language in 1897.

Of the many photochromic systems described in tregbing reviews very few exhibit

negative photochromism. This review primarily desd the phenomenon of negative
photochromism into T- and P- type systems and #aobdivisions based on the molecular
system and where there are sufficient examplesdurdivision into substituent and matrix

effects.
2.0 Systems that Exhibit Predominantly T-Type NegaPhotochromism
2.1 Spirobenzopyrans (spirdfZ[1]-benzopyran-2,2'-indolines])

The spirobenzopyran system is perhaps historidhlybest known positive photochromic
system. UV irradiation of the colourless pyran313'-trimethylspiro[#-[1]-benzopyran-
2,2'-indolines]) 1 results in cleavage of the’ + 2 (O — spiro-C) bond to afford the
zwitterionic  ¢)-2-(2-(1,3,3-trimethyl-8i-indol-1-ium-2-yl)vinyl)phenolate 2A  which
isomerises to theE)-2-(2-(1,3,3-trimethyl-81-indol-1-ium-2-yl)vinyl)phenolate&B (Scheme
1). It is generally accepted that quinoidal forni2B and3B may also be present and the
ratio between these and the zwitterions is depeangamn substituents and the nature of the
matrix ®°? Additionally the possibility of various rotamers2and3 should be noted.
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Scheme 1. Relationship between the ring-openedsfofrspiropyrari

However, there are several examples of ‘spiropyrdxesring unique combinations of
substituents which result in a negative photochcorasponse from the spiropyran system.
That is to say that the photomerocyanine, a 2-f2-i(®lol-1-ium-2-yl)vinyl)phenolate, is the
thermodynamically stable species which upon irtamliawith a suitable wavelength of light
reversibly cyclises to the spiropyran. Stabilisatiof the 2-(2-(8i-indol-1-ium-2-
yhvinyl)phenolate species is most commonly accashgld through the presence of electron
withdrawing substituents in the benzopyran / phateolinit which can delocalise the negative
charge associated with the oxygen atom in the ghtndorm. Thus most studies of
negatively photochromic spiropyrans involve the8'B;-trimethyl-6,8-dinitrospiro[&-[1]-
benzopyran-2,2'-indoline} and the derived zwitterionic speci®8 — D. It should be noted
that the historical convention adopted throughdat $cientific literature is to refer to the
spiropyran4 rather than the zwitterionic forf despite the fact that the spiropyran is often
only observed transiently. Given that the majonfyreaders are those familiar with this
historic convention and that literature searchdésrafa greater number of pertinent returns
when the spiropyran search term is employed this/@ation will be used in the present

review.

The earliest account of the synthesigl@ppeared in 1952 and involved the condensation of
3,5-dinitrosalicylaldehyde with 1,3,3-trimethyl-2ethyleneindoline in EtOH at room
temperature for a number of days (Scheme 2). Thdugt was reported to be isolated as
dark green crystals in good yi€ltl. A dramatic reduction in reaction time from daysl®



min and a yield of 87 % af has been claimed when the reaction mixture wasiamted with
ultrasound (55 Watf)* The use of tetramethylBindolium iodide in conjunction with
piperidine under an Ar atmosphere in anhydrous Et@Hgenerate 1,3,3-trimethyl-2-
methyleneindolinan situ with subsequent addition of 3,5-dinitrosalicyldigde and a 3 h
reflux affords4 in 79 % yield®

\

spi
piropyran ) \
colourless N
e NO,

5C (CTT)

5D' (CTC)

coloured zwitterionic isomers and rotamers (red) and associated quinoidal forms (blue)
Scheme 2. Various ring-opened species of spiropyran

Crystals of4 grown from an acetone solution were shown, by YX-caystallography
(Cambridge Crystallographic Data Centre file CCDCI48), to be the near plarzB which

was termed thérans, trans, trangTTT) isomer (Figure 25° Key bondlengths o5B are
presented in Table 1 and the alternating bondlengttthe four carbon unit* — C* affirm

the zwitterionic rather than a quinodal structurehie solid state. The' —C! bondlength of
132.6 pm irbB is suggestive of double bond character and thengeg about th&\* atom is
consistent with sphybridisation.



There have been extensive spectroscopic invesiigatf4 in solution. In either Pacetone
or De-DMSO solution the prevailing forms dfare the TTT5B (minor) andtrans, trans, cis
(TTC) 5A (major) rotamers established by 2D NMR experimente spiropyran formd is

present in an appreciable amougat, 35 mol %, in CDGJ solution®®

Figure 2. Crystal structure representation of 2&itn 5B

| Bondlength pm | Bondlength pm
N - C 132.6 c-c 142.4
ct-¢ 140.6 c'-C 145.5
c’-C 134.9 c’-0 124.9

Table 1. Selected bondlengths for zwitterkdh

Key 'H NMR signals in fol5A and4 are presented in Figure 3. The central alken®psoof
5A show mutual coupling of 16 Hz typical fortens substituted alkene urfit. For the
spiropyran the alkene proton coupling constani$ Hz confirming theis- arrangemerit’

The protons of thé&l-Me unit in4 resonate at c®.2.8 (Ds-acetone) but are shifted downfield

to ca.8 4.0 in accord with the localised +ve charge onitildelinium N-atom in5A.°¢%

578 \ —
-« 5857
2 & v
' +7 - 57.14—>= N o
N o NO, -~ 5857
578 /

53.96 58.52 5278
recorded in Dg-DMSO recorded in Dg-acetone

5A (TTC) 4

58.90
5175 58.40 and 6624 5543
/ 5 1.34\ 5738
NO, 57.14 /
\ —

Figure 3. SelectetH NMR chemical shifts foBA and4



In a further interesting aspect concerning the NBWperiments performed of / 5A the
alkene proton which resonates®8.52 6A, Figure 3) was demonstrated to undergo facile
deuterium exchange ing®MSO upon addition of BD.°® The observation of the foregoing
deuterium exchange enabled isotopic shifts to Ipéoesd by**C NMR spectroscopy. For C-

3 deuterated®A, isotope shifts can be observed over a distande lminds, but for the C-3
deuterated spiropyran 1',3',3'-trimethyl-6-nitresfH-[1]-benzopyran-2,2'-indoline] 6
isotope shifts are observed only over 3 bdtld3his latter study provided detailed

assignments of tHEC NMR resonances &A and6 (Figure 4).

8126.2

5259 01517 81227 551.8
5514 \ 51357
. 5121.3
51432 NO,
\ — «—— §128.1 /8128.2
= CMe, §19.6, 25.6
/ O NO,
"/ ) <— 51408
N g\ No, N \© \
\ \

/ \ 5147.3 8106:\ 81404
51418 / : / :
5 1604 5182.4

5336 5110.8 528.4 3159.3
recorded in Dg-DMSO recorded in Dg-DMSO
5A (TTC) 6

Figure 4. SelectetfC NMR signals fo5A and6

The influence of temperature on the thermal recalitan of a visible light bleached film of
5A has been studi€d. As the temperature of the film was raised the cdtformation of the
coloured isomebA increased. A series of UV-visible absorption $gzeof 1'-isobutyl-3',3'-
trimethyl-6,8-dinitrospiro[B-[1]-benzopyran-2,2'-indoline]/ (Figure 6) are presented in
Figure 5”* The molar extinction coefficient afwas determined as 37.3 x*1@o*‘dm®cm™,
which compares favourably with that for tNeMe analoguet®® of ~40 x 18 mor*dm’cm*
with Amax at 541 nm together with a second less intense, maagima at 382 nm, which tails
into the visible region. A freshly prepared sadatiof 7, protected from daylight, in
spectroscopic grade acetone appears deep red geobanh after bleaching with white light
(A > 400 nm for 30 seconds) fades to almost coloudeg6€°C (Figure 5).
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Figure 5. Visible absorption spectrafibefore and after irradiation

The dynamic behaviour of the interconversion betw& and 4 and relatedN-alkyl
derivatives has been studied by transient absergpectroscopy. In the nanosecond time
domain an initial study of thé\-octadecyl substituted spiropyra® revealed that the
zwitterion bleaching (ring-closing reaction) invety three components at <25 ns, 240 ns and
3.4 us and that the recovery of the colour involved temponents (620 ns and 3 ).

The inference was made that the transient spetitggs time domain were consistent with a
triplet pathway’? both singlet and triplet pathways have been inéefoe the colouration of
positively photochromic nitrospiropyraf$’* The negative photochromism 8&f(Figure 6)
has also been examined in a Langmuir-Blodgett fililnere atomic force microscopy

recorded changes in the surface of the film upatiry 8 with visible light irradiation’>

The sub-picosecond — nanosecond timescale of #eesible ring closure d and9 has also
been investigated and a purely singlet state miafas proposed for the mechanism for the
reaction which was complete in ca. 400 ps. Inl#ieer ultrafast photodynamic study a
metastable intermediate was postulated that wdsere#é quinoidalcissmerocyaninel0

(Figure 6) or a zwitterionic species twisted alibatcentral methine borff.



