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ABSTRACT	
  
The	
   focus	
   of	
   this	
   dissertation	
   is	
   on	
  π-­‐electron	
   delocalization	
   via	
   cross-­‐conjugation	
   in	
  
expanded	
  π-­‐systems	
  that	
  have	
  been	
  synthesized	
  in	
  my	
  research	
  group	
  during	
  the	
  past	
  
fourteen	
  years.	
  I	
  will	
  show	
  how	
  the	
  optical	
  properties	
  of	
  donor-­‐acceptor	
  chromophores	
  
derived	
  from	
  extended	
  nitrophenolates	
  strongly	
  depend	
  on	
  the	
  bridging	
  unit	
  between	
  
donor	
  and	
  acceptor	
  units.	
  In	
  addition,	
  the	
  optical	
  properties	
  of	
  chromophores	
  such	
  as	
  
extended	
   tetrathiafulvalenes	
   (TTFs)	
   and	
   functionalized	
   dihydroazulenes	
   (DHAs)	
   will	
  
be	
   covered.	
   Cross-­‐conjugated	
   bridges	
   alter	
   the	
   electronic	
   communication	
   between	
  
redox-­‐active	
  units	
   in	
  comparison	
  to	
   linearly	
  conjugated	
  bridges,	
  and	
  this	
  will	
  become	
  
apparent	
   from	
  a	
  variety	
  of	
   redox-­‐active	
   systems	
  derived	
   from	
  TTF.	
  Alkyne-­‐expanded	
  
quinoid	
   structures	
  will	
   be	
  presented	
   that	
   are	
   interesting	
   redox-­‐active	
   systems	
  of	
   the	
  
Wurster	
   type,	
   which	
   gain	
   aromaticity	
   upon	
   reduction.	
   Dicyano-­‐functionalized	
  
vinylheptafulvenes	
   (VHFs)	
   are	
   cross-­‐conjugated	
   molecules	
   that	
   can	
   be	
   formed	
   by	
  
photoisomerization	
   of	
   related	
   DHAs.	
   Not	
   only	
   do	
   the	
   optical	
   properties	
   of	
   these	
  
molecules	
  rely	
  on	
  whether	
  functional	
  groups	
  are	
  placed	
  in	
  cross-­‐	
  or	
  linear	
  conjugation	
  
to	
   the	
   cores,	
   but	
   also	
   the	
   DHA	
   and	
   VHF	
   interconversions	
   depend	
   hereupon.	
   In	
  
particular,	
   I	
   shall	
   show	
  how	
  we	
  have	
  performed	
  systematic	
  studies	
  on	
   the	
  kinetics	
  of	
  
the	
   thermal	
   VHF	
   to	
   DHA	
   ring-­‐closure	
   reaction	
   as	
   a	
   function	
   of	
   the	
   location	
   and	
  
electronic	
  character	
  of	
  the	
  substituents.	
  The	
  degree	
  of	
  π-­‐electron	
  delocalization	
  is	
  also	
  
revealed	
   from	
   single-­‐molecule	
   conductance	
   studies,	
   which	
   have	
   been	
   performed	
   on	
  
both	
   the	
   DHA/VHF	
   system	
   and	
   redox-­‐active,	
   cruciform-­‐shaped	
   molecular	
   wires	
  
derived	
   from	
   TTF.	
   My	
   research	
   is	
   synthesis-­‐driven,	
   and	
   synthetic	
   protocols	
   for	
  
achieving	
   or	
   functionalizing	
   a	
   large	
   selection	
   of	
   cross-­‐conjugated	
  molecules	
   shall	
   be	
  
presented.	
   Synthesis	
   by	
   acetylenic	
   scaffolding	
   plays	
   a	
   key	
   role,	
   and	
   the	
   planar	
  
tetraethynylethene	
   (TEE)	
   unit	
   has	
   been	
   employed	
   as	
   a	
   bridging	
   unit	
   between	
  
functional	
  entities	
  in	
  several	
  of	
  the	
  systems	
  presented.	
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ABSTRACT	
  IN	
  DANISH	
  (Resumé	
  på	
  dansk)	
  
I	
   denne	
   afhandling	
   vil	
   jeg	
   beskrive	
   π-­‐elektrondelokalisering	
   i	
   store,	
   udvidede	
   π-­‐
systemer,	
  som	
  er	
  blevet	
  syntetiseret	
  i	
  min	
  forskningsgruppe	
  de	
  sidste	
  14	
  år.	
  Jeg	
  vil	
  vise,	
  
hvorledes	
   de	
   optiske	
   egenskaber	
   af	
   donor-­‐acceptor	
   kromoforer	
   afledt	
   af	
  
nitrophenolater	
   i	
   høj	
   grad	
   afhænger	
   af	
   den	
   bro-­‐enhed,	
   som	
   adskiller	
   donor-­‐	
   og	
  
acceptor-­‐enhederne.	
  Derudover	
  vil	
  de	
  optiske	
  egenskaber	
  af	
  udvidede	
  tetrathiafulvalen	
  
(TTF)	
   og	
   funktionaliserede	
   dihydroazulen	
   (DHA)	
   kromoforer	
   blive	
   dækket.	
  
Krydskonjugerede	
  broer	
  ændrer	
  graden	
  af	
  elektronisk	
  kommunikation	
  mellem	
  redox-­‐
aktive	
  enheder	
  ift.	
  lineært	
  konjugerede	
  broer,	
  og	
  dette	
  vil	
  blive	
  belyst	
  ved	
  studier	
  på	
  en	
  
samling	
   redox-­‐aktive	
   systemer	
   afledt	
   af	
   TTF.	
   Alkyn-­‐udvidede	
   quinoid-­‐strukturer	
   er	
  
krydskonjugerede	
   strukturer,	
   som	
   også	
   vil	
   blive	
   behandlet;	
   de	
   er	
   redox-­‐aktive	
  
systemer	
   hørende	
   til	
   Wurster-­‐typen,	
   hvilket	
   betyder,	
   at	
   de	
   opnår	
   aromaticitet	
   ved	
  
reduktion.	
   Dicyano-­‐funktionaliserede	
   vinylheptafulvener	
   (VHF’er)	
   er	
  
krydskonjugerede	
   molekyler,	
   som	
   kan	
   dannes	
   ved	
   fotoisomerisering	
   af	
   relaterede	
  
DHA’er.	
   Ikke	
   blot	
   afhænger	
   de	
   optiske	
   egenskaber	
   af	
   disse	
   molekyler	
   af,	
   hvorvidt	
  
funktionelle	
   grupper	
   er	
   placeret	
   i	
   kryds-­‐	
   eller	
   lineær	
   konjugation	
   til	
   kernerne,	
   men	
  
også	
  DHA-­‐VHF	
  omdannelserne	
  afhænger	
  heraf.	
  Jeg	
  vil	
  i	
  særdeleshed	
  vise	
  systematiske	
  
kinetikstudier	
   af	
   VHF’s	
   termiske	
   ringlukningsreaktion	
   til	
   DHA	
   som	
   en	
   funktion	
   af	
  
placering	
   og	
   elektroniske	
   karakter	
   af	
   substituentgrupper.	
   Graden	
   af	
   π-­‐
elektrondelokalisering	
  er	
  også	
  bestemmende	
   for	
  enkelt-­‐molekyle-­‐ledningsevnen,	
   som	
  
er	
   blevet	
   studeret	
   for	
   både	
   DHA/VHF	
   systemet	
   og	
   redox-­‐aktive,	
   cruciform-­‐lignende	
  
molekylære	
   ledninger	
   afledt	
   af	
   TTF.	
   Min	
   forskning	
   er	
   syntesedrevet,	
   og	
  
synteseprotokoller	
   til	
   opnåelse	
   eller	
   funktionalisering	
   af	
   en	
   stor	
   samling	
  
krydskonjugerede	
  molekyler	
  vil	
  blive	
  gennemgået.	
  Alkynkoblingsreaktioner	
  spiller	
  en	
  
stor	
   rolle	
   for	
  mange	
  af	
   synteserne,	
  og	
  det	
  plane	
   tetraethynylethen	
   (TEE)	
  molekyle	
  er	
  
blevet	
  brugt	
  som	
  broenhed	
  imellem	
  funktionelle	
  grupper	
  i	
  mange	
  af	
  systemerne.	
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LIST	
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Ac	
   acetyl	
  
Ar	
   aryl	
  
Bu	
   butyl	
  
cat.	
   catalyst	
  
CC	
   coupled	
  cluster	
  
CT	
   charge	
  transfer	
  
CuAAC	
   Copper	
  Catalyzed	
  Azide-­‐Alkyne	
  Cycloaddition	
  	
  
d	
   deuterium	
  
DCC	
   dicyclohexyl	
  carbodiimide	
  
DCE	
   1,2-­‐dichloroethane	
  
dba	
   dibenzylideneacetone	
  
DDQ	
   4,5-­‐dichloro-­‐3,6-­‐dioxo-­‐1,4-­‐cyclohexadiene-­‐1,2-­‐dicarbonitrile	
  
DHA	
   dihydroazulene	
  (usually	
  referring	
  to	
  the	
  1,8a-­‐dihydroazulene)	
  
DIBAL-­‐H	
   diisobutylaluminium	
  hydride	
  
DMF	
   N,N-­‐dimethylformamide	
  
dpephos	
   bis[(2-­‐diphenylphosphino)phenyl]	
  ether	
  
DTF	
   dithiafulvene	
  (1,4-­‐dithiafulvene)	
  
Ed.	
   editor	
  
EDG	
   electron-­‐donating	
  group	
  
Et	
   ethyl	
  
EWG	
   electron-­‐withdrawing	
  group	
  
ext	
   extended	
  
Fc	
   ferrocene	
  
GC	
   gas	
  chromatography	
  
Hex	
   hexyl	
  
HOMO	
   highest	
  occupied	
  molecular	
  orbital	
  
IF	
   indenofluorene	
  
LiHMDS	
   lithium	
  hexamethyldisilazide	
  
LN	
   lithium	
  naphthalenide	
  
LUMO	
   lowest	
  unoccupied	
  molecular	
  orbital	
  
Me	
   methyl	
  	
  
MS	
   mass	
  spectrometry	
  or	
  molecular	
  sieves	
  
MW	
   microwave	
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NBS	
   N-­‐bromosuccinimide	
  
NLO	
   non-­‐linear	
  optical	
  
NMR	
   nuclear	
  magnetic	
  resonance	
  
NOE	
   nuclear	
  Overhauser	
  effect	
  
OPE	
   oligo(phenyleneethynylene)	
  	
  	
  
OPV	
   oligo(phenylenevinylene)	
  
PA	
   polyacetylene	
  
PAH	
   polycyclic	
  aromatic	
  hydrocarbon	
  
PDA	
   poly(diacetylene)	
  
PDI	
   perylene	
  diimide	
  
Ph	
   phenyl	
  
Pr	
   propyl	
  
PTA	
   poly(triacetylene)	
  
Ref.	
   reference	
  
RuAAC	
   Ruthenium	
  Catalyzed	
  Azide-­‐Alkyne	
  Cycloaddition	
  
RuPhos	
   2-­‐dicyclohexylphosphino-­‐2′,6′-­‐diisopropoxybiphenyl	
  
SN	
   nucleophilic	
  substitution	
  
SubPc	
   subphthalocyanine	
  
TBDMS	
   tert-­‐butyldimethylsilyl	
  
TCCA	
   trichloroisocyanuric	
  acid	
  
TCNQ	
   7,7,8,8-­‐tetracyanoquinodimethane	
  
TEE	
   tetraethynylethene	
  (3,4-­‐diethynylhexa-­‐3-­‐en-­‐1,5-­‐diyne)	
  
THF	
   tetrahydrofuran	
  
TMEDA	
   N,N,N’,N’-­‐tetramethylethylenediamine	
  
Tf	
   triflic	
  
Ts	
   p-­‐toluenesulfonyl	
  (tosyl)	
  
TTF	
   tetrathiafulvalene	
  
UV	
   ultraviolet	
  
VHF	
   vinylheptafulvene	
  
Vis	
   visible	
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INTRODUCTION	
  
1.1	
  Introduction	
  
π-­‐Conjugated	
  molecules	
  are	
  important	
  for	
  their	
  optical	
  and	
  redox	
  properties,	
  which	
  are	
  
a	
   consequence	
   of	
   their	
   delocalized	
   π-­‐electrons.	
   Chlorophylls	
   and	
   carotenes	
   are	
   thus	
  
strong	
  chromophores	
  employed	
  as	
  light-­‐harvesters	
  in	
  Nature	
  and	
  hence	
  involved	
  in	
  the	
  
very	
   first	
   step	
  of	
  photosynthesis.	
   In	
  materials	
   science	
  and	
   supramolecular	
   chemistry,	
  
development	
   of	
   organic	
   dyes,	
   light-­‐harvesters,	
   fluorophores,	
   molecular	
   sensors,	
  
photoswitches,	
   nonlinear	
   optical	
   and	
   conducting	
   materials	
   strongly	
   relies	
   on	
   π-­‐
conjugated	
  molecules	
  and	
  polymers	
  with	
  tailored	
  HOMO-­‐LUMO	
  gaps,	
  redox	
  potentials,	
  
geometries,	
   and	
   stabilities.1	
  	
   Establishment	
   of	
   structure-­‐property	
   relationships	
   by	
  
systematic	
  studies	
  of	
  a	
  series	
  of	
  molecules	
  provides	
  knowledge	
  that	
  can	
  be	
  employed	
  to	
  
design	
  a	
  next	
  generation	
  of	
  π-­‐conjugated	
  molecules	
  with	
  desired	
  properties.	
  	
  

Two	
   fundamentally	
   different	
   kinds	
   of	
   conjugation	
   exist.	
   Linear	
   conjugation	
   in	
   a	
  
molecule	
  corresponds	
  to	
  alternating	
  single	
  and	
  double	
  bonds	
  (or	
  triple	
  bonds).	
  A	
  cross-­‐
conjugated	
  molecule	
  has	
  a	
  double	
  bond	
  branching	
  off	
   from	
  the	
  main	
  chain.	
  Thus,	
  one	
  
double	
  bond	
   is	
   a	
  bifurcation	
  point	
  with	
  one	
  atom	
  being	
  geminally	
   substituted.	
  These	
  
two	
  different	
  bond	
  connectivities	
  are	
  illustrated	
  in	
  Figure	
  1.1.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  

Figure	
  1.1.	
  Arrangements	
  of	
  double	
  bonds	
  in	
  linear	
  vs	
  cross-­‐conjugation,	
  and	
  an	
  overview	
  of	
  
the	
  most	
  important	
  classes	
  of	
  cross-­‐conjugated	
  molecules.	
  

	
  
Cross-­‐conjugated	
  oligoenes	
  can	
  be	
  divided	
  in	
  several	
  classes2,	
  3	
  as	
  exemplified	
  in	
  

Figure	
  1.1:	
  	
  
i)	
  Dendralenes,	
  which	
  are	
  acyclic	
  oligoenes;4	
  	
  
ii)	
   Radialenes,	
   which	
   are	
   cyclic	
   oligoenes	
   where	
   all	
   double	
   bonds	
   are	
   exocyclic	
   and	
  
there	
   are	
   as	
  many	
   double	
   bonds	
   as	
   possible	
   (all-­‐exo-­‐methylenecycloalkanes;	
   but	
   the	
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name	
   is	
   also	
   generally	
   used	
   for	
   polycyclic	
   systems	
   with	
   the	
   maximum	
   number	
   of	
  
exocyclic	
  double	
  bonds,	
  e.g.	
  naphtharadialene	
  containing	
  one	
  fused,	
  endocyclic,	
  double	
  
bond	
  between	
  two	
  6-­‐membered	
  rings);5	
  	
  
iv)	
   Fulvenes,	
   which	
   are	
   cyclic	
   molecules	
   with	
   endocyclic	
   double	
   bonds	
   and	
   one	
  
exocyclic	
  one	
  (hence	
  containing	
  an	
  odd	
  number	
  of	
  carbon	
  atoms	
  in	
  the	
  ring);6	
  	
  
v)	
   Fulvalenes,	
   which	
   contain	
   two	
   fulvene	
   rings	
   connected	
   via	
   one	
   common	
   exocyclic	
  
double	
  bond;7	
  	
  
iii)	
  Quinoid	
  structures,	
  such	
  as	
  quinodimethanes;8	
  	
  
vi)	
  meta-­‐Substituted	
  benzene	
  rings.	
  	
  

There	
  are	
  several	
  combinations	
  of	
  the	
  above	
  classes,	
  and	
  larger	
  cyclic	
  structures	
  
that	
   both	
   have	
   endocyclic	
   and	
   exocyclic	
   double	
   bonds	
   have	
   been	
   termed	
  
radiaannulenes9	
  as	
   they	
   are	
   mixtures	
   of	
   radialenes	
   and	
   annulenes,	
   where	
   the	
   latter	
  
only	
  have	
  endocyclic	
  double	
  bonds.	
  Carbon	
  atoms	
  can	
  be	
  substituted	
  for	
  heteroatoms	
  
in	
   the	
   structures,	
   and	
   double	
   bonds	
   can	
   be	
   substituted	
   for	
   triple	
   bonds,	
   or	
   the	
  
structures	
  can	
  be	
  expanded	
  by	
   insertion	
  of	
  unsaturated	
  units,	
   such	
  as	
  aromatic	
   rings	
  
and	
   triple	
   bonds.	
   The	
   name	
   “carbo-­‐mer”	
   has	
   been	
   introduced	
   by	
   Chauvin	
   and	
   co-­‐
workers	
  for	
  molecules,	
  which	
  are	
  obtained	
  by	
  insertion	
  of	
  C2	
  units	
  into	
  all	
  the	
  bonds	
  of	
  
a	
   parent	
   structure.10	
  Usually,	
   however,	
   “partial	
   carbo-­‐mers”	
   are	
   studied	
   in	
  which	
   the	
  
insertion	
   of	
   C2	
   units	
   is	
   only	
   applied	
   over	
   a	
   selection	
   of	
   the	
  molecule.	
   For	
   example,	
   a	
  
“ring	
  carbo-­‐mer”	
  corresponds	
  to	
  insertion	
  of	
  C2	
  units	
  into	
  all	
  bonds	
  of	
  the	
  parent	
  ring	
  
structure.	
   

Synthesis	
  of	
  acyclic	
  and	
  cyclic	
  π-­‐systems	
  benefits	
  from	
  the	
  large	
  arsenal	
  of	
  metal-­‐
catalyzed	
  reactions	
  available	
  today	
  for	
  making	
  carbon-­‐carbon	
  bonds	
  between	
  two	
  sp2-­‐
hybridized	
  carbon	
  atoms,	
  between	
  two	
  sp-­‐hybridized	
  carbon	
  atoms,	
  or	
  between	
  an	
  sp2-­‐	
  
and	
   an	
   sp-­‐hybridized	
   carbon	
   atom,	
   such	
   as	
   the	
   Glaser-­‐Eglinton-­‐Hay,	
   Heck,	
   Negishi,	
  
Stille,	
  Sonogashira,	
  and	
  Suzuki	
  couplings.11	
  My	
  work	
  is	
  strongly	
  synthesis-­‐driven	
  and	
  as	
  
will	
  become	
  apparent	
  in	
  the	
  forthcoming	
  chapters,	
  such	
  coupling	
  reactions	
  have	
  been	
  
crucial	
  for	
  achieving	
  most	
  of	
  our	
  target	
  molecules.	
  	
  
	
  
1.2	
  Dendralenes	
  and	
  Radialenes	
  
Let	
  us	
  first	
  consider	
  the	
  optical	
  properties	
  of	
  the	
  simplest	
  cross-­‐conjugated	
  oligoenes,	
  
the	
   dendralenes,	
   in	
   comparison	
   to	
   the	
   corresponding	
   linearly	
   conjugated	
   oligoenes.	
  
These	
   classes	
   of	
   compounds	
   are	
   also	
   called	
   iso-­‐poly(acetylene)s	
   (iso-­‐PAs)	
   and	
  
poly(acetylene)s	
   (PAs),	
   respectively.	
   	
   For	
   the	
   linearly	
   conjugated	
   PAs,	
   the	
   longest-­‐
wavelength	
   absorption	
  maximum	
   increases	
   when	
   proceeding	
   from	
   the	
   triene	
   to	
   the	
  
decaene	
   by	
   ca.	
   25	
   nm	
   for	
   each	
   alkene	
   unit	
   added.12	
  On	
   the	
   contrary,	
   Paddon-­‐Row,	
  
Sherburn,	
   and	
   co-­‐workers	
  have	
   shown	
   that	
   the	
   [4]-­‐	
   to	
   [8]dendralenes	
  exhibit	
   almost	
  
the	
  same	
  absorption	
  maximum	
  around	
  215-­‐217	
  nm	
  (in	
  hexane),13	
  which	
  is	
  close	
  to	
  that	
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of	
   butadiene	
   (217.5	
   nm	
   in	
   ethanol	
   and	
   218.5	
   nm	
   in	
   cyclohexane14).	
   The	
   smaller	
  
[3]dendralene	
   (3-­‐methylene-­‐1,4-­‐pentadiene)	
   behaves	
   slightly	
   different,	
   exhibiting	
  
absorption	
  maxima	
  at	
  206	
  and	
  231	
  nm	
  in	
  hexane.	
  Electron	
  diffraction	
  studies	
  indicate	
  
that	
   this	
   molecule	
   is	
   non-­‐planar,	
   taking	
   an	
   anti,	
   skew	
   conformation	
   with	
   a	
   dihedral	
  
angle	
  of	
  40o	
  between	
  the	
  planes	
  of	
  the	
  anti-­‐butadiene	
  part	
  and	
  the	
  vinyl	
  group.15	
  	
  The	
  
absorption	
  spectra	
  of	
  the	
  series	
  of	
  dendralenes	
  are	
  shown	
  in	
  Figure	
  1.2	
  (an	
  absorption	
  
tail	
   to	
   the	
   strong	
   absorption	
   around	
   215-­‐217	
   nm	
   should	
   be	
   noted	
   for	
   all	
   the	
  
compounds).	
  Calculations	
  reveal	
  that	
  even-­‐numbered	
  dendralenes	
  can	
  be	
  described	
  as	
  
planar	
  s-­‐trans	
  butadiene	
  units	
  where	
  each	
  butadiene	
  unit	
   is	
  almost	
  orthogonal	
   to	
   the	
  
adjacent	
   ones,	
   which	
   is	
   in	
   line	
   with	
   the	
   similar	
   absorption	
   maximum	
   to	
   that	
   of	
  
butadiene.	
   The	
   effective	
   conjugation	
   length	
   thus	
   corresponds	
   to	
   two	
   monomer	
  
(ethylene)	
  units.	
  From	
  these	
  studies,	
   it	
   is	
  clear	
  that	
  π-­‐electron	
  delocalization	
  in	
  cross-­‐
conjugated	
  dendralenes	
  is	
  less	
  efficient	
  than	
  in	
  linearly	
  conjugated	
  oligoenes.	
  Another	
  
interesting	
   observation	
   can	
   be	
   made	
   from	
   Figure	
   1.2	
   in	
   regard	
   to	
   the	
   molar	
  
absorptivities.13	
   For	
   dendralenes	
   with	
   an	
   even	
   number	
   of	
   ethylene	
   units,	
   the	
   molar	
  
absorptivity	
  increases	
  by	
  ca.	
  5.000	
  M-­‐1	
  cm-­‐1	
  per	
  unit,	
  while	
  dendralenes	
  with	
  an	
  uneven	
  
number	
   of	
   ethylene	
   units	
   have	
   lower	
   molar	
   absorptivities	
   than	
   could	
   be	
   expected.	
  
