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Voorwoord

Het proefschrift is af; wat een voldaan gevoel! Als promovendus zijn er vele momenten dat je het idee
hebt dat je er alleen voor staat en dat je een eenmanszaak bestiert. Voor een deel is dit waar want
uiteindelijk wordt de promovendus afgerekend op het resultaat. Maar natuurlijk is de begeleiding en
medewerking van anderen essentieel en onontbeerlijk. Ook dát heb ik als promovendus mogen
ervaren en wel in de eerste plaats van mijn promotor prof. dr. B. L. Feringa. Ben; ik ben je zeer
dankbaar dat je mij de gelegenheid hebt gegeven om te promoveren. Je begeleiding en bevlogenheid
waren uitermate inspirerend. Een typisch voorval was dat je eens, met je jas nog aan, op
maandagochtend rond 08.30 uur een subgroepvergadering kwam binnenstormen met de mededeling
“ik heb een droom gehad……..”. Op zich al een opmerkelijk tafereel. Nóg vreemder vonden we het
dat je die droom aan ons ging uitleggen. Toen deze uitleg ontaardde in een vlammend betoog over een
nieuw te synthetiseren molecuul wisten we het zeker: er is niemand op onze aardkloot zo bezeten van
organische scheikunde als jij. Als tweede dank ik Nagatoshi Koumura; je hebt mij ingevoerd op het
gebied van de moleculaire motoren en er is in de loop van de jaren een goede samenwerking ontstaan.
Resultaten van onze samenwerking staan beschreven in de hoofdstukken 5 tot en met 7. Aan de
andere kant maakte ik jou en Masae wegwijs in de Nederlandse samenleving. Jullie waren snelle
leerlingen want waar in het begin alle vragen volgens goed Japans gebruik met ‘maybe’ werden
beantwoord werd het gaandeweg steeds vaker ‘yes’ of ‘no’. Het is jammer dat je inmiddels
teruggekeerd bent naar Japan en dat je mijn promotie niet meemaakt want ook buiten het lab konden
we het goed met elkaar vinden. Wellicht mede, omdat ik al eens een tijd in jouw geboorteland
doorbracht (arigato gozaj mas). Ook de discussies binnen de subgroep ‘moleculaire schakelaars en
motoren’ zijn een belangrijke bijdrage geweest. Naast alle leden en ex-leden wil ik met name
Annemarie Schoevaars (helemaal in het begin), Matthijs ter Wiel, Linda Lucas, Jan Dalmolen en
Richard van Delden bedanken. Dan heb ik het voorrecht gehad een student te mogen begeleiden in
tijden waarin dat vanwege lagere studentenaantallen niet meer zo vanzelfsprekend was. Rob; bedankt
voor je inzet en jouw onderzoek staat beschreven in hoofdstuk 3. Het doet mij goed dat jouw
enthousiasme voor de organische chemie tijdens je hoofdvakonderzoek dermate is toegenomen dat je
nu zelf met een promotieonderzoek bent begonnen. Op hetzelfde moment, en dat kostte wat
overredingskracht, ben je ook lid geworden van de mooiste voetbalclub van Nederland: G.S.V.V. The
Knickerbockers. Ach ja, vat dat ook maar op als een stukje begeleiding en ik meen te weten dat je
geen spijt hebt van deze stap. De werksfeer op het lab was altijd plezierig en collegiaal hetgeen
essentieel is voor goede resultaten. Bij deze wil ik alle labgenoten die deze sfeer creëerden
dankzeggen en Bauke, Sape, Peter, Gerard, Jeffrey, Hinke, Toon, Koen, Rienk en Jaap in het
bijzonder. Bijzonder bijzonder is Leggy Arnold die als een rode draad door mijn promotietijd is
gelopen. Leggy; onze tijd samen op de labzaal, de maaltijden op de hanzehogeschool, de peuk als
afzakkertje en onze gesprekken heb ik enorm gewaardeerd. Voorts wil ik de volgende mensen
bedanken voor hun bijdrage: Niek Buurma (kinetiekdiscussies), Jan van Esch (moleculaire
energieberekeningen), Marc van Gelder (HPLC), Albert Kiewiet (massaspectroscopie), Wim
Kruizinga (NMR) en Ebe Schudde (gehele oeuvre). De leden van de beoordelingscommissie, prof. dr.
A. M. van Leusen, prof. dr. J. C. Hummelen en prof. dr. J. F. B. N. Engberts, ben ik zeer erkentelijk
voor het zorgvuldig lezen en corrigeren van het manuscript.



De dagelijkse labwerkzaamheden en het sociale leven daarbuiten zijn voor mij hand in hand met
elkaar gegaan. De één kon niet zonder de ander en soms liepen ze in elkaar over zoals uit voorgaand
geschrevene blijkt. Het sociale leven tijdens de promotieperiode is voor mij uitermate waardevol
geweest. Een ieder die daar aan heeft bij gedragen wil ik bedanken. Verder heb ik de belangstelling
die velen in de loop der jaren hebben getoond voor mijn promotieonderzoek, en de resultaten, altijd
zeer op prijs gesteld. Alles en iedereen beschrijven is onmogelijk maar een aantal zaken mag niet
onvermeld blijven. Vier jaar lang was het Kooykerplein mijn thuisbasis en in die periode heb ik met
veel plezier met verschillende mensen samengewoond: André, Edwin, Peter, Adelbert, Arnoud,
Jessica en Sape. Het groeide in de loop van de tijd uit tot een soort sociaal bolwerk dat de bijnaam
‘Hotel de Kooyker’ kreeg. Vele gasten werden  begroet en wat me nog goed bijstaat is het spelen van
‘Siedler’ en het darten. Zo kan ik mij nog de ‘Kooyker Open’ herinneren. Jammer dat ik er
uiteindelijk uit moest maar ach, de Oostersingel is zeker niet minder! Ik refereerde al even aan de
mooiste voetbalclub van Nederland: G.S.V.V. The Knickerbockers. Niet alleen zorgde het voor
ontspanning, ontlading en gewoon lekker voetballen; het was juist de combinatie met het sociale
gebeuren in en rond het ‘Appleknockers Flophouse’ dat TKB uniek maakte. Sportief hoogtepunt was
de periode van vier jaar in TKB 1 met als uitschieters de bekerwedstrijd tegen ACV (1997) en een
thuiswedstrijd tegen Staphorst in een prachtige entourage (april 2001). Het hele TKB-verhaal heeft
overigens nog een alleraardigst staartje gekregen bij Oranje Nassau. Tja, en dan was, en is, er dat
jaarlijkse uitstapje naar Schiermonnikoog. Tussen kerst en oud & nieuw verzamelt zich daar een
gemêleerd gezelschap heren om van elkaars aanwezigheid en strapatsen te genieten. Heel veel dingen
gebeuren daar niet maar blijken later wel waar te zijn. Verhalen komen het eiland niet af dus ik moet
het hier laten bij een aantal kernbegrippen: Piet Visser, Balg, testosteron. Ik zou hier natuurlijk die
waslijst van trefwoorden die jaarlijks op de uitnodiging prijkt kunnen vermelden; ik doe dit niet!
Mannen; ik hoop dat we hier nog jaren mee doorgaan.

Twee vrienden heb ik bereid gevonden paranimf te zijn. Wouter en Rogier; de vriendschap met jullie
is mij dierbaar en het is een voorrecht de promotiedag samen met jullie voor te bereiden. Dank
daarvoor en ook reeds bij voorbaat voor de ondersteuning op de dag zelf.

Tot slot: dat de afgelopen twee jaar zouden verlopen zoals ze zijn verlopen heb ik nooit kunnen
bevroeden. Naast andere zaken is mij één ding nog duidelijker geworden dan dat het al was: lieve pa
& ma, Dirk & Muriël en Wendelien; ik hou heel veel van jullie. En dat geldt ook voor de
familieleden, vrienden en vriendinnen die ik in mijn nabijheid mag weten. Zonder jullie allen ben ik
niemand. Lieve Geerd; jij bent een hele grote held!

Edzard



STELLINGEN
behorend bij het proefschrift

‘From Overcrowded Alkenes towards Molecular Motors’
door Edzard M. Geertsema

1. a) De poging van Kelly et al. om een niet gesubstitueerd heliceen/trypticeenmolecuul te laten
fungeren als moleculaire ratelaar was tot mislukken gedoemd omdat het de tweede wet van de
thermodynamica ondermijnt.
b) Zijn ongelijk bewees hij zelf door in een later stadium een gesubstitueerd
heliceen/trypticeenmolecuul te ontwikkelen dat zich wél als ratelaar gedroeg.
1) T. R. Kelly, I. Tellitu, J. P. Sestelo, Angew. Chem. Int. Ed. 1997, 36, 1866; 2) A. P. Davis, Angew.
Chem. Int. Ed. 1998, 37, 909; 3) T. R. Kelly, H. De Silva, R. A. De Silva Nature 1999, 401, 150.

2. Wanneer chemici spreken van een ‘typerend voorbeeld’ (‘typical example’) van een serie
experimenten gaat het in de meeste gevallen om het best behaalde resultaat.

3. Wanneer wetenschappelijke experimenten in eerste instantie niet het gewenste resultaat
opleveren, is dat geen probleem; het niet kunnen genereren van nieuwe ideeën, om het
beoogde resultaat en/of concept alsnog te bewerkstelligen, is dat echter wel.

4. Fundamentalisme dient fundamenteel bestreden te worden.

5. Zwart-wit denken mag nooit.

6. Het voorkomen van recidive zou een veel belangrijker doel van een straf moeten worden dan
het nu is.

7. a) Autobestuurders die voor de eerste keer worden aangehouden voor het rijden onder invloed
van teveel alcohol of drugs dienen uitgebreide voorlichting te krijgen over de gevaren van
rijden onder invloed.
b) Autobestuurders die voor de tweede keer worden aangehouden voor het rijden onder
invloed van teveel alcohol of drugs dient het rijbewijs levenslang ontnomen te worden.

8. a) De meeste politici behartigen achtereenvolgens hun eigenbelang, het partijbelang en pas
dan het volksbelang.
b) Slechts weinig politici slagen er in hun macht met integriteit te combineren.

9. Het getuigde van minachting voor de democratie dat minister-president Kok (en zijn kabinet)
geen inhoudelijk debat wilde voeren in de tweede kamer over het Srebrenica-rapport van het
NIOD temeer omdat hij wél zijn ontslag aanbood naar aanleiding van dat rapport.

10. De meeste journalisten die de Nederlandse politiek verslaan doen dit niet objectief omdat ze
falen in het wegcijferen van de eigen politieke voorkeur.

11. Van alle conflicten komt minstens 90% voort uit slechte communicatie en hoogstens 10% uit
verschil in standpunten.

12. Het woord ’kinderachtig’ wordt gebezigd door mensen die het leven veel te serieus nemen.



13. a) De renovatie van woningen in de Gerbrand Bakkerstraat en aan het H.A. Kooykerplein
(Oosterparkwijk, Groningen) is niet in eerste instantie voor de oorspronkelijke huurders
bedoeld, zoals de misleidende en onvolledige ‘voorlichtingscampagne’ van
woningbouwvereniging Domein Woondiensten (thans Nijestee) pretendeerde, maar voor
nieuwe bewoners die het zich kunnen veroorloven een huis op een A-locatie in de stad
Groningen te kopen.
b) De misleidende en onvolledige voorlichting die de oorspronkelijke huurders hebben
gekregen tezamen met het feit dat ze (hebben) moeten wijken voor kopers is een
verwerpelijke gang van zaken waar zowel woningbouwvereniging Domein Woondiensten
(thans Nijestee) als de gemeente Groningen verantwoordelijk voor is.
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Chapter 1

Sterically Overcrowded Alkenes1

1.1.1 Introduction

Sterically overcrowded alkenes have attracted considerable interest in view of their unique
photochromic and thermodynamic properties.2 In addition, the beautiful architecture of these
structures is as fascinating as their potential applications. When the substituents (R) at the central
double bond are bulky (figure 1.1) severe steric hindrance between upper and lower part of the alkene
is present. This enforces a distortion from planarity, and in several cases, a helical shape (vide infra)
to the entire molecule. As a consequence overcrowded alkenes can exist as stable, optically active
stereoisomers (only when substituents R are not identical), although lacking a stereogenic center.

RR

RR

upper part

lower part

Figure 1.1 Overcrowded alkene (R = bulky substituent)

1.1.2 Nonplanarity in Overcrowded Alkenes

The bistricyclic aromatic enes of type 1 and bifluorenylidenes 2 (scheme 1.1a) have received
considerable attention in the study of ground state conformations and dynamic stereochemistry of
overcrowded alkenes. As early as 1909 Meyer reported thermochromic properties of bianthrone 1c.3

However, it took until the 1950s before thorough research started of the thermodynamic behavior of
bianthrone 1c and its derivatives.2a,4 First indications were found that bianthrone has no planar
structure5 which was confirmed in short-term in 1954 by X-ray analysis.6 Soon afterwards, an
asymmetric substituted, optically active, bianthrone was isolated proving these structures to be chiral
without containing a chiral center (section 1.1.4).7 Nonplanarity of the ground state conformation of
bifluorenylidene 2 was demonstrated by Fenimore in 1948 by X-ray analysis.8 Thermochromic and
photochromic properties of bisxanthylidenes 1a and biacridines 1d9 were thoroughly examined by
Fischer, Muszkat, and Korenstein whereas bisxanthylidenes 1a,10 bianthrones 1c,11 biacridines 1d12,
and bifluorenylidenes 213 were studied by Agranat.
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1'

2'

3'
4'

4a' 4b'

5'
6'

7'

8'
9' 8a'9a'

fjord region

bifluorenylidene 2

A B

C D

Scheme 1.1a Bistricyclic aromatic enes 1 and bifluorenylidenes 2.

Planarity in the ground state conformations of overcrowded alkenes 1 and 2 is prevented by the very
strong non-bonded carbon-carbon and hydrogen-hydrogen interactions in the fjord region (scheme
1.1a) of the molecule. Usually two mechanisms, generally known as twisting and folding, are
responsible for the release of strain in overcrowded alkenes. The bistricyclic aromatic enes of type 1
were found to have a folded ground state conformation2b,4 while bifluorenylidenes 2 adopt a twisted
conformation. In the schematic drawings, depicted in scheme 1.1b, the structures are viewed along the
central C9=C9’ bond. The lines represent the peripheral benzene rings of the tricyclic moieties. These
schematic projections should not be confused with Newman projections of the double bond! In a
folded structure the substituents at the central double bond are folded away from the plane defined by
the double bond in a point-symmetric manner. This results in boat conformations in the central rings
of the tricyclic moieties.2f,2j The thus induced nonplanarity of the individual tricyclic moieties of
folded structures is expressed quantitatively by the folding angles A – B and C – D (scheme 1.1a) of
the least–squares–planes defined by the carbon atoms of the peripheral benzene rings. Twisted
structures are usually found when both halves of the overcrowded alkene are either sterically very
demanding14 or planar and rigid.15,16 The latter is due to the presence of substituted cyclopentane rings
attached to the central double bond. A twist is enforced over the double bond for the release of steric
strain; however, both halves of the molecule remain planar.

2 (twisted)1 (folded)

Scheme 1.1b Schematic ground state conformations of structures 1 and 2, respectively, of scheme
1.1a. Projection along the central carbon-carbon double bond.

The nonplanarity at the central carbon atoms (C9 and C9’, scheme 1.1a) of the double bond of both,
twisted and folded, structures is quantified by the pure twist (ω) of the central double bond (C9=C9’)
and the pyramidalization (χ) of the individual atoms C9 and C9’ of the double bond.
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The pure twist is defined as the average of the torsion angles2d τ(C9a – C9 – C9’ – C9a’) and τ(C8a – C9 –
C9’ – C8a’):

ω = ½ [τ(C9a – C9 – C9’ – C9a’) + τ(C8a – C9 – C9’ – C8a’)]

In addition, the carbon atoms C9 and C9’ of the double bond can be pyramidalized.16 The pure sp2

hybridization is changed toward sp3 hybridization16b,16c,16e as a result of the out-of-plane deformation
which improves the π-overlap across the adjacent formal single bonds.16g Pyramidalization of the C9

and C9’ atoms can occur in a syn or anti manner (figure 1.2).

syn anti

Figure 1.2 Hybridization in syn and anti pyramidalized double bonds.

χ(C9) = [τ(C9a – C9 – C9’ – C8a)MOD 360°] – 180°
χ(C9’) = [τ(C9a’ – C9’ – C9 – C8a’)MOD 360°] – 180°

Figure 1.3 Pyramidalization angle (χ) of a double bond carbon atom.

Throughout the years several measures for pyramidalization have been applied in the literature.16b–16f

In figure 1.3 the pyramidalization angle χ(C9) is defined as the improper torsion angle τ(C9a – C9 – C9’

– C8a) minus 180°.2i When a double bond is syn pyramidalized, the pyramidalization angles χ(C9) and
χ(C9’) have identical signs while they have opposite signs in anti pyramidalized double bonds.

1.1.3 Types of Conformations

Numerous stable solid state conformations of overcrowded alkenes have been elucidated by X-ray
analysis (scheme 1.2). As anticipated, the anti-folded conformation is the most commonly
encountered geometry for type 1 bistricyclic enes and folding angles between 40 and 45° are usually
found (table 1.1). These structures have pointgroup C2h symmetry. When the four substituents are
folded away in the same direction, a syn-folded structure, with pointgroup C2v, results with one plane
of symmetry oriented perpendicular to the central double bond. Syn-folded structures are rare and bi-
5H-dibenzo[a,d]cyclohepten-5-ylidene 3 represents one of the few examples. Remarkably, for this
compound both a syn- and an anti-folded conformation have been characterized by X-ray analysis and
NMR solution spectroscopy.17,18 In solution, at 200°C, complete isomerization from the syn-folded
conformation to the anti-folded conformation was observed.17b Both conformations have equivalent

9'

9

9a 8a

χ(C9)
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folding angles of 55 – 60° (table 1.1). However, differences were found between the pyramidalization
angles. A negative value, albeit small, was observed for the anti-folded conformation while a much
larger positive angle is attributed to the syn-folded conformation.

X

X

twistedanti-folded

X = O, S, C=O, NCH3

1 2 3

O O

S

O O

S

4 4

syn-folded folded folded-twisted

C2h D2 C2v C1h C1

Scheme 1.2 Ground state conformations, pointgroups and schematic representations of various
overcrowded alkenes.

Table 1.1 Structural data of some overcrowded alkenes.2h

alkene bridges
X

conformation twist
(ω)[°]

folding
A – B[°]   C – D[°]

pyr.b

(χ)C9[°]
1 O anti-folded 0.0 43.0 43.0 –4.8
1 S anti-folded 0.5a 43.7a 43.7a –2.9
1 C=O anti-folded 0.0 40.0 40.0 – c

2 – twisted 33.0 5.2 4.2 –2.4
3 CH=CH anti-folded 0.0 55.7 55.7 –2.9
3 CH=CH syn-folded 1.1 56.6 61.8 10.7

aData of 2,7’-dimethoxy-bisthioxanthylidene.23b bNo experimental data were acquired, therefore values obtained
from semiempirical PM3 calculations are given here (see section 1.1.7).2i cValue not available.

Bifluorenylidenes 2 have been found to adopt a twisted conformation with pointgroup D2 symmetry
and the pure twist at the carbon double bond is around 33° (table 1.1). The 2-(thioxanthen-9-
ylidene)indane-1,3-diones of type 4 form another intriguing class of overcrowded alkenes. The
indane-1,3-dione lower half of the molecule is unable to release steric strain by folding. However, a
folded ground state conformation, allowed by the folding abilities of the thioxanthene upper half of
the molecule, exhibiting C1h symmetry has been reported.19 In a higher energy solid state
conformation of 4, the folding and twisting mechanisms are combined to give a folded-twisted
conformation with C1 symmetry. Only when one of the halves of the molecule is too rigid to fold,
competition between the folded-twisted, the folded, and the twisted conformation takes place.20
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1.1.4 Chirality

The nonplanarity in overcrowded alkenes can lead to chirality despite the lack of a stereogenic center.
Overcrowded alkenes of which nonplanarity is solely responsible for chirality are denoted inherently
dissymmetric alkenes.21 The basic structure of type 1 overcrowded alkenes (scheme 1.2) possesses C2h

symmetry implying achirality. However, substitution at one of the peripheral benzene rings breaks the
symmetry and makes the compound chiral (scheme 1.3). The chirality is described by the helicity
rules introduced by Cahn, Ingold, and Prelog.21b (P) stands for plus and denotes a right-handed helix
whereas (M) stands for minus and denotes a left-handed helix. Structures of type 1 always have both a
(P)- and an (M)-helix and therefore the helix bearing the substituent of highest priority (IUPAC rules)
governs the chirality of these structures. It is noteworthy that symmetric substitution, for example at
the 2- and 7-position (see scheme 1.1a), with identical substituents leads to achirality again. An
achiral meso compound is obtained when identical substituents are present at point symmetric
positions (for example at the 2- and 7’-position). Twisted structures of type 2 do not have a plane of
symmetry or an inversion point, which implies D2 symmetry. As a consequence twisted overcrowded
alkenes will always be chiral except for the hypothetical case of a twisting angle of exactly 90°. Two
(P)- or two (M)-helices are present in these molecules. For syn-folded structures 3 the same chirality
rules apply as for type 1 structures. The basic geometry of 4 with C1h symmetry is achiral (scheme
1.2). But again, a substituent at the upper thioxanthene half or lower indane-1,3-dione half makes 4
chiral. Interestingly, the higher energy folded-twisted conformation of 4 with C1 symmetry is chiral
(scheme 1.2).

X

X

X

X

R R
(M)-helix (M)-helix(P)-helix(P)-helix

(M)-1 (P)-1

Scheme 1.3 Chirality of folded sterically overcrowded alkenes. The chirality rules are governed by
the substituent with highest priority.

1.1.5 Dynamic Processes

Separation and isolation of the optical antipodes of inherently dissymmetric alkenes under ambient
conditions can only be achieved if they are conformationally stable at room temperature. Two
fundamental barriers are responsible for the stability of twisted and folded overcrowded alkenes as
well as the extent of twistedness and foldedness. Basically, the potential energy of an overcrowded
alkene is the sum of the steric and π-energy. A schematic plot of the potential energy of a twisted
overcrowded alkene plotted as a function of the twist angle (ω) is depicted in figure 1.4.18b Steric
repulsion in the fjord region, as a consequence of the bulky substituents at the upper and lower side of
the central double bond, not only causes the twisted or folded shape of the molecule but also hinders
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these substituents to move along each other. Since passing this barrier is a racemization process, this
is called the racemization barrier (scheme 1.4). The π-energy of the central double bond is responsible
for the second barrier since it prevents free rotation over this bond of the upper and lower part with
respect to each other. A 180° rotation around the double bond implies a cis-trans isomerization when

Y  Z and A  B and therefore the second barrier is called the isomerization barrier (scheme 1.4).

A
Y

B
Z

A Y

BZ

A

Y

B

Z

A

Y B

Z

A

Y
B

Z

0 45 90 135 180
0

energy

twist angle

sum of energies
π-energy
steric energy

Figure 1.4 Schematic plot of the total sum of steric and π-energy as a function of the twist angle (ω).
At twist angles of 0° and 180° the steric energy is at its maximum while the π-energy is at its
maximum at 90°. The minimum of total energy is found around a twist angle of 35°.
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Y Z

racemization
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Scheme 1.4 Racemization and isomerization process of a twisted overcrowded alkene of type 2.
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Scheme 1.5 Racemization and isomerization process of a folded overcrowded alkene of type 1.
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The same principles apply to folded overcrowded alkenes since the racemization and isomerization
barriers (scheme 1.5) also govern stability of these structures. Obviously, the exact shape of
overcrowded alkenes (twisted or folded, twist angle, pyramidalization, and folding angle) is
determined by the delicate balance between the steric and π-energy.

The racemization and isomerization barriers are quantified by the Gibbs energy of activation (∆G‡,
kcal mol–1). In practice the racemization and isomerization barriers should be at least 20 kcal mol–1. A
sterically overcrowded alkene with such barriers loses optical activity by a factor of about 2 every 10
minutes at 0°C and every 5 seconds at room temperature. For unstrained alkenes isomerization
barriers in the range of 60 – 70 kcal mol–1 were found.22 In comparison, the barriers of overcrowded
alkenes were considerately lower due to destabilization of the double bond by a twist or
pyramidalization. This ground state destabilization of overcrowded alkenes led to racemization and
isomerization barriers of 10 – 30 kcal mol–1 (tables 1.2 and 1.3).

The height of Gibbs energies of activation (∆G‡) of racemization and isomerization processes of
overcrowded alkenes can be manipulated to a great extent by varying the heteroatoms X and Y in the
tricyclic moieties as well as by varying the substituents (R1 and R2) at the peripheral benzene moieties
(figure 1.5).23

X

Y

fjord region

d

R2

4a' 10a'

R1

Figure 1.5 Substituents (X, Y, R1, and R2) that effect the Gibbs energy of activation (∆G‡) of the
racemization and isomerization barrier of overcrowded alkenes.

The distance d between the carbon atoms 4a’ and 10a’ depends on the size of atom Y and the bond
lengths of Y with the adjacent carbon atoms 4a’ and 10a’. The larger distance d the more the
peripheral benzene moieties are pushed towards each other which results in more severe steric
repulsion in the fjord region of the molecule. This effect is enhanced by the introduction of
substituents at the 1- and 2-position. The stronger steric repulsions lead to higher activation energies
(∆G‡) of the racemization and isomerization processes. Throughout the years massive amounts of data
of racemization and isomerization barriers of overcrowded alkenes have been collected and this issue
was most recently reviewed by Biedermann et al.2i A summary of interesting data is given in tables
1.2 and 1.3.

Entry series 1 – 5, 6 – 10, and 14 – 16 confirm a significant raise in activation energy (∆G‡) when the
distance between C4a’-C10a’ was increased. The general trend derived from table 1.2 is that the distance
between C4a’-C10a’ is increased by atom Y in the following order: Y = – < O < C=O < NCH3 < CH2 <
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CMe2 < S < CH=CH. The size of substituents at the 2-positions at the peripheral benzene rings does
play a role but its influence is less rigorous. When the methyl substituent at the 2-position was
replaced by an isopropyl group the Gibbs energy of activation (∆G‡) slightly raised (compare entry 4
with 6 and 5 with 9). In contrast, a substituent at the 1-position has a dramatic influence on the Gibbs
energy of activation (∆G‡) (compare entry 2 with 13, 5 with 11, and see entries 17 – 19).

Table 1.2 Experimental Gibbs energies of activation (∆G‡) of thermal racemization processes of
overcrowded alkenes.2i,23b

entry alkene
type

bridges
X, Y

substituents ∆G‡

(kcal mol–1)
C4a’-C10a’

distance
(Å)

method

1 1 S, – 2-iPr 12.2 1.44 DNMR
2 1 S, O 2-iPr 17.1 2.33 DNMR
3 1 S, C=O 2-iPr 18.5 2.56 DNMR
4 1 S, NCH3 2-iPr 21.8 – DNMR
5 1 S, S 2-iPr 27.7 2.64 DNMR
6 1 S, NCH3 2-Me 21.3 – HPLC
7 1 S, CH2 2-Me 23.0 2.46 Polarim.
8 1 S, CMe2 2-Me 25.1 2.46 Polarim.
9 1 S, S 2-Me 27.4 2.64 Polarim.
10 1 S, CH=CH 2-Me 30.8 3.10 Polarim.
11 1 S, S 1,2-benzo 28.6 – Polarim.
12 1 O, S 1,2-benzo 26.9 – Polarim.
13 1 S, O 1,2-benzo 25.9 – Polarim.
14 1 CMe2, – 2-H 11.8 1.44 DNMR
15 1 CMe2, O 2-H 18.2 2.33 DNMR
16 1 CMe2, S 2-H >24.7 2.64 DNMR
17 2 –, – 2-iPr 10.5 – DNMR
18 2 –, – 2,2’,7,7’-tetra-

tBu
15.0 – DNMR

19 2 –, – 1,1’-di-CO2-iPr 21.0 – DNMR
20 1 O, O 2,2’-di-iPr 17.7 – DNMR
21 1 CH2, CH2 2,2’-di-Me 23.4 – DNMR

Similar trends were observed for the Gibbs energies of activation (∆G‡) of isomerization processes
(table 1.3). Entry 2 shows an exception and the lower Gibbs energy of activation (∆G‡) for the
anthrone compared to acridine (entry 3) is most likely due to the sp2 hybridization of the C=O bond
whereas all other type 1 alkenes presented in table 1.3 have sp3 hybridized X and Y bridges.23b It
should be emphasized that the Gibbs energy (∆G) of a molecule can be another major factor
determining the height of the Gibbs energies of activation (∆G‡) of racemization and isomerization
processes. Although less steric repulsion is present in bisfluorenylidene 2 than in folded structures 1 it
has a remarkable high Gibbs energy of activation (∆G‡).
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Table 1.3 Experimental Gibbs energies of activation (∆G‡) of thermal isomerizations of overcrowded
alkenes.2i

entry alkene
type

bridges
X = Y

substituents ∆G‡

(kcal mol–1)
C4a’-C10a’

distance
(Å)

method

1 1 O 2,2’-di-Me 17.1 2.33 DNMR
2 1 C=O 2,2’-di-Me 20.0 2.56 DNMR
3 1 NCH3 2,2’-di-Me 20.8 – DNMR
4 1 CH2 2,2’-di-Me 23.8 2.46 HPLC
5 1 S 2,2’-di-Me 27.4 2.64 DNMR
6 1 O 2,2’-di-iPr 17.5 2.33 DNMR
7 1 O 2,2’-di-tBu 18.0 2.33 DNMR
8 1 O 2,2’-di-MeO 18.4 2.33 DNMR
9 2 – 2,2’-di-Me 25.0 – DNMR

1.1.6 Determination of Activation Parameters

As indicated in tables 1.2 and 1.3 several methods have been developed to determine the Gibbs
energies of activation (∆G‡) of racemization and isomerization processes of sterically overcrowded
alkenes. When the activation energies (∆G‡) are sufficiently high (exceeding 20 kcal mol–1),
separation of enantiomers is possible at ambient temperatures and quantitative amounts of optical pure
overcrowded alkene can be obtained, for instance, by preparative chiral HPLC. The decay of optical
activity in time, under influence of thermal energy, can be monitored by chiral HPLC, polarimetry, or
CD spectroscopy. The decay of optical activity as a function of time, at a constant temperature, gives
the Gibbs energy of activation (∆G‡, kcal mol–1) at that temperature through equations 1.1 and 1.2.24

k = ln2/2t1/2 (1.1a)*
k = ln2/t1/2 (1.1b)*
∆G‡ = –RTln(hk/kBT) (1.2)

k = rate constant of conversion: s–1

t1/2 = half-life time: s  (time required for 50% of the sample to converse)
kB = Boltzmann constant: 3.301 × 10–22 cal K–1 (1.381 × 10–23 J K–1)
h = Planck’s constant: 1.584 × 10–34 cal s (6.626 × 10–34 J s)
∆G‡ = Gibbs energy of activation: cal mol–1

R = gas constant: 1.987 cal mol–1 K–1 (8.314 J mol–1 K–1)

* Equation 1.1a applies when the ground state energy difference between ‘A’ and ‘B’ during a process A  B
is zero (racemization) and when the ground state energy difference between ‘A’ and ‘B’ is of such magnitude
that the back reaction from ‘B’ to ‘A’ cannot be neglected (most isomerization processes of sterically
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overcrowded alkenes). Equation 1.1b applies when the ground state energy difference between ‘A’ and ‘B’

during a process A  B is of such magnitude that the back reaction from ‘B’ to ‘A’ can be neglected.

When the rate constant of conversion (k) is measured over a wide range of temperatures the enthalpy
of activation (∆H‡) and entropy of activation (∆S‡) can be determined by applying the Eyring
equation (1.3, which is rewritten from eq. 1.2 by the relation ∆G‡ = ∆H‡ – T∆S‡).

ln(k/T) = ln(kB/h) + ∆S‡/R – ∆H‡/RT (1.3)

∆H‡ = enthalpy of activation: cal mol–1

∆S‡ = entropy of activation: cal K–1 mol–1

A plot of ln(k/T) versus 1/T gives a straight line (when the process is first-order), the slope of which
yields the enthalpy of activation (∆H‡). From the intercept at 1/T = 0 the entropy of activation (∆S‡)
can be calculated. From the Arrhenius equation (1.4) the activation energy (Ea) and the pre-
exponential factor (A) can be obtained. A plot of lnk versus 1/T gives a straight line (when the process
is first-order), the slope of which yields the activation energy (Ea). The intercept at 1/T = 0 gives the
value of lnA.

lnk = lnA – Ea/RT (1.4)

A = pre-exponential factor: s–1 (for first-order processes)
Ea = activation energy: cal mol–1

The activation energy (Ea) is merely a correlation between the change in temperature (∆T) and the
change in the rate of conversion (∆k). In other words, a high activation energy (Ea) means that the rate
of conversion changes rapidly with temperature.

Accurate values of Gibbs energies of activation (∆G‡), enthalpies of activation (∆H‡), and activation
energies (Ea) between 20 kcal mol–1 and 30 kcal mol–1 are obtained when the measurements are
performed at temperature not lower than –10°C and not exceeding 100°C.

Especially when barriers are below 20 kcal mol–1, dynamic 1H NMR and 13C NMR spectroscopy
(DNMR) are convenient methods for determining the Gibbs energies of activation (∆G‡) of
racemization and isomerization of sterically overcrowded alkenes.10,11b,25 Activation energies (∆G‡)
between 12.0 and 27.7 kcal mol–1 have been ascertained with these techniques.23b,26 Employment of
DNMR for determining activation energies (∆G‡) of racemization processes requires a pair of
nonequivalent nuclei A and B that interchange during a thermally induced conformational change.
Prochiral isopropyl groups are particularly suitable since their methyl protons and methyl carbons
give rise to two distinct NMR signals when they are attached to a folded overcrowded alkene. The
isopropyl group(s) can be substituted at the peripheral benzene rings (see table 1.2: entries 1 – 5, 17,
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18 (t-Bu groups), 19, and 20) or can be part of the central ring of one of the bistricyclic ring systems
(see table 1.2: entries 14 – 16 and 21 where two methylene groups were employed of which the
protons show two distinct absorptions at NMR spectra). Upon heating, the separated signals of the
methyl groups (nuclei A and B) are averaging at the coalescence temperature Tc and the Gibbs energy
of activation of racemization (∆G‡) can be obtained from equation (1.5).

(1.5))ν–h(νN2/lnRTRTG baAcc π⋅−=∆ ‡

Tc = coalescence temperature
NA = Avogadro’s constant: 6.02205 × 1023 mol–1

νa = frequency at which absorption occurs of nucleus A
νb = frequency at which absorption occurs of nucleus B

Thus in case of chiral compounds no optical resolution is needed to determine energy barriers (table
1.2: entries 1 – 5) and, moreover, barriers of achiral compounds can be determined. This information
can also be used to predict racemization barriers of their chiral analogues (table 1.2: entries 14 – 16).

Both techniques, monitoring the decay of optical activity and DNMR, can also be applied for
determining activation energies of isomerization processes (table 1.3). Prochiral substituents are not
necessary for DNMR studies since a clear distinction between cis and trans isomers is observed.

1.1.7 Experimental versus Computational Data

Table 1.4 Comparison of experimentally and computationally (PM3) obtained structural data of
overcrowded alkenes 1 – 3.2h,i 

entry alkene bridges
(X)

method conformation twist
(ω)[°]

folding
A – B[°]   C – D[°]

C9=C9’

(Å)

1 O Exp. anti-folded 0.0 43.0 43.0 1.3691
1 O PM3 anti-folded 0.0 40.4 40.4 1.354
1 S Exp.a anti-folded 0.5 43.7 43.7 1.3512
1 S PM3 anti-folded 0.0 46.8 46.8 1.353
1 C=O Exp. anti-folded 0.0 40.0 40.0 1.3643
1 C=O PM3 anti-folded 0.0 46.6 46.6 1.353
2 – Exp. twisted 33.0 5.2 4.2 1.3644
2 – PM3 twisted 30.2 2.5 2.5 1.368
3 CH=CH Exp. anti-folded 0.0 55.7 55.7 1.3485
3 CH=CH PM3 anti-folded 0.0 61.6 61.6 1.347
3 CH=CH Exp. syn-folded 1.1 56.6 61.8 1.3416
3 CH=CH PM3 syn-folded 0.0 64.7 64.7 1.347

aData of 2,7’-dimethoxy-bisthioxanthylidene.23b



Chapter 1

12

Not surprisingly, the fascinating architecture of overcrowded alkenes, as well as their numerous
dynamic processes, have been reasons to subject these structures to elaborate computational studies.2h,i

Biedermann et al.2i successfully performed semiempirical PM3 calculations to gather structural data
such as bond length of the central double bond, folding angle, and twist (ω). In table 1.4 experimental
and computational data of overcrowded alkenes 1 – 3 are collected. The bond length of the central
ethylene bond C9=C9’ was predicted very accurately by the (PM3) calculations. The calculated
twisting (ω) and folding angles differ no more than 8° from the experimental.

1.2 Molecular Switches

1.2.1 Introduction27 – 35

Communication is playing a vital role in our present-day society and the demand for high-speed
computers with enormous data storage capacities has dramatically increased.27 As a consequence the
extension of storage capacity and the possibility to process larger amounts of data at higher speeds is a
major challenge. Thus, a continuous search for materials and techniques to store as much data on as
least amounts of surface is ongoing. The ultimate goal is to achieve storage as well as manipulation of
data at the molecular level in which each single molecule functions as a separate storage device.28 The
design of molecular switches and trigger elements, able to execute the action of storage and
manipulation, offers a formidable challenge toward the desired miniaturization in future technology.
The employment of individual molecules is highly attractive since a molecule is the smallest logic
elements available. Moreover, molecular design gives the opportunity to build in various
characteristics.29 The main disadvantage, however, is the lack of order and one of the most difficult
aspects will be the controlled coordination of all single molecular devices in larger macroscopic
structures such as polymer matrices or liquid crystals. Supramolecular chemistry30 and
nanotechnology31 can possibly provide solutions for these problems. Supramolecular chemistry deals
with the development of a range of techniques for synthesis and characterization of large molecular
assemblies, held together by noncovalent interactions. Nanotechnology involves the synthesis,
characterization, and application of structures of nanosize dimensions (1 – 100 nm). The
incorporation of individual molecular devices in separate building blocks offers a ‘bottom up’
approach to create complex nanosize structures in which precise positioning is achieved by controlled
assembly.

1.2.2 Switches

In recent years, considerate effort has been put into development of switching molecules based on
organic materials.32,33,34,35 In the desired situation, reversible, complete, and fast switching between
two different stable states ‘A’ and ‘B’, induced by external stimuli, is accomplished (scheme 1.6).
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A B
S1

S2

Scheme 1.6 Molecular switch. ‘A’ and ‘B’ represent the two different stable states whereas S1 and S2

refer to different external stimuli which effect the controlled reversible switching behavior.

A number of sources can serve as external stimuli such as temperature, pH, magnetic fields, electric
fields, and light. Especially the last stimulus is playing a key role in the ongoing search for organic
materials suitable for data storage. Photoreversible compounds in which the reversible switching is
controlled by light are promising since photochemical conversions are fast which is an essential factor
for efficient data processing. Besides technical, economical, and environmental restrictions, the
system should meet a number of other criteria:

- Selective and efficient photochemical switching between the two stable states with high
quantum yields should be achieved. Degradation of the materials must not take place.

- Besides the photochemical switching, no thermal conversions should occur over a large range
of temperatures (–20° to 80°C).

- Both stable states ‘A’ and ‘B’ must be clearly detectable and a non-destructive read-out
procedure which does not interfere with, or erase, the written data must be available.

- Retention of all properties of the individual switching molecules is necessary upon
incorporation the molecules into macromolecular materials and nanosize assemblies.

- Writing and erasing must be possible without degradation

In view of the criteria outlined above, photochemical cis-trans isomerizations have attracted
considerable interest and this topic will be surveyed shortly in the next section. The subject of
photochemical switches has been reviewed recently.33d

1.2.3 Cis-trans Isomerizations

Cis-trans isomerizations are rotations of about 180° around a carbon-carbon double bond (see section
1.5). One of the basic processes of vision is a photochemically induced cis-trans isomerization.36 In
the eyes of vertebrates, and thus humans, an image of the external world is focussed on a single layer
of photoreceptor cells on the back of the retina. Here the absorption of a light quantum leads to the
cis-trans isomerization of an 11-cis-retinal moiety (scheme 1.7).

Upon absorption of a photon, the 11-cis-retinal moiety of structure 5a (λmax = 498 nm), having a bent
form, is converted into a rod-like 11-trans-retinal moiety (structure 5b) (λmax = 380 nm). The retinal
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moiety is covalently bound to the protein opsin, via an imine bond with the amino acid lysine,
together forming the protein rhodopsin. The structural change of the retinal moiety leads to a
conformational change in the entire protein. The conformational change initiates a cascade of
reactions during which 11-trans-retinal moiety is released form the protein. A nerve pulse to the brain
is generated creating an image thus giving a sense of vision. After release, 11-trans-retinal is reduced
enzymatically to trans-retinol (vitamin A) and transformed to 11-cis-retinal to recombine with free
opsin to form 5a. With an extreme high quantum yield (Φ = 0.67) and high reversibility (>106

cycles)37 the cis-trans isomerization process of retinal, giving vertebrates the ability to see, is certainly
one of the most fascinating examples of the superb systems created by nature. It has inspired chemists
to mimic the cis-trans iosmerization of retinal and to search for possible applications of retinal
derivatives for reversible data storage. And indeed, biological switches based on bacteriorhodopsin,
with retinal as photoreceptive element, were applied for holographic data storage.38 This issue has
been recently reviewed by Hampp et al.39

light

11-cis-retinal moiety 5a
11-trans-retinal moiety 5b

opsin

opsin

Scheme 1.7 Cis-trans isomerization of retinal.

Three important classes of synthetic molecular switches of which bistability is established by light
induced cis-trans isomerizations, have been developed: stilbenes (section 1.2.4), azobenzenes (section
1.2.5), and sterically overcrowded alkenes in which a switching process is accompanied by a change
in chirality (section 1.2.6).

1.2.4 Stilbenes

cis-stilbene 6a trans-stilbene 6b

phenanthrene 7
cyclobutane 8

hν

hν

Scheme 1.8 Photochemistry of stilbenes 6.

The photochemistry of stilbenes 6 has been studied thoroughly and reversible light induced cis-trans
isomerization was observed (scheme 1.8).40 However, the scope of stilbenes 6 for reversible
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photoswitching is limited because of undesired side reactions. Irradiation of cis-stilbene 6a gave rise
to ring closure and subsequent oxidation yielded phenanthrene 7 while trans-stilbene 6b was
converted into substituted cyclobutanes 8 by [2 + 2] cycloaddition reactions. Supramolecular control
of the photochemistry of trans-stilbenes 6b was achieved by Wenz et al.41 Host-guest chemistry with
different cyclodextrines (host) provided selective isomerization toward cis-stilbene 6a or selective
formation of the cycloaddition product 8.

1.2.5 Azobenzenes

Two stable states for azobenzene 9 have been found (scheme 1.9).42 The trans isomer was converted
into the cis isomer by UV light irradiation. The reverse reaction was initiated upon irradiation with
visible light. A serious drawback of this system is the possible thermal cis to trans isomerization due
to a low Gibbs energy of activation (∆G‡) for this process.

Different substitution patterns strongly influence the Gibbs energy of activation (∆G‡) which resulted
in half-life times of the cis isomer 9b ranging from minutes to several days at room temperature. The
isomeric rate of trans and cis azobenzene 9 could be detected by UV/VIS spectroscopy, although this
is not a non-destructive read-out method.

N N
N

N
300 nm

> 380 nm

trans-azobenzene 9a cis-azobenzene 9b

Scheme 1.9 Cis-trans isomerization of azobenzene 9.

Despite aforementioned limitations, azobenzenes 9 were abundantly employed to generate major
structural changes in supramolecular assemblies or photochromic polymers such as polypeptides.43 It
appeared that the thermal decay of the cis isomer 9b was reduced significantly when azobenzenes
were incorporated in polymers, liquid crystalline material, or monolayers. Furthermore, non-
destructive read-out methods, such as changes in conductivity, transmittance, or chirality, can be
applied without interfering with the photoisomerization processes.43

The ability of azobenzenes to induce phase transitions of liquid crystalline materials has attracted
considerable interest. The rod-like trans configuration of azobenzene tends to stabilize nematic
crystalline phases, whereas the bent cis isomer has a destabilization effect on nematic phases resulting
in transition to the isotropic phase. Since the nematic phase shows transmittance and the isotropic
state does not, the photochemically driven nematic-isotropic (N-I) phase transition was conveniently
followed by monitoring the transmittance of light passing through the sample. N-I phase transitions
with response times down to 200 µs have been reported.44 When irradiation was ceased, the nematic
phase was recovered rapidly and especially 4,4’-donor-acceptor substituted azobenzenes gave fast
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recovery times of at best 8 ms at 146°C.45 These features have been used in research toward
applications in optical switching, optical imaging, optical data storage, and optical display.46

Other applications of azobenzenes include: (1) photoresponsive dendrimers containing azobenzene
units,47 (2) functionalization of Langmuir-Blodgett (LB) films,48 (3) azobenzene dimers based on
proline peptides suitable for holographic data storage,49 (4) azobenzene charge transfer trimers based
on liquid crystalline donor-acceptor systems.50

1.2.6 Chiroptical Molecular Switches

Chiroptical molecular switches 10 represent an intriguing class of sterically overcrowded alkenes
(scheme 1.10). They are strongly related to the bistricyclic ene systems 1 (sections 1.1.2 – 1.1.5) with
respect to architecture, helicity, chirality, and possible dynamic processes. However, distinct
differences give chiroptical molecular switches their unique photochromic and thermodynamic
properties which make them suitable for optical data storage.1,23a,b,32,33,51

X

Y

R

X

Y

R

X

Y

R

racemization

∆

isomerization

λ1

λ2

(M)-cis-10 (P)-trans-10(P)-cis-10

1 2
3

45

6

7

8

9

10

1'

4'

5' 6' 7'

8a'

9'

10'
10a'

9a8a

3'

2'
4a'

4a10a

8'
4b'

Scheme 1.10 Dynamic processes of chiroptical molecular switch 10. Atom numbering scheme
according to IUPAC nomenclature.

Chiroptical molecular switches 10 consist of a different upper and lower part. The lower part is a
xanthene moiety while the upper part is a phenanthrene moiety. They are connected by a central
double bond and the size of upper and lower part causes an anti-folded, helical shape to the entire
molecule. The helicity makes these compounds chiral (section 1.1.4) and the chirality is defined at the
naphthalene chromophore side of the molecule by an (M) (Minus, left-handed helix) or a (P) (Plus,
right-handed helix).

When (M)-cis-10 is irradiated with light of appropriate wavelength λ1 cis-trans isomerization takes
place giving (P)-trans-10. The reverse isomerization will be induced upon irradiation with light of
wavelength λ2. An important feature of the cis-trans isomerizations of chiroptical molecular switches
10 is the concomitant helix inversion from (M) to (P) or vice versa. The (M)-cis-10 and (P)-trans-10
isomer have opposite helicity but they are not enantiomers due to the presence of substituent R.
Because of that they are called pseudoenantiomers.51 Pseudoenantiomers are almost mirror images of
each other and therefore their circular dichroism (CD) spectra show opposite signs, but almost
identical values, of optical rotation (ORD). These properties imply that the two bistable states, (M)-
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cis-10 and (P)-trans-10, can be identified, utilizing CD, or ORD, at wavelengths far from the
switching wavelengths. The latter method provides an excellent non-destructive read-out method.
Racemization (scheme 1.10) of (M)-cis-10 to (P)-cis-10 [or (P)-trans-10 to (M)-trans-10, not
visualized in scheme 1.10] obviously is a highly unwanted side reaction since the loss of optical
activity makes CD and ORD unusable as read-out methods. It should be emphasized that optically
active material is required for applying CD and ORD. Separation of enantiomers is usually performed
by preparative chiral HPLC.23b,e,f,32,33c,51

When a definite photoequilibrium of cis and trans isomers is obtained during irradiation, the
photostationary state (PSS) is reached and the ratio of cis and trans isomers is largely governed by
two factors reflected by equation 1.6. The isomeric composition is determined by 1) the ratio of
extinction coefficients (ε) of the isomers at the irradiation wavelength and 2) the ratio of the quantum
yields (Φ) for cis → trans and trans → cis isomerizations. These two factors relate to parameters such
as temperature at which irradiation takes place and polarity of the solvent.

cis / trans = εtransΦtrans → cis / εcisΦcis → trans (1.6)

In order to achieve high selectivities it is of utmost importance that the differences between UV/VIS
spectra of cis and trans isomers are large at specific wavelengths. Differences in UV/VIS spectra can,
among other things, can be realized by introducing electron withdrawing and/or electron donating
substituents at various positions of the switch (scheme 1.11 and table 1.5). Different through space
interactions are at work when the naphthyl moiety of the upper half is in proximity of an electron
withdrawing group or an electron donating group attached to the lower part of the switch. Various
differently substituted chiroptical switches have been synthesized and examined on their
photochemical behavior (scheme 1.11).1,23f,32b,33,51 Typical results are summarized in table 1.5.

X

Y

R1

X

Y

R1

isomerization

λ1

λ2

(M)-11 – 13 (P)-11 – 13

R3R2
R3 R2

Scheme 1.11 Photochemical cis-trans isomerizations of various differently substituted chiroptical
molecular switches 11 – 13.

De Lange and Jager introduced the first chiroptical molecular switch based on inherently
dissymmetric alkenes.23a,b,51 Irradiation with 300 nm light gave a photoequilibrium composed of 64%
(M)-11 and 36% (P)-11. Irradiation with 250 nm light yielded a mixture of 68% (M)-11 and 32% (P)-
11. Although the difference between the (M)/(P) ratios at the two photostationary states is rather
small, i.e. 4%, this was the first example of a light-driven chiroptical molecular switch. Unfortunately,
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the undesired thermal process of racemization could not be suppressed at room temperature and after
20 minutes of alternating irradiation at 250 and 300 nm 10% of the switch appeared to have racemized
(∆G‡

rac.= 26.5 kcal mol–1).

Table 1.5 Composition of switches 11 – 13. Wavelengths λ1 and λ2 are given with the (M)/(P) ratio at
the photostationary state (PSS).

entry switch X Y R1 R2 R3 λ1

(nm)a
PSS

(M)/(P)
λ2

(nm)a
PSS

(M)/(P)

 123a,b,51 11 CH2 S OMe H Me 300 64/36 250 68/32
 223a,b,f,33c 12 S S NMe2 NO2 H 435 10/90 365 70/30
 332b 13 S S H NO2 NMe2 313 45/55 435 99/1

aBand width of applied filters = ~10 nm

S

S

NMe2

S

S

NMe2

435 nm
365 nm

(M)-trans-12 (P)-cis-12

O2N O2N

70/30 10/90PSS

trans/cis

Scheme 1.12 Switching behavior of overcrowded alkene 12.

Spectacular improvement was observed when an electron withdrawing nitro group and an electron
donating dimethylamino group were introduced at either side of the lower part of the switch.23a,b,f,33c A
photostationary state, composed of 10% (M)-12 and 90% (P)-12 was observed upon irradiation with
435 nm light whereas irradiation with 365 nm light gave a photostationary state of 70% (M)-12 and
30% (P)-12 (scheme 1.12).

The high diastereomeric excesses of 80 and –40% can be largely attributed to the clear differences in
UV/VIS spectra of both isomers. In addition, the thermal stability of this switch was sufficient (∆G‡

rac.

= 29.2 kcal mol–1) and no racemization was observed at room temperature. Since the ultimate goal is
to accomplish complete selective switching, during which diastereomeric ratios of 100% in both
directions are achieved, attempts were undertaken to further manipulate the electronic behavior of
switches. Therefore, switch 13, with an electron donating substituent at the upper part and a
withdrawing group at the lower part was synthesized.32b Disappointingly, this endeavor by Schoevaars
was not rewarded with more selective switching behavior. Switch 13 showed improved selectivity in
one direction only. Irradiation for 2 min with 435 nm light gave an almost perfect photostationary
state of 99% (M)-13 and 1% (P)-13 but a maximum diastereomeric excess of only 10% (45% (M)-13
and 55% (P)-13) into the other direction was obtained (irradiation time of 2 min with 313 nm light).
The search for optimization of these systems is still ongoing.52
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Scheme 1.13 Racemization process of chiroptical molecular switch 10. (The IUPAC numbering
scheme for thio- and oxo-phenanthrylidenes is used in scheme 1.13 and table 1.6. However,
phenanthrylidenes (X = CH2) on one hand and thio- (X = S) and oxo-phenanthrylidenes (X = O) on
the other adopt different atom numbering schemes according to IUPAC rules. For the sake of clarity
we have used the same system for numbering phenanthrylidenes in scheme 1.13 and table 1.6. See
chapter 6 for further specification.)

Table 1.6 Racemization barriers of various chiroptical molecular switches 10 with different atoms X
and Y.23a,b

entry X Y R1 R2 R3 rac. barrier
∆G‡

(kcal mol–1)

C3’ – C10a’

(Å)
C4a – C10a

(Å)

1 O O H H H 24.9 2.34 2.33
2 CH2

a O H H H 27.4 2.48 2.33
3 CH2

a O H H Me 27.2 2.48 2.33
4 S O H H H 28.0 2.75 2.33
5 O S H H H 21.8 2.34 2.64
6 CH2

a S H H H 25.5 2.48 2.64
7 CH2

a S OMe H Me 26.5 2.48 2.64
8 S S H H H 28.9 2.75 2.64
9 S CMe2 H H H 28.9 2.75 2.46
10 O CH=CH H H H 23.8 2.38 3.10
11 S CH=CH H H H 29.0 2.48 3.10

aSee remark at scheme 1.13.

Similar to bistricyclic ene systems, discussed in section 1.1.5, the Gibbs energy of activation (∆G‡) of
the racemization process of unsymmetrical alkenes of type 10 (and 11 – 13) can be manipulated by
varying the identity of atoms X and Y (scheme 1.13).23a,b Compounds of class 10 (and 11 – 13) have
never been observed to perform thermal cis-trans isomerizations but as indicated previously for
alkene 11, thermal racemization can take place all the more.23b

A summary of Gibbs energies of activation of racemization (∆G‡) of unsymmetrical alkenes is
presented in table 1.6.23b Increasing the distance between carbon atoms adjacent to atoms X and Y (C3’

– C10a’ and C4a – C10a) causes more steric hindrance in the fjord region of the switch (see section 1.1.5)
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which in turn brings about higher Gibbs energies of activation (∆G‡) of racemization. This general
tendency is clearly confirmed by entries 1 – 4 and 5 – 8. Remarkably, substitution at the upper
phenanthrene part of the molecule slightly lowers the racemization barrier (entries 2 and 3). The
normal trend of a moderate elevation of activation energy by introducing substituents is resumed in
entries 6 and 7. A stunning low racemization barrier is found in entry 5. When compared with entries
1 and 4 one realizes that distances C3’ – C10a’ and C4a – C10a are not the sole parameters affecting the
height of racemization barriers.

1.2.7 Switching between Enantiomers

O

S

O

S

(M)-15 (P)-15

r-CPL

l-CPL

λ = 313 nm

Scheme 1.14 Chiroptical switch 15 interconverted by circular polarized light (CPL switch).