NO, “ NO,
N o) 2 N 0

C18H37 NO,
COZH

7 8 9
Amax = 532 nm, DMSO

Emax = 3.5 x 10* mol'cm™'dm3
Figure 6. Structures of dinitrospiropyrans 10

More recent studies of the interconversion betwibenassumed quinoidal forms 6fand
spiropyrand in chloroform solution on the femtosecond timesaading ultraviolet / visible
pumping with visible / mid IR probing revealed thmith ring — closing and ring — opening
could be accomplished photochemically. Intere$gindpe ring-closing — ring-opening cycle
could be accomplished in under 6 ps whereas thgeam@ning — ring-closing cycle was
complete in ca. 40 ps leading to the summary #hbehaves as an ultrafast bidirectional
switch® In a further femtosecond laser spectroscopy sbidyit was shown that the TTC
(Amax = 560 nm, major) and TTTAfax = 600 nm, minor) quinoidal isomers absorb at
different wavelengths respectively in chloroformusion and that each isomer could be
closed to the spiropyran by ar@lectrocyclic reaction (Figure 7§. Coherent two-
dimensional electronic spectroscopy has been proYeglue in the study of photoreactive
species. Application of this technique to the qidabTTC and TTT forms o5 reveals that
geometrical isomerisation of these two forms doespilay a major role in the reversible

photochemical ring-opening — ring-closing processhe ultrafast fast timescaf®.

NO,

\
—
BATTC O NO,
N O

minor processes

Figure 7. Interconversion of quinoidal forms ofgiapened spiropyra
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The response and stability of the dinitrospiropy#ar- merocyanine5 system towards
solvent polarity and pH has been investigdfedinterestingly, treatment of an acetone
solution of the mononitrospiropyrakil with malonic acid gave the protonated merocyanine
11H" which exhibited negative photochromism i.e. thelamate salt could be reversibly
bleached by irradiation with visible light (ScheB)¥%®!

NO,
g o _’O
N 0
+
NO,
L Y
\

or hy' HO

11 11H*
Scheme 3. Photochemical and pH induced switchimgtadspiropyraril

Incorporation of acidic functions (-G8, -SG;H) into the indolineN-alkyl substituent led to
some interesting observations regarding the rol¢hefsolvent on the performance of the
systemsl2a, b under irradiation. When in dioxane solution pestiphotochromism was
observed forl2a but the addition of water resulted in stabilisatmf the merocyanin&3a,
the visible light irradiation of which led to bld@ng of the absorption maximum at 528 nm.
The intensity of the absorbance at 528 nm recoveped standing in the dark (Schemé&%4).
Visible light irradiation of14b results in ring-closure to affortb with loss of colour and
generation of H The proton dissociated state (spiropyran) haslglife of ca. 70 s and
results in a change of pH of the medium of ca.udigs. The relatively long-lived photo-acid
has been employed to catalyse an esterificatioma@antpulate the volume of a pH-sensitive
polymer®® A photo-acid generating spiropyran has been tsedanipulate the colour of a

pH sensitive dithienylethene derivative, leadingatoall optical four-state colour switching

84
system.
NO, NO,
ay, ‘\X /ﬂ w
O N/ ~ —_— O + N O O NO,

N o N HO dark \

\ \ (CHa)n

(CHy)n (CHy),

X

X X
13aX=CO,H,n=1 14aX=COy, n=1 12a X =CO,H,n=1
13b X =SOzH,n=2 14b X =SO5, n=2 12b X = SOzH, n=2
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Scheme 4. Prototropy and photochromism of nitragyiransl2a b

Further evidence of the influence of the matrixtba photochromic response was evident
from the behaviour of the mononitrospiropyréaba which upon standing in aq. MeOH
solution (1:1) at 45C in the dark gradually established an equilibriomixture over ca. 50
min with an appreciable content of the merocyamomes as evidenced by the appearance of
a pink solution Amax 515 nm). Storage of either MeCN, CH@hH or THF solutions df5a
under similar conditions resulted in no pink cotama; the stabilisation of the merocyanine
form by H-bonding with water molecules was deemesponsible for this behaviofit. The
merocyanine form ofl5a has also been generated and stabilised in penbylgsilazane
which had been treated with water; hydrogen bondiitg Si-OH functions was responsible
for the stabilising effec® Poly(vinyl alcohol) films ofl5b were magentahfax = 534 nm)
and could be bleached with ‘UV free’ visible light. Temperature gated switching between
negative and positive photochromism of microenckgped samples of5a and11 in fatty

acid matrices has recently been descrffed.

Switching between negative and positive photochsomihas also been noted for the
mononitrospiropyrand5cin room temperature ionic liquids (Figure 8). dontrast tal4 in
the foregoing studyl5c substituted with either 'R= N-alkyl carboxylic acid or R= N-alkane
sulfonic acid groups positive photochromism waseobsd in a broad range of ionic liquids.
However, forl5c R = alkyl, R = H solutions inN-hydroxyalkyl-imidazolium salts, with a
strong acid anion such as bistriflimide ion, deeg  purple coloured solutions d6c R' =
alkyl, R = H resulted at room temperature which could hensbly bleached upon UV-
irradiation. Whereas positive photochromism wasedotfor all 15c in various N-
butylimidazolium carboxylate¥. Solvent dependent negative photochromism wasreited
for mononitrospiropyrans derived from 5-amino Festh base with the mononitrospiropyran
— Schiff base dyad6® and supramolecular hydrogels based on mononitaspian —
peptide conjugate$? (Figure 8)°* The matrix also has a significant impact on thetine
photochromic switching of the parent spiropyfawhich can be modified to exhibit negative
photochromism when it is entrapped in the rigidroteds of a zinc ion-rich metal organic
framework? and covalent linking of 6-hydroxyspyropran to thelymer backbone of an
acrylate copolymer stabilised the coloured zwitteic form which could be reversibly
bleached upon irradiatiofi.

12
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)\021H43

R! —_—
R2 NO, O O NO,
— W o
\
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Figure 8. Structures of nitrospiropyrats- 19

Temporary negative photochromism was imparted iht@ long chain substituted
mononitrospiropyransl8 and 19, in thin films, upon protonation with HCIl. Infred
spectroscopy was used to monitor the cycling betwd#ee spiropyran and th#ans
merocyanine form, with the band at 1610 theing assigned to theans C=C bond (Figure
8).94

Water has been demonstrated to attack the conpigsistem of the merocyaninesafi R =
NO,, CHO, CN at neutral pH resulting in formation dfetindolinium salt and the
nitrosalicylaldehyde, presumably via a retro-algombcess. However, at low pH the
protonated merocyanine for@il, which could be cyclised to the spiropyran bydragion
with visible light in accord with observations feimple N-alkyl substituted systems, was
shown to be stable to hydrolytic degradation (Sah&ii°

N O R
visible
n(H2C)
\+

NR,R'
20 we

Scheme 5. Photochromism and hydrolysis of spirapfta
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The zwitterion5A is susceptible to attack by strong nucleophileshsas cyanide ion and
thiols. The former results in disruption of thendo—T1— acceptor system with an attendant
hypsochromic shift iMnax from ca. 525 to 400 nm (ag. MeCN) (Scheme 6). Site of
cyanide ion attack was established by NMR spectroscopy which resulted in an upfield
shift of the NMe signal frond 3.975A (merocyanine) t@ 2.6922 (CN adduct). The change
in absorption spectrum was shown to be selectiveyanide ion amongst 12 other anions

and the system offers potential as a cyanide ioa&®

O,N
4 5A 22

Scheme 6. Behaviour of zwitteri@A towards cyanide ion

The spiropyrant and the 4 and 6 hydroxymethyl analogue®3 and24 have been used as
sensors for thiol-containing amino acid® and theN-alkylthio derivative25, when bound to

a gold surface, has been employed as a reusalsersiem antibodies (Figure §5. In the
presence of serum albumins the thermal ring opeairtge 6,8-dinitrospirobenzopyrahto

the zwitterion 5A was acceleratelf® The response of the dithiolane appended 6-
nitrospiropyran 26 was modulated from positive photochromism in lighldroethane
solution to negative photochromism when anchoreccadmium sulphide nanoparticles
treated with 1-decanethiol (Figure 9). The traasit from positive to negative
photochromism was thought to occur due to stabdiglectrostatic interactions between the

zwitterionic species and the surface of the nartimpes '™

HO
0 NO,
- N NO,

N
. o L 3 o
N\o NO, \ o—/<

(CH2)4

O,N
| o
SH S

23 24 26
Figure 9. Structures of nitrospiropyra2d— 26

A series of new negatively photochromic spirobeyraps derived from 3,5-

dinitrosalicylaldehyde and variously substitute®,3;trimethyl-2-methyleneindolines were

14



synthesised by Minamét al %

using the general synthetic procedure reporteGiudaet

al., for the preparation of simple spirobenzopyrar@gsnely heating a salicylaldehyde with a
1,3,3-trimethyl-2-methyleneindoline in ethanol undeflux for ca. 6 hour§® Variation of
the B-substituent had only a marginal influence X« of the coloured forms o27a — d
relative to that ot (Figure 10) However, of particular note was tihservation that fo28
normal (positive) photochromism was observed in GH{d in acetone solution; only in
DMSO solution was negative photochromic behaviooseoved indicating the significant
influence of the polar matrix upon the stabilitytbé ring-opened species. The influence of
benzannelatiorviz. 29 was also negligible. The alternate benzo-fusethés 30 has been

reported but its photochromic response was nobedbd (Figure 10)°*

4R"=H, R2=H, Apax =526 nm 28
27aR' = OMe, R2 = H, Amax = 524 nm Amax = 543 nm
27b R' = F, R? = H, Amax = 526 nm DMSO
27¢ R" = Br, R? = H, Anax = 535 nm
27dR'=F, R2=F, Amax = 531 nm