Thus,	
   the	
   [4]dendralene	
   has	
   a	
   higher	
   molar	
   absorptivity	
   than	
   the	
   [5]-­‐	
   and	
  
[7]dendralenes.	
   In	
   regard	
   to	
   chemical	
   reactivity,	
   there	
   is	
   also	
   a	
   significant	
   difference	
  
between	
  “odd”	
  and	
  “even”	
  dendralenes,	
  the	
  former	
  being	
  more	
  reactive	
  as	
  well	
  as	
  more	
  
selective	
  in	
  cycloaddition	
  reactions.16	
  Thus,	
  mono-­‐cycloadducts	
  can	
  be	
  isolated	
  in	
  high	
  
yields	
   from	
   “odd”	
   dendralenes,	
   while	
   complex	
   mixtures	
   result	
   from	
   the	
   “even”	
  
dendralenes.	
  	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  1.2.	
  Left:	
  UV-­‐Vis	
  absorption	
  spectra	
  of	
  dendralenes	
  in	
  hexane.	
  Right:	
  Structures	
  of	
  
dendralenes.	
  Reproduced	
  from	
  Ref.	
  13	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  

reagent 1. In the first two cases, vinyl bromide (2) and
chloroprene (9) were employed as electrophiles; in the latter
two cases, twofold couplings were carried out with the
dielectrophiles 1,1-dichloroethylene (10) and 2,3-dichloro-
1,3-butadiene (11) respectively. Whilst [Ni(dppp)Cl2] pro-
moted the cleanest coupling reactions, a wide range of
dichloronickel(II)diphosphine precatalysts were also effec-
tive.[10] [3]Dendralene was prepared as a THF solution
because of the low boiling point of the hydrocarbon (44–
45 8C).[11] This one-step approach to triene 3 is more
convenient and significantly higher-yielding than the shortest
existing route.[12] [4]Dendralene (4 ; boiling point 120 8C)[13]

was isolated solvent-free through KTC coupling in signifi-
cantly higher yield (49%) than the previous best synthesis
(oxidative homocoupling, 26% yield[6]). Yields are even
higher (75%) if a THF solution of the tetraene is tolerable.
The higher boiling [5]- and [6]dendralenes could be distilled
to solvent-free purity on the multigram scale in 65% and 47%
yields.

The synthesis of [7]- and [8]dendralenes required chlor-
otriene 13[12] and chlorotetraene 14, the higher “1,1-etheno-
logues” of chloroprene (9), which are readily accessible
through monocoupling of 1 with dihalides 10 and 12,
respectively. Unexpectedly, 13 and 14 were unreactive
electrophiles in KTC and Negishi cross-coupling reactions
of higher ethenologues of 1.[14] After considerable experi-
mentation, the first synthesis of [7]dendralene was finally
realized through a Negishi cross-coupling reaction between
iodotetraene 16 and trienylzinc 15. The first practical
approach to [8]dendralene involved a palladium-mediated
oxidative homocoupling[15] of the organozinc derived from
chlorotetraene 14.

As the family of all-E linear polyenes (Scheme 1) is
traversed from the triene to the decaene, the UV/Vis spectra
exhibit progressively red-shifted absorption maxima (lmax

ca. + 25 nm for each additional alkene) along with steadily
increasing molar extinction coefficients for these absorp-
tions.[16] These observations are consistent with increasing
conjugation as the number of alkene units increases. In
contrast, in all but one case, the first six members of the
dendralene family show a single UV/Vis absorption maxi-
mum at lmax= 215–217 nm (hexane solution), which is com-
parable to that of 1,3-butadiene (217 nm, hexane solution;
Figure 1, top).[17] The exception is the smallest member of the
family, [3]dendralene, which exhibits two maxima (206 and
231 nm, hexane solution). When the observed molar extinc-
tion coefficients are plotted against the number of alkene
units present in the structure, a clear pattern emerges
(Figure 1, bottom).

These data clearly show that dendralenes with an even
number of alkene units contain multiples of 1,3-butadiene
moieties and the incorporation of additional pairs of alkene
units has the effect of increasing the molar extinction
coefficient of the absorption maximum by approximately
10000 units. Dendralenes with odd numbers of alkene units
behave differently and exhibit significantly lower extinction
coefficients than might be expected. It is clear that the
spectroscopic properties of “odd” and “even” dendralenes
are markedly different.

The dendralenes have been thought of as unstable
compounds for some time. Blomquist and Verdol were the
first to report the synthesis of the triene and described it as “a
colorless volatile liquid extremely prone to undergo dimeri-
zation and polymerization.”[11] In 1984, Hopf said of [5]den-
dralene:[18] “Even if [the hydrocarbon] could be obtained by a
preparatively simple route, it would presumably be difficult to
study its chemical properties since it is probably a very
reactive substance.” To the best of our knowledge, no data has
been reported on the stability of the parent dendralenes as
pure compounds.[19]

To remedy this situation, neat samples of [3]–[8]dendra-
lenes were placed in sealed glass vials at 25 8C and their
decomposition was monitored by 1H NMR spectroscopy. To
our surprise, [4]-, [6]-, and [8]dendralenes underwent negli-
gible (< 10%) decomposition over a four week period. In
contrast, [3]-, [5]-, and [7]dendralenes exhibited half-lives of
10, 25, and 63 hours, respectively. The main decomposition
pathway for the dendralenes is a Diels–Alder dimerization.[20]

These results clearly demonstrate that the stabilities of “odd”
and “even” dendralenes are significantly different.

Finally, the Diels–Alder reactivity of the dendralenes
toward the electron-deficient dienophile N-methylmaleimide
(NMM) was examined. [3]-, [5]-, and [7]dendralenes under-
went a rapid and clean conversion to (predominantly) the
corresponding terminal monoadduct at ambient temperature,
even in the presence of a small excess of the dienophile
(Scheme 3). In contrast, [4]-, [6]-, and [8]dendralenes exhibit
significantly lower reactivity toward NMM, these dendralenes
required longer reaction times and produced mixtures of

Figure 1. a) UV/Vis spectra of the dendralene family and b) extinction
coefficients plotted as a function of alkene composition. Data for 1,3-
butadiene[17] is plotted on the lower graph.
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In	
   contrast	
   to	
   [3]dendralene,	
   the	
   cyclic	
   [3]radialene	
   is	
   a	
   planar	
   molecule17	
  
(isomeric	
   with	
   benzene,	
   but	
   not	
   aromatic),	
   and	
   in	
   this	
   case	
   extended	
   conjugation	
  
results	
  in	
  a	
  redshifted	
  absorption	
  maximum	
  of	
  289	
  nm	
  (gas	
  phase).18	
  It	
  is	
  worth	
  noting	
  
that	
  any	
  two	
  double	
  bonds	
  of	
  the	
  [3]radialene	
  are	
  linearly	
  conjugated,	
  while	
  this	
  is	
  not	
  
the	
  case	
  for	
  the	
  [3]dendralene.	
  Hummelen	
  and	
  co-­‐workers19	
  have	
  introduced	
  the	
  term	
  
omniconjugation	
   to	
   describe	
   such	
  molecules	
   that	
   have	
   linearly	
   conjugated	
   pathways	
  
between	
   all	
   connected	
   moieties.	
   The	
   [4]radialene	
   is	
   also	
   planar20	
  and	
   exhibits	
   an	
  
absorption	
  maximum	
  at	
  296	
  nm	
  in	
  ethanol	
  (with	
  minor,	
  further	
  redshifted	
  absorptions	
  
at	
   312	
   and	
   325	
   nm).21	
  The	
   larger	
   [6]radialene	
   is	
   assumed	
   instead	
   to	
   take	
   a	
   chair	
  
conformation	
   (observed	
   for	
   hexakis(ethylidene)cyclohexane 22 )	
   and	
   accordingly	
  
exhibits	
  an	
  absorption	
  maximum	
  at	
  220	
  nm	
  (in	
  hexane)	
  similar	
  to	
  that	
  of	
  butadiene.23	
  

The	
   less	
  efficient	
  π-­‐electron	
  delocalization	
   in	
  cross-­‐conjugated,	
  acyclic	
  oligoenes	
  
is	
  also	
  found	
  in	
  alkyne-­‐expanded	
  systems,	
  such	
  as	
  the	
   iso-­‐poly(diacetylene)	
  (iso-­‐PDA)	
  
and	
   iso-­‐poly(triacetylene)	
   (iso-­‐PTA)	
   oligomer	
   families	
   (Figure	
  1.3).	
   Cross-­‐conjugation	
  
seems,	
   however,	
   to	
   extend	
   over	
  more	
   units	
   than	
   in	
   the	
   simple	
   dendralenes.	
   iso-­‐PDA	
  
derivatives	
  with	
  dimethyl	
  substituents	
  and	
  trialkylsilyl	
  end-­‐caps	
  were	
  studied	
  in	
  detail	
  
by	
   Tykwinski	
   and	
   co-­‐workers. 24 	
  For	
   these	
   oligomers	
   the	
   cut-­‐off	
   absorption	
   is	
  
concomitantly	
  redshifted	
  when	
  proceeding	
  in	
  a	
  sequence	
  from	
  the	
  dimer	
  (cut-­‐off	
  at	
  ca.	
  
320)	
  to	
  the	
  nonamer	
  (cut-­‐off	
  at	
  ca.	
  345	
  nm).	
  Saturation	
  in	
  absorption	
  redshift	
  seems	
  to	
  
be	
  met	
   at	
   the	
   nonamer	
   length,	
   and	
   the	
   effective	
   conjugation	
   length	
   of	
   iso-­‐PDAs	
   thus	
  
corresponds	
   to	
   9	
   monomer	
   repeat	
   units.	
   In	
   1995	
   Diederich	
   and	
   co-­‐workers 25	
  
introduced	
   iso-­‐PTAs	
   with	
   trialkylsilyl-­‐protected	
   tetraethynylethene	
   monomer	
   units	
  
(TEE;	
   3,4-­‐diethynylhepta-­‐3-­‐en-­‐1,5-­‐diyne),	
   which	
   were	
   the	
   first	
   series	
   of	
   expanded	
  
dendralenes	
   reported.	
  Later	
  Diederich	
  and	
   this	
  author26	
  introduced	
   the	
   iso-­‐PTAs	
  1.1-­‐
1.5	
   (Figure	
   1.3)	
   with	
   peripheral	
   cyclohexylidene	
   groups	
   rather	
   than	
   ethynyl	
  
substituents	
  on	
   the	
  alkene	
  units,	
  which	
  are	
  structurally	
   closer	
   to	
   the	
  parent	
   iso-­‐PTAs	
  
(having	
   no	
   substituents).	
   The	
   UV-­‐Vis	
   absorption	
   spectra	
   of	
   these	
   compounds	
   are	
  
shown	
   in	
   Figure	
   1.4.	
   The	
   cut-­‐off	
   absorption	
   is	
   also	
   redshifted	
   in	
   this	
   series	
   of	
  
expandend	
  dendralenes,	
  and	
  it	
  increases	
  from	
  ca.	
  355	
  nm	
  in	
  the	
  dimer	
  1.2	
  to	
  375	
  nm	
  in	
  
the	
  octamer	
  1.5.	
  It	
  is	
  not	
  straightforward	
  to	
  extrapolate	
  the	
  effective	
  conjugation	
  length	
  
in	
  the	
  iso-­‐PTA	
  series,	
  but	
  a	
  value	
  around	
  10	
  repeat	
  units	
  seems	
  a	
  good	
  suggestion.	
  	
  

By	
   extrapolation	
   of	
   the	
   oligomer	
   data,	
   the	
   lowest-­‐energy	
   absorptions	
  
(corresponding	
   to	
   λmax)	
   can	
   be	
   estimated	
   for	
   the	
   corresponding	
   linearly	
   and	
   cross-­‐
conjugated	
  polymers.	
  These	
  data	
  are	
  shown	
  for	
  comparison	
  in	
  Table	
  1.1.	
  It	
  transpires	
  
that	
   the	
   cross-­‐conjugated	
   polymers	
   have	
   significantly	
   larger	
   HOMO-­‐LUMO	
   gaps	
   than	
  
the	
  corresponding	
  linearly	
  conjugated	
  polymers,	
  signaling	
  the	
  less	
  efficient	
  π-­‐electron	
  
delocalization	
  in	
  the	
  former	
  ones.	
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Figure	
  1.3.	
  Expanded	
  dendralenes.	
  

Figure	
  1.4.	
  UV-­‐Vis	
  absorption	
  spectra	
  of	
  1.1	
  
(a),	
  1.2	
  (b),	
  1.3	
  (c),	
  1.4	
  (d),	
  and	
  1.5	
  (e)	
  in	
  
chloroform.	
  Reproduced	
  from	
  Ref.	
  26	
  with	
  
permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  

	
  
Table	
   1.1.	
   Estimated	
   lowest-­‐energy	
   absorptions	
   (Emax;	
   based	
   on	
   λmax)	
   for	
   polymers	
  
obtained	
   by	
   extrapolation	
   of	
   oligomer	
   data.	
   PA	
   =	
   poly(acetylene);	
   PDA	
   =	
  
poly(diacetylene);	
  PTA	
  =	
  poly(triacetylene).	
  

	
   Polymer	
   Emax	
  /	
  eV	
   	
   Polymer	
   Emax	
  /	
  eV	
   	
  

	
   	
  

E-­‐PA	
  
	
   	
  

1.8	
  a)	
  
	
   	
  

iso-­‐PA	
  
	
  
	
  
	
  

	
  
5.6	
  d)	
  

	
  

	
   	
  

E-­‐PDA	
  
	
  
	
  

	
  
2.3	
  b)	
  

	
   	
  

iso-­‐PDA	
  
	
  
	
  
	
  

	
  
3.9	
  e)	
  

	
  

	
   	
  

E-­‐PTA	
  
	
   	
  

2.8	
  c)	
  	
  
	
   	
  

iso-­‐PTA	
  
	
  
	
  
	
  

	
  
3.5	
  f)	
  

	
  

a)	
  Ref.	
  27.	
  b)	
  Ref.	
  28.	
  c)	
  Ref.	
  29.	
  d)	
  Refs.	
  13,	
  14.	
  e)	
  Ref.	
  24;	
  based	
  on	
  the	
  wavelength	
  at	
  
εmax/2	
  at	
  the	
  lower	
  energy	
  tail	
  of	
  the	
  absorption	
  band	
  (ε	
  =	
  molar	
  absorptivity).	
  f)	
  Ref.	
  26.	
  

	
  
Important	
   information	
   can	
   also	
   be	
   gained	
   from	
   the	
   redox	
   properties	
   of	
   cross-­‐

conjugated	
   molecules.30	
  Radialenes	
   often	
   behave	
   as	
   multistep	
   redox	
   systems,5b	
   for	
  
which	
   formation	
   of	
   oxidized	
   or	
   reduced	
   species	
   usually	
   depends	
   on	
   the	
   electronic	
  
character	
   of	
   the	
   peripheral	
   substituent	
   groups.	
   For	
   example,	
   the	
   [3]radialene	
   1.6	
  
(Figure	
  1.5)	
  with	
  peripheral	
  cyano	
  substituents	
   is	
  readily	
  reduced	
  to	
   its	
  radical	
  anion	
  
and	
   dianion.31	
  Perethynylated	
   and	
   buta-­‐1,3-­‐diynyl-­‐expanded	
   radialenes	
   with	
   generic	
  
structure	
   1.7	
   (cyclic	
   oligomers	
   comprised	
   of	
   n+2	
   TEE	
   repeat	
   units)	
   exhibit	
   an	
  
exceptional	
   ability	
   to	
   accommodate	
   electrons	
   as	
   shown	
   by	
   Diederich,	
   Gross,	
   this	
  
author,	
   and	
   co-­‐workers,30,	
   32 	
  and	
   for	
   the	
   [3]-­‐	
   and	
   [4]radialenes	
   this	
   ability	
   was	
  

8
8

8

8
8

8
energies are tabulated in Table 3. All three methods show the same trend: the HOMO-
LUMO gap energy decreases as n increases.

The HOMO-LUMO gaps of 5 and 3a ± d (series a, Fig. 5) were compared to those
of iso-PTAs 1a ± d [2] composed of monomeric TEE units (series b) and of iso-PDAs
2b ± i [3d] (series c). This comparison allows analysis of the influence of peripheral
substituents and the number of acetylenes between the C!C bonds on the electronic
properties of the expanded dendralenes.

The two extra acetylenes in each TEE repeating unit expectedly lower the HOMO-
LUMO gap in the iso-PTA series b by ca. 0.8 eV compared to iso-PTA series a with
peripheral cyclohexylidene residues. This lowering is readily explained by more-
extended linear !-electron conjugation.

The influence of the number of acetylene moieties between the C!C bonds is
evident when comparing series a and c: Upon moving from iso-PDA to iso-PTA
oligomers, the HOMO-LUMO gap energy is lowered by 0.4 eV. The difference
between the peripheral groups (cyclohexylidene vs. isopropylidene) is negligible as

!"#$"%&'( )*&+&'( ,'%( ± Vol. 84 (2001) 2175

Fig. 4. UV/VIS Spectra in CHCl3 of 5 (a) , 3a (b), 3b (c), 3c (d), and 3d (e)

Table 3. HOMO-LUMO Gap Energies (Eg) Calculated by Three Different Methods

Compound Eg ("max) [eV] Eg ("(#max/2)) [eV] Eg ("tg) [eV]

5 4.35 4.28 4.16
3a 3.65 3.58 3.49
8 3.68 3.61 3.50
3b 3.61 3.52 3.42
3c 3.59 3.50 3.39
3d 3.56 3.48 3.35

iso-PDA
n n

iso-PTA

(i-Pr)3Si
n
Si(i-Pr)3

1.2: n = 2

1.3: n = 3

1.4: n = 4

1.5: n = 8

(i-Pr)3Si SiMe31.1
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explained	
   in	
   a	
   detailed	
   theoretical	
   study	
   by	
   Chauvin	
   and	
   co-­‐workers33	
  by	
   a	
   gain	
   of	
  
aromaticity	
  upon	
  reduction	
  (Figure	
  1.6).	
  Interestingly,	
  the	
  expanded	
  [6]radialene	
  of	
  1.7	
  
(n	
  =	
   4)	
   adopts	
   a	
   chair-­‐like	
   conformation,	
   according	
   to	
   X-­‐ray	
   crystallography	
   (Figure	
  
1.7),32b	
  like	
  the	
  non-­‐expanded	
  [6]radialene.22	
  In	
  addition,	
  it	
  is	
  noteworthy	
  that	
  the	
  all-­‐
carbon	
  core	
  of	
  this	
  radialene	
  contains	
  60	
  carbon	
  atoms	
  like	
  Buckminsterfullerene.	
  On	
  
another	
   note,	
   Buckminsterfullerene	
   itself	
   contains	
   [5]radialene	
   structural	
   units	
   as	
  
illustrated	
  in	
  Figure	
  1.8.	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  1.5.	
  Radialenes	
  like	
  1.6	
  and	
  1.7	
  (n	
  =	
  1-­‐4,	
  6;	
  R	
  =	
  triisopropylsilyl	
  or	
  aryl)	
  are	
  excellent	
  
electron	
  acceptors.	
  Radialenes	
  1.7	
  are	
  comprised	
  of	
  tetraethynylethene	
  (TEE)	
  units	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

Figure	
  1.6.	
  The	
  dianion	
  of	
  a	
  buta-­‐1,3-­‐diyn-­‐
1,4-­‐diyl	
  expanded	
  [3]radialene	
  is	
  a	
  14	
  πz	
  
Hückel	
  aromatic	
  system,	
  and	
  its	
  aromatic	
  
character	
  was	
  supported	
  by	
  calculations	
  as	
  
shown	
  by	
  Chauvin,	
  Brøndsted	
  Nielsen,	
  

Diederich	
  et	
  al.33	
  Reproduced	
  from	
  Ref.	
  33	
  
with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  

Figure	
  1.7.	
  The	
  cyclic	
  core	
  of	
  a	
  buta-­‐1,3-­‐diyn-­‐
1,4-­‐diyl	
  [6]radialene	
  (1.7,	
  n	
  =	
  4,	
  R	
  =	
  3,5-­‐

dimethylphenyl)	
  adopts	
  a	
  chair-­‐like	
  confor-­‐
mation	
  as	
  shown	
  on	
  this	
  illustration	
  by	
  

Brøndsted	
  Nielsen,	
  Diederich	
  et	
  al.32b	
  Repro-­‐
duced	
  from	
  Ref.	
  32b	
  with	
  permission	
  from	
  

John	
  Wiley	
  and	
  Sons.	
  
	
  
	
  
	
  
	
  

NC CN

CN

CN

NC

CN
1.6

R

R

R R

R

R

n

1.7TEE
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Figure	
  1.8.	
  [5]Radialene	
  structural	
  units	
  can	
  be	
  identified	
  in	
  Buckminsterfullerene,	
  C60;	
  one	
  

such	
  unit	
  is	
  highlighted	
  in	
  blue.	
  
	
  
	
  

Cross-­‐conjugated	
   1,1-­‐diethynylethenes	
   do	
   not	
   undergo	
   the	
   Bergman	
   cyclization	
  
characteristic	
   of	
   linearly	
   conjugated	
   cis-­‐1,2-­‐diethynylethenes. 34 	
  However,	
   upon	
  
reduction	
   a	
   cyclization	
   becomes	
   possible.	
   Thus,	
   Hopf,	
   Rabinovitz,	
   and	
   co-­‐workers35	
  
found	
   from	
  NMR	
  experiments	
   that	
   the	
  dialkynyl-­‐substituted	
   fluorene/dibenzofulvene	
  
1.8	
   underwent	
   conversion	
   to	
   the	
   dianionic	
   cycloaromatization	
   product	
   1.9	
   upon	
  
treatment	
  with	
  potassium	
  in	
  THF-­‐d8	
  (Figure	
  1.9)	
  In	
  contrast,	
  under	
  thermal	
  conditions	
  
1.8	
  was	
  found	
  to	
  undergo	
  a	
  Hopf	
  cyclization	
  to	
  form	
  the	
  fused	
  ring	
  system	
  1.10	
  (Figure	
  
1.9).35,	
  36	
  

	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  1.9.	
  Reactions	
  of	
  cross-­‐conjugated	
  1,1-­‐diethynylethenes.	
  
	
  
1.3	
  Fulvenes	
  and	
  Fulvalenes	
  
One	
   important	
   characteristic	
   of	
   fulvenes	
   is	
   their	
   dipole	
   moments,	
   which	
   can	
   be	
  
enhanced	
  by	
  incorporation	
  of	
  functional	
  groups.	
  Thus,	
  functionalization	
  of	
  triafulvenes	
  
and	
  heptafulvenes	
  with	
  acceptor	
  groups	
  at	
   the	
  exocyclic	
  carbon	
  and	
  functionalization	
  
of	
   pentafulvenes	
   with	
   donor	
   groups	
   promote	
   polarized	
   resonance	
   forms	
   containing	
  
aromatic	
   cyclopropenium,	
   tropylium,	
   and	
   cyclopentadienyl	
   anion	
   rings,	
   respectively	
  
(Figure	
  1.10).	
  The	
  contributions	
  of	
  such	
  resonance	
  forms	
  to	
  the	
  resonance	
  hybrids	
  are	
  
supported	
  by	
  the	
  fact	
  that	
  the	
  dipole	
  moment	
  of	
  the	
  triafulvene	
  derivative	
  1.11	
  is	
  7.9	
  D	
  
in	
  dioxane,37	
  that	
  of	
  the	
  heptafulvene	
  derivative	
  1.12	
   is	
  7.5	
  D	
  in	
  dioxane,38	
  and	
  that	
  of	
  
the	
   pentafulvene	
   derivative	
   1.13	
   is	
   4.5	
   D.39	
  Heptafulvene	
   was	
   first	
   synthesized	
   by	
  
Doering	
  and	
  Wiley	
  in	
  1960,40	
  but	
  it	
  was	
  not	
  sufficiently	
  stable	
  for	
  isolation	
  (only	
  stable	
  
in	
  solution).	
  Nozoe	
  and	
  co-­‐workers	
   introduced	
  the	
   two	
  cyano	
  groups	
  at	
   the	
  exocyclic	
  
fulvene	
  carbon,	
  and	
  this	
  compound	
  (1.12)	
  was	
  isolated	
  as	
  stable,	
  orange	
  crystals.	
  41	
  	
  

C60

Ph Ph

1.8

Ph Ph

K, + 2 H

THF-d8

1.9 1.10

Ph

Ph
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For	
   the	
   fulvalene	
   structure	
   1.14,	
   connecting	
   penta-­‐	
   and	
   heptafulvenes	
   via	
   a	
  
common	
  exocyclic	
  bond,	
  polarized	
   resonance	
   structures	
  with	
   two	
  aromatic	
   rings	
   can	
  
be	
  drawn;	
  this	
  molecule	
  has	
  a	
  dipole	
  moment	
  of	
  2.1	
  D.42	
  The	
  dipole	
  moments	
  provide	
  
fulvenes	
   with	
   unique	
   chemical	
   reactivity.	
   For	
   a	
   recent	
   review	
   on	
   fulvenes	
   in	
  
cycloaddition	
  reactions,	
  the	
  reader	
  is	
  referred	
  to	
  Ref.	
  43.	
  