The research on chiroptical molecular switches is mainly focused on photochemical switching
between two pseudoenantiomers with the ultimate goal to achieve complete selectivities in both
directions (section 1.2.6). In the mean time attempts were undertaken to develop a molecular switch
of which the two enantiomers could be interconverted by circular polarized light (CPL). Indeed,
switch 15 was successfully applied for this purpose and by employing left and right circular polarized
light (l-CPL and r-CPL) switching between the (P)- and (M)-enantiomers was observed with
enantiomeric excesses of 0.07 and –0.07%, respectively (scheme 1.14).23b,53

1.2.8 Applications of Chiroptical Molecular Switches

It is a well-known phenomenon that small amounts of optically active dopant (guest) may induce
transition from a nematic phase to a cholesteric phase of liquid crystalline host material.54 Moreover,
subtle chemical modifications of a chiral guest molecule can heavily influence the helical pitch in a
twisted nematic phase. In view of the intended application in information technology (section 1.2.1)
chiroptical molecular switches were doped into liquid crystalline material.32a,55 Optically active
molecular switch 12 (1 wt %), giving the highest difference in diastereomeric excesses upon
irradiation in solution (section 1.2.7), was added to liquid crystalline 4’-(pentyloxy)-4-
biphenylcarbonitrile (liquid crystalline phase). Irradiation of the sample with 313 nm light resulted in
a nematic phase while irradiation with 435 nm light induced a cholesteric I phase (scheme 1.15).
Furthermore, irradiation of the cholesteric I phase with 365 nm light gave a cholesteric II phase while
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the reverse transition was established by irradiation with 435 nm light. The size of the pitch alternated
from 12.29 µm (cholesteric I) to 5.31 µm (cholesteric II).

LC phase nematic cholesteric I cholesteric II

dopant (M)-trans-12 50% (M)-trans-12
50% (P)-cis-12

excess (P)-cis-12 excess (M)-trans-12

435 nm

313 nm

365 nm

435 nm

Scheme 1.15 Photochemical switching processes of LC-phase (4’-(pentyloxy)-4-biphenylcarbonitrile)
and chiral dopants (M)-trans-12 and (P)-cis-12.

The phase transition as well as the pitch modulation were performed reversibly and repetitive. With
these qualities the system meets some of the criteria required for possible application in data storage.
The same switch 12 was integrated in a chiro-optic device by Demus et al.56 A cholesteric mixture,
containing 12, was put into a hybrid cell and two stable states, a dark state and a bright state, were
observed repetitively when alternately irradiated by 435 and 365 nm light. With this basic design a
holographic recording system was developed.

CPL switch 15 exhibited similar abilities with respect to phase transition within liquid crystalline
material.53 In this case irradiation with CPL of liquid crystalline material, doped with 20 wt % 15,
afforded a chiral mesoscopic phase. By modulation of the polarization of the light reversible
switching between cholesteric (CPL) and nematic (LPL) phases was achieved.

As considered in section 1.2.1 the controlled assembly is one of the most prominent aspects of
applying molecular switches as memory elements. Incorporation of switches into polymer films is a
promising opportunity to achieve this goal. Switching units covalently attached, via a spacer, to a
polymer backbone57 or thin polymer films doped with switches are two approaches that were
followed.32b Chiroptical switch 11 was coupled to a polymer (polymethyl methacrylate) by an alkyl
spacer.58 Excellent film forming properties were found for the functionalized polymers, bearing 4.0 –
4.7% of optical pure switch 11. Unfortunately, no repetitive reversible switching was observed upon
alternating irradiation by two different wavelengths. Therefore these studies were maintained by
focussing on thin polymer films doped with chiroptical switches. For this purpose the feasible use of
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switch 12 is a major advantage because of its high selective switching behavior. Switch 12 was not
suitable for covalent binding to polymers due to solubility problems. The highest difference in
diastereomeric excesses of optical active switch 12 was observed when doped in polystyrene. (P)/(M)
ratios of 30/70 and 23/77 were detected at 435 and 365 nm, respectively, reflecting diastereomeric
excesses of 40 and 54%. These values are significantly lower than the initial stereoselectivities
obtained in solution (table 1.5, scheme 1.12), however, for efficient read-out, a difference in
diastereomeric excesses of >2% is sufficient, which is fulfilled by this system.

1.3 Controlled Dynamic Behavior of Molecular Systems

1.3.1 Introduction

Dynamic biological processes are intriguing and have inspired scientists immensely (see also section
1.2.3). In particular systems such as ATP-synthase59 and skeletal muscles60, in which energy is
converted into controlled motion, play essential roles in vertebrates. Attempts to mimic these
processes by synthetic design have lead to many fascinating molecular systems whose dynamic
behavior can be controlled by regulated energy consumption.1,61,62,63,64,65

1.3.2 Catenanes and Rotaxanes

extended situation contracted situation

= phenanthroline

= terpyridine

+ Cu (I)

– Cu (I)
+ Zn (II)

– Zn (II)

=   Zn (II)

=   Cu (I)

Scheme 1.16 Schematic representation of the molecular muscle at work.

Catenanes (interlocking rings) and rotaxanes (stringlike components) comprise a set of compounds
which could possibly serve as building blocks of molecular machines.62 One of the most recent
findings in this field was reported by Sauvage et al. and comprehends the contraction and stretching of
a linear rotaxane dimer resembling a natural muscle at work (scheme 1.16).63 Analogous to real
muscles a molecular assembly was designed in which two filaments glide along one another. In this
fashion the process taking place in the sarcomere, in which the thick and thin filament are able to
move along each other, was imitated.
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As visualized in scheme 1.16, the assembly is capable of binding two metal ions. When Cu (I) is
present two four-coordinated centers, with each copper ion bound to two phenanthroline moieties, are
formed leading to an extended geometry. When Cu (I) is replaced by Zn (II) two five-coordinated
centers, each created by one phenanthroline and one terpyridine moiety, are formed giving the
contracted situation. Both motions proceeded quantitatively and reversibly giving this process a
repetitive nature.

1.3.3 Unidirectional Rotary Motion

While the movement of muscles can be classified as linear, unidirectional rotary motion was observed
in the ATP-synthase protein.59 The unidirectional rotation of the actin filament with respect to the
static α3β3 lower part was proven by Noji et al. (figure 1.6).59a

Figure 1.6 Unidirectional rotation in the ATP-synthase protein.59a

In recent nanotechnological terms a molecular motor is described as a device that can convert any
form of energy into controlled motion.52b Eventually this controlled motion should be translated into
any kind of work. The first synthetic approaches toward molecular motors, performing unidirectional
rotary motion, were put forward in 1999 by Kelly et al.65 and our group.66 Kelly’s motor 16 exists of a
helicene stator which was connected to a three-bladed triptycene rotor by a single bond (scheme
1.17).65 The Gibbs energy of activation (∆G‡) for a 120° rotation, during which the rotor moiety
passes the helicene stator, lies around 25 kcal mol–1.

This barrier was significantly lowered by activation of the rotor by addition of phosgene. The amine
was transformed into isocyanate 17 and random ‘Brownian’ motion within 17 brought the isocyanate
moiety in close proximity of the alcohol functionality of the helicene (intermediate 18) resulting in
ring closure giving urethane 19. The ring closure was only facilitated by a clockwise rotation of the
helicene moiety. A counter clockwise rotation did not bring the alcohol and isocyanate functionality
in suffient proximity for ring closure. This observation was the actual prove for unidirectional
rotation. The steric repulsion between rotor and helicene moiety was considerately higher in 19 than
in starting structures 16 and 17. However, reverse rotation to geometries akin to 16 and 17 was
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prevented by the urethane bond. The thus induced reduction of the Gibbs energy of activation (∆G‡)
enabled a 120° unidirectional rotation of the triptycene rotor at ambient temperature yielding 20.
Finally, the urethane bond of 20 was cleaved which simultaneously completed the chemically driven
rotation of 16 to 21.
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Scheme 1.17 Chemically driven, unidirectional, 120° rotation of the triptycene motor.

The architecture of the molecular motor developed in our group is based on helical shaped
overcrowded alkenes (scheme 1.18).66 Two phenanthrene moieties were connected by a central double
bond while at the upper and lower part of the motor a stereogenic center was created by a methyl
substituent. Irradiation of (P,P)-trans-22 with 280 nm light induced a trans-cis isomerization giving
(M,M)-cis-23 in a 5/95 ratio. Irradiation was carried out at –55°C since heating to 20°C immediately
resulted in quantitative thermal isomerization to (P,P)-cis-24. Photochemical isomerization of (P,P)-
cis-24 gave (M,M)-trans-25 in a 90/10 ratio. Finally, starting compound (P,P)-trans-22 was formed by
a second quantitative thermal step (60°C). This sequence of events proved that two photochemical
trans-cis isomerizations, each followed by a thermal conversion, effected a four-step cycle,
completing a full unidirectional 360° rotation of the upper part with respect to the lower part. It should
be emphasized that, regarding structures 22 – 25, the axial orientation of the methyl substituent is
favored over the equatorial orientation. Therefore, the two photochemical steps were energetically
uphill processes whereas the thermal steps were energy relaxing. The four individual steps were,
among other techniques, monitored by CD spectroscopy since each step involved a helix inversion
((P) to (M) or vice versa, see section 1.1.4). The direction of rotation was governed by the two
stereogenic centers. The four-step cycle, completing the full 360° rotation, was repeated thrice
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without degradation of the olefins demonstrating the repetitive nature of the rotation process
performed by this motor.
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Scheme 1.18 Photochemically and thermally driven unidirectional 360° rotation of the
biphenanthrylidene motor.

1.4 Aim of this Thesis and Overview of Contents

This thesis presents developments in the field of optically active bis(thio)xanthylidenes (chapters 2
through 4) and the evolution of chiroptical molecular switches into the second generation of light-
driven molecular motors (chapters 5 through 7).

Chapter 2 describes the development of a synthetic route toward enantiomerically pure
bisthioxanthylidene. In this procedure, (S,S)-Threitol-ditosylate and optically active binaphthol served
as chiral templates. Thus, transfer of axial single bond chirality to axial double bond chirality was
achieved. Moreover, the determination of the absolute configuration of enantiomerically pure
bisthioxanthylidene was accomplished.

This concept was extended to the synthesis of optically active bisxanthylidenes. Thermochromic
properties were expected and attempts were undertaken to develop the first thermochromic molecular
switch. These studies are dealt with in chapter 3.

A remarkable feature of bistricyclic ene systems, as a consequence of their folded shape (section 1.1.2
and 1.1.3), is the presence of two helices of opposite sign ((P) and (M), see section 1.1.4). In order to
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exploit this feature, both sides of bisthioxanthylidene were functionalized with differently sized crown
ethers. The different substituents created a chiral compound. It is a well documented fact that crown
ethers have a distinct preference for complexation with metal cations which exactly fit into their ring
size. With this knowledge in hand we envisioned activation of either the (P)- or (M)-helix, by addition
of the appropriate metal cation, for asymmetric catalysis. Synthesis of biscrown bisthioxanthylidenes
and their structural properties are reported in chapter 4.

The realization of the second generation of molecular motors is surveyed in chapter 5. Extending the
initial machinery, described in section 1.3.3, we started construction of molecular motors with distinct
upper and lower parts. They are reminiscent of the chiroptical molecular switches, discussed in
section 1.2.6, which have been examined thoroughly on their photochemical and thermodynamic
behavior. The introduction of a methyl substituent at the upper part of the molecule created a
stereogenic center. Anticipated key features of this second generation molecular motors are the
control of unidirectional rotation by a single stereogenic center and the ability to tune the speed of
rotation which is governed by the two thermal steps of the 4–step cycle. The architecture of the new
class of motors allowed structural modification enabling adjustment of speed of rotation. This latter
aspect is dealt with in chapter 6. The synthesis of seven new motors accompanied with detailed
quantitative data of the thermodynamics of the thermal steps are given there. Furthermore, stunning
high selectivities at photoequilibria are reported.

Whereas chapters 5 and 6 describe motors with a phenanthrene upper part, chapter 7 focuses on
motors with a methyl substituted naphthalene upper part. The naphthalene upper part was supposed to
decrease the steric repulsion in the fjord region (section 1.1.5) which in turn was expected to further
speed up the rate of rotation. Some remarkable results were found which are certainly an addition to
our knowledge about the parameters governing the behavior of molecular motors.
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Chapter 2

Asymmetric Synthesis of Overcrowded Alkenes1

Part I: Bisthioxanthylidenes

2.1 Introduction

Elaborate studies on sterically overcrowded alkenes have revealed their unique photochromic and
dynamic properties (chapter 1).2 Although lacking a stereogenic center, they may exist as stable,
optically active stereoisomers due to the presence of substituents that cause steric hindrance between
the upper and lower parts and enforce a helical distortion to the entire molecule. Unsymmetrical cis
and trans isomers of overcrowded alkenes were shown to act as chiroptical molecular switches
(section 1.2.6).3 Current applications include the reversible transition between cholesteric and nematic
phases when a liquid crystalline material is doped with optically active overcrowded alkenes4, and the
photochemical modification of chirality of thin polymer films modified with an optically active
overcrowded alkene (section 1.2.8).5 All these applications require optically active materials.
Therefore a practical synthetic route toward enantiomerically pure overcrowded alkenes is a
challenging goal.

O O
Br Br

54%
> 99% d.e.

(2S,4S)-1

O

O

(2S,4S,R)-2

(R)-(+)-1,1'-binaphthol 3

BuLi, CuCN, O2, –78°C

Scheme 2.1 Synthesis of optical pure binaphthol 3 by axial single bond chirality control by employing
optical pure 2,4-pentanediol as chiral template.

Methodology has been developed for the synthesis of optically active biaryls, in which control of
axial single bond chirality is achieved by coupling of two aryl moieties to a chiral template.6 The
synthesis of optical pure binaphthol, reported by Sugimura et al., effected by axial single bond
chirality control by optical pure 2,4-pentanediol, is a straightforward example (scheme 2.1).7 Two 1-
bromo-2-naphthol moieties were coupled to optical pure 2,4-pentanediol yielding (2S,4S)-1. A
subsequent intramolecular coupling reaction resulted in formation of (2S,4S,R)-2 as major product in
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54% yield. The formation of the other possible stereoisomer (2S,4S,S)-2 (not visualized) was not
observed implying complete stereocontrol by the chiral template and a diastereomeric excess of
>99%. Surprisingly, no intermolecularly coupled products were detected. Removal of the chiral
bridge gave optical pure (R)-(+)-1,1’-binaphthol 3.

Luh et al. succeeded to prepare optically active bifluorenylidenes along these lines (scheme 2.2).8

(S,S)-threitol-ditosylate (S,S)-4 served as a chiral template which was coupled with two fluorene
moieties 5 to give pre-organized system 6. The central double bond was constructed by intramolecular
coupling upon treatment with tungsten hexacarbonyl. Thus optically active bisfluorenylidene (S,S,P)-
7 was obtained. Formation of the other possible diastereoisomer (S,S,M)-7 was not observed. The
absolute configuration of (S,S,P)-7 was assigned after comparing its CD spectrum with that of related
compounds. Removal of the chiral template resulted in the complete loss of optical activity of the
bisfluorenylidene moiety as a result of a low Gibbs energy of activation (∆G‡) of the racemization
process.

O

O

H
CH2OTs

H
CH2OTs

S S

HO2C
O

O

H CH2O2C

H CH2O2C S S

SS

O

O

H
CH2O2C

H
CH2O2C

O

O

H
CH2O2C

H
CH2O2C

+

K2CO3

Bu4NBr

DMF

W(CO)6

PhCl

92%

40%

(S,S)-4 5

(S,S)-6

(S,S,P)-7 (S,S,M)-7

Scheme 2.2 Synthetic route toward enantiomerically pure bisfluorenylidene (S,S,P)-7.

Based on the examples and methodology presented in schemes 2.1 and 2.2 we envisioned the
synthesis of stable enantiomers of an overcrowded alkene which remain stable after removal of the
chiral template (scheme 2.3). For this purpose we aimed for the synthesis of enantiomers of
bisthioxanthylidene because of their relatively high Gibbs energy of racemization (∆G‡

rac.) of around
27.5 kcal mol–1.2i,9 This energy barrier implies that enantiomers of bisthioxanthylidene are sufficiently
stable at room temperature and will not racemize fast after removal of the chiral template. First the
upper and lower part, two thioxanthone moieties, of the overcrowded alkene are coupled to an
enantiomerically pure chiral template. During a subsequent intramolecular coupling reaction the
central double bond is constructed. The stereocontrol of the chiral template during the intramolecular
coupling reaction should lead to enantiomerically pure bisthioxanthylidene after removal of the chiral
template. (S,S)-Threitol-ditosylate-4 (section 2.2), (R)-(+)-1,1’-binaphthol ((R)-3) and (S)-(–)-1,1’-
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binaphthol ((S)-6) (section 2.3) were intended to be used as chiral templates. These two chiral
templates feature axial singe bond chirality with the consequence that the sequence of events
visualized in scheme 2.3 implies the realization of the intriguing concept of conveying axial single
bond chirality to, stable, axial double bond chirality. We furthermore aimed for the first absolute
configuration determination of enantiomerically pure bisthioxanthylidene. This was intended to be
achieved by X-ray analysis of the intermediates formed after the intramolecular coupling reaction.

S

O
OMe

S

O
OMe

S

OMe

S

OMe

S

OMe

S

OMe
R
R

O

O

CH2OTs

H

H

CH2OTs

OH
OH

chiral
template

intramolecular
coupling

chiral
template

removal of
chiral template

enantiomerically pure
bisthioxanthylidene

chiral
template

(S,S)-threitol-ditosylate-4 (R)-(+)-1,1'-binaphthol-3

determination of absolute configuration
X-ray analysis

Scheme 2.3 Synthetic approach toward enantiomerically pure bisthioxanthylidene.

2.2.1 Asymmetric Synthesis of Overcrowded Alkenes 13 with L-threitol
Chiral Template

Initially we focussed on (S,S)-threitol-ditosylate (S,S)-4 as chiral template. Two 7-methoxy-9-oxo-9H-
thioxanthene-2-carboxylic acid moieties 11 were utilized as upper and lower part of the envisioned
overcrowded alkene. Thioxanthone 11 was prepared from 4-methoxybenzenethiol 9 and 4-
bromoisophthalic acid 8 in a two-step procedure (scheme 2.4). An aromatic substitution of thiol 9 and
bromide 8 in refluxing DMF, under the influence of K2CO3 and Cu-bronze, furnished 10 in a 95%
yield. Thioxanthone 11 was obtained in a 94% yield after an intramolecular Friedel-Crafts reaction
induced upon treatment of 10 with thionyl chloride and AlCl3, successively.
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CO2HHO2C

Br

HS

OMe

8 9

K2CO3, Cu

DMF

95%
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S
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SOCl2

ClCH2CH2Cl

AlCl3

ClCH2CH2Cl

94%

S

O
OMeHO2C

11

+
reflux, 12 h

reflux, 1 h –5°C, 45 min

Scheme 2.4 Two step preparation of thioxanthone 11.
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37 34

Scheme 2.5 Synthetic route toward optically active overcrowded alkenes 13 using (S,S)-4 as a chiral
template.

Coupling of thioxanthone 11 to the threitol chiral template (S,S)-4 resulted in formation of pre-
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organized system (S,S)-12 in a fair yield of 79% (scheme 2.5). (S,S)-12 was subjected to an
intramolecular copper-promoted gem-dichloride coupling reaction10 affording the sterically
overcrowded alkenes (S,S,P)-13 (major product) and (S,S,M)-13 (minor product) in 20% yield. Prior
to this coupling reaction the two ketone moieties of (S,S)-12 were converted into dichloride
functionalities by the action of oxalyl dichloride. The thus created tetrachloride intermediate (S,S)-12a
was not isolated and underwent in situ intramolecular coupling upon addition of Cu-bronze. The
rather low yield of 20% was due to the extensive formation of oligomers as a result of intermolecular
coupling reactions. This could not be suppressed by working at high dilution. A diastereomeric excess
of 60% was determined by 1H NMR spectroscopy implying stereocontrol of the chiral template during
the intramolecular coupling reaction which, however, was only moderate.

The chirality of the bridged overcrowded alkenes 13 is defined by (S,S), which denotes the
configuration of the threitol moiety whereas (P) (right-handed helix) and (M) (left-handed helix)
describe the helicity at the dimethoxy side of the overcrowded alkene part of the molecule (see section
1.1.4). The new overcrowded alkenes 13 were characterized by 1H and 13C NMR, high resolution
spectrometry and X-ray analysis (section 2.2.2). Structural details are surveyed in section 2.2.3.

2.2.2 Determination of the Absolute Configuration of Alkenes 13

Recrystallization of 13 from acetone gave crystals of pure (S,S,M)-13 (minor product) that were
suitable for X-ray analysis (figure 2.1). From the analysis the absolute configuration of (S,S,M)-13
(minor product) could be assigned. The unique folded structure of the overcrowded alkene part of
(S,S,M)-13 is clearly visible and based on the (2S,3S)-configuration of the threitol14 moiety an (M)-
configuration for the dimethoxy side of the overcrowded alkene was established. The helical structure
of (S,S,M)-13 (minor) is quantified by torsion angles of 50.6 [C(1)-C(2)-C(11)-C(12)] and 3.9 degrees
[C(36)-C(1)-C(2)-C(11)], respectively. Assignment of atom numbers proceeded according to IUPAC
nomenclature. Scheme 2.6 shows the complete atom numbering of (S,S,M)-13 (minor) and (S,S,P)-13
(major). Despite several attempts the major isomer (S,S,P)-13 could not be obtained
diastereomerically pure.

12 11
2
1

36

Figure 2.1 PLUTON representation of structure (S,S,M)-13 (minor).
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2.2.3 Structural Features

The formation of overcrowded alkenes 13 was confirmed by the chemical shift of protons H12,37 and
H4,34 which are situated in the fjord region of the molecules (scheme 2.6). Protons in this region of
overcrowded alkenes characteristically exhibit chemical shifts at high field due to anisotropic
shielding effects. Indeed, chemical shifts of protons H12,37 and H4,34 considerably shifted to higher field
when compared with the chemical shift they exhibited in (S,S)-12 (table 2.1).

Table 2.1 Chemical shifts of protons H12,37 and H4,34 in (S,S)-12 and overcrowded alkenes 13.

(S,S)-12 (S,S,M)-13 (minor) (S,S,P)-13 (major)

δ H12,37 (ppm) 9.12 7.08 7.03
δ H4,34 (ppm) 7.93 6.35 6.38

Numbering of protons H12,37 and H4,34 according IUPAC nomenclature for diastereoisomers 13. According to
these rules, the comparable protons in (S,S)-12 (scheme 2.6) have other numbers, but for the sake of clarity we
have used the same numbering scheme of 13 for (S,S)-12 here.

As visualized in schemes 2.5 and 2.6, the two diastereoisomers (S,S,M)-13 (minor) and (S,S,P)-13
(major) significantly differ in molecular shape. X-Ray analysis of (S,S,M)-13 (minor) revealed a
‘linear’ coupling of the chiral threitol template with the overcrowded alkene part. The structural
differences with its ‘crossed’ coupled (S,S,P)-13 (major) isomer are confirmed by differences in
chemical shifts (1H NMR) of protons in the vicinity of the ester bonds (table 2.2). Though
diastereoisomer (S,S,P)-13 (major) was not obtained completely pure, chemical shifts of all protons
were assigned in a 1H NMR spectrum of a mixture of both diastereoisomers.
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Scheme 2.6 ‘Linearly’ coupled product (S,S,M)-13 (minor) and ‘crossed’ coupled product (S,S,P)-13
(major). Numbering of atoms according IUPAC nomenclature.

Table 2.2 Chemical shifts (δ) of protons H17,21 and H16,22.

H17,21 H16,22,eq H16,22,ax

(S,S,M)-13 (minor) 3.98 4.17 4.29
(S,S,P)-13 (major) 4.29 4.80 4.02
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Differences of 0.27 to 0.63 ppm were observed for protons in the ester bond region and, remarkably,
the observed differences between corresponding aromatic protons of both diastereoisomers were 0.05
ppm at most. Apparently, the shape and chemical environment of the overcrowded alkene part of both
diastereoisomers are practically identical.

2.3 Asymmetric Synthesis of Overcrowded Alkenes 16 with 1,1’-Binaphthol
Chiral Template

In order to increase the yield of the intramolecular coupling reaction we embarked on the employment
of chiral templates (R)-(+)-1,1’-binaphthol (R)-3 and (S)-(–)-1,1’-binaphthol (S)-3 [scheme 2.7 depicts
the route to (R)-3, the same procedure was applied for (S)-3]. The rigidity of these templates,
compared to template (S,S)-4, was supposed to enhance intramolecular coupling and to diminish
intermolecular coupling.
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Scheme 2.7 Synthetic route toward optically active overcrowded alkenes 16 with (R)-3 as chiral
template.
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Diester (R)-14 was prepared from thioxanthone 11 and (R)-(+)-1,1’-binaphthol (R)-3 in two steps in a
nearly quantitative yield. More importantly, the yield of the subsequent intramolecular gem-dichloride
coupling reaction, with oxalyl dichloride and Cu-bronze, increased considerably with respect to the
20% yield of the overcrowded alkenes 13 described in section 2.2. Diastereoisomers (R,P)-16 (major)
and (R,M)-16 (minor) were obtained in a yield of 54%. An 81.5/18.5 ratio of diastereoisomers (R,P)-
16 (major) and (R,M)-16 (minor) was established by 1H NMR. As anticipated the rigidity of the
binaphthyl template enforced a favorable orientation of the two thioxanthene moieties of tetrachloride
(R)-15 for intramolecular coupling. Apart from alkenes 16 only starting material was recovered after
reaction implying no intermolecular coupling took place.

Although the geometry of (R)-15 enhanced selectivity of intramolecular versus intermolecular
coupling, the stereocontrol of the binaphthol (63% d.e.) and L-threitol templates (60% d.e., section
2.2) were nearly identical. Diastereoisomers (R,P)-16 (major) and (R,M)-16 (minor) were readily
separated by column chromatography and have been fully characterized. The chirality of overcrowded
alkenes 16 is defined by (R) and (S) for the configuration of the binaphthol moiety and (P) (right-
handed helix) and (M) (left-handed helix) for the helicity at the dimethoxy side of the overcrowded
alkene part of the molecule (compare section 1.1.4).

Analogous to overcrowded alkenes 13, the chemical shift of protons H4 and H12 (scheme 2.7) of
diastereoisomers (R,M)-16 (minor) and (R,P)-16 (major), which are situated in the fjord region, were
found at high field (table 2.3). An upfield shift of at least 1.5 ppm was found as compared to the pre-
organized system (R)-14.

Table 2.3 Chemical shifts of protons H4 and H12 in (R)-14 and overcrowded alkenes 16.

(R)-14 (R,M)-16 (minor) (R,P)-16 (major)

δ H4 (ppm) 8.01 6.39 6.36
δ H12 (ppm) 9.02 7.54 7.31

Numbering of protons H4 and H12 according to IUPAC nomenclature for diastereoisomers 16. Note that the
comparable protons in (R)-14 have been given the same numbers for the sake of comparison.

The absolute configurations of the two different diastereoisomers, (R,P)-16 (major) and (R,M)-16
(minor), were determined after cleavage of the binaphthol templates (section 2.4). The configuration
of the overcrowded alkene parts were assigned by comparison, with data such as 1) order of elution
by chiral HPLC, 2) CD, and 3) optical rotation, with the overcrowded alkene part originating from
(S,S,M)-13 (minor), of which the absolute configuration was established by X-ray analysis (section
2.2). It should be emphasized that both a folded and twisted structural moiety is present in molecules
(R,P)-16 (major) and (R,M)-16 (minor). The two diastereoisomers differ significantly in structure as is
visualized in schemes 2.7 and 2.8. Although in both isomers the binaphthyl part is twisted and the
thioxanthylidene is folded, the formation of the ‘crossed’ coupled product (R,P)-16 (major) is strongly
favored over the ‘linearly’ coupled product (R,M)-16 (minor). Figure 2.2 shows an optimized space
filling model of (R,P)-16 (major)12 revealing an appealing double helix type structure which is
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reminiscent of the helical structure found by Nozaki et al. for their double-helical oligo esters.11

Figure 2.2 A model of (R,P)-16 (major) optimized with a CHARMm 23 force field as implemented in
Quanta97/CHARMm.12 The structure is viewed along the binaphthol single bond and the alkene
double bond.

Diastereoisomers (R,P)-16 (major) and (R,M)-16 (minor) were characterized by exact mass and 1H,
13C, COSY, and NOESY NMR spectroscopy. By means of COSY and NOESY NMR all 12 different
proton signals of both diastereoisomers could be assigned unequivocally. The structural difference
between both diastereoisomers, particularly in the vicinity of the ester bonds, was confirmed by
variation in chemical shifts of protons H12, H17, and H51 (scheme 2.8 and table 2.4). See experimental
section for the complete atom numbering scheme of (R,M)-16 (minor) and (R,M)-16 (major).
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Scheme 2.8 ‘Crossed’ coupled product, (R,P)-16 (major) and ‘linearly’ coupled product (R,M)-16
(minor).

Table 2.4 Chemical shifts (δ) of protons H12, H17, and H51.

H12 H17 H51

(R,P)-16 (major) 7.31 7.25 7.01
(R,M)-16 (minor) 7.54 7.39 7.39

Protons H12, H17, and H51 of the minor isomer (R,M)-16 appear at lower field with respect to protons
H12, H17, and H51 of the major isomer (R,P)-16: ∆δ (H12) = 0.23 ppm, ∆δ (H17) = 0.14 ppm, and ∆δ
(H51) = 0.38. All other corresponding protons of the two isomers do not differ significantly with ∆δ
not exceeding 0.09 ppm.
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2.4 Synthesis of Enantiomerically Pure Bisthioxanthylidene 17 by Removal
of Chiral Templates

The overcrowded alkenes (S,S,M)-13 (minor), (R,P)-16 (major), (R,M)-16 (minor), (S,M)-16 (major),
and (S,P)-16 (minor) were liberated from their chiral template by reduction with LiAlH4 which
provided enantiomers of bisthioxanthylidenes (P)-cis-17 and (M)-cis-17 with e.e. values of 96% ± 1%
as was determined by chiral HPLC (scheme 2.9). Portions of binaphthol, recovered from the reaction
mixtures, were found to have similar e.e. values (chiral HPLC). Since the commercially binaphthol 3
used in these reactions initially had an e.e. of 99%, the series of reactions, most probably the Cu-
bronze promoted coupling step, caused a decrease in e.e. of only 3%.
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Scheme 2.9 Cleavage from the chiral templates (CT) from overcrowded alkenes 13 and 16. (P) (right-
handed helix) and (M) (left-handed helix) define the helicity at the dimethoxy side of cis-17.

Table 2.5 Stereochemical correlation and optical rotation data of 13, 16, and 17.

substrate [α]D
20[a] product [α]D

20[a]

(S,S,M)-13 (minor) +203[b] (M)-cis-17 –92
(R,P)-16 (major) –101 (P)-cis-17 +91
(R,M)-16 (minor) +120 (M)-cis-17 –93
(S,M)-16 (major) +100 (M)-cis-17 –92
(S,P)-16 (minor) –120 (P)-cis-17 +91

[a] c = 1.00, CHCl3, [b] c = 0.50, CHCl3.

Based on the X-ray analysis of (S,S,M)-13 (minor)(section 2.2) the overcrowded alkene part of
(S,S,M)-13 (minor) has an (M)-configuration leading to (M)-cis-17 after removal of the L-threitol
moiety. The analytical data of (M)-cis-17 (optical rotation, CD data, and retention times on chiral
HPLC) obtained from (S,S,M)-13 (minor) were correlated with data of the enantiomers of cis-17
obtained from diastereoisomers (R,P)-16 (major), (R,M)-16 (minor), (S,M)-16 (major), and (S,P)-16
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(minor). Results are outlined in table 2.5. A racemization barrier for cis-17 of 26.7 ± 0.5 kcal mol–1

(∆G‡
rac., polarimetry at 70°C) was determined, in accordance with the observation that the

enantiomers of cis-17 are stable at room temperature.

2.5  UV and CD Measurements of Compounds 13, 16, and 17

Table 2.6 UV spectra of compounds 13, 16, and 17, recorded in n-hexane/i-propanol 80/20.

compound λ (nm)       ε (1000 cm2 mol–1)

(S,S,M)-13 (minor) 205 (77900) * 311 (17000) *
(R,P)-16 (major) 224 (125000) 278 (25600) 306 (21400) *
(R,M)-16 (minor) 222 (148600) 286 (30400) * 378 (7100)

(P)-cis-17 214 (67000) 272 (15800) * 372 (6200)

The four different UV spectra, outlined in table 2.6, show strong resemblance. Maxima were observed
in four regions; 205 – 224 nm, 272 – 286 nm, 306 – 311 nm, and 372 – 378 nm, respectively. In case
no absolute maximum was found, a shoulder was observed, marked with a *. These findings led us to
conclude that the shape of these four UV-spectra are, to a large extent, determined by the nature of the
overcrowded alkene part of the molecule and to a lesser extent by the shape of the entire molecule or
the nature of the chiral template.

A pair of identical CD spectra (except for the sign) were obtained from enantiomers (P)-cis-17 and
(M)-cis-17. Seven maxima were observed at λ >215 nm for (P)-cis-17 en (M)-cis-17 (table 2.7). The
CD absorptions as well as the ∆ε values are in good agreement with those obtained for related
optically pure overcrowded alkenes which were previously obtained by preparative chiral HPLC.13

Table 2.7 CD spectra of compounds 13, 16, and 17, recorded in n-hexane/i-propanol 80/20.

compound λ (nm)      ∆ε (1000 cm2 mol–1)

(S,S,M)-13 (minor) 221 (–44.2)
341 (–2.4)

250 (+17.7)
390 (+1.6)

273 (–6.2) 304 (+15.7)

(S,M)-16 (major) 224 (+110.9) 234 (–39.3)
293 (+6.6)

242 (+8.9)
313 (–24.7)

257 (–33.2)

(R,M)-16 (minor) 225 (–264.0)
276 (+3.7)

236 (+86.3)
293 (–24.9) 318 (+41.1)

251 (–37.9)

(P)-cis-17 220 (+37.9)
270 (+22.6)

229 (–17.6)
291 (–46.8)

239 (+11.6)
313 (+17.5)

252 (–18.0)

Comparison of the four CD spectra of table 2.7 did not reveal a general tendency in terms of curve
and sign. Although maxima and minima of (S,M)-16 (major), (R,M)-16 (minor), and (P)-cis-17
emerge in same regions of the spectrum, no further similarities could be detected. Especially
comparison of the CD spectra of the two diastereoisomers (S,M)-16 (major) and (R,M)-16 (minor) is
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interesting (figure 2.3). The configuration of the overcrowded alkene parts is identical and the
configuration of the binaphthol moieties are opposite. However, the CD curves are more or less mirror
images of each other, except in the region of 240 to 280 nm. This implies that, in contrast with the
above discussed UV spectra, no distinct structural feature is solely governing shape, sign, and
intensity of the CD spectra but that the entire architecture of the two diastereoisomers (S,M)-16
(major) and (R,M)-16 (minor) is responsible.

(R,M)-16 (minor)

(S,M)-16 (major)

Figure 2.3 CD spectra of diastereoisomers (S,M)-16 (major) and (R,M)-16 (minor).

2.6 Conclusions

The synthesis of stable enantiomers of 2,2’-dihydroxymethyl-7,7’-dimethoxy-bisthioxanthylidene 17,
featuring axial double bond chirality, was realized by using chiral templates [(S,S)-threitol-1,4-
ditosylate ((S,S)-4), (R)-(+)-1,1’-binaphthol ((R)-3), and (S)-(–)-1,1’-binaphthol ((S)-3)]. In the most
successful approach, two halves of the envisioned alkene were first coupled to a binaphthol chiral
template after which a diastereoselective intramolecular coupling reaction afforded the corresponding
overcrowded alkenes. After column chromatography and removal of the chiral template, both
enantiomers of bisthioxanthylidene 17 were obtained separately with e.e.’s of 96%.

The binaphthol chiral templates feature axial single bond chirality with the consequence that, as no
racemization of 17 was observed after removal of the chiral template, this sequence implies the
realization of conveying axial single bond chirality to stable axial double bond chirality.

The employment of threitol (S,S)-4 as chiral template provided a less attractive route to 17, with
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respect to reaction yields and purification. However, intermediate (S,S,M)-13 (minor) was crystallized
to allow determination of the absolute configuration of enantiomerically pure of 2,2’-
dihydroxymethyl-7,7’-dimethoxy-bisthioxanthylidene ((P)-cis-17) by X-ray analysis.

2.7 Experimental Section

General: Melting points (uncorrected) were determined on a Mettler FP-2 melting point apparatus,
equipped with a Mettler FP-21 microscope. 1H NMR spectra were recorded on a Varian Gemini-200
(200 MHz), a Varian VXR-300 (300 MHz), or a Varian Unity Plus Varian-500 (500 MHz). 13C NMR
spectra were recorded on a Varian Gemini-200 (50 MHz), a Varian VXR-300 (75 MHz), or a Varian
Unity Plus Varian-500 (125 MHz). Chemical shifts are denoted in δ-unit (ppm) relative to CDCl3

(7.24), DMSO-d6 (2.56), acetone-d6 (2.19), benzene-d6 (7.15), toluene-d8 (2.09). The splitting patterns
are designated as follows: s (singlet); d (doublet); t (triplet); q (quartet); m (multiplet) and br (broad).
UV spectra were recorded on a Hewlett Packard HP 8453 UV-VIS spectrophotometer. CD spectra
were recorded on a JASCO J-715 spectropolarimeter. MS spectra were obtained with a Jeol JMS-600
spectrometer by the electron ionization (EI) procedure. Column chromatography was performed on
silica gel (Aldrich 60, 230-400 mesh) or on Al2O3 (neutral). The solvents were distilled and dried, if
necessary, by standard methods. Reagents and starting materials were used as obtained from Aldrich
and Syncom.

Specific for chapter 2: compound (S,S)-4 was synthesized according to a literature procedure.14

4-((4-Methoxyphenyl)sulfanyl)isophthalic acid (10) Under a nitrogen atmosphere, 4-
bromoisophthalic acid (8, 26.99 g, 110.16 mmol), 4-methoxybenzenethiol (9, 15.50 g, 110.56 mmol),
Cu-bronze (250 mg, 3.93 mmol), and K2CO3 (38.00 g, 274.94 mmol) were refluxed overnight in DMF
(500 mL). After cooling, the mixture was filtered and the residue was dissolved in water (250 mL).
The solution was carefully acidified with concentrated HCl (aq.) to pH <1. The product precipitated
and was collected on a glass filter. The product was thoroughly washed with water, dried at 100°C in
air to yield pure 10 (31.80 g, 104.50 mmol, 95%) as a light pink powder. 1H NMR (200 MHz, DMSO-
d6, 25°C) δ 13.18 (br, 2H), 8.46 (d, J = 1.8 Hz, 1H), 7.81 (dd, J = 8.4, 1.8 Hz, 1H), 7.48 (d, J = 8.8
Hz, 2H), 7.07 (d, J = 8.8 Hz, 2H), 6.72 (d, J = 8.4 Hz, 1H), 3.80 (s, 3H); 13C NMR (50 MHz, DMSO-
d6, 25°C) δ 166.66, 166.31, 160.60, 149.61, 137.42, 132.50, 131.93, 126.46, 126.16, 125.95, 120.97,
115.87, 55.31; HRMS calcd for C15H12O5S: 304.041; found: 304.041.

7-Methoxy-9-oxo-9H-thioxanthene-2-carboxylic acid (11) Substrate 10 (31.80 g, 104.56 mmol)
was refluxed in dichloroethane (300 mL) and SOCl2 (65 mL) till HCl formation stopped
(approximately 1 h). The mixture was concentrated in vacuo and the residue was stripped twice with
dichloroethane. The residue was dissolved in dichloroethane (250 mL) and cooled to –5°C after which
AlCl3 (50.0 g, 375.0 mmol) of was added carefully. The resulting black mixture was stirred for 45 min
at –5°C. The reaction was quenched by addition of 1.5 M HCl (aq.). The product was dissolved in
CH2Cl2 (approximately 4 L). The organic layer was thoroughly washed with water (6 × 750 mL),
dried (Na2SO4), and concentrated in vacuo to yield pure 11 (28.06 g, 98.11 mmol, 94%) as a yellow
powder. 1H NMR (200 MHz, DMSO-d6, 25°C) δ 8.98 (d, J = 2.0 Hz, 1H), 8.18 (dd, J = 8.4, 2.0 Hz,
1H), 7.94 (d, J = 8.4 Hz, 1H), 7.93 (d, J = 2.8 Hz, 1H), 7.83 (d, J = 9.0 Hz, 1H), 7.45 (dd, J = 9.0, 2.8
Hz, 1H), 3.89 (s, 3H); 13C NMR (50 MHz, DMSO-d6, 25°C) δ 178.39, 166.67, 158.72, 141.71,
132.26, 130.58, 129.62, 128.92, 128.48, 127.95, 127.69, 127.33, 122.97, 110.61, 55.76; HRMS calcd
for C15H10O4S: 286.030; found: 286.028.
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(S,S)-(5-((((7-Methoxy-9-oxo-9H-thioxanthen-2-yl)carbonyl)oxy)methyl)-2,2-dimethyl-1,3-dioxo-
lan-4-yl)methyl 7-methoxy-9-oxo-9H-thioxanthene-2-carboxylate [(S,S)-12] Under a nitrogen
atmosphere, substrate 11 (2.00 g, 6.99 mmol), ditosylate (S,S)-414 (1.10 g, 2.34 mmol), K2CO3 (1.06 g,
7.67 mmol), and Bu4NBr (250 mg, 0.78 mmol) were dissolved/suspended in DMF (50 mL). This
suspension was heated to 90°C and stirred for 18h. After cooling, the DMF was evaporated under
reduced pressure and the residue was dissolved in CH2Cl2. This suspension was filtered and the
filtrate was concentrated in vacuo to yield a brown residue. Purification by column chromatography
(silica gel, CH2Cl2/diethyl ether 20/1, Rf = 0.24 for product) gave pure (S,S)-12 (1.29 g, 1.85 mmol,
79%) as a yellow solid. 1H NMR (300 MHz, CDCl3, 25°C) δ 9.12 (d, J = 2.1 Hz, 2H), 8.10 (dd, J =
8.4, 2.1 Hz 2H), 7.93, (d, J = 2.7 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 9.0 Hz, 2H), 7.18 (dd,
J = 9.0, 2.7 Hz, 2H), 4.58 (m, 4H), 4.39 (s, 2H), 3.89 (s, 6H), 1.49 (s, 6H); 13C NMR (50 MHz,
CDCl3, 25°C) δ 178.61 (s), 165.18 (s), 158.64 (s), 158.64 (s), 142.46 (s), 131.68 (d), 129.97 (s),
128.03 (s), 128.03 (s), 127.28 (d), 127.19 (d), 126.19 (d), 122.86 (d), 110.48 (s), 109.41 (d), 76.26 (d),
64.64 (t), 55.65 (q), 27.13 (q); HRMS calcd for C37H30O10S2: 698.1280; found: 698.1283.

(S,S,M)-5,33-Dimethoxy-19,19-dimethyl-15,18,20,23-tetraoxa-9,29-dithiaoctacyclo-[23.10.2.210,13.
02,11.03,8.017,21.028,36.030,35]nonatriaconta-1,3,5,7,10(39),11,13(38),25,27,30,32,34,36-tridecaene-14,
24-dione [(S,S,M)-13 (minor)]
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(S,S,M)-13 (minor)

Under a nitrogen atmosphere, a solution of substrate (S,S)-12 (744 mg, 1.07 mmol) in oxalyl
dichloride (15 mL) was refluxed overnight. Excess of oxalyl dichloride was removed under reduced
pressure and the residue was dissolved in freshly distilled p-xylene (30 mL, from sodium). Activated
Cu-bronze15 (520 mg, 8.18 mmol) was added and this suspension was refluxed for 24 h. After cooling,
the mixture was filtered and the filtrate was concentrated in vacuo to yield a yellow residue.
Purification by column chromatography (silica gel, CH2Cl2, Rf = 0.30 for product) gave a mixture of
two diastereoisomers (S,S,P)-13 (major)/(S,S,M)-13 (minor) 80/20 (142 mg, 0.21 mmol, 20%) as a
yellow solid. Recrystallization from acetone afforded crystals of diastereomerically pure (S,S,M)-13
(minor), suitable for X-ray analysis. [α]D

20 +203°, (c = 0.50, CHCl3). 1H NMR (300 MHz, CDCl3,
25°C) δ 7.65 (dd, J = 8.0, 1.8 Hz, 2H26,38), 7.53 (d, J = 8.0 Hz, 2H27,39), 7.37 (d, J = 8.6 Hz, 2H7,31),
7.08 (d, J = 1.8 Hz, 2H12,37), 6.77 (dd, J = 8.6, 2.3 Hz, 2H6,32), 6.35 (d, J = 2.3 Hz, 2H4,34), 4.29 (dd, J
= 11.4, 6.4 Hz, 2H16,22,ax), 4.17 (d, J = 11.4 Hz, 2H16,22,eq), 3.98 (d, J = 6.4 Hz, 2H17,21), 3.38 (s, 6H,
OMe), 1.56 (s, 6H, Me); 13C NMR (50 MHz, CDCl3, 25°C) δ 165.55 (s), 158.24 (s), 141.86 (s),
136.09 (s), 133.11 (s), 133.40 (s), 130.78 (s), 127.52 (d), 127.47 (s), 127.33 (d), 126.40 (d), 125.25
(s), 115.52 (d), 114.02 (d), 108.51 (s), 79.77 (d), 63.83 (t), 55.19 (q), 26.53 (q); HRMS calcd for
C37H30O8S2: 666.1382; found: 666.1394.

UV (n-hexane/i-propanol 80/20, λ (ε)): 205 nm (77900), 311 nm (17000)

CD (n-hexane/i-propanol 80/20, λ (∆ε)): 221 nm (–44.2), 250 nm (+17.7), 273 nm (–6.2), 303 nm
(+15.7), 341 nm (–2.4), 390 nm (+1.6)
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Crystal data of (S,S,M)-13 (minor)

C30H37O8S2, monoclinic, space group P21, a = 9.598(1), b = 14.288(6), c = 12.383(3), Å, a = 9.598(1),
b = 14.288(6), c = 12.383(3), V = 1587.8(8) Å3, Z = 2, Dx = 1.395 g cm-3. X-ray data for a light
yellow orange colored block shaped crystal, crystallized from acetone, were collected on an Enraf-
Nonius CAD-4F2 diffractometer, interfaced to a INDY (Silicon Graphics) UNIX computer (Mo tube,

50 kV, 40 mA, monochromated Mo-Kα
_

 radiation, ∆ϖ = 0.80 + 0.34 tg θ  T = 130 K). Final
refinement on F2 carried out by full-matrix least-squares techniques converged at wR(F2) = 0.2108 for
2909 reflections with Fo

2  0 and R(F) = 0.0701 for 2460 reflections with Fo  4.0 (Fo) and 428
parameters.

(S,S,P)-5,33-dimethoxy-19,19-dimethyl-15,18,20,23-tetraoxa-9,29-dithiaoctacyclo-[23.10.2.210,13.
02,11.03,8.017,21.028,36.030,35]nonatriaconta-1,3,5,7,10(39),11,13(38),25,27,30,32,34,36-tridecaene-14,
24-dione [(S,S,P)-13 (major)]
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(S,S,P)-13 (major)

See afore-mentioned procedure for (S,S,M)-13 (minor). Despite several attempts the major isomer
(S,S,P)-13 could not be obtained in pure form. However, NMR-absorptions could be assigned. 1H
NMR (300 MHz, CDCl3, 25°C) δ 7.62 (dd, J = 8.1, 1.8 Hz, 2H26,38), 7.52 (d, J = 8.1 Hz, 2H27,39), 7.39
(d, J = 8.4 Hz, 2H7,31), 7.03 (d, J = 1.8 Hz, 2H12,37), 6.78 (dd, J = 8.4, 2.8 Hz, 2H6,32), 6.38 (d, J = 2.8
Hz, 2H4,34), 4.80 (dd, J = 11.7, 3.3 Hz, 2H16,22,eq), 4.29 (dd, J = 6.6, 3.3 Hz, 2H17,21), 4.02 (dd, J = 11.7,
6.6 Hz, 2H16,22,ax), 3.39 (s, 6H, OMe), 1.49 (s, 6H, Me); 13C NMR (50 MHz, CDCl3, 25°C) δ 165.68
(s), 158.24 (s), 142.21 (s), 135.66 (s), 133.36 (s), 133.27 (s), 131.64 (d), 127.70 (d), 126.95 (s), 126.83
(d), 126.29 (d), 125.26 (s), 115.52 (d), 113.82 (d), 109.38 (s), 74.76 (d), 63.00 (t), 55.19 (q), 27.54 (q).

(R)-1-(2-(((7-methoxy-9-oxo-9H-thioxanthen-2-yl)carbonyl)oxy)-1-naphthyl)-2-naphthyl 7-
methoxy-9-oxo-9H-thioxanthene-2-carboxylate [(R)-14] (same procedure holds for the (S)-14
enantiomer). Substrate 11 (2.50 g, 8.74 mmol) was refluxed in SOCl2 (25 mL) for 30 min. The excess
of SOCl2 was evaporated and the residue was stripped twice with benzene. The residue was dissolved
in CH2Cl2 (25 mL) and the solution was added to a solution of (R)-binaphthol (R)-3 (1.00 g, 3.49
mmol) and DMAP (40 mg) in Et3N (20 mL) and CH2Cl2 (20 mL). This mixture was stirred overnight
at room temperature. The mixture was concentrated in vacuo and the residue was dissolved in CH2Cl2

(30 mL). After washing (twice with 2 M HCl (aq)) and drying (Na2SO4), the mixture was
concentrated in vacuo to yield an orange residue. Purification by column chromatography (Al2O3 (6%
water), CH2Cl2/n-hexane 5/1, Rf = 0.75) gave pure (R)-14 (2.70 g, 3.28 mmol, 94% based on (R)-
binaphthol-7) as a yellow solid. 1H NMR (300 MHz, CDCl3, 25°C) δ 9.02 (d, J = 1.8 Hz, 2H), 8.01
(d, J = 2.7 Hz, 2H), 7.96 (d, J = 9.0 Hz, 2H), 7.87 (d, J = 9.0 Hz, 2H), 7.76 (dd, J = 9.0, 1.8 Hz, 2H),
7.56 (d, J = 9.0 Hz, 2H), 7.35 – 7.46 (m, 10H), 7.23 (dd, J = 9.0, 2.7 Hz, 2H), 3.91 (s, 6H); 13C NMR
(50 MHz, CDCl3, 25°C) δ 178.41 (s), 163.88 (s), 158.51 (s), 146.97 (s), 142.47 (s), 133.32 (s), 131.95
(d), 131.66 (d), 131.61 (s), 129.87 (d), 129.82 (s), 128.08 (d), 127.89 (s), 127.81 (s), 127.17 (d),
127.00 (d), 126.82 (s), 126.13 (d), 126.06 (d), 125.88 (d), 123.68 (s), 122.61 (d), 121.73 (d), 110.32
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(d), 55.45 (q); HRMS calcd for C50H30O8S2: 822.1382; found: 822.1399.

(R,P)-5,46-dimethoxy-15,36-dioxa-9,42-dithiaundecacyclo [36.10.2.210,13.02,11.03,8.016,25.019,24.026,35.
027,32.041,49.043,48]dopentaconta-1,3,5,7,10(52),11,13(51),16(25),17,19,21,23,26,28,30,32,34,38,40,43,
45,47,49-tricosaene-14,37-dione [(R,P)-16 (major)] (same procedure holds for (R,M)-16 (minor),
(S,M)-16 (major), and (S,P)-16 (minor)).
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Under a nitrogen atmosphere, substrate (R)-14 (600 mg, 0.73 mmol) was refluxed overnight in oxalyl
dichloride (20 mL). The excess of oxalyl dichloride was removed under reduced pressure. The residue
was dissolved in freshly distilled p-xylene (100 mL, from sodium) and activated Cu-bronze15 (1.01 g,
15.90 mmol) was added. This suspension was refluxed overnight. After cooling, the mixture was
filtered and the filtrate was concentrated in vacuo. Purification of the residue by column
chromatography (silica gel, CH2Cl2/n-hexane 3/1) gave 58 mg (7.2 × 10–2 mmol, 10%, Rf = 0.26) of
(R,M)-16 (minor) and 254 mg (0.32 mmol, 44%, Rf = 0.19) of (R,P)-16 (major) as yellow solids.
(R,P)-16 (major): [α]D

20 –101° (c = 1.00, CHCl3). (S,M)-16 (major): [α]D
20 +100° (c = 1.00, CHCl3).

(R,P)-16 (major) and (S,M)-16 (major); 1H NMR (300 MHz, CDCl3, 25°C) δ 7.96 (d, J = 8.8 Hz,
2H18,33), 7.91 (d, J = 8.4 Hz, 2H20,31), 7.42 (t, J = 8.4 Hz, 2H21,30), 7.38 (d, J = 8.8 Hz, 2H7,44), 7.36 (d,
J = 8.4 Hz, 2H40,52), 7.31 (d, J = 1.5 Hz, 2H12,50), 7.25 (d, J = 8.8 Hz, 2H17,34), 7.25 (t, J = 8.4 Hz,
2H22,29), 7.11 (d, J = 8.4 Hz, 2H23,28), 7.01 (dd, J = 8.4, 1.5 Hz, 2H39,51), 6.74 (dd, J = 8.8, 2.6 Hz,
2H6,45), 6.36 (d, J = 2.6 Hz, 2H4,47), 3.39 (s, 6H, OMe); 13C NMR (75 MHz, CDCl3, 25°C) δ 164.22
(s), 158.11 (s), 147.04 (s), 142.29 (s), 135.71 (s), 135.02 (s), 133.36 (s), 133.36 (s), 131.41 (s), 131.16
(d), 129.23 (d), 128.33 (d), 128.08 (d), 127.04 (d), 126.99 (s), 126.95 (d), 126.73 (d), 126.03 (s),
125.85 (d), 125.62 (d), 123.52 (s), 122.28 (d), 115.20 (d), 113.66 (d), 55.10 (q); HRMS calcd for
C50H30O6S2: 790.1484; found: 790.1494.