DMSO

Figure 10. Dinitrospiropyran structurésand27 — 30

The influence of structural variation at the 3 dimel 3 positions upon the spiropyran 2-(2-
(3H-indol-1-ium-2-yl)vinyl)phenolate equilibrium hagén described in two papers reported

by Roxburghet al'®1%

Compounds31 and 32 were obtained by isolation of the
appropriately substituted Fischer's base from tigoleninium triflate with 40 % ag. NaOH
and E$O extraction prior to routine spiropyran formatioly heating 3,5-
dinitrosalicylaldehyde and the liberated Fischeseban EtOH for 24 h (Scheme 7). The
introduction of the 3spirocyclohexane group resulted in the presenca ofixture of the
spiropyran (minor® and the ring-opened form (major) in DMS@<%blution at 298 K as
evidenced by the presence of olefinic signals &'th NMR spectrum & 8.3, d,J = 15 Hz
and 3 5.9, d,J = 10 Hz) and RkMe and N-Me signals ab 3.8 andd 2.8, respectively.
Increasing the temperature in ca. 20 K incremeptdou410 K resulted in increasing the
amount of spiropyran. No such equilibrium mixtuvas detected in DMSOsdsolution in
the temperature range 298 — 410 K By NMR spectroscopy for the 3-Me analogLé:

substitution at the 3-position favouring the exwslaspresence of the spiropyran form. In
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contrast with ultrafast spectroscopic studies4of 5A where no appreciable isomerism
between the quinoidal formsA and5B was noted, slow isomerism between the TCC and

TTC isomers ofL5 was proposed.

NO,
O,N CHO O
+ — —_— —
; iOH N EtOH ¥ /
NO, \ 83 % \ \ NO,

Scheme 7. Preparation of spiropyr&isand32

A variety of substituents have been introduced tandard synthetic procedures at the
indoline N-atom including branched alkyl groups e7g* and long chain alkyl group>"®
and functional alkyl groups e.g9'%’ leading to compounds which retain negative
photochromic behaviour. Thd-phenyl analogu&3 was first reported in 198% and its

negatively photochromic behaviour commented upamrimore recent patett’

Unsymmetrical bis-indolinospiropyre®b has been synthesised by sequential reaction of the
bis-Fischer's bas&4, derived from reaction of an excess of 5-aminqg3tiBmethyl-2-
methyleneindoline with sebacoyl chloride, with eglaldehyde and the resulting mono
spiropyran condensed with 3,5-dinitrosalicylaldedyd afford the product (Scheme *&j.

'H NMR spectroscopy of a solution 85 in CDCk indicated the presence of a 1:1 mixture of
a spiropyran unitduve 2.70, andds;.y 5.82) and a ring — opened unfiyfie 4.05, andds.4
6.54) and irradiation of a DMSO solution resultedreversible bleaching of the initially
present colour. Two 6-nitrospiropyran units linkddough their indolineN-atoms by a
peptide unit displayed red luminescence in aquemligtion which could be significantly,
reversibly diminished upon irradiation with visibleght due to ring closure of the

merocyanine speciés!

16



/
~ e
HN CHO HN __
(0] EtOH, 60 °C (&

Sy o ; °
(CHy)e (CHyp)
NO 2)6
N\Pho O 2 YO ON CHO Yo NO,
il [o]
O,N HN (i) EtOH, 60 °C o
OH O /)
33 /) ~
N NO, N o NO,
\ \
34 35

Scheme 8. Structure dFPhenylspiropyral®3 and linked spiropyraB5

The isomeric bis-Fischer's base86 and 39 have been condensed with 3,5-
dinitrosalicylaldehyde under standard conditionafford the bis-indolinospiropyrarg’ and
38in moderate yields (Scheme?é.

CHO
OH EtOH, reflux
T m%
NO,

CHO
—N N— OH EtOH, reflux

+ _—
YT
O,N NO,

39

Scheme 9. Preparation of isomeric bis-indolinogpirans37 and40

The UV-visible absorption spectrum 87 in EtOH displayed an absorption maximum at 553
nm in the visible region which was indicative ottpresence of a ring opened spiropyran
unit. Whereas the spectrum48 exhibited a longest wavelength absorption bartl@tnm.

These data were supported 1y NMR studies (DMSO-¢) which revealed the presence of

two sets of signals, of unequal intensity, 3@r The major set of signals were attributed to the
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symmetrical bis-indolinospiropyraB7 (alkene coupling constankis= 10.5 Hz) and the
minor set of signals t88 in which one of the spiropyran rings is presenth&szwitterionic
unit (alkene coupling constanige= 10.3 Hz andlan<= 14.3 Hz). ThéH NMR spectrum of
40 displayed only one set of signals which were icoad with the symmetrical bis-
spiropyran structure. Interestingly, th#H NMR spectra of the analogous bis-
indolinospiropyrans 41 and 42 (Figure 11), derived from36 and 39 with 3,5-
dibromosalicylaldehyde, each showed the presencsoofe ring — opened specig&*®
Unfortunately, a detailed study of the photochromd@sponse oB7, 38, 40 — 42 was not
provided. However on the spectroscopic evidenowiged for the presence of the ring —
opened species and by analogy with simple mononsgilpyrans substituted with two

electron withdrawing functions negative photochrofmhaviour would be expected.

M 42

Figure 11. Structures of bis-indolinospiropyrdisand42

Replacement of the 8-nitro substituent with halegeng. Br, 43" results in an
equilibrium mixture of ring — opened and ring —sgd forms in DMSO-+lsolution in which
the zwitterionic form was indicated to be presenabout 60% byH NMR spectroscopy. At
155 °C the amount of the ring — opened speciegdpresent in DMSO-glsolution was
decreased to ca. 5% and reflects the thermal depeadf the equilibriunt® Spectroscopic
studies of43 and the ester derivativé4 R = Me (Figure 12) in a series of solvents of
different polarity revealed equilibrium mixtures ohg — opened and ring — closed forms
with ring — opened form favoured by polar solvestech as ethanol and acetonitrile.
Interestingly, in this study the photocoloration swaroposed to operate via a triplet
manifold!*’ An earlier report concerning the synthesis of deseof 44 with varying R
groups indicated that positive photochromism waseoked for these compount8. A study

of the'H NMR spectra ofi4 and45 R = Me revealed that each isomer was presenttiin
ring — opened form in ca. 40 and 70 %, respectivelycreasing the temperature of the

DMSO-d; solution resulted in a decrease of the amouninof+ opened species preséfit.
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In this same NMR study examination of thi& NMR spectra of the isomeric carboxylic acid
derivatives43 and44 R = H indicated that each of these carboxylic asigre present with
very appreciable amounts of their ring — openecaisge The presence of intramolecular H-
bonding between the 8-carboxylic acid function #mel adjacent oxide unit was invoked to
rationalise the very high proportion (95 %) of tireg — opened form o#4 R = H at room

temperature.

O N O O NO, g N\ o O NO, O N\ e} O COsR
Me Me Me
Br RO,C O,N

43 44 45
Figure 12. Nitrospiropyrang3 —45

The presence of the 8-carboxylic acid unit alof@® (n the benzopyran unit is sufficient to
stabilise, by intramolecular H-bonding, the ringopened species which then exhibits
negative photochromism (Scheme 1)*?° Placement of the carboxylic acid group at C-6
resulted in no photochromic response unless théuneixvas acidified with malonic acid. In
contrast to these foregoing observations the @sidf acid derivative47 (Figure 13)
displayed negative photochromism in a selectiorpafr protic solvents and in reversed

micelles?*
408 < ~ X0y
K — @8, ot 5<}
HOLC HwO \ C/N
46 47 48
Scheme 10. Ring-opening and stabilisation Fig@reStructures of
of spiropyrar6 spiropyrang7 and48

In addition to the presence of carboxylic acid€d stabilising the phenoxide unit, much use
has been made of substituents at C-8 which, inuocatipn with the phenoxide unit, can in
this position behave as bidentate ligands for warimetal cations. The resulting complexes
offer a stabilising influence for the merocyanir@ni and include the piperidinomethyl
compound48 (Figure 13)'* The usefulness of the 8-chloromethyl-6-nitrospjran moiety
49 is exemplified by its conversion to negatively fgahromic ammonium salts upon
reaction with various tertiary amines and pyridfi@and to crown ether systers§,*** 51'%
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and 52 (Figure 14)?® The foregoing photoactive crown eth&@— 52 have been used to
complex various metal ions. The addition of alkedgarth metal ions to a solution® n =

1 unexpectedly resulted in intense colour genaratith a maximum absorption at ca. 540
nm as a consequence of the cooperative captureahétal ion by the crown and phenoxide
units. Irradiation of the solution of the metatrewn species resulted in a very significant
reduction of the colour presumably as a consequehceformation of the spiropyran ring
leaving the metal held by the crown unit alone sisilar spectroscopic response was noted
upon complexation ds1 with Mg®* ions.