	
  
	
  
	
  

	
  
	
  	
  	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  1.10.	
  Functionalization	
  of	
  triafulvene	
  (1.11)	
  and	
  heptafulvene	
  (1.12)	
  with	
  electron-­‐
withdrawing	
  cyano	
  groups	
  and	
  pentafulvene	
  (1.13)	
  with	
  an	
  electron-­‐donating	
  dimethylamino	
  
group	
  promotes	
  polarized	
  aromatic	
  resonance	
  forms.	
  The	
  fulvalene	
  1.14	
  has	
  resonance	
  forms	
  

with	
  two	
  aromatic	
  rings.	
  
	
  

Polarization	
   of	
   heptafulvene	
   also	
   plays	
   a	
   role	
   for	
   the	
   ability	
   of	
   the	
   dicyano-­‐
functionalized	
   vinylheptafulvene	
   (VHF)	
  1.15	
   to	
   undergo	
   an	
   electrocyclic	
   ring-­‐closure	
  
reaction	
   to	
   form	
  the	
  dihydroazulene	
  (DHA)	
  derivative	
  1.16	
  as	
   first	
   reported	
  by	
  Daub	
  
and	
   co-­‐workers44	
  (Figure	
   1.11).	
   The	
   rate	
   of	
   this	
   ring-­‐closure	
   reaction	
   is	
   strongly	
  
enhanced	
   in	
   polar	
   solvents,45	
  and	
   I	
   have	
   shown46	
  an	
   empirical	
   relation	
   between	
   the	
  
natural	
   logarithm	
   of	
   the	
   rate	
   constant	
   (k)	
   for	
   the	
   ring-­‐closure	
   and	
   the	
   Dimroth-­‐
Reichardt	
  ET(30)	
   solvent	
   polarity	
   parameter47	
  (Figure	
   1.12).	
   These	
   results	
   indicate	
   a	
  
polar	
   transition	
   state	
   with	
   tropylium	
   character	
   in	
   the	
   seven-­‐membered	
   ring	
   and	
  
negative	
  charge	
  at	
  the	
  dicyanovinyl	
  unit.	
  I	
  have	
  achieved	
  additional	
  support	
  for	
  this	
  by	
  
detailed	
  kinetics	
  studies	
  on	
  DHA	
  derivatives	
  with	
  donor/acceptor	
  substitution	
  in	
  either	
  
the	
   seven-­‐membered	
   ring	
   or	
   at	
   the	
   vinyl	
   group,	
   providing	
   linear-­‐free-­‐energy	
  
(Hammett)	
  correlations.48	
  DHA	
  1.16	
  has	
  a	
  longest-­‐wavelength	
  absorption	
  maximum	
  at	
  
353	
   nm	
   in	
   acetonitrile,	
   and	
   upon	
   irradiation	
   at	
   this	
  wavelength	
   it	
   undergoes	
   a	
   ring-­‐
opening	
   reaction	
   to	
   form	
   VHF	
   1.15,	
   which	
   has	
   a	
   longest-­‐wavelength	
   absorption	
  
maximum	
  at	
  470	
  nm.	
  The	
  DHA/VHF	
  system	
  is	
  therefore	
  characterized	
  as	
  a	
  so-­‐called	
  T-­‐
type	
   photochrome	
   (only	
   undergoing	
   photoisomerization	
   in	
   one	
   direction). 49 	
  This	
  
dissertation	
  will	
  cover	
  tuning	
  of	
  the	
  DHA-­‐VHF	
  properties	
  in	
  more	
  detail	
  in	
  Chapters	
  2,	
  
4,	
  and	
  5,	
  including	
  conductance	
  switching	
  in	
  molecular	
  electronics	
  junctions.	
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Figure	
  1.11.	
  Thermal	
  and	
  light-­‐induced	
  switching	
  between	
  VHF	
  and	
  DHA	
  derivatives.	
  

	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  1.12.	
  Dependency	
  of	
  the	
  rate	
  constant	
  k	
  for	
  VHF	
  to	
  DHA	
  ring-­‐closure	
  as	
  a	
  function	
  of	
  the	
  
solvent	
  polarity	
  parameter	
  ET(30).	
  Solid	
  circles	
  correspond	
  to	
  data	
  from	
  my	
  laboratory	
  (Ref.	
  
46),	
  while	
  the	
  open	
  circles	
  correspond	
  to	
  data	
  from	
  Ref.	
  45.	
  The	
  best	
  straight	
  line	
  describing	
  
my	
  own	
  data	
  is	
  inserted.	
  Figure	
  reproduced	
  from	
  Ref.	
  46	
  (Archive	
  for	
  Organic	
  Chemistry).	
  

	
  
1.4	
  Heterofulvalenes	
  and	
  Quinoid	
  Structures	
  
Fulvalenes	
  with	
  carbon	
  atoms	
  substituted	
  for	
  heteroatoms	
  present	
  an	
  important	
  class	
  
of	
   redox-­‐active	
   molecules.	
   The	
   most	
   prominent	
   representative	
   of	
   this	
   class	
   is	
  
tetrathiafulvalene	
  (TTF;	
  Figure	
  1.13),50	
  which	
  undergoes	
  two	
  reversible	
  and	
  sequential	
  
one-­‐electron	
  oxidations,	
   first	
  generating	
  a	
  radical	
  cation	
  and	
  then	
  a	
  dication	
  with	
  two	
  
aromatic	
   1,3-­‐dithithiolium	
   rings	
   (a	
   so-­‐called	
   Weitz	
   type	
   redox	
   system51).	
   While	
   the	
  
radical	
  cation	
  is	
  completely	
  planar,	
  the	
  two	
  rings	
  of	
  the	
  dication	
  are	
  rotated	
  out	
  of	
  co-­‐
planarity.52	
  The	
  four	
  identical	
  protons	
  of	
  the	
  dication	
  exhibit	
  a	
  1H-­‐NMR	
  chemical	
  shift	
  
at	
  9.51	
  ppm	
  in	
  CD3CN	
  (perchlorate	
  salt),52	
  which	
  is	
  close	
  to	
  that	
  of	
  the	
  CH=CH	
  protons	
  
in	
   1,3-­‐dithiolium	
   (9.67	
   ppm	
   in	
   CD3CN;	
   tetrafluoroborate	
   salt). 53 	
  The	
   aromatic	
  
isomerization	
  stabilization	
  energy	
  of	
  the	
  TTF	
  dication	
  has	
  been	
  calculated	
  by	
  Sauer	
  and	
  
me54	
  to	
  -­‐35.7	
  kcal	
  mol-­‐1	
  based	
  on	
  the	
  isomerization	
  reaction	
  shown	
  in	
  Figure	
  1.14.	
  This	
  
corresponds	
  to	
  an	
  aromatic	
  stabilization	
  energy	
  of	
  each	
  ring	
  of	
  -­‐17.8	
  kcal	
  mol-­‐1,	
  which	
  
is	
   close	
   to	
   the	
   value	
   of	
   -­‐16.3	
   kcal	
   mol-­‐1	
   obtained	
   for	
   1,3-­‐dithiolium.	
   The	
   redox	
  
properties	
  of	
  TTF	
  can	
  be	
  finely	
  tuned	
  by	
  peripheral	
  substitution	
  or	
  by	
  incorporation	
  of	
  
a	
  π-­‐extended	
   spacer	
   between	
   the	
   two	
   dithiole	
   rings.	
   In	
   this	
   dissertation	
   I	
   will	
   show	
  
examples	
   from	
  my	
  work	
  on	
  both	
   these	
  modifications.	
  For	
  example,	
   the	
   fusion	
  of	
  TTF	
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and	
  an	
  alkyne-­‐expanded	
  p-­‐quinodimethane	
  derivative	
   (Wurster	
   type	
  redox	
  system51)	
  
has	
  provided	
  molecules	
  that	
  can	
  gain	
  aromaticity	
  upon	
  either	
  oxidation	
  or	
  reduction.55	
  
The	
  gain	
  of	
  aromaticity	
  upon	
  reduction	
  of	
  such	
  molecules	
  resembles	
  the	
  situation	
  for	
  
the	
  cross-­‐conjugated	
  7,7,8,8-­‐tetracyanoquinodimethane	
  (TCNQ)	
  shown	
  in	
  Figure	
  1.15,	
  
which	
   together	
   with	
   TTF	
   was	
   shown	
   by	
   Ferraris	
   et	
   al.56	
  in	
   1973	
   to	
   form	
   the	
   first	
  
organic	
   complex	
   (TTF-­‐TCNQ	
   donor-­‐acceptor	
   complex)	
   with	
   metallic	
   properties,	
   and	
  
therefore	
  referred	
  to	
  as	
  an	
  organic	
  metal.	
  	
  

	
  
	
  
	
  

Figure	
  1.13.	
  Reversible	
  oxidations	
  of	
  tetrathiafulvalene	
  (TTF).	
  
	
  
	
  
	
  
	
  

Figure	
  1.14.	
  Reactions	
  used	
  for	
  calculating	
  the	
  isomerization	
  stabilization	
  energies	
  of	
  TTF2+	
  
and	
  1,3-­‐dithiolium.	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  1.15.	
  Reversible	
  reductions	
  of	
  7,7,8,8-­‐tetracyanoquinodimethane	
  (TCNQ).	
  
	
  

The	
   reversible	
   oxidations	
   of	
   TTF	
   are	
   usually	
   not	
   displayed	
   by	
   the	
   related	
   1,4-­‐
dithiafulvenes	
   (DTFs)	
   containing	
   a	
   hydrogen	
   atom	
   at	
   the	
   exocyclic	
   fulvene	
   carbon.	
  
Thus,	
   such	
   compounds	
   often	
   undergo	
   dimerization	
   upon	
   oxidation	
   as	
   illustrated	
   in	
  
Figure	
  1.16	
  for	
  a	
  general	
  DTF	
  derivative.57	
  A	
  subsequent	
  loss	
  of	
  two	
  protons	
  generates	
  
an	
  extended	
  TTF	
  (ext-­‐TTF),	
  a	
  vinylogous	
  TTF.	
  

	
  
	
  
	
  
	
  

Figure	
  1.16.	
  General	
  scheme	
  for	
  formation	
  of	
  an	
  extended	
  TTF	
  (ext-­‐TTF)	
  by	
  radical	
  
dimerization	
  of	
  a	
  dithiafulvene	
  (DTF)	
  derivative	
  upon	
  oxidation	
  followed	
  by	
  loss	
  of	
  two	
  

protons.	
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1.5	
  meta-­‐Substituted	
  Aromatics	
  	
  
Although	
   meta-­‐substituted	
   aromatic	
   compounds	
   may	
   not	
   adhere	
   strictly	
   to	
   the	
  
definition	
  of	
  cross-­‐conjugation,	
  I	
  have	
  decided	
  to	
  put	
  them	
  into	
  this	
  category.	
  Indeed,	
  it	
  
is	
   convenient	
   to	
   consider	
   the	
   meta	
   configuration	
   as	
   cross-­‐conjugated	
   in	
   regard	
   to	
  
molecular	
  properties,	
  such	
  as	
  chemical	
  reactivity	
  and	
  optical	
  properties.	
  For	
  example,	
  
the	
  regioselectivity	
   induced	
  by	
  ortho-­‐para-­‐	
  and	
  meta-­‐directing	
  groups	
   in	
  electrophilic	
  
aromatic	
  substitution	
   is	
  basically	
  explained	
   from	
  Kekulé	
  structures	
  and	
  rooted	
   in	
   the	
  
most	
  important	
  consequence	
  of	
  cross-­‐conjugation,	
  namely	
  the	
  lack	
  of	
  a	
  resonance	
  form	
  
where	
   electrons	
   are	
   delocalized	
   between	
   two	
   double	
   bonds	
   connected	
   to	
   the	
  
bifurcation	
  point.	
  Consider	
  for	
  example	
  anisole,	
  a	
  benzene	
  ring	
  functionalized	
  with	
  an	
  
electron-­‐donating	
  methoxy	
  group.	
  The	
  Wheland	
  intermediate	
  obtained	
  after	
  attack	
  by	
  
an	
  electrophile	
  has	
  one	
  additional	
  resonance	
  form	
  when	
  the	
  electrophile	
  has	
  attacked	
  
in	
  either	
  ortho	
  or	
  para	
  positions	
  than	
  in	
  the	
  meta	
  position	
  (Figure	
  1.17).	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  1.17.	
  Wheland	
  intermediates	
  for	
  attack	
  of	
  an	
  electrophile	
  (E+)	
  at	
  either	
  ortho,	
  para,	
  or	
  
meta	
  positions	
  of	
  anisole.	
  Cross-­‐conjugation	
  will	
  not	
  allow	
  delocalization	
  of	
  the	
  positive	
  charge	
  

onto	
  the	
  methoxy	
  group	
  in	
  the	
  Wheland	
  intermediate	
  resulting	
  from	
  the	
  meta	
  attack.	
  	
  
	
  
The	
  difference	
  in	
  acidity	
  of	
  substituted	
  phenols	
  also	
  illustrates	
  the	
  effect	
  of	
  linear	
  

vs	
  cross-­‐conjugation.	
   Thus,	
  p-­‐nitrophenol	
  with	
   a	
   pKa	
   value	
   of	
   7.15	
   is	
   a	
   stronger	
   acid	
  
than	
  m-­‐nitrophenol	
  with	
  a	
  pKa	
  value	
  of	
  8.3658	
  due	
   to	
   the	
  mesomeric	
  delocalization	
  of	
  
the	
  negative	
   charge	
  of	
   the	
  phenolate	
   anion	
  onto	
   the	
  nitro	
  group	
  when	
   located	
   in	
   the	
  
para	
  position.	
  We	
   shall	
   in	
   the	
   next	
   chapter	
   see	
   how	
   linear	
   vs	
  cross-­‐conjugation	
   also	
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influences	
   the	
   charge-­‐transfer	
   absorption	
   maxima	
   of	
   various	
   nitrophenolate	
  
derivatives.	
  

The	
   less	
   efficient	
   π-­‐electron	
   delocalization	
   via	
   cross-­‐conjugation	
   also	
   has	
  
implications	
  for	
  the	
  single-­‐molecule	
  conductance	
  and	
  hence	
  for	
  the	
  design	
  of	
  molecular	
  
wires	
  for	
  molecular	
  electronics	
  applications.	
  Thus,	
  theoretical	
  work	
  by	
  Ratner	
  and	
  co-­‐
workers59	
  has	
   shown	
   that	
   cross-­‐conjugated	
   molecular	
   wires	
   conduct	
   current	
   less	
  
efficiently	
   than	
   related	
   linearly	
   conjugated	
   molecules	
   due	
   to	
   quantum	
   interference	
  
effects. 60 	
  This	
   difference	
   has	
   also	
   been	
   proven	
   experimentally.	
   For	
   example,	
   the	
  
influence	
   of	
   anchoring	
   of	
   molecules	
   via	
   either	
   meta-­‐	
   or	
   para-­‐phenylene	
   spacers	
  
between	
  two	
  gold	
  electrodes	
  has	
  been	
  studied	
  for	
  various	
  molecules	
  (Figure	
  1.18).	
  The	
  
conductance	
   of	
   the	
   linearly	
   conjugated	
   molecular	
   wire	
   1.17	
   was	
   determined	
   to	
   be	
  
almost	
   two	
   orders	
   of	
   magnitude	
   higher	
   than	
   that	
   of	
   the	
   cross-­‐conjugated	
  molecular	
  
wire	
   1.18	
   (having	
   the	
   same	
   conjugated	
   anthracene	
   core)	
   although	
   the	
   distance	
  
(number	
  of	
   bonds)	
  between	
   the	
   two	
   sulfur	
   electrode	
   anchoring	
   groups	
   are	
   longer	
   in	
  
1.17	
   than	
  in	
  1.18.61	
  In	
  another	
  study,	
   it	
  was	
  found	
  that	
   linearly	
  conjugated	
  molecules	
  
1.19	
   and	
  1.20	
   transmitted	
   current	
   at	
   least	
   one	
   order	
   of	
  magnitude	
  more	
   efficiently	
  
than	
   the	
   cross-­‐conjugated	
   ones	
   1.21	
   and	
   1.22;	
   here	
   anchoring	
   to	
   the	
   electrodes	
   is	
  
assumed	
  to	
  occur	
  via	
  the	
  thiophene	
  sulfur	
  atoms.62	
  	
  

	
  

	
  
  

	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  

	
  
	
  

Figure	
  1.18.	
  Molecular	
  wires	
  that	
  have	
  been	
  subjected	
  to	
  single-­‐molecule	
  conductance	
  studies	
  
in	
  junctions.	
  The	
  linearly	
  conjugated	
  molecules	
  exhibited	
  significantly	
  higher	
  conductances	
  

than	
  the	
  related	
  cross-­‐conjugated	
  ones.	
  
	
  
The	
   different	
   conductivities	
   of	
   linearly	
   and	
   cross-­‐conjugated	
   molecules	
   can	
   be	
  

conveniently	
   employed	
   for	
   designing	
   molecular	
   switches.	
   An	
   example	
   of	
   one	
   such	
  
system	
  is	
  shown	
  in	
  Figure	
  1.19.63	
  The	
  dithienylethene	
  photoswitch	
  1.23	
  undergoes	
  an	
  
electrocyclic	
  photoisomerization	
  to	
  the	
  closed	
  dihydrodithienobenzene	
  1.24.	
  Molecule	
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1.24	
   is	
  comprised	
  of	
  a	
  large	
  linearly	
  conjugated	
  system,	
  while	
  molecule	
  1.23	
   is	
  cross-­‐
conjugated	
   along	
   the	
   backbone	
   of	
   the	
  molecule.	
   Molecule	
  1.24	
   exhibits	
   a	
   redshifted	
  
longest-­‐wavelength	
  absorption	
  (visible	
  region)	
  relative	
   to	
   that	
  of	
  1.23	
   (UV	
  region).	
   It	
  
should	
   be	
   emphasized,	
   however,	
   that	
   this	
   redshift	
   is	
   not	
   only	
   the	
   result	
   of	
   linear	
   vs	
  
cross-­‐conjugation,	
  but	
  also	
  a	
  result	
  of	
  forcing	
  the	
  double	
  bonds	
  into	
  co-­‐planarity	
  in	
  the	
  
locked	
  isomer	
  1.24.	
  The	
  system	
  was	
  anchored	
  via	
  the	
  acetyl-­‐protected	
  thiolate	
  groups	
  
between	
   electrodes	
   or	
   nanoparticles	
   in	
   various	
   devices.63	
   Reversible	
   conductance	
  
switchings	
  were	
  observed	
  in	
  these	
  devices	
  between	
  a	
  low-­‐conducting	
  off	
  state	
  (isomer	
  
1.23)	
   and	
   a	
  high-­‐conducting	
  on	
  state	
   (isomer	
  1.24).	
   The	
   conversion	
   in	
   one	
  direction	
  
(from	
   1.23	
   to	
   1.24)	
   was	
   achieved	
   by	
   UV	
   light,	
   while	
   conversion	
   in	
   the	
   opposite	
  
direction	
  was	
   achieved	
  by	
   visible	
   light,	
   reflecting	
   the	
  different	
   absorption	
  maxima	
  of	
  
the	
   two	
   isomers.	
   Importantly,	
   anchoring	
   of	
   the	
  molecules	
   to	
   electrodes	
   occurred	
   via	
  
acetyl-­‐protected	
  thiolates	
  at	
  meta	
  positions	
  to	
  the	
  dithienylethene	
  system.	
  The	
  reason	
  
for	
   this	
   chosen	
   configuration	
   (rather	
   than	
   para)	
   was	
   to	
   achieve	
   a	
   weak	
   electronic	
  
coupling	
   of	
   the	
   molecule	
   to	
   the	
   electrodes	
   to	
   avoid	
   quenching	
   of	
   the	
   molecular	
  
photoactivity	
  in	
  the	
  junction	
  by	
  the	
  electrodes.	
  	