UV (n-hexane/i-propanol 80/20, λ (ε)): 224 nm (125000), 278 nm (25600), 306 nm (21400)

CD (S,M)-16 (major): (n-hexane/i-propanol 80/20, λ (∆ε)): 212 nm (+53.4), 224 nm (+110.9), 234 nm
(–39.3), 242 nm (+8.9), 257 nm (–33.2), 293 nm (+6.6), 313 nm (–24.7)

(R,P)-5,46-dimethoxy-15,36-dioxa-9,42-dithiaundecacyclo [36.10.2.210,13.02,11.03,8.016,25.019,24.026,35.
027,32.041,49.043,48]dopentaconta-1,3,5,7,10(52),11,13(51),16,18,20,22,24,26(35),27,29,31,33,38,40,43,
45,47,49-tricosaene-14,37-dione [(R,M)-16 (minor)] (R,M)-16 (minor): [α]D

20 +120° (c = 1.00,
CHCl3). (S,P)-16 (minor): [α]D

20 –120° (c = 1.00, CHCl3). (R,M)-16 (minor) and (S,P)-16 (minor); 1H
NMR (300 MHz, CDCl3, 25°C) δ 8.00 (d, J = 9.5 Hz, 2H18,33), 7.95 (d, J = 8.4 Hz, 2H20,31), 7.54 (d, J
= 1.5 Hz, 2H12,50), 7.48 (t, J = 8.4 Hz, 2H21,30), 7.46 (d, J = 8.4 Hz, 2H40,52), 7.40 (d, J = 8.4 Hz,
2H7,44), 7.39 (d, J = 9.5 Hz, 2H17,34), 7.39 (dd, J = 8.4, 1.5 Hz, 2H39,51), 7.24 (t, J = 8.4 Hz, 2H22,29),
7.07 (d, J = 8.4 Hz, 2H23,28), 6.79 (dd, J = 8.4, 2.9 Hz, 2H6,45), 6.39 (d, J = 2.9 Hz, 2H4,47), 3.39 (s, 6H,
OMe); 13C NMR (50 MHz, CDCl3, 25°C) δ 165.26 (s), 158.40 (s), 146.92 (s), 141.66 (s), 136.54 (s),
134.16 (s), 133.50 (s), 132.98 (s), 131.70 (s), 131.20 (d), 129.67 (d), 128.03 (d), 127.81 (s), 127.61
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(d), 127.49 (d), 127.17 (d), 126.99 (d), 126.59 (d), 125.67 (d), 125.39 (s), 123.25 (s), 122.47 (d),
115.71 (d), 114.52 (d), 55.18 (q); HRMS calcd for C50H30O6S2: 790.1484; found: 790.1494.
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UV (n-hexane/i-propanol 80/20, λ (ε)): 222 nm (148600), 286 nm (30400), 378 nm (7100)

CD (R,M)-16 (minor): (n-hexane/i-propanol 80/20, λ (∆ε)): 216 nm (+95.8), 225 nm (–264.0), 236 nm
(+86.3), 251 nm (–37.9), 276 nm (+3.7), 293 nm (–24.9), 318 nm  (+41.1)

(9-(2-(hydroxymethyl)-7-methoxy-9H-thioxanthen-9-ylidene)-7-methoxy-9H-thioxanthen-2-yl)-
methanol [cis-17] General procedure for cleavage of the chiral template from overcrowded alkenes
13 and 16 to yield cis-17. Under a nitrogen atmosphere, LiAlH4 (~ 0.30 mmol) was suspended in
diethyl ether (2.0 mL) at 0°C. The overcrowded alkene [(S,S,M)-13 (minor), (R,P)-16 (major), (R,M)-
16 (minor), (S,M)-16 (major), or (S,P)-16 (minor), ~3.5 × 10–2 mmol] was added and the reaction
mixture was stirred for 3 h at 5°C. The diethyl ether was removed under reduced pressure at room
temperature and the residue was dissolved in CH2Cl2 (10 mL) and 2 M HCl (aq) (10 mL) (all liquids
were cooled to 0°C before used during workup to avoid racemization of cis-17). The organic and
water layer were separated and the organic layer was washed (1 × 10 mL of 2 M HCl (aq)), dried
(Na2SO4), and concentrated in vacuo to yield a yellowish powder. The powder was dissolved
(binaphthol) and suspended (cis-17) in a mixture of n-hexane/CH2Cl2 1/1 (4.0 mL) and stirred for 15
min. Diol cis-17 was collected on a glass filter in 90 – 95% yield as a slightly yellow powder. 1H
NMR (300 MHz, DMSO-d6, 25°C) δ 7.56 (d, J = 8.4 Hz, 2H), 7.53 (d, J = 8.8 Hz, 2H), 7.17 (dd, J =
8.4, 1.3 Hz 2H), 6.85 (dd, J = 7.0, 2.6 Hz, 2H), 6.60 (d, J = 1.3 Hz, 2H), 6.24 (d, J = 2.6 Hz, 2H), 5.02
(t, J = 5.3 Hz, 2H), 4.11 (d, J = 5.3 Hz, 4H), 3.35 (s, 6H); 13C NMR (50 MHz, DMSO-d6, 25°C)
δ 157.57 (s), 140.19 (s), 135.39 (s), 133.41 (s), 133.14 (s), 133.02 (s), 128.04 (d), 127.49 (d), 126.74
(d), 126.00 (s), 125.51 (d), 114.72 (d), 113.88 (d), 62.17 (t), 54.89 (q); HRMS calcd for C30H24O4S2:
512.1116; found: 512.1102.

(M)-cis-17 from (S,S,M)-13 (minor): [α]D
20 –92° (c = 1.00, CHCl3)

(P)-cis-17  from (R,P)-16 (major): [α]D
20 +91° (c = 1.00, CHCl3)

(M)-cis-17  from (R,M)-16 (minor): [α]D
20 –93° (c = 1.00, CHCl3)

(M)-cis-17  from (S,M)-16 (major): [α]D
20 –92° (c = 1.00, CHCl3)

(P)-cis-17  from (S,P)-16 (minor): [α]D
20 +91° (c = 1.00, CHCl3)

UV (n-hexane/i-propanol 80/20, λ (ε)): 214 nm (67000), 272 nm (15800), 372 nm (6200)

CD (P)-cis-17: (n-hexane/i-propanol 80/20, λ (∆ε)): 220 nm (+37.9) 229 nm (–17.6) 239 nm (+11.6),
252 nm (–18.0), 270 nm (+22.6), 291 nm (–46.8), 313 nm (+17.5)

Determination of ∆G‡
rac. of compound cis-17 (polarimetry, dibromoethane, 589 nm):

k = 7.22 × 10–5 s–1 at 70.0°C, ∆G‡ = 26.7 kcal mol–1
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The e.e. values of (P)-cis-17 and (M)-cis-17 were determined by chiral HPLC (Daicel, chiralcel OD
column, flow rate 1.0 mL min–1, n-hexane/i-propanol, 99/1): tret. 98 min for (P)-cis-17 and tret. 125 min
for (M)-cis-17.
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Chapter 3

Asymmetric Synthesis of Overcrowded Alkenes1

Part II: Bisxanthylidenes and Thermochromism

3.1 Introduction

Sterically overcrowded alkenes are known for their fascinating molecular architectures as well as the
intriguing thermodynamic processes they undergo (see chapter 1).2,3 Due to severe steric hindrance
around the central double bond sterically overcrowded alkenes adopt a helical shape. As a
consequence, they can exist as stable enantiomers despite the lack of a stereogenic center. In addition
to common processes such as isomerization and racemization a distinct class of overcrowded alkenes
has thermochromic properties (scheme 3.1).4

X
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A B
Y Z
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A B
Y Z

X
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Y Z

racemizationisomerization

X

X

A B
Y Z

heating

thermochromic state
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Scheme 3.1

In general, materials which reversibly change color upon heating and adapt their original color when
cooled are called thermochromic. Different classes of organic compounds such as spiropyrans4a,
anils4c, quaternary pyridine amines4c, naphthothiazoles4c, and sterically overcrowded alkenes4,5,6,7 are
shown to have thermochromic properties. Two common methods are available to detect
thermochromic behavior. The first one is simply heating the compound on a hot bench and, when
thermochromic, a color change (red, green, blue) will be observed in the melt.4 The second method
involves high temperature UV spectroscopy.7,8 A highly concentrated solution of the thermochromic
compound is heated and a thermochromic absorption will gradually appear in the UV/VIS spectrum.
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The latter method allows the determination of the heat of the reaction ‘A’ ↔ ‘B’ (∆H) which is the
equilibrium between the ground state ‘A’ and thermochromic state ‘B’.8b

twistedfolded

X

Y

X

Y

heating

cooling

heating

state at room temperature thermochromic state
A B

cooling

Scheme 3.2 Thermochromic transition of bistricyclic overcrowded alkenes. The schematic drawings
at the bottom represent projections of bistricyclic overcrowded alkenes viewed along the central
double bond.

Table 3.1 Thermochromic data of bianthrone5, bisxanthylidene6, and xanthylidene anthrone.7

compound X Y color at RT melting point
(°C)

color in melt

bianthrone C=O C=O yellow 335 blue-green
bisxanthylidene O O yellow 315 blue-green

xanthylidene anthrone O C=O yellow 302 green

Bianthrone,5,8 bisxanthylidene6,8, and xanthylidene anthrone7 are sterically overcrowded alkenes
which were proven to undergo thermochromic transitions (scheme 3.2 and table 3.1). In these cases
change in color from yellow, at room temperature, to blue-green, or green at the melt was observed.
As shown in scheme 3.2 this class of overcrowded alkenes converts from a folded into a twisted
structure upon heating.9 This creates a strong twist at the central double bond leading to change of
color. Only a small percentage (0.1 – 1.0%) of the total amount of compound is in the thermochromic
state ‘B’ at the melt. However, the intensity of the color of the twisted portion is so high that the
whole sample seems to adopt the dark color. Noteworthy, bisthioxanthylidenes (X = S) have never
been observed to undergo a thermochromic transition.10

In chapter 2, a straightforward synthetic route, employing enantiomerically pure binaphthol as a chiral
template, toward optically active bisthioxanthylidene (P)-3 is described (scheme 3.3). Two
thioxanthylidene moieties, forming the upper and lower part of the envisioned overcrowded alkene,
were coupled to binaphthol which gave pre-organized system 1. During a subsequent intramolecular
coupling reaction the central double bond was constructed which yielded two diastereoisomeric
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overcrowded alkenes [(R,M)-2a (minor) and (R,P)-2b (major)] with a diastereoisomeric excess of
63%. The diastereoisomers were readily separated and the major product (R,P)-2b appeared to have
an appealing, ‘crossed’ coupled, helical structure. Removal of the chiral template finally resulted in
enantiomerically pure bisthioxanthylidene (P)-3. The racemization barrier (∆G‡

rac.) was determined to
be 26.7 kcal mol–1 which is in accordance with the observation that (P)-3 was stable at room
temperature. Moreover, the absolute configuration of enantiomerically pure bisthioxanthylidene (P)-3
was determined by X-ray analysis.
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Scheme 3.3 Synthetic route to enantiomerically pure bisthioxanthylidene (P)-3.

This chapter presents the synthesis and thermochroism of optically active overcrowded alkene 4
(scheme 3.4). Alkene 4 was designed with oxygen instead of sulfur hetero atoms in upper and lower
part of the overcrowded alkene part since bisthioxanthylidenes are not thermochromic.10 The ‘crossed’
coupled isomer of 4 ((R,P)-4), which adopts a similar geometry as its thio analog (scheme 3.3), is
presented in scheme 3.4. This overcrowded alkene was envisioned to be a chiral thermochromic
compound able to perform the transition to its thermochromic state 5 (scheme 3.4).

Optically active bisxanthylidenes have never been synthesized, nor isolated, since they are known to
have low racemization barriers (for example: ∆G‡

rac = 17.7 kcal mol–1 for 2,2’-di-isopropyl-
bisxanthylidene, see also chapter 1) which implies a fast racemization process at room temperature.2i

The question is wether the attachment of binaphthol will prevent fast isomerization between ‘crossed’
coupled isomer (R,P)-4 and ‘linearly’ coupled isomer (R,M)-4 (i.e. epimerization of the
bisxanthylidene moiety) at room temperature and whether or not one of the two conformations, (R,P)-
4 or (R,M)-4, is locked (scheme 3.4). The isomerization process of (R,P)-4 into (R,M)-4 can only take
place via the ‘unwinded’ structure of (R,P)-4 (scheme 3.4). Another question is whether
bisxanthylidene is still thermochromic and able to convert to thermochromic state 5 when binaphthol
is attached (scheme 3.4).
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Scheme 3.4 Isomerization (i.e. epimerization of bisxanthylidene moiety) and proposed
thermochromic behavior of overcrowded alkene (R,P)-4.

3.2 Synthesis of Overcrowded Alkene 4

Overcrowded alkene 4 was synthesized along the same lines as its thio analog (R,M)-2a (minor) and
(R,P)-2b (major) (scheme 3.5). The first step, a nucleophilic substitution of phenol 6 and 4-
bromoisophthalic acid 7, to yield 4-(4-methoxyphenoxy)-isophthalic acid 8 proceeded rather
troublesome. Eventually, addition of sodium iodide to the reaction mixture afforded 8 in an acceptable
yield of 52%. An intramolecular Friedel-Crafts acylation conveniently yielded xanthylidene 9 in 99%
yield. In the next stage, two xanthylidene moieties 9 were coupled to chiral template (R)-binaphthol
(R)-10 and pre-organized system (R)-11 was obtained in a 51% yield. Finally, the crucial
intramolecular coupling reaction was used to construct the central double bond of the envisioned
overcrowded alkene (R)-4. (R)-11 was converted into bis-gem-dichloride (R)-12 by the action of
oxalyl dichloride.11 As gem-dichlorides are known to be unstable, (R)-12 was directly treated with
activated Cu-bronze12 in refluxing p-xylene (freshly distilled from sodium).11 By this route
overcrowded alkene (R)-4 was obtained in a rather low yield of 15% after purification by column
chromatography.

The 1H NMR spectrum of the crude reaction mixture revealed that undesired formation of oligomers
took place to a high extent through intermolecular reactions. This could not be prevented by running
the reaction at high dilution.
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Scheme 3.5 Synthetic route toward overcrowded alkene (R,P)-4 or (R,M)-4.

3.3 Characterization of Overcrowded Alkene 4

At first glance the 1H NMR spectrum of (R)-4 (figure 3.1) revealed that only one of the
diastereoisomers, (R,P)-4 or (R,M)-4, was formed since only absorptions of a single compound were
observed. The formation of overcrowded alkene (R)-4 was confirmed by the general upfield shift of
all aromatic protons as compared to precursor (R)-11 (figure 3.1). Most prominent upfield shifts of
1.05 and 0.82 ppm were displayed by protons H4 and H12, respectively (scheme 3.5 and table 3.2, a
complete atom numbering scheme of (R)-4 is given in the experimental section). Moreover, the
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absorption of the methoxy substituents shifted upfield by 0.40 ppm (table 3.2). The observed upfield
shifts are rationalized by the shielding effects in the fjord region of overcrowded alkene (R)-4.

Figure 3.1 1H NMR spectra of the aromatic region of precursor (R)-11 (left) and overcrowded alkene
(R)-4 (right).

Table 3.2 Chemical shifts of protons H4, H12, and methoxy substituent of precursor system (R)-11 and
overcrowded alkene (R)-4.

(R)-11 (R)-4

δ H4 (ppm) 7.67 6.62
δ H12 (ppm) 8.77 7.95

δ OMe (ppm) 3.91 3.51

Numbering of protons H4 and H12 according to IUPAC nomenclature for (R)-4. According to these rules, the
comparable protons in (R)-11 have other numbers, but for the sake of comparison we have used the same
numbering scheme of (R)-4 for (R)-11 here.

Bisxanthylidenes, of the type presented in scheme 3.2, have low racemization barriers (∆G‡
rac = ~18

kcal mol–1) and consequently racemize rapidly at room temperature.2i To exclude a fast equilibrium at
room temperature between diastereoisomers (R,P)-4 and (R,M)-4 (scheme 3.6) a sample of (R)-4 in
CD2Cl2 was examined by 1H NMR at –80°C. At this temperature an isomerization barrier of around
18 kcal mol–1 would certainly have led to separation of several absorptions. Since no separation of
peaks was observed upon cooling, it appeared that only one of the two diastereoisomers, (R,P)-4 or
(R,M)-4, was obtained. Thus, the intramolecular coupling reaction to either (R,P)-4 or (R,M)-4 must
have proceeded with a diastereoisomeric excess of >99% (scheme 3.5). Moreover, the fast
racemization process of bisxanthylidenes commonly observed at room temperature appears to be
locked by the attachment of a binaphthol template. This result is reminiscent of the work of Luh and
coworkers who locked the fast racemization of bifluorenylidenes at room temperature by attaching
chiral templates (see section 2.1).13
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Scheme 3.6 Isomerization (i.e. epimerization of bisxanthylidene moiety) process of overcrowded
alkene (R)-4. See scheme 3.4 for details of the proposed mechanism of isomerization between
diastereoisomers (R,P)-4 and (R,M)-4.

Overcrowded alkene (R)-4 was characterized by exact mass spectroscopy, COSY, NOESY, and 13C
NMR. These data, however, did not lead to the assignment of the absolute configuration of the
bisxanthylidene moiety of (R)-4. X-Ray analysis should have solved the problem but unfortunately no
crystals of (R)-4 suitable for X-ray analysis were obtained.

Several additional attempts were undertaken to elucidate its absolute configuration:

Molecular modeling calculations were carried using the Compass force field as implemented in
Cerius2-4.2, a product of Molecular Simulations Inc., San Diego, USA.14,15 All calculations were
carried out under gas phase conditions implying a dielectric constant of 1.0, and a cut-off for non-
bonding interactions of 20Å. Structures were further refined by the semi-empirical PM3 method as
implemented in MOPAC93, using the Eigenvector Following routine, to a final total gradient of <2
kcal/Å.16

The calculations confirmed that the ‘crossed’ coupled ((R,P)-4) and the ‘linearly’ coupled ((R,M)-4)
diastereoisomers both represent low energy ground state conformations. However, the calculated
energy differences between the two diastereoisomers (R,P)-4 or (R,M)-4 appeared to be 2.38 × 10–2

kcal/mol (9.94 × 10–2 kJ/mol). Regrettably, this energy difference was too small to draw any
conclusions about the absolute configuration of overcrowded alkene (R)-4.

The CD spectra of diastereoisomers (R,M)-2a (minor) and (S,M)-2b (major) (figure 3.2, right-hand
diagram), which are the thio-analogs of (R)-4, revealed distinct differences. Therefore, the CD
spectrum of (R)-4 (figure 3.2, left-hand diagram) was compared with the CD spectra of (R,M)-2a
(minor) and (S,M)-2b (major) to find any similarities or differences that could possibly lead to an
absolute configuration assignment of (R)-4. However, points of departure were too vague to draw any
conclusions as follows from figure 3.2.

In conclusion, so far no absolute configuration of overcrowded alkene (R)-4 was established.
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Figure 3.2 CD-spectra of optical active bisxanthylidene (R)-4 ((R,M)-4 or (R,S)-4)) and
bisthioxanthylidenes (S,M)-2b (major) and (R,M)-2a (minor).

3.4 Thermochromic Behavior

Despite being uncertain of its absolute configuration, thermochromic behavior of overcrowded alkene
(R)-4 was examined. Heating of powdered (R)-4, which is slightly yellowish, on a hot bench up to
330°C resulted in an indefinite black powder which did not adopt the original yellow color after
cooling. Apparently decomposition of (R)-4 took place. Generally, the change in color due to
thermochromic conversion takes place around the melting point of the compound under
investigation.4 In case of (R)-4, the temperature of decomposition appears to be lower than the melting
point.
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Bisxanthylidenes with carboxylic acid and methoxy functionalities, as (R)-4, have not been
synthesized previously, let alone they have been tested on thermochromic behavior. In order to
demonstrate that the two functionalities did not have unfavorable effects on thermochromic behavior,
bisxanthylidene 14 was synthesized and investigated (scheme 3.7).

Xanthylidene 9 was readily esterified with methanol to provide 13 in a 65% yield. The subsequent
intermolecular coupling reaction11 by the action of oxalyl dichloride and activated Cu-bronze12 gave
bisxanthylidene 14 in 20% yield in a cis/trans 1/1 ratio after column chromatography.
Characterization of 14 was carried out by exact mass spectroscopy, 1H and 13C NMR.

O

OMeHO2C
O

9

SOCl2

RT, 12 h

65%

O

OMeMeO2C
O

13

reflux, 24 h
reflux, 24 h

O

OMe

O

OMeMeO2C
MeO2C

cis-1420%

reflux, 1 h DMAP (cat.)

Et3N/MeOH

O

CO2Me

O

OMeMeO2C
MeO

Cu-bronze

p-xylene
+

trans-14

(COCl)2

1/1 ratio

Scheme 3.7 Synthetic route toward carboxylic acid and methoxy functionalized bisxanthylidene 14.

Yellow 14 was heated on a hot bench and melted at 255°C. Concomitantly, a color change to deep
green was observed which clearly indicated thermochromic behavior and demonstrated the carboxylic
acid and methoxy substituents not to prevent thermochromic transitions.

High temperature UV experiments7,8 were performed with bisxanthylidene (R)-4 and a 1/1 mixture of
cis-14 and trans-14. Concentrated solutions (~1 × 10–3 M) of (R)-4 and cis/trans-14, in freshly
distilled dimethyl phthalate (bp 282°C), were gradually heated to 200°C while the change in UV
absorption was monitored at regular temperature intervals of ~20°C. Pyrex UV cuvets were used
because of the high temperatures and an argon atmosphere was maintained inside the cuvets to
prevent unfavorable side reactions. Nevertheless, under these conditions no thermochromic transition
was observed for both bisxanthylidenes (R)-4 and cis/trans-14. It is remarkable that the
thermochromic properties of cis/trans-14, which were established on the hot bench, were not
confirmed by high temperature UV.

3.5 Conclusions

The desired overcrowded alkene (R)-4, composed of an enantiomerically pure binaphthol template
attached to a bisxanthylidene moiety, was successfully synthesized. Although overcrowded alkene
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(R)-4 can exist in two diastereomeric forms, low temperature 1H NMR studies revealed that only one
of them, (R,P)-4 or (R,M)-4, was formed during the last step of the synthesis implying a
diastereomeric excess of >99%. No absolute configuration assignment of the bisxanthylidene moiety
was achieved and it was not established which of the two diastereoisomers, (R,P)-4 or (R,M)-4, was
formed.

In general, bisxanthylidenes are known for their fast racemization at room temperature (∆G‡
rac = ~18

kcal mol–1).2i However, the aforementioned low temperature 1H NMR studies excluded a fast
isomerization (i.e. epimerization of bisxanthylidene moiety) of (R)-4 at room temperature. This
implies that a fast racemization process of bisxanthylidene is locked by the attachment of binaphthol.
Removal of binaphthol would therefore lead to enantiomerically pure bisxanthylidene. This
experiment has not been performed yet; it should be carried out at low temperature since the
enantiomerically pure bisxanthylidene will most likely immediately racemize at room temperature
when the binaphthol moiety is removed.

No thermochromic behavior was observed for overcrowded alkene (R)-4. However, a cis/trans
mixture of bisxanthylidene 14 did show thermochromic behavior. This result proved  that carboxylic
acid and methoxy substituents, as attached to cis/trans-14 and (R)-4, are no obstacles for
thermochromic behavior.

3.6 Experimental Section

See chapter 2 (section 2.7) for general remarks.

4-(4-Methoxyphenoxy)isophthalic acid (8) Under a nitrogen atmosphere, 4-bromoisophthalic acid
(7, 5.18 g, 21.1 mmol), 4-methoxyphenol (6, 3.96 g, 31.9 mmol), Cu-bronze (0.51 g, 8.0 mmol), NaI
(0.55 g, 3.7 mmol), and K2CO3 (11.0 g, 79.6 mmol) were dissolved/suspended in DMF (275 mL).
This mixture was refluxed for 3 days. After cooling, the mixture was filtered and the residue was
dissolved in water (200 mL). The solution was filtered and the filtrate was acidified with concentrated
HCl (aq) until pH = 1. The precipitate was filtered and dried at air. Product 8 was obtained as a brown
solid (3.13 g, 10.87 mmol, 52%). The product was used without further purification. 1H NMR (300
MHz, DMSO-d6, 25°C) δ 13.14 (br, 1H), 8.37 (d, J = 2.1 Hz, 1H), 8.04 (dd, J = 8.4, 2.1 Hz, 1H), 7.06
(m, 4H), 6.87 (d, J = 8.4 Hz, 1H), 3.80 (s, 3H); 13C NMR (50 MHz, DMSO-d6, 25°C) δ 165.09 (s),
164.99 (s), 159.44 (s), 155.14 (s), 147.38 (s), 133.25 (d), 131.71 (d), 123.42 (s), 121.26 (s), 120.12
(d), 116.26 (d), 114.20 (d), 54.38 (q); HRMS calcd for C15H12O6: 288.0634; found: 288.0620.

7-Methoxy-9-oxo-9H-xanthene-2-carboxylic acid (9) Substrate 8 (2.79 g, 9.69 mmol) was dissolved
in 1,2-dichloroethane (50 mL) and SOCl2 (20 mL). This mixture was refluxed until HCl evolution
ceased (approx. 45 min). The solvents were removed and the oily residue was stripped once with 1,2-
dichloroethane (40 mL). The oily residue was dissolved in 1,2-dichloroethane (40 mL) and this
solution was cooled to 0°C. Powdered AlCl3 (5.2 g, 39.0 mmol) was added and the resulting green
mixture was stirred for 45 min at 0°C. The reaction mixture was quenched with 2 M HCl (aq). The
mixture was extracted with three portions of CH2Cl2 (75 mL). The combined organic layers were
washed three times with 2 M HCl (aq) (50 mL) and twice with water (50 mL). The organic layer was
dried (Na2SO4) and concentrated in vacuo to yield pure 9 as a beige solid (2.59 g, 9.59 mmol, 99%).
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1H NMR (300 MHz, DMSO-d6, 25°C) δ 9.15 (d, J = 2.2 Hz, 1H), 8.37 (dd, J = 8.8, 2.2 Hz, 1H), 7.70
(d, J = 8.8 Hz, 1H), 7.59 (d, J = 9.2 Hz, 1H), 7.49 (d, J = 2.9 Hz, 1H), 7.38 (dd, J = 9.2, 2.9 Hz, 1H),
3.94 (s, 3H); 13C NMR (50 MHz, DMSO-d6, 25°C) δ 174.36 (s), 165.00 (s), 156.82 (s), 154.97 (s),
149.08 (s), 134.14 (d), 126.84 (d), 125.36 (s), 123.88 (d), 120.41 (s), 119.06 (s), 118.86 (d), 117.77
(d), 104.75 (d), 54.73 (q).

(R)-1-(2-(((7-methoxy-9-oxo-9H-xanthen-2-yl)carbonyl)oxy)-1-naphthyl)-2-naphthyl 7-methoxy-
9-oxo-9H-xanthene-2-carboxylate [(R)-11]  Substrate 9 (1.00 g, 3.70 mmol) was refluxed in SOCl2

(40 mL) until formation of HCl stopped. Excess of SOCl2 was removed. The remaining solid was
stripped twice with benzene (40 mL). The beige solid was dissolved in CH2Cl2 (20 mL). This solution
was added dropwise to a solution of (R)-binaphthol ((R)-10, 0.50 g, 1.76 mmol) and a catalytic
amount of DMAP in CH2Cl2 (10 mL) and Et3N (10 mL). The mixture was stirred overnight at room
temperature. The solvents were evaporated and the remaining green solid was dissolved in CH2Cl2 (40
mL). The organic layer was washed twice with 1 M HCl (aq) (40 mL) and twice with water (40 mL).
The organic layer was dried (Na2SO4) and concentrated in vacuo to yield 1.00 g of crude reaction
mixture. Purification by column chromatography (Al2O3 (5% water); CHCl3/CH2Cl2 1/1; Rf = 0.56)
yielded pure (R)-11 (0.72 g, 0.91 mmol, 49%) as a yellow solid. 1H NMR (300 MHz, CDCl3, 25°C) δ
8.77 (d, J = 2.2 Hz, 2H), 7.99 (d, J = 8.8 Hz, 2H), 7.95 (dd, J = 9.0, 2.2 Hz, 2H), 7.90 (d, J = 8.1 Hz,
2H), 7.67 (d, J = 2.9 Hz, 2H), 7.58 (d, J = 8.8 Hz, 2H), 7.47-7.31 (m, 12H), 3.91 (s, 6H); 13C NMR
(50 MHz, CDCl3, 25°C) δ 174.56 (s), 162.10 (s), 157.17 (s), 154.83 (s), 149.06 (s), 145.39 (s), 133.63
(d), 131.78 (s), 130.12 (s), 128.45 (d), 128.34 (d), 126.56 (d), 125.52 (d), 124.63 (d), 124.39 (d),
123.61 (d), 123.35 (s), 122.16 (s), 120.55 (s), 120.15 (d), 119.23 (s), 117.93 (d), 116.85 (d), 104.43
(d), 54.44 (q); HRMS calcd for C50H30O10: 790.1836; found: 790.1821.

(R)-5,46-dimethoxy-9,15,36,42-tetraoxyundecacyclo [36.10.2.210,13.02,11.03,8.016,25.019,24.026,35.027,32.
041,49.043,48]dopentaconta-1,3,5,7,10(52),11,13(51),16,18,20,22,24,26(35),27,29,31,33,38,40,43,45,
47,49-tricosaene-14,37-dione [(R)-4]
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Under a nitrogen atmosphere, substrate (R)-11 (190 mg, 0.24 mmol) was dissolved in oxalyl
dichloride (40 mL) and refluxed for 24 h. The excess oxalyl dichloride was removed. The brown
residue was dissolved in freshly distilled p-xylene (35 mL, from sodium) and activated Cu-bronze12

(600 mg, 9.44 mmol) was added. This mixture was refluxed for 24 h. After cooling, the reaction
mixture was filtered and the filtrate was concentrated in vacuo to yield 183 mg of crude reaction
mixture. Purification by column chromatography (Al2O3 (5% water); CH2Cl2/n-hexane 1/1; Rf = 0.31)
yielded pure product (R)-4 (27 mg, 3.6 × 10–2 mmol, 15%) as a yellow solid. Decomposition at 330°C.
1H NMR (500 MHz, CDCl3, 25°C) δ 7.98 (d, J = 8.8 Hz, 2H18,33), 7.95 (d, J = 1.8 Hz, 2H12,50), 7.94
(d, J = 7.3 Hz, 2H20,31), 7.57 (dd, J = 8.4, 1.8 Hz, 2H39,51), 7.46 (t, J = 7.3 Hz, 2H21,30), 7.31 (d, J = 8.8
Hz, 2H17,34), 7.24 (t, J = 7.3 Hz, 2H22,29), 7.21 (d, J = 9.2 Hz, 2H7,44), 7.19 (d, J = 8.4 Hz, 2H40,52), 7.08
(d, J = 7.3 Hz, 2H23,28), 6.86 (dd, J = 9.2, 2.9 Hz, 2H6,45), 6.62 (d, J = 2.9 Hz, 2H4,47), 3.51 (s, 6H); 13C
NMR (50 MHz, CDCl3, 25°C) δ 165.17 (s), 158.42 (s), 154.91 (s), 148.86 (s), 147.22 (s), 134.24 (s),
131.64 (s), 130.72 (d), 129.73 (d), 129.59 (d), 127.96 (d), 127.12 (d), 126.55 (d), 125.57 (d), 124.57
(s), 123.96 (s), 123,31 (s), 122.36 (s), 122.28 (d), 120.81 (s), 118.22 (d), 117.46 (d), 116.81 (d),
111.39 (d), 55.36 (q); HRMS calcd for C50H30O8: 758.1941; found: 758.1950.
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UV (n-hexane, λ (ε)): 202 nm (61000), 225 nm (26000), 388 nm (14000)

CD (n-hexane, λ (∆ε)): 212 nm (+84.3), 225 nm (–195.9), 237 nm (+22.5), 245 nm (+33.4), 261 nm
(–17.5), 306 nm (+25.1)

Methyl 7-methoxy-9-oxo-9H-xanthene-2-carboxylate (13) Substrate 9 (1.5 g, 5.56 mmol) was
refluxed in SOCl2 (40 mL) for 1 h. The excess SOCl2 was removed and the remaining brown solid
was stripped twice with benzene (40 mL). The brown solid was dissolved in CH2Cl2 (15 mL) and
added dropwise to a mixture of methanol (20 mL), triethylamine (10 mL), and a catalytic amount of
DMAP. This mixture was stirred overnight at room temperature. The solvents were removed and the
brown residue was dissolved in CH2Cl2 (40 mL), washed with 1M HCl (aq) (2 × 40 mL), and washed
with water (2 × 40 mL). The organic layer was dried (Na2SO4) and concentrated in vacuo to obtain a
brown residue. The residue was washed with a slight amount of diethyl ether and the white precipitate
(product 13) was collected. Product 13 (1.02 g, 3.59 mmol, 65%) was obtained as a white solid. 1H
NMR (300 MHz, CDCl3, 25°C) δ 9.03 (d, J = 2.2 Hz, 1H), 8.36 (dd, J = 8.8, 2.2 Hz, 1H) 7.70 (d, J =
2.9 Hz, 1H) 7.53 (d, J = 8.8 Hz, 1H) 7.46 (d, J = 9.2 Hz, 1H) 7.35 (dd, J = 9.2, 2.9 Hz, 1H), 3.98 (s,
3H), 3.93 (s, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 174.90 (s), 164.40 (s), 157.05 (s), 154.88 (s),
149.20 (s), 133.54 (d), 127.79 (d), 124.27 (s), 123.73 (d), 120.56 (s), 119.24 (s), 117.97 (d), 116.88
(d), 104.40 (d), 54.46 (q), 50.88 (q); HRMS calcd for C16H12O5: 284.0685; found: 284.0680.

Methyl 7-methoxy-9-[2-methoxy-7-(methoxycarbonyl)-9H-xanthen-9-ylidene]-9H-xanthene-2-
carboxylate (14) Under a nitrogen atmosphere, substrate 13 (790 mg, 2.78 mmol) was refluxed for 24
h in oxalyl dichloride (40 mL). The excess oxalyl dichloride was removed and the brown residue was
dissolved in freshly distilled p-xylene (40 mL, from sodium). Activated Cu-bronze12 (1.59 g, 25.02
mmol) was added and this mixture was refluxed for 24 h. After cooling, the solution was filtered and
the filtrate concentrated in vacuo to obtain a brown solid. The product was isolated by column
chromatography (Al2O5 (5% water), n-hexane/CH2Cl2 1/2; Rf = 0.56) to obtain pure 14 with a 20%
yield (153 mg, 0.28 mmol) as a light yellow solid in a cis/trans 3/2 ratio. 1H NMR (500 MHz, CDCl3,
25°C): cis-14: δ 7.94 (dd, J = 8.5, 1.6 Hz, 2H), 7.91 (d, J = 1.6 Hz, 2H), 7.31 (d, J = 8.5 Hz, 2H), 7.21
(d, J = 9.0 Hz, 2H), 6.84 (dd, J = 9.0, 2.9 Hz, 2H), 6.67 (d, J = 2.9 Hz, 2H), 3.79 (s, 6H), 3.41 (s, 6H);
trans-14: δ 7.94 (dd, J = 8.3, 2.0 Hz, 2H), 7.78 (d, J = 2.0 Hz, 2H), 7.30 (d, J = 8.3 Hz, 2H), 7.22 (d, J
= 8.8 Hz, 2H), 6.83 (dd, J = 8.8, 2.9 Hz, 2H), 6.52 (d, J = 2.9 Hz, 2H), 3.72 (s, 6H), 3.51 (s, 6H); 13C
NMR (50 MHz, CDCl3, 25°C): cis-14: δ 164.62 (s), 157.08 (s), 153.37 (s), 147.55 (s), 128.31 (d),
128.07 (d), 122.82 (s), 122.66 (s), 122.43 (s), 121.62 (s), 116.63 (d), 115.93 (d), 115.12 (d), 109.86
(d), 53.89 (q), 50.31 (q); HRMS calcd for C32H24O8: 536.1471; found: 536.1483.

UV (n-hexane, λ (ε)): 192 nm (37000), 220 nm (27000), 375 nm (7000)

Thermochromic behavior of (R)-4 and 14.

Hot bench experiments. Experiments were performed on a Kofler hot bench (Leica). The examined
compound was pulverized to a fine powder and gradually heated from room temperature till a
temperature at which a color change was observed.

Yellow (R)-4 was heated to a temperature of 330°C at which decomposition into an undefinite black
powder was observed.

Yellow 14 was heated to 255°C at which the compound melted and a concomitant color change to
deep green was observed indicating a thermochromic state of 14.
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High temperature UV/VIS experiments. High temperature UV experiments7,8 were performed in
pyrex UV cuvets because of their resistance to high temperatures. The pyrex cuvet was charged with a
concentrated solution (~1 × 10–3 M) of (R)-4 or 14 in freshly distilled dimethyl phthalate (bp 282°C).
Argon was bubbled through the solution for 15 min to create an inert atmosphere. The sample was
gradually heated to 200°C during which the change in UV absorption was monitored at regular
temperature intervals of ~20°C. Under these conditions no thermochromic absorptions were observed
in the UV/VIS spectra for both bisxanthylidenes (R)-4 and 14.
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Chapter 4

Bisthioxanthylidene Crown Ethers1

4.1.1 Introduction

In 1967 C. J. Pedersen discovered crown ethers and described their capability to form complexes with
metal cations.2 Crown ethers are cyclic compounds which are constructed of oxygen, sulphur, or
nitrogen atoms connected by ethylene bridges. The electronegative hetero atoms facilitate
complexation with electron poor species.3 In scheme 4.1 three examples of oxygen crown ethers are
presented which differ in architecture and size.

O
O

O
O

O
O

O
O

O
O

O

O
O

O

OO
O O

benzo[15]-crown-5 perhydrodibenzo[18]-crown-6 dibenzo[21]-crown-7

1.7 – 2.2 Å 2.6 – 3.2 Å 3.4 – 4.3 Å

Scheme 4.1 Oxygen crown ethers with diameters of the cyclic moiety. The digit between brackets
gives the total number of atoms of the cyclic moiety, and the digit behind the word ‘crown’ gives the
number of oxygen atoms present in the cyclic moiety.

By adjusting the size of the crown ether moiety cavities of different sizes are created. In solution the
solvent molecules can be expelled from the cavities which then can serve as perfect hosts for guest
cations.4 The most employed guests have been alkali metal or alkylammonium cations. According to
the ‘optimal spatial concept’ a 1/1 crown/cation complex is formed when the diameter of the cation is
equal to, or smaller than, the diameter of the crown ether cavity.3c,5
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benzo[15]-crown-5 with NaI

Na I

1/1 complex of

KI

2/1 'sandwich' complex of
benzo[15]-crown-5 with KI

=
O O

O O

O

Scheme 4.2 Schematic presentations of 1/1 and 2/1 complexes.
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For example, 1/1 complexes were observed when a sodium cation (diameter 1.9 Å) was combined
with benzo[15]-crown-5, and when a potassium cation (diameter 2.7 Å) was complexed with
perhydrodibenzo-[18]-crown-6 (scheme 4.2). Moreover, complexes are strongest when diameters of
the crown cavity and cation are nearly equal which means that sodium is complexed stronger with
benzo[15]-crown-5 than with perhydrodibenzo-[18]-crown-6. ‘Sandwich’ complexes have been
observed when the diameter of the cation is bigger than the diameter of the crown ether cavity. In this
situation the cation is encapsulated by two crown ether moieties resulting in a host/guest 2/1
complexe (scheme 4.2).3c,6

Several methods have been developed to monitor complexation behavior of crown ethers with metal
cations. Calorimetry7 and conductometry8 are both techniques by which formation constants of
complexes of crown ethers with alkali metal cations can be determined quantitatively. Pedersen
developed a convenient qualitative methodology to rapidly screen whether complexation of crown
ethers with metal cations takes place.9 This is known as the picrate extraction method and soon after
its introduction by Pedersen, Frensdorff10 refined the technique by adding the possibility to
quantitatively determine the association constant.11 A diversity of NMR spectroscopy techniques has
been applied to study complexation of crown ethers with alkali metal cations. With NMR
spectroscopy the relaxation time (T1) of complexed and free crown can be compared and the most
employed technique, as far as relaxation time measurements are concerned, is the inversion recovery
technique.12 However, most widely applied have been NMR titration experiments. Basically, NMR
titration implies monitoring the change in chemical shift of carbon atoms (13C), or protons (1H), of the
crown ether (host) upon addition of salts containing alkali metal cations (guest). Although alkali metal
NMR spectroscopy techniques13 were developed, 13C and 1H NMR titration experiments are
convenient and more easy to perform.14

0

∆δ (Hz)

eq. M+1.0

A

B

Figure 4.1 Schematic plot of typical behavior of chemical shift (∆δ (Hz)) of crown protons versus
added equivalents of metal cation (eq. M+) for 1/1 crown/cation complexation.14a

Generally, upon increasing cation concentrations a downfield shift of host protons is observed. This
behavior is induced by the positive charge of the metal cation which causes deshielding of the crown
ether protons.14a In figure 4.1 a typical plot of change in chemical shift (∆δ (Hz)) versus the added
equivalents of metal cation (eq. M+) for 1/1 crown/cation complexation is depicted. A linear change of
chemical shift ∆δ versus added equivalents of metal cation (eq. M+) is observed until approximately
one equivalents of metal cation is added. From that point, addition of more equivalents will not cause
significant change in chemical shift anymore. A sharp angle (line ‘A’, figure 4.1) is found when the
binding constant is ‘high’ and a curve (line ‘B’, figure 4.1) will be observed when the binding
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constant is ‘less high’.14a It should be mentioned that complexation characteristics heavily depend on
the kind of applied solvent and counter anion since complexation is based on weak, non-covalent
interactions.

4.1.2 Application of Crown Ethers

Numerous applications of crown ethers, and derivatives, have been developed since their discovery.
Crown ethers have been mainly utilized in host-guest chemistry, as discussed in section 4.1.1, and in
the construction of supramolecular esemblies.3

CO2Me CO2Me CO2Me

CO2Me
*

Me

Me

O
O

O

O
O

O

KOtBu, ligand

toluene, –78°C

90%
62% e.e.

ligand =

+

1 2
3

(R)-4

Scheme 4.3 Asymmetric Michael addition with chiral crown ether (R)-4 as ligand.

Cram et al. employed chiral crown ether complexes as ligands to catalyze asymmetric Michael
addition reactions (scheme 4.3).15 Chiral ligand (R)-4 consists of a six oxygen crown ether attached to
an optically pure binaphthol moiety. The size of the crown ether was perfectly suited for 1/1
complexation with the potassium cation of the base KOtBu, which initiated the Michael addition of
methyl acrylate 2 to methyl phenylacetate 1. Thus a chiral environment around the reaction center was
created which led to formation of product 3, in 90% yield, with an enantiomeric excess of 62%.

4.1.3 Bisthioxanthylidene Crown Ethers

The just described methodology revealed that optically pure binaphthol is an excellent template for
chiral crown ethers. It inspired us to construct chiral crown ethers with sterically overcrowded alkenes
as a chiral platform, instead of binaphthol. As mentioned in section 1.1.4, substituted sterically
overcrowded alkenes may be chiral as a result of their folded structure and consequently they can
exist as stable enantiomers. With bisthioxanthylidene as basis, in our group, Schoevaars has
synthesized three differently sized bisthioxanthylidene mono crown ethers 5 – 7 (scheme 4.4).16



Chapter 4

68

Crown ether moieties existing of three, four, or six oxygen atoms were attached to
bisthioxanthylidene. Since substitution took place at one side of the bisthioxanthylidene moiety, chiral
compounds were obtained (see section 1.1.4) which could possibly serve as ligands in base catalyzed
asymmetric synthesis. The chirality is described at the crown ether side of the molecule by an (M)
(left-handed helix) or a (P) (right-handed helix). Bisthioxanthylidene was chosen as basis since its
enantiomers were proven to have racemization barriers (∆G‡

rac.) of around 27.5 kcal mol–1 implying
they are sufficiently stable at room temperature.17

1H NMR relaxation time studies of bisxanthylidene crown ethers 6 and 7 complexed with alkali metal
cations revealed distinct selectivities. Crown ether 7 was found to have a strong preference for
binding a potassium cation (K+), whereas crown ether 6 showed highest bonding affinity with lithium
(Li+) and sodium (Na+).

S

S

O
O

O

n
S

S

O
O

O

n

(P)-helix (P)-helix (M)-helix(M)-helix

(M)-5 – 7 (P)-5 – 75: n = 1
6: n = 3
7: n = 4

Scheme 4.4 (M)- and (P)-enantiomers of bisthioxanthylidene monocrown ethers 5 – 7.

4.1.4 Concept for Application of Chiral Bisthioxanthylidene Biscrown
Ethers in Asymmetric Catalysis

An additional feature of the folded structure of bisthioxanthylidenes is the presence of both a left-
handed helix (M) and a right-handed helix (P) in the same molecule. To exploit the helices of opposite
sign we envisioned functionalization of both sides of bisthioxanthylidene with crown ethers of
different size to obtain chiral bisthioxanthylidene biscrown ethers (scheme 4.5, top).

When equally sized crown ether moieties are attached to bisthioxanthylidene, a meso compound is
obtained (scheme 4.5, middle) (see also section 1.1.4). Rebek et al. synthesized a biphenyl which was
functionalized at both sides with equally sized crown ether moieties (scheme 4.5, bottom).18 Since
biphenyls have a twisted conformation, two helices of same sign (two (M)-helices or two (P)-helices)
are present in this type of molecules. Note that, despite having equal substituents, this compound is
chiral due to its twisted structure (see section 1.1.4 for more details).

It is interesting to note that additivity effects of substituents at the (P)-helix and (M)-helix side of
bisthioxanthylidenes have been studied by CD spectroscopy.19
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bisthioxanthylidene template with
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two equally sized crown ether moieties meso structure, not chiral
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twisted structure

(P)-helix

chiral
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(P)-helix (M)-helix

Scheme 4.5 Stereochemical properties of bisthioxanthylidene and biphenyl18 functionalized with two
crown ether moieties.

Our plan is visualized in scheme 4.6: the ‘large’ crown ether at the (M)-helix side of the molecule
should have a distinct preference of 1/1 complexation with a ‘large’ cation (K+) whereas the ‘small’
crown ether at the (P)-helix side of the molecule has a preference of 1/1 complexation with a ‘small’
cation (Na+ or Li+). Thus, when potassium is added the (M)-helix of the molecule will be activated
and when lithium is added the (P)-helix will be activated. When applied as a chiral catalyst for a base
catalyzed asymmetric synthesis, activation of the (M)-helix leads to a left-handed chiral environment
at the reaction center giving, for example, the (R)-product with enantiomeric excess. On the other
hand, activation of the (P)-helix would lead to a right-handed chiral environment at the reaction center
giving the (S)-product with enantiomeric excess. In this way, a single chiral ligand is used to
separately synthesize two enantiomers of a chiral product during asymmetric synthesis just by varying
the size of the added cation.
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chiral platform

(M)-helix(P)-helix Li K

Li K

folded structure

(M)-helix(P)-helix

selective activation of opposite helices:

big cation (K    ) (M)-catalyst (R)-product

small cation (Li    ) (P)-catalyst (S)-product

Scheme 4.6 Selective activation of the (M)-helix or the (P)-helix of bisthioxanthylidene biscrown
ethers. Top: schematic drawing of bisthioxanthylidene biscrown ether viewed perpendicular to the
central double bond. Bottom: schematic drawing viewed along the central double bond.

4.2 Plan of Action

As announced in section 4.1.4 our ultimate goal was to apply bisthioxanthylidene biscrown ethers as
ligands in asymmetric synthesis. The following of experiments were planned:

S

O

S

O

O

O

O

O
n

O
O

O
O

bisthioxanthylidene 
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– Two biscrown ether molecules, 19 and 20, were planned to be synthesized. At the right-hand side a
crown ether moiety with six oxygen atoms is present while at the left-hand side a four (n = 1) and five
(n = 2) oxygen crown ether were foreseen. At the left-hand side, the crown ether moiety is directly
coupled to bisthioxanthylidene with oxygen atoms while at the right-hand side extra methylene groups
are present. This should help to facilitate selective introduction of the two differently sized crown
ethers moieties (see section 4.3).
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– Three monocrowns, 6 (n = 2), 31 (n = 1), and 28 were planned to be examined (for comparison with
their biscrown analogs 19 and 20) to obtain information on the following properties 1)
enantioresolution, 2) complexation behavior with metal cations, and 3) application in asymmetric
synthesis. Monocrown 6 was synthesized previously by Schoevaars16 while monocrowns 28 and 31
had to be newly prepared (section 4.5).
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28

– Enantioresolution and preparative separation of bisthioxanthylidene crown ethers 19, 20, 6, 28, and
31 to obtain sufficient quantities of optical pure material to be used in asymmetric syntheses (section
4.6).

– Complexation of monocrown ethers 6, 28, and 31 with different metal cations (Li+, Na+, and K+) to
elucidate selectivity in complexation. The preference of differently sized crown ether moieties to bind
specific metal cations (i.e. size of crown ether cavity fits the size of complexed metal cation) is
essential in view of applying biscrown ethers 19 and 20 as chiral ligands (section 4.7).

– Complexation of biscrown ethers 19 and 20 with different metal cations (Li+, Na+, and K+) to
elucidate selective complexation. When selective binding of monocrown ethers 6, 28, and 31 with
different metal cations is found, similar selectivities are expected for biscrown ethers 19 and 20. In
other words, addition of a metal cation to a biscrown ether should lead to selective binding to one of
the two crown ether moieties only (section 4.7).

– Application of enantiomerically pure crown ethers 19, 20, 6, 28, and 31 in base catalyzed
asymmetric synthesis.

4.3 Synthesis of Bisthioxanthylidene Biscrown Ethers 19 and 20

Bisthioxanthylidene biscrown ethers 19 and 20 were synthesized in eight steps starting from 7-
methoxy-9-oxo-9H-thioxanthene-2-carboxylic acid 8 (scheme 4.7).20 A building block with two
different substituents, a methoxy and a carboxylic acid moiety, was chosen to be able to selectively
build the two differently sized crown ether moieties.
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Scheme 4.7 Synthesis of bisthioxanthylidene biscrown ethers 19 and 20.
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Substrate 8 was treated with BBr3 in order to deprotect the methoxy substituent and phenol 9 was
obtained in a 74% yield. Esterification of 9 with cyclohexanol, to protect the carboxylic acid moiety,
gave ester 10 in a 82% yield. In the next stage two thioxanthylidene moieties 10 were linked by a
polyethylene bridge. Two equivalents of 10 were coupled by one equivalent of a ditosylate by the
action of Cs2CO3 to give compounds 11 and 12. The reaction temperature was kept at 65°C in order to
prevent hydrolysis of the ester functionalities which, however, caused long reaction times of up to 80
h. A crucial intramolecular coupling reaction followed to simultaneously construct the central double
bond of the bisthioxanthylidene moiety and the first crown ether functionality. Polyethylenes 11 and
12 were converted to bis-gem-dichlorides 11a and 12a by refluxing them in oxalyl dichloride for 24
h.21 Bis-gem-dichlorides 11a and 12a were unstable and therefore directly treated with activated Cu-
bronze22 in refluxing p-xylene to furnish ring closed adducts 13 and 14 in yields of 60% and 71%
respectively.21 These were satisfactorily yields since sterically demanding overcrowded alkenes were
prepared during intramolecular coupling reactions. The ester groups of 13 and 14 were readily
converted into dichlorides 17 and 18 by a LiAlH4 reduction and subsequent reaction with SOCl2.
During the final step the second crown ether was introduced by a twofold Williamson ether synthesis.
Pentaethylene glycol was coupled to dichlorides 17 and 18. After formation of the first ether bond
intramolecular formation of the second one was required to obtain the desired products. Obviously,
the formation of oligomers by intermolecular reactions was as likely as it was undesirable. The
formation of oligomers was suppressed by using the following reaction conditions. First of all, the
reaction was run at high dilution. Secondly, KOtBu was applied as base since the potassium cation is
especially capable of complexation to six oxygen crown ethers (scheme 4.8). After formation of the
first ether bond, the potassium cation was supposed to complex with the oxygen atoms of the
pentaethylene moiety to fold it into a crown ether shape. In this manner, pre-organization of the crown
ether is possibly promoting the intramolecular coupling reaction. This phenomenon is known as the
‘template effect’.23
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Scheme 4.8 Template effect promoting intramolecular crown ether formation.23

The just mentioned reaction conditions contributed to manufacture bisthioxanthylidene biscrown
ethers 19 and 20 in decent yields of 28 – 34% after purification with column chromatography.
Biscrown ethers 19 and 20 were characterized by mass spectrometry, 1H NMR, 13C NMR, NOESY,
and COSY NMR. Moreover, crystals of 19 suitable for X-ray analysis were obtained.
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4.4 X-ray Analysis of Biscrown Ether 19

Figure 4.2 PLUTO drawing of bisthioxanthylidene biscrown ether 19.

Recrystallization from acetone yielded crystals of 19 suitable for X-ray analysis. The folded structure
of the central bisthioxanthylidene moiety is clearly visible and folding angles between 48.8° and 54.7°
for the two thioxanthylidene halves were found. Slight deviations from planarity were observed for
the central double bond and folding angles amounting to 6.4° were found. At the right side of the
drawing the ‘small’ crown ether moiety with four oxygen atoms is visible while at the left side the
‘large’ crown ether moiety with six oxygen atoms, attached to the bisthioxanthylidene backbone by
two methylene groups, is present. It should be mentioned that the scattering power of the studied
crystals was weak. Refinement of the structure was complicated (frustrated) by a disorder problem.
From the structural data it was clear that the ‘large’ crown ether moiety was highly disordered. The
electron density of these atoms appeared to be spread out, indicating conformational disorder, which
is in line which the weak scattering power. It is therefore very likely that the major disorder problem
with the structure was related to several possible conformations of the ‘large’ crown ether moiety.
Obviously, only one of them is visualized in figure 4.2.

4.5 Synthesis of New Monocrowns 28 and 31

The synthetic routes toward monocrowns 28 and 31 are reminiscent of the one used for the synthesis
of biscrown ethers 19 and 20. However, instead of the methoxy and carboxylic acid functionalized
thioketone 8, mono functionalized thioketones 24 and 2916 were applied.

Ketone 24 was conveniently synthesized from thiophenol 21 and 4-bromoisophthalic acid 22 in a two
step procedure (scheme 4.9). Its preparation is akin to the synthesis of ketone 8, described in chapter
2. The carboxylic acid functionality of 24 was protected by esterification with cyclohexanol to obtain
ketone 25 in a 87% yield. Ketone 25 was converted into an unstable gem-dichloride (see scheme 4.7
for gem-dichlorides) by refluxing in oxalyl dichloride to facilitate subsequent intermolecular coupling
by the action of activated Cu-bronze22 in refluxing p-xylene.21 Bisthioxanthylidene 26 was thus
prepared in an acceptable yield of 51% after purification by column chromatography. A mixture of cis
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and trans-26, with a 1/1 ratio, was obtained and separation of the two isomers was achieved by
column chromatography. However, no assignment of the isomers was performed and the cis/trans
mixture was applied in the subsequent synthesis step. The last three steps were an exact copy from the
synthetic route toward biscrowns 19 and 20. The introduction of the crown ether functionality
proceeded with a rather low yield of 15%. This yield can be explained by the assumption that only
cis-27 gave desired product 28 while trans-27 only gave oligomers.
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Scheme 4.9 Synthesis of monocrown 28. Diols cis- and trans-27a, obtained after reduction of
cis/trans-16 with LiAH4, are not visualized in this scheme.
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The methodology to prepare monocrowns of type 31 was developed by Schoevaars16 and in this way
monocrowns 5 – 7 were successfully synthesized earlier (scheme 4.4, section 4.1.3). Two
thioxanthylidene moieties 2916 were coupled by triethylene glycol ditosylate under the action of
K2CO3 in refluxing DMF and diketone 30 was obtained in a 50% yield (scheme 4.10). The subsequent
intramolecular coupling reaction by oxalyl dichloride and activated Cu-bronze22 furnished
monocrown ether 31 in a 53% yield.21

Both new monocrown ethers 28 and 31 were characterized by 1H NMR, 13C NMR, and exact mass
spectrometry.
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Scheme 4.10 Synthesis of monocrown 31.