Figure 14. Macrocycle substituted spiropyrab@-€ 52) and their precursaet

The location of an ‘electron deficient’ azole uaiijacent to the pyran oxygen atom also
facilitates ring — opening of the spiropyran umitthe presence of metal ions, the resulting
metal ion — zwitterion complexes exhibit negativeofmchromism. In the absence of metal
ions a normal photochromic response is recotdedrhus the 2-benzothiazolyl substituted
spiropyran53 instantaneously forms an intensely coloured 1rhmex with Co(ll) and a 1:2
complex with Ni(ll) ions in MeCN solution (Schemé&)1 The strength of the complex was
dependent upon the size of thealkyl substituent and irradiation of the complexeish
white light resulted in release of the metal iodl aageneration of the inactive spiropyrah.
Similar complex forming ability and thermally regérle photodecolouration with visible
light was noted for the 4,5-diphenyloxazol-2-yl stituted spironaphthopyrd¥ with Zn(ll),
Mn(ll) and Cd(ll) ions (Figure 15Y°
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Co(ll)

visible

light /
MeCN

53 54
colourless coloured

Scheme 11. Transition metal assisted stabilisation Figure 15. Spiropyrab4
of the zwitterionic form of spiropyrabs.

During a study of the preparation of 6-styryl substd spiropyrans the 6-formyl
intermediate55 (Figure 16) was prepared as dark violet crystatsethanolic solution of
which, with Apnax at 530 nm, reversibly bleached upon irradiatiorthwvisible light.
Replacement of the formyl group by a styryl udB)(resulted in positive photochromism and
led to the inference that two electron withdrawgrgups conjugated to the oxide anion in the
ring — opened form were essential for negative gitwomism to be observé® The
closely related 8-formyl compoun87 (Figure 16) was described in an early patéht,
however detailed examination of the propertieshes tompound was not made though the
general text in the patent infers normal photochcobehaviour; a further study of the
properties of this compound is warranted. Whikgjative photochromism was not discussed
for the 6-benzoyl-8-nitrospiropyrasB (Figure 16) it was noted that this compound resglir
more energy to ring close than a model compddhd.

Figure 16. Substituted mononitrospiropyr&as- 58

Quenching the anion derived from the actiomddutyllithium on 2,3,3-trimthyl-Bi-indole
with 1,3-diiodopropane gave the tricyclic indolimuiodide 59. Liberation of the 10,10-
dimethyl-6,7,8,10-tetrahydropyrido[1&indole (a novel Fischer base) and subsequent
condensation with 2-hydroxy-5-nitrobenzaldehydeegtve zwitterion60 as an amorphous
purple solid. Solutions 060 in polar protic (EtOH, MeOH) and polar aprotic ([3®,

MeCN) solvents were intensely coloured and couldbleached to spiropyrafl upon
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irradiation with visible light. The initial intenseolour gradually recovered when the

irradiation was ceased (Scheme 13).

-
e
() G, (i) O O
@%gi @ﬁb 53% O o N
N I N NO,
59 60 61

Reagents: (i) n-BuLi, I(CH,)3l; (ii) aq. NaOH, Et,O; (iii) 2-hydroxy-5-nitrobenzaldehyde

Scheme 12. Preparation of bridged nitrospirop@an

The photochromism of various spiropyrans in which traditional indoline unit has been
replaced by either a ring expanded variant or pjacement of thgeminalmethyl unit with

a chalcogel?* has been explored and some of these systems eédaitive photochromism.

The presence of an electron withdrawing nitro grewgs crucial for the isolation of the
merocyanine derived from the condensation of 5Spgetlhylphenanthridin-5-ium
methylsulfate with salicylaldehydes. When R = H ttwdourless spiropyraB2 prevailed,
however when R = N&the zwitterion63 was isolated as red brown crystals (Schemé?>£3).
Through careful choice of solvent interconversi@iween the spiropyran and merocyaine
for R = NG could be accomplished. Thus refluxing a suspensiof3 R = NG in o-
dichlorobenzene resulted in the isolation of thde pgellow spiropyran62 R = NO.
Dissolution 0of62 R = NG, in refluxing ethanol resulted in isolation of theginal zwitterion
63.

OHC R N
piperidine
+ >
Hoji)/ EtOH, reflux

Scheme 13. Preparation and reversible ring opesfieg

Replacement of thgeminalmethyl group of the indolenine unit of spiropyrawith either S
or Se, by base-catalysed condensation of a sdteylgde with either a 2-
methylbenzothiazolium or a 2-methylbenzoselenanolgalt to afford either 3-methykB
spiro[benzofllthiazole-2,2'-chromenes] 64 R = H or 3-methyl-8i-
spiro[benzofl][1,3]selenazole-2,2'-chromenesh5 respectively (Figure 17), has been

examined. Vandewyest al, noted the high stability of the ring-opened farfit4 R = H but
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that introduction of a’aMe group 64 R = Me), which destabilised the merocyanine system
through steric interactions, resulted in photocticopnoperties=® In this report the influence
of solvent polarity and presence and location obssituents on the kinetics of the
decolouration reaction were delineated. Polar esdly and the presence of electron

withdrawing substituents decrease the rate of decation.

oy O

Figure 17. Thia and selena substituted spiropyrans

Good negative photochromism has been demonstratedhé 6-, 8- disubstituted B-
spiro[benzofl][1,3]selenazole-2,2'-chromened R = Me, GgHs; with irradiation of DMSO
solution with visible light X > 500 nm) resulting in almost complete loss of tnginal
absorption band at ca. 550 nm due to ring-clostitbeozwitterion67. Complete recovery of
the original purple colour was assisted by warmthg solution to ca. 50C. The
solvatochromic behaviour 067 and 'H NMR spectroscopy was used to affirm the
zwitterionic rather than quinoidal foré8 (Scheme 14)*"**® Co-polymerisation 066 with
methyl methacrylate afforded polymer systems whetained the negative photochromic
behaviour though warming to 8 was required to fully recover the initial coloof a

polymer thin film*3°

NO, NO,
o~ : : Se Se —
N o N
> 500 nm MeO k o MeO \R ° 0
‘<:o ‘\(o

R =Me or C18H37

66 67 68

Scheme 14. Thermal and photochemical behaviouHed@ro[benzofl][1,3]selenazole-2,2'-

chromenesp6

In the absence of an’-8ubstituent negative photochromism is still obednfor theN-
octadecyl derivativé9.'*° Incorporation of a fluoresceht-pyrenylmethyl substituent in the

benzologuer0 resulted in a dyad which exhibited negative phiatomism on irradiation
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with visible light of ca. 700 nm; irradiation witlght of ca. 600 nm afforded no change in the

absorption spectrurf?

486
CigHaz = Q
69 '

70
Figure 18. Spiro[benzd][1,3]selenazole-2,2'-chromenes) and70

2.2 Heterofused Spiropyrans

Condensation of the indolinium saill with 3-formyl-4H[1]-benzothiopyra-4-on&2 gave
the orange — yellowAfax 456 NM Emax 34.7 x 16 dm®mol‘cm?, 1,2-DCE) merocyanin@3.
Irradiation of a solution o¥3 with visible light A > 390 nm) for 60 s bleached the initial
orange-yellow solution as the colourless spiropyt@formed. Recovery of the initial colour
and intensity was accomplished within 125 min af@0 The cyclisation 073 may operate
via the isomerisation and electrocyclisation of thenone75 or via isomerisation and a
subsequent polar nucleophilic addition processetriby the sulfur heteroatom via the
thiopyrylium-4-olate76 (Scheme 15)*

54 8.4 8196

J=163 HZ\ \
o) 7 S
CHO /
+ / + —— + /
N | N J
\ Cclo; s Clo, \ 582

a1 " 15 )= 163Hz

orange - yellow
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\

hv 75
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Scheme 15. Synthesis and photochromism of meracgédi

Incorporation of the 8-hydroxyquinoline moiety indospiropyran unit as iM7 R = H has
enabled fluorescent cation sensing with parts péorbsensitivity**® In an extension of this
pioneering study the reversible photoinduced swiglof metal complexation in an aqueous
medium was described for the zinc(ll) complEkR = H (Scheme 16¥* Complex77 R =
NO, exhibits photoreversible decomplexation with lo§ghe associated intense red colour
only in solvents of low dielectric constant, withi\gent which are more polar than THF, e.g.
MeCN, then the zwitterionic species is more effithg stabilised and no photochromism is
observed. Exposure of a solution @ R = H in MeCN to visible light results in the
temporary ejection of the complexed Zn(ll) ion wahconcomitant loss of the cherry red
colour Amax 564 Nm) in ca. 8 s as the metal free speciesseytti the colourless spiropyran

78. Upon cessation of irradiation the Zn(ll) iorrégaptured and the colour is returned.

R

O +N/ _O visible
Zn2+
/
N

O A\ \_oN ) " ]

visible

cherry red

77R=H, NO, O

N o R
\

N
\ /
colourless
78 R=H, NO,

Scheme 16. Zn(Il) complexation Figure 19.iéHgrum fused
of irradiated 78 spiropyrar@and80

Interestingly normal photochromism was observedhloroform solution and in the solid-
state for the pyridinium fused spiropyrai@ and80 (R = Me) (Figure 19), with the pale
yellow colour of the spiro form becoming intensd tgon UV irradiation leading to the ring
opened form. The absence of an isosbestic poitiiteirdecay profile 079 suggested a more
complex equilibrium and allowed the inference thia® presence of the GEBH group
facilitated dimer formation via H-bonding betweemlectules of the closed and open ring

forms leading to an equilibrium with more than temmponents® However, embedding



analogues 080 R = Me, Ph,n-hexyl, hydroxyethyl, in silica gel prepared by ajen of

tetramethyloxysilane revealed competition betweegative and normal photochromisff.