  

	
  

	
  
	
  

	
  
	
  
	
  

	
  
Figure	
  1.19.	
  Light-­‐induced	
  conductance	
  switching	
  between	
  cross-­‐conjugated	
  (off)	
  and	
  linearly	
  

conjugated	
  (on)	
  isomers	
  (anchored	
  via	
  the	
  sulfur	
  end-­‐groups	
  between	
  electrodes).	
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The	
   following	
   chapters	
   of	
   this	
   dissertation	
   will	
   show	
   how	
   my	
   research	
   has	
  
contributed	
   to	
   an	
   understanding	
   of	
   the	
   consequences	
   of	
   cross-­‐conjugation	
   for	
  
communication	
   between	
   electron	
   donors	
   and	
   acceptors	
   via	
   studies	
   of	
   the	
   optical	
  
properties	
  of	
  bridged	
  donor-­‐acceptor	
  chromophores,	
  for	
  the	
  optical	
  properties	
  of	
  various	
  
large	
  π-­‐conjugated	
   systems,	
   for	
   the	
   redox-­‐properties	
  of	
   tetrathiafulvalene	
  and	
  extended	
  
tetrathiafulvalene	
   derivatives,	
   for	
   the	
   redox	
   properties	
   of	
   expanded	
   radiaannulene	
  
macrocycles,	
  for	
  the	
  electrocyclic	
  ring-­‐closure	
  reaction	
  of	
  substituted	
  vinylheptafulvenes,	
  
for	
   interconversions	
   between	
   benzo-­‐fused	
   dihydroazulenes	
   and	
   vinylheptafulvenes	
  
(introducing	
   quinoid	
   character	
   in	
   the	
   one	
   isomer),	
   and	
   finally	
   for	
   the	
   single-­‐molecule	
  
conductances	
   of	
   various	
   molecular	
   wires.	
   The	
   dissertation	
   will	
   thus	
   include	
   examples	
  
based	
  on	
  the	
  parent	
  classes	
  introduced	
  in	
  Figure	
  1.1	
  and	
  expanded	
  versions	
  thereof.	
  The	
  
research	
   has	
   been	
   driven	
   by	
  my	
  development	
   of	
   synthetic	
   protocols	
   for	
   achieving	
   these	
  
advanced	
  π-­‐conjugated	
  scaffolds,	
  relying	
  in	
  particular	
  on	
  finding	
  optimum	
  conditions	
  for	
  
making	
  carbon-­‐carbon	
  bonds	
  by	
  metal-­‐catalyzed	
  coupling	
  reactions,-­‐	
  conditions	
  that	
  do	
  
not	
   only	
   promote	
   the	
   coupling	
   reactions	
   but	
   conditions	
   under	
   which	
   substrates	
   and	
  
products	
   do	
   not	
   decompose.	
   Each	
   chapter	
  will	
   show	
   selected	
   synthetic	
   examples,	
   while	
  
Chapter	
  6	
   is	
  dedicated	
  to	
  a	
  more	
   in-­‐depth	
  coverage	
  of	
  synthetic	
  protocols	
   for	
  preparing	
  
and	
  functionalizing	
  cross-­‐conjugated	
  molecules.	
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OPTICAL	
  PROPERTIES	
  	
  
2.1	
  Introduction	
  
This	
   chapter	
   will	
   elucidate	
   the	
   consequences	
   of	
   cross-­‐conjugation	
   in	
   regard	
   to	
  
electronic	
   absorption	
   properties	
   of	
   various	
   nitrophenolate	
   derivatives,	
   extended	
  
tetrathiafulvalenes	
   (TTFs),	
   and	
   dihydroazulene/vinylheptafulvene	
   (DHA/VHF)	
  
systems.	
   The	
   nonlinear	
   optical	
   properties	
   of	
   tetraethynylethene	
   (TEE)	
   scaffolds	
   will	
  
also	
   be	
   covered.	
   Some	
   of	
   the	
   results	
   have	
   been	
   previously	
   reviewed	
   by	
  me	
   together	
  
with	
  co-­‐workers.1	
  	
  

UV-­‐Vis	
  absorption	
  spectroscopy	
  was	
  already	
   introduced	
   in	
  the	
  previous	
  chapter	
  
as	
   a	
   convenient	
   way	
   of	
   evaluating	
   the	
   efficiency	
   of	
   conjugation	
   in	
   dendralenes	
   and	
  
expanded	
  dendralenes.	
  However,	
   some	
  care	
  has	
   to	
  be	
   taken	
  when	
  using	
   this	
  method	
  
for	
   donor-­‐acceptor	
   (D-­‐A)	
   systems	
   from	
   the	
   position	
   of	
   their	
   charge-­‐transfer	
   (CT)	
  
absorption	
  bands.	
  When	
  studying	
  D-­‐A	
  compounds,	
  it	
  is	
  important	
  to	
  keep	
  in	
  mind	
  that	
  
efficient	
   electronic	
   communication	
   between	
   D	
   and	
   A	
   groups	
   corresponds	
   to	
   a	
   high	
  
degree	
   of	
   charge-­‐transfer	
   in	
   the	
   ground	
   state,	
   and	
   this	
   should	
   lead	
   to	
   a	
   blueshifted	
  
absorption	
  maximum	
  relative	
  to	
  a	
  D-­‐A	
  system	
  for	
  which	
  the	
  coupling	
  is	
  weak.	
  In	
  other	
  
words,	
  efficient	
  π-­‐electron	
  delocalization	
  across	
  a	
  bridge	
  in	
  D-­‐bridge-­‐A	
  systems	
  (strong	
  
mixing	
   of	
   D’s	
   HOMO	
   and	
   A’s	
   LUMO)	
   should	
   have	
   the	
   “opposite	
   effect”	
   as	
   the	
   one	
   in	
  
symmetrical	
   oligoenes,	
   namely	
   a	
   blueshifted	
   absorption.	
   This	
   principle	
   is	
   illustrated	
  
schematically	
   in	
   Figure	
   2.1.	
   However,	
   an	
   increase	
   in	
   the	
   HOMO	
   energy	
   of	
   D	
   or	
   a	
  
decrease	
   in	
   the	
  LUMO	
  energy	
  of	
  A	
  owing	
   to	
  extended	
  conjugation	
  of	
   these	
   individual	
  
units	
  will	
  of	
  course	
  lower	
  the	
  CT	
  energy.	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  2.1.	
  Schematic	
  illustration	
  of	
  the	
  charge-­‐transfer	
  (CT)	
  energies	
  of	
  donor-­‐acceptor	
  (D-­‐A)	
  
systems	
  with	
  weak	
  (left)	
  and	
  strong	
  (right)	
  coupling	
  between	
  D	
  and	
  A	
  units.	
  

	
  	
  
The	
   position	
   of	
   the	
   CT	
   absorption	
   can,	
   however,	
   be	
   perturbed	
   by	
   solvents	
   or	
  

counter	
   ions	
   so	
   that	
   the	
   intrinsic	
  properties	
  are	
  masked.	
   It	
   is	
   therefore	
  of	
   interest	
   to	
  
compare	
  results	
  from	
  solution	
  and	
  gas	
  phase.	
  I	
  shall	
  in	
  this	
  chapter	
  present	
  several	
  gas-­‐

2CHAPTER

HOMO

LUMO

D A

Weak coupling

HOMO

LUMO

D AD A

Strong coupling

CT CT

D A

E
ne
rg
y

blueshift



Chapter	
  2:	
  Optical	
  Properties	
  

	
   -­‐	
  20	
  -­‐	
  

phase	
   absorption	
   data,	
   which	
  were	
   all	
   obtained	
   by	
   Prof.	
   Steen	
   Brøndsted	
   Nielsen	
   at	
  
Aarhus	
   University,	
   employing	
   state-­‐of-­‐the	
   art	
   equipment	
   for	
   action	
   spectroscopy	
  
studies	
   on	
   large	
   and	
   ionic	
   compounds	
   that	
   are	
   transferred	
   to	
   the	
   gas	
   phase	
   by	
  
electrospray	
  ionization.2	
  	
  

To	
   illustrate	
   the	
   complications	
   sometimes	
   resulting	
   from	
   solution	
   studies,	
   it	
   is	
  
instructive	
  to	
  compare	
  the	
  data	
  we	
  achieved	
  for	
  the	
  longest-­‐wavelength	
  absorptions	
  of	
  
nitrophenolates	
   2.1-­‐2.4	
   from	
   studies	
   in	
   solution	
   (sodium	
   salts)	
   and	
   in	
   gas	
   phase	
  
(anions	
  only)	
  (Figure	
  2.2	
  and	
  Table	
  2.1).3	
  The	
  gas	
  phase	
  data	
  show	
  that	
  the	
  absorption	
  
is	
  concomitantly	
  redshifted	
  from	
  2.1	
  to	
  2.4,	
  while	
  this	
  is	
  not	
  the	
  case	
  in	
  solution	
  (MeCN	
  
or	
  MeOH)	
  as	
  2.4	
  exhibits	
  a	
  blueshifted	
  absorption	
  relative	
  to	
  that	
  of	
  both	
  2.2	
  and	
  2.3.	
  If	
  
one	
  were	
  to	
  use	
  the	
  solution	
  data	
  to	
  explain	
  the	
  intrinsic	
  optical	
  properties	
  of	
  these	
  π-­‐
extended	
  nitrophenolates,	
  one	
  would	
  not	
  only	
  need	
  to	
  take	
  solvation	
  into	
  account	
  but	
  
also	
   counter	
   ion	
   effects	
   (sodium	
   ions)!	
   Solvatochromism	
   is	
   a	
   strong	
   indication	
   of	
   CT	
  
character	
   of	
   an	
   absorption,	
   and,	
   indeed,	
   the	
   CT	
  maxima	
   of	
  2.1-­‐2.4	
   vary	
   significantly	
  
between	
  the	
  two	
  solvents	
  MeCN	
  and	
  MeOH.	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  

	
  
Figure	
  2.2.	
  Gas	
  phase	
  absorption	
  spectra	
  of	
  various	
  nitrophenolate	
  derivatives.	
  Work	
  resulting	
  
from	
  collaboration	
  between	
  Steen	
  Brøndsted	
  Nielsen	
  (Aarhus	
  University)	
  and	
  me.	
  Reproduced	
  

from	
  Ref.	
  3	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
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Table	
  2.1.	
  Longest-­‐wavelength	
  absorption	
  maxima	
  of	
  extended	
  nitrophenolates	
  
in	
   solution	
   (MeCN	
  or	
  MeOH;	
   sodium	
   salts	
   –	
   obtained	
  by	
   deprotonation	
   of	
   the	
  
corresponding	
  phenols	
  by	
  NaOMe)	
  and	
  in	
  the	
  gas	
  phase.	
  	
  

	
   Nitrophenolate	
   MeCN	
  

λmax	
  /	
  nm	
  

MeOH	
  

λmax	
  /	
  nm	
  

Gas	
  phase	
  

λmax	
  /	
  nm	
  

	
  

	
  

	
  

	
   430	
   387	
   392	
   	
  

	
  

	
  

	
   507	
   406	
   541	
   	
  

	
  

	
  

	
   543	
   435	
   660	
   	
  

	
  

	
  

	
  
466	
   377	
   775	
  

	
  

	
  
In	
   cases	
  where	
   the	
   communication	
  between	
  D	
   and	
  A	
   is	
   very	
  poor,	
   the	
  CT	
  band	
  

may	
  be	
  too	
  weak	
  to	
  be	
  confidently	
  assigned	
  or	
  completely	
  absent,	
  and	
  one	
  thus	
  has	
  to	
  
take	
   care	
   not	
   to	
  mistakenly	
   assign	
   a	
   higher-­‐energy	
   absorption	
   band	
   to	
   the	
   CT	
   band.	
  
Calculations	
   are	
   helpful	
   in	
   such	
   cases	
   and	
   were	
   used	
   to	
   confirm	
   the	
   gas-­‐phase	
  
absorption	
  maxima	
   presented	
   in	
   Table	
   2.1	
   as	
   CT	
   transitions	
   (also	
   supported	
   by	
   the	
  
solvatochromic	
   behavior).	
   The	
   calculational	
   data	
   presented	
   in	
   this	
   chapter	
   were	
  
obtained	
   by	
   Prof.	
   Angel	
   Rubio	
   at	
   University	
   of	
   San	
   Sebastián,	
   Spain.	
   The	
   results	
  
presented	
   in	
   this	
   chapter	
   also	
   come	
   from	
   other	
   collaborations,	
   mentioned	
   in	
   the	
  
relevant	
  paragraphs	
  below.	
  	
  	
  

	
  
2.2	
  ortho-­‐,	
  meta-­‐,	
  and	
  para-­‐Nitrophenolate	
  Chromophores	
  
The	
   o-­‐,	
  m-­‐	
   and	
   p-­‐nitrophenolates	
   (2.5,	
   2.6,	
   2.1)	
   are	
   sort	
   of	
   text	
   book	
   examples	
   of	
  
donor-­‐acceptor	
   chromophores	
   and	
   very	
   well	
   suited	
   for	
   elucidating	
   the	
   influence	
   of	
  
ortho-­‐,	
  meta-­‐,	
   para-­‐substitution	
   patterns.	
   Their	
   CT	
   absorptions	
   were	
   investigated	
   in	
  
solution	
   and	
   gas	
   phase,	
   and	
   the	
   measured	
   maxima	
   are	
   listed	
   in	
   Table	
   2.2.4	
  The	
  
individual	
   absorption	
   maxima	
   differ	
   between	
   the	
   two	
   phases	
   due	
   to	
   solvation	
   and	
  
counter	
   ion	
   effects,	
   but	
   we	
   see	
   that	
   in	
   both	
   phases	
   the	
   values	
   increase	
   in	
   the	
   same	
  
sequence,	
  2.1	
  (para)	
  →	
  2.5	
  (ortho)	
  →	
  2.6	
  (meta);	
  this	
  sequence	
  was	
  also	
  obtained	
  in	
  
the	
   parallel	
   calculational	
   study	
   by	
   Rubio.	
   The	
   absorption	
   maximum	
   of	
   the	
   cross-­‐
conjugated	
  meta	
  isomer	
  is	
  thus	
  in	
  both	
  phases	
  significantly	
  redshifted	
  relative	
  to	
  those	
  
of	
  the	
  two	
  other	
  isomers.	
  This	
  reflects	
  the	
  fact	
  that	
  electronic	
  communication	
  between	
  
the	
   donor	
   group	
   (O-­‐)	
   and	
   the	
   acceptor	
   group	
   (NO2)	
   is	
   very	
   poor	
   in	
   a	
   meta	
  

O2N O 2.1

OO2N 2.2

O
O2N

2.3

OO2N 2.4



Chapter	
  2:	
  Optical	
  Properties	
  

	
   -­‐	
  22	
  -­‐	
  

configuration;	
  no	
  resonance	
  form	
  can	
  be	
  drawn	
  where	
  the	
  negative	
  charge	
  on	
  oxygen	
  is	
  
moved	
  to	
  the	
  nitro	
  group.	
  This	
  corresponds	
  to	
  the	
  weak	
  coupling	
  regime	
  illustrated	
  in	
  
Figure	
  2.1	
  to	
  the	
  left.	
  
	
  	
  

Table	
  2.2.	
  Longest-­‐wavelength	
  absorption	
  maxima	
  of	
  o-­‐/m-­‐/p-­‐nitrophenolates	
  
in	
   solution	
   (MeCN;	
   sodium	
   salts	
   –	
   obtained	
   by	
   deprotonation	
   of	
   the	
  
corresponding	
  phenols	
  by	
  NaOt-­‐Bu)	
  and	
  in	
  the	
  gas	
  phase.	
  	
  

	
   Nitrophenolate	
   Solution	
  (MeCN)	
  

λmax	
  /	
  nm	
  

Gas	
  phase	
  

λmax	
  /	
  nm	
  

	
  

	
  

	
  

	
   443	
   399	
   	
  

	
  

	
  

	
  
473	
   532	
  

	
  

	
  

	
  

	
  
430	
   392	
  

	
  

	
  
	
  
2.3	
  Diethynylethene-­‐Extended	
  Nitrophenolates	
  
To	
   elucidate	
   the	
   influence	
   of	
   1,1-­‐/1,2-­‐diethynylethene	
   bridges	
   between	
   a	
   phenol	
  
(phenolate)	
   donor	
   and	
   nitrophenyl	
   acceptor,	
   we	
   prepared	
   the	
   linearly	
   conjugated	
  
compound	
  2.7	
  (E	
  isomer)	
  according	
  to	
  Figure	
  2.3	
  and	
  the	
  cross-­‐conjugated	
  compound	
  
2.8	
  according	
  to	
  Figure	
  2.4.5	
  The	
  C2	
  units	
  of	
  the	
  diethynylethene	
  bridges	
  are	
  convenient	
  
in	
  regard	
  to	
  allowing	
  co-­‐planarity	
  of	
  the	
  aryl	
  groups	
  and	
  the	
  π-­‐conjugated	
  bridge.	
  

The	
  readily	
  available	
  alkyne	
  2.96	
  and	
  the	
  vinylic	
  bromide	
  2.107	
  were	
  subjected	
  to	
  
a	
   Sonogashira	
   coupling8	
  affording	
   the	
   E-­‐diethynylethene	
   2.11.	
   We	
   have	
   devised	
   a	
  
simple	
   route	
   to	
   the	
   starting	
   material	
   2.10	
   by	
   subjecting	
   3-­‐(4-­‐
nitrophenyl)propiolaldehyde	
   to	
   a	
   Ramirez	
   dibromoolefination9	
  (treatment	
   with	
   CBr4	
  
and	
   PPh3)	
   followed	
   by	
   a	
   reduction	
   of	
   the	
   resulting	
   vinylic	
   dibromide	
   by	
  
diethylphosphite	
   at	
   50	
   oC.7	
   Compound	
   2.11	
   was	
   then	
   treated	
   with	
   K2CO3	
   in	
  
MeOH/CH2Cl2	
   to	
   afford	
   the	
   target	
  molecule	
  2.7.	
   The	
   first	
   step	
   in	
   the	
   synthesis	
  of	
   the	
  
cross-­‐conjugated	
   counterpart	
   is	
   again	
   a	
   Sonogashira	
   coupling,	
   this	
   time	
   between	
  
alkyne	
  2.12	
  and	
  the	
  triflate	
  2.13	
   for	
  which	
  a	
  synthesis	
  had	
  been	
  developed	
  by	
  Eisler	
  
and	
   Tykwinski. 10 	
  The	
   product	
   2.14	
   was	
   subjected	
   to	
   protodesilylation,	
   and	
   the	
  
resulting	
   terminal	
   alkyne	
   2.15	
   was	
   then	
   treated	
   with	
   the	
   aryl	
   iodide	
   2.16	
   under	
  
Sonogashira	
   conditions,	
   furnishing	
   compound	
  2.17.	
   Cleavage	
  of	
   the	
   ester	
   group	
   then	
  
gave	
  the	
  target	
  molecule	
  2.8.	
  

O

NO2

2.5

O

O2N
2.6

O2N O 2.1
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Figure	
  2.3.	
  Synthesis	
  of	
  linearly	
  conjugated	
  diethynylethene	
  with	
  donor-­‐acceptor	
  substitution.	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
Figure	
  2.4.	
  Synthesis	
  of	
  cross-­‐conjugated	
  diethynylethene	
  with	
  donor-­‐acceptor	
  substitution.	
  

	
  
	
   The	
  neutral	
  phenols	
  2.7	
  and	
  2.8	
  exhibit	
  longest-­‐wavelength	
  absorptions	
  at	
  368	
  
nm	
  and	
  346	
  nm	
  in	
  MeOH,	
  while	
  the	
  corresponding	
  phenolates	
  (achieved	
  by	
  treatment	
  
with	
   NaOMe)	
   absorb	
   at	
   416	
   nm	
   and	
   312	
   /	
   336	
   nm,	
   respectively.5	
   The	
   unexpected	
  
blueshift	
   in	
   the	
   absorption	
   of	
  2.8	
   upon	
   deprotonation	
   seems	
   to	
   indicate	
   that	
   the	
   CT	
  
absorption	
   is	
  absent	
   in	
  the	
  spectrum.	
   In	
   fact,	
   for	
   the	
  phenolate	
  of	
  2.8	
   coupled	
  cluster	
  
(CC2)	
  calculations	
  give	
  absorption	
  maxima	
  at	
  886	
  nm	
  (oscillator	
  strength	
  of	
  0.06)	
  and	
  
499	
   nm	
   (oscillator	
   strength	
   of	
   0.35).	
   Thus,	
   the	
   longest-­‐wavelength	
   absorption	
   has	
   a	
  
very	
  small	
  oscillator	
  strength,	
  which	
  signals	
  that	
  the	
  donor	
  and	
  acceptor	
  parts	
  are	
  very	
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weakly	
   coupled.	
   This	
   is	
   also	
   evident	
  when	
   looking	
   at	
   the	
  HOMO	
   and	
   LUMO	
   orbitals,	
  
which	
  are	
  largely	
  separated	
  between	
  the	
  donor	
  and	
  acceptor	
  ends	
  (Figure	
  2.5).	
  For	
  the	
  
phenolate	
   of	
   the	
   linearly	
   conjugated	
  2.7	
   the	
   calculations	
   give	
   absorption	
  maxima	
   at	
  
736	
  nm	
  (oscillator	
  strength	
  of	
  1.90)	
  and	
  420	
  nm	
  (oscillator	
  strength	
  of	
  0.38	
  nm).	
  For	
  
this	
  anion	
  the	
  oscillator	
  strengths	
  are	
  much	
  larger	
  and,	
  indeed,	
  there	
  is	
  good	
  “overlap	
  
between”	
   (i.e.,	
   same	
   atoms	
   sharing)	
   the	
   HOMO	
   and	
   LUMO	
   of	
   this	
   compound	
   (Figure	
  
2.5).	
  Importantly,	
  the	
  calculations	
  also	
  reveal	
  that	
  the	
  cross-­‐conjugated	
  donor-­‐acceptor	
  
phenolate	
   does	
   indeed	
   exhibit	
   a	
   redshifted	
   CT	
   absorption	
   maximum	
   relative	
   to	
   the	
  
linearly	
   conjugated	
   one	
   (886	
   nm	
   vs	
   736	
   nm);	
   it	
   is	
   just	
   too	
   weak	
   to	
   be	
   observed	
  
experimentally.	
  
	
  
	
  	
  
	
  

	
  
	
  
	
  
	
  
	
  

	
  
Figure	
  2.5.	
  Frontier	
  orbitals	
  of	
  the	
  phenolates	
  of	
  2.7	
  (top)	
  and	
  2.8	
  (bottom)	
  obtained	
  by	
  the	
  
coupled	
  cluster	
  (CC2)	
  method.	
  Reproduced	
  from	
  Ref.	
  5	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  

Sons.	
  
	
  
	
   The	
   conclusion	
   that	
   the	
   smallest	
   degree	
   of	
   donor-­‐acceptor	
   coupling	
   in	
   the	
  
ground	
   state	
   furnishes	
   cross-­‐conjugated	
   D-­‐A	
   molecules	
   with	
   the	
   most	
   redshifted	
  
absorption	
  is	
  also	
  in	
  agreement	
  with	
  studies	
  conducted	
  by	
  Diederich	
  and	
  co-­‐workers11	
  
on	
   1,1-­‐	
   and	
   1,2-­‐diethynylethenes	
   substituted	
   with	
   4-­‐(N,N-­‐dimethylamino)phenyl	
  
groups	
   at	
   each	
   of	
   the	
   two	
   terminal	
   alkyne	
   positions	
   and	
   two	
   cyano	
   groups	
   at	
   the	
  
central	
  ethylene	
  unit.	
  
	
  
2.4	
  Extended	
  Tetrathiafulvalenes	
  (TTFs)	
  
It	
   is	
   also	
   possible	
   to	
   extract	
   information	
   on	
   cross-­‐conjugation	
   from	
   the	
   absorption	
  
properties	
  of	
  extended	
  TTFs.	
  Thus,	
  we	
  prepared	
  the	
  two	
  extended	
  TTFs	
  2.18	
  and	
  2.19	
  
(Figure	
   2.6)12 	
  by	
   Sonogashira	
   couplings	
   using	
   the	
   acetylenic	
   dithiafulvene	
   (DTF)	
  
building	
  block	
  2.20,13	
  1,4-­‐diiodobenzene	
  (2.21),	
  and	
  the	
  DTF	
  building	
  block	
  2.2212	
  as	
  
precursors.	
  Compound	
  2.19,	
  which	
  can	
  be	
  considered	
  as	
  an	
  expanded	
  [3]dendralene,	
  
has	
   longest-­‐wavelength	
   absorption	
  maxima	
   (394/415	
   nm	
   in	
   CH2Cl2)	
   very	
   similar	
   to	
  
those	
   of	
   the	
   extended	
   TTF	
  2.18.	
   Thus,	
   the	
   electron	
   delocalization	
   across	
   the	
   central	
  
cross-­‐conjugated	
  DTF	
  unit	
  is	
  insignificant	
  in	
  2.19.	
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Figure	
  2.6.	
  Extended	
  TTFs	
  (prepared	
  from	
  the	
  shown	
  precursors	
  subjected	
  to	
  Sonogashira	
  
coupling	
  conditions)	
  and	
  their	
  longest-­‐wavelength	
  absorption	
  maxima	
  in	
  CH2Cl2.	
  

	
  
	
   It	
   is	
   also	
   interesting	
   to	
   compare	
   the	
   longest-­‐wavelength	
   absorptions	
   of	
  
compounds	
   2.23	
   and	
   2.24	
   (Figure	
   2.7),	
   which	
   we	
   prepared	
   by	
   triethylphosphite-­‐
mediated	
   reactions	
   between	
   4,5-­‐bis(methylthio)-­‐1,3-­‐dithiol-­‐2-­‐thione	
   and	
  
terephthalaldehyde	
  and	
  benzene-­‐1,3,5-­‐tricarbaldehyde,	
  respectively	
  (see	
  Chapter	
  6).14,	
  
15	
  The	
  linearly	
  conjugated	
  p-­‐phenylene-­‐extended	
  TTF	
  2.23	
  has	
  a	
  redshifted	
  absorption	
  
maximum	
   (424	
   nm	
   in	
   CH2Cl2)	
   relative	
   to	
   that	
   of	
   the	
   meta-­‐substituted	
   and	
   cross-­‐
conjugated	
   tris-­‐DTF	
   2.24	
   (371	
   nm	
   in	
   CH2Cl2)	
   although	
   the	
   latter	
   is	
   a	
   much	
   larger	
  
chromophore.	
  	