4.6 UV Experiments, Optical Resolution, and CD Measurements

The UV spectra of monocrowns 5 – 7 and biscrowns 19 and 20 exhibited similar shapes. Maxima
around 213, 236, 270, and 365 nm were found (table 4.1). Apparently the bisthioxanthylidene
skeleton predominantly governed the shape of the UV spectra. However, a general tendency of
increasing ε values with larger, or more, crown ether moieties was observed.

Table 4.1 UV spectra of crown ethers (CE) 5 – 7, 19, and 20.

CE λ (nm)          ε (1000 cm2 mol–1)

5 212 (55000) 236 (27100) 269 (14300) 366 (5400)
6 213 (56300) 236 (28700) 269 (16200) 366 (6400)
7 212 (62500) 235 (30400) 269 (16600) 362 (7100)

19 214 (68400) 236 (33500) 271 (17100) 368 (7400)
20 – 236 (36000) 271 (15700) 364 (6800)

Spectra of monocrown ethers 5 – 7 and biscrown ether 20 were recorded in n-hexane. The spectrum of biscrown
19 was recorded in n-hexane/i-propanol 9/1.
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In order to apply bisthioxanthylidene crown ethers as chiral ligands, resolution of crown ethers 5 – 7,
19, and 20, was required. Crown ethers 5 – 7, 19, and 20 were successfully separated into their
enantiomers by chiral HPLC. The applied chiral columns, eluents, and retention times are summarized
in table 4.2.

Table 4.2 Enantioresolution of crown ethers (CE) 5 – 7, 19, and 20.

CE chiral columna eluent retention times (min)

5 AD n-hexane/i-propanol 60/1 11, 17
6 AD n-hexane/i-propanol 120/1 64, 72
7 AD n-hexane/i-propanol 60/1 44, 56

19 OD n-hexane/i-propanol 9/1 13, 19
20 AD n-hexane/i-propanol/chloroform 8/1/1 15, 23

aAD = Daicel AD column; OD = Daicel OD column.

With the enantiomerically pure crown ethers 5 – 7, 19, and 20 in hand, CD spectra were recorded
(table 4.3). The CD spectra of crown ethers  5 – 7, 19, and 20 were similarly shaped, except for the
sign, which led us to the conclusion that, just as in the UV spectra (table 4.1), the bisthioxanthylidene
moiety to a great extent governed the shape of the CD spectra. Maxima, or minima, were found
around 219, 228, 249, 269, 288, and 310 nm, respectively.

Table 4.3 CD data of crown ethers (CE) 5 – 7, 19, and 20.

CE fraction λ (nm)             ∆ε (1000 cm2 mol–1)

5 2 219 (+19.3) 228 (–17.1) 247 (–28.7) 268 (+19.2) 287 (–39.0) 313 (+27.7)
6 2 – 227 (+20.3) 247 (+23.5) 268 (–6.8) 287 (+28.0) 308 (–12.4)
7 2 218 (+22.8) 228 (–18.4) 248 (–23.7) 268 (+9.5) 287 (–40.0) 310 (+21.8)

19 2 219 (–40.2) 229 (+23.5) 251 (+26.3) 270 (–17.8) 289 (+42.3) 312 (–18.1)
20 1 220 (+14.6) 230 (–12.5) 252 (–15.9) 271 (+12.4) 290 (–23.9) 312 (+10.3)

Spectra of monocrown ethers 5 – 7 and biscrowns 19 and 20 were recorded in n-hexane.

4.7 Complexation Studies of Crown Ethers 19, 20, 28, and 31 with Metal
Cations

The complexation of biscrown ethers 19, 20, and monocrowns 28, 31, with metal cations were studied
with 1H NMR spectroscopy. NMR spectroscopy is the proper method to monitor selective
complexation of a metal cation with only one of the crown ether moieties of biscrown ethers 19 and
20. All other methods to study crown ether complexation with metal cations, described in section
4.1.1, do not allow to make this distinction. The complexation behavior of benzo biscrown ethers with
metal cations was successfully monitored with 13C and 1H NMR by Mertens.24

Complexation behavior of monocrown 6 was already elucidated Schoevaars. 1H NMR relaxation time
studies showed that monocrown 6 has a distinct preference of binding Li+ and Na+ cations.16
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Initially, the complexation behavior of crown ethers 19, 20, 28, and 31 with metal cations was
planned to be examined in acetone-d6 with potassium-, sodium-, and lithium perchlorates (K, Na, and
LiClO4) as salts.14a,c However, preliminary results revealed that under these conditions complexation
was too weak and no conclusions could be drawn from these experiments.

A second attempt in acetone-d6 with potassium- and sodium thiocyanate (K and NaSCN) as salts was
undertaken. Using these salts, complexation of crown ethers 19, 20, and 28 with potassium and
sodium ions appeared to be much stronger. Complexation behavior of monocrown 31 was not
examined since its solubility in acetone-d6 appeared to be too low for reliable studies.
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Scheme 4.11 Bisthioxanthylidene crown ethers 19, 20, and 28 with relevant protons HA, HB, H1, and
H2. The exact positions of protons HB (4 protons) were not elucidated but they unambiguously belong
to the ‘large’ six oxygen crown ether moiety. Numbering and assignment of protons proceeded
arbitrarily.

Complexation behavior of bisthioxanthylidene crown ethers 19, 20, and 28 was monitored by the
change in chemical shift ((∆δ) (Hz)) of protons HA, HB, H1, and H2 (scheme 4.11) upon addition of
metal cation. Methylene protons HA and ethylene protons HB of the ‘large’ six oxygen crown ether
moiety could be distinguished clearly in the 1H NMR spectra of all three crown ethers 19, 20, and 28.
Unfortunately, no separate absorptions were observed of protons of the ‘small’ crown ether moieties
of biscrowns 19 and 20. To elucidate selective complexation behavior two aromatic protons, H1 and
H2, at either side of the bisthioxanthylidene backbone were examined. The chemical shifts of protons
HA, HB, H1, and H2 of crown ethers 19, 20, and 28 are given in table 4.4. Shifts do not differ
significantly except for proton H2 of monocrown 28 which lacks an oxygen atom at the ortho position.

Complexation behavior of monocrown ether 28 with potassium- and sodiumthiocyanate (K and
NaSCN) is depicted in figure 4.3. Upon addition of KSCN the chemical shift (δ) of protons HA, HB,
and H1 changed until approximately one equivalent of salt was added. A sharp angle in the curve was
observed at that point and addition of more salt resulted in a less significant change of chemical shift
(∆δ). These observations indicated formation of a 1/1 28/K+ complex.14a,24 Addition of NaSCN gave a
less clear picture. No significant change in chemical shift (∆δ) was observed after addition of two
equivalents of NaSCN and presumably a 1/1 28/Na+ complex was formed (figure 4.1, section
4.1.1).14a,24 Clearly, the binding constant of KSCN with 28 is higher than the binding constant of
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NaSCN with 28. The changes in chemical shift ((∆δ) (Hz)) of protons HA, HB, H1, and H2 of
monocrown 28 upon addition of five equivalents of KSCN or NaSCN are summarized in table 4.5.
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Figure 4.3 Change in chemical shift (∆δ) of protons HA, HB, and H1 of monocrown 28 upon addition
of KSCN (left) and NaSCN (right).

The data of the complexation experiments of biscrown ether 19 with KSCN and NaSCN are presented
in figure 4.4. It seemed that in case of KSCN addition to biscrown 19 a 1/2 19/cation complex was
formed. This is to be expected since biscrown 19 contains two crown ether moieties which both can
accommodate a metal cation. Complexation of biscrown 19 with NaSCN gave a less clear picture but
presumably a 1/2 19/cation complex was formed as well. The continual increase of chemical shift
(∆δ) after addition of more equivalents of cation indicated formation of higher oligomers. Similar
results were found for the complexation of biscrown ether 20 with KSCN (1/2 20/cation complex) and
NaSCN (1/2 20/cation complex and then formation of higher oligomers). The changes in chemical
shift ((∆δ) (Hz)) of protons HA, HB, H1, and H2 of biscrowns 19 and 20 upon addition of five
equivalents of KSCN or NaSCN are summarized in table 4.5.
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Figure 4.4 Change in chemical shift (∆δ) of protons HA, HB, H1, and H2 of biscrown 19 upon addition
of KSCN (left) and NaSCN (right).
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Table 4.4 Chemical shifts (δ) of protons HA, HB, H1, and H2 of crown ethers 19, 20, and 28 in
acetone-d6.

chemical shift (δ) (ppm)
crown ether HA HB H1 H2

19 4.39 3.45 7.70 7.04
20 4.40 3.46 7.71 7.04
28 4.41 3.48 7.73 7.36

Table 4.5 Changes in chemical shift (∆δ) of protons HA, HB, H1, and H2 of crown ethers 19, 20, and
28 upon addition of KSCN or NaSCN. Changes in shifts (∆δ) are given which were reached after
addition of 5 equivalents of salt.

downfield change in chemical shift (∆δ) (Hz)
entry crown ether salt HA HB H1 H2

1 28 KSCN 31.2 60.2 9.9 4.2
2 19 KSCN 30.6 53.7 9.9 7.1
3 20 KSCN 29.4 52.2 10.2 12.0
4 28 NaSCN 12.5 54.7 6.6 2.7
5 19 NaSCN 11.3 55.5 6.3 6.9
6 20 NaSCN 11.7 50.4 8.1 9.9

Is there selective complexation of a potassium or sodium cation with one of the two crown ether
moieties of biscrown ethers 19 and 20? Upon addition of KSCN to crown ethers 19, 20, and 28
downfield shifts were found of around 30 Hz (HA), 55 Hz (HB), and 10 Hz (H1) (entries 1 – 3). Proton
H2 showed different behavior. In case of monocrown 28, H2 shifted downfield by merely 4.2 Hz
(entry 1) which is rationalized by its location far away from the complexed crown ether moiety. This
small change in ∆δ increased to 7.1 Hz with a ‘small’ four oxygen crown ether moiety in close
proximity in biscrown 19 (entry 2). Apparently, the four oxygen crown ether moiety is, to some
extent, capable of binding a potassium cation. When the ‘small’ crown ether moiety was extended to a
five oxygen crown ether moiety (biscrown 20, entry 3), the change in ∆δ further increased to 12.0 Hz.
This increase indicated that the ‘small’ five oxygen crown ether moiety of biscrown 20 has a higher
affinity for a potassium cation than the four oxygen crown ether moiety of biscrown 19. This result
implies that biscrown 19 has higher selectivity toward binding a potassium cation to the ‘large’ crown
ether moiety over complexation to the ‘small’ crown ether ring, as compared to biscrown 20. These
findings are in agreement with literature data which indicate that potassium is preferably complexed
with six oxygen crown ethers (section 4.1).3,5,9,10,11,14,23

Complexation of crown ethers 19, 20, and 28 with NaSCN inflicted downfield shifts for protons HA

(~11 Hz), HB (~53 Hz), and H1 (~7 Hz) (entries 4 – 6). Proton H2 exhibited an increase in ∆δ of 2.7
Hz (monocrown 28, entry 4) to 9.9 Hz (biscrown 20, entry 6). In the first place, these results indicate
that a sodium cation is well complexed to the six oxygen crown ether ring of all three crown ethers
19, 20, and 28. Secondly, the five oxygen crown ether ring of biscrown 20 shows better complexation
with sodium than the four oxygen crown ether ring of biscrown 19. Lastly, sodium does not prefer
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complexation with the five oxygen ring over complexation with the six oxygen ring of biscrown ether
20. This is surprising since it is known from literature that a sodium cation is preferably
accommodated by five oxygen crown ethers.3,5,9,10,11,14,23

One would expect that a sodium cation complexes ‘stronger’ with the five oxygen crown ether moiety
of biscrown 20 than a potassium cation. Therefore, at first glance, it is surprising that addition of
KSCN to biscrown 20 induced a downfield chemical shift of proton H2 of 12.0 Hz (table 4.5, entry 3)
as compared to 9.9 Hz in case of NaSCN (table 4.5, entry 6). However, it is known that a potassium
cation generally causes a larger change in chemical shift upon complexation than a sodium cation.24

This means that the magnitude of chemical shifts caused by potassium and sodium cations can not be
used to draw quantitative conclusions.

In the future these studies should be completed by complexation experiments with LiSCN to elucidate
whether a lithium cation favors the ‘small’ crown ether moiety as host above the ‘large’ crown ether
moiety.

4.8 Conclusions

Two new bisthioxanthylidene biscrown ethers 19 and 20 and two new bisthioxanthylidene
monocrown ethers 28 and 31 were successfully synthesized and characterized.

Enantioresolution of biscrown ethers 19 and 20 and monocrown ethers 5 – 7 was achieved enabling
preparative separation to apply these crown ethers as ligands in asymmetric synthesis. UV- and CD-
spectra were obtained for biscrown ethers 19 and 20 and monocrown ethers 5 – 7. The spectra showed
strong resemblance suggesting that shape and intensity of the spectra were mainly governed by the
bisthioxanthylidene backbone. Enantioresolution of monocrowns 28 and 31 and subsequent UV and
CD experiments still have to be performed.

Complexation experiments were performed of biscrown ethers 19 and 20 and monocrown ether 28
with KSCN and NaSCN. The complexation behavior was monitored by 1H NMR to elucidate
selective binding of K+ and Na+ to one of the two crown ether moieties of biscrowns 19 and 20.
Qualitative indications were found that selective complexation took place, however supplementary
data will be necessary to draw definite conclusions. In this respect, complexation experiments of
biscrown ethers 19 and 20 and monocrown ether 28 with LiSCN may be a valuable contribution.
Monocrown 31 could not be examined on complexation behavior because of its low solubility in
acetone-d6.

So far, chiral bisthioxanthylidene crown ethers have not been applied as ligands in asymmetric
synthesis.
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4.9 Experimental Section

For general remarks, see chapter 2 (section 2.7). The synthesis of ketone 8 was presented in chapter 2.

7-Hydroxy-9-oxo-9H-thioxanthene-2-carboxylic acid (9) Under a nitrogen atmosphere, 7-methoxy-
9-oxo-9H-thioxanthene-2-carboxylic acid (8, 16.00 g, 55.94 mmol) was suspended in CH2Cl2 (200
mL). The mixture was cooled to 0°C and BBr3 (25.0 mL, 0.26 mol) was added carefully. The reaction
temperature was allowed to raise to room temperature and the mixture was stirred overnight. The
mixture was cooled to 0°C and ice was added carefully to quench the reaction. The suspension was
filtered and the residue dissolved in 2.5 M NaOH (aq) (600 mL) during 1 h of vigorous stirring. The
resulting suspension was filtered and the filtrate was acidified to pH = 1 with concentrated HCl (aq).
The product precipitated as a yellow solid and after filtration the product was washed 4 times with hot
water. The product was dried at 100°C in air to yield 9 (11.20 g, 41.17 mmol, 74%) as a brown
powder. 1H NMR (200 MHz, DMSO-d6, 25°C) δ 10.20 (br, 1H), 8.96 (d, J = 1.8 Hz, 1H), 8.14 (dd, J
= 8.4, 1.8 Hz, 1H), 7.91 (d, J = 8.4 Hz, 1H), 7.83 (d, J = 2.9 Hz, 1H), 7.71 (d, J = 8.4 Hz, 1H), 7.27
(dd, J = 8.4, 2.9 Hz, 1H), 3.50 (br, 1H); 13C NMR (50 MHz, DMSO-d6, 25°C) δ 178.50 (s), 166.72
(s), 157.19 (s), 141.86 (s), 132. 04 (d), 130.59 (d), 129.70 (s), 128.69 (s), 128.23 (d), 127.63 (s),
127.11 (d), 125.70 (s), 123.16 (d), 113.64 (d); HMRS calcd for C14H8O4S: 272.0143; found:
272.0157.

Cyclohexyl 7-hydroxy-9-oxo-9H-thioxanthene-2-carboxylate (10) Substrate 9 (11.00 g, 40.44
mmol) was suspended in cyclohexanol (100 mL). Concentrated H2SO4 (1 mL) was added and this
mixture was refluxed overnight. After cooling, n-hexane (80 mL) was added and this mixture was
stirred for 5 min at room temperature and then allowed to stand overnight at –12°C. The orange
precipitate was collected on a glass filter and thoroughly washed with hot n-hexane to get rid of
cyclohexanol. After drying, pure 10 (11.78 g, 33.28 mmol, 82%) was obtained as a yellow powder. 1H
NMR (200 MHz, DMSO-d6, 25°C) δ 10.22 (br, 1H), 8.93 (d, J = 1.8 Hz, 1H), 8.13 (dd, J = 8.4, 1.8
Hz, 1H), 7.91 (d, J = 8.8 Hz, 1H), 7.82 (d, J = 2.9 Hz, 1H), 7.70 (d, J = 8.8 Hz, 1H), 7.26 (dd, J = 8.8,
2.9 Hz, 1H), 4.98 – 4.92 (m, 1H), 1.87 – 1.32 (m, 10H); 13C NMR (50 MHz, DMSO-d6, 25°C)
δ 178.34 (s), 164.36 (s), 157.16 (s), 142.17 (s), 131.64 (d), 130.26 (d), 129.66 (s), 128.28 (d), 127.95
(s), 127.59 (s), 127.21 (d), 125.69 (s), 123.13 (d), 113.57 (d), 73.23 (d), 31.21 (t), 25.08 (t), 23.34 (t);
HMRS calcd for C20H18O4S: 354.0926; found: 354.0945.

Cyclohexyl 7-(2-{2-[2-({7-[(cyclohexyloxy)carbonyl]-9-oxo-9H-thioxanthen-2-yl}oxy)-ethoxy]-
ethoxy}ethoxy)-9-oxo-9H-thioxanthene-2-carboxylate (11) Under a nitrogen atmosphere, substrate
10 (6.40 g, 18.07 mmol), Cs2CO3 (8.60 g, 26.39 mmol), and triethylene glycol di-p-tosylate (3.30 g,
7.20 mmol) were dissolved/suspended in DMF (250 mL). This mixture was stirred at 65°C for 80 h.
After cooling, the solvent was removed in vacuo and the residue was dissolved in CH2Cl2 (150 mL).
The organic layer was washed with 2 M HCl (aq) (2 × 100 mL), dried (Na2SO4), and concentrated in
vacuo to yield a brown residue. Purification by column chromatography (Al2O3 (4.5% water),
CH2Cl2/acetone 40/1, Rf = 0.72) yielded 11 (3.74 g, 4.55 mmol, 63%) as a yellow powder. 1H NMR
(200 MHz, CDCl3, 25°C) δ 9.09 (d, J = 1.7 Hz, 2H), 8.07 (dd, J = 8.6, 1.7 Hz, 2H), 7.88 (d, J = 2.7
Hz, 2H), 7.44 (d, J = 8.6 Hz, 2H), 7.31 (d, J = 9.0 Hz, 2H), 7.17 (dd, J = 9.0, 2.7 Hz, 2H), 5.06 – 4.97
(m, 2H), 4.18 (t, J = 3.9 Hz, 4H), 3.88 (t, J = 3.9 Hz, 4H), 3.76 (s, 4H), 1.98 – 1.35 (m, 20H); 13C
NMR (50 MHz, CDCl3, 25°C) δ 178.71 (s), 164.84 (s), 157.66 (s), 141.79 (s), 131.64 (d), 131.11 (d),
129.70 (s), 128.51 (s), 128.13 (s), 127.80 (s), 127.09 (d), 125.87 (d), 122.95 (d), 111.03 (d), 73.47 (d),
70.69 (t), 69.37 (t), 67.53 (t), 31.39 (t), 25.16 (t), 23.49 (t); HMRS calcd for C46H46O10S2: 822.2532;
found: 822.2535.
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Cyclohexyl 7-[2-(2-{2-[2-({7-[(cyclohexyloxy)carbonyl]-9-oxo-9H-thioxanthen-2-yl}oxy)-ethoxy]-
ethoxy}ethoxy)ethoxy]-9-oxo-9H-thioxanthene-2-carboxylate (12) Under a nitrogen atmosphere,
substrate 10 (6.40 g, 18.07 mmol), Cs2CO3 (10.00 g, 30.69 mmol), and tetraethylene glycol di-p-
tosylate (3.65 g, 7.27 mmol) were dissolved/suspended in DMF (250 mL). This mixture was stirred at
65°C for 80 h. After cooling, the solvent was removed in vacuo and the residue was dissolved in
CH2Cl2 (150 mL). The organic layer was washed with 2 M HCl (aq) (2 × 100 mL), dried (Na2SO4),
and concentrated in vacuo to yield a brown residue. Purification by column chromatography (Al2O3

(4.5% water), CH2Cl2/acetone 20/1) yielded 12 (4.29 g, 4.95 mmol, 68%) as a yellow powder. 1H
NMR (200 MHz, CDCl3, 25°C) δ 9.15 (d, J = 1.8 Hz, 2H), 8.13 (dd, J = 8.4, 1.8 Hz, 2H), 7.96 (d, J =
2.9 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.8 Hz, 2H), 7.24 (dd, J = 8.4, 2.9 Hz, 2H), 5.06 –
4.97 (m, 2H), 4.20 (t, J = 4.4 Hz, 4H), 3.87 (t, J = 4.4 Hz, 4H), 3.72 – 3.67 (m, 8H), 2.12 – 1.32 (m,
20H); 13C NMR (50 MHz, CDCl3, 25°C) δ 178.82 (s), 164.85 (s), 157.76 (s), 141.81 (s), 131.71 (d),
131.18 (d), 129.82 (s), 128.60 (s), 128.18 (s), 127.91 (s), 127.15 (d), 125.92 (d), 123.03 (d), 111.12
(d), 73.47 (d), 70.63 (t), 70.52 (t), 69.32 (t), 67.64 (t), 31.39 (t), 25.16 (t), 23.48 (t); HMRS calcd for
C48H50O11S2: 866.2794; found: 866.2795.

Dicyclohexyl 14,17,20,23-tetraoxa-9,28-dithiaheptacyclo[22.10.2.210,13.02,11.03,8.027,35.029,34]octa-
triaconta-1,3,5,7,10(38),11,13(37),24,26,29,31,33,35-tridecaene-5,32-dicarboxylate (13) Under a
nitrogen atmosphere, substrate 11 (3.00 g, 3.65 mmol) was refluxed in oxalyl dichloride (70 mL) for
24 h. The excess of oxalyl dichloride was removed under reduced pressure and the brown residue
(crude gem-dichloride 11a) was dissolved in freshly distilled p-xylene (500 mL, from sodium).
Activated Cu-bronze22 (4.50 g, 70.82 mmol) was added and this mixture was refluxed overnight. After
cooling, the reaction mixture was filtered and the filtrate was concentrated in vacuo to yield a brown
residue. Purification by column chromatography (silica gel, CH2Cl2/n-hexane/acetone 60/15/2, Rf =
0.38) gave pure 13 (1.72 g, 2.18 mmol, 60%) as a yellowish powder. 1H NMR (200 MHz, CDCl3,
25°C) δ 7.76 (dd, J = 8.0, 1.5 Hz, 2H), 7.55 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H), 7.36 (d, J =
1.5 Hz, 2H), 6.82 (dd, J = 8.8, 2.6 Hz, 2H), 6.43 (d, J = 2.6 Hz, 2H), 4.82 – 4.74 (m, 2H), 3.93 – 3.88
(m, 2H), 3.74 – 3.55 (m, 10H), 1.68 – 1.32 (m, 20H); 13C NMR (50 MHz, CDCl3, 25°C) δ 164.81 (s),
157.41 (s), 141.39 (s), 135.88 (s), 134.65 (s), 133.34 (s), 130.70 (d), 128.15 (s), 127.97 (d), 127.77
(d), 126.62 (d), 125.87 (s), 115.41 (d), 115.41 (d), 72.46 (d), 70.98 (t), 69.45 (t), 68.07 (t), 31.08 (t),
30.94 (t), 25.20 (t), 23.04 (t); HMRS calcd for C46H46O8S2: 790.2634; found: 790.2620.

Dicyclohexyl 14,17,20,23,26-pentaoxa-9,31-dithiaheptacyclo[25.10.2.210,13.02,11.03,8.030,38.032,37]hen-
tetraconta-1,3,5,7,10(41),11,13(40),27,29,32,34,36,38-tridecaene-5,35-dicarboxylate (14)
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Under a nitrogen atmosphere, substrate 12 (3.50 g, 4.04 mmol) was refluxed in oxalyl dichloride (70
mL) for 24 h. The excess of oxalyl dichloride was removed under reduced pressure and the brown
residue (crude gem-dichloride 12a) was dissolved in freshly distilled p-xylene (650 mL, from
sodium). Activated Cu-bronze22 (6.50 g, 102.14 mmol) was added and this mixture was refluxed
overnight. After cooling, the reaction mixture was filtered and the filtrate was concentrated in vacuo
to yield a brown residue. Purification by column chromatography (silica gel, CH2Cl2/acetone 30/1, Rf

= 0.33) gave pure 14 (2.40 g, 2.88 mmol, 71%) as a yellowish powder. 1H NMR (200 MHz, CDCl3,
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25°C) δ 7.77 (dd, J = 8.0, 1.8 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.36 (d, J =
1.8 Hz, 2H), 6.82 (dd, J = 8.4, 2.6 Hz, 2H), 6.40 (d, J = 2.6 Hz, 2H), 4.84 – 4.74 (m, 2H), 3.81 – 3.47
(m, 16H), 1.68 – 1.32 (m, 20H); 13C NMR (50 MHz, CDCl3, 25°C) δ 164.80 (s), 157.36 (s), 141.32
(s), 135.84 (s), 134.48 (s), 133.32 (s), 130.56 (d), 128.19 (s), 127.98 (d), 127.78 (d), 126.64 (d),
126.03 (s), 116.25 (d), 114.63 (d), 72.48 (d), 70.71 (t), 70.63 (t), 68.98 (t), 67.97 (t), 31.07 (t), 30.93
(t), 25.18 (t), 23.04 (t); HMRS calcd for C48H50O9S2: 834.2896; found: 834.2869.

[32-(Hydroxymethyl)-14,17,20,23-tetraoxa-9,28-dithiaheptacyclo[22.10.2.210,13.02,11.03,8.027,35.
029,34]octatriaconta-1,3,5,7,10(38),11,13(37),24,26,29,31,33,35-tridecaen-5-yl]methanol (15) Under
a nitrogen atmosphere, LiAlH4 (0.40 g, 10.54 mmol) was suspended in diethyl ether (100 mL).
Substrate 13 (2.50 g, 3.16 mmol) was added and this suspension was stirred at room temperature for 5
h. The solvent was removed under reduced pressure and the residue was dissolved in CH2Cl2 (150
mL) and 2 M HCl (aq) (100 mL). After separation of the two layers the water layer was extracted
once with CH2Cl2 (50 mL) and the combined organic layers were washed (2 M HCl (aq) (100 mL)),
dried (Na2SO4), and concentrated in vacuo to yield a yellow residue. The residue was washed with n-
hexane to remove cyclohexanol. Pure 15 (1.80 g, 3.01 mmol, 95%) was obtained as a yellow powder.
1H NMR (200 MHz, DMSO-d6, 25°C) δ 7.53 (d, J = 2.6 Hz, 2H), 7.51 (d, J = 2.6 Hz, 2H), 7.15 (d, J
= 8.4 Hz, 2H), 6.88 (dd, J = 8.4, 2.6 Hz, 2H), 6.52 (s, 2H), 6.26 (d, J = 2.6 Hz, 2H), 4.91 (t, J = 5.1
Hz, 2H, OH), 4.07 (d, J = 5.1 Hz, 4H), 4.03 – 3.98 (m, 2H), 3.60 – 3.48 (m, 10H); Due to low
solubility no 13C NMR was recorded. HMRS calcd for C34H30O6S2: 598.1483; found: 598.1472.

[35-(Hydroxymethyl)-14,17,20,23,26-pentaoxa-9,31-dithiaheptacyclo[25.10.2.210,13.02,11.03,8.030,38.
032,37]hentetraconta-1,3,5,7,10(41),11,13(40),27,29,32,34,36,38-tridecaen-5-yl]methanol (16)
Under a nitrogen atmosphere, LiAlH4 (0.45 g, 11.86 mmol) was suspended in diethyl ether (20 mL).
Substrate 14 (2.40 g, 2.88 mmol) was added and this suspension was stirred at room temperature for 5
h. The solvent was removed under reduced pressure and the residue was dissolved in CH2Cl2 (150
mL) and 2 M HCl (aq) (100 mL). After separation of the two layers the water layer was extracted
once with CH2Cl2 (150 mL) and the combined organic layers were washed (100 mL 2 M HCl (aq)),
dried (Na2SO4), and concentrated in vacuo to yield a yellow residue. The residue was washed with n-
hexane to remove cyclohexanol. Pure 16 (1.70 g, 2.65 mmol, 92%) was obtained as a yellow powder.
1H NMR (200 MHz, DMSO-d6, 25°C) δ 7.59 (d, J = 2.6 Hz, 2H), 7.57 (d, J = 2.6 Hz, 2H), 7.20 (d, J
= 8.4 Hz, 2H), 6.95 (dd, J = 8.4, 2.6 Hz, 2H), 6.60 (s, 2H), 6.28 (d, J = 2.6 Hz, 2H), 4.97 (t, J = 5.1
Hz, 2H, OH), 4.10 (d, J = 5.1 Hz, 4H), 3.96 – 3.80 (m, 2H), 3.65 – 3.40 (m, 12H); 13C NMR (50
MHz, DMSO-d6, 25°C) δ 154.33 (s), 137.57 (s), 133.73 (s), 131.93 (s), 130.54 (s), 130.41 (s), 125.64
(d), 125.01 (d), 124.07 (d), 123.52 (s), 122.87 (d), 113.08 (d), 111.87 (d), 67.54 (t), 67.49 (t), 65.79
(t), 65.16 (t), 59.72 (t); HMRS calcd for C36H34O7S2: 642.1746; found: 642.1748.

5,32-Bis(chloromethyl)-14,17,20,23-tetraoxa-9,28-dithiaheptacyclo[22.10.2.210,13.02,11.03,8.027,35.
029,34]octatriaconta-1,3,5,7,10(38),11,13(37),24,26,29,31,33,35-tridecaene (17) Under a nitrogen
atmosphere, substrate 15 (1.48 g, 2.47 mmol) was added in one portion to pure SOCl2 (15 mL). The
deep red solution was stirred for 3 h at room temperature. Water was added carefully to quench the
reaction and subsequently CH2Cl2 (50 mL) was added. The water layer and organic layer were
separated and the water layer was once extracted with CH2Cl2 (15 mL). The combined organic layers
were washed with water (2 × 50 mL), dried (Na2SO4), and concentrated in vacuo to yield pure 17
(1.33 g, 2.10 mmol, 85%) as a yellow powder. 1H NMR (200 MHz, CDCl3, 25°C) δ 7.50 (d, J = 8.0
Hz, 2H), 7.41 (d, J = 8.8 Hz, 2H), 7.13 (dd, J = 8.0, 1.8 Hz, 2H), 6.82 (dd, J = 8.4, 2.9 Hz, 2H), 6.69
(d, J = 1.8 Hz, 2H), 6.42 (d, J = 2.9 Hz, 2H), 4.20 (d, J = 4.8 Hz, 4H), 3.95 – 3.89 (m, 2H), 3.79 –
3.58 (m, 10H); 13C NMR (50 MHz, CDCl3, 25°C) δ 157.28 (s), 136.19 (s), 135.45 (s), 135.10 (s),
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133.31 (s), 130.06 (d), 128.01 (d), 127.22 (d), 127.09 (d), 126.40 (s), 115.36 (d), 115.24 (t), 70.99 (t),
69.46 (t), 68.09 (t), 45.56 (t); HMRS calcd for C34H28O4S2Cl2: 634.0806; found: 634.0804.

5,35-Bis(chloromethyl)-14,17,20,23,26-pentaoxa-9,31-dithiaheptacyclo[25.10.2.210,13.02,11.03,8.
030,38.032,37]hentetraconta-1,3,5,7,10(41),11,13(40),27,29,32,34,36,38-tridecaene (18) Under a
nitrogen atmosphere, substrate 16 (1.52 g, 2.37 mmol) was added in one portion to pure SOCl2 (15
mL). The deep red solution was stirred for 3 h at room temperature. Water was added carefully to
quench the reaction and subsequently CH2Cl2 (50 mL) was added. The water layer and organic layer
were separated and the water layer was once extracted with CH2Cl2 (15 mL). The combined organic
layers were washed with water (3 × 25 mL), dried (Na2SO4), and concentrated in vacuo to yield pure
18 (1.44 g, 2.12 mmol, 89%) as a yellow powder. 1H NMR (200 MHz, CDCl3, 25°C) δ 7.50 (d, J =
8.0 Hz, 2H), 7.41 (d, J = 8.8 Hz, 2H), 7.13 (dd, J = 8.0, 1.8 Hz, 2H), 6.82 (dd, J = 8.8, 2.6 Hz, 2H),
6.71 (d, J = 1.8 Hz, 2H), 6.39 (d, J = 2.6 Hz, 2H), 4.21 (d, J = 4.8 Hz, 4H), 3.83 – 3.49 (m, 16H); 13C
NMR (50 MHz, CDCl3, 25°C) δ 157.23 (s), 136.14 (s), 136.14 (s), 135.31 (s), 135.11 (s), 133.28 (s),
129.94 (d), 128.03 (d), 127.26 (d), 127.09 (d), 126.53 (s), 116.04 (d), 114.63 (d), 70.74 (t), 70.64 (t),
69.01 (t), 68.00 (t), 45.53 (t); HMRS calcd for C34H28O4S2Cl2: 678.1068; found: 678.1076.

8,11,14,17,30,33,36,39,42,45-Decaoxa-52,54-dithiaoctacyclo[45.3.1.13,7.14,50.118,22.121,25.124,28.02,23]-
hexapentaconta-1(51),2(23),3(56),4,6,18,20,22(55),24(53),25,27,47,49-tridecaene (19) Under a
nitrogen atmosphere, KOtBu (274 mg, 2.44 mmol) was suspended in toluene (80 mL). The mixture
was heated to 90°C. At a very slow rate (3 drops/min) a solution of 17 (384 mg, 0.61 mmol) and
pentaethylene glycol (144 mg, 0.60 mmol) in toluene (160 mL) was added. After addition, the mixture
was stirred for another 60 h at 90°C. After cooling, the solvent was removed to yield an orange
residue which was dissolved in CH2Cl2 (40 mL). The organic layer was washed (4 × 25 mL 1 M HCl
(aq)), dried (Na2SO4), and concentrated in vacuo. The residue was purified by column
chromatography (Al2O3, (3% water), CH2Cl2/acetone 20/1, Rf = 0.30) to yield pure 19 (139 mg, 0.17
mmol, 28%) as an orange solid. 1H NMR (200 MHz, CDCl3, 25°C) δ 7.47 (d, J = 8.1 Hz, 2H), 7.40
(d, J = 8.8 Hz, 2H), 7.13 (dd, J = 8.1, 1.1 Hz, 2H), 6.79 (dd, J = 8.8, 2.6 Hz, 2H), 6.69 (d, J = 1.1 Hz,
2H), 6.41 (d, J = 2.6 Hz, 2H), 4.20 (q, J = 12.8 Hz, 4H), 3.92 – 3.87 (m, 2H), 3.77 – 3.48 (m, 26H),
3.31 – 3.22 (m, 4H); 13C NMR (50 MHz, CDCl3, 25°C) δ 157.29 (s), 136.80 (s), 136.45 (s), 136.04
(s), 135.20 (s), 133.70 (s), 129.03 (d), 128.23 (d), 127.11 (d), 127.01 (s), 126.27 (d), 115.42 (d),
115.17 (d), 72.41 (t), 71.21 (t), 71.05 (t), 70.94 (t), 70.86 (t), 70.73 (t), 69.71 (t), 69.29 (t), 68.30 (t);
HMRS calcd for C44H48O10S2: 800.2688; found: 800.2696.

UV (n-hexane/i-propanol 9/1, λ (ε)): 214 nm (68400), 236 nm (33500), 271 nm (17100), 368 nm
(7400)

CD (n-hexane,λ (∆ε)): 219 nm (–40.2), 229 nm (+23.5), 251 nm (+26.3), 270 nm (–17.8), 289 nm
(+42.3), 312 nm (–18.1)

Crystal data for biscrown 19.

C44H48O10S2, monoclinic, space group P21/a, a = 20.617(1), b = 9.336(1), c = 20.742(2) Å, V =
3971.4(6) Å3, Z = 4, Dx = 1.340 g cm-3. X-ray data for a light yellow orange colored block shaped
crystal of approximate size 0.07 × 0.08 × 0.50 mm, crystallized from acetone, were collected on an
Enraf-Nonius CAD-4F2 diffractometer, interfaced to a INDY (Silicon Graphics) UNIX computer (Mo

tube, 50 kV, 40 mA, monochromated Mo-Kα
_

 radiation, ∆ϖ = 0.85 + 0.34 tg θ  T = 130 K). Final
refinement on F2 carried out by full-matrix least-squares techniques converged at wR(F2) = 0.3425 for
6952 reflections with Fo

2  0 and 506 parameters, 16 restraints R(F) = 0.1148 for 4456 reflections
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obeying Fo  4.0 (Fo) criterion of observability. It must be mentioned that the scattering power of the
studied crystals was weak. Refinement of the structure was complicated (frustrated) by a disorder
problem. From the structural data it was clear that the ‘large’ crown ether moiety was highly
disordered. The electron density of these atoms appeared to be spread out, indicating conformational
disorder, which is in line which the weak scattering power. It is therefore very likely that the major
disorder problem with the structure was related to several possible conformations of the ‘large’ crown
ether moiety (figure 4.2).

8,11,14,17,20,33,36,39,42,45,48-Undecaoxa-55,57-dithiaoctacyclo[48.3.1.13,7.14,53.121,25.124,28.127,31.
02,26]nonapentaconta-1(54),2(26),3(59),4,6,21,23,25(58),27(56),28,30,50,52-tridecaene (20)
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Under a nitrogen atmosphere, KOtBu (0.95 g, 8.47 mmol) was suspended in toluene (150 mL). This
mixture was heated to 80°C. At a very slow rate (3 drops/min) a solution of 18 (1.44 g, 2.12 mmol)
and pentaethylene glycol (0.51 g, 2.52 mmol) in toluene (250 mL) was added. After addition, the
mixture was stirred for another 88 h at 95°C. After cooling, the solvent was removed to yield an
orange residue which was dissolved in CH2Cl2 (75 mL). The organic layer was washed (4 × 35 mL 1
M HCl (aq)), dried (Na2SO4), and concentrated in vacuo. The residue was purified by column
chromatography (Al2O3, (5% water), starting with CH2Cl2/acetone 20/1 (Rf = 0.10) changing to
CH2Cl2/acetone 10/1) to yield pure 20 (0.61 g, 0.72 mmol, 34%) as an orange solid. 1H NMR (200
MHz, CDCl3, 25°C) δ 7.45 (d, J = 7.7 Hz, 2H), 7.37 (d, J = 8.4 Hz, 2H), 7.11 (dd, J = 7.7, 1.5 Hz,
2H), 6.76 (dd, J = 8.4, 2.6 Hz, 2H), 6.67 (d, J = 1.5 Hz, 2H), 6.35 (d, J = 2.6 Hz, 2H), 4.18 (q, J =
12.5 Hz, 4H), 3.77 – 3.45 (m, 32H), 3.28 – 3.23 (m, 4H); 13C NMR (125 MHz, CDCl3, 50°C)
δ 157.14 (s), 136.65 (s), 136.36 (s), 135.66 (s), 134.95 (s), 133.49 (s), 128.61 (d), 127.90 (d), 127.02
(s), 126.81 (d), 125.96 (d), 115.70 (d), 114.79 (d), 72.21 (t), 70.82 (t), 70.82 (t), 70.76 (t), 70.76 (t),
70.68 (t), 70.52 (t), 69.25 (t), 69.25 (t), 68.13 (t); HMRS calcd for C46H52O12S2: 844.2950; found:
844.2948.

UV (n-hexane/i-propanol 9/1, λ (ε)): 236 nm (36000), 271 nm (15700), 364 nm (6800)

CD (n-hexane, λ (∆ε)): 220 nm (+14.6), 230 nm (–12.5), 252 nm (–15.9), 271 nm (+12.4), 290 nm (–
23.9), 312 nm (+10.3)

4-(Phenylsulfanyl)isophthalic acid (23) Under a nitrogen atmosphere, 4-bromoisophthalic acid (22,
8.00 g, 32.65 mmol), thiophenol (21, 3.59 g, 32.64 mmol), Cu-bronze 100 mg (1.57 mmol), and
K2CO3 (14.00 g, 101.27 mmol) were refluxed overnight in DMF (300 mL). After cooling, the mixture
was filtered and the residue was dissolved in water (250 mL). The solution was carefully acidified
with concentrated HCl (aq) to pH <1. The product precipitated and was collected on a glass filter. The
product was thoroughly washed with water after which it was dried at 100°C in air to yield pure 23
(8.43 g, 30.76 mmol, 94%) as a white powder. 1H NMR (200 MHz, DMSO-d6, 25°C) δ 13.28 (br,
2H), 8.45 (s, 1H), 7.82 (d, J = 8.5 Hz, 1H), 7.54 (m, 5H), 6.76 (d, J = 8.5 Hz, 1H); 13C NMR (50
MHz, DMSO-d6, 25°C) δ 166.34, 165.98, 147.53, 135.13, 132.30, 131.82, 131.44, 130.10, 129.60,
127.74, 127.31, 126.77; HMRS calcd for C14H10O4S: 274.0230; found: 274.0306.



Bisthioxanthylidene Crown Ethers

87

9-Oxo-9H-thioxanthene-2-carboxylic acid (24) Under a nitrogen atmosphere, substrate 23 (8.00 g,
29.20 mmol) was refluxed in dichloroethane (75 mL) and SOCl2 (50 mL) until the evolution of HCl
gas had ceased (approximately 2 h). The mixture was concentrated in vacuo and the residue was
stripped twice with dichloroethane (50 mL). The residue was dissolved in dichloroethane (100 mL)
and cooled to –5°C after which AlCl3 (15.0 g, 112.5 mmol) was added carefully. The resulting black
mixture was stirred for 90 min at –5°C. The reaction was quenched by careful addition of water (100
mL). The product was extracted with CH2Cl2 (twice 150 mL). The combined organic layers were
thoroughly washed with water, dried (Na2SO4), and concentrated in vacuo to yield pure 24 (6.82 g,
26.61 mmol, 91%) as a white powder. 1H NMR (200 MHz, DMSO-d6, 25°C) δ 9.32 (d, J = 2.2 Hz,
1H), 8.60 (d, J = 8.4 Hz, 1H), 8.20 (dd, J = 8.4, 2.2 Hz, 1H), 7.70 – 7.65 (m, 2H), 7.59 – 7.51 (m,
2H); 13C NMR (50 MHz, DMSO-d6, 25°C) δ 172.44 (s), 161.21 (s), 138.72 (s), 129.58 (s), 127.82 (d),
126.86 (d), 126.09 (d), 124.73 (s), 123.81 (d), 122.85 (s), 122.62 (s), 121.14 (d), 120.64 (d), 119.94
(d).

Cyclohexyl 9-oxo-9H-thioxanthene-2-carboxylate (25) Substrate 24 (5.70 g, 22.27 mmol) was
refluxed for 24 h in cyclohexanol (80 mL) and concentrated H2SO4 (0.75 mL). After cooling, a
precipitate began to form. n-Hexane (80 mL) was added and the mixture was stirred for 5 min after
which it was set aside for one night at –12°C. A white precipitate was collected on a glass filter and
the product was washed thoroughly with hot n-hexane to get rid of remaining cyclohexanol. Product
25 (5.84 g, 17.28 mmol, 78%) was obtained as a white powder. 1H NMR (200 MHz, CDCl3, 25°C)
δ 8.92 (s, 1H), 8.31 (d, J = 7.7 Hz, 1H), 7.96 (d, J = 7.7 Hz, 1H), 7.39 (m, 3H), 7.27 (dt, J = 6.6, 1.5
Hz, 1H), 4.78 (m, 1H), 1.69 – 1.07 (m, 10H); 13C NMR (50 MHz, CDCl3, 25°C) δ 177.96 (s), 163.48
(s), 140.36 (s), 135.01 (s), 131.15 (d), 130.80 (d), 129.84 (d), 128.46 (d), 127.62 (s), 127.36 (s),
125.33 (d), 124.66 (d), 124.55 (d), 124.36 (s), 72.31 (d), 30.17 (t), 23.92 (t), 22.28 (t); HMRS calcd
for C20H18O3S: 338.0977; found: 338.0980.

Cyclohexyl 9-{2-[(cyclohexyloxy)carbonyl]-9H-thioxanthen-9-ylidene}-9H-thioxanthene-2-car-
boxylate (26) Under a nitrogen atmosphere, substrate 25 (4.00 g, 11.83 mmol) was refluxed overnight
in oxalyl dichloride (40 mL). After cooling, the excess of oxalyl dichloride was removed under
reduced pressure. The residue was dissolved in freshly distilled p-xylene (100 mL, from sodium).
Activated Cu-bronze22 (4.50 g, 70.82 mmol) was added and this mixture was refluxed overnight. After
cooling, the mixture was filtered and the filtrate concentrated in vacuo to yield a brownish residue.
Purification by column chromatography (SiO2, CH2Cl2/n-hexane 1/1) yielded 26 (1.95 g, 3.03 mmol,
51%) as a light yellow powder. Product 26 was obtained in a cis/trans ratio of 1/1. A small fraction of
26 was purified by column chromatography (SiO2, CH2Cl2/n-hexane 1/1) to separate the cis and trans
isomer (Rf = 0.28 and Rf = 0.37). The two isomers were readily separated, however, no cis/trans
assignment was performed. 1H NMR (200 MHz, CDCl3, 25°C) (Rf = 0.28) δ 7.81 (dd, J = 8.1, 1.7 Hz,
2H), 7.60 (d, J = 8.1 Hz, 2H), 7.54 (d, J = 7.6 Hz, 2H), 7.42 (d, J = 1.7 Hz, 2H), 7.17 (t, J = 7.6 Hz,
2H), 6.93 (t, J = 7.6 Hz, 2H), 6.84 (d, J = 7.6 Hz, 2H), 4.81 (m, 2H), 1.72 – 0.84 (m, 10H); 13C NMR
(50 MHz, CDCl3, 25°C) δ 163.46 (s), 139.62 (s), 133.66 (s), 133.32 (s), 133.32 (s), 131.93 (s), 129.14
(d), 128.43 (d), 126.93 (s), 126.42 (d), 125.68 (d), 125.59 (d), 125.39 (d), 71.26 (d), 29.86 (t), 29.71
(t), 23.94 (t), 21.86 (t); 1H NMR (200 MHz, CDCl3, 25°C) (Rf = 0.37) δ 7.83 (dd, J = 8.0, 1.7 Hz,
2H), 7.59 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 7.6 Hz, 2H), 7.50 (d, J = 1.7 Hz, 2H), 7.14 (t, J = 7.6 Hz,
2H), 6.91 (t, J = 7.6 Hz, 2H), 6.78 (t, J = 7.6 Hz, 2H), 4.86 (m, 2H), 1.73 – 1.27 (m, 10H); 13C NMR
(50 MHz, CDCl3, 25°C) δ 163.63 (s), 139.67 (s), 133.84 (s), 133.35 (s), 133.20 (s), 131.94 (s), 129.42
(d), 128.10 (d), 126.96 (s), 126.25 (d), 125.79 (d), 125.55 (d), 125.46 (d), 124.66 (d), 71.12 (d), 29.81
(t), 29.66 (t), 23.95 (t), 21.68 (t).
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Cis/trans-{9-[2-(Hydroxymethyl)-9H-thioxanthen-9-ylidene]-9H-thioxanthen-2-yl}-methanol
(27a) and cis/trans-2-(chloromethyl)-9-[2-(chloromethyl)-9H-thioxanthen-9-ylidene]-9H-
thioxanthene (27) Under a nitrogen atmosphere, LiAlH4 (0.60 g, 15.81 mmol) was suspended in
diethyl ether (20 mL). Substrate 26 (1.50 g of cis/trans mixture, 2.33 mmol) was added and this
mixture was stirred overnight at room temperature. To quench the reaction 2 M HCl (aq) (20 mL) was
added and the two layers were transferred to a separatory funnel. CH2Cl2 (100 mL) was added and the
water and organic layer were separated. The water layer was extracted twice with CH2Cl2 (75 mL)
and the combined organic layers were washed three times with 2 M HCl (aq), dried (Na2SO4), and
concentrated in vacuo to yield cis/trans-27a as a yellow powder. The product was obtained as a
cis/trans 1/1 mixture and the NMR data of one of the isomers are given here. 1H NMR (200 MHz,
DMSO-d6, 25°C) δ 7.65 (d, J = 7.7 Hz, 2H), 7.60 (d, J = 8.1 Hz, 2H), 7.27 – 7.18 (m, 4H), 6.98 (t, J =
7.7 Hz, 2H), 6.69 (d, J = 7.7 Hz, 2H), 6.63 (s, 2H), 5.00 (t, J = 5.5 Hz, 2H, OH), 4.14 (d, J = 5.5 Hz,
4H). Without further purification 27a was added to pure SOCl2 (15 mL). After 3 h of stirring at room
temperature, water was added carefully to quench the reaction. The water layer was extracted twice
with CH2Cl2 (50 mL) and the combined organic layers were washed twice with water (50 mL), dried
(Na2SO4), and concentrated in vacuo to yield an orange residue. Purification by column
chromatography (SiO2, n-hexane/CH2Cl2 1/1, Rf = 0.65) gave 27 (0.80 g, 1.64 mmol, 70%) as a
cis/trans 1/1 mixture. NMR data of one of the isomers is given here. 1H NMR (200 MHz, CDCl3,
25°C) δ 7.52 (d, J = 8.1 Hz, 2H), 7.51 (d, J = 8.1 Hz, 2H), 7.14 (d, J = 8.1 Hz, 2H), 7.13 (t, J = 8.1
Hz, 2H), 6.92 (t, J = 7.7 Hz, 2H), 6.81 – 6.74 (m, 4H), 4.21 (d, J = 3.3 Hz, 4H); 13C NMR (50 MHz,
CDCl3, 25°C) δ 134.47 (s), 134.16 (s), 133.91 (s), 133.82 (s), 133.76 (s), 131.87 (s), 128.55 (d), 128.3
(d), 125.98 (d), 125.68 (d), 125.61 (d), 125.49 (d), 124.43 (d), 44.27 (t); HMRS calcd for C28H18Cl2S2:
488.0227; found: 488.0213.

15,18,21,24,27,30-Hexaoxa-9,36-dithiaheptacyclo[30.10.2.210,13.02,11.03,8.035,43.037,42]hexatetraconta
-1,3,5,7,10(46),11,13(45),32,34,37,39,41,43-tridecaene (28) Under a nitrogen atmosphere, KOtBu
(276 mg, 2.46 mmol) was suspended in toluene (100 mL) and this mixture was heated to 90°C. A
solution of 27 (300 mg, 0.61 mmol) and pentaethylene glycol (146 mg, 0.61 mmol) in toluene (100
mL) was added very slowly (3 drops/min). After addition, the reaction mixture was stirred for 90 h at
90°C. After cooling, the solvent was removed under reduced pressure and the residue was dissolved
in CH2Cl2 (15 mL) and 2 M HCl (aq) (15 mL). After separation of the two layers the water layer was
extracted with CH2Cl2 (15 mL) and the combined organic layers were washed with of 2 M HCl (aq)
(10 mL), dried (Na2SO4), and concentrated in vacuo to yield a brown residue. Purification by column
chromatography (Al2O3, CH2Cl2/acetone 40/1 changing to CH2Cl2/acetone 8/1, Rf = 0.60 with
CH2Cl2/acetone 40/1 as eluent) gave pure 28 (58 mg, 8.9 × 10–2 mmol, 15%). 1H NMR (200 MHz,
CDCl3, 25°C) δ 7.51 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 7.7 Hz, 2H), 7.15 (d, J = 8.1 Hz, 2H), 7.10 (t, J
= 7.7 Hz, 2H), 6.89 (t, J = 7.7 Hz, 2H), 6.79 (d, J = 7.7 Hz, 2H), 6.73 (s, 2H), 4.23 (dd, J = 23.1, 12.5
Hz, 4H), 3.70 – 3.50 (m, 16H), 3.34 – 3.29 (m, 4H); 13C NMR (50 MHz, CDCl3, 25°C) δ 134.98 (s),
134.49 (s), 134.33 (s), 134.12 (s), 133.25 (s), 132.03 (s), 128.20 (d), 127.32 (d), 125.66 (d), 125.63
(d), 125.23 (d), 124.64 (d), 124.22 (d), 70.86 (t), 69.45 (t), 69.35 (t), 69.27 (t), 69.15 (t), 67.80 (t);
HMRS calcd for C38H38O6S2: 654.2110; found: 654.2124.

2-[2-(2-{2-[(9-Oxo-9H-thioxanthen-2-yl)oxy]ethoxy}ethoxy)ethoxy]-9H-thioxanthen-9-one (30)
Under a nitrogen atmosphere, 2-hydroxy-9H-thioxanthen-9-one16 (29, 2.55 g, 11.18 mmol), K2CO3

(1.82 g, 13.18 mmol), and triethylene glycol di-p-tosylate (2.41 g, 5.27 mmol) were
suspended/dissolved in DMF (250 mL). This mixture was refluxed for 72 h and after cooling, the
solvent was removed under reduced pressure. The residue was dissolved in CH2Cl2 (150 mL) and 2 M
HCl (aq) (150 mL). After separation of the two layers the water layer was extracted with CH2Cl2 (50
mL). The combined organic layers were washed (twice with 2 M HCl (aq)), dried Na2SO4, and



Bisthioxanthylidene Crown Ethers

89

concentrated in vacuo to yield a yellow residue. Purification by column chromatography (Al2O3 (5%
water), CHCl3/acetone 30/1) and subsequent recrystallization from CH2Cl2 yielded pure 30 (1.50 g,
2.63 mmol, 50%). 1H NMR (200 MHz, CDCl3, 25°C) δ 8.55 (dd, J = 8.4, 1.1 Hz, 2H), 7.99 (d, J = 2.6
Hz, 2H), 7.56 – 7.48 (m, 4H), 7.43 – 7.38 (m, 2H), 7.23 (dd, J = 8.8, 2.6 Hz, 2H), 7.21 (s, 2H), 4.22 (t,
J = 4.4 Hz, 4H), 3.89 (t, J = 4.4 Hz, 4H), 3.75 (s, 4H); 13C NMR (50 MHz, CDCl3, 25°C) δ 178.00 (s),
156.01 (s), 135.95 (s), 130.42 (d), 128.57 (s), 128.29 (d), 127.72 (s), 127.01 (s), 125.74 (d), 124.50
(d), 124.41 (d), 121.55 (d), 109.64 (d), 69.42 (t), 68.15 (t), 66.29 (t); HMRS calcd for C32H26O6S2:
570.1171; found: 570.1172.