Reimer-Tiemann formylation of 4-hydroxy-7-trifluar@thylquinoline gave the
salicylaldehyde analogu&l in 16 % vyield. Subsequent condensatior8bfwith Fischer’s
base in refluxing EtOH gave a purple crystallindids@n recrystallization from EtOH
(Scheme 17). Th#H NMR spectrum of this material recorded in CB&blution revealed a
mixture of the spiropyraB2 (dyme 2.76) and the zwitterioB3 (dyme 3.73), in which82 was
present in ca. 409’ The'H NMR spectrum recorded in DMSQ-@nly showed signals
attributable to83 in accord with previous reports of highly poladvemts favouring the
zwitterionic species in the equilibriuffi. X-ray crystallography revealed that the purplidso
was the zwitteriorB83, which was stabilised by a head-to-tail (H-typegragation) crystal
packing with intermolecular dipole interactionsvkeen the layers. Negative photochromic
behaviour was observed only for solutions88fstored below -36C, though the bleaching
process could be accelerated by irradiation witkible light. Protonation oB3 with
MeSQH resulted in the loss of the purple colowmd{x 543 nm) with the concomitant
emergence of a new band at 450 nm (yellow-oranlygicn); this hypsochromic shift of the
absorption maxima of the zwitterion upon protormati@s been observed for other negatively

photochromic spiropyrans:®

Scheme 17. Synthesis and photochromism of quinélised spiropyraB2
2.3 Spirobenzothiopyrans (spiréjg1]-benzothiopyran-2,2'-indolines])

There are considerably fewer examples of spirotheps than the oxygen isosteres,
presumably as a consequence of either the lackvailahility of commercial starting
materials or the reluctance of chemists to synsleesuch precursors which involves the
handing of malodorous sulfur compounds. There Waylpear to be no reported examples
of spirobenzothiopyrans which exhibit negative plebromism. However, the acrylate
derivative 85, obtained from the condensation of 1,3,3-trimewhethyleneindoline with

the thiosalicylaldehyde84 (Scheme 18), displays some interesting solventermldgnt
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properties:*®14° |rradiation of a methanol solution 85 for 3 h with 365 nm light results in
the development of a blue-green solution from whideep blue needles of the
photomerocyanin86 could be isolated (5.4 % yield) and examined bsa}{crystallography
revealing a zwitterion structure. Others have cemi®d upon the highly zwitterionic nature

of the ring-opened forms of spirobenzothiopyrais.

butan 2-one
70 °C 20 h,

dark
41 %

84
Scheme 18. Synthesis and reversible ring-openisgiobthiopyrar8s

The'H NMR spectrum oB6 has been examined in acetoreadd in DMSO-d (Figure 20).
Irradiation of the acetonesdsolution with visible light (500 WA > 500 nm) resulted in
photobleaching of the deep blue - green solutioafford a yellow solution, théH NMR

spectrum of which was in complete agreement wighsiggnals fo85.***

5 9.51 (0}

$7.63(d, J=16 Hz)

Figure 20. SelectetH NMR signals of zwitterioi86 (Dg-DMSO)

Spirobenzothiopyrans decorated with either an 8;{irioxa-10-azacyclododecane) crown

ether unit, 87,1°2

or an 8-(bis(2-(ethylthio)ethyl)amino) ligating itin 88'%°> do not

spontaneously ring open upon addition of a soluttdha metal ion salt, unlike their
structurally related spirobenzopyran counterparts 80.** Photoirradiation of the pale
coloured solutions of eitheB7-Li* or 88-Ag” complexes induces ring-opening to the

respective stabilised, intensely coloured zwittgicacomplexes (Scheme 19).
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Scheme 19. Metal complexing behaviour of spirotiwaps87 and88
2.4 1',3',3'-Trimethylspiro[imidazo[4,5,f}quinoline-4,2'-indolines]

The base promoted condensation between the indwolinisalts 89 and the
formylbenzimidazole®0 affords the spiro[imidazo[4,5,ii}quinoline-4,2'-indolineP1 which
equilibrates in methanol to afford the orange 2mth92. Exposure to light of 464 nm for 3
minutes resulted in almost complete bleaching ef ¢blour which was recovered upon
standing for 2 days (Scheme 20§°°

OHC R' R
R - A
)/ " l ‘Tfn
N HN N O R
\ S
N

B \=nN N
ClO,
R =H, MeO R =H, NO,
89 90 9 92

Scheme 20. Preparation of spiro[imidazo[4,blduinoline-4,2'-indolineP1
2.5 Spiroindolinonaphthoxazines

The positive photochromic response of spiroindefifi#-naphtho[2,1b][1,4]oxazines is well
known and such molecules have been widely studietheé context of their application in
ophthalmic sun lenses where they are typically eyga to generate blue, purple and green
shadeg?®**
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There appears to be no reports of simple spiroineée,3'-naphtho[2,b][1,4]oxazines
exhibiting negative photochromism though negativetpchromic behaviour has been
observed for a protonated oxazine. The additioH©Fto a colourless ethanolic solution of
the oxazine®3results in the gradual evolution of a purple colaith an intense absorption
band at 532 nm due to the protonated zwitterioarng 94. Similarly, acidification of a
freshly irradiated solution &3, which displayed the typical absorption maximun®at nm
with a shoulder at ca. 580 nm, resulted in the wat of the band at 532 nm with
concomitant loss in intensity at 621 nm. Undeibks light irradiation A = 546 nm) the
intense purple colour rapidly faded to near colesslbut recovered the purple hue upon

storage of the solution in the dark (Scheme#1).

EtO,CH,CQ,

OCH,CO,Et
@%( W 5;
N o Q 546 m

R =Me, CgH4g, C16H33
93

Scheme 21. Reversibility of protonated spirooxagide

The 1,3,3-trimethylspiro[indoline-2,2'-phenanthrd[@®b][1,4]oxazine]95 X = CMe&, and the
3-methyl-3H-spiro[benzofl]thiazole-2,2'-phenanthro[9,18)f1,4]oxazine] 96 X = S were
obtained from the condensation between 10-nitrosog@hthren-9-ol and either Fisher’s base
or 3-methyl-2-methylene-2,3-dihydrobenzothiazodspectively. Whils5 X = CMe, exists

as an equilibrium mixture of the spirooxazine amdtterion 97 in which the spirooxazine
dominates, UV irradiation generated an intense bhleured solution withh\nax = 592 nm.
However, the sulfur-containing analog@é X = S could be crystallised in the zwitterionic
form 98 and toluene solutions showed negative photochromigth the turquoise solution
(Amax = 613 nm) fading (Scheme 2%}.162

X
ve Y e
L — T
oAU 0
\

95 X = CMe, 97 X = CMe,
9% X=S 98X=S

Scheme 22. Spirooxazine — zwitterion interconversio
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The positive photochromism of the spiro[indolin@-41,4]oxazino[2,3-
f][1,10]phenanthroline]l01 in non-polar and polar solvents has been repastedeveral
occasions?®1%  The synthesis ofl01 commences with the oxidation of commercially
available phenanthroline with either KBr or NaBrammixture of c. HSO, and c. HNQ at
reflux'®”*"® or under milder conditions using KB§G0% aq. HSO, at rt to afford the
quinone99.'™* Oximation of the quinone affords the 6-nitros@@phenanthrolin-5-0100
which, depending upon reaction conditions, maydo¢ated as either the hydrochloride salt
or the free base (Scheme 2%)17>17® Here the authors would add a note of cautiohCfss

a severe nasal mucus membrane irritant inducingzaemg episodes and as such must only be
manipulated in an efficient fume cupboard. An ralédive strategy td.00 relies upon the
nitrosation (NaNG, aq. HCI) of 5-hydroxy-1,10-phenanthrolilé. Routine condensation of
either 1,2,3,3-tetramethyl8indol-1-ium iodide ini-PrOH containing piperidifté® or
Fisher's base in tolueM® with 100 affords the target oxazin0l1 in moderate yield.
Monomethylation of 101 with an excess of methyl iodide at rt reportedlgcurs

regioselectively to afford the 9-methylated isorh@2in excellent yield.”

103
Reagents: (i) either KBr, HNO3, H,SO,4 or KBrO3, H,SOy, (ii) NH,OH.HCI, aq. EtOH; (iii) either 1,3,3-trimethyl-2-methyleneindoline,
PhMe (25 %) or 1,2,3,3-tetramethyl-3H-indol-1-ium iodide, piperidine, i-PrOH (38 %); (iv) 4,5-dimethyl-4-azahomoadamant-4-enium iodide,
Et3N, CH,Cl,, mol. sieve (32 %); (v) Mel, then chromatography AcMe, 10% NH4PFg (94 %)

Scheme 23. Construction of spiro[azacycle-2,2'{fikdzino[2,3f][1,10]phenanthrolines]

The azahomoadamantyl analogd@3 was prepared by liberation of the 4-methyl-5-
methylene-4-azahomoadamantane from the 4,5-dimdthylahomoadamant-4-enium iodide
with EzN and subsequent condensation with 6-nitroso-1HEnanthrolin-5-olL01 (Scheme

23)1% |In marked contrast to the behaviourl6fLin polar solvents such as MeCN or MeOH

the thermal equilibrium fol03 lies towards the oxazine ring-open fofi@4. Visible light
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irradiation of a purple solution af04 results in reversible photobleaching of the colour
(Scheme 24). Crystallisation d04 from EtOAc afforded two pseudo polymorphs; the
trinydrate form of which was shown to have strongp¢hds with water molecules and
possessed bondlengths for the chromophore unithwiviere more closely aligned with a

zwitterionic structure.