  	
  
	
  
 
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  2.7.	
  Extended	
  TTFs	
  and	
  their	
  longest-­‐wavelength	
  absorption	
  maxima	
  in	
  CH2Cl2.	
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   Bryce	
   and	
   co-­‐workers16	
  studied	
   the	
   compounds	
  2.25-­‐2.27	
   shown	
   in	
   Figure	
  2.8.	
  
The	
   [3]-­‐	
   and	
   [4]dendralenes	
  2.26	
   and	
  2.27	
   only	
   showed	
  minor	
   absorption	
   redshifts	
  
relative	
   to	
   the	
   absorption	
   of	
   the	
   extended	
   TTF	
   2.25,	
   which	
   is	
   in	
   line	
   with	
   results	
  
described	
  above	
  from	
  my	
  lab.	
  	
  	
  
	
  
 	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  2.8.	
  Dendralene-­‐like	
  TTFs	
  and	
  their	
  longest-­‐wavelength	
  absorption	
  maxima	
  in	
  CH2Cl2.	
  

Work	
  by	
  Bryce	
  and	
  co-­‐workers.16	
  

	
  
2.5	
  Functionalized	
  Dihydroazulenes	
  (DHAs)	
  
The	
   dihydroazulene/vinylheptafulvene	
   (DHA/VHF)	
   photo-­‐/thermoswitch	
   has	
   several	
  
positions	
   available	
   for	
   tuning	
   of	
   optical	
   properties.	
   We	
   developed	
   the	
   first	
  
regioselective	
  protocol	
  for	
  functionalizing	
  DHA	
  at	
  C-­‐7	
  by	
  the	
  bromination	
  –	
  elimination	
  
–	
   cross-­‐coupling	
   protocol	
   outlined	
   in	
   Figure	
   2.9.17	
  As	
   starting	
  material,	
  we	
   employed	
  
DHA	
  2.28,	
   for	
   which	
  we	
   have	
   developed	
   a	
   large-­‐scale	
   synthesis,	
   with	
   acetophenone	
  
(which	
   is	
   the	
   source	
   of	
   the	
   phenyl	
   substituent	
   at	
   C-­‐2	
   in	
   the	
   final	
   product),	
  
malononitrile,	
   and	
   tropylium	
   tetrafluoroborate	
   as	
   starting	
   materials.18	
  Due	
   to	
   the	
  
stereocenter	
   at	
   C-­‐8a,	
   2.28	
   is	
   formed	
   as	
   a	
   racemic	
   mixture.	
   It	
   was	
   converted	
   to	
   the	
  
dibromide	
   2.29,	
   formed	
   as	
   a	
   racemic	
   mixture	
   of	
   two	
   enantiomers	
   (two	
   new	
  
stereocenters	
   are	
   formed,	
   and	
   the	
   conversion	
   is	
   hence	
   stereospecific),	
   and	
   then	
  
regioselective	
   elimination	
   of	
   HBr	
   provided	
   the	
   bromo-­‐substituted	
   DHA	
   2.30.	
   This	
  
compound	
   is	
   rather	
   unstable,	
   but	
   can	
   be	
   subjected	
   to	
   a	
   Sonogashira	
   reaction	
   with	
  
triisopropylsilylacetylene,	
   affording	
   the	
  product	
  2.31.	
  This	
   functionalization	
  has	
   little	
  
influence	
   on	
   the	
   optical	
   properties	
   since	
   DHA	
   2.31	
   exhibits	
   a	
   longest-­‐wavelength	
  
absorption	
  maximum	
   close	
   to	
   that	
   of	
  2.28	
   at	
   353	
   nm	
   in	
  MeCN.	
   This	
   indifference	
   in	
  
absorption	
  maxima	
  can	
  be	
  explained	
  by	
  a	
  combination	
  of	
  two	
  factors:	
  i)	
  the	
  alkyne	
  unit	
  
is	
  cross-­‐conjugated	
  to	
  the	
  largest	
  part	
  of	
  the	
  π-­‐system	
  (C-­‐2	
  –	
  C-­‐6);	
  ii)	
  the	
  C-­‐7	
  –	
  C-­‐8	
  bond	
  
deviates	
  significantly	
  from	
  co-­‐planarity	
  with	
  the	
  remaining	
  part	
  of	
  the	
  π-­‐system	
  (C-­‐2	
  –	
  
C-­‐6)	
  as	
  revealed	
  by	
  X-­‐ray	
  crystallographic	
  analysis	
  (Figure	
  2.10).	
  	
  
	
  
	
  
	
  

S S

SS

RR

RR

S S

SS

RR

RR

S S

R
R R = SMe

S S

SS

RR

RR

S S

R
R

SS

R
R

!max = 404 nm !max = 408 nm !max = 412 nm
2.25 2.26 2.27



Chapter	
  2:	
  Optical	
  Properties	
  

	
   -­‐	
  27	
  -­‐	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  2.9.	
  Regioselective	
  functionalization	
  of	
  DHA	
  at	
  position	
  C-­‐7.	
  Numbering	
  of	
  the	
  DHA	
  core	
  

is	
  shown	
  at	
  the	
  structure	
  of	
  2.28.	
  LiHMDS	
  =	
  lithium	
  hexamethyldisilazide.	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  2.10.	
  Two	
  different	
  views	
  of	
  the	
  molecular	
  structure	
  of	
  DHA	
  2.31	
  solved	
  by	
  X-­‐ray	
  
crystallography.	
  Reproduced	
  from	
  Ref.	
  17	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  

	
  
	
   Upon	
   irradiation	
  of	
  DHA	
  2.31	
   in	
  MeCN	
  at	
  355	
  nm,	
   it	
   undergoes	
   a	
   ring-­‐opening	
  
reaction	
  to	
  form	
  a	
  mixture	
  of	
  the	
  VHF	
  isomers	
  Z-­‐2.32	
  and	
  E-­‐2.32	
  (Figure	
  2.11).17	
  These	
  
VHFs	
  have	
  absorption	
  maxima	
  at	
  477	
  nm	
  as	
  shown	
  in	
  Figure	
  2.12.	
  We	
  have	
  shown	
  that	
  
isomerization	
   between	
   these	
   VHF	
   isomers	
   can	
   occur	
   both	
   thermally	
   and	
  
photochemically.19	
  X-­‐Ray	
  crystallographic	
  analysis	
  of	
  the	
  related	
  VHF	
  2.34	
  provides	
  a	
  
bond	
  length	
  of	
  the	
  exocyclic	
  heptafulvene	
  bond	
  of	
  1.39	
  Å	
  (Figure	
  2.13),20	
  and	
  it	
  thus	
  has	
  
significant	
   single	
   bond	
   character,	
   which	
   assumingly	
   is	
   further	
   promoted	
   in	
   a	
   polar	
  
solvent	
   (providing	
  a	
   zwitterionic	
   structure).	
   In	
   the	
  dark,	
   the	
  mixture	
  of	
  VHF	
   isomers	
  
Z/E-­‐2.32	
   undergoes	
   ring-­‐closure	
   to	
   reform	
   the	
   dihydroazulene	
   scaffold.	
   Yet,	
   the	
  
product	
   after	
   one	
   such	
   cycle	
   shows	
   a	
   redshifted	
   absorption	
   maximum	
   at	
   376	
   nm	
  
(Figure	
  2.12).17	
  By	
   1H-­‐NMR	
  spectroscopy	
  we	
  could	
  confirm	
  that	
  a	
  1:2	
  mixture	
  of	
   two	
  
DHA	
   isomers	
   were	
   present,	
   the	
   original	
   DHA	
  2.31	
   and	
   in	
   majority	
   the	
   isomer	
  2.33	
  
where	
  the	
  alkyne	
  substituent	
  has	
  moved	
  to	
  position	
  C-­‐6	
  (Figure	
  2.11).	
  Now	
  the	
  alkyne	
  
is	
  in	
  linear	
  conjugation	
  with	
  the	
  larger	
  part	
  of	
  the	
  nearly	
  planar	
  chromophore	
  part,	
  and	
  
therefore	
  the	
  molecule	
  has	
  a	
  redshifted	
  absorption	
  maximum,	
  estimated	
  to	
  be	
  ca.	
  381	
  
nm.	
  DHA	
  2.33	
   is	
  also	
  photoactive,	
  and	
  by	
  choosing	
  a	
  longer	
  wavelength	
  of	
  irradiation	
  
(430	
   nm)	
   where	
   2.31	
   hardly	
   absorbs,	
   the	
   ratio	
   between	
   2.31	
   and	
   2.33	
   could	
   be	
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changed	
   to	
   ca.	
   5.5:4.5	
   after	
   3	
   cycles;	
   an	
   infinite	
   number	
   of	
   cycles	
   should	
   ultimately	
  
regenerate	
  the	
  pure	
  isomer	
  2.31.	
  Finally,	
  it	
  deserves	
  mention	
  that	
  the	
  isomerization	
  is	
  
strongly	
   solvent	
   dependent.	
   Performing	
   the	
   light/heat	
   cycles	
   of	
  2.31	
   in	
   cyclohexane	
  
leads	
   to	
  no	
  generation	
  of	
  2.33,	
  which	
   supports	
   the	
   importance	
  of	
   a	
  polar	
   solvent	
   for	
  
promoting	
  the	
  zwitterionic	
  resonance	
  form	
  shown	
  in	
  Figure	
  2.11.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  2.11.	
  Isomerization	
  between	
  C-­‐7	
  and	
  C-­‐6	
  substituted	
  DHAs	
  via	
  light-­‐induced	
  ring-­‐
opening	
  followed	
  by	
  thermal	
  ring-­‐closure	
  cycle.	
  

	
  
	
  

 
Figure	
  2.12.	
  Top:	
  Spectral	
  evolution	
  during	
  irradiation	
  of	
  DHA	
  2.31	
  in	
  MeCN	
  with	
  353-­‐nm	
  
light,	
  forming	
  Z/E-­‐VHF	
  2.32.	
  Bottom:	
  Spectral	
  evolution	
  during	
  thermal	
  back-­‐reaction	
  of	
  Z/E-­‐
VHF	
  2.32	
  monitored	
  at	
  70°C	
  (2	
  min	
  steps),	
  forming	
  a	
  mixture	
  of	
  DHAs	
  2.31	
  and	
  2.33.	
  The	
  DHA	
  
absorption	
  redshifts	
  after	
  one	
  cycle.	
  Reproduced	
  from	
  Ref.	
  17	
  with	
  permission	
  from	
  John	
  Wiley	
  

and	
  Sons.	
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Figure	
  2.13.	
  Molecular	
  structure	
  and	
  selected	
  bond	
  lengths	
  of	
  VHF	
  2.34	
  (s-­‐trans	
  conformer)	
  
according	
  to	
  X-­‐ray	
  crystallographic	
  analysis.	
  Reproduced	
  from	
  Ref.	
  20	
  (Beilstein	
  Journal	
  of	
  

Organic	
  Chemistry).	
  
	
  
	
   We	
   have	
   made	
   a	
   large	
   selection	
   of	
   C-­‐7	
   arylethynyl-­‐	
   and	
   aryl-­‐substituted	
  
derivatives	
   by	
   Sonogashira	
   and	
   Suzuki	
   couplings.	
   These	
   compounds	
   showed	
   similar	
  
behavior	
  to	
  that	
  of	
  DHA	
  2.31.21	
  Yet,	
  the	
  absorption	
  maxima	
  can	
  be	
  strongly	
  influenced	
  
by	
   donor/acceptor	
   substitution.	
   Thus,	
   placing	
   a	
   4-­‐(N,N-­‐dimethylamino)phenyl	
  
substituent	
  at	
  the	
  seven-­‐membered	
  ring	
  (compounds	
  2.35-­‐2.37)	
   results	
  in	
  redshifted	
  
absorption	
  maxima	
  of	
  the	
  C-­‐6	
  substituted	
  DHA	
  and	
  of	
  the	
  Z/E-­‐VHFs	
  (Figures	
  2.14	
  and	
  
2.15).21b	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  2.14.	
  Absorption	
  maxima	
  of	
  
donor-­‐functionalized	
  and	
  isomeric	
  
DHAs	
  and	
  VHFs	
  in	
  MeCN.	
  DHA	
  2.34	
  
was	
  prepared	
  by	
  the	
  bromination	
  –	
  
elimination	
  –	
  cross-­‐coupling	
  (Suzuki)	
  

protocol.	
  

Figure	
  2.15.	
  The	
  colors	
  of	
  DHA	
  and	
  VHF	
  depend	
  on	
  
the	
  position	
  and	
  character	
  of	
  substituent	
  groups	
  as	
  
illustrated	
  here	
  by	
  a	
  color	
  circle.	
  The	
  DHA	
  color	
  va-­‐

ries	
  between	
  yellow	
  and	
  orange.	
  Protona-­‐
tion/deprotonation	
  of	
  the	
  anilino	
  group	
  by	
  

acid/base	
  changes	
  the	
  VHF	
  color	
  between	
  violet	
  
and	
  red.	
  Reproduced	
  from	
  Ref.	
  21b	
  with	
  permission	
  

from	
  John	
  Wiley	
  and	
  Sons.	
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2.6	
   Non-­‐Linear	
   Optical	
   Properties	
   of	
   Tetraethynylethene−Tetrathia-­‐
fulvalene	
  (TEE−TTF)	
  Scaffolds	
  
Diederich,	
   Günter,	
   and	
   co-­‐workers22 	
  have	
   shown	
   that	
   donor-­‐acceptor	
   substituted	
  
tetraethynylethenes	
   (TEEs)	
   exhibit	
   excellent	
   third-­‐order	
   nonlinear	
   optical	
   (NLO)	
  
properties.	
  An	
  important	
  take-­‐home-­‐message	
  from	
  their	
  work	
  is	
  that	
  placing	
  an	
  anilino	
  
donor	
   and	
   p-­‐nitrophenyl	
   acceptor	
   in	
   a	
   linearly	
   conjugated	
   pathway	
   as	
   in	
   compound	
  
2.38	
  (Figure	
  2.16)	
  provides	
  a	
  much	
  higher	
  value	
  of	
  the	
  second	
  hyperpolarizability	
  than	
  
when	
  these	
  aryl	
  substituents	
  are	
  placed	
  in	
  a	
  cross-­‐conjugated	
  arrangement	
  as	
  in	
  2.39.	
  
The	
  planarity	
  of	
  arylated	
  TEE	
  scaffolds	
  allows	
  for	
  efficient	
  p-­‐orbital	
  overlap.	
  Thus,	
  Hopf	
  
and	
   co-­‐workers 23 	
  have	
   shown	
   from	
   X-­‐ray	
   crystallographic	
   analysis	
   that	
  
tetrakis(phenylethynyl)ethylene	
   is	
  planar.	
   Instead,	
   the	
   smaller	
   tetraphenylethylene	
   is	
  
not	
  planar	
  due	
  to	
  steric	
  interactions	
  according	
  to	
  studies	
  by	
  Hoekstra	
  and	
  Vos.24	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  2.16.	
  Arylated	
  TEEs	
  prepared	
  and	
  studied	
  by	
  Diederich,	
  Günter,	
  and	
  co-­‐workers.22	
  

	
  

We	
  became	
   interested	
   in	
   studying	
   the	
   influence	
  of	
   functionalizing	
   the	
  TEE	
   core	
  
with	
   TTF	
   donor	
   groups,	
   and	
  we	
   therefore	
   devised	
   a	
   synthetic	
   protocol	
   for	
   TEE-­‐TTF	
  
2.40	
   (containing	
  hexyl	
  substituents	
  to	
  assure	
  solubility)	
  shown	
  in	
  Figure	
  2.17.25	
  First,	
  
the	
   TTF	
   derivative	
   2.4126 	
  was	
   converted	
   to	
   the	
   iodo-­‐substituted	
   TTF	
   2.42	
   via	
   a	
  
monolithiation	
   followed	
   by	
   iodination.	
   A	
   Sonogashira	
   coupling	
   with	
  
trimethylsilylacetylene	
  then	
  afforded	
  the	
  product	
  2.43.	
  After	
  desilylation,	
  the	
  terminal	
  
alkyne	
   intermediate	
   2.44	
   was	
   subjected	
   to	
   Sonogashira	
   couplings	
   with	
   the	
   vinylic	
  
dibromide	
  2.45	
  (the	
  synthesis	
  of	
  which	
  was	
  also	
  developed	
  by	
  us7)	
  under	
  two	
  different	
  
conditions	
   (methods	
   A	
   and	
   B),	
   both	
   affording	
   the	
   target	
   molecule	
   2.40.	
   These	
  
conditions	
   involved	
   Pd	
   catalyst	
   systems	
   based	
   on	
   the	
   bulky	
   and	
   electron-­‐rich	
  
phosphine	
   ligand	
   P(t-­‐Bu)3,	
   which	
   was	
   shown	
   by	
   Hundertmark	
   et	
   al.27,	
  28	
  to	
   promote	
  
coupling	
  of	
   less	
   reactive	
  halides	
   (arylbromides).	
   Initial	
   attempts	
  of	
  using	
   the	
   simpler	
  
PPh3	
   ligand	
   did	
   not	
   provide	
   any	
   TEE-­‐TTF	
   product.	
   In	
   addition,	
   the	
   reaction	
  mixture	
  
was	
  subjected	
  to	
  ultrasound	
  (at	
  ca.	
  30	
  oC),	
  which	
  we	
  have	
  shown	
  is	
  a	
  very	
  efficient	
  and	
  
gentle	
   method	
   of	
   promoting	
   Sonogashira	
   couplings,	
   for	
   which	
   the	
   products	
   are	
  
sensitive	
  to	
  elevated	
  temperature.29,	
  30	
  To	
  my	
  knowledge,	
  our	
  paper	
  in	
  200429	
  was	
  the	
  
first	
  to	
  employ	
  successfully	
  ultrasound	
  for	
  the	
  Sonogashira	
  reaction	
  (in	
  the	
  synthesis	
  of	
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a	
  TEE-­‐extended	
  TTF	
  in	
  a	
  coupling	
  between	
  2.20	
  and	
  (3-­‐(dibromomethylene)penta-­‐1,4-­‐
diyne-­‐1,5-­‐diyl)bis(trimethylsilane),	
   described	
   in	
   the	
   next	
   chapter),	
   but	
   other	
   papers	
  
using	
  ultrasound	
  for	
  Sonogashira	
  reactions	
  followed	
  shortly	
  after.31	
  

The	
   third-­‐order	
   NLO	
   properties	
   of	
   2.40	
  were	
   studied	
   by	
   Prof.	
   Ivan	
   Biaggio	
   at	
  
LeHigh	
   University	
   in	
   Betlehem,	
   USA.	
   The	
   rotational	
   average	
   of	
   the	
   third-­‐order	
  
polarizability	
  of	
  2.40	
  was	
  determined	
  to	
  γrot	
  =	
  9±3	
  x	
  10-­‐48	
  m5V-­‐2.25	
   Its	
  NLO	
  properties	
  
thus	
  resemble	
   those	
  of	
   related	
   tetraaryl-­‐substituted	
  TEEs,	
   such	
  as	
  2.46	
   (Figure	
  2.18)	
  
with	
  γrot	
  =	
  11.6±0.6	
  x	
  10-­‐48	
  m5V-­‐2.32	
  Compound	
  2.40	
   is	
  oxidized	
  reversibly	
  in	
  two	
  two-­‐
electron	
   oxidation	
   steps.	
   The	
   NLO	
   properties	
   of	
   the	
   di-­‐	
   and	
   tetracations	
   have	
  
unfortunately	
  not	
  been	
  investigated,	
  but	
  it	
  is	
  likely	
  that	
  they	
  are	
  strongly	
  dependent	
  on	
  
the	
  oxidation	
  state	
  as	
  the	
  TTF	
  units	
  are	
  converted	
  from	
  donor	
  into	
  acceptor	
  units	
  upon	
  
oxidation.	
   This	
   conversion	
   can	
   be	
   followed	
   by	
   spectroelectrochemistry.	
   UV-­‐Vis	
  
spectroelectrochemical	
  studies	
  were	
  performed	
  in-­‐house	
  (together	
  with	
  Prof.	
  K.	
  Kilså).	
  
The	
  neutral	
  molecule	
  exhibits	
  a	
  broad	
  CT	
  absorption	
  band	
  at	
  λmax	
  661	
  nm,	
  extending	
  
beyond	
  850	
  nm.	
  Calculations	
  reveal	
   that	
   the	
  HOMO	
  is	
  mainly	
  on	
   the	
  TTF	
  units,	
  while	
  
the	
  LUMO	
  is	
  distributed	
  over	
  the	
  nitrophenyl	
  groups	
  and	
  the	
  TEE	
  core.	
  Generation	
  of	
  
the	
   two	
  TTF	
   radical	
   cations	
   provides	
   longest-­‐wavelength	
   absorption	
   bands	
   at	
  λmax	
   =	
  
438	
  and	
  678	
  nm	
  (Figure	
  2.19),	
   characteristic	
   for	
   the	
   intrinsic	
  absorptions	
  of	
   the	
  TTF	
  
radical	
   cation. 33 	
  Upon	
   further	
   oxidation,	
   the	
   longest-­‐wavelength	
   absorption	
   is	
  
blueshifted	
  to	
  a	
  broad	
  absorption	
  around	
  550	
  nm	
  due	
  to	
  formation	
  of	
  TTF	
  dications.	
  

	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  2.17.	
  Synthesis	
  of	
  TEE-­‐TTF	
  scaffold.	
  LDA	
  =	
  lithium	
  diisopropylamide.	
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Figure	
  2.18.	
  Tetraaryl-­‐substituted	
  
donor-­‐acceptor	
  TEE.	
  

	
  

Figure	
  2.19.	
  UV-­‐Vis	
  absorption	
  spectra	
  of	
  2.40	
  in	
  
neutral,	
  dicationic,	
  and	
  tetracationic	
  forms	
  in	
  CH2Cl2	
  (+	
  
0.15	
  M	
  Bu4NPF6)	
  obtained	
  by	
  spectroelectrochemistry.	
  
Adapted	
  with	
  permission	
  from	
  Ref.	
  25	
  (A.	
  S.	
  Andersson,	
  
L.	
  Kerndrup,	
  A.	
  Ø.	
  Madsen,	
  K.	
  Kilså,	
  M.	
  B.	
  Nielsen,	
  P.	
  R.	
  
La	
  Porta,	
  I.	
  Biaggio,	
  J.	
  Org.	
  Chem.	
  2009,	
  74,	
  375-­‐382).	
  

Copyright	
  (2009)	
  American	
  Chemical	
  Society.	
  
	
  
2.7	
  Conclusions	
  	
  
My	
  work	
  on	
  donor-­‐acceptor	
  chromophores	
  has	
  shown	
  how	
  redshifted	
  charge-­‐transfer	
  
absorptions	
   are	
   obtained	
   by	
   decoupling	
   the	
   donor	
   and	
   acceptor	
   units	
   by	
   a	
   cross-­‐
conjugated	
  bridge.	
   Interpretations	
  of	
  experimental	
  solution	
  and	
  gas	
  phase	
  absorption	
  
data	
   were	
   supported	
   by	
   calculations.	
   In	
   some	
   cases	
   decoupling	
   between	
   donor	
   and	
  
acceptor	
   ends	
   is	
   so	
   strong	
   that	
   the	
   CT	
   absorption	
   is	
   not	
   seen	
   in	
   the	
   experimental	
  
spectrum.	
  