14,17,20,23-Tetraoxa-9,28-dithiaheptacyclo[22.10.2.210,13.02,11.03,8.027,35.029,34]octatriaconta-1,3,5,
7,10(38),11,13(37),24,26,29,31,33,35-tridecaene (31) Under a nitrogen atmosphere, substrate 30
(1.40 g, 2.46 mmol) was refluxed overnight in oxalyl dichloride (40 mL). After cooling, the excess of
oxalyl dichloride was removed under reduced pressure and the residue was dissolved in freshly
distilled p-xylene (300 mL, from sodium). Activated Cu-bronze22 (3.50 g, 55.00 mmol) was added
and this mixture was refluxed overnight. After cooling, the mixture was filtered and the filtrate was
concentrated in vacuo to yield a brown residue. Purification by column chromatography (Al2O3 (3%
water), CH2Cl2, Rf = 0.58) yielded pure 31 (0.70 g, 1.30 mmol, 53%). 1H NMR (200 MHz, CDCl3,
25°C) δ 7.50 (d, J = 7.7 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 7.10 (dt, J = 7.7, 1.5 Hz, 2H), 6.87 (dt, J =
7.7, 1.5 Hz, 2H), 6.81 (dd, J = 8.4, 2.9 Hz, 2H), 6.76 (d, J = 7.7 Hz, 2H), 6.44 (d, J = 2.9 Hz, 2H),
3.95 – 3.88 (m, 2H), 3.80 – 3.59 (m, 10H); 13C NMR (50 MHz, CDCl3, 25°C) δ 155.75 (s), 155.75 (s),
135.37 (s), 134.43 (s), 134.43 (s), 132.15 (s), 128.45 (d), 126.62 (d), 125.47 (d), 125.22 (d), 124.14
(d), 114.00 (d), 113.68 (d), 69.64 (t), 68.16 (t), 66.78 (t); HMRS calcd for C32H26O4S2: 538.1272;
found: 538.1260.

Complexation studies of bisthioxanthylidene crown ethers 19, 20, and 28.14a,c

1H NMR data of bisthioxanthylidene crown ethers 19, 20, and 28 in acetone-d6.

8,11,14,17,30,33,36,39,42,45-Decaoxa-52,54-dithiaoctacyclo[45.3.1.13,7.14,50.118,22.121,25.124,28.02,23]
hexapentaconta-1(51),2(23),3(56),4,6,18,20,22(55),24(53),25,27,47,49-tridecaene (19) 1H NMR
(300 MHz, acetone-d6, 25°C) δ 7.70 (d, J = 8.1 Hz, 2H, H1), 7.65 (d, J = 8.8 Hz, 2H), 7.38 (d, J = 8.1
Hz, 2H), 7.04 (dd, J = 8.8, 2.6 Hz, 2H, H2), 6.84 (s, 2H), 6.56 (d, J = 2.6 Hz, 2H), 4.39 (d, J = 5.1 Hz,
4H, HA), 4.22 – 4.16 (m, 2H), 3.90 – 3.61 (m, 26H), 3.51 – 3.39 (m, 4H, HB).

8,11,14,17,20,33,36,39,42,45,48-Undecaoxa-55,57-dithiaoctacyclo[48.3.1.13,7.14,53.121,25.124,28.127,31.
02,26]nonapentaconta-1(54),2(26),3(59),4,6,21,23,25(58),27(56),28,30,50,52-tridecaene (20) 1H
NMR (300 MHz, acetone-d6, 25°C) δ 7.71 (d, J = 8.1 Hz, 2H, H1), 7.66 (d, J = 8.4 Hz, 2H), 7.39 (d, J
= 8.1 Hz, 2H), 7.04 (dd, J = 8.4, 2.6 Hz, 2H, H2), 6.86 (s, 2H), 6.56 (d, J = 2.6 Hz, 2H), 4.40 (d, J =
4.0, 4H, HA), 4.05 – 4.00 (m, 2H), 3.79 – 3.61 (m, 30H), 3.50 – 3.42 (m, 4H, HB).

15,18,21,24,27,30-Hexaoxa-9,36-dithiaheptacyclo[30.10.2.210,13.02,11.03,8.035,43.037,42]hexatetraconta
-1,3,5,7,10(46),11,13(45),32,34,37,39,41,43-tridecaene (28) 1H NMR (300 MHz, acetone-d6, 25°C)
δ 7.76 (d, J = 7.7 Hz, 2H), 7.73 (d, J = 7.7 Hz, 2H, H1), 7.40 (d, J = 7.7 Hz, 2H), 7.36 (t, J = 7.7 Hz,
2H, H2), 7.12 (t, J = 7.7 Hz, 2H), 6.93 (d, J = 7.7, 2H), 6.89 (s, 2H), 4.41 (d, J = 2.8 Hz, 4H, HA), 3.80
– 3.63 (m, 16H), 3.50 – 3.46 (m, 4H, HB).

Complexation of biscrown ether 19 with KSCN. A solution of 19 (38 mg, 4.75 × 10–2 mmol) in
acetone-d6 (5.00 mL) was prepared which was stored under a nitrogen atmosphere. Nine oven-dried
(100°C) NMR tubes were charged with 0.50 mL of this stock solution. Different portions of a solution
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of KSCN in acetone-d6 (stored under a nitrogen atmosphere) were added in order to obtain samples
with 0, 0.25, 0.50, 0.75, 1.00, 1.50, 2.00, 3.00, and 5.00 equivalents of KSCN with respect to 19.
Acetone-d6 was added to the samples till each NMR-tube was charged with 0.75 mL of acetone-d6.
Concentration of 19 in each NMR-tube: 6.33 × 10–3 M.

Complexation of biscrown ether 19 with NaSCN. Complexation was measured with 0, 0.25, 0.50,
0.75, 1.00, 1.50, 2.00, 3.00, and 5.00 equivalents of NaSCN with respect to 19. Concentration of 19 in
each NMR-tube: 6.33 × 10–3 M.

Complexation of biscrown ether 20 with KSCN. Complexation was measured with 0, 0.25, 0.50,
0.75, 1.00, 1.50, 2.00, 3.00, and 5.00 equivalents of KSCN with respect to 20. Concentration of 20 in
each NMR-tube: 6.32 × 10–3 M.

Complexation of biscrown ether 20 with NaSCN. Complexation was measured with 0, 0.25, 0.50,
0.75, 1.00, 1.50, 2.00, 3.00, and 5.00 equivalents of NaSCN with respect to 20. Concentration of 20 in
each NMR-tube: 6.32 × 10–3 M.

Complexation of monocrown ether 28 with KSCN. Complexation was measured with 0, 0.25, 0.50,
0.75, 1.00, 1.50, 2.00, 3.00, and 5.00 equivalents of KSCN with respect to 28. Concentration of 28 in
each NMR-tube: 6.33 × 10–3 M.

Complexation of monocrown ether 28 with NaSCN. Complexation was measured with 0, 0.25,
0.50, 0.75, 1.00, 1.50, 2.00, and 5.00 equivalents of NaSCN with respect to 28. Concentration of 28 in
each NMR-tube: 9.06 × 10–3 M.
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Chapter 5

Light-driven Molecular Motors1

Part I: Second Generation

5.1 Introduction

Biomolecular motors in which controlled motion is achieved by the conversion of chemical energy
into mechanical energy have been abundantly found in living organisms.2 Prominent examples are the
ATP-synthase3 and skeletal muscle4 motors which are essential in human beings. Recent studies have
revealed their fascinating structures and functions, which are stimulating scientists to mimic these
processes and to design and construct molecular motors (section 1.3).5 A number of systems have
been manufactured in which movement or change in shape occurs in response to external chemical,
electrochemical, or photochemical stimuli.6 Recently Kelly et al.7 and our group8 reported the first
examples of unidirectional rotary motion in molecular type motors (section 1.3.3).

X

Y

Me

R1 R2

Biphenanthrylidenes

Me

Me

X

Y

R1 R2

Chiroptical molecular switches
(first light-driven molecular motor)

Second generation light-driven molecular motors

Scheme 5.1 Molecular switches and motors.

In our initial design8 helical shaped overcrowded alkenes (biphenanthrylidenes), featuring identical
chiral upper and lower parts, were used. Two photochemical trans-cis isomerizations were each
followed by a thermal irreversible helix inversion and the four-step cycle completed a full,
unidirectional, 360° rotation process.
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To extend our initial machinery, we started the construction of molecular motors with distinct upper
and lower parts (scheme 5.1). They are reminiscent of chiroptical molecular switches9,6j which have
been examined thoroughly with respect to their photochemical and thermodynamic behavior (section
1.2.6). A stereogenic center is created by introducing a methyl substituent at the upper part of the
molecule. Envisioned key aspects of the second generation of molecular motors are: 1) the control of
unidirectional rotary motion by a single stereogenic center, 2) the ability to tune the speed of the
thermal conversion by varying atoms X and Y (chapter 6), and 3) a motor with distinct upper and
lower parts which is suitable for coupling to a surface, necessary for future applications.

In this chapter the construction of such a new type molecular motor (8) is described, as well as the
fundamental principles of performing unidirectional rotary motion.

5.2 Synthesis

The new type of molecular motor 8 contains a chiral 2,3-dihydro-2-methylnaphtho[2,1-b]thiopyran
upper part and a methoxy substituted thioxanthene lower part (scheme 5.3). The synthesis of the upper
part, 2,3-dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1-one hydrazone 4, is outlined in scheme 5.2.

SH S
CN

Me

S

Me
O

S

N
H2N

Me

4

1 2

3

Triton B

methacrylonitrile

85%

93%

H2NNH2·H2O

60%

0°C, 1 h  → 65°C, 12 h

110°C, 3 h

PPA

reflux, 12 h
EtOH

Scheme 5.2 Synthesis of hydrazone 4.

The Michael addition of 2-thionaphthol 1 to methacrylonitrile was performed by refluxing both
compounds in the presence of benzyltrimethylammonium hydroxide (Triton B) to give adduct 2,
which was converted to the cyclic ketone 3 in good yield by the action of polyphosphoric acid (PPA).
Hydrazone 4 was prepared in 60% yield by refluxing ketone 3 in ethanol with a large excess of
hydrazine monohydrate. The lower part, 2-methoxy-9H-thioxanthene-9-thione 6, was prepared by
refluxing 2-methoxy-thioxanthone in toluene in the presence of phosphorous pentasulphide.10

The diazo-thioketone coupling reaction11 proved to be a successful method to connect the upper and
lower part (scheme 5.3). Hydrazone 4 was oxidized to the unstable, deep red, diazo compound 5 with
silver(I) oxide (2 equiv.) in CH2Cl2 at –5 to 0°C. Diazo compound 5 was not isolated but thioketone 6
was added in situ to provide episulfides trans/cis-7 in a fair yield of 60%. Since a non-symmetric
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substituted thioketone 6 was used, a mixture of trans- and cis-episulfides 7 was obtained with a
trans/cis ratio of nearly 1/1 as was determined by 1H NMR. Since separation of trans-7 and cis-7
could not be accomplished, the mixture of trans-7 and cis-7 was used in the next desulfurization
reaction. Refluxing cis/trans-7 in p-xylene, in the presence of Cu-bronze, gave molecular motors
trans-8 (47%) and cis-8 (44%) in a yield of 91%. Trans-8 and cis-8 were separated by HPLC on silica
gel (n-hexane/EtOAc 50/1).
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Scheme 5.3 Synthesis of molecular motors 8.

The new molecular motors trans-8 and cis-8 were characterized by 1H, 13C NMR, and exact mass
determination. The 1H NMR spectra of both isomers indicate that proton absorptions of the methyl
substituents at the 2’-position were shifted upfield to 0.78 ppm (trans-8) and 0.79 ppm (cis-8),
respectively, due to aromatic ring current anisotropy (table 5.1). The protons of both isomers at the 2’-
position were shifted downfield to 4.17 ppm (trans-8) and 4.11 ppm (cis-8), respectively, as a result
of deshielding (table 5.1). The assignment of the trans- and cis-geometry was based on remarkable
differences between the 1H NMR spectra. The absorption of the methoxy substituent at the lower part
was shifted from 3.86 ppm (trans-8) to 3.01 ppm (cis-8) due to a shielding effect by the naphthalene
moiety of the upper part (table 5.1). Coupling constants of H(2’) and H(3’) of 7.3 and 2.9 Hz (trans-8)
and 7.3 and 3.3 Hz (cis-8) were determined (table 5.1) indicating that the methyl groups at the 2’-
position of both isomers adopted a pseudoaxial orientation. This was confimed by X-ray analysis
(section 5.3).

Enantioresolution of (±)-trans-8 and (±)-cis-8 was performed by preparative HPLC (commercially
available Chiralpak OD from Daicel Co. Ltd.) under normal phase conditions using heptane/i-
propanol 99/1 as eluent mixture at room temperature. The combined solutions of second-eluted
enantiomer of trans-8 were concentrated under reduced pressure and the residue was recrystallized
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from n-hexane to give colorless prisms suitable for X-ray crystallographic analysis. Crystals of
enantiomers of cis-8 suitable for X-ray analysis were not obtained.

5.3 Absolute Configuration Determination by X-ray Analysis

A single crystal of second-eluted enantiomer of trans-8 was subjected to X-ray analysis. The crystal
was found to be orthorhombic: space group P212121. The absolute configuration of this enantiomer
was determined to be (2’R)-(M) by Flack’s12 x-refinement (x = –0.07(7)). The X-ray analysis
demonstrated that the methyl substituent at the 2’-position adopted a pseudoaxial orientation, to
minimize steric hindrance, which is in accordance with the results of the 1H NMR study (figure 5.1
and table 5.1).
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Figure 5.1 PLUTO drawing of (2’R)-(M)-trans-8 and structure with adopted numbering scheme.

The geometry of (2’R)-(M)-trans-8 in the solid state is characterized as follows: central double bond,
C(1’)-C(9) = 1.351 Å; bond angles around central double bond, C(8a)-C(9)-C(9a) = 113.22°, C(8a)-
C(9)-C(1’) = 121.73°, C(9a)-C(9)-C(1’) = 124.97° (total angle around C(9) is 359.92°), C(10’b)-
C(1’)-C(2’) = 111.30°, C(10’b)-C(1’)-C(9) = 123.12°, C(2’)-C(1’)-C(9) = 125.48° (total angle around
C(1’) is 359.90°); the dihedral angle between the naphthalene plane of the upper part and the central
double bond, C(10’a)-C(10’b)-C(1’)-C(9) = –56.5°; dihedral angles between thioxanthene plane of
the lower part and the central double bond, C(1)-C(9a)-C(9)-C(1’) = 51.3°, C(8)-C(8a)-C(9)-C(1’) = –
47.7°; dihedral angles of the central double bond, C(8a)-C(9)-C(1’)-C(10’b) = 0.2°, C(9a)-C(9)-C(1’)-
C(2’) = –7.1° (average value is –3.44º), C(8a)-C(9)-C(1’)-C(2’) = 176.85°, C(9a)-C(9)-C(1’)-C(10’b)
= 176.26° (average value is 176.56º). The central double bond is somewhat folded (see figure) and the
carbon atoms deviate from a planar structure. Both carbon atoms of the central double bond are thus
somewhat pyramidalized and possess slight sp3 character. The lower thioxanthene part of the
molecule adopted a folded structure (section 1.1.3)13 to diminish the steric strain around the central

double bond. Together with the boat
conformation of the cyclohexene ring of the
upper part, this is responsible for the helical
shape of the entire molecule.
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5.4 Photochemical and Thermal Behavior of Trans-8 and Cis-8

To elucidate the photochemical behavior of the trans-8 and cis-8 isomers irradiation of both racemic
isomers was performed. Irradiation of a solution of 25 mg of racemic trans-8 in 3 mL of n-hexane/
CH2Cl2 10/1 was carried out at 10°C for 12 h (scheme 5.4) by a high pressure mercury lamp using a
365 nm filter (more details in experimental section and at the end of section 5.6). Solvents were
removed under reduced pressure to give a white solid, which was directly subjected to 1H NMR
analysis. The 1H NMR spectrum revealed that the absorption of the methyl substituents at the 2’-
position was shifted downfield to 1.10 ppm and the signal of the proton at the 2’-position was shifted
upfield to 2.76 ppm (table 5.1). Remarkably, the absorption of the methoxy group at the lower part
was shifted upfield to 2.99 ppm due to shielding by the naphthalene moiety (table 5.1), which means
that trans to cis isomerization occurred by irradiation. The coupling constants of H(2’) and H(3’) were
found to be 12.4 and 7.3 Hz (table 5.1), which proved that the methyl substituent at the 2’-position
adopted a pseudoequatorial orientation. The obtained cis-9 isomer presumably is less stable than cis-8,
because of the steric hindrance between the methyl group of the upper part and the thioxanthene lower
part (vide infra). At the photostationary state (PSS), the ratio of starting material (trans-8) and product
(cis-9) was 14/86.
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Scheme 5.4 Photochemical and thermal behavior of motors trans-8 and cis-8.

Irradiation of a solution of 25 mg of racemic cis-8 in 3 mL of n-hexane/CH2Cl2 10/1 was performed
under same conditions (scheme 5.4) and subsequent removal of solvents gave a white solid. The
methyl group and the proton at the 2’-position were found at 1.17 ppm and 2.74 ppm, respectively (1H
NMR (table 5.1). Again, the absorption of the methoxy group at the lower part shifted downfield (to
3.85 ppm) since it was no longer shielded by the naphthalene moiety (table 5.1). This confirmed a
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trans-geometry. The coupling constants of H(2’) and H(3’) were 12.1 and 7.3 Hz (table 5.1), which
indicated that the methyl substituent at the 2’-position adopted a pseudoequatorial orientation. The
trans-9 isomer presumably is less stable because of the steric hindrance between the equatorial
oriented methyl substituent at the upper part and the thioxanthene lower part. An 11/89 ratio of
starting material (cis-8) and product (trans-9) was found at the photostationary state.

Table 5.1 1H NMR data of second generation of molecular motors, trans-8, cis-9, cis-8, and trans-9,
in CDCl3.

compound chemical shifts (ppm) coupling constants
MeO Me H(2’) JH(2’)-H(3’) (Hz)

trans-8 3.86 0.78 4.17 7.3, 2.9
cis-9 2.99 1.10 2.76 12.4, 7.3
cis-8 3.01 0.79 4.11 7.3, 3.3

trans-9 3.85 1.17 2.74 12.1, 7.3

trans-8, Meax

cis-9, Meeq

cis-8, Meax

∆G‡
photochemical step thermal step

stable stable

less-stable

trans-8, *Meax

Figure 5.2 Schematic energy profile for the photochemical (via excited state *Meax) and the,
subsequent, thermal step of motor trans-8 (same profile applies for the process starting with stable
cis-8). In this schematic profile the energy levels of trans-8 and cis-8 are arbitrarily chosen to be the
same.

Both less-stable cis-9 and trans-9 were heated in n-hexane at 60°C which resulted in complete
conversion into stable cis-8 and trans-8, respectively, according to 1H NMR (scheme 5.4). These
results confirm that the axial orientation (stable cis-8 and trans-8) of the methyl substituent is favored
over the equatorial orientation (less-stable cis-9 and trans-9) and that the photochemical conversions
are therefore energetically uphill processes. The thermal conversions are energy relaxing, however,
heat is required since there is a Gibbs energy of activation (∆G‡) for the helix inversion process (see
energy profile, figure 5.2). The thermal conversions of less-stable cis-9 and trans-9 were performed in
the dark to prevent concomitant photochemical processes. At the same time thermal trans-cis
isomerization processes were not observed.

5.5 X-ray Analysis of Less-stable Trans-9

To determine the stereostructure of the less-stable forms attempts were undertaken to obtain crystals
of cis-9 and/or trans-9. Both irradiated solutions of trans-8 and cis-8 in n-hexane/CH2Cl2 were
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concentrated under reduced pressure at 10°C. The resulting concentrates were kept overnight at 5°C.
Only crystals of racemic less-stable trans-9 were obtained, suitable for X-ray crystallographic
analysis. A single crystal of this material proved to be monoclinic: space group P21/c. As shown in
figure 5.3 the configuration of less-stable trans-9 was (2’R*)-(P*). The X-ray analysis was performed
with racemic material. Therefore, the letters denoting the absolute configuration are marked with a *.
The X-ray analysis showed that an (R)-configuration at the 2’-position at the upper part goes together
with (P)-helicity of the entire molecule. Likewise, an (S)-configuration at the 2’-position at the upper
part goes together with (M)-helicity of the entire molecule.
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Figure 5.3 PLUTO drawing of less-stable (2’R*)-(P*)-trans-9.

Furthermore the X-ray analysis unequivocally established that the methyl substituent at the 2’-
position had an equatorial orientation, which was in accordance with the results of the 1H NMR study
(table 5.1).

The geometrical features of less-stable trans-9 in the solid state are as follows: central double bond,
C(1’)-C(9) = 1.340 Å; bond angles around central double bond, C(8a)-C(9)-C(9a) = 111.33°, C(8a)-
C(9)-C(1’) = 121.81°, C(9a)-C(9)-C(1’) = 126.74° (total angle around C(9) is 359.88°), C(10’b)-
C(1’)-C(2’) = 108.45°, C(10’b)-C(1’)-C(9) = 122.83°, C(2’)-C(1’)-C(9) = 128.60° (total angle around
C(1’) is 359.88°); the dihedral angle between naphthalene plane of the upper part and the central
double bond, C(10’a)-C(10’b)-C(1’)-C(9) = 62.8°; dihedral angles between thioxanthene plane of the
lower part and the central double bond, C(1)-C(9a)-C(9)-C(1’) = –59.4°, C(8)-C(8a)-C(9)-C(1’) =
52.7°; dihedral angles of the central double bond, C(8a)-C(9)-C(1’)-C(10’b) = –8.9°, C(9a)-C(9)-
C(1’)-C(2’) = 0.0° (average value is –4.46°), C(8a)-C(9)-C(1’)-C(2’) = 175.58°, C(9a)-C(9)-C(1’)-
C(10’b) = 175.52° (average value is 175.54°). These geometrical parameters are almost similar to
those of (2’R)-(M)-trans-8.

5.6 CD Studies of Monodirectional Rotation Behavior

The photochemical trans-cis isomerization was also examined by CD spectroscopy. The CD spectrum
of enantiomer (2’R)-(M)-trans-8 exhibits an intense Cotton effect; CD (n-hexane) λext. 350 nm
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(∆ε +19.1), 319 (+15.4), 277 (–155.4), 253 (+40.8), and 224 (+98.1) (figure 5.4). Irradiation of the
solution of (2’R)-(M)-trans-8 in n-hexane by a high pressure mercury lamp using a 365 nm filter at
10°C for 1 h resulted in formation of less-stable (2’R)-(P)-cis-9 (more details at the end of this section
and in the experimental section). The photochemical trans-cis isomerization induced an (M)- to (P)-
helicity inversion [figure 5.4, trace (A) to trace (B)] as was evident from the near mirror image CD
effect. Several clear isosbestic points were observed in the CD spectra indicating no degradation
and/or side reactions took place. When the temperature of this solution was raised to 60°C, complete
conversion to stable (2’R)-(M)-cis-8 was observed and the concomitant change in CD absorption
confirmed the helix reversal, from (P)- to (M)-helicity, associated with this thermal conversion [figure
5.4, trace (B) to trace (C)]. Subsequent irradiation of the solution of (2’R)-(M)-cis-8 in n-hexane
resulted in formation of less-stable (2’R)-(P)-trans-9. The change in sign of CD absorption again
indicated that an (M)- to (P)-helicity inversion occurred during the photochemical cis to trans
isomerization [figure 5.4, trace (C) to trace (D)]. When the temperature of this solution was raised to
60°C, a complete conversion to (2’R)-(M)-trans-8 was observed and the CD absorption again changed
sign [figure 5.4, trace (D) to trace (A)]. The inset of figure 5.4 shows the change of ∆ε value at 272
nm as monitored during three full cycles clearly demonstrating the repetitive nature of the rotary
motion.

Figure 5.4 Circular Dichroism spectra of each of the four stages of rotation. Trace (A): (2’R)-(M)-
trans-8; trace (B): (2’R)-(P)-cis-9; trace (C): (2’R)-(M)-cis-8; trace (D): (2’R)-(P)-trans-9. Inset:
changes in ∆ε value during three full rotation cycles monitored at 272 nm.

It should be mentioned that, when identical photostationary states (PSS), as described in section 5.4,
are reached during these CD studies, trace (A) represents the spectrum of pure (2’R)-(M)-trans-8,
trace (B) represents the spectrum of 14% (2’R)-(M)-trans-8 and 86% (2’R)-(P)-cis-9, trace (C)
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represents the spectrum of 14% (2’R)-(M)-trans-8 and 86% (2’R)-(M)-cis-8, trace (D) represents the
spectrum of 2% (2’R)-(M)-trans-8 (14% of 14%), 12% (2’R)-(P)-cis-9 (86% of 14%), 9.5% (2’R)-
(M)-cis-8 (11% of 86%) and 76.5% (2’R)-(P)-trans-9 (89% of 86%). In fact, after three cycles a
mixture of trans-8/cis-8 (both with (M)-helicity) with a ratio of 6/4 was observed due to the non-
quantitative photoequilibria. However, this did not affect the repetitive unidirectional behavior of the
molecules and each photochemical and thermal step still implied a helix inversion.

In comparison with the photochemical experiments described in section 5.4, irradiation times to reach
photostationary states diminished from 12 to 1 h as reported in this section. Experimental parameters
such as light source, distance between light source and sample, applied filter, temperature, and
material of cuvet were all identical. This implies that the intensity of light exposed to the samples
described in section 5.4 and the samples of this section was identical. Thus, the reduction of
irradiation time can only be explained by the difference in solvents and/or concentration of the sample
(section 5.4; solvent: n-hex/CH2Cl2 10/1, conc.: 1.90 × 10–2 M; this section; solvent: n-hex, conc.: 3.0
× 10–5 M). It is unlikely that the difference in solvent is responsible for the reduction of irradiation
time. We expect the reaction rate of photochemical conversions to depend on the amount of photons
entering the solution and on the concentration of motor molecules in the solution. The influence of the
latter can be explained by the fact that the motor molecules cause a significant gradient of photon
density through the solution by their photon absorption. This implies that the higher the concentration
of motor molecules, the lower the average photon density in the solution, leading to a lower average
reaction rate.

5.7 Unidirectional Rotary Motion

Scheme 5.5 shows the different stereoisomers and the dynamic processes that are observed starting
with (2’R)-(M)-trans-8. The experimental results show that the upper naphthothiopyran part
undergoes a full 360° rotation around the central double bond relative to the lower thioxanthene part.
This happens in a counter-clockwise sense when viewed along the central double bond with the lower
part in front. Two photochemical conversions are both energetically uphill processes and generate the
less-stable isomers {(2’R)-(P)-cis-9 and (2’R)-(P)-trans-9} with the less favorable equatorial
orientation of the methyl substituent at the 2’-position.

Each photochemical step is followed by an energetically downhill process quantitatively generating
stable isomers {(2’R)-(M)-cis-8 and (2’R)-(M)-trans-8}. As anticipated, during the two thermal steps
the methyl substituent adopts the more favorable axial orientation and the reverse rotation pathway is
effectively blocked. At the appropriate wavelength (365 nm) and temperature (60°C), a continuous
unidirectional rotation is induced in the system. Compared to the original molecular motor, based on
biphenanthrylidene8 (scheme 5.1), it is remarkable that the presence of a single stereogenic center
(C(2’)) is an essential but sufficient condition to achieve unidirectional rotation.

The two photochemical conversions are equilibria between product and starting material and ratios of
86/14 and 89/11 have been ascertained by 1H NMR spectroscopy. In fact, both thermal conversions



Chapter 5

102

are equilibria as well and the ratio of starting material versus product is governed by the energy
differences (∆E) between starting material and product. Molecular modeling studies using the
MOPAC93 AM114 program revealed that in both cases the energy difference (∆E) between less-stable
and stable isomer is +4.65 kcal/mol (∆E[2’R)-(P)-cis-9] – ∆E[2’R)-(M)-cis-8] = +4.65 kcal/mol and ∆E[2’R)-(P)-trans-

9] – ∆E[2’R)-(M)-trans-8] = +4.65 kcal/mol). On basis of these figures the population of the less-stable
isomer is negligible (Boltzmann distribution) after both thermal conversions which is in agreement
with the quantitative thermal conversions observed by 1H NMR spectroscopy.
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Scheme 5.5 Unidirectional rotary motion.

5.8 Essential Features for a Unidirectionally Rotating Motor

Now that unidirectional behavior of motors 8 and 9 is proven, the essential features for a successful
unidirectionally rotating motor are summarized here (see scheme 5.6).

- Structures 1 ((2’R-(M)-trans-8) and 3 ((2’R)-(M)-cis-8) in the four-step cycle should be
thermally stable but they should have photochemically interconvertable cis and trans isomers.

- The methyl substituent at the upper part of the molecule must be able to adopt an axial and
equatorial orientation. In addition, there should be a substantial energy difference between the
axial and equatorial orientation since it is the driving force for the two thermal conversions.
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- There must be a fixed configuration at the stereogenic center.

- (P)- and (M)-helicity. This allows the motor to adopt the four different stereoisomic structures
during the four-step unidirectional rotation process.
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Scheme 5.6 Unidirectional rotation observed with motors 8 and 9 and possible undesirable side
processes.

To assure unidirectional rotation the following processes must not take place:

- Thermal cis/trans isomerization.

- Photochemical conversions between structures 2 and 3, and between structures 1 and 4.

- Direct photochemical and/or thermal conversion of structure 1 ((2’R-(M)-trans-8) into
structure 3 ((2’R)-(M)-cis-8), or vice versa.

- Direct photochemical and/or thermal conversion of structure 2 ((2’R)-(P)-cis-9) into structure
4 ((2’R)-(P)-trans-9)), or vice versa.

Despite the fact that we did not observe any of the just-mentioned processes one still has to bear in
mind that the two desired photochemical and two desired thermal conversions are equilibria.
Although the population of less-stable isomers (structures 2 and 4, scheme 5.6) is negligible after both
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thermal conversions, according to the Boltzmann distribution, a minuscule fraction of molecules
‘rotates the other way around’ (see section 5.7).

5.9 Conclusions

Repetitive monodirectional behavior, performed by the second generation of molecular motors, 8 and
9, was demonstrated. Relative to the bottom part (the stator) the upper propeller unit undergoes a
repetitive 360° rotation in four distinct steps with light of the appropriate wavelength. Two

energetically uphill photochemical steps and two energy relaxing
thermal steps complete the four-step unidirectional 360° rotation
around the central double bond as shown by motors 8 and 9. The new
type of motor consists of a distinct upper and lower part, a feature
essential for coupling the motor to a surface. One of the aims is to
study the photochemical and thermal behavior of motor molecules
with a static lower part which is attached to a surface (scheme 5.7).
These studies are currently underway.

Scheme 5.7 Motor molecule attached to a surface.

5.10 Experimental Section

See chapter 2 (section 2.7) for general remarks.

2-Methyl-3-(2-naphthylthio)propiononitrile (2) Under a nitrogen atmosphere, Triton B (0.1 mL,
40% solution in methanol) was added to stirred methacrylonitrile (5 mL, 59.6 mmol) cooled to 0°C.
To this solution, 2-thionaphthol (1, 780 mg, 4.87 mmol) was added and the mixture was stirred for 1 h
at 0°C. The solution was heated to 65°C and stirred overnight at this temperature. After cooling, the
reaction mixture was quenched with aqueous NH4Cl. The water layer was extracted with Et2O (2 × 30
mL). The combined organic layers were washed with brine and dried (Na2SO4). After removal of the
solvents under reduced pressure, the crude product was purified by column chromatography (silica
gel, n-hexane/EtOAc 10/1) to yield propionitrile 2 as a colorless oil (936 mg, 4.12 mmol, 85%). 1H
NMR (200 MHz, CDCl3, 25°C) δ 7.88 (br d, J = 1.2 Hz, 1H), 7.83 – 7.76 (m, 3H), 7.55 – 7.46 (m,
3H), 3.27 (dd, J = 13.7, 7.3 Hz, 1H), 3.09 (dd, J = 13.7, 7.1 Hz, 1H), 2.78 (ddq, J = 7.3, 7.1, 7.1 Hz,
1H), 1.42 (d, J = 7.1 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 133.58, 132.32, 131.06, 129.85,
129.02, 128.27, 127.71, 127.28, 126.81, 126.41 121.51, 38.05, 26.05, 17.23; HRMS calcd for
C14H13NS: 227.0769; found: 227.0771.

2,3-Dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1-one (3) To mechanically stirred
polyphosphoric acid (30 mL), heated at 70°C, propionitrile (2, 825 mg, 3.63 mmol) was added. After
addition, the temperature was raised to 110°C and the reaction mixture was vigorously stirred for 3 h
at this temperature. The dark brown mixture was allowed to cool to 70°C and poured on ice (100 g).
After stirring overnight, the water layer was extracted with Et2O (3 × 30 mL). The combined organic
layers were washed with brine and dried over MgSO4. After removal of the solvents under reduced
pressure, the crude product was purified by column chromatography (silica gel, n-hexane/EtOAc
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10/1) to give ketone 3 as a yellow oil (774 mg, 3.39 mmol, 93%). 1H NMR (200 MHz, CDCl3, 25°C)
δ 9.08 (dd, J = 8.7, 1.2 Hz, 1H), 7.75 (d, J = 8.7 Hz, 1H), 7.73 (dd, J = 8.1, 1.7 Hz, 1H), 7.58 (ddd, J =
8.7, 7.0, 1.7 Hz, 1H), 7.43 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.23 (d, J = 8.7 Hz, 1H), 3.27 – 3.08 (m,
3H), 1.39 (d, J = 6.1 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 199.18, 143.94, 133.23, 132.39,
131.61, 128.91, 128.37, 125.63, 125.48, 125.26, 125.01, 42.80, 32.75, 15.28; HRMS calcd for
C14H12OS: 228.0609; found: 228.0613.

2,3-Dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1-one hydrazone (4) Under a nitrogen
atmosphere, a stirred solution of ketone 3 (1.80 g, 7.88 mmol) and hydrazine monohydrate (4 mL,
82.5 mmol) in absolute ethanol (4 mL) was refluxed overnight. After cooling, CH2Cl2 (30 mL) was
added to the reaction mixture and the organic layer was washed with water (3 × 30 mL) and brine, and
dried over Na2SO4. After removal of the solvents under reduced pressure, the residue was purified by
recrystallization from Et2O to obtain hydrazone 4 as slightly yellow crystals (1.15 g, 4.75 mmol,
60%). Mp 146.7 – 147.1°C; 1H NMR (500 MHz, CDCl3, 25°C) δ 8.41 (br d, J = 8.4 Hz, 1H), 7.75 (br
d, J = 8.1 Hz, 1H), 7.65 (d, J = 8.4 Hz, 1H), 7.49 (ddd, J = 8.4, 7.0, 1.5 Hz, 1H), 7.41 (ddd, J = 8.1,
7.0, 1.1 Hz, 1H), 7.34 (d, J = 8.4 Hz, 1H), 3.54 (ddq, J = 9.9, 7.0, 6.2 Hz, 1H), 3.20 (dd, J = 12.8, 6.2
Hz, 1H), 2.71 (dd, J = 12.8, 9.9 Hz, 1H), 1.33 (d, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25°C)
δ 149.33, 135.72, 132.95, 132.09, 130.82, 127.98, 127.71, 126.69, 126.12, 125.90, 125.13, 36.41,
34.00, 14.72; HRMS calcd for C14H14N2S: 242.0878; found: 242.0881.

Mixture of trans- and cis-dispiro[2,3-dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1,2’-
thiirane-3’,9”-(2”-methoxy-9”H-thioxanthene)] (trans- and cis-7) Under a nitrogen atmosphere, a
solution of 2,3-dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1-one hydrazone (4, 222 mg, 0.92
mmol) in dry CH2Cl2 (10 mL) was cooled to 0°C, whereupon MgSO4 (approximately 300 mg), Ag2O
(400 mg, 1.73 mmol), and a saturated solution of KOH in methanol (0.5 mL) were added
subsequently. The mixture was stirred for 5 min at 0°C and the color of the mixture turned red. After
stirring for 30 min at 0°C, the deep red suspension was filtered into another ice-cooled bulb and the
remaining residue was washed with cold CH2Cl2. The deep red solution was treated with a solution of
2-methoxy-9H-thioxanthene-9-thione10 (6, 238 mg, 0.92 mmol) in CH2Cl2. Nitrogen evolution was
observed and the red color of the solution slowly disappeared. The reaction mixture was stirred
overnight and the reaction temperature was allowed to raise to room temperature. The solvents were
removed under reduced pressure to give a yellow residue. The unreacted thioketone was removed by
column chromatography (silica gel, n-hexane/toluene 10/1). The crude mixture was further purified
by column chromatography (silica gel, n-hexane/EtOAc 50/1) to obtain trans- and cis-episulfide 7
(259 mg, 0.55 mmol, 60%), however, the separation between trans-7 and cis-7 could not be
accomplished. Therefore the mixture of trans-7 and cis-7 was subjected to the next reaction.

Mixture of trans- and cis-2-methoxy-9-(2',3'-dihydro-2'-methylaxial-1'H-naphtho[2,1-
b]thiopyran-1'-ylidene)-9H-thioxanthene (trans- and cis-8) Under a nitrogen atmosphere, a mixture
of trans- and cis-episulfide (trans-7 and cis-7) (259 mg, 0.55 mmol) and 10 eq. of Cu-bronze were
refluxed overnight in p-xylene. The reaction mixture was allowed to cool to room temperature and the
brown copper residue was removed by silica gel filtration and washed with CH2Cl2. The solvents were
removed under reduced pressure to give a mixture of trans- and cis-olefin (trans-8 and cis-8). These
isomers were separated by HPLC on silica gel (n-hexane/EtOAc 50/1) to give trans-8 (115 mg, 0.26
mmol, 47%) and cis-8 (107 mg, 0.24 mmol, 44%). Trans-8: 1H NMR (300 MHz, CDCl3, 25°C) δ 7.57
(d, J = 8.4 Hz, 1H), 7.55 – 7.48 (m, 3H), 7.35 (d, J = 8.4 Hz, 1H), 7.25 (d, J = 6.6 Hz, 1H), 7.15 (d, J
= 2.6 Hz, 1H), 7.09 (ddd, J = 8.1, 6.6, 1.4 Hz, 1H), 6.97 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 6.84 (dd, J =
8.8, 2.6 Hz, 1H), 6.73 – 6.67 (m, 1H), 6.41 – 6.34 (m, 2H), 4.17 (ddq, J = 7.3, 7.0, 2.9 Hz, 1H), 3.86
(s, 3H), 3.69 (dd, J = 11.4, 7.3 Hz, 1H), 3.08 (dd, J = 11.4, 2.9 Hz, 1H), 0.78 (d, J = 7.0 Hz, 1H); 13C
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NMR (75 MHz, CDCl3, 25°C) δ 158.35, 138.26, 137.58, 136.51, 134.89, 134.85, 132.66, 131.37,
131.27, 130.72, 128.94, 128.57, 127.48, 127.45, 127.30, 126.40, 125.99, 125.77, 125.43, 125.20,
124.39, 124.33, 113.84, 112.24, 55.56, 37.09, 32.27, 19.17; HRMS calcd for C28H22OS2: 438.1112;
found: 438.1095; cis-8: 1H NMR (300 MHz, CDCl3, 25°C) δ 7.62 – 7.52 (m, 5H), 7.37 (d, J = 8.8 Hz,
1H), 7.33, (dt, J = 7.7, 1.5 Hz, 1H), 7.25 (dt, J = 7.7, 1.5 Hz, 1H), 7.12 (d, J = 8.8 Hz, 1H), 7.11 (br t,
J = 7.0 Hz, 1H), 7.00 (br t, J = 7.0 Hz, 1H), 6.30 (dd, J = 8.4, 2.6 Hz, 1H), 5.92 (d, J = 2.6 Hz, 1H),
4.11 (ddq, J = 7.3, 7.0, 3.3 Hz, 1H), 3.69 (dd, J = 11.5, 7.3 Hz, 1H), 3.06 (dd, J = 11.5, 3.3 Hz, 1H),
3.01 (s, 3H), 0.79 (d, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25°C) δ 157.60, 139.39, 136.66,
136.46, 135.87, 134.89, 132.60, 131.51, 131.41, 130.90, 127.68, 127.53, 127.45, 127.38, 127.16,
126.67, 125.98, 125.93, 125.43, 125.36, 124.49, 124.33, 114.39, 112.91, 54.81, 37.17, 32.27, 19.24;
HRMS calcd for C28H22OS2: 438.1112; found: 438.1099. Enantioresolution of trans-8 was
accomplished by preparative chiral HPLC (Chiralpak OD (Ø = 10 mm, l = 250 mm) from Daicel Co.
Ltd., heptane/i-propanol 99/1). The second-eluted enantiomer was crystallized from n-hexane to give
colorless prisms (mp 214.9°C) suitable for X-ray crystallographic analysis. Enantioresolution of cis-8
was achieved by preparative chiral HPLC (Chiralpak OD, (Ø = 10 mm, l = 250 mm) from Daicel Co.
Ltd., heptane/i-propanol 99/1).

UV (cis-8): (n-hexane λ (ε)): 213 nm (50500), 248 nm (29100), 266 nm (28200), 321 nm (7400)

UV (trans-8): (n-hexane λ (ε)): 222 nm (51300), 259 nm (35100), 325 nm (8300)

CD ((2’S)-(P)-cis-8): (n-hexane λ (∆ε)): 223 nm (–92.4), 252 nm (–76.1), 276 nm (+120.6), 325 nm
(+2.7), 357 nm (–14.7)

CD ((2’R)-(M)-trans-8): (n-hexane λ (∆ε)): 224 nm (+98.1), 253 nm (+40.8), 277 nm (–155.4), 319
nm (+15.4), 350 (+19.1)

X-ray Crystallography of (2’R)-(M)-trans-8 Enantioresolution of (±)-trans-8 was performed by
preparative chiral HPLC (Chiralpak OD (Ø = 10 mm, l = 250 mm) from Daicel Co. Ltd., heptane/i-
propanol 99/1). The second-eluted enantiomer of trans-8 was recrystallized from n-hexane to give
colorless prisms suitable for X-ray crystallographic analysis. A single crystal (dimensions of 0.25 ×
0.33 × 0.38 mm) was selected for data collection and mounted on an Enraf-Nonius CAD-4F1

diffractometer, interfaced to a Debian-Linux computer (Mo tube, 50 kV, 40 mA, monochromated Mo-
Kα radiation (0.71073 Å), ∆ω = 0.85 + 0.34 tg θ). Unit cell parameters and orientation matrix were
determined from a least-squares treatment of the SET4 setting angles of 22 reflections in the range
16.57° < θ < 20.28°. The crystal data of (2’R)-(M)-trans-olefin 8: C28H22OS2, Mr = 438.61;
orthorhombic; space group P212121; a = 10.201(1), b = 12.274(1), c = 17.431(1) Å; V = 2182.5(3) Å3;
Z = 4; Dx = 1.335 g cm–3. The intensities of three standard reflections, monitored every three hours of
X-ray exposure time, showed no greater fluctuations during data collection than those expected from
Poisson statistics. The structure was solved by Patterson methods and extension of the model was
accomplished by direct methods applied to difference structure factors using the program DIRDIF.
The positional and anisotropic displacement parameters for the non-hydrogen atoms were refined. A
subsequent difference Fourier synthesis resulted in the location of all hydrogen atoms, which
coordinates and isotropic displacement parameters were refined. Final refinement on F2 carried out by
full-matrix least-squares techniques converged at wR(F2) = 0.0992 for 4735 reflections and R(F) =
0.0381 for 4150 reflections with F0 ≥ 4.0 σ(F0) and 367 parameters. The final difference Fourier map
was essential featureless: no significant peaks (0.22(4) e/Å3) having chemical meaning above the
general background were observed. The absolute configuration of this enantiomer was determined to
be (2’R)-(M) by Flack’s12 x-refinement (x = –0.07(7)).
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Photochemical and Thermal Behavior of Trans-8, Cis-9, Cis-8, and Trans-9 Analyzed Using 1H
NMR Spectroscopy (section 5.4).

General Procedure of Irradiation Experiments. Irradiation experiments were carried out with a 200
Watt high pressure mercury lamp (Oriel) using a 365 nm filter (band width = 10 nm, Ø = 5 cm,
Andover Cooperation optical Filters) and a fiber optic. The samples were irradiated in a 1 cm quartz
cuvet and distance to the light source (fiber optic) was approximately 5 cm. After irradiation the
samples were directly analyzed by NMR or CD measurements.

Cis-2-methoxy-9-(2',3'-dihydro-2'-methylequatorial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-9H-
thioxanthene (cis-9) Trans-8 (25 mg, 5.70 × 10–2 mmol) was dissolved in 3 mL of n-hexane/CH2Cl2

10/1. This solution was irradiated for 12 h at 10°C. After evaporation of solvents under reduced
pressure, less-stable cis-9 was obtained. 1H NMR showed a 14/86 ratio of starting material (trans-
8)/product (cis-9). Less-stable cis-9: 1H NMR (300 MHz, CDCl3, 25°C) δ 7.63 – 7.58 (m, 4H), 7.45
(br d, J = 8.4 Hz, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.32 – 7.26 (m, 2H), 7.19 (d, J = 8.4 Hz, 1H), 7.16 (br
t, J = 7.7 Hz, 1H), 7.02 (br t, J = 7.7 Hz, 1H), 6.31 (dd, J = 8.4, 2.6 Hz, 1H), 5.94 (d, J = 2.6 Hz, 1H),
3.51 (dd, J = 10.1, 7.3 Hz, 1H), 3.33 (dd, J = 12.4, 10.1 Hz, 1H), 2.99 (s, 3H), 2.76 (ddq, J = 12.4, 7.3,
7.0 Hz, 1H), 1.10 (d, J = 7.0 Hz, 1H).

The mixture of trans-8/cis-9 14/86 was dissolved in n-hexane and heated at 60°C for 24 h. The
solvent was removed under reduced pressure and 1H NMR revealed a quantitative conversion to stable
isomer cis-8.

Trans-2-methoxy-9-(2',3'-dihydro-2'-methylequatorial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-9H-
thioxanthene (trans-9) Cis-8 (25 mg, 5.70 × 10–2 mmol) was dissolved in 3 mL of n-hexane/CH2Cl2

10/1. This solution was irradiated for 12 h at 10°C. After evaporation of solvents under reduced
pressure, less-stable trans-9 was obtained. 1H NMR showed an 11/89 ratio of starting material (cis-
8)/product (trans-9). Less-stable trans-9: 1H NMR (300 MHz, CDCl3, 25°C) δ 7.60 (d, J = 8.7 Hz),
7.57 (d, J = 8.2 Hz, 1H), 7.50 (d, J = 8.7 Hz, 1H), 7.44 (d, J = 8.7 Hz, 1H), 7.41 (d, J = 8.7 Hz, 1H),
7.31 (d, J = 7.7 Hz, 1H), 7.19 (d, J = 2.6 Hz, 1H), 7.13 (br t, J = 7.7 Hz, 1H), 6.99 (br t, J = 7.7 Hz,
1H), 6.85 (dd, J = 8.7, 2.6 Hz, 1H), 6.71 (ddd, J = 7.7, 6.9, 1.1 Hz, 1H), 6.42 – 6.36 (m, 2H), 3.85 (s,
3H), 3.52 (dd, J = 9.9, 7.3 Hz, 1H), 3.32 (dd, J = 12.1, 9.9 Hz, 1H), 2.74 (ddq, J = 12.1, 7.3, 7.0 Hz,
1H), 1.17 (d, J = 7.0 Hz, 3H).

X-ray Crystallography of Racemic (2’R*)-(P*)-trans-9 After irradiation of solution of racemic cis-
8 in n-hexane, the solution was evaporated under reduced pressure to concentrate to half its original
volume. The concentrated solution was cooled to 5°C in a refrigerator to yield colorless block-shaped
crystals of less-stable trans-9 suitable for X-ray diffraction. A single crystal (dimensions of 0.50 ×
0.50 × 0.40 mm) was selected for data collection and mounted on an Enraf-Nonius CAD-4F1

diffractometer, interfaced to a Debian-Linux computer (Mo tube, 50 kV, 40 mA, monochromated Mo-
Kα radiation (0.71073 Å), ∆ω = 1.15 + 0.34 tg θ). Unit cell parameters and orientation matrix were
determined from a least-squares treatment of the SET4 setting angles of 22 reflections in the range
17.90° < θ < 20.10°. The crystal data of (2’R*)-(P*)-trans-olefin 9: C28H22OS2, Mr = 438.61;
monoclinic; space group P21/c; a = 14.570(1), b = 7.376(1), c = 20.858(1) Å; β = 100.904(5)°; V =
2201.1(4) Å3; Z = 4; Dx = 1.324 g cm–3. The intensities of three standard reflections, monitored every
three hours of X-ray exposure time, showed no greater fluctuations during data collection than those
expected from Poisson statistics. The structure was solved by Patterson methods and extension of the
model was accomplished by direct methods applied to difference structure factors using the program
DIRDIF. The positional and anisotropic displacement parameters for the non-hydrogen atoms were
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refined. A subsequent difference Fourier synthesis resulted in the location of all hydrogen atoms,
which coordinates and isotropic displacement parameters were refined. Final refinement on F2 carried
out by full-matrix least-squares techniques converged at wR(F2) = 0.1311 for 4783 reflections and
R(F) = 0.0440 for 3946 reflections with F0 ≥ 4.0 σ(F0) and 368 parameters. The final difference
Fourier map was essential featureless: no significant peaks (0.32(6) e/Å 3) having chemical meaning
above the general background were observed.

A mixture of cis-8/trans-9 11/89 was dissolved in n-hexane and heated at 60°C for 24 h. The solvent
was removed under reduced pressure and 1H NMR revealed a quantitative conversion to stable isomer
trans-8.

Photochemical and Thermal Behavior of (2’R)-(M)-trans-8, (2’R)-(P)-cis-9, (2’R)-(M)-cis-8, and
(2’R)-(P)-trans-9 Analyzed Using CD Spectroscopy (section 5.6).

A solution of (2’R)-(M)-trans-8 in n-hexane (concentration: 3.0 × 10–5 M) was irradiated for 1 h at
10°C. The CD spectrum of the photostationary state confirmed formation of less-stable isomer (2’R)-
(P)-cis-9 and the accompanied (M)- to (P)-helix inversion. Subsequently, the sample was heated to
60°C for 24 h. A CD spectrum revealed a quantitative conversion to stable-isomer (2’R)-(M)-cis-8 and
the accompanied (P)- to (M)-helix inversion.

A solution of (2’R)-(M)-cis-8 in n-hexane (concentration: 3.0 × 10–5 M) was irradiated for 1 h at 10°C.
The CD spectrum of the photostationary state confirmed formation of less-stable isomer (2’R)-(P)-
trans-9 and the accompanied (M)- to (P)-helix inversion. Subsequently, the sample was heated to
60°C for 24 h. A CD spectrum revealed a quantitative conversion to stable-isomer (2’R)-(M)-trans-8
and the accompanied (P)- to (M)-helix inversion.
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Chapter 6

Light-driven Molecular Motors1

Part II: Tuning the Speed of Rotation

6.1 Introduction

A new type of molecular motor (second generation), featuring a structure with distinct upper and
lower parts, (scheme 6.1) was developed and shown to perform unidirectional rotation (chapter 5).2

Two photochemical trans-cis isomerizations, each followed by a thermal conversion, effected a four-
step cycle, completing a full 360° rotation process. This sequence was executed in succession
confirming the repetitive nature of the unidirectional rotation performed by the second generation
molecular motors. The direction of rotation was governed by a single stereogenic center created by a
methyl substituent at the upper part of the molecule.

S

S

Meax

MeO

X

Y

Meax

R1 R2

general structure of second generation of
light-driven molecular motors

first example of a second generation
light-driven molecular motor

(chapter 5)

Scheme 6.1 Second generation of light-driven molecular motors.

One of the envisioned key features of the second generation of molecular motors is the ability to tune
the speed of the thermal conversion by varying atoms X and Y (see processes 2 ➙ 3 and 4 ➙ 1 in
scheme 6.2). The thermal conversions performed by the first ‘second generation’ motor (scheme 6.1)
proceeded quantitatively due to a significant energy difference between the preferred axial and
unfavorable equatorial orientation of the methyl substituent. Despite being an energetically downhill
process, thermal energy is required to pass the activation barrier (Gibbs energy of activation (∆G‡)) of
the process (figure 6.1). It is well documented that a strong correlation between the nature of atoms X
and Y and the Gibbs energy of activation (∆G‡) of the thermal conversions is present in these systems
(section 1.2.6).4b,8 During the thermal conversion the upper and lower part of the motor move along
each other and the more the upper part and lower part are being pushed toward each other by
increasing distances d (see structure B, scheme 6.2) the more steric hindrance is present in the fjord
region of the motor, resulting in higher Gibbs energies of activation (∆G‡) (scheme 6.2). Therefore,
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the larger the atoms X and Y, and the longer the bond lengths towards the surrounding carbon atoms,
the slower the thermal conversion will take place.
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Scheme 6.2 Photochemical and thermal conversion steps of the second generation molecular motor.

1, Meax

2, Meeq

3, Meax

∆G‡photochemical step thermal step

1, *Meax

Figure 6.1 Energy profile of one photochemical (1 ➙ 2) step, proceeding via excited state ‘1, Meax’,
and one thermal step (2 ➙ 3).

In this chapter, seven new molecular motors are presented with a variation of atoms (C, O, and S) at
the X and Y positions in an attempt to tune the speed of the thermal conversion steps in the rotary
cycle. One should realize that all new motors have symmetric lower parts (R1 = R2) (scheme 6.2). This
feature implies that, in contrast with the first ‘second generation’ motor (chapter 5), which has a non-
symmetrically substituted lower part (R1 = MeO and R2 = H, scheme 6.1), one photochemical and one
thermal step results in the starting structure (structure 1 = structure 3, scheme 6.2). This is an ideal
system for accurate studies of the kinetics of the thermal conversions by 1H NMR, CD, and HPLC. In
case of a symmetrically substituted lower part the photochemical step (1 ➙ 2) yields a mixture of 1
and 2 at the photostationary state. During the subsequent thermal step, 2 is quantitatively converted
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into 3, whereas 1 does not react. Since 1 and 3 are identical structures (just as 2 and 4) only two
different structures are present in the ‘reaction mixture’ which allows a reliable determination of
ratios of 2 versus 3 (=1) during the thermal conversion which is necessary for detailed kinetic studies.
Moreover, kinetic studies of the thermal step can be started with any ratio of 1 versus 2 which makes
separation of 1 and 2 unnecessary after the photochemical conversion. The vital criterium to be met
when the rate of the thermal step is determined is that the thermal conversion of 2 into 3 is the only
process that is taking place. Any other process such as thermal cis/trans isomerization and/or a
photochemical conversion prevents an accurate and reliable energy determination (scheme 6.2).
Unwanted side processes were not observed during the thermal (and photochemical) conversions of
the first ‘second generation’ molecular motor. This was shown and proven in chapter 5.

Detailed kinetic studies of the thermal steps of motors with non-symmetrically substituted lower parts
are much more complicated. When R1 and R2 are different, structures 1 and 3 are no longer identical.
The photochemical conversion of molecule 1 into 2 leads to a mixture of 1 and 2 (see chapter 5) and
during the subsequent thermal step a mixture of structures 1, 2, and 3 will form. This aspect makes a
determination of ratios of 2 and 3 during conversion, necessary for detailed kinetic studies, unreliable
since proper distinction between structures 1, 2, and 3 is very difficult. For example, relevant 1H NMR
absorptions of 1, 2, and 3 overlap (chapter 5).

Another major advantage of motors with a symmetrically substituted lower part is that during the last
step of synthesis no cis/trans isomers can be formed which saves a time consuming separation.

The synthesis and properties of seven new molecular motors are described in the present chapter. The
thermal conversions of the new molecular motors were thoroughly investigated and detailed
information about their thermodynamic properties such as Gibbs energy of activation (∆G‡), enthalpy
of activation (∆H‡), entropy of activation (∆S‡), activation energy (Ea), pre-exponential factor (A) is
given in sections 6.5 – 6.7. Furthermore, the Gibbs energy of activation at room temperature (20°C,
∆‡Gθ), rate constant at room temperature (20°C, kθ), and half-life time at room temperature (20°C,
t1/2

θ) were calculated to compare the speed of rotation of the seven different motors (section 6.7). The
properties of the new motors at room temperature are of eminent importance in view of possible
future applications.