8 7.71

dark
visible light

+.~
MeCN N <
\
514 9.98

3y 3.51 / 104

Scheme 24'H NMR chemical shift data for azahomoadamanty! @gmaé103

The ability of the azahomoadamantyl unit to stabilthe zwitterionic species leading to a
negative photochromic response 103 has been harnessed in the modulation of short
wavelength fluorescence in the dyati85 and 106 through visible light cycling of the
oxazine unit (Figure 2I¥° The application of the negative photochromic héha of 107

has been employed for the photoswitching of polymeanoparticle fluorescence (Figure
21).181

107=X=Y=H

Figure 21. Structures of spiroxazing35—107

Unsurprisingly the phenanthroline unit in the spirdoline-2,2'-[1,4]oxazino[2,3-
f][1,10]phenanthroline]l01 serves as an excellent bidentate ligand and hes beed to

obtain a variety of transition metal complexeshef typel08where the metal cation ¥was
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selected from Mn(ll), Fe(ll), Co(ll), Ni(ll), Cu(Jland Zn(ll) in the original studies by Frank
et al, (Scheme 25)%2'# Further examples of related metal complexes heem obtained
from variants of101 derived from 5-substituted Fischer ba$&¥*'® interestingly the
influence of theN-substituent of the Fischer’'s base upon the photooit response has not
been examined. Metal complex formation resultshie formation of deep blue solutions
from which the complexes, with tetraphenylboratarterions, were isolated as blue solids.
The transition metal complexd98 afford an intense blue solution in MeCN, the pseci
absorption maxima of which varies over the range &% [Co(ll)] to 605 nm [Fe(ll)]. The
blue solutions contain an equilibrium mixtureldf8 and109 which can be readily reversibly
bleached upon irradiation with visible light of aawelength > 600 nm; the blue colour,
attributed to109, recovers upon storage in the dark at rt (FigitallRstrates the thermal
recovery of109 (MeOH solution) after bleaching with white light)Variable temperature
magnetic susceptibility measurements suggesteati@vs from cubic symmetry associated
with desymmetrization induced by a dependence eflittand field strength on the open /

closed state of the oxazine ring.

@, (i)

(BPhy)2

101

3

108

Reagents: (i) anhydrous MCI, or MSO,4, MeOH, N; (i) NaBPhy

Scheme 25. Metal complexation behaviour of spidijime-2,2'-[1,4]oxazino[2,3-
f][1,10]phenanthrolinel01
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Figure 22. Thermal recovery &09 (MeOH solution) after bleaching with white light

The thermal equilibrium constants for the molybdentetracarbonyl complexekl0 and
111, derived from101 and 103 respectively, obtained from thetH NMR spectra by
comparison of the relative integrals of the azomnetisignals for the ring-closed ¢-8) and
ring-opened isomers (& 10) revealed that the oxazine forld0 was more prevalent in
solution for the indolyl substituted compound bbe tzwitterion form113 was more
dominant for the azahomoadamantyl derivatffe.Steady-state irradiation of solutions of
110112and111/113with visible light A = 568 nm) resulted in a decrease of the intergity
the purple Amax ~ 570 nm) solutions. Upon cessation of the iafidh the solutions
recovered their initial equilibrium intensity. Gaersely, UV irradiation resulted in an
increase of the intensity of the maximum absorpband at ca. 570 nm with a concomitant
decrease in the intensity of the weaker metalgardd charge transfer (MLCT) band at ca.
490 nm as the residual oxazine in the equilibriwotutton undergoes ring-opening to the
photo-zwitterion. Upon cessation of irradiationsever, the intensity of the MLCT band at
ca. 490 nm is not recovered as UV-induced decomafitax had occurred and the absorption
maximum of the decomplexed zwitterion / oxazine haen shifted to lower wavelength.
Prolonged cycles of UV irradiation and thermal xek&on eventually led to degradation of

the oxazine structures (Scheme 26).

33



visible

visible

11

Scheme 26. Photochemical and thermal behaviolit@&nd111
2.6 2-(Alkylidene)benzdi]thiophen-3(21)-ones

Dubonosowt al, have summarised the studies on negative phaiogbm undertaken at the
Institute of Physical and Organic Chemistry (RosEtate University) on hetero- and carbo-
cyclic systems containing an enaminone (ketoengmini'®’ Irradiation of a solution of
either of the enaminonekl4 or 115 which were shown to be present in solution as an
unequal mixture of th&- andZ- isomers, resulted in their interconversion (Sch&W). The
small, 3 — 4 nm, difference betwekh,x of the major and minor geometrical isomers enabled

the claim of negative photochromism to be made.

E-isomer Z-isomer
114X =CO, R'=Me, Ph; R2=H
115X =S, R"=Me, Ph; R2=H
116 X =S, R = Me, Ph; R2= Ph
117 X =S, R = Me, Ph; R2= Me

Scheme 27. Photochemical interconversioB-odndZ- isomers of enaminekl4—-117

Introduction of a phenyl substituent on the exoicyntethylene unit stabilised tleisomer
116 and prevented photochromism irrespective of tiregen substituent @R However, for
117 with R* = Ph, R = Me negative photochromism was observed. Thasliation of an
initial equilibrium mixture of theZ- andE- isomers ofL17 at the long wavelength absorption
maxima of ca. 436 nm resulted in the decrease @firtkensity of this long wavelength

absorption band with a concomitant increase inath&rption maxima at ca. 420 — 425 nm
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(Scheme 27). It was noted that for systems of fyige— 117 the likelihood of photoinduced
geometrical isomerism is a balance between thagitreof the intramolecular H-bond and

steric interactions.

Negative photochromism with greatly improved bargpasation AAnax ~ 80 nm was
observed for the hydrazinoethylidenebemitbjophen-3(2)-one 118 The E-isomer
appears orange — yellow and bleaches completetn.il2 minutes upon irradiation at 436
nm. The thermal reversio — E is markedly temperature dependent and at 233 KZthe

isomer persists for 3 h (Scheme 28).

0
H\ Me
N—NEt, hv __
S —
[: Is/> < N—H

M /
© Et,N

E-isomer Z-isomer
118

Scheme 28. Photochromism of hydrazinoethylidenetjbithiophen-3(21)-one118

The N-acylated benzdjfuran derivative 119 X = O displays reversiblez / E
photoisomerism whereas the berigothiophenell9 X = S and selenopherid 9, X = Se
exhibit a thermal acyl group migration in tBeisomer to afford thé-acyl derivativesl20
(Scheme 29).

0]

e} C\OMe OCOMe
N—Ar
y — —_— _ — A\
N—COMe
A X X \NAr

Z-isomer E-isomer
119X =0, S, Se 120 X =S, Se

Scheme 29. Photochemical isomerisation of chalcof&®

2.7 Azobenzenes

Azo dyes and pigments have been extensively conmafiserd due to the broad range of
intense colours and typically good lightfastnesemhppropriately substituté®®*°* TheE

< Z photoisomerisation of azobenzenes has attractesiderable attention over the last 40
or so years principally as a means of switchingvbet two orientations or inducing motion
in host system&2% Very recently there has been a resurgence imefsttén azobenzene

isomerisation with several tet@tho-substituted azobenzenes being employed as in vivo
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photoswitche$®?** For tetraortho-fluoro substituted azobenzenes visible light iragidn (\

> 500 nm) inducedt- to Z- isomerisation which afforded appreciable amowft®ng-lived
Z-isomers withAmax hypsochromically shifted relative to théirprecursor$®??%*In contrast
to these reports focussing on enhanced switchimfprnpeance and switching — motion
inducing behaviour relatively little attention hasen focussed on the colour switching,
photochromism, of these systems.