Studies	
   on	
   a	
   selection	
   of	
   expanded	
   dendralene-­‐like	
   structures	
   based	
   on	
  
dithiafulvene	
  units	
  have	
  shown	
  that	
  conjugation	
  is	
  not	
  efficiently	
  transmitted	
  through	
  
the	
   dithiafulvene	
   bifurcation	
   point	
   (i.e.,	
   the	
   exocyclic	
   fulvene	
   carbon).	
   In	
   addition,	
  
placing	
   dithiafulvenyl	
   substituents	
   in	
   either	
  meta	
   or	
   para	
   configurations	
   relative	
   to	
  
each	
  other	
  at	
  a	
  benzene	
  ring	
  has	
  strong	
  implications	
  for	
  the	
  optical	
  properties,	
  the	
  para	
  
configuration	
  exhibiting	
  a	
  significantly	
  redshifted	
  absorption	
  maximum.	
  Synthetically,	
  
we	
  have	
  found	
  that	
  ultrasound	
  is	
  a	
  very	
  convenient	
  method	
  of	
  promoting	
  Sonogashira	
  
couplings	
   of	
   substrates	
   and	
   products	
   that	
   are	
   sensitive	
   to	
   elevated	
   heating	
   for	
  
prolonged	
  times,	
  and	
  that	
  dithiafulvenes	
  can	
  be	
  made	
  by	
  phosphite-­‐mediated	
  couplings	
  
between	
   benzaldehyde	
   derivatives	
   and	
   1,3-­‐dithiol-­‐2-­‐thiones.	
   Phosphite-­‐mediated	
  
carbon-­‐carbon	
   double	
   bond	
   formation	
   employed	
   to	
   achieved	
   large	
   two-­‐dimensional	
  
“H-­‐cruciform”	
  shaped	
  structures	
  will	
  be	
  covered	
  in	
  a	
  later	
  chapter	
  (Chapter	
  6).	
  

The	
   optical	
   properties	
   of	
   the	
   DHA	
   photoswitch	
   can	
   be	
   tuned	
   by	
   substituents	
  
anchored	
  via	
  either	
  sp-­‐	
  or	
  sp2-­‐hybridized	
  carbon	
  atoms.	
  While	
   little	
   influence	
   is	
   seen	
  
when	
  adding	
  a	
   substituent	
  at	
  position	
  C-­‐7,	
  being	
   in	
  cross-­‐conjugation	
   (and	
  out	
  of	
   co-­‐

2.40 
2.402+ 
2.404+ 

O2N NO2

Me2N NMe2

2.46
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planarity)	
  with	
  the	
   largest	
  part	
  of	
   the	
  chromophore,	
  a	
  significant	
  redshift	
   is	
  observed	
  
when	
  moving	
   the	
   substituent	
   to	
   position	
   C-­‐6.	
   Isomerization	
   between	
   these	
   two	
  DHA	
  
regioisomers	
   is	
   observed	
   upon	
   ring-­‐opening/closure	
   cycles	
   in	
   a	
   polar	
   solvent	
   like	
  
acetonitrile,	
   in	
   which	
   isomerization	
   between	
   the	
   Z/E	
   isomeric	
   VHFs	
   (open	
   forms)	
  
occurs.	
  This	
   isomerization	
   is	
   explained	
  by	
   a	
   significant	
   contribution	
  of	
   a	
   zwitterionic	
  
resonance	
  form	
  to	
  the	
  resonance	
  hybrid	
  describing	
  VHF.	
  As	
  explained	
  in	
  the	
  previous	
  
chapter,	
   this	
   is	
   in	
   line	
   with	
   the	
   faster	
   VHF	
   to	
   DHA	
   ring-­‐closure	
   reaction	
   in	
   polar	
  
solvents	
  than	
  in	
  nonpolar	
  ones.	
  Synthetically,	
  we	
  developed	
  an	
  efficient	
  bromination	
  –	
  
elimination	
   –	
   cross-­‐coupling	
   protocol	
   for	
   regioselectively	
   functionalizing	
   DHA	
   at	
  
position	
  C-­‐7.	
  

The	
   TEE	
   molecule	
   comprises	
   several	
   linearly	
   and	
   cross-­‐conjugated	
   pathways	
  
between	
  its	
  alkyne	
  units	
  and	
  is	
  an	
  excellent	
  scaffold	
  for	
  construction	
  of	
  donor-­‐acceptor	
  
molecules	
   with	
   high	
   third-­‐order	
   nonlinearities	
   as	
   shown	
   in	
   the	
   pioneering	
   work	
   of	
  
Diederich,	
   Günter,	
   and	
   co-­‐workers.	
  We	
   have	
   together	
   with	
   Biaggio	
   shown	
   that	
   such	
  
excellent	
   NLO	
   properties	
   are	
   maintained	
   by	
   incorporation	
   of	
   two	
   redox-­‐active	
   TTF	
  
substituents	
  instead	
  of	
  two	
  aryl	
  donor	
  units	
  at	
  a	
  TEE	
  scaffold.	
  The	
  three	
  redox	
  states	
  of	
  
TTF	
  (0,	
  +1,	
  +2)	
  render	
  such	
  molecules	
  interesting	
  for	
  NLO	
  materials	
  whose	
  properties	
  
may	
  be	
   controlled	
  by	
   the	
  TTF	
  oxidation	
   states.	
   Indeed,	
   the	
  donor	
  properties	
   are	
   lost	
  
upon	
   generation	
   of	
   the	
   two	
   TTF	
   dication	
   units,	
   and,	
   according	
   to	
  
spectroelectrochemical	
   studies,	
   this	
   tetracation	
   species	
   no	
   longer	
   exhibits	
   the	
   low-­‐
energy	
  CT	
  absorption	
  as	
  the	
  neutral	
  chromophore.	
  	
  	
  

Finally,	
  one	
  additional	
  comment	
  on	
  optical	
  properties	
  deserves	
  mention.	
  While	
  I	
  
have	
   shown	
   examples	
   in	
   this	
   chapter	
   of	
   direct	
   charge-­‐transfer	
   excitations	
   in	
   donor-­‐
acceptor	
  systems	
  based	
  mainly	
  on	
  my	
  own	
  work,	
  another	
  type	
  is	
  photoinduced	
  charge	
  
separation	
  where	
  the	
  donor	
  unit	
  is	
  locally	
  excited	
  and	
  thereafter	
  transfers	
  an	
  electron	
  
to	
  the	
  acceptor	
  unit.	
  This	
   is	
   the	
  key	
  process	
   in	
  photovoltaic	
  devices.	
  Wasielewski	
  and	
  
co-­‐workers34	
  have	
  studied	
  the	
   influence	
  of	
  cross-­‐conjugation	
  vs	
  linear	
  conjugation	
   for	
  
such	
  a	
  process	
   in	
  compounds	
  2.47-­‐2.49	
   (Figure	
  2.20),	
  containing	
  the	
  3,5-­‐dimethyl-­‐4-­‐
(9-­‐anthracenyl)julodinine	
   donor	
   and	
   the	
   naphthalene-­‐1,8:4,5-­‐bis(dicarboximide)	
  
acceptor.	
   Interestingly,	
   the	
   photoinduced	
   charge	
   separation	
   through	
   the	
   cross-­‐
conjugated	
  1,1-­‐diphenylethylene	
  bridge	
  in	
  2.47	
  occurred	
  30	
  times	
  slower	
  than	
  through	
  
the	
   linearly	
   conjugated	
   trans-­‐stilbene	
   bridge	
   present	
   in	
   2.48.	
   In	
   fact,	
   the	
   rate	
   was	
  
comparable	
   to	
   that	
   observed	
   for	
   2.49	
   containing	
   a	
   diphenylmethane	
   bridge,	
  
corresponding	
   to	
   broken	
   conjugation	
   between	
   the	
   donor	
   and	
   acceptor	
   units.	
  
Presumably,	
   the	
  σ-­‐system	
   also	
   comprises	
   the	
   primary	
   charge	
   separation	
   pathway	
   in	
  
the	
  cross-­‐conjugated	
  compound.	
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Figure	
  2.20.	
  Compounds	
  for	
  which	
  the	
  influence	
  of	
  the	
  bridging	
  unit	
  in	
  regard	
  to	
  photoinduced	
  
charge	
  separation	
  has	
  been	
  studied	
  by	
  Wasielewski	
  and	
  co-­‐workers.34	
  

	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

N N N

O

OO

O

Bridge

Bridge =

2.47

2.48

2.49



Chapter	
  2:	
  Optical	
  Properties	
  

	
   -­‐	
  35	
  -­‐	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
References	
  
1.	
  	
   a)	
   S.	
   B.	
   Nielsen,	
   M.	
   B.	
   Nielsen,	
   A.	
   Rubio,	
   Acc.	
   Chem.	
   Res.	
   2014,	
   47,	
   1417-­‐1425;	
   b)	
   C.	
   R.	
  

Parker,	
   M.	
   B.	
   Nielsen,	
   “Cross-­‐Conjugation	
   in	
   Expanded	
   Systems,”	
   in	
   Cross-­‐Conjugation:	
  
Modern	
  Dendralene,	
  Radialene	
  and	
  Fulvene	
  Chemistry	
  (Eds.	
  H.	
  Hopf,	
  M.	
  S.	
  Sherburn),	
  Wiley-­‐
VCH,	
  2016,	
  pp.	
  337-­‐363.	
  

2.	
  	
   For	
  details	
  on	
  the	
  instrumentation,	
  see:	
  Ref.	
  1a.	
  
3.	
  	
   M.-­‐B.	
   S.	
  Kirketerp,	
  M.	
  Å.	
  Petersen,	
  M.	
  Wanko,	
  L.	
  A.	
  E.	
   Leal,	
  H.	
   Zettergren,	
  F.	
  M.	
  Raymo,	
  A.	
  

Rubio,	
  M.	
  B.	
  Nielsen,	
  S.	
  B.	
  Nielsen,	
  ChemPhysChem	
  2009,	
  10,	
  1207-­‐1209.	
  
4.	
  	
   M.	
  Wanko,	
  J.	
  Houmøller,	
  K.	
  Støchkel,	
  M.-­‐B.	
  S.	
  Kirketerp,	
  M.	
  Å.	
  Petersen,	
  M.	
  B.	
  Nielsen,	
  S.	
  B.	
  

Nielsen,	
  A.	
  Rubio,	
  Phys.	
  Chem.	
  Chem.	
  Phys.	
  2012,	
  14,	
  12905-­‐12911.	
  
5.	
  	
   M.	
  A.	
  Christensen,	
  E.	
  A.	
  Della	
  Pia,	
  J.	
  Houmøller,	
  S.	
  Thomsen,	
  M.	
  Wanko,	
  A.	
  D.	
  Bond,	
  A.	
  Rubio,	
  

S.	
  B.	
  Nielsen,	
  M.	
  B.	
  Nielsen,	
  Eur.	
  J.	
  Org.	
  Chem.	
  2014,	
  2044-­‐2052.	
  
6.	
  	
   Kotljarewskii,	
   Bardamowa,	
   Izvestiya	
   Sibirskogo	
   Otdeleniya	
   Akademii	
   Nauk	
   SSSR,	
   Seriya	
  

Khimicheskikh	
  Nauk	
  1964,	
  2073.	
  
7.	
  	
   A.	
  S.	
  Andersson,	
  K.	
  Qvortrup,	
  E.	
  R.	
  Torbensen,	
  J.-­‐P.	
  Mayer,	
  J.-­‐P.	
  Gisselbrecht,	
  C.	
  Boudon,	
  M.	
  

Gross,	
  A.	
  Kadziola,	
  K.	
  Kilså,	
  M.	
  B.	
  Nielsen,	
  Eur.	
  J.	
  Org.	
  Chem.	
  2005,	
  3660-­‐3671.	
  
8.	
  	
   K.	
  Sonogashira,	
  Y.	
  Tohda,	
  N.	
  Hagihara,	
  Tetrahedron	
  Lett.	
  1975,	
  16,	
  4467-­‐4470.	
  	
  
9.	
  	
   N.	
  B.	
  Desai,	
  N.	
  B.	
  McKelvie,	
  F.	
  Ramirez,	
  J.	
  Am.	
  Chem.	
  Soc.	
  1962,	
  84,	
  1745-­‐1747.	
  
10.	
  	
   S.	
  Eisler,	
  R.	
  R.	
  Tykwinski,	
  Angew.	
  Chem.	
  Int.	
  Ed.	
  1999,	
  38,	
  1940-­‐1943.	
  	
  
11.	
  	
   a)	
  N.	
  N.	
  P.	
  Moonen,	
  R.	
  Gist,	
  C.	
  Boudon,	
  J.-­‐P.	
  Gisselbrecht,	
  P.	
  Seiler,	
  T.	
  Kawai,	
  A.	
  Kishioka,	
  M.	
  

Gross,	
  M.	
  Irie,	
  F.	
  Diederich,	
  Org.	
  Biomol.	
  Chem.	
  2003,	
  1,	
  2032-­‐2034;	
  b)	
  N.	
  N.	
  P.	
  Moonen,	
  F.	
  
Diederich,	
  Org.	
  Biomol.	
  Chem.	
  2004,	
  2,	
  2263-­‐2266.	
  

12.	
  	
   M.	
   B.	
   Nielsen,	
   J.	
   C.	
   Petersen,	
   N.	
   Thorup,	
   M.	
   Jessing,	
   A.	
   S.	
   Andersson,	
   A.	
   S.	
   Jepsen,	
   J.-­‐P.	
  
Gisselbrecht,	
  C.	
  Boudon,	
  M.	
  Gross,	
  J.	
  Mater.	
  Chem.	
  2005,	
  15,	
  2599-­‐2605.	
  

13.	
  	
   a)	
   M.	
   B.	
   Nielsen,	
   N.	
   N.	
   P.	
   Moonen,	
   C.	
   Boudon,	
   J.-­‐P.	
   Gisselbrecht,	
   P.	
   Seiler,	
   M.	
   Gross,	
   F.	
  
Diederich,	
   Chem.	
   Commun.	
   2001,	
   1848-­‐1849;	
   b)	
   M.	
   B.	
   Nielsen,	
   N.	
   F.	
   Utesch,	
   N.	
   N.	
   P.	
  
Moonen,	
  C.	
  Boudon,	
  J.-­‐P.	
  Gisselbrecht,	
  S.	
  Concilio,	
  S.	
  P.	
  Piotto,	
  P.	
  Seiler,	
  P.	
  Günter,	
  M.	
  Gross,	
  
F.	
  Diederich,	
  Chem.	
  Eur.	
  J.	
  2002,	
  8,	
  3601-­‐3613.	
  

14.	
  	
   S.	
  S.	
  Schou,	
  C.	
  R.	
  Parker,	
  K.	
  Lincke,	
  K.	
  Jennum,	
  J.	
  Vibenholt,	
  A.	
  Kadziola,	
  M.	
  B.	
  Nielsen,	
  Synlett	
  
2013,	
  24,	
  231-­‐235.	
  

15.	
  	
   Sallé	
   and	
   co-­‐workeres	
   prepared	
   related	
   phenylene-­‐extended	
   TTFs	
   using	
   Horner-­‐
Wadsworth-­‐Emmons	
   reactions:	
  M.	
   Sallé,	
   A.	
   Belyasmine,	
   A.	
   Gorgues,	
  M.	
   Jubault,	
  N.	
   Soyer,	
  
Tetrahedron	
  Lett.	
  1991,	
  32,	
  2897-­‐2900.	
  

16.	
  	
   M.	
  R.	
  Bryce,	
  M.	
  A.	
  Coffin,	
  P.	
  J.	
  Skabara,	
  A.	
  J.	
  Moore,	
  A.	
  S.	
  Batsanov,	
  J.	
  A.	
  K.	
  Howard,	
  Chem.	
  Eur.	
  
J.	
  2000,	
  6,	
  1955-­‐1962.	
  

17.	
  	
   M.	
  Å.	
   Petersen,	
   S.	
   L.	
  Broman,	
  A.	
  Kadziola,	
  K.	
  Kilså,	
  M.	
  B.	
  Nielsen,	
  Eur.	
   J.	
  Org.	
  Chem.	
  2009,	
  
2733-­‐2736.	
  

18.	
  	
   S.	
  L.	
  Broman,	
  S.	
  L.	
  Brand,	
  C.	
  R.	
  Parker,	
  M.	
  Å.	
  Petersen,	
  C.	
  G.	
  Tortzen,	
  A.	
  Kadziola,	
  K.	
  Kilså,	
  M.	
  
B.	
  Nielsen,	
  Arkivoc	
  2011,	
  ix,	
  51-­‐67.	
  

19.	
  	
   O.	
  Schalk,	
  S.	
  L.	
  Broman,	
  M.	
  Å.	
  Petersen,	
  D.	
  V.	
  Khakhulin,	
  R.	
  Y.	
  Brogaard,	
  M.	
  B.	
  Nielsen,	
  A.	
  E.	
  
Boguslavkiy,	
  A.	
  Stolow,	
  T.	
  I.	
  Sølling,	
  J.	
  Phys.	
  Chem.	
  A	
  2013,	
  117,	
  3340-­‐3347.	
  



Chapter	
  2:	
  Optical	
  Properties	
  

	
   -­‐	
  36	
  -­‐	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
20.	
  	
  V.	
  Mazzanti,	
  M.	
  Cacciarini,	
  S.	
  L.	
  Broman,	
  C.	
  R.	
  Parker,	
  M.	
  Schau-­‐Magnussen,	
  A.	
  D.	
  Bond,	
  M.	
  B.	
  

Nielsen,	
  Beilstein	
  J.	
  Org.	
  Chem.	
  2012,	
  8,	
  958-­‐966.	
  	
  
21.	
  	
   a)	
  S.	
  L.	
  Broman,	
  M.	
  Å.	
  Petersen,	
  C.	
  Tortzen,	
  A.	
  Kadziola,	
  K.	
  Kilså,	
  M.	
  B.	
  Nielsen,	
  J.	
  Am.	
  Chem.	
  

Soc.	
  2010,	
   132,	
   9165-­‐9174;	
   b)	
   M.	
   Å.	
   Petersen,	
   S.	
   L.	
   Broman,	
   K.	
   Kilså,	
   A.	
   Kadziola,	
   M.	
   B.	
  
Nielsen,	
  Eur.	
  J.	
  Org.	
  Chem.	
  2011,	
  1033-­‐1039.	
  	
  	
  

22.	
  	
   R.	
  R.	
  Tykwinski,	
  U.	
  Gubler,	
  R.	
  E.	
  Martin,	
  F.	
  Diederich,	
  C.	
  Bosshard,	
  P.	
  Günter,	
  J.	
  Phys.	
  Chem.	
  B	
  
1998,	
  102,	
  4451-­‐4465.	
  

23.	
  	
   H.	
  Hopf,	
  M.	
  Kreutzer,	
  P.	
  G.	
  Jones,	
  Chem.	
  Ber.	
  1991,	
  124,	
  1471-­‐1475.	
  
24.	
  	
   A.	
  Hoekstra,	
  A.	
  Vos,	
  Acta	
  Crystallogr.	
  B	
  1975,	
  31,	
  1716-­‐1721.	
  
25.	
  	
   A.	
  S.	
  Andersson,	
  L.	
  Kerndrup,	
  A.	
  Ø.	
  Madsen,	
  K.	
  Kilså,	
  M.	
  B.	
  Nielsen,	
  P.	
  R.	
  La	
  Porta,	
  I.	
  Biaggio,	
  

J.	
  Org.	
  Chem.	
  2009,	
  74,	
  375-­‐382.	
  
26.	
  	
   A.	
   S.	
   Andersson,	
  K.	
   Kilså,	
  T.	
   Hassenkam,	
  J.-­‐P.	
   Gisselbrecht,	
  C.	
   Boudon,	
  M.	
   Gross,	
  M.	
   B.	
  

Nielsen,	
  F.	
  Diederich,	
  Chem.	
  Eur.	
  J.	
  2006,	
  12,	
  8451–8459.	
  
27.	
  	
   T.	
  Hundertmark,	
  A.	
  F.	
  Littke,	
  S.	
  L.	
  Buchwald,	
  G.	
  C.	
  Fu,	
  Org.	
  Lett.	
  2000,	
  2,	
  1729–1731.	
  
28.	
  	
   For	
  a	
  review	
  on	
  electron-­‐rich	
  phosphines	
  in	
  organic	
  synthesis,	
  see:	
  J.	
  Valentine,	
  H.	
  Donald,	
  

J.	
  H.	
  Hillhouse,	
  Synthesis	
  2003,	
  2437-­‐2460.	
  
29.	
  	
   K.	
  Qvortrup,	
  A.	
   S.	
  Andersson,	
   J.-­‐P.	
  Mayer,	
  A.	
   S.	
   Jepsen,	
  M.	
  B.	
  Nielsen,	
  Synlett	
  2004,	
   2818-­‐

2820.	
  
30.	
  	
   For	
  reviews	
  on	
  applications	
  of	
  sonochemistry,	
  see:	
  a)	
  T.	
  J.	
  Mason,	
  Chem.	
  Soc.	
  Rev.	
  1997,	
  26,	
  

443-­‐451;	
  b)	
  G.	
  Cravotto,	
  E.	
  C.	
  Gaudino,	
  P.	
  Cintas,	
  Chem.	
  Soc.	
  Rev.	
  2013,	
  42,	
  7521-­‐7534;	
  c)	
  G.	
  
Chatel,	
  D.	
  R.	
  MacFarlane,	
  Chem.	
  Soc.	
  Rev.	
  2014,	
  43,	
  8132-­‐8149.	
  	
  	
  	
  

31.	
  	
   a)	
  A.	
  R.	
  Gholap,	
  K.	
  Venkatasan,	
  R.	
  Pasricha,	
  T.	
  Daniel,	
  R.	
   J.	
   Lahoti,	
  K.	
  V.	
   Srinivasan,	
   J.	
  Org.	
  
Chem.	
  2005,	
  70,	
   4869-­‐4872;	
  b)	
   S.	
   S.	
  Palimkar,	
  P.	
  H.	
  Kumar,	
  R.	
   L.	
   Lahoti,	
  K.	
  V.	
   Srinivasan,	
  
Tetrahedron	
  2006,	
  62,	
   5109–5115;	
   c)	
  N.	
   Fu,	
   Y.	
   Zhang,	
   D.	
   Yang,	
   B.	
   Chen,	
   X.	
  Wu,	
  Catalysis	
  
Comm.	
  2008,	
  9,	
  976-­‐979.	
  

32.	
  	
   a)	
  R.	
  Spreiter,	
  C.	
  Bosshard,	
  G.	
  Knöpfle,	
  P.	
  Günter,	
  R.	
  R.	
  Tykwinski,	
  M.	
  Schreiber,	
  F.	
  Diederich,	
  
J.	
  Phys.	
  Chem.	
  B	
  1998,	
  102,	
  4451-­‐4465;	
  b)	
  U.	
  Gubler,	
  C	
  Bosshard,	
  Adv.	
  Polym.	
  Sci.	
  2002,	
  158,	
  
123-­‐191.	
  

33.	
  	
   a)	
  V.	
  Khodorkovsky,	
  L.	
  Shapiro,	
  P.	
  Krief,	
  A.	
  Shames,	
  G.	
  Mabon,	
  A.	
  Gorgues,	
  M.	
  Giffard,	
  Chem.	
  
Commun.	
  2001,	
  2736-­‐2737;	
  b)	
  M.-­‐B.	
  S.	
  Kirketerp,	
  L.	
  A.	
  E.	
  Leal,	
  D.	
  Varsano,	
  A.	
  Rubio,	
  T.	
  J.	
  D.	
  
Jørgensen,	
  K.	
  Kilså,	
  M.	
  B.	
  Nielsen,	
  S.	
  B.	
  Nielsen,	
  Chem.	
  Commun.	
  2011,	
  47,	
  6900-­‐6902.	
  

34.	
  	