6.2 Synthesis

The new molecular motors are constructed of a chiral 2,3-dihydro-2-methylnaphtho[2,1-b]thiopyran
(3) or 2,3-dihydro-3-methylphenanthrene (2) upper part and five different lower parts. The synthesis
of upper part 3 is described in chapter 5. The other upper part 2 was obtained in a yield of 94% by
refluxing ketone 1 (which is a precursor of the first light-driven molecular motor)3 in ethanol with a
large excess of hydrazine monohydrate (scheme 6.3). Note that the two upper parts, 2 and 3, adopt
different numbering schemes according to IUPAC nomenclature. As lower parts five different



Chapter 6

114

thioketones 9 – 134 were prepared by refluxing ketones 4 – 85 in toluene with an excess of
phosphorous pentasulfide (scheme 6.4).

Me
O N

H2N

Me

1 2

H2NNH2·H2O

ethanol

94%

S

N
H2N

Me

3

1
2
3

4 1

2
3

4

reflux, 72 h

Scheme 6.3 Synthesis of upper part 2 and structure of the other employed upper part 3 (see chapter 5
for its synthesis).
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Scheme 6.4 Synthesis of thioketones 9 – 13, employed as lower parts of the new molecular motors.
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18: Y = S, R = H
19: Y = S, R = OMe
20: Y = O, R = H
21: Y = C(CH3)2, R = H

S

N
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N
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KOH, MeOH
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CH2Cl2

CH2Cl2
RT, 12 h

reflux, 12 h

Scheme 6.5 Synthetic route toward new molecular motors 18 – 21 with a naphthothiopyran upper part
(see table 6.1 for specific yields).
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The diazo-thioketone coupling reaction6 proved to be a successful method to connect upper and lower
part en route to motors 18 – 21 and 25 – 27 (schemes 6.5 and 6.6, table 6.1). To synthesize motors 18
– 21, hydrazone 3 was oxidized to the unstable, deep red, diazo compound 3a with silver(I) oxide (2
equiv.) in dichloromethane at –5 to 0°C (scheme 6.5). Subsequent addition of one of the thioketones
9, 10, 11, and 12 gave episulfides 14 – 17 in yields of 30 to 73% (table 6.1). Episulfides 14 – 17 were
desulfurized by refluxing in p-xylene in the presence of Cu-bronze to give alkenes 18 – 21 in yields of
85 to 99% (table 6.1).

The oxidation of hydrazone 2 was relatively slow by silver(I) oxide and four equivalents of silver(I)
oxide were required (scheme 6.6). The obtained diazo compound 2a was reacted with one of the
thioketones 9, 12, and 13 to give episulfides 22 – 24 in yields of 10 to 23% (table 6.1). Episulfides 22
and 23 were desulfurized by the action of Cu-bronze in refluxing p-xylene to obtain alkenes 25 and 26
in yields of 63 and 83% respectively (table 6.1).

N
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Me Y

S
R R

  9: Y = S, R = H
12: Y = C(CH3)2, R = H
13: Y = CHCH, R = H
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R R
S
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22: Y = S, R = H
23: Y = C(CH3)2, R = H
24: Y = CHCH, R = H

Y

R R

Meax

25: Y = S, R = H
26: Y = C(CH3)2, R = H
27: Y = CHCH, R = H

N
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N

Ag2O, MgSO4

KOH, MeOH

2a10 - 23%

54 - 83%
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2
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PPh3
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3' 4'

0°C, 30 min
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CH2Cl2
RT, 12 h

reflux, 12 h

reflux, 44 h

Scheme 6.6 Synthetic route toward new molecular motors 25 – 27 with a tetrahydro-phenanthrene
upper part (see table 6.1 for yields).

The desulfurization reaction of episulfide 24 proceeded with triphenylphosphine in refluxing toluene
to give alkene 27 in a 54% yield (scheme 6.6). Compared to structures 25 and 26, structure 27 has
more steric repulsion in the fjord region since it contains a sterically demanding dibenzocycloheptene
lower part. This is the most plausible reason for the fact that construction of 27 required the more
robust reagent triphenylphosphine.

New alkenes 18 – 21 and 25 – 27 were characterized by 1H and 13C NMR spectroscopy and exact
mass measurements. To determine the configuration of the methyl substituent at the 2’-position of 18
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– 21 and 3’-position of 25 – 27 the 1H NMR spectra were studied in detail (see schemes 6.5 and 6.6
for 2’- and 3’-positons).

Table 6.1 Yields of the diazo-thioketone coupling reaction product e.g. episulfides 14 – 17 and 22 –
24; yields of alkenes 18 – 21 and 25 – 27; coupling constants of protons H(2’)eq (18 – 21) or H(3’)eq

(25 – 27).

X Y R episulfide yield
(%)

alkene yield
(%)

coupling
constants (J (Hz))

S S H 14 60 18 95 H(2’)eq: 7.3, 2.9
S S OMe 15 73 19 99 H(2’)eq: 7.7, 3.3
S O H 16 62 20 97 H(2’)eq: 7.0, 2.6
S C(CH3)2 H 17 30 21 85 H(2’)eq: 8.8, 3.3

CH2 S H 22 23 25 83 H(3’)eq: 8.4, 4.0
CH2 C(CH3)2 H 23 22 26 63 H(3’)eq: 9.3, 2.8
CH2 CHCH H 24 10 27 54 H(3’)eq: 9.0, 5.5

Spectra recorded in CDCl3

As shown in table 6.1, the coupling constants of protons H(2’) and H(3’) of olefins 18 – 21 and 25
were in the range of 7.0 – 8.8 Hz and 2.6 – 4.0 Hz, which proved that the methyl substituents of 18 –
21 and 25 have a pseudoaxial orientation, as was the case in the first ‘second generation’ motor
(chapter 5). However, the coupling constants of H(2’) and H(3’) of olefins 26 and 27 were 9.3, 2.8 Hz
(26) and 9.0, 5.5 Hz (27), respectively, which made it impossible to assign the orientation of the
methyl groups of 26 and 27. However, the conformation of the methyl groups of 26 and 27 was
unequivocally established by X-ray analyses to be pseudoaxial.

6.3 X-ray Analysis of Overcrowded Alkenes 26 and 27
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10'
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Figure 6.2 PLUTO drawing of (2’S*)-(M*)-26.

Recrystallization from n-hexane yielded a single crystal of racemic 26, which was subjected to X-ray
analysis. The crystal was found to be triclinic: space group P1. A single crystal of racemic 27 was
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obtained by recrystallization from diethyl ether and found to be monoclinic: space group P21/c. As
shown in figures 6.2 and 6.3, the crystal and molecular structures demonstrated that 1) the methyl
substituents at the 3’-position clearly adopt a pseudoaxial orientation in both cases, 2) each
cyclohexene ring of the upper part has a boat-like conformation to minimize steric hindrance between
upper and lower part, 3) both lower parts of 26 and 27 adopt folded structures7 similar to the first
‘second generation’ molecular motor (chapter 5). The X-ray analyses were performed with racemic
material. Therefore the letters denoting the absolute configuration are marked with a *. The X-ray
analyses demonstrated that an (S)-configuration at the 3’-position at the upper part goes together with
(M)-helicity of the entire molecule. Likewise, an (R)-configuration at the 3’-position at the upper part
goes together with (P)-helicity of the entire molecule.

The geometry of racemic 26 in the solid state is characterized as follows: central double bond, C(4’)-
C(9) = 1.3436 Å; bond angles around central double bond, C(8a)-C(9)-C(9a) = 111.28°, C(8a)-C(9)-
C(4’) = 124.24°, C(9a)-C(9)-C(4’) = 124.46° (total angle around C(9) is 359.98°), C(4’a)-C(4’)-C(3’)
= 109.58°, C(4’a)-C(4’)-C(9) = 125.80°, C(3’)-C(4’)-C(9) = 124.29° (total angle around C(4’) is
359.67°); the dihedral angle between the naphthalene plane of the upper part and the central double
bond, C(4’b)-C(4’a)-C(4’)-C(9) = –65.37°; dihedral angles between thioxanthene plane of the lower
part and the central double bond, C(1)-C(9a)-C(9)-C(4’) = 46.62°, C(8)-C(8a)-C(9)-C(4’) = –43.28°;
dihedral angles of the central double bond, C(8a)-C(9)-C(4’)-C(4’a) = 12.48°, C(9a)-C(9)-C(4’)-C(3’)
= 3.47° (average value is 7.97°), C(8a)-C(9)-C(4’)-C(3’) = –174.76°, C(9a)-C(9)-C(1’)-C(10’b) = –
169.30° (average value is –172.03°). Compared with the first version of the second generation
molecular motor (chapter 5), which has sulfur atoms at upper and lower part, the central double bond
of motor 26 is slightly more twisted due to the steric hindrance between upper and lower part of the
molecule.
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Figure 6.3 PLUTO drawing of (2’S*)-(M*)-27.

The geometrical characteristics of racemic 27 in the solid state are summarized as follows: central
double bond, C(4’)-C(5) = 1.3485 Å; bond angles around central double bond, C(5a)-C(5)-C(6) =
114.25°, C(5a)-C(5)-C(4’) = 121.96°, C(4a)-C(5)-C(4’) = 123.62° (total angle around C(5) is
359.83°), C(4’a)-C(4’)-C(3’) = 112.06°, C(4’a)-C(4’)-C(5) = 123.19°, C(3’)-C(4’)-C(5) = 124.36°
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(total angle around C(4’) is 359.61°); the dihedral angle between naphthalene plane of the upper part
and the central double bond, C(4’b)-C(4’a)-C(4’)-C(5) = –62.39°; dihedral angles between
thioxanthene plane of the lower part and the central double bond, C(4)-C(4a)-C(5)-C(4’) = 60.09°,
C(6)-C(5a)-C(5)-C(4’) = –57.20°; dihedral angles of the central double bond, C(5a)-C(5)-C(4’)-
C(4’a) = –0.67°, C(4a)-C(5)-C(4’)-C(3’) = –3.29° (average value is –1.98°), C(5a)-C(5)-C(4’)-C(3’) =
171.69°, C(4a)-C(5)-C(4’)-C(4’a) = –175.65° (average value is –1.98°).

6.4 Photochemistry of the New Motors

To be able to study the speed of the thermal step, the new motors 18 – 21 and 25 – 27 were first
converted into the corresponding less-stable isomers 18a – 21a and 25a – 27a by photoisomerization
(scheme 6.7).

X

Y

Meax

R R
hν

X

Y

R R

Meeq

stable isomers less-stable isomers
18a - 21a and 25a - 27a18 - 21 and 25 - 27

18: X = S, Y = S, R = H
19: X = S, Y = S, R = OMe
20: X = S, Y = O, R = H
21: X = S, Y = C(CH3)2, R = H
25: X = CH2, Y = S, R = H
26: X = CH2, Y = C(CH3)2, R = H
27: X = CH2, Y = CHCH, R = H

Scheme 6.7 Photoisomerization of stable isomers 18 – 21 and 25 – 27 into the less-stable isomers 18a
– 21a and 25a – 27a.

Table 6.2 Photostationary states (PSS) and specific conditions of the irradiation experiments (toluene-
d8 was used as solvent).

entry motor filtera concentration
(M)

time
(h)

temp.
(°C)

product ratio ax/eq
of PSS

1 18 pyrex 7.35 × 10–2 3 20 18a 8/92
2 19 pyrex 7.12 × 10–2 3 20 19a 13/87
3 20b 365 nm 5.10 × 10–2 24 20 20a 23/77
4 21 pyrex 5.97 × 10–2 2 20 21a 8/92
5 25 pyrex 3.41 × 10–2 17 –25 25a 1/99
6 26 pyrex 3.27 × 10–2 17 –25 26a 1/99
7 27 pyrex 3.61 × 10–2 168 20 27a 25/75

  aSee experimental section for details. bSolvent was benzene-d6.

Irradiation of 18 – 21 and 25 – 27, using a high-pressure mercury lamp, resulted in formation of the
corresponding less-stable isomers 18a – 21a and 25a – 27a. Irradiations were performed with a pyrex
filter or 365 nm filter and were carried out in NMR tubes with toluene-d8 or benzene-d6 as solvent
(more details in experimental section). Motors 18 – 21 (entries 1 – 4, table 6.2), with a
naphthothiopyrane upper part, were converted into the isomers 18a – 21a, respectively, within 2 – 3 h
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in ratios varying from 23/77 to 8/92. Irradiation during 24 h was required for motor 20 because light
of lower intensity, due to the use of a 365 nm filter, was applied.

Formation of less-stable isomers 18a – 21a and 25a – 27a was confirmed by 1H NMR spectroscopy.
Coupling constants of protons H(2’), or H(3’), clearly indicated their axial orientation and thus the
equatorial orientation of the adjacent methyl substituent (table 6.3).

Table 6.3 Chemical shifts (δ) of the methyl substituent of stable motors 18 – 21 and 25 – 27 and of
less-stable isomers 18a – 21a and 25a – 27a. Chemical shifts of H(2’), or H(3’), of stable isomers 18
– 21 and 25 – 27 (see table 6.1 for their coupling constants). Chemical shifts (δ) and coupling
constants of H(2’), or H(3’) of less-stable isomers 18a – 21a and 25a – 27a. Spectra were recorded in
toluene-d8.

entry motor
(stable)

δ Meax

(ppm)
δ Heq (ppm) product

(less-
stable)

  δ Meeq

  (ppm)
δ Hax (ppm) and

coupling
constants (J (Hz))

1 18 0.53 H(2’)eq: 3.98 18a  0.84 H(2’)ax: 2.28, J = 12.1, 7.7
2 19 0.58 H(2’)eq: 4.12 19a  0.98 H(2’)ax: 2.33, J = 10.6, 9.2
3 20a 0.53 H(2’)eq: 4.08 20aa  1.02 H(2’)ax: 2.39, J = 11.0, 7.0
4 21 0.63 H(2’)eq: 4.31 21a  1.02 H(2’)ax: 2.40, J = 11.7, 8.4
5 25 0.55 H(3’)eq: 3.91 25a  0.96 H(3’)ax: 2.28, J = 10.6, 9.2
6 26 0.62 H(3’)eq: 4.16 26a  1.14 H(3’)ax: 2.40, J = 10.4, 9.7
7 27 0.57 H(3’)eq: 3.54 27a  0.86      H(3’)ax: 2.76, J = 9.2, 6.6

aSolvent was benzene-d6.

Stunningly high and near perfect selectivities of 1/99 in photostationary states (PSS) were established
for motors 25 and 26, which have a 2,3-dihydro-3-methylphenanthrene upper part (entries 5 and 6,
table 6.2). In these cases, irradiation, for 17 h, was performed at –25°C since low Gibbs energies of
activation (∆G‡) of the thermal conversions were expected which, at room temperature, would
seriously lower the selectivities at the photostationary states (PSS). Finally, motor 27 demanded a
long irradiation time of 168 h after which a reasonable equilibrium of 25/75 was ascertained (entry 7,
table 6.2). Specific conditions of the irradiation experiments are given in table 6.2. Ratios at
photostationary states (PSS) were conveniently determined by 1H NMR from the integrated
absorptions of the axial oriented and the equatorial oriented methyl substituent (table 6.3).

6.5 Kinetic Studies of the Thermal Conversions using 1H NMR
Spectroscopy

With less-stable motors 18a – 21a and 25a – 27a available, detailed kinetic studies of the first-order
thermal conversion into the corresponding stable isomers 18 – 21 and 25 – 27 were performed. During
this process upper and lower parts of the motor move along one another and the methyl substituent is
transferred from the less-stable equatorial into the more stable axial orientation (scheme 6.8 and figure
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6.1). The conversion of motors 18a – 21a and 27a was monitored by 1H NMR. We decided to follow
the thermal conversion of motors 25a and 26a by circular dichroism (CD) (see section 6.6) since
thermal conversion into stable isomers 25 and 26 takes place at a significant rate at room temperature.
From this point of view using 1H NMR is laborious and impractical.

18: X = S, Y = S, R = H
19: X = S, Y = S, R = OMe
20: X = S, Y = O, R = H
21: X = S, Y = C(CH3)2, R = H
27: X = CH2, Y = CHCH, R = H

X

Y

R R

Meeq

stable isomersless-stable isomers
18a - 21a and 27a 18 - 21 and 27

X

Y

R

Meax∆
R

Scheme 6.8 Thermal conversion of less-stable motors 18a – 21a and 27a into their respective stable
isomers 18 – 21 and 27.

The thermal conversions of motors 18a – 21a and 27a were conveniently carried out in NMR tubes,
which were heated in a thermostatic water bath. Toluene-d8 or benzene-d6 were applied as solvents.
At four or five different constant temperatures between 35 – 65°C the thermal conversion was
assessed by nine or ten 1H NMR spectra recorded at regular time intervals. The conversion of the less-
stable isomer into the stable isomer was determined quantitatively from the peak areas of the methyl
substituents. A typical example of the thermal conversion of a motor (20a, scheme 6.9) at five
different temperatures is shown in figure 6.4.
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less-stable 20a stable 20
Scheme 6.9

The straight lines obtained by plotting ln[unstb] versus time confirmed the first-order character of the
thermal conversion of the motors (more details about kinetics, see section 1.1.6). The reaction rate (k),
half-life time (t1/2), and Gibbs energy of activation (∆G‡) at each specific temperature were obtained
directly from the slope of the straight lines (figure 6.4b and table 6.4). In addition, a plot of ln(k/T)
versus 1/T (Eyring equation) gave the enthalpy of activation (∆H‡) and the entropy of activation
(∆S‡). From these values, the Gibbs energy of activation (20°C, ∆‡Gθ), rate constant (20°C, kθ), and
half-life time (20°C, t1/2

θ), all at room temperature, were calculated. Finally a plot of lnk versus 1/T
(Arrhenius equation) gave the activation energy (Ea) and pre-exponential factor (A). The parameters
of all five motors 18 – 21a and 27a are collected in tables 6.7 and 6.8 (section 6.7). More details of
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the kinetics of the thermal conversions of motors 18a – 21a and 27a are given in the experimental
section.

  Figure 6.4a        Figure 6.4b

Figure 6.4 Thermal conversion of less-stable motor 20a into its stable isomer 20. Figure 6.4a shows
the conversion versus time. Figure 6.4b gives the natural logarithm of the percentage of less-stable
isomer 20a (ln[unstb]) versus time.

Table 6.4 Reaction rates (k), half-life times (t1/2), and Gibbs energies of activation (∆G‡) of the
thermal conversion of less-stable motor 20a into its stable isomer 20 obtained at five different
temperatures.

T/°C T/K k
(s–1)

t1/2

(h)
∆G‡

(kcal mol–1)

35.50 308.65 5.05 (± 0.17) × 10–5 3.18 24.15 ± 0.03
40.00 313.15 9.28 (± 0.30) × 10–5 2.08 24.14 ± 0.03
45.10 318.25 1.57 (± 0.06) × 10–4 1.22 24.21 ± 0.02
50.15 323.30 2.75 (± 0.09) × 10–4 0.70 24.24 ± 0.02
54.65 327.80 4.56 (± 0.15) × 10–4 0.42 24.26 ± 0.02

6.6 Kinetic Studies of the Thermal Conversions using CD Spectroscopy

25: X = CH2, Y = S, R = H
26: X = CH2, Y = C(CH3)2, R = H
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Scheme 6.10 Thermal conversion of less-stable motors 25a and 26a into the corresponding stable
isomers 25 and 26.
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In contrast to the motors 18a – 21a and 27a, the thermal conversion of motors 25a and 26a (scheme
6.10) takes place at a considerable rate at room temperature. We therefore decided to use CD
spectroscopy for monitoring the thermal conversion of 25a and 26a, since measurements at
temperatures lower than room temperature can conveniently be carried out with a CD-apparatus. The
application of CD, however, requires optical pure material. Enantioresolution of 25 was achieved by
preparative HPLC (Chiralpak OT(+)) while enantioresolution of 26 was accomplished by analytical
HPLC (Chiralpak OD).

S

Meeq

stable 25

less-stable 25a

S

MeaxA
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Figure 6.5 Circular dichroism spectra of (A) the first-eluted stable enantiomer 25 at 10°C and (B) the
irradiated sample at –10°C (less-stable 25a).
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Figure 6.6 Circular dichroism spectra of (A) the first-eluted stable enantiomer 26 at 10°C and (B) the
irradiated sample at –10°C (less-stable 26a).
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Table 6.5 CD spectra of stable isomers 25 and 26 recorded in n-hexane at 10°C.

compound λ (nm)      ∆ε (1000 cm2 mol–1)

25 (trace A, fig. 6.5) 213 (–37.0)
277 (–37.9)

229 (+169.6)
330 (+6.2)

251 (–45.7) 261 (–48.7)

26 (trace A, fig. 6.6) 224 (+234.9) 246 (–63.3) 279 (–74.0)

CD spectra of the first-eluted enantiomers of 25 and 26 were recorded at 10°C in n-hexane (curves A
in figures 6.5 and 6.6). These compounds were irradiated with a high pressure mercury lamp with a
pyrex filter at room temperature for 5 min to obtain the less-stable isomers 25a and 26a, respectively,
which were subsequently subjected to CD measurements at –10°C. The CD spectra from the
equilibria of less-stable/stable isomers (25/25a and 26/26a) at the photostationary states are given by
curves B (figures 6.5 and 6.6). The exact ratios of less-stable/stable isomers (25/25a and 26/26a)
could not be determined since CD spectra of pure less-stable isomers 25a and 26a were not obtained.
Presumably, ratios of 25/25a and 26/26a close to 1/99 were obtained since the irradiation experiments
with motors 25 and 26, monitored with 1H NMR spectroscopy, revealed high selectivities with ratios
of 1/99 of the stable/less-stable isomers at the photostationary states (section 6.4).

When compared with irradiation experiments of motors 25 and 26 described in section 6.4 the
irradiation time to reach photostationary states was reduced from 17 h to 5 min as reported in this
chapter. First of all, the intensity of light exposed to the CD-samples, described in this chapter, was
higher than the light exposed to the NMR-samples described in section 6.4 (see experimental section
for details of experimental set up). Secondly, the CD-samples had lower concentrations than the
NMR-samples [CD: 2.64 × 10–5 M (25) and 1.88 × 10–5 M (26); NMR: 3.41 × 10–2 M (25) and 3.27 ×
10–2 M (26)]. In section 5.6 we already reported that samples with higher concentrations require
longer irradition times to reach photostationary states.

Although thermal conversion of motors 25a and 26a takes place at a significant rate at room
temperature, irradiation was performed at room temperature since the thermal experiment can start at
any initial ratio of less-stable/stable motor. Monitoring the thermal conversion started immediately
after irradiation. No absolute configuration of motors 25 and 26 was determined limiting our
knowledge to the fact that the CD spectra of figures 6.5 and 6.6 belong to one of the two possible
enantiomers of compounds 25, 25a, 26, and 26a.

The CD data urged us to monitor the thermal conversions of 25a at 229 nm and 26a at 225 nm, since
differences in ∆ε values at these wavelengths are largest between 25 and 25a (figure 6.5) and 26 and
26a (figure 6.6), respectively. The thermal conversion of less-stable motors 25a and 26a was followed
at five or six constant temperatures ranging from 5 – 30°C at regular time intervals of 10 to 30 s,
depending on the temperature of the measurement. A typical example of a thermal conversion (motor
26a) monitored by CD is shown by figures 6.7a – 6.7c.
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Figure 6.7 Thermal conversion of less-stable motor 26a to its stable isomer 26. Figure 6.7a shows
the change in ∆ε versus time. Figure 6.7b shows the thermal conversion of 26a versus time. Figure
6.7c gives the natural logarithm of the percentage of less-stable isomer 26a (ln[unstb]) versus time.

The thermodynamic energy parameters, rate constant (k), half-life time (t1/2), and Gibbs energy of
activation (∆G‡) at each specific temperature (table 6.6) were directly obtained from the slopes of the
CD curves shown in figure 6.7c. Subsequently, the enthalpy of activation (∆H‡), entropy of activation
(∆S‡), activation energy (Ea), pre-exponential factor (A), Gibbs energy of activation at room
temperature (20°C, ∆‡Gθ), rate constant at room temperature (20°C, kθ), and half-lives at room
temperature (20°C, t1/2

θ) were determined. The obtained parameters for motors 25a and 26a are
collected in tables 6.7 and 6.8 (section 6.7). Details about the kinetics of motors 25a and 26a are
given in the experimental section.
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Table 6.6 Reaction rates (k), half-life times (t1/2), and Gibbs energies of activation (∆G‡) of the
thermal conversion of less-stable motor 26a to the stable isomer 26 obtained at five different
temperatures.

T/°C T/K k
(s–1)

t1/2

(h)
∆G‡

(kcal mol–1)

10.00 283.15 2.57 (± 0.14) × 10–5 7.49 22.49 ± 0.03
15.00 288.15 4.95 (± 0.18) × 10–5 3.89 22.52 ± 0.02
20.00 293.15 9.34 (± 0.29) × 10–5 2.06 22.55 ± 0.02
25.00 298.15 1.83 (± 0.06) × 10–4 1.05 22.55 ± 0.02
30.00 303.15 3.36 (± 0.10) × 10–4 0.57 22.57 ± 0.02

6.7 Thermodynamic Parameters of the Second Generation Molecular
Motors

Table 6.7 Activation energy (Ea), enthalpy of activation (∆H‡), and entropy of activation (∆S‡) of the
thermal conversion of less-stable motors 18a – 21a and 25a – 27a into stable motors 18 – 21 and 25 –
27.

entry less-stable
motors

method stable
motors

Ea

(kcal mol–1)
∆H‡

(kcal mol–1)
∆S‡

(cal K–1 mol–1)

1 18a NMR 18 24.9 ± 0.8 24.3 ± 0.8 –3.4 ± 2.5
2 19a NMR 19 24.2 ± 0.8 23.6 ± 0.8 –5.5 ± 2.4
3 20a NMR 20 22.8 ± 0.8 22.1 ± 0.8 –6.5 ± 2.6
4 21a NMR 21 24.7 ± 1.0 24.1 ± 1.0 –4.3 ± 3.2
5 25a CD 25 21.1 ± 0.5 20.6 ± 0.5 –4.6 ± 1.8
6 26a CD 26 22.0 ± 0.7 21.4 ± 0.7 –3.9 ± 2.5
7 27a NMR 27 22.5 ± 0.9 21.9 ± 0.8 –8.9 ± 2.7

The parameters of motors 18 – 27 are given in table 6.7. The activation energy (Ea) and pre-
exponential factor (A) (see experimental section) were obtained from Arrhenius plots; the enthalpy of
activation (∆H‡) and entropy of activation (∆S‡) from Eyring plots (see experimental section for the
complete set of plots).

To obtain an accurate comparison between the different rates of rotation of the seven molecular
motors, the Gibbs energy of activation (∆‡Gθ), rate constant (kθ), and half-life time (t1/2

θ), all at room
temperature, were calculated with the use of the data in table 6.7 (table 6.8). The Gibbs energy of
activation at room temperature (∆‡Gθ) was calculated by equation 6.1.

∆‡Gθ = ∆H‡ – TRT∆S‡ (6.1)
TRT = 293.15 K (20°C)
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From the Gibbs energy of activation (∆‡Gθ) the rate constant at room temperature (kθ) was obtained
by equation 6.2. The Arrhenius equation (6.3) can be applied as well and gives identical rate
constants.

kθ = (kBTRT/h)exp(–∆‡Gθ/RTRT) (6.2)

kθ = Aexp(–Ea/RTRT) (6.3)

Finally, the half-life time at room temperature (t1/2
θ) was determined by equation 6.4.

t1/2
θ = ln2/kθ (6.4)

Table 6.8 Gibbs energy of activation at 20°C (∆‡Gθ), rate constant at 20°C (kθ), and half-life time at
20°C (t1/2

θ) of motors 18 – 21 and 25 – 27.

entry less-stable
motors

stable
motors

∆‡Gθ

(kcal mol–1)
kθ

(s–1)
t1/2

θ

1 18a 18 25.3 ± 0.1 9.0 (± 1.1) × 10–7 215 ± 27 h
2 19a 19 25.2 ± 0.1 1.0 (± 0.1) × 10–6 184 ± 22 h
3 20a 20 24.0 ± 0.05 7.3 (± 0.6) × 10–6 26 ± 2 h
4 21a 21 25.3 ± 0.1 8.3 (± 1.2) × 10–7 233 ± 34 h
5 25a 25 21.9 ± 0.05 2.9 (± 0.1) × 10–4 40 ± 2 min
6 26a 26 22.5 ± 0.05 9.6 (± 0.3) × 10–5 121 ± 4 min
7 27a 27 24.5 ± 0.05 3.2 (± 0.3) × 10–6 60 ± 5 h

A wide variety of Gibbs energies of activation at room temperature (∆‡Gθ) ranging from 25.3 kcal
mol–1 (entry 4) to 21.9 kcal mol–1 (entry 5) was found. The introduction of methoxy substituents at the
2- and 7-positions of the lower part only had a slightly decreasing effect on the Gibbs energy of
activation (entries 1 and 2). The replacement in the lower part of a sulfur atom for an oxygen resulted
in a significant drop in Gibbs energy of activation by 1.3 kcal mol–1, and the half-life (t1/2

θ) was
reduced by a factor 8 (entries 1 and 3). When X = S, a dimethyl substituted carbon atom in the lower
part (Y = CMe2) barely made a difference compared with sulfur (Y = S) (entries 1 and 4). The most
prominent decrease in Gibbs energy of activation was achieved by changing the sulfur for a smaller
carbon atom in the upper part (X = CH2) (entries 5 – 7). Lowest Gibbs energies of activation of 21.9
kcal mol–1 (entry 5) and 22.5 kcal mol–1 (entry 6) were established for motors 25 and 26, respectively.
In practice this implies that half-life times at room temperature (t1/2

θ) in the range 233 h (motor 21,
entry 4) – 40 min (motor 25, entry 5) have been realized (kθ

25/kθ
21 = 350). Compared to motors 25 and

26, motor 27 (entry 7) is an exception due to its rigid and sterically demanding dibenzocycloheptene
lower part (Y = CH=CH), which retards thermal conversion.

In table 6.9 the new motors are ordered from lowest to highest Gibbs energies of activation (∆‡Gθ). As
envisioned (section 6.1), the height of the Gibbs energies of activation was largely governed by
distances d1 and d2 (figure 6.8). Indeed, lower activation energies were found with X = CH2 (d1 = 2.48
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Å) as compared to X = S (d1 = 2.75 Å). Replacement of a sulfur atom (d2 = 2.64 Å) for an oxygen (d2

= 2.33 Å) in the lower part of the motor resulted in a decrease of the activation barrier by 1.3 kcal
mol–1 (compare entry 3 with 6). Motor 27 (entry 4) is an exception due to its sterically demanding
lower part. A closer look, however, reveals that distances d1 and d2 are not the sole parameters
influencing the value of activation energies. For example, when Y = CMe2 (d2 = 2.46 Å) higher, or
similar, activation energies were found compared to Y = S (d2 = 2.64 Å) (compare entry 1 with 2 and
entry 6 with 7). Two methoxy substituents at the lower part of the molecule did not, as foreseen,
increase the energy barrier, on the contrary, it somewhat lowered the barrier (compare entry 5 with 6).
These results indicate that differences in Gibbs energies at room temperature (∆Gθ) also play a
significant role in determining heights of Gibbs energies of activation at room temperature (∆‡Gθ). A
more detailed discussion about the latter conclusion is given in chapter 7 (section 7.5). In the same
chapter attempts are described to further decrease the Gibbs energy of activation at room temperature
of the thermal steps.

X

Y

R R

Me

d2

d1

Figure 6.8 General structure of new type of motor with distances d1 and d2.

Table 6.9 The seven new molecular motors ordered from lowest to highest Gibbs energies of
activation (∆‡Gθ) together with distances d1 and d2.8

entry motor X Y R ∆‡Gθ

(kcal mol–1)
d1

(Å)
d2

(Å)

1 25 CH2 S H 21.9 2.48 2.64
2 26 CH2 CMe2 H 22.5 2.48 2.46
3 20 S O H 24.0 2.75 2.33
4 27 CH2 CHCH H 24.5 2.48 3.10
5 19 S S OMe 25.2 2.75 2.64
6 18 S S H 25.3 2.75 2.64
7 21 S CMe2 H 25.3 2.75 2.46

Lastly, data of table 6.9 suggest that the thermal step of motor 25, with lowest Gibbs energy of
activation found so far, could even be further speeded up by replacing the sulfur atom at the lower
part by an oxygen atom. However, attempts to synthesize this envisioned motor (X = CH2, Y = O)
failed.

6.8 Conclusions

Repetitive monodirectional rotation performed by the second generation of molecular motors was
demonstrated in chapter 5. Two energetically uphill photochemical steps and two energy relaxing
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thermal steps completed a four-step unidirectional 360° rotation around the central double bond. A
series of seven new motors with symmetrically substituted lower parts were synthesized to investigate
the adjustment of the rates of the thermal steps [i.e. height of the Gibbs energy of activation at room

temperature (∆‡Gθ)] by structural modifications. Motors with symmetrically substituted lower parts
proved to be ideal for kinetic studies of the thermal steps since only one photochemical plus one
thermal step gives back the starting compound. The experimental results presented in sections 6.5 and
6.6 revealed that the thermal conversions proceeded with first-order kinetics. The rate of the thermal
conversions, was tuned by altering the nature of atoms X and Y and a broad set, ranging from 21.9
kcal mol–1 (motor 25) to 25.3 kcal mol–1 (motor 21), of Gibbs energies of activation at room
temperature was ascertained. Furthermore, the photochemical conversion of two motors, 25 and 26,
was performed with high stereoselectivity reaching near perfect photoequilibria of 1/99.

Although we found irradiation times of 2 to 168 h for the photochemical conversions of motors 21 –
20 and 25 – 27 (section 6.4, table 6.2) one must realize that these irradiation times were needed to
reach photostationary states (i.e. equilibria). The photochemical conversion of a single molecule of
related chiroptical molecular switches was found to take place within nano seconds.9

6.9 Experimental Section

See chapter 2 (section 2.7) for general remarks.

The synthesis of hydrazone 3 is described in chapter 5. Ketone 7 was synthesized according to a
literature procedure.5 Thioketones 9, 11, and 12 were synthesized according to a general literature
procedure.4

2,3-Dihydro-3-methyl-4(1H)-phenanthrenone hydrazone (2) Under a nitrogen atmosphere, 2,3-
dihydro-3-methyl-4(1H)-phenanthrenone3a (1, 1.00 g, 4.76 mmol) was dissolved in hydrazine
monohydrate (35 mL) and ethanol (12 mL). This mixture was refluxed for 72 h. After cooling, the
ethanol was removed under reduced pressure and the residue was dissolved in CH2Cl2. The organic
layer was washed twice with water, dried over Na2SO4, and concentrated under reduced pressure to
yield hydrazone 2 (1.00 g, 4.46 mmol, 94%) as a yellow oil which solidified upon standing. Despite
slight impurities no purification was required for subsequent synthesis steps. 1H NMR (500 MHz,
CDCl3, 25°C) δ 8.83 (d, J = 8.4 Hz, 1H), 7.82 (d, J = 7.3 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H), 7.53 (dt, J
= 7.3, 1.5 Hz, 1H), 7.44 (ddd, J = 8.4, 7.3, 1.5 Hz, 1H), 7.28 (d, J = 8.4 Hz, 1H), 5.57 (br s, 2H), 3.25
– 3.13 (m, 1H), 2.88 – 2.80 (m, 2H), 2.78 – 2.65 (m, 1H), 2.37 – 2.28 (m, 1H), 1.53 – 1.38 (m, 1H),
1.29 (d, J = 7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 151.73, 138.90, 133.35, 130.95, 129.86,
128.00, 128.00, 126.41, 126.37, 125.97, 124.84, 31.68, 29.74, 29.45, 16.10; HRMS calcd for
C15H16N2: 224.1313; found: 224.1319.

2,7-Dimethoxy-9H-thioxanthene-9-one (5) Under a nitrogen atmosphere, a mixture of 2-bromo-5-
methoxybenzoic acid (8.6 g, 37.2 mmol), 4-methoxythiophenol (7.8 g, 55.8 mmol), potassium
carbonate (15.3 g, 11.1 mmol), Cu-bronze (300 mg, 4.72 mmol), and sodium iodide (1.0 g, 6.67
mmol) was refluxed overnight in DMF (200 mL). After cooling, the solvent was removed under
reduced pressure. The black residue was dissolved in CH2Cl2 (200 mL) and 2 M HCl (aq) (100 mL).
The water layer was extracted with CH2Cl2 (100 mL) and the combined organic layers were washed
with 2 M HCl (aq) (100 mL) and water (100 mL). After evaporation of the solvents under reduced



Light-driven Molecular Motors, Part II

129

pressure, an orange solid was obtained. The residue was purified by column chromatography (silica
gel, CH2Cl2/acetone 20/1) to yield 6.10 g of a mixture of product and unreacted 2-bromo-5-
methoxybenzoic acid (product/2-bromo-5-methoxybenzoic acid 4/1, 5.09 g, (17.6 mmol of product,
47%)). This mixture (860 mg) was added to mechanically stirred polyphosphoric acid (50 mL) heated
at 70°C. After addition, the temperature was raised to 100°C and the reaction mixture was vigorously
stirred for 4 h at this temperature. The dark brown mixture was allowed to cool to 70°C and poured
onto ice (100 g). After stirring overnight, the water layer was extracted with EtOAc (3 × 100 mL).
The combined organic layers were washed with water and brine, and dried over MgSO4. After
removal of the solvents under reduced pressure, the crude product was purified by column
chromatography (silica gel, n-hexane/EtOAc 10/1) to give 2,7-dimethoxy-9H-thioxanthene-9-one 5 as
a yellow powder (200 mg, 0.73 mmol, 29%). 1H NMR (300 MHz, CDCl3, 25°C) δ 8.07 (d, J = 2.9
Hz, 2H), 7.50 (d, J = 8.8 Hz, 2H), 7.25 (dd, J = 8.8, 2.9 Hz, 2H), 3.93 (s, 6H); 13C NMR (75 MHz,
CDCl3, 25°C) δ 179.35, 158.28, 129.62, 129.49, 127.30, 122.63, 110.23, 55.67; HRMS calcd for
C15H12O3S: 272.0507; found: 272.0495.

2,7-Dimethoxy-9H-thioxanthene-9-thione (10) Phosphorous pentasulfide (1.05 g, 2.36 mmol) was
added to a solution of ketone 5 (160 mg, 0.59 mmol) in toluene (20 mL). The mixture was refluxed
overnight. After cooling, the mixture was filtered and the residue was washed with CH2Cl2. The
combined organic layers were concentrated under reduced pressure and the residue was purified by
column chromatography (silica gel, n-hexane/EtOAc 10/1) to give thioketone 10 as an orange solid
(120 mg, 0.42 mmol, 71%). 1H NMR (300 MHz, CDCl3, 25°C) δ 8.62 (d, J = 2.9 Hz, 2H), 7.54 (d, J =
8.8 Hz, 2H), 7.29 (dd, J = 8.8, 2.9 Hz, 2H), 3.95 (s, 6H); 13C NMR (75 MHz, CDCl3, 25°C) δ 206.55,
158.79, 137.66, 127.35, 124.82, 122.51, 114.08, 55.62; HRMS calcd for C15H12O2S2: 288.0279;
found: 288.0266.

Dibenzo[a,d]cyclohepten-5-thione (13) Under a nitrogen atmosphere, dibenzo[a,d]cyclohepten-5-
one (8, 2.00 g, 9.70 mmol) was dissolved in toluene (35 mL). Phosphorous pentasulfide (8.60 g, 38.7
mmol) was added and this mixture was refluxed for 4.5 h. After cooling, the mixture was filtered and
the residue was washed three times with hot toluene. The combined toluene layers were concentrated
under reduced pressure to yield a green residue. A quick flash column chromatography (silica gel, n-
hexane/CH2Cl2 3/2) gave pure thioketone 13 (0.45 g, 2.02 mmol, 21%) as a green powder. 1H NMR
(300 MHz, CDCl3, 25°C) δ 8.01 (d, J = 7.7 Hz, 2H), 7.49 (t, J = 7.7 Hz, 2H), 7.38 (t, J = 7.7 Hz, 2H),
7.34 (d, J = 7.7 Hz, 2H), 6.98 (s, 2H); 13C NMR (50 MHz, CDCl3, 25°C) δ 239.64, 149.10, 131.33,
130.63, 130.44, 129.37, 128.51, 128.46; HRMS calcd for C15H10S: 222.0503; found: 224.0506.

General procedure for the synthesis of thiiranes (episulfides) with 2,3-Dihydro-2-methyl-1H-
naphtho[2,1-b]thiopyran-1-one hydrazone (3) Under a nitrogen atmosphere, a solution of 2,3-
dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1-one hydrazone (3, 200 mg, 0.83 mmol) in dry
CH2Cl2 (10 mL) was cooled to 0°C, whereupon MgSO4 (approximately 300 mg), Ag2O (400 mg, 1.73
mmol), and a saturated solution of KOH in methanol (0.5 mL) were added subsequently. The mixture
was stirred for 5 min at 0°C during which the color of the mixture turned red. After stirring for 30 min
at 0°C, the deep red suspension was filtered into another ice-cooled bulb and the remaining residue
was washed with cold CH2Cl2. The deep red solution was treated with a solution of the appropriate
thioketone in CH2Cl2. Nitrogen evolution was observed and the red color of the solution slowly
disappeared. The reaction mixture was stirred overnight and the reaction temperature was allowed to
raise to room temperature. The solvents were removed under reduced pressure to give a residue ready
for further purification.
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Dispiro[2,3-dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1,2’-thiirane-3’,9’-(9’H-thioxan-
thene)] (14) Starting from hydrazone 3 (222 mg, 0.92 mmol) and 9H-thioxanthene-9-thione4 (9, 238
mg, 0.92 mmol), thiirane 14 was obtained as a white solid after column chromatography (silica gel, n-
hexane/toluene 10/1, and subsequently silica gel, n-hexane/EtOAc 50/1). After crystallization from n-
hexane, thiirane 14 was obtained as colorless crystals (230 mg, 0.52 mmol, 60%). Mp 200.4 –
200.5°C; 1H NMR (500 MHz, CDCl3, 25°C) δ 8.88 (br d, J = 8.8 Hz, 1H), 8.03 – 7.99 (m, 1H), 7.56
(br d, J = 8.1 Hz, 1H), 7.48 (ddd, J = 8.8, 7.0, 1.5 Hz, 1H), 7.45 – 7.41 (m, 1H), 7.33 (ddd, J = 8.1,
6.6, 1.1 Hz, 1H), 7.31 – 7.26 (m, 4H), 7.03 (dd, J = 7.7, 1.1 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 6.82
(dd, J = 8.1, 1.5 Hz, 1H), 6.72 (dt, J = 1.5, 7.7 Hz, 1H), 6.24 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 2.64 (dd,
J = 12.1, 7.7 Hz, 1H), 2.52 (ddq, J = 7.7, 7.0, 5.5 Hz, 1H), 2.23 (dd, J = 12.1, 5.5 Hz, 1H), 1.19 (d, J =
7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3, 25°C) δ 139.07, 136.35, 134.72, 133.66, 131.98, 131.45,
131.24, 131.20, 129.63, 128.10, 127.38, 126.93, 126.53, 126.31, 126.29, 125.61, 125.43, 125.16,
125.03, 124.53, 124.01, 123.31, 64.96, 62.01, 40.24, 34.53, 20.51; HRMS calcd for C27H20S3:
440.0727; found: 440.0726.

Dispiro[2,3-dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1,2’-thiirane-3’,9’-(2’,7’-dimethoxy-
9’H-thioxanthene)] (15) Starting from hydrazone 3 (145 mg, 0.60 mmol) and 2,7-dimethoxy-9H-
thioxanthene-9-thione (10, 120 mg, 0.42 mmol), thiirane 15 was obtained as a white solid (220 mg,
0.44 mmol, 73%) after column chromatography (silica gel, n-hexane/EtOAc 20/1, and subsequent
HPLC on silica gel, n-hexane/EtOAc 50/1). 1H NMR (300 MHz, CDCl3, 25°C) δ 8.84 (br d, J = 8.8
Hz, 1H), 7.62 (d, J = 2.9 Hz, 1H), 7.59 (d, J = 8.8 Hz, 1H), 7.34 – 7.28 (m, 3H), 6.96 (d, J = 8.4 Hz,
1H), 6.89 (d, J = 8.4 Hz, 1H), 6.87 (dd, J = 8.4, 2.9 Hz, 1H), 6.40 (d, J = 2.6 Hz, 1H), 6.31 (d, J = 8.4,
2.6 Hz, 1H), 3.86 (s, 3H), 2.79 (s, 3H), 2.70 (dd, J = 11.7, 8.1 Hz, 1H), 2.60 (ddq, J = 8.1, 6.6, 5.1 Hz,
1H), 2.23 (dd, J = 11.7, 5.1 Hz, 1H), 1.18 (d, J = 6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25°C) δ
157.83, 156.78, 139.44, 134.75, 132.40, 132.32, 132.00, 128.34, 128.00, 127.40, 127.04, 126.49,
126.38, 125.65, 125.26, 125.09, 123.95, 123.34, 117.46, 115.13, 113.51, 113.14, 65.02, 62.66, 55.54,
54.15, 40.18, 34.79, 20.48; HRMS calcd for C29H24O2S3: 500.0938; found: 500.0936.

Dispiro[2,3-dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1,2’-thiirane-3’,9’-(9’H-xanthene)]
(16) Starting from hydrazone 3 (210 mg, 0.87 mmol) and 9H-xanthene-9-thione4 (11, 184 mg, 0.87
mol), thiirane 16 was obtained as a white solid after purification by column chromatography (silica
gel, n-hexane/EtOAc 50/1). Recrystallization from absolute ethanol afforded colorless prisms (230
mg, 0.54 mmol, 62%). Mp 195.7 – 195.9°C; 1H NMR (500 MHz, CDCl3, 25°C) δ 8.69 (br d, J = 8.4
Hz, 1H), 7.79 (dd, J = 8.1, 1.5 Hz, 1H), 7.72 (br d, J = 8.1 Hz, 1H), 7.56 (ddd, J = 8.4, 7.0, 1.5 Hz,
1H), 7.43 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.39 (d, J = 8.4 Hz, 1H), 7.36 (ddd, J = 8.1, 7.3, 1.5 Hz, 1H),
7.20 (dd, J = 8.1, 1.1 Hz, 1H), 7.17 (ddd, J = 8.1, 7.3, 1.1 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 6.93 (br
d, J = 8.1 Hz, 1H), 6.86 (ddd, J = 8.1, 7.0, 1.5 Hz, 1H), 6.16 (dd, J = 8.1, 1.5 Hz, 1H), 6.11 (ddd, J =
8.1, 7.0, 1.5 Hz, 1H), 3.03 (ddq, J = 9.5, 7.0, 7.0 Hz, 1H), 2.46 (dd, J = 12.5, 9.5 Hz, 1H), 2.22 (dd, J
= 12.5, 7.0 Hz, 1H), 1.18 (d, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3, 25°C) δ 154.62, 153.51,
140.26, 134.55, 132.53, 130.88, 129.60, 128.71, 128.52, 127.62, 127.47, 127.04, 126.16, 125.61,
124.67, 123.03, 122.13, 122.07, 121.42, 120.58, 116.58, 115.39, 64.35, 54.65, 41.73, 36.74, 21.24;
HRMS calcd for C27H20OS2: 424.0956; found: 424.0929.

Dispiro[2,3-dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1,2’-thiirane-3’,9’-(10’,10’-dimethyl-
9’(10’H)-anthracene)] (17) Starting from hydrazone 3 (300 mg, 1.24 mmol) and 10,10-dimethyl-
9(10H)-anthracene-9-thione4,5 (12, 296 mg, 1.24 mol), thiirane 17 was obtained as a white solid (166
mg, 0.37 mmol, 30%) after column chromatography (silica gel, n-hexane). 1H NMR (300 MHz,
CDCl3, 25°C) δ 8.82 (br d, J = 8.8 Hz, 1H), 8.04 (br d, J = 7.7 Hz, 1H), 7.70 (br d, J = 8.1 Hz, 1H),
7.61 – 7.52 (m, 2H), 7.44 – 7.34 (m, 3H), 7.28 – 7.22 (m, 2H), 6.84 (ddd, J = 8.4, 7.0, 1.5 Hz, 1H),
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6.81 (d, J = 8.4 Hz, 1H), 6.44 (dd, J = 8.1, 1.5 Hz, 1H), 6.05 (ddd, J = 8.1, 7.0, 1.5 Hz, 1H), 3.26 –
3.14 (m, 1H), 2.21 – 2.10 (m, 2H), 2.13 (s, 3H), 1.47 (s, 3H), 1.08 (d, J = 7.0 Hz, 3H); 13C NMR (75
MHz, CDCl3, 25°C) δ 147.70, 145.67, 137.68, 135.36, 132.22, 132.19, 130.56, 130.18, 129.46,
128.45, 127.87, 127.53, 127.39, 127.00, 126.38, 125.99, 125.75, 125.57, 124.54, 124.47, 123.27,
122.66, 64.42, 57.43, 39.50, 38.67, 38.56, 34.71, 32.43, 21.07; HRMS calcd for C30H26S2: 450.1476;
found: 450.1468.

General procedure for the synthesis of thiiranes (episulfides) with 2,3-Dihydro-3-methyl-4(1H)-
phenanthrenone hydrazone (2) Under a nitrogen atmosphere, a solution of 2,3-dihydro-3-methyl-
4(1H)-phenanthrenone hydrazone (2, 300 mg, 1.34 mmol) in dry CH2Cl2 (15 mL) was cooled to –
10°C, whereupon MgSO4 (approximately 850 mg), Ag2O (1.20 g, 5.20 mmol), and a saturated
solution of KOH in methanol (3 mL) were added successively. After stirring the mixture for 30 min at
–5°C a red solution of diazo compound was obtained. When only an orange color was observed more
Ag2O and KOH in methanol were added and/or the temperature was allowed to raise to 0°C. The
purple solution was filtered into another ice-cooled bulb and the appropriate thioketone was added.
Nitrogen evolution was observed and thioketone was added until nitrogen formation stopped and the
red color had disappeared. Stirring was continued overnight and the reaction temperature was allowed
to raise to room temperature. The reaction mixture was concentrated under reduced pressure to give a
residue ready for further purification.

Dispyro[2,3-dihydro-3-methyl-4(1H)-phenanthrene-4,2’-thiirane-3’,9’-(9’H-thioxanthene)] (22)
Starting from hydrazone 2 (370 mg, 1.66 mmol) and 9H-thioxanthene-9-thione4  (9, 200 mg, 0.88
mol), thiirane 22 was obtained as a white solid (162 mg, 0.38 mmol, 23%) after column
chromatography (silica gel, n-hexane/EtOAc 50/1). 1H NMR (300 MHz, CDCl3, 25°C) δ 9.28 (d, J =
8.8 Hz, 1H), 7.98 – 7.95 (m, 1H), 7.53 (br d, J = 8.1 Hz, 1H), 7.45-7.39 (m, 2H), 7.34 (d, J = 8.1 Hz,
1H), 7.31 – 7.26 (m, 3H), 7.20 (dd, J = 8.1, 1.1 Hz, 1H), 6.95 (dd, J = 7.7, 1.1 Hz, 1H), 6.94 (d, J =
8.1 Hz, 1H), 6.66 (dt, J = 7.7, 1.5 Hz, 1H), 6.31 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 3.56 (ddd, J = 16.5,
8.4, 7.7 Hz, 1H), 2.55 (ddd, J = 16.5, 6.6, 4.8 Hz, 1H), 2.04 – 1.92 (m, 1H), 1.82 – 1.70 (m, 1H), 1.07
(d, J = 7.0 Hz, 3H), 1.07 – 0.98 (m, 1H); 13C NMR (75 MHz, CDCl3, 25°C) δ 140.93, 135.57, 134.18,
133.21, 133.10, 132.42, 132.30, 131.46, 130.36, 127.98, 127.90, 127.27, 127.19, 126.51, 126.35,
125.94, 125.86, 125.31, 124.79, 124.49, 123.90, 123.82, 66.51, 62.14, 37.51, 28.81, 28.66, 22.18;
HRMS calcd for C28H22S2: 422.1163; found: 422.1148.

Dispyro[2,3-dihydro-3-methyl-4(1H)-phenanthrene-4,2’-thiirane-3’,9’-(10’,10’-dimethyl-
9’(10’H)-anthracene)] (23) Starting from hydrazone 2 (200 mg, 0.89 mmol) and 10,10-dimethyl-
9(10H)-anthracene-9-thione3,5 (12, 100 mg, 0.42 mol), thiirane 23 was obtained as a white solid (85
mg, 0.20 mmol, 22%) after column chromatography (silica gel, n-hexane/CH2Cl2 3/1). 1H NMR (300
MHz, CDCl3, 25°C) δ 9.15 (d, J = 8.8 Hz, 1H), 8.06 (d, J = 7.7 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H),
7.59 (d, J = 8.8 Hz, 1H), 7.55 (t, J = 7.7 Hz, 1H), 7.44 – 7.37 (m, 3H), 7.29 (t, J = 8.0 Hz, 1H), 7.21
(d, J = 8.1 Hz, 1H), 6.91 (d, J = 8.0 Hz, 1H), 6.82 (t, J = 8.0 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 6.11 (t,
J = 8.0 Hz, 1H), 2.67 (m, 1H), 2.34 – 2.15 (m, 2H), 1.93 (s, 3H), 1.51 (s, 3H), 1.45 – 1.36 (m, 1H),
0.97 (d, J = 7.0 Hz, 3H), 0.85 – 0.74 (m, 1H); 13C NMR (50 MHz, CDCl3, 25°C) δ 146.60, 144.54,
139.72, 134.88, 132.23, 127.12, 127.12, 126.52, 125.61, 125.22, 124.78, 124.78, 124.01, 123.76,
122.81, 65.51, 56.87, 38.45, 35.13, 32.26, 30.43, 29.18, 22.44; HRMS calcd for C31H28S: 432.1912;
found: 422.1911.

Dispyro[2,3-dihydro-3-methyl-4(1H)-phenanthrene-4,2’-thiirane-3’,5’-(5’H-dibenzo[a,d]cyclo-
heptene)] (24) Starting from hydrazone 2 (300 mg, 1.34 mmol) and dibenzo[a,d]cycloheptene-5-
thione (13, 180 mg, 0.81 mol), thiirane 24 was obtained as a white solid (55 mg, 0.13 mmol, 10%)
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after column chromatography (silica gel, n-hexane/CH2Cl2 3/1). 1H NMR (300 MHz, CDCl3, 25°C) δ
9.50 (dd, J = 9.5, 2.2 Hz, 1H), 7.82 (d, J = 7.7 Hz, 1H), 7.71 (d, J = 7.7 Hz, 1H), 7.42 – 7.34 (m, 3H),
7.31 – 7.24 (m, 2H), 7.16 – 7.10 (m, 2H), 6.92 (d, J = 11.7 Hz, 1H), 6.84 (dt, J = 7.7, 1.1 Hz, 1H),
6.65 (dt, J = 7.7, 1.1 Hz, 1H), 6.54 (d, J = 7.3 Hz, 1H), 6.33 (d, J = 11.7 Hz, 1H), 3.18 – 2.95 (m, 2H),
2.26 – 2.14 (m, 1H), 1.52 – 1.42 (m, 1H), 1.38 – 1.24 (m, 1H), 1.17 (d, J = 7.0 Hz, 3H); 13C NMR (50
MHz, CDCl3, 25°C) δ 138.15, 138.15, 135.36, 135.14, 135.14, 134.69, 127.74, 127.66, 127.66,
127.11, 127.05, 127.00, 126.14, 126.04, 125.98, 123.66, 123.50, 67.72, 65.30, 40.62, 27.05, 25.98,
20.48; HRMS calcd for C30H24S: 416.1599; found: 422.1597.