Irradiation of a toluene solution of thkans2-(phenylazo)imidazol&é21 resulted in efficient
conversion to theissisomer122 which absorbed at ~ 320 nm, hypsochromically stifby
ca. 40 nm relative to the major absorption bandthef transisomer 121 *H NMR
spectroscopy was employed to determine disdrans ratio of 98:2 at a stationary state
achieved upon irradiation with light of 363 nm (8oke 30). Whilst thermal reversion was

not discussed, photochemical bleachihg (454 nm) was effective”

454 nm

/
_N N
N/
@N//NYN/ _seenm__ 1)
W
120 121

Scheme 30. Photochemical geometrical isomer swigchbf 2-(phenylazo)imidazol&21

Two series of heterocyclic azo dyE24aand125aderived from 5-(2-thienyl)pyrroles22%
and 2,2-bithiophenes123% respectively, have recently been described. it of a
solution of eitherl24a or 125a with visible light (> 420 nm) led to the rapid dease in
intensity of up to a maximum 50% intensity of tbad wavelength absorption band with the
concomitant emergence of a short wavelength abearftand at ca. 390 nm which was
assigned to th&-isomers {24b, 125b). A photostationary state containing both Ereand
Z-isomer was established in ca. 30 s but which resnappreciably coloured leading to
moderate contrast between the two states. Up@aies of irradiation the original intensity
was gradually restored (Scheme 31). Interestiragfurther series of isomeric dy&26, also
derived from123 only exhibited a very weak photochromic respongewere moderately
fluorescent® It may be that the weak photochromic responselteeas a consequence of
the fluorescence affording a more rapid and enigat favourable ‘relaxation’ process to
the azo bond isomerism. The photochromic switcluh@n esoteric series of azobenzene
bound bis(terpyridine) complexes of transition reet@s been reviewéd’
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122 X =NR 124a X = N-(1-naphthyl), R = NO,, R? = H, A = 497 nm
123X=S 125a X =S, R' = OMe, R? = CN, 1 = 495 nm
E-isomer
visible light
dark, 1t | 5 5 420 nm

R? )
1 S S =
R Y
126 _
N=N

124b X = N-(1-naphthyl), R' = NO,, R2 = H, A = 380 nm
125b X = S, R" = OMe, R2 = CN, A = 400 nm
Z-isomer

Scheme 31. Synthesis, structure and photoisomiensait heterocyclic azo dyd4—-126
2.8 Imidazolyl Dimers

Whilst exploring the synthesis of further analogoéhexaarylbiimidazolé$® in which the

two imidazole cores are tethered together Abal,”**"*

made the serendipitous discovery
of a new biimidazole which exhibited negative plibt@mmism. The synthetic strategy
commences with lithium — halogen exchangd 2T to introduce the aldehyde functions into
the 1,I-binaphthyl unit and then classical construction tbé imidazole nucleus, the
oxidation of which proceeds anomalously to affong torange specie$28 which upon
exposure to visible light bleaches (Scheme 32)e ditange hue is returned in ca. 20 minutes
in the dark at room temperature. The absorptia@ttsg as a function of time recorded in
toluene at room temperature immediately after timble light bleaching of128 are
presented in Figure 23; and clearly show the regookthe orange hue, withy. at ca. 490
nm. The photodecolouration was shown to proceadhort-lived radical with a half-life of

9.4pus*?
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Figure 23. Photochromic response of Abe’s complaritazole128

Br (i)

N dark, rt
»—5:106 —
N visible light, rt

128
colourelss orange

(Amax = 490 nm)

Reagents: (i) n-BuLi then DMF; (ii) anisil (an = 4-MeOCgH,4), AcCONH,4, AcOH; (iii) KOH, Kz[Fe (CN)g]

Scheme 32. Synthesis of complex biimidazi&

The negative photochromic properties of this newteay have been tuned to afford the

unsymmetrical analogud9 and130 For129replacement of one imidazole unit by a 2,6-

di-t-butylphenol unit results in instantaneous decaban with thermal recovery of the

initial orange — yellow colour in ca. 1.9 s (Sche®&®?*® Greater structural variation was
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accomplished using a 1,8-disubstituted naphthaseaéold as inl30. In this instance the
long wavelength absorption band appears in the &gjibn at ca. 360 nm and is diminished in
MeTHF at 153 K after irradiation with 365 nm lighvith a new band appearing at shorter
wavelength. Thermal restoration of the originahdbavas accomplished in ca. 175 ms at 298
K (Scheme 34). The presence of an asymmetric nadrbthe structure makes fast chiroptical

switching availablé*

t-Bu

tB
Y Visible light, rt
dark, rt

coloured biradical colourless
129

Scheme 33. Photochromism of fused imidaide

visible light, rt
dark, rt

2 =360 nm (MeTHF) biradical = <300 nm (MeTHF)
130

Scheme 34. Photochromism of 1,8-disubstituted megée derived photochrom&0
2.9 Acenes

The photodimerization of anthracene is one of thesi established photochemical reactions
and was reported in 1888 The photocycloaddition of antharacene resulis iaduction of
the conjugation (Scheme 35) and thus the cycloadttdoes not absorb above 300 nm
whereas anthracene itself absorbs relatively slyomgthe range ~ 310 — 380 nm. The
cycloreversion, whilst very slow at rt, occurs riéact 170°C. The photodimerisation of

anthracene and higher acenes has been extensividyed*'®

O O O 'solar irradiation’ O i
heat g’.o

131

Scheme 35. Reversible photodimerization of antmace
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One problem noted in attempts to study the photodtey of higher acenes is their poor
solubility which arises as a consequence of tHamgr structure which facilitates aggregation
(restacking). To enhance the solubility of tetracboth the 2,3-bis(decyloxy)32and 5,12-
bis(decyloxy)133 analogues have been synthesised and their photoahresponse studied.
Visible light irradiation of a cyclohexane solutioh 132 resulted in bleaching of the yellow
orange solution and afforded four isolable photastadimers through cycloaddition
involving the internal rings of the tetracene W@theme 36). Cycloreversion was effected

by heating at 86C in toluene for several houfs.

Scy 4.74 Scy 4.69, 4.48
 ~7 L YR
OR
+
" or
visible light
PhMe, 80 °C SWi OR
slow
dch 4.66 Sy 4.69, 4.40
xo ’ 3
RO T > '
RO RR;) “
anti anti

Scheme 36. Photodimerisation of tetracé82showing key'H NMR chemical shift data

Two colourless photodimersh{ax ca. 310 nm) were obtained in a 1:1 ratio from the
irradiation of the red-orange solution 183 (Scheme 37). Restoration of the monomer was
accomplished by gentle heating or by UV irradiafith In additional to the usual
characterization techniques fluorescence spectpgsa@s useful since naphthalene eximer
fluorescence was noted for the dini&4 whereas dimet 35 exhibits naphthalene monomer

fluorescencé®*

OR oR
L hv Lz 7= r 7 >
Oee ﬁ + OR RO

133 134
R = CqoHz1

Scheme 37. Isomers resulting from the photodimeozaf the dialkoxytetracent33

The photodimerization of acene derivatives hasntbcbeen employed in reversible gelation

§22,223

studie and for the reversible photocapture of a [2]roted*
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2.10 Miscellaneous systems

Intensely coloured solutions of Stenhouse sE36 hydroxyl substituted pentamethine dyes,
in alcohols are reversibly bleached upon irradiatiath light of ca. 400 nm (Scheme 38).
Simple pentamethine dyes i.e. the foregoing Stesdasalts with the enol function (hydroxyl
group) absent, did not exhibit this phenomenon.e Tike of UV irradiation resulted in the
gradual degradation of the substrate and thusdahtite usefulness of these compounds. The
mode of operation of the photochromism was unexplathough the authors noted that
simple enol-keto tautomerism is unlikely to be mspble for the effect since the extended
heptamethine analogues with an hydroxyl group didexhibit this phenomend??

Ph\TWﬁ'/Ph

OH

I o 400nm  colourless

Ph\ﬁWN/Ph
| |

A species
OH

136
Amax = 484 nm, glycerol

Scheme 38. Proposed photochromism of Stenhoust3$alt

The negative photochromism of the merocyanit@s (X = O, NMe), structurally related to

136, has recently been investigated. Condensatidarbfral with either Meldrum’s acid or

1,3-dimethylbarbituric acid, respectively affordset 5-(furan-2-ylmethylene) derivatives
which readily add the secondary amine with concamiopening of the furan unit. The
nature of the colourless species has been eludidag NMR spectroscopy and
crystallography (Scheme 3%$%’ The mechanism of the photoswitching of such dono
acceptor Stenhouse adducts has been explored andeba shown to proceed By— E

isomerism followed by a thermal, conrotatonydlectrocyclisatiorf®®

A TDDFT investigation of the photochromism of theeew negatively photochromic
merocyanines has recently been repoftéd.initial reports detailing applications of this
rediscovered photochromic system include spatioteadppatterning of polycarbonate
surface$®® a temperature mapping molecular sensor for petpiane elastomérs and a

visible light responsive controlled drug releasstem®*?
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137 X = O, R = Et, Aax = 545 nm (PhMe)
137 X = NMe, R = Et, Amax = 570 nm (PhMe)

colourless

Reagents: (i) Meldrum's acid (X = O) or 1,3-dimethylbarbituric acid (X = NMe), water; (ii) dialkylamine, THF
Scheme 39. Synthesis and photochromism of Stentsalisgerivatived 37

The extended conjugated systé88with E geometry, as evidenced bytd NMR coupling
constant for the alkene signals @t9.17 andd 7.72 of 17 Hz, was constructed by a
Knoevenagel type condensation between 8-formyldmeo and 2-(3-cyano-4,5,5-
trimethylfuran-2(%)-ylidene)malononitrile.  In DMSO solutiorft38 has a maximum
absorption at 428 nm with a molar extinction caiéft of 2.93 x 1HM*cm™. Upon
irradiation with visible light (LED, 470 nm) the amge-yellow solution reversibly bleached
in under 1 s (estimated 92 % conversion) to affiwel betainel39 which contains a new
cyclic alkene unit with protons resonating&?.46 andd 6.55 andJ = 10.5 Hz (Scheme
40)2* The thermal reversion df39 — 138 can be effected slowly in the dark at room

temperature (= 102 min) or more quickly photochemically by Uvadiation at 254 nm.