   A.	
  B.	
  Ricks,	
  G.	
  C.	
  Solomon,	
  M.	
  T.	
  Colvin,	
  A.	
  M.	
  Scott,	
  K.	
  Chen,	
  M.	
  A.	
  Ratner,	
  M.	
  R.	
  Wasielewski,	
  
J.	
  Am.	
  Chem.	
  Soc.	
  2010,	
  132,	
  15427-­‐15434.	
  



Chapter	
  3:	
  Redox	
  Properties	
  

	
   -­‐	
  37	
  -­‐	
  

	
  

	
  
REDOX	
  PROPERTIES	
  	
  
3.1	
  Introduction	
  
I	
   shall	
   now	
   turn	
   to	
   how	
   cross-­‐conjugation	
   influences	
   redox	
   properties	
   of	
   organic	
  
molecules.	
  This	
  work	
  is	
  based	
  on	
  our	
  acetylenic	
  scaffolds	
  of	
  tetrathiafulvalenes	
  (TTFs),	
  
and	
  parts	
  of	
  it	
  were	
  recently	
  included	
  in	
  a	
  chapter	
  by	
  Parker	
  and	
  me	
  in	
  a	
  book	
  by	
  Hopf	
  
and	
  Sherburn	
  on	
  cross-­‐conjugation.1,2	
  As	
  mentioned	
  in	
  Chapter	
  1,	
  TTF	
  undergoes	
  two	
  
reversible	
   oxidations,	
   whereby	
   the	
   cross-­‐conjugated	
   molecule	
   is	
   converted	
   into	
   two	
  
1,3-­‐dithiolium	
   rings.	
   We	
   shall	
   see	
   how	
   the	
   readiness	
   of	
   oxidation	
   changes	
   when	
  
inserting	
   a	
  π-­‐conjugated	
   bridge	
   between	
   two	
   the	
   dithiafulvene	
   (DTF)	
   units	
   or	
  when	
  
linking	
   two	
  TTF	
  units	
  by	
  acyclic	
  or	
   cyclic	
  acetylenic	
   scaffolds.	
  As	
   cyclic	
  units,	
   alkyne-­‐
expanded,	
   cross-­‐conjugated	
   quinoid	
   structures	
   (also	
   termed	
   radiaannulenes)	
   will	
   be	
  
introduced,	
   which	
   exhibit	
   a	
   remarkable	
   ability	
   to	
   accommodate	
   electrons	
   upon	
  
reduction.	
  Electrochemical	
  experiments	
  were	
  performed	
  at	
  Université	
  Louis	
  Pasteur	
  in	
  
Strasbourg	
  (Prof.	
  Maurice	
  Gross,	
  Dr.	
  Jean-­‐Paul	
  Gisselbrecht,	
  Dr.	
  Corinne	
  Boudon)	
  or	
  at	
  
University	
  of	
  Copenhagen	
  (Prof.	
  Ole	
  Hammerich).	
  
	
  
3.2	
  Extended	
  Tetrathiafulvalenes	
  
We	
   have	
   developed	
   synthetic	
   protocols	
   for	
   extended	
   TTFs	
  3.1	
   and	
  3.2	
   with	
   di-­‐	
   and	
  
tetraethynylethene	
   spacers,	
   which	
   connect	
   the	
   DTF	
   units	
   in	
   either	
   linearly	
   or	
   cross-­‐
conjugated	
  (Figures	
  3.1	
  and	
  3.2).	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  

	
  
Figure	
  3.1.	
  Synthesis	
  of	
  linearly	
  conjugated	
  extended	
  TTF	
  with	
  a	
  central	
  diethynylethene	
  unit.	
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Figure	
  3.2.	
  Synthesis	
  of	
  cross-­‐conjugated	
  extended	
  TTF	
  with	
  a	
  central	
  tetraethynylethene	
  

(TEE)	
  unit.	
  MW	
  =	
  microwave	
  heating.	
  
	
  

Synthesis	
   of	
   the	
   linearly	
   conjugated	
  3.13	
  was	
   accomplished	
   in	
   a	
  Wittig	
   reaction	
  
between	
  the	
  dialdehyde	
  3.34	
  and	
  the	
  ylide	
  generated	
  from	
  the	
  phosphonium	
  salt	
  3.45.	
  
The	
   cross-­‐conjugated	
   TEE-­‐TTF	
  3.26	
  was	
   achieved	
   in	
   a	
   Sonogashira	
   reaction	
   between	
  
the	
   vinylic	
   dibromide	
   3.54	
   and	
   the	
   acetylenic	
   DTF	
   building	
   block	
   3.67.	
   Synthesis	
   of	
  
arylated	
   TEEs	
   is	
   usually	
   achieved	
   between	
   3.5	
   (or	
   related	
   structures	
   with	
  
triisopropylsilyl	
   protecting	
   groups)	
   and	
   donor-­‐	
   or	
   acceptor-­‐functionalized	
  
arylacetylenes	
  using	
  the	
  simple	
  catalyst	
  system	
  Pd(PPh3)2Cl2/CuI	
  and	
  an	
  amine	
  base.8	
  
Yet,	
  such	
  conditions	
  failed	
  completely	
  to	
  give	
  any	
  of	
  the	
  desired	
  product	
  3.2.	
  Therefore,	
  
we	
  turned	
  to	
  the	
  catalyst	
  system	
  Pd(PhCN)2Cl2/P(t-­‐Bu)3/CuI	
  reported	
  by	
  Hundertmark	
  
et	
  al.9	
  for	
  room-­‐temperature	
  reactions	
  of	
  arylbromides.	
  At	
  the	
  same	
  time,	
  we	
  subjected	
  
the	
   reaction	
   mixture	
   to	
   microwave	
   heating	
   at	
   60	
   oC	
   for	
   6	
   min	
   (Method	
   A),	
   which,	
  
gratifyingly	
  gave	
  the	
  product	
  3.2	
  in	
  a	
  yield	
  of	
  38%.	
  The	
  yield	
  was	
  further	
  increased	
  to	
  
85%	
   by	
   replacing	
   the	
   microwave	
   heating	
   with	
   ultrasonication	
   for	
   6	
   h	
   at	
   ca.	
   30	
   oC	
  
(Method	
   B).	
   Employing	
   ultrasound	
   provides	
   particularly	
   gentle	
   conditions	
   for	
  
Sonogashira	
   reactions	
   for	
   which	
   products	
   or	
   substrates	
   are	
   sensitive	
   to	
   elevated	
  
temperature;	
  other	
  examples	
  were	
  covered	
  in	
  the	
  previous	
  chapter.	
  	
  	
  

The	
  redox	
  properties	
  of	
  3.1	
  and	
  3.2	
  were	
  studied	
  by	
  Dr.	
   Jean-­‐Paul	
  Gisselbrecht,	
  
Dr.	
   Corinne	
   Boudon,	
   and	
   Prof.	
   Maurice	
   Gross	
   at	
   Université	
   Louis	
   Pasteur	
   in	
  
Strasbourg.3	
  Compound	
  3.1	
  exhibited	
  two	
  reversible	
  one-­‐electron	
  oxidations	
  at	
  +0.18	
  
and	
  +0.39	
  V	
  vs	
  Fc/Fc+	
  in	
  CH2Cl2	
  (+	
  0.1	
  M	
  Bu4NPF6),	
  while	
  compound	
  3.2	
  exhibited	
  an	
  
irreversible	
   oxidation	
   at	
   +0.71	
   V	
   vs	
  Fc/Fc+.	
   Thus,	
   we	
   see	
   that	
   it	
   is	
   more	
   difficult	
   to	
  
oxidize	
  the	
  cross-­‐conjugated	
  compound	
  3.2.	
  The	
  dication	
  of	
  3.1	
  can	
  be	
  described	
  by	
  a	
  
closed-­‐shell	
   resonance	
   form,	
  while	
   this	
   is	
   not	
   possible	
   for	
   the	
   dication	
   of	
  3.2,	
   which	
  
must	
  have	
  two	
  unpaired	
  electrons	
  (Figure	
  3.3).	
  This	
  inability	
  to	
  delocalize	
  the	
  unpaired	
  
electron(s)	
   is	
   likely	
   the	
   reason	
   for	
   the	
   irreversible	
   oxidation	
   of	
   3.2;	
   presumably,	
   it	
  

SiMe3Me3Si

SSSS

RR R R
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Br Br

SiMe3Me3Si
3.5

S

S
R

R

3.6 (R = CO2Me)

Method A:

Pd(PhCN)2Cl2, P(t-Bu)3, CuI
(i-Pr)2NH, THF, PhMe

MW, 60 oC, 6 min

38%

Method B:

Pd(PhCN)2Cl2, P(t-Bu)3, CuI
(i-Pr)2NH, THF, PhMe

ultrasound, 30 oC, 4 h

85%

+



Chapter	
  3:	
  Redox	
  Properties	
  

	
   -­‐	
  39	
  -­‐	
  

undergoes	
   intermolecular	
   dimerization	
   reactions	
   as	
   observed	
   for	
   other	
   DTF	
  
compounds	
  (see	
  Chapter	
  1;	
  Figure	
  1.16).10	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  3.3.	
  Dication	
  structures	
  of	
  3.1	
  and	
  3.2.	
  	
  

	
  

The	
  higher	
  oxidation	
  potential	
  experienced	
  by	
  3.2	
  may	
  not	
   solely	
  be	
  a	
   result	
  of	
  
cross-­‐conjugation	
  as	
  there	
  is	
  also	
  the	
  electron-­‐withdrawing	
  effect	
  of	
  the	
  alkyne	
  units	
  to	
  
take	
   into	
  account.	
  Nevertheless,	
   the	
  oxidation	
  still	
  occurs	
  at	
  higher	
  potential	
   than	
   for	
  
the	
  extended	
  TTF	
  3.7	
  with	
  a	
  linearly	
  conjugated	
  spacer	
  and	
  ethynyl	
  substituents	
  at	
  the	
  
exocyclic	
   DTF	
   carbons	
   (Figure	
   3.4;	
   compound	
   synthesized	
   by	
   me	
   via	
   a	
   Glaser-­‐Hay	
  
dimerization	
  reaction	
  during	
  post-­‐doctoral	
  stay	
  with	
  Prof.	
  François	
  Diederich	
  at	
  ETH-­‐
Zürich7);	
  this	
  compound	
  shows	
  a	
  first,	
  reversible	
  one-­‐electron	
  oxidation	
  at	
  +0.64	
  V	
  vs	
  
Fc/Fc+	
  (and	
  a	
  second	
  reversible	
  one-­‐electron	
  oxidation	
  at	
  +0.76	
  V	
  vs	
  Fc/Fc+).	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  

Figure	
  3.4.	
  Buta-­‐1,3-­‐diyne-­‐1,4-­‐diyl	
  extended	
  TTF	
  with	
  ethynyl	
  substituents	
  at	
  the	
  exocyclic	
  
DTF	
  carbons.	
  

	
  

3.3	
  Combining	
  Weitz	
  and	
  Wurster	
  Type	
  Redox	
  Systems	
  
A	
  Weitz	
  type	
  redox	
  system	
  consists	
  of	
   two	
  rings	
  separated	
  by	
  a	
  vinylene	
  spacer	
  and	
  is	
  
aromatic	
  in	
  the	
  oxidized	
  form.11	
  TTF	
  and	
  N,N’-­‐dimethyl-­‐4,4’-­‐bipyridinium	
  are	
  examples	
  
of	
  such	
  redox	
  systems.	
  A	
  Wurster	
  type	
  system	
  consists	
  of	
  a	
  central	
  ring	
  with	
  two	
  end-­‐
groups	
   and	
   is	
   aromatic	
   in	
   the	
   reduced	
   form.	
   Wurster’s	
   blue	
   (N,N,N’,N’-­‐
tetramethylphenylenediamine),	
  TCNQ,	
  and	
  p-­‐benzoquinone	
  are	
  examples	
  of	
  such	
  redox	
  
systems.	
  We	
   became	
   interested	
   to	
   combine	
  Weitz	
   and	
  Wurster	
   type	
   systems	
   in	
   one	
  

SS

RR
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molecule	
  in	
  order	
  to	
  achieve	
  a	
  system	
  that	
  can	
  exist	
  in	
  multiple	
  aromatic	
  redox	
  states.	
  
As	
  Wurster	
  type	
  systems	
  we	
  employed	
  the	
  quinoid	
  structures	
  shown	
  in	
  Figure	
  3.5	
  (top;	
  
systems	
  A	
  and	
  B),	
  which	
  can	
  also	
  be	
  termed	
  radiaannulenes	
  as	
  they	
  contain	
  both	
  endo-­‐	
  
and	
   exocyclic	
   double	
   bonds.12 	
  Kuwatani	
   and	
   Ueda13 	
  had	
   previously	
   prepared	
   the	
  
Sworski-­‐type14	
  dehydroannulene	
  3.8	
   and	
   shown	
  by	
  NMR	
  spectroscopic	
   studies	
   that	
   it	
  
exhibits	
   a	
   diatropic	
   ring-­‐current.	
   We	
   reasoned	
   that	
   similar	
   linearly	
   conjugated	
   and	
  
Hückel	
   14π-­‐aromatic	
   systems	
   could	
   be	
   achieved	
   by	
   reduction	
   of	
   cross-­‐conjugated	
  
systems	
  A	
  and	
  B.	
  The	
  two	
  endocyclic	
  double	
  bonds	
  offer	
  cites	
  for	
  fusion	
  of	
  TTF	
  units,	
  
and	
  our	
  synthesis	
  of	
  a	
  combined	
  system	
  is	
  shown	
  in	
  Figure	
  3.6.	
  Selective	
  removal	
  of	
  the	
  
trimethylsilyl	
   groups	
   of	
   the	
   TEE	
   derivative	
   3.94	
   followed	
   by	
   a	
   fourfold	
   Sonogashira	
  
reaction	
   with	
   the	
   TTF-­‐diiodide	
   3.10	
   allowed	
   us	
   to	
   prepare	
   the	
   TTF-­‐radiaannulene	
  
3.11.15	
  It	
  is	
  isolated	
  in	
  a	
  modest	
  yield	
  of	
  10%,	
  but	
  in	
  Chapter	
  6	
  I	
  shall	
  present	
  how	
  the	
  
synthesis	
   of	
   such	
   compounds	
   can	
   be	
   improved	
   (the	
   yield	
   is,	
   however,	
   not	
   so	
   poor	
  
considering	
  the	
  fact	
  that	
  the	
  reaction	
  involves	
  four	
  Sonogashira	
  reactions).	
  Compound	
  
3.11	
   has	
   an	
   almost	
   planar	
   π-­‐system	
   as	
   shown	
   by	
   X-­‐ray	
   crystallographic	
   analysis	
  
(Figure	
  3.7).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
Figure	
  3.5.	
  Top:	
  Wurster	
  type	
  redox	
  systems,	
  which	
  gain	
  14π-­‐aromaticity	
  upon	
  reduction.	
  	
  	
  	
  	
  	
  	
  	
  
X	
  can	
  be	
  a	
  carbon-­‐based	
  group	
  (as	
  in	
  our	
  work)	
  or	
  another	
  atom/group.	
  The	
  designation	
  πz	
  
indicates	
  that	
  only	
  π-­‐electrons	
  in	
  parallel	
  p-­‐orbitals	
  are	
  included	
  in	
  the	
  electron	
  count	
  in	
  these	
  
cumulenic	
  structures.	
  Bottom:	
  Dehydroannulene	
  3.8	
  studied	
  by	
  Kuwatani	
  and	
  Ueda	
  by	
  NMR	
  

spectroscopy.13	
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Figure	
  3.6.	
  Synthesis	
  of	
  TTF-­‐radiaannulene	
  
with	
  system	
  A	
  as	
  core.	
  

	
  

Figure	
  3.7.	
  The	
  π-­‐system	
  of	
  3.11	
  is	
  almost	
  
planar	
  according	
  to	
  X-­‐ray	
  crystallographic	
  
analysis.	
  Reproduced	
  from	
  Ref.	
  15	
  with	
  
permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  

	
  

In	
  addition,	
  we	
  prepared	
  the	
  TTF-­‐radiaannulene	
  based	
  on	
  system	
  B	
  in	
  a	
  stepwise	
  
manner	
   as	
   shown	
   in	
   Figure	
   3.8.16	
  Compound	
   3.12	
   was	
   subjected	
   to	
   Sonogashira	
  
couplings	
   with	
   trimethylsilylacetylene,	
   and	
   the	
   trimethylsilyl	
   groups	
   of	
   the	
   product	
  
3.13	
   were	
   then	
   removed	
   by	
   the	
   action	
   of	
   potassium	
   carbonate	
   in	
  
methanol/tetrahydrofuran,	
  and	
  the	
  resulting	
  intermediate	
  was	
  subsequently	
  subjected	
  
to	
  an	
  oxidative	
  Glaser-­‐Hay	
  homo-­‐coupling	
  to	
  provide	
  the	
  TTF-­‐radiaannulene	
  3.14.	
  The	
  
cyclic	
   core	
   of	
   this	
   compound	
   is	
   almost	
   planar	
   according	
   to	
   X-­‐ray	
   crystallography	
  
(Figure	
   3.9),	
   but	
   the	
   two	
   TTF	
   units	
   are	
   slightly	
   bent.	
   The	
   buta-­‐1,3-­‐diyne-­‐1,4-­‐diyl	
  
bridging	
  unit	
  is	
  bent	
  from	
  linearity,	
  with	
  a	
  CTTF–C≡C	
  angle	
  of	
  166o	
  and	
  a	
  C≡C-­‐C	
  angle	
  of	
  
170o.	
  	
  

	
  

	
  

	
  

	
  

	
  

A fused Weitz/Wurster-type redox system has been prepared by fusing a central
expanded radiaannulene core with two tetrathiafulvalene units. The system
formally gains H!ckel aromaticity by either oxidation (6p-dithiolium units) or
reduction (14p-octadehydroannulene unit) and can exist in several redox states
with characteristic UV/Vis/IR absorptions. More about this system can be found in
the Communication by M. Brøndsted Nielsen and co-workers (DOI: 10.1002/
anie.201202324).
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Figure	
  3.8.	
  Synthesis	
  of	
  TTF-­‐radiaannulene	
  with	
  system	
  B	
  as	
  core.	
  TMEDA	
  =	
  N,N,N’,N’-­‐
tetramethylethylenediamine;	
  MS	
  =	
  molecular	
  sieves.	
  

	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  3.9.	
  The	
  π-­‐system	
  of	
  3.14	
  is	
  almost	
  planar	
  according	
  to	
  X-­‐ray	
  crystallographic	
  analysis	
  
(left).	
  Bond	
  angles	
  of	
  the	
  cyclic	
  core	
  are	
  listed	
  to	
  the	
  right.	
  Reproduced	
  from	
  Ref.	
  16	
  (Beilstein	
  

Journal	
  of	
  Organic	
  Chemistry).	
  

The	
   cyclic	
   voltammograms	
   showing	
   the	
   reductions	
   of	
   TTF-­‐radiaannulenes	
  3.11	
  
and	
  3.14	
   are	
   included	
   in	
   Figure	
  3.10.15,	
  16	
   Both	
   these	
   compounds	
  undergo	
   reversible	
  
one-­‐electron	
   reductions	
   to	
   their	
   radical	
   anions	
   (red	
   curves).	
   Further	
   one-­‐electron	
  
reduction	
   to	
   the	
   dianions	
   also	
   occurs	
   almost	
   reversibly	
   –	
   the	
   dianions	
   are,	
   however,	
  
sufficiently	
   basic	
   to	
   produce	
   minor	
   amounts	
   of	
   monoprotonation	
   products,	
   and	
   the	
  
oxidation	
  of	
  these	
  is	
  observed	
  during	
  the	
  reverse	
  scan.	
  The	
  first	
  and	
  second	
  reductions	
  
occur	
  at	
  half-­‐wave	
  potentials	
  of	
   -­‐1.16	
  V	
  and	
  -­‐1.52	
  V	
  vs	
  Fc/Fc+	
   for	
  3.11	
  and	
  at	
   -­‐1.12	
  V	
  
and	
   -­‐1.51	
   V	
   for	
  3.14.	
   These	
   potentials	
   are	
   remarkably	
   smaller	
   than	
   that	
   required	
   to	
  

1 2 3 3' 2'1'
4'5'

6'
7

6
54

Bond angle (o)

C1-C2-C3 / C1'-C2'-C3'  166.5 / 166.4
C2-C3-C3' / C2'-C3'-C3  169.6 / 170.0
C4-C1-C2 / C4'-C1'-C2'  120.9 / 120.3
C1-C4-C5 / C1'-C4'-C5'  121.6 / 122.6
C4-C5-C6 / C4'-C5'-C6'  173.0 / 173.1
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reduce	
  the	
  acyclic	
  TEE-­‐TTF	
  compound	
  3.15	
  shown	
  in	
  Figure	
  3.11	
  (here	
  oxidations	
  are	
  
shown,	
  not	
  reductions),	
  which	
   is	
  reduced	
  at	
  -­‐1.70	
  V	
  vs	
  Fc/Fc+.	
  The	
  easy	
  reductions	
  of	
  
the	
   TTF-­‐radiaannulenes	
   indicate	
   that	
   a	
   gain	
   of	
   aromaticity	
   upon	
   reduction	
   plays	
   an	
  
important	
  role	
  as	
  suggested	
  above,	
  and	
  the	
  radiaannulene	
  cores	
  are	
  thus	
  Wurster	
  type	
  
redox	
   systems.	
   Nucleus	
   independent	
   chemical	
   shift	
   (NICS)	
   calculations	
   on	
   3.11	
   in	
  
neutral	
  and	
  dianionic	
  forms	
  support	
  this	
  interpretation	
  –	
  the	
  NICS(0)πzz	
  value	
  becomes	
  
more	
  negative	
  when	
  proceeding	
  from	
  neutral	
  (-­‐8.4	
  ppm)	
  to	
  dianion	
  (-­‐33.2	
  ppm).	
  NICS	
  
indices	
  correspond	
  to	
  the	
  negative	
  of	
  the	
  magnetic	
  shielding	
  tensor	
  field	
  computed	
  at	
  a	
  
chosen	
  point	
  in	
  the	
  vicinity	
  of	
  the	
  molecule,	
  typically	
  at	
  ring	
  centers	
  (indicated	
  by	
  the	
  
number	
  0)	
  or	
  above,	
  and	
  was	
  introduced	
  by	
  Schleyer	
  and	
  co-­‐workers17	
  as	
  a	
  convenient	
  
magnetic	
   criterion	
   for	
   aromaticity	
   –	
   the	
   more	
   negative	
   value,	
   the	
   more	
   aromatic.	
  