General procedure for the synthesis of olefins Under a nitrogen atmosphere, Cu-bronze (10 eq) was
added to a stirred solution of thiirane (1 eq) in p-xylene. After refluxing overnight, the reaction
mixture was allowed to cool to room temperature. The brown copper residue was removed by silica
gel filtration and washed with CH2Cl2, and the solvents were evaporated under reduced pressure to
give a crude product ready for further purification.

9-(2',3'-Dihydro-2'-methylaxial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-9H-thioxanthene (18)
Starting from episulfide 14 (120 mg, 0.27 mmol), olefin 18 was obtained and purified by
recrystallization from n-hexane to yield colorless prisms (106 mg, 0.26 mmol, 95%). Mp 220.4 –
220.6°C; 1H NMR (500 MHz, CDCl3, 25°C) δ 7.64 – 7.58 (m, 3H), 7.56 – 7.54 (m, 2H), 7.38 (d, J =
8.4 Hz, 1H), 7.36 (dt, J = 7.3, 1.1 Hz, 1H), 7.30 – 7.26 (m, 2H), 7.11 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H),
6.99 (ddd, J = 8.4, 7.0, 1.5 Hz, 1H), 6.73 (ddd, J = 7.7, 6.6, 2.2, 1H), 6.43-6.38 (m, 2H), 4.13 (ddq, J
= 7.3, 6.6, 2.9 Hz, 1H), 3.72 (dd, J = 11.4, 7.3 Hz, 1H), 3.09 (dd, J = 11.4, 2.9 Hz, 1H), 0.78 (d, J =
6.6 Hz, 3H); 13C NMR (125 MHz, CDCl3, 25°C) δ 138.24, 136.43, 136.08, 136.05, 134.90, 134.19,
132.44, 131.34, 131.22, 130.70, 128.97, 127.71, 127.56, 127.49, 126.70, 126.38, 126.12, 126.03,
125.75, 125.42, 125.31, 124.34, 124.30, 37.18, 32.12, 19.19; HRMS calcd for C27H20S2: 408.1006;
found: 408.1016.

2,7-Dimethoxy-9-(2',3'-dihydro-2'-methylaxial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-9H-thio-
xanthene (19) Starting from episulfide 15 (200 mg, 0.40 mmol), olefin 19 was obtained and purified
by recrystallization from n-hexane to yield colorless prisms (185 mg, 0.40 mmol, 99%). Mp 149.0 –
149.2°C; 1H NMR (500 MHz, CDCl3, 25°C) δ 7.60 (d, J = 8.8 Hz, 1H), 7.56 (br d, J = 7.3 Hz, 1H),
7.51 (d, J = 8.8 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 7.17 (d, J = 2.6 Hz, 1H), 7.14 (m, 1H), 7.12 (d, J =
8.8 Hz, 1H), 7.01 (br t, J = 7.7 Hz, 1H), 6.85 (dd, J = 8.8, 2.9 Hz, 1H), 6.30 (dd, J = 8.4, 2.6 Hz, 1H),
5.93 (d, J = 2.9 Hz, 1H), 4.20 (ddq, J = 7.7, 6.6, 3.3 Hz, 1H), 3.88 (s, 3H), 3.71 (dd, J = 11.4, 7.7 Hz,
1H), 3.08 (dd, J = 11.4, 3.3 Hz, 1H), 3.03 (s, 3H), 0.82 (d, J = 6.6 Hz, 3H); 13C NMR (75 MHz,
CDCl3, 25°C) δ 158.27, 157.55, 139.43, 137.44, 136.56, 134.88, 132.82, 131.54, 131.46, 130.93,
128.57, 127.93, 127.47, 127.43, 127.22, 126.14, 125.98, 125.39, 124.54, 124.42, 114.39, 113.89,
112.95, 112.22, 55.59, 54.88, 37.15, 32.44, 19.33; HRMS calcd for C29H24O2S2: 468.1218; found:
468.1217.

9-(2',3'-Dihydro-2'-methylaxial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-9H-xanthene (20)
Starting from episulfide 16 (70 mg, 0.17 mmol), olefin 20 was obtained and purified by
recrystallization from EtOAc to yield slightly yellow prisms (63 mg, 0.16 mmol, 97%). Mp 238.8 –
239.0°C; 1H NMR (500 MHz, CDCl3, 25°C) δ 7.63 (d, J = 8.4 Hz, 1H), 7.60 (br d, J = 8.1 Hz, 1H),
7.59 (dd, J = 7.7, 1.1 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 7.37 (ddd, J = 8.4, 7.0, 1.5 Hz, 1H), 7.33 (dt, J
= 7.7, 1.5 Hz, 1H), 7.29 (br d, J = 8.4 Hz, 1H), 7.23 (dt, J = 7.7, 1.5 Hz, 1H), 7.12 (ddd, J = 8.1, 7.0,
1.1 Hz, 1H), 7.06 (d, J = 8.1 Hz, 1H), 6.96 (ddd, J = 8.4, 7.0, 1.5 Hz, 1H), 6.85 – 6.81 (m, 1H), 6.23 –
6.20 (m, 2H), 4.29 (ddq, J = 7.0, 6.6, 2.6 Hz, 1H), 3.77 (dd, J = 11.0, 7.0 Hz, 1H), 3.21 (dd, J = 11.0,
2.6 Hz, 1H), 0.79 (d, J = 6.6 Hz, 3H); 13C NMR (125 MHz, CDCl3, 25°C) δ 154.87, 153.43, 134.78,
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134.55, 131.40, 130.83, 130.28, 128.26, 128.19, 127.70, 127.61, 127.45, 126.76, 126.16, 125.81,
125.39, 125.08, 124.29, 123.95, 123.38, 123.01, 122.19, 116.90, 115.89, 37.03, 30.75, 18.48; HRMS
calcd for C27H20OS: 392.1235; found: 392.1224.

10,10-Dimethyl-9-(2',3'-dihydro-2'-methylaxial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-10H-
anthracene (21) Starting from episulfide 17 (160 mg, 0.36 mmol), olefin 21 was obtained and
purified by recrystallization from n-hexane to yield colorless prisms (125 mg, 0.30 mmol, 85%). Mp
202.3 – 202.7°C; 1H NMR (300 MHz, CDCl3, 25°C) δ 7.71 – 7.58 (m, 4H), 7.51 – 7.49 (m, 1H), 7.48
(d, J = 8.4 Hz, 1H), 7.36 – 7.24 (m, 3H), 7.14 (br t, J = 7.3 Hz, 1H), 6.93 (br t, J = 7.3 Hz, 1H), 6.79
(ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 6.26 (br t, J = 7.3 Hz, 1H), 6.15 (br d, J = 7.3 Hz, 1H), 4.41 (ddq, J =
8.8, 7.0, 3.3 Hz, 1H), 3.69 (dd, J = 11.7, 8.8 Hz, 1H), 3.00 (dd, J = 11.7, 3.3 Hz, 1H), 0.82 (d, J = 7.0
Hz, 3H); 13C NMR (75 MHz, CDCl3, 25°C) δ 147.57, 144.43, 137.79, 137.39, 135.19, 134.81, 134.10,
132.37, 131.90, 127.84, 127.68, 127.40, 126.96, 126.74, 126.07, 125.30, 125.12, 125.07, 124.45,
124.37, 123.45, 122.97, 40.18, 37.17, 34.47, 31.78, 25.22, 20.40; HRMS calcd for C30H26S: 418.1755;
found: 418.1740.

9-(2,3-Dihydro-3-methylaxial-4(1H)-phenanthrenylidene)-9H-thioxanthene (25) Starting from
episulfide 22 (100 mg, 0.24 mmol), olefin 25 was obtained as a white solid (77 mg, 0.20 mmol, 83%)
after column chromatography (n-hexane/EtOAc 50/1). Recrystallization from n-hexane yielded
colorless prisms. Mp 210.9 – 211.2°C; 1H NMR (500 MHz, CDCl3, 25°C) δ 7.66 (d, J = 8.1 Hz, 1H),
7.62 – 7.22 (m, 3H), 7.48 (d, J = 8.4 Hz, 1H), 7.35 – 7.31 (m, 3H), 7.26 – 7.22 (m, 1H), 7.11 (t, J =
7.5 Hz, 1H), 6.95 (d t, J = 7.5, 1.4 Hz, 1H), 6.72 (dt, J = 7.5, 1.4 Hz, 1H), 6.24 (d, J = 7.5 Hz, 1H),
3.90 (ddq, J = 8.4, 7.0, 4.0 Hz, 1H), 3.04 (ddd, J = 15.0, 10.3, 7.7 Hz, 1H), 2.95 (ddd, J = 15.0, 6.2,
2.7 Hz, 1H), 2.57 (dddd, J = 12.9, 8.4, 7.7, 2.7 Hz, 1H), 1.47 (dddd, J = 12.9, 10.3, 6.2, 4.0 Hz, 1H),
0.82 (d, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25°C) δ 138.82, 138.76, 138.58, 136.67, 136.01,
134.45, 133.72, 131.93, 131.52, 129.94, 128.40, 128.35, 127.72, 127.36, 127.25, 126.60, 126.34,
126.02, 125.71, 125.54, 125.21, 125.16, 125.07, 124.14, 30.97, 30.63, 29.02, 21.72; HRMS calcd for
C28H22S: 390.1442; found: 390.1449. Enantioresolution of 25 was achieved by preparative chiral
HPLC (Chiralpak OT(+) (Ø = 4.6 mm, l = 250 mm), heptane/isopropanol 99.95/0.05, tret.: 8.1 and 9.9
min). The solvent of the first-eluted enantiomer was removed under reduced pressure, and the
obtained product was dissolved in n-hexane to be analyzed by CD spectroscopy.

UV (25): (n-hexane λ (ε)): 223 nm (46700), 308 nm (7100)

CD (first-eluted enantiomer of 25): (n-hexane, 10°C, λ (∆ε)): 213 nm (–37.0), 229 nm (+169.6), 251
nm (–45.7), 261 nm (–48.7), 277 nm (–37.9), 330 nm (+6.2)

10,10-Dimethyl-9-(2,3-dihydro-3-methylaxial-4(1H)-phenanthrenylidene)-10H-anthracene (26)
Starting from episulfide 23 (80 mg, 0.19 mmol), olefin 26 was obtained and purified by
recrystallization from n-hexane to yield colorless prisms (50 mg, 0.12 mmol, 63%). Mp 189.0 –
189.3°C; 1H NMR (500 MHz, CDCl3, 25°C) δ 7.72 (d, J = 8.4 Hz, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.64
– 7.62 (m, 1H), 7.58 – 7.56 (m, 1H), 7.46 (d, J = 8.4 Hz, 1H), 7.41 (d, J = 8.4 Hz, 1H), 7.37 (d, J =
8.1 Hz, 1H), 7.30 – 7.25 (m, 2H), 7.16 (t, J = 7.7 Hz, 1H), 6.92 (t, J = 7.7 Hz, 1H), 6.81 (t, J = 7.3 Hz,
1H), 6.27 (t, J = 7.7 Hz, 1H), 6.18 (d, J = 7.3 Hz, 1H), 4.10 (ddq, J = 9.3, 6.6, 2.8 Hz, 1H), 3.00 (ddd,
J = 14.3, 11.7, 7.5 Hz, 1H), 2.93 (ddd, J = 14.3, 6.6, 1.8 Hz, 1H), 2.65 (dddd, J = 12.8, 9.3, 6.6, 1.8
Hz, 1H), 1.92 (s, 3H), 1.85 (s, 3H), 1.46 (dddd, J = 12.8, 11.7, 6.6, 3.3 Hz, 1H), 0.65 (d, J = 6.6 Hz,
3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 147.42, 144.65, 138.59, 138.37, 137.81, 136.80, 135.32,
132.23, 131.44, 130.52, 128.36, 127.64, 127.18, 126.93, 126.57, 126.02, 125.80, 125.74, 125.11,
124.54, 124.38, 124.13, 123.25, 122.91, 40.20, 31.92, 31.10, 30.84, 29.50, 24.94, 22.26; HRMS calcd
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for C31H28: 400.2191; found: 400.2189. Enantioresolution of 26 was achieved by analytical chiral
HPLC (Chiralpak OD, (Ø = 2.0 mm, l = 100 mm), heptane/i-propanol 99.9/0.1, tret.: 7.9 and 10.1 min).
The solvent of the first-eluted enantiomer was removed under reduced pressure, and the obtained
product was dissolved in n-hexane to be analyzed by CD spectroscopy.

UV (26): (n-hexane λ (ε)): 217 nm (69100), 307 nm (15600)

CD (first-eluted enantiomer of 26): (n-hexane, 10°C, λ (∆ε)): 224 nm (+234.9), 246 nm (–63.3), 279
nm (–74.0)

Crystal data for (2’S*)-(M*)-26 C31H28, triclinic, space group P-1, a = 10.034(2), b = 10.307(2), c =
11.566(2) Å, V = 1118.1(4) Å3, Z = 2, Dx = 1.190 g cm-3. T = 293 K, A transparent colorless
parallelepiped-shaped crystal, obtained by recrystallization from n-hexane, with the dimensions of
0.45 × 0.33 × 0.15 mm mounted on a glass filter was aligned on a Bruker SMART APEX CCD
diffractometer (platform with full three circle goniometer). Intensity measurements were performed

using graphite monochromated Mo-Kα
_

 radiation from a sealed ceramic diffraction tube (SIEMENS).
Generator settings were 50 KV/ 40 mA. wR(F2) = 0.0911 for 5019 reflections and 392 parameters and
R(F) = 0.0391 for 2852 reflections with Fo  4.0 (Fo) criterion of observability.

5-(2,3-Dihydro-3-methylaxial-4(1H)-phenanthrenylidene)-5H-dibenzo[a,d]cycloheptene (27)
Under a nitrogen atmosphere, thiirane 24 (40 mg, 0.096 mmol) and triphenylphosphine (51 mg, 0.19
mmol) were dissolved in toluene (7 mL). This mixture was refluxed for 44 h. After cooling, the
solvent was evaporated under reduced pressure and the residue was purified by column
chromatography (silica gel, n-hexane/CH2Cl2 15/1). The obtained solid was recrystallized twice from
n-hexane, to get rid of triphenylphosphine, to give pure olefin 27 as colorless crystals (20 mg, 0.052
mmol, 54%). Mp 239.0°C; 1H NMR (500 MHz, CDCl3, 25°C) δ 7.59 (d, J = 8.4 Hz, 1H), 7.55 (d, J =
8.1 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H), 7.42 – 7.38 (m, 3H), 7.31 – 7.28 (m, 2H), 7.15 – 7.08 (m, 4H),
6.99 (t, J = 8.4 Hz, 1H), 6.74 (t, J = 7.7 Hz, 1H), 6.54 (t, J = 7.7 Hz, 1H), 6.28 (t, J = 7.7 Hz, 1H),
3.46 (ddq, J = 9.0, 6.6, 5.5 Hz, 1H), 2.97 (ddd, J = 14.3, 12.4, 6.6 Hz, 1H), 2.86 (ddd, J = 14.3, 5.3,
2.4 Hz, 1H), 2.45 (dddd, J = 12.8, 9.0, 6.6, 2.4 Hz, 1H), 1.46 (dddd, J = 12.8, 12.4, 5.5, 5.3 Hz, 1H),
0.57 (d, J = 6.6 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 141.47, 139.19, 138.99, 138.99, 138.15,
136.12, 135.50, 134.39, 133.85, 131.77, 131.52, 130.17, 128.91, 128.31, 128.06, 128.02, 127.81,
127.22, 127.17, 126.68, 126.37, 125.84, 125.71, 125.17, 124.42, 124.01, 31.15, 31.01, 29.75, 21.92;
HRMS calcd for C30H24: 384.1878; found: 384.1863.

Crystal data for (2’S*)-(M*)-27 C30H24, monoclinic, space group P21/c, a = 10.0860(7), b =
12.8725(9), c = 16.812(1) Å, V = 2169.7(2) Å3, Z = 4, Dx = 1.177 g cm-3. T = 293 K, A colorless
colored platelet-shaped crystal, obtained by recrystallization from diethyl ether, with the dimensions
of 0.50 × 0.42 × 0.02 mm mounted on a glass filter was aligned on a Bruker SMART APEX CCD
diffractometer (platform with full three circle goniometer). Intensity measurements were performed

using graphite monochromated Mo-Kα
_

 radiation from a sealed ceramic diffraction tube (SIEMENS).
Generator settings were 50 KV/ 40 mA. wR(F2) = 0.1267 for 4949 reflections and 367 parameters and
R(F) = 0.0452 for 3386 reflections with Fo  4.0 (Fo) criterion of observability.

General procedure for irradiation experiments analyzed using 1H NMR spectroscopy (section
6.4). Irradiation experiments were carried out with a 200 Watt high pressure mercury lamp (Oriel)
using a pyrex filter (>280 nm, Ø = 5 cm) or a 365 nm filter (band width = 10 nm, Ø = 5 cm) (Andover
Cooperation optical Filters) and a fiber optic. The samples were irradiated in a 5 mm pyrex NMR
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tube. When the irradiation experiment was performed at room temperature the distance between tube
and light source (fiber optic) was approximately 20 cm so that the divergent light beam covered the
whole solution inside the NMR tube. During experiments run at –25°C the distance between the tube,
that was cooled inside a methanol bath, and light source was appproximately 3 cm. After irradiation
the samples were directly analyzed by 1H NMR measurements.

9-(2',3'-Dihydro-2'-methylequatorial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-9H-thioxanthene
(18a) Olefin 18 (18 mg, 4.41 × 10–2 mmol) was dissolved in toluene-d8 (0.6 mL). This solution was
irradiated for 3 h at room temperature using a pyrex filter. 1H NMR revealed an 8/92 ratio of 18/18a.
1H NMR (300 MHz, toluene-d8, 25°C) δ 7.71 – 7.68 (m, 1H), 7.43 – 7.34 (m, 5H), 7.19 (br d, J = 7.7
Hz, 1H), 7.00 – 6.87 (m, 4H), 6.55 (br d, J = 8.4 Hz, 1H), 6.39 (dt, J = 7.7, 1.1 Hz, 1H), 6.16 (dt, J =
7.7, 1.1 Hz, 1H), 3.02 (dd, J = 9.9, 7.7 Hz, 1H), 2.92 (dd, J = 12.1, 9.9 Hz, 1H), 2.28 (ddq, J = 12.1,
7.7, 7.0 Hz, 1H), 0.84 (d, J = 7.0 Hz, 3H).

2,7-Dimethoxy-9-(2',3'-dihydro-2'-methylequatorial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-9H-
thioxanthene (19a) Olefin 19 (20 mg, 4.27 × 10–2 mmol) was dissolved in toluene-d8 (0.6 mL). This
solution was irradiated for 3 h at room temperature using a pyrex filter. 1H NMR revealed a 13/87
ratio of 19/19a. 1H NMR (300 MHz, toluene-d8, 25°C) δ 7.77 (d, J = 8.1 Hz, 1H), 7.39 – 7.30 (m,
3H), 7.17 (d, J = 2.6 Hz, 1H), 7.12 (d, J = 8.4 Hz, 1H), 7.07 – 6.91 (m, 3H), 6.51 (dd, J = 8.4, 2.6 Hz,
1H), 6.21 (dd, J = 8.4, 2.9 Hz, 1H), 6.15 (d, J = 2.9 Hz, 1H), 3.31 (s, 3H), 3.07 – 2.96 (m, 2H), 2.73
(s, 3H), 2.40 – 2.26 (m, 1H), 0.98 (d, J = 6.6 Hz, 3H).

9-(2',3'-Dihydro-2'-methylequatorial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-9H-xanthene (20a)
Olefin 20 (12 mg, 3.06 × 10–2 mmol) was dissolved in benzene-d6 (0.6 mL). This solution was
irradiated for 24 h at room temperature using a 365 nm filter. 1H NMR revealed a 23/77 ratio of
20/20a. 1H NMR (300 MHz, benzene-d6, 25°C) δ 7.51 – 7.46 (m, 2H), 7.43 – 7.27 (m, 3H), 7.23 (dd,
J = 8.1, 1.1 Hz, 1H), 7.10 – 6.82 (m, 5H), 6.53 (ddd, J = 8.8, 7.3, 1.5 Hz, 1H), 6.43 (dd, J = 7.7, 1.5
Hz, 1H), 6.03 (ddd, J = 8.8, 7.7, 1.1 Hz, 1H), 2.98 (dd, J = 11.0, 9.9 Hz, 1H), 2.95 (dd, J = 9.9, 7.0
Hz, 1H), 2.39 (ddq, J = 11.0, 7.0, 7.0 Hz, 1H), 1.02 (d, J = 7.0 Hz, 3H).

10,10-Dimethyl-9-(2',3'-dihydro-2'-methylequatorial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-10H-
anthracene (21a) Olefin 21 (15 mg, 3.58 × 10–2 mmol) was dissolved in toluene-d8 (0.6 mL). This
solution was irradiated for 2 h at room temperature using a pyrex filter. 1H NMR revealed an 8/92
ratio of 21/21a. 1H NMR (300 MHz, toluene-d8, 25°C) δ 7.56 – 7.41 (m, 4H), 7.31 (dd, J = 7.7, 1.1
Hz, 1H), 7.18 – 7.08 (m, 3H), 7.06 – 6.97 (m, 2H), 6.87 (ddd, J = 8.4, 7.0, 1.1 Hz, 1H), 6.62 (dt, J =
7.7, 1.5 Hz, 1H), 6.39 (dd, J = 7.7, 1.5 Hz, 1H), 6.14 (dt, J = 7.7, 1.1 Hz, 1H), 3.12 (dd, J = 10.3, 8.4
Hz, 1H), 2.98 (dd, J = 11.7, 10.3 Hz, 1H), 2.40 (ddq, J = 11.7, 8.4, 7.0 Hz, 1H), 1.02 (d, J = 7.0 Hz,
3H).

9-(2,3-Dihydro-3-methylequatorial-4(1H)-phenanthrenylidene)-9H-thioxanthene (25a) Olefin 25 (10
mg, 2.56 × 10–2 mmol) was dissolved in toluene-d8 (0.75 mL). This solution was irradiated for 17 h at
–25°C using a pyrex filter. 1H NMR revealed a 1/99 ratio of 25/25a. 1H NMR (500 MHz, toluene-d8,
–25°C) δ 7.82 (d, J = 7.7 Hz, 1H), 7.55 (d, J = 8.4 Hz, 1H), 7.51 (dd, J = 7.7, 1.5 Hz, 1H), 7.41 (dd, J
= 7.7, 1.1 Hz, 1H), 7.38 (dd, J = 7.7, 1.5 Hz, 1H), 7.31 (d, J = 7.7 Hz, 1H), 7.24 (d, J = 8.4 Hz, 1H),
7.07 – 7.01 (m, 2H), 6.96 (dt, J = 7.3, 1.1 Hz, 1H), 6.91 (dt, J = 7.7, 1.5 Hz, 1H), 6.45 (dd, J = 7.7, 1.5
Hz, 1H), 6.43 (dd, J = 7.7, 1.1 Hz, 1H), 6.16 (dt, J = 7.7, 1.1 Hz, 1H), 3.17 (ddd, J = 15.0, 10.6, 9.0
Hz, 1H), 2.77 (dd, J = 15.0, 8.4 Hz, 1H), 2.28 (ddq, J = 10.6, 9.2, 7.0 Hz, 1H), 1.92 (dddd, J = 11.8,
9.2, 9.0, 8.4 Hz, 1H), 1.75 (ddd, J = 11.8, 10.6, 10.6 Hz, 1H), 0.96 (d, J = 7.0 Hz, 3H).
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10,10-Dimethyl-9-(2,3-dihydro-3-methylequatorial-4(1H)-phenanthrenylidene)-10H-anthracene
(26a) Olefin 26 (9.8 mg, 2.45 × 10–2 mmol) was dissolved in toluene-d8 (0.75 mL). This solution was
irradiated for 17 h at –25°C using a pyrex filter. 1H NMR revealed a 1/99 ratio of 26/26a. 1H NMR
(500 MHz, toluene-d8, –25°C) δ 7.68 – 7.61 (m, 3H), 7.52 (dd, J = 7.3, 1.1 Hz, 1H), 7.32 – 7.30 (m,
2H), 7.21 (d, J = 8.1 Hz, 1H), 7.17 – 7.05 (m, 3H), 6.99 (t, J = 8.1 Hz, 1H), 6.72 (dt, J = 7.3, 1.1 Hz,
1H), 6.50 (d, J = 7.7 Hz, 1H), 6.22 (t, J = 7.3 Hz, 1H), 3.16 (ddd, J = 14.7, 10.2, 9.9 Hz, 1H), 2.77
(dd, J = 14.7, 8.1 Hz, 1H), 2.40 (ddq, J = 10.4, 9.7, 7.0 Hz, 1H), 1.97 (dddd, J = 11.8, 9.9, 9.7, 8.1 Hz,
1H), 1.92 (s, 3H), 1.88 (ddd, J = 11.8, 10.4, 10.2 Hz, 1H), 1.68 (s, 3H), 1.14 (d, J = 7.0 Hz, 3H).

5-(2,3-Dihydro-3-methylequatorial-4(1H)-phenanthrenylidene)-5H-dibenzo[a,d]cycloheptene (27a)
Olefin 27 (10.4 mg, 2.71 × 10–2 mmol) was dissolved in toluene-d8 (0.75 mL). This solution was
irradiated for 168 h at room temperature using a pyrex filter. 1H NMR revealed a 25/75 ratio of
27/27a. 1H NMR (500 MHz, toluene-d8, 25°C) δ 8.63 (d, J = 8.1 Hz, 1H), 7.62 (d, J = 7.7 Hz, 1H),
7.55 (d, J = 8.1 Hz, 1H), 7.49 (dd, J = 8.1, 0.7 Hz, 1H), 7.48 (d, J = 8.1 Hz, 1H), 7.27 (d, J = 8.1 Hz,
1H), 7.26 (dd, J = 7.7, 1.5 Hz, 1H), 7.17 (dd, J = 7.7, 0.7 Hz, 1H), 7.00 (d, J = 7.7 Hz, 1H), 6.91 (d, J
= 8.1 Hz, 1H), 6.74 (d, J = 11.7 Hz, 1H), 6.71 (dd, J = 7.7, 0.7 Hz, 1H), 6.64 (d, J = 11.7 Hz, 1H),
6.62 (t, J = 7.7 Hz, 1H), 6.55 (dt, J = 7.7, 0.7 Hz, 1H), 6.53 (t, J = 7.7 Hz, 1H), 2.76 (ddq, J = 9.2, 7.0,
6.6 Hz, 1H), 2.57 (ddd, J = 13.2, 13.2, 5.7 Hz, 1H), 2.27 (ddd, J = 13.2, 4.6, 2.2 Hz, 1H), 1.76 (dddd,
J = 12.7, 9.2, 5.7, 2.2 Hz, 1H), 0.86 (d, J = 7.0 Hz, 3H), 0.66 (dddd, J = 13.2, 12.7, 6.6, 4.6 Hz, 1H).

Kinetic studies of thermal isomerization of less-stable isomers 18a, 19a, 20a, 21a, and 27a into
stable isomers 18, 19, 20, 21, and 27 using 1H NMR spectroscopy. The kinetic conversions of the
irradiated samples, in toluene-d8 or benzene-d6, were carried out at a constant temperature in the range
35 – 65°C. The NMR tube containing the sample (~10 mg of compound in 0.75 mL of solvent) was
heated in a water bath and, when measured, immediately cooled to 0°C to stop reaction. At each
temperature 1H NMR spectra were recorded at 9 or 10 regular time intervals. The ratios of less-stable
form/stable form were determined by comparison of the integral values of chemical shifts of less-
stable form and stable form. With these ratios, the conversions of the less-stable form into the stable
form were calculated and analyzed applying equations for first-order reaction. The rate constants (k)
of isomerization were determined, and the thermodynamic activation parameters (∆G‡, Ea, ∆H‡, ∆S‡)
subsequently. Finally the Gibbs energy of activation at room temperature (20°C, ∆‡Gθ), rate constant
at room temperature (20°C, kθ), and half-life time at room temperature (20°C, t1/2

θ) were calculated.

Procedure for irradiation experiments performed for kinetic studies using CD spectroscopy
(section 6.6). Irradiation experiments were carried out with a 200 Watt high pressure mercury lamp
(Oriel) using a pyrex filter (>280 nm, Ø = 5 cm) (Andover Cooperation optical Filters) and a fiber
optic. The samples were irradiated in a 1 cm quartz cuvet. Irradiation was performed at room
temperature and the distance between cuvet and light source (fiber optic) was approximately 5 cm.
Irradiation for 5 min was required to reach photostationary states and the samples were directly
analyzed by CD measurements.

Kinetic studies of thermal isomerization of less-stable isomers 25a and 26a into stable isomers
25 and 26 using CD spectroscopy (section 6.6). The CD spectra of the solutions of the first-eluted
enantiomers, 25 and 26, in n-hexane (concentrations of these solutions were 2.64 × 10–5 M (25) and
1.88 × 10–5 M (26), respectively) were measured at several temperatures in the range 5 – 30°C. The
samples were irradiated (see above described procedure) and the intensities of CD values at 229 nm
(25) or 225 nm (26), respectively, were monitored at 5, 10, or 20 s intervals at a constant temperature
in the range 5 – 30°C for 1 – 5 h. The conversions of less-stable form into stable form were
determined from the changes of ∆ε values and analyzed applying equations of first-order reaction.
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The rate constants (k) of the isomerization were determined, and the thermodynamic activation
parameters (∆G‡, Ea, ∆H‡, ∆S‡) subsequently. Finally the Gibbs energy of activation at room
temperature (20°C, ∆‡Gθ), rate constant at room temperature (20°C, kθ), and half-life at room
temperature (20°C, t1/2

θ) were calculated.

Thermal conversion of 18a into 18. Solvent: toluene-d8. Method: 1H NMR

T/°C T/K k
(s–1)

t1/2

(h)
∆G‡

(kcal mol–1)

45.10 318.25 2.69 (± 0.09) × 10–5 7.16 25.32 ± 0.02
50.05 323.20 4.47 (± 0.14) × 10–5 4.28 25.37 ± 0.02
55.00 328.15 8.55 (± 0.29) × 10–5 2.25 25.38 ± 0.02
60.10 333.25 1.53 (± 0.05) × 10–4 1.26 25.40 ± 0.02
65.00 338.15 2.67 (± 0.08) × 10–4 0.72 25.41 ± 0.02

Ea = 24.9 ± 0.8 kcal mol–1 ∆‡Gθ (20°C) = 25.3 ± 0.1 kcal mol–1

A = 3.4 × 1012 s–1 kθ (20°C) = 9.0 (± 1.1) × 10–7 s–1

∆H‡ = 24.3 ± 0.8 kcal mol–1 t1/2
θ (20°C) = 215 ± 27 h

∆S‡ = –3.4 ± 2.5 cal K–1 mol–1

Thermal conversion of 19a into 19. Solvent: toluene-d8. Method: 1H NMR

T/°C T/K k
(s–1)

t1/2

(h)
∆G‡

(kcal mol–1)

45.10 318.25 2.77 (± 0.10) × 10–5 6.95 25.31 ± 0.02
50.00 323.15 4.89 (± 0.16) × 10–5 3.94 25.34 ± 0.02
55.15 328.30 8.82 (± 0.28) × 10–5 2.18 25.37 ± 0.02
59.95 333.10 1.53 (± 0.05) × 10–4 1.26 25.39 ± 0.02
65.10 338.25 2.65 (± 0.08) × 10–4 0.73 25.42 ± 0.02

Ea = 24.2 ± 0.8 kcal mol–1 ∆‡Gθ (20°C) = 25.2 ± 0.1 kcal mol–1

A = 1.2 × 1012 s–1 kθ (20°C) = 1.0 (± 0.1) × 10–6 s–1

∆H‡ = 23.6 ± 0.8 kcal mol–1 t1/2
θ (20°C) = 184 ± 22 h

∆S‡ = –5.5 ± 2.4 cal K–1 mol–1

Thermal conversion of 20a into 20. Solvent: benzene-d6. Method: 1H NMR

T/°C T/K k
(s–1)

t1/2

(h)
∆G‡

(kcal mol–1)

35.50 308.65 5.05 (± 0.17) × 10–5 3.18 24.15 ± 0.03
40.00 313.15 9.28 (± 0.30) × 10–5 2.08 24.14 ± 0.03
45.10 318.25 1.57 (± 0.06) × 10–4 1.22 24.21 ± 0.02
50.15 323.30 2.75 (± 0.09) × 10–4 0.70 24.24 ± 0.02
54.65 327.80 4.56 (± 0.15) × 10–4 0.42 24.26 ± 0.02

Ea = 22.8 ± 0.8 kcal mol–1 ∆‡Gθ (20°C) = 24.0 ± 0.05 kcal mol–1

A = 6.8 × 1011 s–1 kθ (20°C) = 7.3 (± 0.6) × 10–6 s–1

∆H‡ = 22.1 ± 0.8 kcal mol–1 t1/2
θ (20°C) = 26 ± 2 h

∆S‡ = –6.5 ± 2.6 cal K–1 mol–1
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Thermal conversion of 21a into 21. Solvent: toluene-d8. Method: 1H NMR

T/°C T/K k
(s–1)

t1/2

(h)
∆G‡

(kcal mol–1)

40.10 313.25 1.26 (± 0.08) × 10–5 15.30 25.39 ± 0.04
45.08 318.23 2.30 (± 0.10) × 10–5 8.39 25.42 ± 0.03
55.01 328.16 7.67 (± 0.24) × 10–5 2.51 25.45 ± 0.02
60.07 333.22 1.34 (± 0.04) × 10–4 1.44 25.48 ± 0.02

Ea = 24.7 ± 1.0 kcal mol–1 ∆‡Gθ (20°C) = 25.3 ± 0.1 kcal mol–1

A = 2.1 × 1012 s–1 kθ (20°C) = 8.3 (± 1.2) × 10–7 s–1

∆H‡ = 24.1 ± 1.0 kcal mol–1 t1/2
θ (20°C) = 233 ± 34 h

∆S‡ = –4.3 ± 3.2 cal K–1 mol–1

Thermal conversion of 25a into 25. Solvent: n-hexane. Method: CD

T/°C T/K k
(s–1)

t1/2

(h)
∆G‡

(kcal mol–1)

5.00 278.15 4.16 (± 0.17) × 10–5 4.63 21.82 ± 0.02
10.00 283.15 7.71 (± 0.25) × 10–5 2.50 21.87 ± 0.02
15.00 288.15 1.55 (± 0.05) × 10–4 1.25 21.87 ± 0.02
20.00 293.15 3.02 (± 0.09) × 10–4 0.64 21.87 ± 0.02
25.00 298.15 5.34 (± 0.16) × 10–4 0.36 21.92 ± 0.02
30.00 303.15 9.38 (± 0.29) × 10–4 0.21 21.95 ± 0.02

Ea = 21.1 ± 0.5 kcal mol–1 ∆‡Gθ (20°C) = 21.9 ± 0.05 kcal mol–1

A = 1.6 × 1012 s–1 kθ (20°C) = 2.9 (± 0.1) × 10–4 s–1

∆H‡ = 20.6 ± 0.5 kcal mol–1 t1/2
θ (20°C) = 40 ± 2 min

∆S‡ = –4.6 ± 1.8 cal K–1 mol–1

Thermal conversion of 26a into 26. Solvent: n-hexane. Method: CD

T/°C T/K k
(s–1)

t1/2

(h)
∆G‡

(kcal mol–1)

10.00 283.15 2.57 (± 0.14) × 10–5 7.49 22.49 ± 0.03
15.00 288.15 4.95 (± 0.18) × 10–5 3.89 22.52 ± 0.02
20.00 293.15 9.34 (± 0.29) × 10–5 2.06 22.55 ± 0.02
25.00 298.15 1.83 (± 0.06) × 10–4 1.05 22.55 ± 0.02
30.00 303.15 3.36 (± 0.10) × 10–4 0.57 22.57 ± 0.02

Ea = 22.0 ± 0.7 kcal mol–1 ∆‡Gθ (20°C) = 22.5 ± 0.05 kcal mol–1

A = 2.3 × 1012 s–1 kθ (20°C) = 9.6 (± 0.3) × 10–5 s–1

∆H‡ = 21.4 ± 0.7 kcal mol–1 t1/2
θ (20°C) = 121 ± 4 min

∆S‡ = –3.9 ± 2.5 cal K–1 mol–1
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Thermal conversion of 27a into 27. Solvent: toluene-d8. Method: 1H NMR

T/°C T/K k
(s–1)

t1/2

(h)
∆G‡

(kcal mol–1)

35.12 308.27 2.13 (± 0.09) × 10–5 9.03 24.65 ± 0.03
45.03 318.18 6.69 (± 0.21) × 10–5 2.88 24.74 ± 0.02
50.00 323.15 1.16 (± 0.04) × 10–4 1.66 24.79 ± 0.02
55.00 328.15 1.98 (± 0.06) × 10–4 0.97 24.83 ± 0.02

Ea = 22.5 ± 0.9 kcal mol–1 ∆‡Gθ (20°C) = 24.5 ± 0.05 kcal mol–1

A = 2.1 × 1011 s–1 kθ (20°C) = 3.2 (± 0.3) × 10–6 s–1

∆H‡ = 21.9 ± 0.9 kcal mol–1 t1/2
θ (20°C) = 60 ± 5 h

∆S‡ = –8.9 ± 2.7 cal K–1 mol–1

Arrhenius plots for isomerization of motors 18a – 21a and 25a – 27a.

lnk

(1/T) x 103

18a, ln k = 28.851–12.542/(T x 103), R = 0.99945
19a, ln k = 27.767–12.179/(T x 103), R = 0.99997
20a, ln k = 27.250–11.456/(T x 103), R = 0.99945
21a, ln k = 28.394–12.431/(T x 103), R = 0.99995
25a, ln k = 28.123–10.633/(T x 103), R = 0.99970
26a, ln k = 28.478–11.060/(T x 103), R = 0.99986
27a, ln k = 26.051–11.346/(T x 103), R = 1

Eyring plots for isomerization of motors 18a – 21a and 25a – 27a.

ln
 k

/ T

(1/T) x 103

18a, ln k/T = 22.058–12.214/(T x 103), R = 0.99942

19a, ln k/T = 20.974–11.850/(T x 103), R = 0.99997

20a, ln k/T = 20.488–11.138/(T x 103), R = 0.99942
21a, ln k/T = 21.616–12.108/(T x 103), R = 0.99995

25a, ln k/T = 21.452–10.342/(T x 103), R = 0.99968

26a, ln k/T = 21.798–10.767/(T x 103), R = 0.99985

27a, ln k/T = 19.276–11.024/(T x 103), R = 1
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Chapter 7

Light-driven Molecular Motors1

Part III: Naphthalene Upper Part

7.1 Introduction

The development of the second generation of light-driven molecular motors was presented in chapters
5 and 6. These light-driven molecular motors (scheme 7.1) were able to perform a 360° unidirectional
rotation around the central double bond by a combination of two photochemical and two thermal steps
(chapter 5).2 Furthermore, the Gibbs energy of activation (∆G‡) of the thermal step was adjusted by
varying atoms X, in the upper part, and Y in the lower part of the motor (chapter 6). The speed of
rotation is directly correlated to the height of the Gibbs energy of activation (∆G‡) of the two thermal
steps of the four-step rotary process. During a thermal conversion the upper and lower part of the
motor must move along each other. The more the upper and lower parts are pushed towards each
other by increasing distances d1 and d2 (scheme 7.1) the higher is the steric hindrance in the fjord
region of the motor, which results in higher Gibbs energies of activation (∆G‡).3 Accordingly, the
larger atoms X and Y, and the longer the bond lengths with their surrounding carbon atoms, the
slower the thermal conversion takes place.3

X

Y

R R
d2

d1
Meax

Y

Meax

second generation of
light-driven molecular motors

molecular motor with
naphthalene upper part

with phenanthrene upper part

fjord region

fjord region

Scheme 7.1

As depicted in scheme 7.1 the second generation of molecular motors contains a phenanthrene moiety
as the upper part of the molecule. To speed up the rotation process an attempt was undertaken to
decrease the steric repulsion in the fjord region of the motor molecules. The phenanthrene moiety was
replaced and four new molecular motors with a smaller naphthalene moiety as upper part were
synthesized (scheme 7.1). In this chapter the synthesis of the new motors will be presented as well as
their rotation behavior.
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It should be emphasized that changing the upper part from a phenanthrene moiety to a naphthalene
moiety possibly gives rise to an undesired side reaction (scheme 7.2). Upon irradiation, an
intramolecular ring closing reaction, followed by an irreversible oxidative coupling reaction with the
loss of hydrogen, could take place. This reaction is reminiscent of the photochemical conversion of
stilbene into phenanthrene (section 1.2.4).3b,4

Y

Meax

molecular motor with
naphthalene upper part

Y

Me

Y

Meax – H2

Scheme 7.2 Possible ring closure of molecular motors with naphthalene upper part.

7.2 Synthesis of Overcrowded Alkenes 11 – 14

Four new overcrowded alkenes 11 – 14 with a naphthalene upper part were synthesized analogously
to the second generation of molecular motors described in chapters 5 and 6.

Me
O N

H2N

Me

1 2

H2NNH2·H2O

Ethanol

87%

reflux, 12 h

Scheme 7.3 Synthesis of upper part 2.

Refluxing 2-methyl-3,4-dihydro-1(2H)-naphthalenone (1, commercially available) in ethanol in the
presence of an excess of hydrazine monohydrate afforded hydrazine 2 (upper part) in a yield of 87%
(scheme 7.3). Four different thioketones 3 – 6 were employed as lower parts; the synthesis is
presented in chapter 6, except for thioketone 5, preparation of which is described in the experimental
section of this chapter (section 7.7).5

To couple the upper part with thioketones 3 – 6, hydrazine 2 was converted into its unstable, purple,
diazo analog 2a (scheme 7.4). Because of unstability, diazo compound 2a was not isolated but was
reacted in situ with thioketones 3, 4, 5, and 6, respectively. Thus, episulfides 7 – 10 were obtained in
yields of 30 to 48% (table 7.1). Desulfurization in the usual way with Cu-bronze in refluxing p-xylene
(method A) was only successful for episulfides 7 and 8. Desulfurization of episulfides 9 and 10 was
achieved with PPh3 in refluxing toluene (method B). The desired alkenes 11 – 14 were isolated with
yields between 70 and 95% (table 7.1).
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N
H2N

Me Y

S

3: Y = S
4: Y = C(CH3)2
5: Y = CH2CH2
6: Y = CHCH

Y Y

Meax

N
Me

N

Ag2O, MgSO4

KOH, MeOH

2a30 - 48%

70 - 95%

Cu-bronze

p-xylene

2

toluene

PPh3

Me
S

  7: Y = S
  8: Y = C(CH3)2
  9: Y = CH2CH2
10: Y = CHCH

11: Y = S
12: Y = C(CH3)2
13: Y = CH2CH2
14: Y = CHCH

A

B

1'2'
3'

4'

–10°C, 30 min
CH2Cl2

CH2Cl2
RT, 12 h

reflux, 12 h

reflux, 12 h

Scheme 7.4 Synthesis of molecular motors 11 – 14.

Table 7.1 Yields of the diazo-thioketone coupling reaction yielding episulfides 7 – 10. Yields of the
desulfurization reaction giving alkenes 11 – 14. Coupling constants of protons H(2’)eq.

Y episulfide yield
(%)

alkene method yield
(%)

coupling
constants (J (Hz))

S 7 48 11 A 94 H(2’)eq: 6.6, 6.6
C(CH3)2 8 43 12 A 95 H(2’)eq: 6.6, 4.0
CH2CH2 9 45 13 B 71 H(2’)eq: 6.6, 6.2
CHCH 10 30 14 B 70 H(2’)eq: 6.6, 5.9

The new motors 11 – 14 were characterized by 1H, 13C, COSY, and NOESY NMR and high
resolution mass spectrometry. NMR Studies revealed that the methyl substituents at the upper part of
the motors all adopted a pseudoaxial orientation. This followed from coupling constants between 4.0
and 6.6 Hz for the adjacent protons H(2’), confirming their equatorial orientation (table 7.1). This was
assured by X-ray analysis (section 7.3).

7.3 X-Ray Analysis of Overcrowded Alkene 14

Crystals, suitable for X-ray analysis, of overcrowded alkene 14 were obtained be recrystallization
from n-hexane. The PLUTO drawing of overcrowded alkene 14 revealed the methyl substituent at the
upper part of the molecule to adopt an axial orientation which is in accordance with the 1H NMR
studies (table 7.1). In addition, the dibenzoheptene lower part has a folded shape. These findings
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corresponded with structural properties found for the second generation of molecular motors
presented in chapters 5 and 6. Detailed structural features are contemplated in section 7.5.
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Figure 7.1 PLUTO drawing of overcrowded alkene 14. Atom numbering according to IUPAC
nomenclature.

7.4 Photochemical and Thermal Behavior of 11 – 14

The new motors (stable isomers) were first irradiated to obtain their less-stable analogs to investigate
the speed of the reverse, thermal conversion. Motors 11 – 14 have symmetric lower parts with the
consequence that one photochemical and one thermal conversion gives a structure identical to the
starting compound (scheme 7.5) (see also section 6.1).

The motor with the lowest Gibbs energy of activation at room temperature (∆‡Gθ = 21.9 kcal mol–1)
found hitherto performed its thermal conversion at room temperature with a half-life of approximately
40 min (motor 25, chapter 6). Since the steric hindrance in the new class of motors was expected to be
considerably lower than in the motors presented previously (chapter 6), the thermal conversions of
motors 11 – 14 were anticipated to be much faster at room temperature. We therefore decided to
irradiate motors 11 – 14 at –40°C to avoid a direct thermal conversion to the starting compounds and
thus to be able to monitor the formation of the less-stable isomers. The irradiation experiments were
performed in a UV-apparatus cooled to –40°C (see experimental section). The photochemical
conversions were followed by recording UV-spectra at regular time intervals until photostationary
states were reached. In case of a successful photochemical conversion of a stable isomer into a less-
stable isomer, a UV-spectrum of a mixture of the stable and less-stable isomer would be obtained
(photostationary state). By heating such a sample to room temperature, or even higher temperatures,
the UV-spectrum of the stable isomer should come back in case of a successful consecutive thermal
conversion. This approach would only give qualitative indications of formation of less-stable isomers
since pure less-stable isomers were not available, let alone their UV-spectra to calculate ratios at
photostationary states. Quantitative data such as the exact ratios between stable and less-stable
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isomers at photostionary states, were envisioned to be obtained in the next stage only if reversible
processes (i.e. rotation behavior) would be observed during the just-described initial irradiation
experiments.

Y

Meax

11: Y = S
12: Y = C(CH3)2
13: Y = CH2CH2
14: Y = CHCH

Y

Meeqhν

Y

Meax∆

stable less-stable stable

photochemical thermal
step step

Scheme 7.5

Table 7.2 UV-data of motors 11 – 14 at room temperature with n-hexane as solvent.

motor λ (nm)      ∆ε (1000 cm2 mol–1)

11 273 (25600) 321 (10900)
12 297 (16100)
13 274 (14300)
14 224 (41200) 227 (41300) 264 (21800) 277 (23700)

Table 7.3 Irradiation conditions and results. Irradiation experiments were performed in UV-cuvets
with n-hexane as solvent at –40°C, Hg-lamp.

motor conc. (M) filtera PSS result upon heating

11 1.36 × 10–5 313 nm 2 h irreversible product
12 2.53 × 10–5 313 nm 6 min irreversible product
13 2.75 × 10–5 313 nm 2 h irreversible product
14 2.41 × 10–5 313 nm 20 min reversible product

abandwidth of applied filter = 10 nm

The irradiation conditions and results are presented in table 7.3 (more details in experimental section).
Photostationary states were reached in 6 min to 2 h with the use of a 313 nm filter. As indicated in
table 7.3, application of heat to the irradiated samples (to temperatures as high as 60°C for 18 h) did
not lead to reversal to the starting compound in case of motors 11 – 13. Therefore, the conclusion was
drawn that irreversible products were formed instead. Possibly, an irreversible intramolecular ring
closure took place, as discussed in section 7.1. Only motor 14 showed the desired rotation since the
sample underwent reversal, though not complete, toward starting compound by heating at 60°C for 18
h. Irradiation experiments were repeated applying a pyrex filter (>280 nm) and photostationary states
were reached within seconds since a pyrex filter effects light of more intensity than a 313 nm filter
(band width = 10 nm). However, same UV-spectra (i.e. same products) were found as compared to
spectra obtained with the 313 nm filter (table 7.3).
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To characterize the irradiation products, the irradiation experiments were repeated on a larger scale in
NMR-tubes (table 7.4). These experiments were carried out at room temperature since no subsequent
thermal conversions of irradiated samples 11 – 13 were observed during the initial, above-described,
experiments while irradiated 14 required prolonged heating at 60°C for the reverse, thermal
conversion.

Irradiation of compounds 11 and 13 gave indefinite black precipitates and no further attempts were
undertaken to characterize these products. Irradiation of compound 12 revealed a partial conversion to
a single product (15, scheme 7.6). A 47/53 ratio of starting material versus product was established at
the photostationary state.

Table 7.4 Conditions and results of irradiation experiments in NMR-tubes at room temperature.

compound conc. (M) filter solvent PSS ratio
substrate/product b

11 9.8 × 10–3 pyrex toluene-d8 21 ha indefinite product
12 9.5 × 10–3 pyrex benzene-d6 21 h 47/53
13 9.1 × 10–3 pyrex benzene-d6 21 ha indefinite product
14 1.0 × 10–2 pyrex benzene-d6 11 h 32/68

aNo photostationary state was reached but experiments were stopped. bRatios of substrate (compounds 11 – 14)
versus product at PSS.

Meax hν Me Me

12 15a 15

– H2

HRMS: 350.2039 HRMS: 348.1891

Scheme 7.6 Formation of ring closed product 15.

Presumably, an electrocyclic ring closure gave intermediate 15a, which lost hydrogen to yield
compound 15. This sequence of events was foreseen to be a possible but undesired side process as
mentioned in section 7.1 (scheme 7.2).2b,3 Separation of starting material and product was not
attempted since the 1H NMR-spectrum of the mixture already allowed the identification of product 15.
An exact mass spectrum of the reaction mixture showed the appearance of a peak at 348.1891, not
present in the mass spectrum of pure 12, which confirmed the loss of hydrogen.

Irradiation of stable motor 14 for 11 h applying a pyrex filter gave a clean photochemical conversion
to less-stable isomer 14a in a 32/68 ratio (scheme 7.7; see table 7.4 for conditions). Ring closure was
not observed nor formation of any other side product. The isomers 14 and 14a were not separated.
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The 1H NMR-spectrum of the reaction mixture showed the absorptions of both isomers which enabled
characterization of less-stable 14a (table 7.5). 1H NMR revealed that the H(2’)-proton of 14a shifted
to higher field (from 3.34 to 2.68 ppm). Coupling constants of 5.9 and 11.8 Hz were found for H(2’),
which indicated that the adjacent methyl substituent adopted an energetically unfavorable equatorial
orientation. The absorption of the methyl substituent shifted to lower field from 0.61 to 1.00 ppm.
These findings are analogous to results obtained for motors presented in chapters 5 and 6.

Meax Meeq
hν, pyrex

benzene-d6
RT, 11 h

32/6814 14a

Meax∆

140/100

Scheme 7.7 Rotation behavior of motor 14.

Table 7.5 Chemical shift of the methyl substituent and H(2’) of stable 14 and less-stable 14a.
Coupling constants of H(2’) of less-stable 14a. Spectra recorded in benzene-d6.

motor
stable

δ Meax

(ppm)
δ Heq (ppm) and

coupling
constants (Hz)

product
less-

stable

  δ Meeq

  (ppm)
δ Hax (ppm) and

coupling
constants (Hz)

14 0.61 H(2’)eq: 3.34, J = 6.6, 5.9 14a  1.00 H(2’)ax: 2.68, J = 11.8, 5.9

Table 7.6 Thermodynamic parameters of the thermal conversion of isomer 14a into 14.

Ea = 22.6 ± 0.9 kcal mol–1 ∆‡Gθ (20°C) = 25.5 ± 0.1 kcal mol–1

∆H‡ = 21.9 ± 0.9 kcal mol–1 kθ (20°C) = 6.1 (± 1.0) × 10–7 s–1

∆S‡ = –12.2 ± 2.7 cal K–1 mol–1 t1/2
θ (20°C) = 314 ± 50 h

Heating the mixture of stable 14 and less-stable 14a resulted in a quantitative conversion to stable 14
(scheme 7.7). This result confirmed that, similar to the motors presented in chapters 5 and 6, the
thermal conversion is an energetically downhill process and that therefore the preceding
photochemical conversion is an energetically uphill process. The reaction rate of the thermal
conversion was measured at four different temperatures over a temperature range of 40 to 70°C. The
conversions of less-stable 14a into stable 14 were monitored by 1H NMR-spectra recorded at regular
time intervals and the integrals of the absorptions of the two different methyl substituents were
compared to determine the ratio between both isomers. The kinetics revealed that the thermal
conversion is first-order. The obtained energy parameters are presented in table 7.6 (see sections 1.1.6
and 6.5 for detailed information about kinetics).

A question is why motor 12 gave a ring closed product on irradiation and motor 14 showed rotation
behavior. Obviously, the dibenzocycloheptene lower part of 14 is more rigid than the thioxanthene
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lower part of 12. Apparently, the rigidity of motor 14 makes that a cis-trans isomerization is favored
over formation of a ring closed product which would be too sterically demanding.

7.5 Discussion

A remarkably high Gibbs energy of activation at room temperature of ∆‡Gθ = 25.5 ± 0.1 kcal mol–1

was found for the thermal conversion of less-stable 14a into stable 14. The Gibbs energy of activation
(∆‡Gθ) increased by 1.0 kcal mol–1 when compared with the phenanthrene substituted analog, motor
16 (scheme 7.8 and chapter 6).

Meeq
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16

Meeq

14a

Meax∆

14∆‡Gθ = 25.5 ± 0.1 kcal mol-1

∆

∆‡Gθ = 24.5 ± 0.05 kcal mol-1

fjord region

fjord region

Scheme 7.8 Comparison of Gibbs energies of activation at room temperature (∆‡Gθ) of motors 14 and
16.

Table 7.7 Thermodynamic parameters at room temperature of motors 14 and 16.

less-stable
motors

stable
motors

∆‡Gθ

(kcal mol–1)
kθ

(s–1)
t1/2

θ

(h)

14a 14 25.5 ± 0.1 6.1 (± 1.0) × 10–7 314 ± 50
16a 16 24.5 ± 0.05 3.2 (± 0.3) × 10–6 60 ± 5

Table 7.8 Activation parameters of motors 14 and 16.

less-stable
motors

stable
motors

∆‡Gθ

(kcal mol–1)
∆H‡

(kcal mol–1)
∆S‡

(cal K–1 mol–1)

14a 14 25.5 ± 0.1 21.9 ± 0.9 –12.2 ± 2.7
16a 16 24.5 ± 0.05 21.9 ± 0.8 –8.9 ± 2.7

The half-life at room temperature (t1/2
θ) of less-stable 14a was found to be 314 h, which is more than

five times longer than the half-life time (t1/2
θ = 60 h) of less-stable 16a (table 7.7). This is a surprising
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result, since the phenanthrene substituted motor 16 is sterically much more demanding in the fjord
region than motor 14 (with a smaller naphthalene upper part). Evidently, the encountered steric
repulsion during a thermal conversion is not the sole parameter governing the height of the Gibbs
energy of activation (∆‡Gθ).