138 139

Scheme 40. Photochemical behaviout®8/ 139
3.0 Systems that Exhibit Predominantly P-Type Nigga®?hotochromism
3.1 Diarylethenes

The class of diarylethenes are typified by theidithlethene structure$40 — 142 which
show positive photochromism in solution (Scheme.®41¥® The absorption maxima are
markedly dependent upon the orientation of theptméme rings, which dictates the length of
the S—(CH=CH)-S chromophore, and the electronic nature anditotat substituents.
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Scheme 41. Photocyclisation of isomeric diaryledsdd0— 142

Construction of the isometr43 where R = Me or phenyl, follows an establishedtquol
which relies upon the metalation of a disubstitutatbphene unit withn-butyllithium
followed by addition of octafluorocyclopentene. @aiion of the sulfur heteroatoms of the
substituted 2,2'-(perfluorocyclopent-1-ene-1,2-dighiophenesl143 with m-CPBA affords
the tetra-oxidel44.2**2% |rradiation of a pale yellow 1,4-dioxane solutiofil44 (Amax = 356
nm) with light of wavelength > 430 nm effected #ectrocyclic ring closure td45 (Amax =
260 nm) with concomitant loss of the yellow coloar;process which was referred to as
‘invisible photochromism’. Subsequent irradiatioh145 with light of A = 313 nm restored
the original pale yellow colour (Scheme 42). Farthvidence for the formation of the ring-
closed isomer was obtained B3C NMR spectroscopy which showed the evolution of a
signal at ca. 45 ppm due to the® dpbridised Bi-thiophene ring carbon. The negative
photochromic response ofl44 has been examined by density functional theory

calculation3®
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Scheme 42. Construction and photochromic respansé4o
3.2 Dihydropyrenes

Dimethyldihydropyrenes represent an important leldtively little studied class of polyene
system that exhibit predominantly negative  photoofic  behaviouf®’
Dimethyldihydrobenzd]pyrene 146 undergoes a facile reversible interconversiottiated

by visible light, to the valence tautomer namelg #mnulend 47 (Scheme 43). The reverse
reaction is typically effected by UV light or inre@ cases by heat or electrochemically. The
thermally stable pyrenes are typically intenselyppeicoloured and fade upon irradiation as
the electrocyclic ring-opening ensues. Interesfirigl6 shows a clean (100%) conversion

between the two photostate&?*

0 l visible l

- 3y 1.55
312 coloured colourless

146 147
Scheme 43. Dihydropyrene — annulene photointerasiore

The synthesis of such strained macrocycles is, rprisingly, difficult. Early work relied
upon the transformation of sulfide linkages throughStevens’ rearrangement and a
subsequent Hofmann elimination and is exemplifiedy khe synthesis of
dimethyldihydropyrenel48 (Scheme 443:°?*' Some recent advances have reduced the
number of steps in the sequence to four and obvieeuse of sulfur reagerft€. The

generally lengthy synthetic protocols have resuiteohly a limited number of analogues.
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Scheme 44. Synthetic route to dihydropyr&a8

Complexation 0fl46 with ruthenium(ll) cyclopentadienyl to afford coled complex149
(Figure 24) results in slower visible light initat ring-opening relative to the uncomplexed
precursor146 but with modified thermal ring-closure. Ring-awe with UV light is
apparently unaffected®> Negative photochromism still operates for theategdropyrene
150, with a conversion from blue to very pale yellowiry observed upon switchify'
Dimethyldihydropyrene-appended metal complek®$ (Figure 24) undergo visible lighh (
> 630 nm) induced ring-opening more efficiently whgyridinium, rather than phenylene
bridges employed as connecting groups to the ligani] such complexes pave the way for

multi-addressable photo- and redox- switcfies.

t-Bu

MZ* = Co?*, Fe?*, Zn2*
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Figure 24. Structures of dihydropyreriet9—151

Mitchell and Bohne, leading exponents in the fiefddihydropyrene photochromism, have
substantially improved the photochromic responseilofdropyrenes through the use of DFT
activation barrier calculations. Rather than emptentral methyl groups central nitrile
functions were introduced and efficiently manipeatht (Scheme 45) to afford the
bis(isobutenyl) substituted analoguE52  Thermal isomerisation and Friedel-Crafts
aroylation affordedl53 which showed a remarkable ring-opening isomensatjuantum

yield of ca. 0.66°° An extended series of alkenyb4a and alkynyl 154b substituted

dihydropyrenes have been synthesised by a similategy and their photo- and thermo-

chemical properties exploréd.

.
PPhy
— Br
O SMe O SMe SMe
DIBALH KOt-Bu :
88 % 61%
MeS O MeS O MeS
| |

71% ‘(MeO)ZCHBH

.
SMe2
KOt-Bu -
B 2BF,
? Me,S

100 °C ! !

Amax = 494 nm (cyclohexane) Amax = 355 nm (cyclohexane)
152

NpCOCI

9 Np = 1-naphthyl
AICIy l70/o P R

A > 490 nm

Amax = 557 nm (CHClp) Amax = 325 nm (CH,Cl) 154a 154b
153

Scheme 45. Synthesis of alkenyl substituted dihyyghenes
3.3 Thioindigoids and Hemithioindigoids

The photochromic response of indigoids and rela@tipounds has been reviewed in the

monograph edited by EI'tsd#® Irradiation of a solution ofransthioindigo 155 (Amax 535
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nm) with visible light results in the evolution afnew band at shorter wavelength (negative
photochromism) due to interconversion to tieform (Amax 480 nm); under equilibrium
conditions the solution contains a mixture of b@bmers. The back reaction is relatively
slow at room temperature but is markedly acceldrapon irradiation with light of ca 480

nm (Scheme 46Y°2*° Similar negative photochromic cycling was noted $ubstituted
thioindigoid derivatives e.d.56 (Figure 25), when adsorbed on silica geél.

o COR g
0O o
_® visible NS
S rt (slow) O — O S
A ~480 nm (fast S S
0 (Fast) 0o CO,R
535 nm 480 nm

R = poly(ethoxyalkyl) chain
156

Z-isomer E-isomer

155

Scheme 46. Photoisomerisation Figure 25. Substitu
of thioindigo155 thioindigoid156

4.0 Conclusions and Outlook

Serendipity has played a major role in the discpwdmegative photochromic systems, with
only a few such systems resulting from truly taegetlesign. However, such fortune has
been capitalised upon by chemists who have probddegamined this phenomenon over the
years for a select group of molecules. Applicatiohnegatively photochromic systems are
becoming more common as they offer the advantageslaefively less destructive, lower
energy switching, i.e. visibleersusultraviolet irradiation for the activation processhich
may result in significantly increased numbers ofitdwng cycles and improved device
lifetimes. The alternative colour-bleaching / agloecovery sequence to the traditional
positive photochromic response offers the potertbalopen up new vistas in materials
chemistry for the modulation of physical propertigsmolecular switching.

Of the negatively photochromic systems describedate the spiropyrans remain the most
widely investigated and thus permit the formulatminsome guidelines to ensure negative
photochromic behaviour. Negative photochromic b&ha of spiropyrans should be assured
through stabilisation of the ring — opened phenexioh when the 6- and 8- positions are
substituted with strong electron withdrawing graupsth nitro groups being preferred.

Replacement of the 8-nitro group with a halogemsier function results in mixtures of the
spiropyran and merocyanine (zwitterion) in whicly areful choice of polar solvent,

negative photochromism can be observed. Negatigéophromism can also be observed by
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location of carboxylate groups at C-8 where H-bagds inferred and also by sulfonic acid
residues at C-6. The replacement of the benzegeofithe benzopyran unit with an electron
deficient heterocyclic unit e.g. pyridine, alsoifié@tes negative photochromism. The nature
of the matrix is highly influential on the positiari the spiropyran — zwitterion equilibrium
with polar solvents favouring the zwitterion andthwappropriate functionality, e.g. ligating
moieties and crown ether units, metal ions can s& uo effect a negative photochromic
response. Oxazine systems derived from a phendinthranit either require a bulky
azahomoadamantyl unit or the presence of a ligatetl cation to appreciably stabilise the
coloured zwitterionic species which can then esxhibegative photochromism. The
isomerisation of an azo bond with pendant aryl hateroaryl moieties enables switching
between long and short wavelength absorbing cotbatates and this switching behaviour
has rekindled interest in azo systemsifiovivo applications. The relatively recent discovery
of negative photochromism for the hexaarylbiimidazgystem offers opportunities to switch
between red / orange and colourless states. Eetac offering the same colour switching
gamut, require relatively high temperatures toaftee back reaction, which when coupled
with aggregation / solubility problems must be @egne to access their potential in devices.
Somewhat surprisingly, the now ubiquitous diarybet system scarcely features in the
negative photochromism arena and P-type negatig@ophromism is championed by the
relatively difficultly accessed dihydropyrenes, walhnioffer good contrast between the two
switching termini unlike the thioindigoids.

It is highly likely that the next decade will seestained interest in molecular switches and
low energy activated systems will claim the cestage for the photoregulation of biological
properties and structures such as membranes. iMegabhotochromic systems will also

offer materials scientists new tools with which donstruct devices with complementary

modes of operation to those of existing photochoosystems.
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* The phenomenon of negative photochromism of organic compounds s reviewed
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