To find possible additional causes affecting the Gibbs energy of activation (∆‡Gθ) X-ray structures of
motors 14 and 16 were compared (scheme 7.9). The X-ray analysis of motor 16 was presented
previously in section 6.3.
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Scheme 7.9 PLUTO drawings of motors 14 and 16 with numbered atoms according to IUPAC
nomenclature.

Table 7.9 Relevant torsion angles of motors 14 and 16. Torsion angles at identical positions in both
molecules are placed at one row in order to simplify comparison. Atom numbers, however, do differ
since both motors adopt different atom numbering schemes according to IUPAC nomenclature.

folding of lower part

motor atoms torsion angle (°) motor atoms torsion angle (°)
14 1’ – 5 – 5a – 6 62.00 16 4’ – 5 – 5a – 6 57.20
14 1’ – 5 – 4a – 4 –65.37 16 4’ – 5 – 4a – 4 –60.09

folding of central double bond

motor atoms torsion angle (°) motor atoms torsion angle (°)
14 4a – 5 – 1’ – 2’ –4.85 16 4a – 5 – 4’ – 3’ –3.29
14 5a – 5 – 1’ – 8a’ –2.77 16 5a – 5 – 4’ – 4a’ –0.67

conformation of cyclohexene ring
motor atoms torsion angle (°) motor atoms torsion angle (°)

14 5 – 1’ – 8a’ – 4a’ –136.16 16 5 – 4’ – 4a’ – 10a’ –119.55
14 5 – 1’ – 2’ – 3’ –203.61 16 5 – 4’ – 3’ – 2’ –121.02
14 1’ – 8a’ – 4a’ – 4’ –7.21 16 4’ – 4a’ – 10a’ – 1’ 1.13
14 1’ – 2’ – 3’ – 4’ 28.70 16 4’ – 3’ – 2’ – 1’ 2.36
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The relevant torsion angles outlined in table 7.9 indicate that the shape of the dibenzoheptene lower
parts of both motors 14 and 16 do not differ significantly. Folding angles around 60° were established
for both molecules. The same holds for the folding of the central double bond. Comparable torsion
angles were found, not larger than 5°. Considerable conformational differences were found between
the cyclohexene rings of motors 14 and 16. The small torsion angles of atoms 4’ – 4a’ – 10a’ – 1’
(1.13°) and of atoms 4’ – 3’ – 2’ – 1’ (2.36°) as well as the values for torsion angles 5 – 4’ – 4a’ –
10a’ (–119.55°) and 5 – 4’ – 3’ – 2’ (–121.02°) clearly quantify a boat conformation of the
cyclohexene ring of motor 16. This appeared not to be the case for motor 14. Torsion angles of the
cyclohexene ring indicate a conformation much more tending to a twisted boat. Apparently, the severe
steric repulsion in the fjord region of motor 16 enforces the cyclohexene ring to adopt an energetically
unfavorable boat conformation, whereas the lesser steric hindrance in motor 14 gave more
conformational freedom to the cyclohexene ring to allow an energetically favorable twisted boat
conformation.

Preliminary molecular mechanics calculations (MOPAC) have shown that the same conformational
differences exist for unstable isomers 14a and 16a. This implies that 16a adopts an energetically
unfavorable boat conformation while 14a has an energetically more favorable twisted boat
conformation. We therefore suggest that the Gibbs energy at room temperature (∆Gθ) of motor 14a is
‘relatively’* lower than that of motor 16a. The higher Gibbs energy of activation at room temperature
(∆‡Gθ) of motor 14a can now be explained by realizing that during thermal transition, 14a first has to
adopt an energetically unfavorable boat conformation before upper and lower part can pass eachother.
Isomer 16a already has the unfavorable boat conformation which means it can directly start with the
passing movement of upper and lower part during thermal transition. Thus, the energetically more
favorable twisted boat conformation of motor 14a is responsible for a ‘relatively’* low Gibbs energy
at room temperature (∆Gθ) and inflicts the additional, energy consuming,  conformational change 14a
has to make during thermal transition. These two factors are responsible for the fact that the gap
between the Gibbs energy at room temperature (∆Gθ) and the Gibbs energy at transition state
(∆Gθ

transition), which is nothing else but the Gibbs energy of activation at room temperature (∆‡Gθ) (see
figure 7.2), is larger for 14a than for 16a.

Meax
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less-stable isomer
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Figure 7.2 Schematic energy diagram of a thermal step.

*At this moment we can only suggest that the Gibbs energy at room temperature (∆Gθ) of motor 14a is
‘relatively’ lower than that of motor 16a. The absolute values have not been determined yet and it could well be
that the ‘absolute’ value of ∆Gθ of 14a is higher than that of 16a.
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Lastly, the results described in this chapter indicate in a preliminary fashion that, in addition to steric
hindrance, different ground state energies (∆Gθ) of molecular motors are another important factor in
determining differences of Gibbs energies of activation (∆‡Gθ) of thermal conversions. The
observation, described in chapter 6, that motors with a (thio)phenanthrene upper part display a strong
correlation between steric hindrance present in the fjord region and the Gibbs energy of activation
(∆‡Gθ) is due to the fact that all these motor molecules have similar shapes and their cyclohexene
rings all adopt a boat conformation. Therefore, ground state energies (∆Gθ) will not differ much and
will not cause drastical differences in Gibbs energies of activation (∆‡Gθ). However, when different
classes of motor molecules are compared (i.e. this chapter: phenanthrene versus naphthalene upper
part) predictions with respect to Gibbs energies of activation (∆‡Gθ) fail since differences in Gibbs
energies at room temperature (∆Gθ) are of such magnitude they become a parameter of influence. In
the near future, molecular modeling studies may be valuable contributions to this matter.

7.6 Conclusions

Four new potential motor molecules with a naphthalene upper part were successfully synthesized.
Upon irradiation only one of them (motor 14) showed rotation behavior. A remarkably high Gibbs
energy of activation at room temperature (∆‡Gθ = 25.5 kcal mol–1) was found for this motor when
compared with its phenanthrene substituted analog (∆‡Gθ = 24.5 kcal mol–1). X-Ray analyses revealed
distinct conformational differences between the cyclohexene rings of the naphthalene and
phenanthrene substituted motors 14 and 16, respectively. These effects were rationalized such that,
apart from steric repulsion in the fjord region, ground state energies (∆Gθ) play another dominant role
in determining Gibbs energies of activation of thermal conversions of molecular motors. Further
studies will be necessary to get more insight in these stereochemical effects.

7.7 Experimental Section

See chapter 2 (section 2.7) for general remarks.

2-methyl-3,4-dihydro-1(2H)-naphthalenone hydrazone (2) Ketone 1 (2.00 g, 12.49 mmol) was
refluxed overnight in a mixture of ethanol (15 mL) and hydrazine monohydrate (15 mL). After
cooling, the ethanol was evaporated in vacuo and the slightly yellow residue was dissolved in diethyl
ether. The organic layer was washed twice with water, dried (Na2SO4), and concentrated in vacuo to
yield pure 2 (1.90 g, 10.92 mmol, 87%) as a yellow oil. 1H NMR (300 MHz, CDCl3, 25°C) δ 7.95 –
8.00 (m, 1H), 7.14 – 7.20 (m, 2H), 7.07 – 7.11 (m, 1H), 5.38 (br, 2H), 3.10 – 3.20 (m, 1H), 2.92 –
3.04 (m, 1H), 2.65 (m, 1H), 1.94 – 2.06 (m, 1H), 1.75 – 1.84 (m, 1H), 1.17 (d, J = 7.3 Hz, 3H); 13C
NMR (50 MHz, CDCl3, 25°C) δ 150.18 (s), 137.22 (s), 132.52 (s), 128.39 (d), 127.64 (d), 126.10 (d),
124.16 (d), 28.46 (t), 25.96 (d), 25.20 (t), 13.65 (q); HRMS calcd for C11H14N2: 174.1157; found:
174.1162.

General procedure for the synthesis of thiiranes (episulfides). Under a nitrogen atmosphere, a
solution of hydrazone 2 (200 mg, 1.15 mmol) in CH2Cl2 (15 mL) was cooled to –10°C. MgSO4 (450
mg), Ag2O (450 mg), and a saturated solution of KOH in methanol (1 mL) were added successively.
After stirring the mixture for 30 min at –10°C a purple solution of the diazo compound was obtained.
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When only an orange or red color was observed more Ag2O and KOH in methanol were added and/or
the temperature was allowed to raise to 0°C. The purple solution was filtered into another ice-cooled
flash and the appropriate thioketone was added. Nitrogen evolution was observed and thioketone was
added until the nitrogen formation stopped and the purple color had disappeared. Stirring was
continued overnight and the reaction temperature was allowed to raise to room temperature. The
reaction mixture was concentrated in vacuo to give a residue ready for further purification.

Dispiro[2-methyl-3,4-dihydro-2H-naphthalene-1, 2’-thiirane-3’, 9’’-(9’’H)-thioxanthene] (7) See
general procedure for synthesis of thiiranes. Starting from hydrazone 2 (200 mg, 1.15 mmol) and
thioketone 3 (182 mg, 0.80 mmol), thiirane 7 was obtained as a white solid (204 mg, 0.55 mmol, 48%
yield based on hydrazone) after recrystallization from ethanol. 1H NMR (300 MHz, CDCl3, 25°C) δ
7.81 (dd, J = 7.3, 1.5 Hz, 1H), 7.73 (dd, J = 7.3, 1.1 Hz, 1H), 7.44 (dd, J = 7.3, 1.5 Hz, 1H), 7.20 –
7.31 (m, 2H), 7.10 – 7.15 (m, 3H), 6.98, (t, J = 7.3 Hz, 1H), 6.83 – 6.91 (m, 2H), 6.66 (t, J = 7.3 Hz,
1H), 2.76 – 2.85 (m, 2H), 2.00 – 2.15 (m, 1H), 1.43 – 1.52 (m, 1H), 1.24 – 1.38 (m, 1H), 0.98 (d, J =
7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 136.98 (s), 135.23 (s), 134.99 (s), 133.96 (s),
133.17 (s), 130.05 (s), 129.97 (d), 128.90 (d), 128.49 (d), 126.55 (d), 125.58 (d), 125.54 (d), 125.24
(d), 125.24 (d), 125.17 (d), 124.81 (d), 124.01 (d), 122.28 (d), 65.05 (s), 64.88 (s), 33.58 (d), 25.32 (t),
22.91 (t), 17.06 (q); HRMS calcd for C24H20S2: 372.1006; found: 372.0991.

9-(2-Methylaxial-3,4-dihydro-2H-naphthalen-1-ylidene)-9H-thioxanthene (11) To a solution of
thiirane 7 (80 mg, 0.22 mmol) in p-xylene (10 mL), Cu-bronze (55 mg, 0.88 mmol) was added. The
resulting suspension was refluxed overnight. The mixture was carefully filtered while hot and the
residue was washed with p-xylene. The filtrate was concentrated in vacuo to yield pure 11 (70 mg,
0.21 mmol, 94%) as a white solid. 1H NMR (500 MHz, benzene-d6, 25°C) δ 7.46 (d, J = 7.0 Hz, 1H),
7.45 (d, J = 7.7 Hz, 1H), 7.40 (d, J = 7.7 Hz, 1H), 7.04 – 6.93 (m, 4H), 6.89 (dt, J = 7.3, 1.1Hz, 1H),
6.81 – 6.77 (m, 2H), 6.71 – 6.67 (m, 2H), 3.78 (ddq, J = 7.0, 6.6, 6.6 Hz, 1H), 2.78 (ddd, J = 15.4, 7.5,
7.2 Hz, 1H), 2.60 (ddd, J = 15.4, 6.4, 6.0 Hz, 1H), 2.16 (dddd, J = 7.2, 6.6, 6.6, 6.4 Hz, 1H), 1.35
(dddd, J = 7.5, 6.6, 6.6, 6.0 Hz, 1H), 0.63 (d, J = 7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ
139.05 (s), 138.58 (s), 138.58 (s), 137.11 (s), 135.64 (s), 134.75 (s), 134.07 (s), 133.80 (s), 129.20 (d),
128.16 (d), 126.31 (d), 126.23 (d), 125.74 (d), 125.55 (d), 125.55 (d), 124.62 (d), 124.54 (d), 124.54
(d), 124.42 (d), 123.00 (d), 28.72 (t), 28.58 (d), 25.83 (t), 18.51 (q); HRMS calcd for C24H20S:
340.1286; found: 340.1283.

UV (n-hexane, λ (ε)): 273 nm (25600), 321 nm (10900)

Dispiro[2-methyl-3,4-dihydro-2H-naphthalene-1, 2’-thiirane-3’, 10’’-(9’’,9’’-dimethyl-9’’,10’’-
dihydro-anthracene)] (8) See general procedure for synthesis of thiiranes. Starting from hydrazone 2
(100 mg, 0.57 mmol) and thioketone 4 (70 mg, 0.29 mmol), thiirane 8 (94 mg, 0.25 mmol, 43% yield
based on hydrazone) was obtained as a white solid after recrystallization from ethanol. 1H NMR (300
MHz, CDCl3, 25°C) δ 8.08 – 8.05 (m, 1H), 7.81 (dd, J = 7.7, 1.5 Hz, 1H), 7.59 (dd, J = 7.7, 1.1 Hz,
1H), 7.50 (d, J = 7.7 Hz, 1H), 7.33 – 7.19 (m, 3H), 7.11 – 7.05 (m, 2H), 6.96 – 6.90 (m, 1H), 6.84 (t, J
= 7.3 Hz, 2H), 2.84 – 2.71 (m, 1H), 2.53 (m, 1H), 2.03 (m, 1H), 1.77 (s, 3H), 1.59 – 1.46 (m, 1H),
1.26 (s, 3H), 1.26 – 1.17 (m, 1H), 1.01 (d, J = 7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ
147.33 (s), 147.03 (s), 137.99 (s), 137.99 (s), 134.98 (s), 133.85 (s), 132.03 (d), 131.02 (d), 128.34
(d), 127.93 (d), 127.25 (d), 127.17 (d), 126.89 (d), 125.09 (d), 124.58 (d), 124.50 (d), 124.10 (d),
123.07 (d), 66.18 (s), 65.48 (s), 39.39 (s), 35.28 (d), 34.32 (q), 27.91 (q), 24.74 (t), 24.30 (t), 19.09
(q); HRMS calcd for C27H26S: 382.1755; found: 382.1744.
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9,9-dimethyl-10-(2-methylaxial-3,4-dihydro-2H-naphthalen-1-ylidene)-9,10-dihydro-anthracene
(12) To a solution of thiirane 8 (80 mg, 0.21 mmol) in p-xylene (10 mL), Cu-bronze (40 mg, 0.63
mmol) was added. This suspension was refluxed overnight. The mixture was carefully filtered while
hot and the residue was washed with p-xylene. The filtrate was concentrated in vacuo to yield pure 12
(70 mg, 0.20 mmol, 95%) as a light yellow solid. 1H NMR (500 MHz, CDCl3, 25°C) δ 7.56 – 7.54
(m, 1H), 7.51 – 7.50 (m, 1H), 7.42 (d, J = 7.3 Hz, 1H), 7.21 – 7.20 (m, 2H), 7.15 (d, J = 7.7 Hz, 1H),
7.10 – 6.98 (m, 2H), 6.87 – 6.79 (m, 3H), 6.69 (d, J = 7.7 Hz, 1H), 3.97 (ddq, J = 7.0, 6.6, 4.0 Hz,
1H), 2.96 (ddd, J = 15.7, 7.7, 7.5 Hz, 1H), 2.85 (ddd, J = 15.7, 6.2, 6.2 Hz, 1H), 2.44 (dddd, J = 13.2,
7.5, 6.6, 6.2 Hz, 1H), 1.88 (s, 3H), 1.64 (dddd, J = 13.2, 7.7, 6.2, 4.0 Hz, 1H), 1.61 (s, 3H), 0.65 (d, J
= 7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 147.17 (s), 146.51 (s), 140.10 (s), 139.06 (s),
138.41 (s), 136.47 (s), 136.30 (s), 130.74 (s), 130.17 (d), 128. 95 (d), 127.37 (d), 126.94 (d), 126.70
(d), 126.13 (d), 125.90 (d), 124.93 (d), 124.67 (d), 124.40 (d), 123.13 (d), 122.70 (d), 40.31 (s), 30.04
(t), 29.90 (d), 29.62 (q), 27.26 (t), 24.47 (q), 19.44 (q); HRMS calcd for C27H26: 350.2035; found:
350.2039.

UV (n-hexane, λ (ε)): 297 nm (16100)

10,11-Dihydro-dibenzo[a,d]cycloheptene-5-thione (5)5 10,11-Dihydro-dibenzo[a,d]cycloheptene-5-
one (2.00 g, 9.62 mmol) was dissolved in toluene (45 mL). P2S5 (8.60 g, 38.69 mmol, ~4 eq.) was
added and this mixture was refluxed overnight. After cooling, the mixture was filtered and the residue
was washed three times with hot toluene. The combined toluene layers were concentrated in vacuo to
yield a blue oil. The oil was purified by column chromatography (silica gel, n-hexane/CH2Cl2 1/1, Rf

= 0.40 for starting ketone, Rf = 0.80 for product) to yield pure 5 (1.25 g, 55.80 mmol, 58%) as a blue
solid. 1H NMR (300 MHz, CDCl3, 25°C) δ 7.74 (dd, J = 7.7, 1.1 Hz, 2H), 7.34 (dt, J = 7.7, 1.1 Hz,
2H), 7.18 (dt, J = 7.7, 1.1 Hz, 2H), 7.10 (d, J = 7.7 Hz, 2H), 3.16 (s, 4H); 13C NMR (125 MHz,
CDCl3, 25°C) δ 246.53 (s), 149.27 (s), 136.37 (s), 130.88 (d), 129.44 (d), 128.87 (d), 126.18 (d),
33.73 (t); HRMS calcd for C15H12S: 224.0660; found: 224.0669.

Dispiro[2-methyl-3,4-dihydro-2H-naphthalene-1, 2’-thiirane-3’, 5’’-(10’’,11’’-dihydro-5’’H-
dibenzo[a,d]cycloheptene)] (9) See general procedure for synthesis of thiiranes. Starting from
hydrazone 2 (400 mg, 2.30 mmol) and thioketone 5 (412 mg, 1.84 mmol), thiirane 9 (380 mg, 1.03
mmol, 45% yield based on hydrazone) was obtained as yellow crystals after recrystallization from
ethanol. 1H NMR (300 MHz, CDCl3, 25°C) δ 7.81 (dd, J = 7.7, 1.5 Hz, 1H), 7.72 (dd, J = 7.7, 1.5 Hz,
1H), 7.22 – 6.95 (m, 7H), 6.78 (d, J = 8.1 Hz, 2H), 6.60 (t, J = 7.7 Hz, 1H), 3.41 – 3.34 (m, 1H), 3.19
– 2.90 (m, 4H), 2.32 – 2.14 (m, 2H), 1.70 – 1.59 (m, 2H), 1.14 (d, J = 6.6 Hz, 3H); 13C NMR (50
MHz, CDCl3, 25°C) δ 141.26 (s), 138.15 (s), 137.86 (s), 137.27(s), 135.68 (s), 132.43 (s), 131.26 (s),
131.19 (s), 131.15 (s), 129.85 (d), 127.98 (d), 127.71 (d), 127.46 (d), 126.94 (d), 126.77 (d), 125.92
(d), 125.26 (d),124.03 (d), 70.73 (s), 65.71 (s), 34.91 (d), 33.36 (t), 29.75 (t), 26.59 (t), 24.48 (t),
19.04 (q); HRMS calcd for C26H24S: 368.1599; found: 368.1591.

5-(2-Methyl-3,4-dihydro-2H-naphthalen-1-ylidene)-10,11-dihydro-5H-dibenzo[a,d]cycloheptene
(13) To a solution of thiirane 9 (167 mg, 0.45 mmol) in toluene (5 mL), PPh3 (238 mg, 0.91 mmol)
was added. This mixture was refluxed overnight. After cooling, the solvent was evaporated in vacuo
to yield a yellow residue. Column chromatography (silica gel, n-hexane/CH2Cl2 15/2, Rf = 0.41 for
13) gave pure 13 (107 mg, 0.32 mmol, 71%) as a colorless oil which solidified upon standing. 1H
NMR (500 MHz, CDCl3, 25°C) δ 7.26 – 7.14 (m, 4H), 7.09 (d, J = 7.7 Hz, 1H), 7.05 – 6.98 (m, 3H),
6.78 (dt, J = 7.7, 0.7 Hz, 1H), 6.75 – 6.73 (m, 2H), 6.68 (dd, J = 7.7, 1.1 Hz, 1H), 3.61 (ddd, J = 14.1,
12.1, 5.1 Hz, 1H), 3.49 (ddd, J = 16.5, 5.1, 5.1 Hz, 1H), 3.27 (ddq, J = 7.0, 6.6, 6.2 Hz, 1H), 2.97
(ddd, J = 16.5, 12.1, 5.1 Hz, 1H), 2.84 (ddd, J = 14.1, 5.1, 5.1 Hz, 1H), 2.83 – 2.76 (m, 2H), 2.24
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(dddd, J = 13.2, 6.6, 6.6, 6.6 Hz, 1H), 1.47 (dddd, J = 13.2, 6.6, 6.6, 6.6 Hz, 1H), 0.70 (d, J = 7.0 Hz,
3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 143.01 (s), 140.73 (s), 139.76 (s), 138.62 (s), 138.18 (s),
137.29 (s), 135.94 (s), 135.16 (s), 130.82 (d), 130.08 (d), 129.85 (d), 128.28 (d), 127.30 (d), 127.00
(d), 126.90 (d), 126.50 (d), 126.36 (d), 125.86 (d), 125.53 (d), 124.46 (d), 33.18 (t), 31.51 (t), 31.04
(d), 30.53 (t), 27.44 (t), 18.59 (q); HRMS calcd for C26H24: 336.1878; found: 336.1872.

UV (n-hexane, λ (ε)): 274 nm (14300)

Dispiro[2-methyl-3,4-dihydro-2H-naphthalene-1, 2’-thiirane-3’, 5’’(5’’H-dibenzo[a,d]cyclohep-
tene)] (10) See general procedure for synthesis of thiiranes. Starting from hydrazone 2 (200 mg, 1.15
mmol) and thioketone 6 (150 mg, 0.67 mmol), thiirane 10 (126 mg, 0.34 mmol, 30% yield based on
hydrazone) was obtained as a white solid after recrystallization from ethanol. 1H NMR (300 MHz,
CDCl3, 25°C) δ 7.91 (d, J = 7.7 Hz, 1H), 7.78 (d, J = 7.7 Hz, 1H), 7.39 – 7.24 (m, 4H), 7.08 (dt, J =
7.3, 1.1 Hz, 1H), 6.96 (d, J = 11.7 Hz, 1H), 6.88 – 6.84 (m, 3H), 6.68 – 6.44 (m, 3H), 2.97 – 2.71 (m,
2H), 2.30 – 2.18 (m, 1H), 1.44 – 1.36 (m, 1H), 1.27 – 1.18 (m, 1H), 1.02 (d, J = 7.0 Hz, 3H); 13C
NMR (50 MHz, CDCl3, 25°C) δ 138.48 (s), 137.83 (s), 136.57 (s), 134.90 (s), 134.12 (s), 132.21 (s),
131.91 (d), 131.33 (d), 130.19 (d), 129.98 (d), 129.54 (d), 128.38 (d), 127.88 (d), 127.82 (d), 127.74
(d), 126.87 (d), 126.76 (d), 126.42 (d), 126.13 (d), 123.54 (d), 69.92 (s), 65.18 (s), 34.54 (d), 26.75 (t),
24.29 (t), 19.62 (q); HRMS calcd for C26H22S: 366.1442; found: 366.1431.

5-(2-Methylaxial-3,4-dihydro-2H-naphthalen-1-ylidene)-5H-dibenzo[a,d]cycloheptene (14) To a
solution of thiirane 10 (100 mg, 0.27 mmol) in toluene (5 mL), PPh3 (143 mg, 0.54 mmol) was added.
This mixture was refluxed overnight. After cooling, the solvent was evaporated in vacuo to yield an
oily residue. Column chromatography (silica gel, n-hexane/CH2Cl2 5/1, Rf = 0.45 for 14) gave pure 14
(63 mg, 0.19 mmol, 70%) as a white solid. 1H NMR (500 MHz, CDCl3, 25°C) δ 7.44 – 7.33 (m, 4H),
7.25 (dt, J = 8.1, 1.8 Hz, 1H), 7.16 (dt, J = 7.3, 1.1 Hz, 1H), 7.07 – 7.04 (m, 4H), 6.96 (dt, J = 7.3, 1.1
Hz, 1H), 6.83 (dd, J = 7.7, 0.7 Hz, 1H), 6.64 (t, J = 7.7 Hz, 1H), 6.21 (dd, J = 7.1, 1.1 Hz, 1H), 3.23
(ddq, J = 6.6, 6.6, 5.9 Hz, 1H), 2.82 (ddd, J = 15.8, 7.3, 7.0 Hz, 1H), 2.76 (ddd, J = 15.8, 6.6, 6.6 Hz,
1H), 2.24 (dddd, J = 13.2, 7.0, 6.6, 6.6 Hz, 1H), 1.44 (dddd, J = 13.2, 7.3, 6.6, 5.9 Hz, 1H), 0.57 (d, J
= 6.6 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 140.76 (s), 139.76 (s), 139.55 (s), 138.76 (s),
135.27 (s), 135.22 (s), 135.04 (s), 134.42 (s),131.22 (d), 131.14 (d), 130.19 (d), 128.43 (d), 128.18
(d), 128.03 (d), 127.97 (d),127.94 (d), 127.55 (d), 127.05 (d), 126.27 (d), 126.15 (d), 126.15 (d),
124.37 (d), 30.45 (t), 30.21 (d), 27.55 (t), 19.38 (q); HRMS calcd for C26H22: 334.1722; found:
334.1722.

UV (n-hexane, λ (ε)): 224 nm (41200), 227 nm (41300), 264 nm (21800), 277 nm (23700)

Crystal data for 14. C26H22, monoclinic, space group P21/c, a = 7.4391(4), b = 26.165(2), c =
9.2788(6) Å, V = 1804.8(2) Å3, Z = 4, Dx = 1.231 g cm-3. A colorless colored block shaped crystal,
obtained by recrystallization from n-hexane, with the dimensions of 0.480 × 0.300 × 0.210 mm
mounted on a glass filter was aligned on a Bruker SMART APEX CCD diffractometer (Platform with
full three circle goniometer). The crystal was cooled to 90 K using the Bruker KRYOFLEX low-

temperature device. Intensity measurements were performed using graphite monochromated Mo-Kα
_

radiation from a sealed ceramic diffraction tube (SIEMENS). Generator settings were 50 KV/ 40 mA.
wR(F2) = 0.1098 for 3910 reflections and 323 parameters and R(F) = 0.0411 for 3449 reflections with
Fo  4.0 (Fo) criterion of observability.
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Photochemical and thermal conversions of compounds 11 – 14 at –40°C monitored by UV-
spectroscopy. A solution of compound 11 – 14 in n-hexane (UV-concentration) was transferred into a
UV-fluorescence-cuvet. The sample was cooled to –40°C (Peltier element controller) inside the UV-
spectrometer. Subsequently, the sample was irradiated (Irradiation experiments were carried out with
a 200 Watt high pressure mercury lamp (Oriel) using a 313 nm filter (band width ~10 nm, Ø = 5 cm)
(Andover Cooperation optical Filters) and a fiber optic. The distance between cuvet and light source
(fiber optic) was approximately 5 cm). At regular time intervals UV-spectra were recorded to monitor
conversion of starting material into product(s). Irradiation was ceased when UV-spectra did not
change anymore (photostationary state). Subsequently, the sample was allowed to raise to room
temperature and a UV-spectrum was recorded. The sample was left overnight at room temperature
and a UV-spectrum was recorded. Finally the sample was transferred to a flask equiped with a cooler
and refluxed for 24 h. After cooling the sample, another UV-spectrum was recorded. The
concentration of the sample changed to a little extent during this sequence of events. However, shapes
of the spectra could be compared conveniently to draw reliable conclusions.

Irradiation of compound 11. See general procedure. A solution of compound 11 (1.360 × 10–5 M)
was irradiated for 2 h after which the photostationary state was reached. In the UV-spectrum at the
photostationary state maxima were observed at 253, 263, 300, and 378 nm, respectively. After heating
the sample no significant changes in the UV-spectrum were observed anymore.

Irradiation of compound 12. See general procedure. A solution of compound 12 (2.528 × 10–5 M)
was irradiated for 6 min after which the photostationary state was reached. In the UV-spectrum at the
photostationary state maxima were observed at 263, 298, 333, and 348 nm, respectively. After heating
the sample no significant changes in the UV-spectrum were observed anymore. See irradiation
experiments monitored by 1H NMR-spectroscopy for further characterization.

Irradiation of compound 13. See general procedure. A solution of compound 13 (2.745 × 10–5 M)
was irradiated for 2 h after which the photostationary state was reached. In the UV-spectrum at the
photostationary state one maximum was observed at 248 nm. After heating the sample no significant
changes in the UV-spectrum were observed anymore.

Irradiation of compound 14. See general procedure. A solution of compound 14 (2.406 × 10–5 M)
was irradiated for 20 min after which the photostationary state was reached. In the UV-spectrum at the
photostationary state maxima were observed at 228 and 278 nm, respectively. After heating the
sample reversal to the initial UV-spectrum was observed. See irradiation experiments monitored by
1H NMR-spectroscopy for further characterization.

Irradiation experiments with compounds 11 – 14 at room temperature monitored by NMR-
spectroscopy. Irradiation experiments were carried out with a 200 Watt high pressure mercury lamp
(Oriel) using a pyrex filter (>280 nm, Ø = 5 cm) (Andover Cooperation optical Filters) and a fiber
optic. The samples were irradiated in a 5 mm pyrex NMR tube. Irradiation experiments were
performed at room temperature and the distance between tube and light source (fiber optic) was
approximately 20 cm so that the divergent light beam covered the whole solution inside the NMR
tube. After irradiation the samples were directly analyzed by 1H NMR measurements.

Irradiation of compound 11. In an NMR-tube, olefin 11 (2.5 mg, 7.35 × 10–3 mmol) was dissolved
in toluene-d8 (0.75 mL). This solution (9.8 × 10–3 M) was irradiated for 21 h. An indefinite black
precipitate was observed while a 1H NMR-spectrum of the reaction mixture revealed some unreacted
starting material.
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7,7,12-trimethyl-7,12,13,14-tetrahydrobenzo[a]perylene (15) In an NMR-tube, olefin 12 (2.5 mg,
7.14 × 10–3 mmol) was dissolved in benzene-d6 (0.75 mL). This solution (9.5 × 10–3 M) was irradiated
for 21 h. 1H NMR revealed a 47/53 ratio of 12/15. No separation of 12 and 15 was achieved but from
the 1H NMR spectrum the signals of 12 and 15 were observed separately. 1H NMR (300 MHz,
benzene-d6, 25°C) (15) δ 8.47 (d, J = 8.1 Hz, 1H), 8.42 (d, J = 8.1 Hz, 1H), 7.66 – 7.60 (m, 3H), 7.55
– 7.45 (m, 3H), 7.30 – 7.24 (m, 2H), 4.61 – 4.58 (m, 1H), 3.43 – 3.31 (m, 1H), 3.15 – 3.12 (m, 1H),
2.35 – 2.26 (m, 1H), 2.09 – 2.04 (m, 1H), 1.87 (s, 3H), 1.38 (s, 3H), 1.10 (d, J = 7.0 Hz, 3H); HRMS
calcd for C27H24: 348.1878; found: 348.1891. 1H NMR (75 MHz, benzene-d6, 25°C) (12) δ 7.39 –
7.37 (m, 3H), 7.18 – 7.15 (m, 2H), 7.12 (d, J = 7.7 Hz, 1H), 7.07 – 7.01 (m, 2H), 6.86 – 6.74 (m, 3H),
6.65 (d, J = 7.3 Hz, 1H), 4.00 – 3.90 (m, 1H), 3.08 – 2.76 (m, 2H), 2.46 – 2.37 (m, 1H), 1.85 (s, 3H),
1.62 – 1.57 (m, 1H), 1.57 (s, 3H), 0.61 (d, J = 7.0 Hz, 3H).

Irradiation of compound 13. In an NMR-tube, olefin 13 (2.3 mg, 6.84 × 10–3 mmol) was dissolved
in benzene-d6 (0.75 mL). This solution (9.1 × 10–3 M) was irradiated for 21 h. A 1H NMR-spectrum of
the reaction mixture revealed unreacted starting material (95%) and an indefinite product (5%) which
was not examined further.

5-(2-Methylequatorial-3,4-dihydro-2H-naphthalen-1-ylidene)-5H-dibenzo[a,d]cycloheptene (14a) In
an NMR-tube, olefin 14 (6.9 mg, 2.06 × 10–2 mmol) was dissolved in benzene-d6 (0.75 mL). This
solution was irradiated for 11 h. 1H NMR revealed a 38/62 ratio of 14 (Meax)/14a (Meeq). Separation
of 14 and 14a was not achieved but from the 1H NMR spectrum the signals of 14 and 14a were
observed separately. 1H NMR (500 MHz, benzene-d6, 25°C) (14a) δ 7.60 (dd, J = 7.3, 1.5 Hz, 1H),
7.53 (d, J = 7.7 Hz, 1H), 7.45 (dd, J = 7.7, 0.7 Hz, 1H), 7.19 – 7.13 (m, 2H), 7.10 – 7.01 (m, 3H), 6.96
– 6.81 (m, 3H), 6.77 (d, J = 7.0 Hz, 1H), 6.72 (d, J = 11.7 Hz, 1H), 6.58 (d, J = 11.7 Hz, 1H), 2.68
(ddq, J = 11.8, 7.0, 5.9 Hz, 1H), 2.59 – 2.54 (m, 2H), 1.73 (dddd, J = 13.1, 7.1, 5.9, 5.9 Hz, 1H), 1.00
(d, J = 7.0 Hz, 3H), 0.95 (dddd, J = 13.1, 11.8, 6.6, 5.9 Hz, 1H).

Kinetic studies of thermal isomerization of less-stable isomer 14a into stable isomer 14 using 1H
NMR spectroscopy. The kinetic conversions of the irradiated samples were measured at four
constant temperatures in the range 40 – 70°C. The irradiation experiments described above were
performed in benzene-d6. However, these thermal kinetic studies were carried out with toluene-d8

since a solvent with a higher boiling point was required. Irradiation in toluene-d8 under same
conditions as described above resulted in ratios close to 38/62 of 14/14a at photostationary states. The
NMR tube containing the sample (~10 mg of compound in 0.75 mL of solvent) was heated in a water
bath and, when measured, immediately cooled to 0°C to stop the reaction. At each temperature, 1H
NMR spectra were recorded at 9 or 10 regular time intervals. The ratios of less-stable form/stable
form were determined by comparison of the integral values of chemical shifts of less-stable form and
stable form. With these ratios, the conversions of the less-stable form into the stable form were
calculated and analyzed applying equations for first-order reaction. The rate constants (k) of
isomerization were determined, and the thermal parameters of activation (∆G‡, Ea, ∆H‡, ∆S‡)
subsequently. Finally the Gibbs energy of activation at room temperature (20°C, ∆‡Gθ), rate constant
at room temperature (20°C, kθ), and half-life at room temperature (20°C, t1/2

θ) were calculated.
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Thermal conversion of 14a into 14. Solvent: toluene-d8. Method: 1H NMR

T/(°C) T/(K) k
(s–1)

t1/2

(h)
∆G‡

(kcal mol–1)

40.05 313.20 7.25 (± 0.37) × 10–6 26.57 25.73 ± 0.06
50.00 323.15 2.23 (± 0.06) × 10–5 8.63 25.84 ± 0.03
60.00 333.15 6.35 (± 0.02) × 10–5 3.03 25.97 ± 0.02
70.00 343.15 1.73 (± 0.03) × 10–4 1.11 26.09 ± 0.02

A = 4.0 × 1010 s–1 ∆‡Gθ (20°C) = 25.5 ± 0.1 kcal mol–1

Ea = 22.6 ± 0.9 kcal mol–1 kθ (20°C) = 6.1 (± 1.0) × 10–7 s–1

∆H‡ = 21.9 ± 0.9 kcal mol–1 t1/2
θ (20°C) = 314 ± 50 h

∆S‡ = –12.2 ± 2.7 cal K–1 mol–1
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Van sterisch gehinderde alkenen naar moleculaire motoren
Samenvatting

Het onderzoek beschreven in dit proefschrift valt in de categorie ‘organische scheikunde’. De
organische scheikunde spitst zich toe op de bereiding (synthese) van chemische stoffen die met name
uit koolstof (C) en waterstof (H) bestaan. Overige veel voorkomende bouwstenen zijn: zuurstof (O),
zwavel (S), stikstof (N) en de halogenen fluor (F), chloor (Cl), broom (Br) en jood (I). Deze
bouwstenen worden elementen genoemd. Er zijn meer dan 100 verschillende elementen bekend die
tezamen het periodiek systeem vormen. De elementen (atomen) kunnen met zogenaamde
atoombindingen aan elkaar verbonden zijn en de verschillende combinaties van atomen uit het
periodiek systeem hebben geleid tot meer dan 10 miljoen verschillende chemische stoffen (één zo’n
combinatie van atomen wordt een molecuul genoemd. Vele miljoenen identieke moleculen vormen
tezamen een chemische stof). Een grote hoeveelheid stoffen is ontstaan in de natuur en een deel is in
laboratoria gemaakt (gesynthetiseerd) door chemici.

Men kan het combineren van atomen tot chemische stoffen vergelijken met de 26 letters van het
alfabet waarmee woorden geconstrueerd worden. Zo is de stof alcohol (ethanol) opgebouwd uit zes
waterstofatomen (H), twee koolstofatomen (C) en één zuurstof atoom (O) (figuur 1). In chemische
stoffen zijn atomen op een dusdanige wijze met elkaar verbonden dat twee- en driedimensionale
structuren ontstaan die de meest uiteenlopende vormen kunnen aannemen. Een fascinerend voorbeeld
is buckminsterfullereen; een soort voetbal opgebouwd uit 60 koolstofatomen (figuur 1). Om een idee
te krijgen van de afmeting van een molecuul is het aardig om de diameter van een molecuul
buckminsterfullereen (~10 × 10–8 cm) te vergelijken met de diameter van een voetbal (22,5 cm).
Daaruit blijkt dat de diameter van een voetbal 225 miljoen keer groter is dan die van een molecuul
buckminsterfullereen (factor 2,25 × 108).

~10 × 10–8 cm 22,5 cm
      een molecuul 
buckminster fullereen

een voetbal

C
C

O

H H
H

H
H

OH

molecuul alcohol

H

Figuur 1 Links is een molecuul alcohol (ethanol) afgebeeld. Het bestaat uit zes waterstofatomen (H),
twee koolstofatomen (C) en één zuurstofatoom (O) die door middel van atoombindingen (streepjes)
aan elkaar verbonden zijn. Doorgaans wordt de vereenvoudigde weergave gebruikt waarin
koolstofatomen niet worden ingetekend en waterstofatomen, die aan een koolstofatoom verbonden
zijn, niet worden weergegeven. Tevens zijn een molecuul buckminsterfullereen (midden) en een
voetbal (rechts) afgebeeld.
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Buckminsterfullereen komt voor in de natuur maar inmiddels zijn chemici in staat om deze stof ook
synthetisch te bereiden. Het synthetiseren van een stof is in feite niets anders dan het op de gewenste
manier rangschikken en verbinden van atomen. Dit rangschikken en verbinden gebeurt door middel
van chemische reacties waarvan er een breed scala tot beschikking staat van de organisch chemicus.
Reacties vinden op een gecontroleerde manier plaats (in een ideale situatie), zodat het voor een
organisch chemicus mogelijk is om een stof te ontwerpen (architectuur) en van tevoren uit te tekenen
hoe een driedimensionale structuur van een dergelijke stof er uit zal zien. Nog een stap verder gaat het
voorspellen van de eigenschappen van de ontworpen stof.

De diverse deelonderzoeken, die in zes verschillende hoofdstukken in dit proefschrift staan
beschreven, bestonden voor mij dan ook in de meeste gevallen uit twee uitdagingen: 1) het
synthetiseren van de ontworpen stof, 2) het vaststellen of de stof de eigenschappen heeft die het van
tevoren waren toegedicht.

Het onderzoek dat gepresenteerd wordt in dit proefschrift is gebaseerd op een intrigerende klasse van
organische stoffen, te weten de sterisch gehinderde alkenen. Hoofdstuk 1 bestaat uit een inleiding
over deze klasse van verbindingen, de algemene driedimensionale structuur van diverse sterisch
gehinderde alkenen en de eigenschappen en toepassingen van deze stoffen.

Sterisch gehinderde alkenen bestaan uit een koolstof–koolstof dubbele binding (alkeen) waarvan de
typisch chemische alkeeneigenschappen kunnen worden beïnvloed door er twee grote groepen
(substituenten) aan te bevestigen. In schema 1 wordt de koolstof–koolstof dubbele binding
weergegeven door de twee lange evenwijdige verticale strepen in ieder van de vier
molecuulstructuren. De substituenten worden onder- en bovenhelft genoemd. De grootte van de twee
helften zorgt ervoor dat ze elkaar afstoten (sterische repulsie) in de ‘fjordregio’ van het molecuul. Het
molecuul kan daarom niet plat zijn. Dit resulteert in een driedimensionale helixstructuur van het
gehele molecuul.

In schema 1 is een voorbeeld gegeven van een type sterisch gehinderd alkeen dat intensief bestudeerd
wordt binnen onze werkgroep. Het bestaat uit een thiofenantreen bovenhelft en een thioxantheen
onderhelft met een nitro- en een dimethylaminesubstituent ((M)-trans-nitro-1). De helixstructuur van
(M)-trans-nitro-1 is in schema 1 weergegeven door het naftaleengedeelte (bovenhelft) naar voren te
laten steken (donkere atoombindingen) en de twee benzeenringen van de onderhelft naar achter te
laten steken (gestippelde atoombindingen). De heliciteit van dit molecuul houdt in dat dit type van
sterisch gehinderde alkenen chiraal is en derhalve uit twee enantiomeren bestaat: (M)-trans-nitro-1 en
(P)-trans-nitro-1. Deze twee moleculen zijn enantiomeren van elkaar wat wil zeggen dat deze
moleculen elkaars spiegelbeeld vormen net zoals een linker- en een rechterhand. De chiraliteit van het
molecuul wordt aan de naftaleenzijde beschreven. Dit gebeurt met een (P) (Plus, rechtsdraaiende
helix) en met een (M) (Minus, linksdraaiende helix).

Een zeer fascinerende eigenschap van dit type stof is dat ze zich kunnen gedragen als moleculaire
schakelaars. Wanneer (M)-trans-nitro-1 wordt bestraald met blauw licht (435 nm) schakelt de
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fenantreen bovenhelft (cis-trans isomerisatie) en ontstaat de stof (P)-cis-nitro-1 (de verhouding (M)-
trans-nitro-1 versus (P)-cis-nitro-1 wordt dan 10/90). Wanneer dit mengsel wordt bestraald met UV
licht (365 nm) schakelt de fenantreen bovenhelft terug en ontstaat weer (M)-trans-nitro-1 (de
verhouding (M)-trans-nitro-1 versus (P)-cis-nitro-1 wordt nu 70/30). In feite zijn (M)-trans-nitro-1 en
(P)-cis-nitro-1 geen enantiomeren van elkaar, maar aangezien (M)-trans-nitro-1 een negatieve helix
heeft en (P)-cis-nitro-1 een positieve zijn ze nagenoeg elkaars spiegelbeelden en worden ze derhalve
‘pseudoenantiomeren’ genoemd.
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Schema 1

Eén van de beoogde toepassingen van dit systeem is optische dataopslag. Voor dit soort, en andere,
toepassingen zijn echter zuivere enantiomeren van de stof nodig. Tot nu toe werden deze verkregen
door racemische schakelaars te scheiden in hun enantiomeren met behulp van chirale hogedruk
vloeistofchromatografie.

In hoofdstuk 2 van dit proefschrift wordt een nieuwe methode beschreven om door middel van
synthese rechtstreeks enantiomeer– zuivere sterisch gehinderde alkenen te verkrijgen. Met behulp van
een chiraal zuiver sjabloon (binaftol) hebben wij enantiomeer zuiver bisthioxanthylideen 4 (X = S)
gesynthetiseerd (schema 2). Onder- en bovenhelft werden eerst aan binaftol gekoppeld met structuur 2
(X = S) als resultaat, waarna een intramoleculaire koppeling werd uitgevoerd die structuur 3 (X = S)
opleverde. Na het verwijderen van het binaftolgedeelte werd enantiomeer zuiver bisthioxanthylideen
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4 (X = S) verkregen. De absolute configuratie van dit sterisch gehinderde alkeen 4 werd vastgesteld
door middel van een röntgenstructuur van verbinding 3 (X = S).

In hoofdstuk 3 staan overeenkomstige reacties beschreven maar dan met zuurstofatomen (X = O) in
onder- en bovenhelft in plaats van zwavelatomen. Doel was om een chirale thermochrome schakelaar
(structuur 3, X = O) te realiseren. Bisxanthylidenen van het type 4 (X = O) staan bekend om hun
thermochroom gedrag, dat wil zeggen dat ze van kleur veranderen wanneer ze worden verwarmd (van
wit of geel naar rood, groen of blauw) en dat ze hun oorspronkelijke kleur (wit of geel) weer
aannemen wanneer ze worden afgekoeld. Een andere eigenschap van bisxanthylidenen (4, X = O) is
dat ze snel racemiseren bij kamertemperatuur. Het onderzoek beschreven in hoofdstuk 3 heeft
aangetoond dat het snelle racemisatieproces van bisxanthylideen compleet onderdrukt wordt wanneer
er een binaftolgedeelte aangekoppeld is zoals in structuur 3 (X = O). Tevens is gebleken dat onder die
omstandigheden de thermochrome eigenschappen van bisxanthylideen zijn verdwenen.
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Schema 2

Een opmerkelijke eigenschap van bistricyclische systemen, zoals bisxanthylideen (4, X = O) en
bisthioxanthylideen (4, X = S), is dat er zowel een (P)-helix als een (M)-helix in het molecuul
aanwezig is (schema 3). In hoofdstuk 4 staat beschreven hoe deze eigenschap is benut door
bisthioxanthylideen, met een gevouwen structuur, aan beide kanten te functionaliseren met
kroonethers van verschillende grootte. De substituenten van verschillende grootte creëerden een type
chirale verbinding dat bisthioxanthylideenbiskroonether genoemd wordt. Met complexatiestudies is
vastgesteld dat de grootste kroonethersubstituent een voorkeur heeft voor complexatie met een
kaliumkation en dat de kleinste kroonethersubstituent een voorkeur heeft voor complexatie met een
natriumkation. Op deze manier kon de (P)-helix of de (M)-helix van het molecuul op een
gecontroleerde manier geactiveerd worden door kationen van verschillende grootte toe te voegen. Het
was de bedoeling deze moleculen te gebruiken als chirale liganden bij base gekatalyseerde
asymmetrische synthese door de (P)-helix of de (M)-helix te gebruiken als chirale omgeving voor het
reactiecentrum. Op deze manier zou dan één chiraal ligand (en dus één chirale katalysator) gebruikt
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worden om op een gescheiden manier twee enantiomeren van één chiraal product te synthetiseren. Dit
door slechts het toegevoegde kation te variëren van Na+ naar K+.
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Schema 3

In hoofdstuk 5 wordt de ontwikkeling van de tweede generatie moleculaire motoren gepresenteerd.
Het zijn de opvolgers van de eerste moleculaire motor die uit twee identieke fenantreenhelften bestaat
en ook binnen onze werkgroep ontwikkeld is. De nieuwe motor bestaat uit een thiofenantreen
bovenhelft en een thioxantheen onderhelft (structuur 1 in schema 4).
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Schema 4 Rotatiegedrag van de tweede generatie moleculaire motoren.

Er is een sterke structurele gelijkenis met de moleculaire schakelaars die in het recente verleden
uitvoerig getest zijn op hun fotochemische en thermodynamische eigenschappen (schema 1). Door
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een methylsubstituent te introduceren in de bovenhelft van het molecuul werd een asymmetrisch
centrum gecreëerd. Dit bleek voldoende te zijn om de bovenhelft van het molecuul uitsluitend in één
bepaalde richting (rechtsom draaiend of linksom draaiend) een volledige 360° rotatie ten opzichte van
de onderhelft te laten uitvoeren. Deze rotatie vindt plaats in vier afzonderlijke stappen: twee
fotochemische cis-trans isomerisaties die ieder op zich worden gevolgd door een thermische stap.
Tijdens de fotochemische cis-trans isomerisaties veranderde de oriëntatie van de methylsubstituent
van zijn axiale stand in een energetisch hogere equatoriale stand. Het energieverschil tussen de axiale
en equatoriale stand van de methylsubstituent bleek voldoende te zijn voor een kwantitatieve
thermische isomerisatie van de minst stabiele vorm (met equatoriale stand) naar de meer stabiele
configuratie waarin de methylsubstituent wederom de axiale stand aanneemt. Het gehele proces kan
beschouwd worden als een propeller (bovenhelft) die 360° draait ten opzichte van de statische
onderhelft.
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Schema 5

Een bijkomende eigenschap van de tweede generatie moleculaire motoren is dat structurele
modificaties mogelijk zijn in zowel de boven- als onderhelft door de atomen op posities X en Y te
variëren (schema 5, links). Op deze manier kon de sterische repulsie in de fjordregio tussen boven- en
onderhelft van het molecuul worden beïnvloed. Dit geeft een direct verband met de Gibbs
activeringsenergie (∆G‡) van de thermische stappen. Zodoende kon de snelheid waarmee de rotatie
van bovenhelft ten opzichte van onderhelft plaatsvindt worden afgesteld. Zeven nieuwe motoren, met
een symmetrische onderhelft, werden gesynthetiseerd en uitvoerig bestudeerd op hun
thermodynamische eigenschappen. De snelheid van het rotatieproces kon door variatie van de atomen
X en Y aanmerkelijk opgevoerd worden. Deze resultaten en bevindingen zijn gepresenteerd in
hoofdstuk 6.

Waar hoofdstukken 5 en 6 speciaal zijn gericht op moleculaire motoren met een fenantreen bovenhelft
is in hoofdstuk 7 de ontwikkeling van vier nieuwe motoren met een naftaleen bovenhelft beschreven
(schema 5, rechts). Met een naftaleen in plaats van een fenantreen bovenhelft werd beoogd de
sterische repulsie in de fjordregio van het molecuul verder te reduceren zodat een (nog) sneller
rotatieproces van bovenhelft ten opzichte van onderhelft mocht worden verwacht. Tot onze verbazing
heeft deze verandering niet tot een sneller rotatieproces geleid; in tegendeel, een relatief hoge Gibbs
activeringsenergie bij kamertemperatuur (∆‡Gθ) werd gevonden. Deze resultaten waren verrassend
maar hebben onze kennis aangaande de parameters die de snelheid van rotatie bepalen vergroot. Het
is gebleken dat niet alleen de sterische repulsie in de fjordregio maar ook het niveau van de Gibbs
energie (∆G) van de motoren in hoge mate invloed heeft op de rotatiesnelheid.
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STELLINGEN
behorend bij het proefschrift

‘From Overcrowded Alkenes towards Molecular Motors’
door Edzard M. Geertsema

1. a) De poging van Kelly et al. om een niet gesubstitueerd heliceen/trypticeenmolecuul te laten
fungeren als moleculaire ratelaar was tot mislukken gedoemd omdat het de tweede wet van de
thermodynamica ondermijnt.
b) Zijn ongelijk bewees hij zelf door in een later stadium een gesubstitueerd
heliceen/trypticeenmolecuul te ontwikkelen dat zich wél als ratelaar gedroeg.
1) T. R. Kelly, I. Tellitu, J. P. Sestelo, Angew. Chem. Int. Ed. 1997, 36, 1866; 2) A. P. Davis, Angew.
Chem. Int. Ed. 1998, 37, 909; 3) T. R. Kelly, H. De Silva, R. A. De Silva Nature 1999, 401, 150.

2. Wanneer chemici spreken van een ‘typerend voorbeeld’ (‘typical example’) van een serie
experimenten gaat het in de meeste gevallen om het best behaalde resultaat.

3. Wanneer wetenschappelijke experimenten in eerste instantie niet het gewenste resultaat
opleveren, is dat geen probleem; het niet kunnen genereren van nieuwe ideeën, om het
beoogde resultaat en/of concept alsnog te bewerkstelligen, is dat echter wel.

4. Fundamentalisme dient fundamenteel bestreden te worden.

5. Zwart-wit denken mag nooit.

6. Het voorkomen van recidive zou een veel belangrijker doel van een straf moeten worden dan
het nu is.

7. a) Autobestuurders die voor de eerste keer worden aangehouden voor het rijden onder invloed
van teveel alcohol of drugs dienen uitgebreide voorlichting te krijgen over de gevaren van
rijden onder invloed.
b) Autobestuurders die voor de tweede keer worden aangehouden voor het rijden onder
invloed van teveel alcohol of drugs dient het rijbewijs levenslang ontnomen te worden.

8. a) De meeste politici behartigen achtereenvolgens hun eigenbelang, het partijbelang en pas
dan het volksbelang.
b) Slechts weinig politici slagen er in hun macht met integriteit te combineren.

9. Het getuigde van minachting voor de democratie dat minister-president Kok (en zijn kabinet)
geen inhoudelijk debat wilde voeren in de tweede kamer over het Srebrenica-rapport van het
NIOD temeer omdat hij wél zijn ontslag aanbood naar aanleiding van dat rapport.

10. De meeste journalisten die de Nederlandse politiek verslaan doen dit niet objectief omdat ze
falen in het wegcijferen van de eigen politieke voorkeur.

11. Van alle conflicten komt minstens 90% voort uit slechte communicatie en hoogstens 10% uit
verschil in standpunten.

12. Het woord ’kinderachtig’ wordt gebezigd door mensen die het leven veel te serieus nemen.



13. a) De renovatie van woningen in de Gerbrand Bakkerstraat en aan het H.A. Kooykerplein
(Oosterparkwijk, Groningen) is niet in eerste instantie voor de oorspronkelijke huurders
bedoeld, zoals de misleidende en onvolledige ‘voorlichtingscampagne’ van
woningbouwvereniging Domein Woondiensten (thans Nijestee) pretendeerde, maar voor
nieuwe bewoners die het zich kunnen veroorloven een huis op een A-locatie in de stad
Groningen te kopen.
b) De misleidende en onvolledige voorlichting die de oorspronkelijke huurders hebben
gekregen tezamen met het feit dat ze (hebben) moeten wijken voor kopers is een
verwerpelijke gang van zaken waar zowel woningbouwvereniging Domein Woondiensten
(thans Nijestee) als de gemeente Groningen verantwoordelijk voor is.