During	
   bulk	
   electrolysis	
   of	
  3.11	
   (performed	
   in	
   connection	
   to	
   spectroelectrochemical	
  
studies),	
  its	
  dianion	
  underwent	
  conversion	
  to	
  an	
  unidentified	
  product.	
  This	
  reaction	
  of	
  
the	
   dianion	
   into	
   another	
   product	
   was	
   evidenced	
   by	
   UV-­‐Vis	
   and	
   IR	
   spectroscopies	
  
recorded	
  during	
  electrolysis,	
  and	
  formation	
  of	
  the	
  dianion	
  was	
  irreversible	
  under	
  these	
  
conditions.	
  Possibly,	
  but	
  pure	
  speculation,	
  anionic	
  cycloaromatizations	
  of	
  the	
  external,	
  
cross-­‐conjugated	
   diethynylethene	
   units	
   occur	
   –	
   as	
   reported	
   by	
  Hopf,	
   Rabinovitz,	
   and	
  
co-­‐workers18	
  for	
   a	
   benzofulvene	
  derivative	
   (see	
  Figure	
  1.9	
   of	
   Chapter	
  1).	
   The	
   radical	
  
anion	
  of	
  3.11	
  was	
  instead	
  formed	
  reversibly	
  under	
  the	
  bulk	
  electrolysis	
  conditions.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  3.10.	
  Cyclic	
  voltammograms	
  for	
  the	
  reduction	
  of	
  TTF-­‐radiaannulenes	
  in	
  CH2Cl2	
  (0.1	
  M	
  
Bu4NPF6)	
  at	
  a	
  glassy	
  carbon	
  electrode	
  with	
  a	
  scan	
  rate	
  of	
  0.1	
  V	
  s-­‐1.	
  The	
  reduction	
  stopping	
  at	
  
the	
  radical	
  anion	
  state	
  is	
  shown	
  in	
  red	
  color.	
  Reproduced	
  from	
  Ref.	
  16	
  (Beilstein	
  Journal	
  of	
  

Organic	
  Chemistry).	
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The	
   oxidations	
   of	
   the	
   TTF-­‐radiaannulenes	
   and	
   the	
   related	
   TEE-­‐TTFs	
   3.15	
   and	
  
3.16	
   are	
   shown	
   in	
   Figure	
   3.11.	
   For	
   the	
   acyclic	
   compounds,	
   the	
   two	
   TTF	
   units	
   are	
  
oxidized	
   in	
   two	
   two-­‐electron	
   steps,	
   which	
   means	
   that	
   they	
   behave	
   as	
   independent	
  
redox	
   centers,	
   no	
   matter	
   whether	
   the	
   bridging	
   unit	
   is	
   cross-­‐conjugated	
   (3.15)	
   or	
  
linearly	
   conjugated	
   (3.16).	
   In	
   contrast,	
   the	
   first	
  oxidation	
  wave	
   is	
   split	
   into	
   two	
  one-­‐
electron	
  oxidations	
  for	
  both	
  TTF-­‐radiaannulenes,	
  which	
  indicates	
  two	
  interacting	
  TTF	
  
units.	
  In	
  addition,	
  spectroelectrochemical	
  studies	
  revealed	
  a	
  broad	
  intervalence	
  charge	
  
transfer	
  absorption	
  around	
  2300	
  nm	
  for	
  the	
  monocations	
  of	
  these	
  compounds	
  (mixed	
  
valence	
   TTF/TTF•+).	
   In	
   all,	
   the	
   following	
   redox	
   states	
   can	
   be	
   observed	
   during	
  
electrochemical	
  reduction/oxidation	
  of	
  the	
  two	
  TTF-­‐radiaannulenes:	
  -­‐2,	
  -­‐1,	
  0,	
  +1,	
  +2,	
  +4.	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

Figure	
  3.11.	
  Cyclic	
  voltammograms	
  for	
  the	
  oxidation	
  of	
  bis-­‐TTFs	
  with	
  various	
  bridging	
  units	
  
in	
  CH2Cl2	
  (0.1	
  M	
  Bu4NPF6)	
  at	
  a	
  glassy	
  carbon	
  electrode	
  with	
  a	
  scan	
  rate	
  of	
  0.1	
  V	
  s-­‐1.	
  Reproduced	
  

from	
  Ref.	
  16	
  (Beilstein	
  Journal	
  of	
  Organic	
  Chemistry).	
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3.4	
  Indenofluorene-­‐Extended	
  TTFs	
  
Together	
   with	
   Prof.	
   Michael	
   M.	
   Haley	
   at	
   University	
   of	
   Oregon,	
   Eugene,	
   we	
   have	
  
prepared	
  and	
  studied	
  a	
  selection	
  of	
  indenofluorene-­‐	
  and	
  thienoacene-­‐extended	
  TTFs.19	
  
The	
   synthesis	
   of	
   two	
   of	
   these	
   compounds	
   are	
   shown	
   in	
   Figure	
   3.12,	
   both	
   containing	
  
two	
  central	
  thienothiophene	
  units.19b	
  A	
  Horner-­‐Wadsworth-­‐Emmons	
  reaction	
  between	
  
dione	
  3.17	
   and	
  phosphonate	
  ester	
  3.18	
   gave	
   the	
  extended	
  TTF	
  3.19,	
  while	
  a	
   similar	
  
reaction	
   between	
  3.20	
   and	
  3.18	
   gave	
   the	
   extended	
   TTF	
  3.21,	
   which	
   is	
   a	
   structural	
  
isomer	
   of	
   3.19.	
   The	
   structures	
   were	
   confirmed	
   by	
   X-­‐ray	
   crystallography,	
   revealing	
  
completely	
  planar	
  π-­‐systems	
  (Figure	
  3.13).	
  The	
  electrochemistry	
  of	
   these	
  compounds	
  
was	
   strongly	
   concentration	
   dependent	
   as	
   evident	
   from	
   the	
   differential	
   pulse	
  
voltammograms	
  shown	
  in	
  Figure	
  3.14.	
  Thus,	
  the	
  first	
  oxidation	
  peak	
  is	
  very	
  broad,	
  and	
  
at	
   high	
   concentrations	
   even	
   two	
   peaks	
   can	
   be	
   seen.	
   This	
   behavior	
   signals	
   that	
   the	
  
radical	
  cations	
  strongly	
  associate,	
  forming	
  mixed	
  valence	
  (neutral•cation)	
  and	
  π-­‐dimer	
  
(cation•cation)	
  complexes.	
  These	
  compounds	
  are	
  particularly	
  interesting	
  as	
  tectons	
  for	
  
redox-­‐controlled	
  self-­‐assembly.	
  By	
  diluting	
  the	
  samples	
  to	
  the	
  2-­‐10	
  µM	
  range,	
  we	
  were	
  
able	
   to	
   estimate	
   the	
   formal	
   oxidation	
   potentials	
   from	
   the	
   differential	
   pulse	
  
voltammograms	
  and	
  obtain	
  the	
  following	
  values:	
  +0.32	
  and	
  +0.60	
  V	
  vs.	
  Fc/Fc+	
  for	
  3.19	
  
and	
  +0.09	
  and	
  +0.33	
  V	
  vs.	
  Fc/Fc+	
  for	
  3.21.	
  It	
  transpires	
  that	
  3.19	
   is	
  significantly	
  more	
  
difficult	
   to	
   oxidize	
   than	
   3.21.	
   This	
   difference	
   can	
   be	
   explained	
   by	
   the	
   different	
  
conjugation	
  pathways	
  between	
  the	
  two	
  DTF	
  units	
  –	
  in	
  3.19	
   they	
  are	
  cross-­‐conjugated	
  
while	
  they	
  are	
  linearly	
  conjugated	
  in	
  3.21.	
  Thus,	
  for	
  the	
  dication	
  of	
  3.21	
  a	
  closed-­‐shell	
  
resonance	
  form	
  can	
  be	
  drawn,	
  while	
  this	
  is	
  not	
  possible	
  for	
  3.19	
  (Figure	
  3.15).	
  

	
  

	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  3.12.	
  Synthesis	
  of	
  extended	
  TTFs	
  with	
  thienoacene	
  cores.	
  NaHMDS	
  =	
  sodium	
  
hexamethyldisilazide.	
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Figure	
  3.13.	
  Molecular	
  structures	
  of	
  3.19	
  (left)	
  and	
  3.21	
  (right)	
  obtained	
  by	
  X-­‐ray	
  
crystallography.	
  Reproduced	
  from	
  Ref.	
  19b	
  [M.	
  A.	
  Christensen,	
  G.	
  E.	
  Rudebusch,	
  C.	
  R.	
  Parker,	
  C.	
  
L.	
  Andersen,	
  A.	
  Kadziola,	
  M.	
  M.	
  Haley,	
  O.	
  Hammerich,	
  M.	
  B.	
  Nielsen,	
  RSC	
  Adv.	
  2015,	
  5,	
  49748-­‐

49751]	
  -­‐	
  Reproduced	
  by	
  permission	
  of	
  The	
  Royal	
  Society	
  of	
  Chemistry.	
  

	
  

	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  3.14.	
  Differential	
  pulse	
  voltammograms	
  of	
  3.19	
  (top)	
  and	
  3.20	
  (bottom)	
  at	
  

different	
  concentrations	
  measured	
  at	
  a	
  glassy	
  carbon	
  working	
  electrode	
  in	
  CH2Cl2	
  (0.1	
  M	
  
Bu4NPF6).	
  Reproduced	
  from	
  Ref.	
  19b	
  [M.	
  A.	
  Christensen,	
  G.	
  E.	
  Rudebusch,	
  C.	
  R.	
  Parker,	
  C.	
  L.	
  
Andersen,	
  A.	
  Kadziola,	
  M.	
  M.	
  Haley,	
  O.	
  Hammerich,	
  M.	
  B.	
  Nielsen,	
  RSC	
  Adv.	
  2015,	
  5,	
  49748-­‐

49751]	
  -­‐	
  Reproduced	
  by	
  permission	
  of	
  The	
  Royal	
  Society	
  of	
  Chemistry.	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  3.15.	
  Dication	
  structures	
  of	
  3.19	
  and	
  3.21.	
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3.5	
  Tetracenotetracene-­‐Extended	
  TTFs	
  
Functionalization	
  of	
   polycyclic	
   aromatic	
   hydrocarbons	
   (PAHs)	
  with	
   cross-­‐conjugated,	
  
exocyclic	
  DTFs	
  units	
  present	
  a	
  method	
  to	
  control	
  the	
  geometry	
  of	
  the	
  PAH	
  system	
  via	
  
the	
  redox	
  state	
  of	
  the	
  DTF	
  units.	
  Using	
  a	
  similar	
  synthetic	
  protocol	
  as	
  above	
  (Horner-­‐
Wadsworth-­‐Emmons	
  reactions),	
  we	
  prepared	
  in	
  collaboration	
  with	
  Dr.	
  Michel	
  Frigoli	
  at	
  
Institut	
  Lavoisier	
  de	
  Versailles	
  the	
  “super-­‐extended”	
  TTF	
  3.22	
  shown	
  in	
  Figure	
  3.16.20	
  
Calculations	
  reveal	
  that	
  the	
  central	
  core	
  of	
  this	
  compound	
  is	
  not	
  planar	
  (due	
  to	
  steric	
  
interactions),	
   but	
   upon	
   formation	
   of	
   the	
   dication	
   a	
   planar	
   tetraceno[2,1,12,11-­‐
opqra]tetracene	
   core	
   is	
   formed	
   and	
   two	
   1,3-­‐dithiolium	
   rings,	
   which	
   can	
   now	
   freely	
  
rotate.	
   From	
  cyclic	
   voltammetry	
   it	
  was	
   found	
   that	
  3.22	
   underwent	
   a	
   reversible	
   two-­‐
electron	
  oxidation	
  to	
  form	
  this	
  dication.	
  For	
  other	
  examples	
  of	
  extended	
  TTFs	
  showing	
  
conformational	
  changes	
  upon	
  oxidation,	
  the	
  reader	
  is	
  referred	
  to	
  Ref.	
  21.	
  	
  

	
  

	
  

	
  

	
  	
  
	
  
	
  
	
  

Figure	
  3.16.	
  The	
  redox-­‐state	
  of	
  exocyclic	
  DTF	
  units	
  can	
  be	
  employed	
  to	
  control	
  the	
  geometry	
  
of	
  large	
  polycyclic	
  aromatic	
  hydrocarbon	
  (PAH)	
  cores.	
  Adapted	
  from	
  Ref.	
  20	
  [S.	
  L.	
  Broman,	
  C.	
  L.	
  
Andersen,	
  T.	
  Jousselin-­‐Oba,	
  M.	
  Mansø,	
  O.	
  Hammerich,	
  M.	
  Frigoli,	
  M.	
  B.	
  Nielsen,	
  Org.	
  Biomol.	
  

Chem.,	
  In	
  press]	
  -­‐	
  Reproduced	
  by	
  permission	
  of	
  The	
  Royal	
  Society	
  of	
  Chemistry.	
  
	
  

3.6	
  Conclusions	
  
Separating	
   two	
   DTF	
   redox	
   centers	
   by	
   either	
   cross-­‐conjugated	
   or	
   linearly	
   conjugated	
  
spacers	
  has	
  significant	
  influence	
  on	
  the	
  readiness	
  of	
  oxidation.	
  Thus,	
  cross-­‐conjugated	
  
compounds	
  are	
  more	
  difficult	
   to	
  oxidize	
  than	
  related,	
   linearly	
  conjugated	
  ones.	
  When	
  
the	
  DTF	
  unit	
  is	
  placed	
  at	
  a	
  five-­‐membered	
  ring	
  fused	
  to	
  other	
  rings,	
  co-­‐planarity	
  of	
  the	
  
entire	
   π-­‐system	
   is	
   allowed.	
   This	
   co-­‐planarity	
   is	
   not	
   possible	
   when	
   the	
   DTF	
   unit	
   is	
  
instead	
  placed	
  at	
  a	
  six-­‐membered	
  ring	
  being	
  part	
  of	
  an	
  acene	
  core,	
  which	
  itself	
  is	
  forced	
  
to	
   deviate	
   from	
   planarity	
   (see	
   Ref.	
   21	
   for	
   examples	
   hereof).	
  We	
   employed	
   this	
   non-­‐
planarity	
   in	
   the	
   neutral	
   state	
   for	
   controlling	
   the	
   geometry	
   of	
   a	
   large	
   PAH	
  
(tetraceno[2,1,12,11-­‐opqra]tetracene)	
  via	
   the	
  oxidation	
  state	
  of	
   the	
  DTFs.	
  Thus,	
  upon	
  
oxidation	
   of	
   the	
   cross-­‐conjugated	
   DTF	
   units	
   into	
   1,3-­‐dithiolium	
   rings,	
   the	
   linearly	
  
conjugated,	
  planar	
  PAH	
  core	
  is	
  generated.	
  	
  

Larger	
  alkyne-­‐expanded	
  quinoid	
  structures	
  constructed	
  from	
  TEE	
  units	
  present	
  
Wurster	
  type	
  redox	
  systems,	
  which	
  seem	
  to	
  gain	
  aromaticity	
  upon	
  reduction.	
  By	
  fusing	
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such	
   systems	
   to	
  Weitz	
   type	
   redox	
   systems	
   (TTF),	
  molecules	
   that	
   can	
   exist	
   in	
   several	
  
redox	
  states	
  have	
  been	
  obtained.	
  Interestingly,	
  two	
  TTF	
  units	
  interact	
  when	
  bridged	
  by	
  
such	
  cyclic	
  cores	
  as	
  evident	
  from	
  stepwise	
  oxidations	
  and	
  a	
  near-­‐infrared	
  intervalence	
  
charge	
   transfer	
   absorption	
   band	
   of	
   the	
   monocation,	
   while	
   two	
   TTF	
   units	
   behave	
   as	
  
independent	
   redox	
   centers	
   when	
   simply	
   bridged	
   by	
   one	
   TEE	
   unit	
   in	
   an	
   acyclic	
  
structure.	
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CHEMICAL	
  REACTIVITY	
  	
  
4.1	
  Introduction	
  
In	
   the	
   first	
   chapter,	
   the	
   chemistry	
   of	
   the	
   dendralenes	
   in	
   cycloaddition	
   reactions	
  was	
  
mentioned	
   and	
   the	
   different	
   behavior	
   of	
   “odd”	
   and	
   “even”	
   dendralenes. 1 	
  Cross-­‐
conjugation	
  also	
  has	
  strong	
  implication	
  for	
  the	
  chemistry	
  of	
  polycyclic	
  nonbenzenoidic	
  
π-­‐electron	
   systems	
   (such	
   as	
   pentalenes,	
   azulenes,	
   heptalenes,	
   and	
   larger	
   fused	
  
structures	
  derived	
   therefrom),2	
  and	
   in	
   the	
   field	
  of	
   asymmetric	
  organocatalysis,	
   cross-­‐
conjugation	
   has	
   found	
   recent	
   interest,	
   namely	
   in	
   the	
   study	
   of	
   enantioselective	
  Diels-­‐
Alder	
  reactions	
  with	
  cross-­‐conjugated	
  trienamines.3	
  	
  

In	
  this	
  chapter	
  I	
  will	
   focus	
  on	
  my	
  group’s	
  work	
  in	
  regard	
  to	
  elucidating	
  how	
  the	
  
ring-­‐closure	
   of	
   the	
   cross-­‐conjugated	
   vinylheptafulvene	
   (VHF)	
   into	
   a	
   dihydroazulene	
  
(DHA)	
   is	
   controlled	
   by	
   donor-­‐acceptor	
   (D-­‐A)	
   substitution	
   at	
   various	
   positions.	
   This	
  
system	
  was	
   first	
   reported	
   by	
   Daub	
   and	
   co-­‐workers	
  who	
   did	
   pioneering	
  work	
   in	
   the	
  
field.4	
  DHA	
   undergoes	
   photoisomerization	
   to	
   the	
   meta-­‐stable	
   VHF	
   that	
   in	
   time	
   will	
  
return	
  to	
  DHA	
  –	
  and	
  the	
  system	
  can	
  be	
  termed	
  as	
  a	
  photo-­‐/thermoswitch.	
  Some	
  of	
  the	
  
work	
  of	
  Daub	
  and	
  our	
  own	
  work	
  has	
  been	
  reviewed	
  in	
  Phys.	
  Chem.	
  Chem.	
  Phys.	
  by	
  S.	
  L.	
  
Broman	
  and	
  me.5	
  

As	
   mentioned	
   in	
   the	
   introductory	
   chapter,	
   the	
   rate	
   of	
   the	
   VHF	
   ring-­‐closure	
  
reaction	
   depends	
   on	
   solvent	
   polarity,	
   which	
   calls	
   for	
   a	
   polarized	
   transition	
   state	
  
(Figure	
  4.1).4b,	
  6	
  This	
  is	
  further	
  supported	
  by	
  the	
  influence	
  exerted	
  by	
  D	
  and	
  A	
  groups	
  as	
  
shown	
  below.	
  The	
   rate	
  of	
   the	
   ring-­‐closure	
   reaction	
   can	
  also	
   reveal	
   the	
   influence	
  of	
   a	
  
functional	
  group	
  attached	
  to	
  the	
  VHF	
  via	
  either	
  a	
  linearly	
  or	
  cross-­‐conjugated	
  linker.	
  In	
  
other	
   words,	
   we	
   can	
   use	
   the	
   ring-­‐closure	
   reaction	
   for	
   probing	
   how	
   the	
   electronic	
  
character	
  of	
  a	
  substituent	
  is	
  transmitted	
  through	
  a	
  cross-­‐conjugated	
  bridge.	
  

	
  
	
  	
  
	
  
	
  
	
  

Figure	
  4.1.	
  Thermal	
  ring-­‐closure	
  reaction	
  of	
  VHF.	
  
	
  

By	
  benzannulation,	
   the	
  DHA-­‐VHF	
  isomerization	
  is	
  coupled	
  to	
   loss	
  of	
  aromaticity	
  
by	
   formation	
  of	
  a	
  quinoid	
  structure.	
  The	
  consequences	
  hereof	
  will	
  also	
  be	
  of	
   focus	
   in	
  
this	
  chapter.	
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4.2	
  Donor-­‐Acceptor	
  Substitution	
  at	
  DHA	
  Positions	
  C-­‐2	
  and	
  C-­‐7	
  
To	
   elucidate	
   the	
   influence	
   of	
   donor	
   and	
   acceptor	
   groups	
   at	
   positions	
   C-­‐2	
   and	
   C-­‐7	
   of	
  
DHA,	
  we	
  prepared	
  a	
  large	
  selection	
  of	
  aryl-­‐substituted	
  derivatives.7	
  To	
  avoid	
  confusion,	
  
I	
  shall	
  always	
  refer	
  to	
  DHA	
  atom	
  numbers	
  rather	
  than	
  to	
  VHF	
  atom	
  numbers,	
  although	
  
it	
  is	
  the	
  ring-­‐closure	
  of	
  VHF	
  that	
  is	
  of	
  focus	
  in	
  the	
  following	
  (cf.,	
  Figure	
  4.1).	
  Arylations	
  
at	
  position	
  C-­‐7	
  were	
  accomplished	
  by	
  Suzuki	
  cross-­‐coupling8	
  reactions	
  between	
  the	
  7-­‐
bromo-­‐substituted	
  DHA	
  and	
  an	
  aryl	
  boronic	
  acid.	
  The	
  DHAs	
  were	
  converted	
  to	
  VHFs	
  by	
  
irradiation,	
  and	
  then	
  the	
  rate	
  constants	
  k	
  of	
  the	
  first-­‐order	
  VHF-­‐to-­‐DHA	
  back-­‐reactions	
  
were	
  measured	
  in	
  the	
  dark	
  at	
  25	
  oC	
  in	
  MeCN	
  using	
  UV-­‐Vis	
  absorption	
  spectroscopy	
  (by	
  
following	
   the	
   exponential	
   decay	
   in	
   the	
   characteristic	
   VHF	
   absorption	
   around	
   475	
  
nm).7a,	
  9	
  	
  

Figure	
   4.2	
   shows	
   six	
   different	
   systems	
   that	
   were	
   prepared	
   and	
   studied:	
   for	
  
systems	
   A,	
   B,	
   D,	
   E,	
   F,	
   the	
   aryl	
   group	
   at	
   C-­‐2	
   of	
   DHA	
   is	
   changed	
   while	
   keeping	
   the	
  
remaining	
   part	
   of	
   the	
  molecule	
   constant,	
   and	
   for	
   system	
   C,	
   the	
   aryl	
   group	
   at	
   C-­‐7	
   is	
  
instead	
   changed.	
   For	
   the	
   former	
   systems,	
   it	
   was	
   found	
   that	
   electron-­‐withdrawing	
  
groups	
   enhance	
   the	
   reaction,	
   while	
   electron-­‐donating	
   retard	
   it.	
   In	
   fact,	
   when	
   ln	
   k	
   is	
  
plotted	
   against	
   Hammett	
   substituent	
   constants	
   (σp	
   for	
   para	
   substituents	
   and	
  σm	
   for	
  
meta	
   substituents),10	
  linear	
   correlations	
   are	
   achieved	
   for	
   each	
   series.	
   The	
   lines	
   have	
  
positive	
  slopes	
  with	
  quite	
  similar	
  sizes,	
  but	
  the	
   lines	
  are	
  parallel-­‐displaced	
  relative	
  to	
  
each	
   other.	
   Oppositely,	
   for	
   system	
   C	
   it	
   was	
   found	
   that	
   electron-­‐donating	
   groups	
  
enhance	
   the	
   reaction,	
   electron-­‐withdrawing	
   groups	
   retard	
   it,	
   and	
   again	
   a	
   linear-­‐free-­‐
energy	
   relationship	
   (Hammett	
   correlation)	
   is	
   achieved,	
   now	
   with	
   negative	
   slope	
  
(Figure	
   4.2).	
   A	
   slightly	
   better	
   correlation	
   is	
   obtained	
   in	
   this	
   case	
   by	
   using	
   through-­‐
conjugation	
  substituent	
  constants	
  (σp+).	
  

The	
  diarylated	
  systems	
  C-­‐F	
  can	
  conveniently	
  be	
  combined	
   in	
  one	
  correlation	
  as	
  
shown	
  in	
  Figure	
  4.3	
  where	
  ln	
  k	
  is	
  plotted	
  against	
  the	
  difference	
  in	
  substituent	
  constants	
  
for	
  the	
  substituents	
  placed	
  at	
  C-­‐2	
  and	
  C-­‐7	
  of	
  DHA.	
  	
  

It	
  also	
  deserves	
  mention	
  that	
  a	
  Hammett	
  correlation	
  was	
  obtained	
  for	
  a	
  series	
  of	
  
arylethynyl-­‐substituted	
   systems	
   at	
   position	
   C-­‐7	
   of	
   DHA	
   (prepared	
   using	
   Sonogashira	
  
coupling	
  reactions	
  of	
  the	
  7-­‐bromo-­‐substituted	
  DHA).11	
  The	
  Hammett	
  correlation	
  had	
  in	
  
this	
  case	
  a	
  negative	
  slope,	
  which	
  is	
  in	
  agreement	
  with	
  the	
  resemblance	
  of	
  this	
  series	
  of	
  
compounds	
  to	
  system	
  C.	
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Figure	
  4.2.	
  Hammett	
  correlations	
  for	
  VHF-­‐to-­‐DHA	
  conversions	
  in	
  MeCN	
  at	
  25	
  oC.	
  [k]	
  =	
  s-­‐1.	
  
Reproduced	
  from	
  Ref.	
  9	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
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Figure	
  4.3.	
  Hammett	
  correlation	
  for	
  the	
  VHF-­‐to-­‐DHA	
  conversions	
  based	
  on	
  systems	
  C-­‐F	
  

(MeCN,	
  25	
  oC).	
  [k]	
  =	
  s-­‐1.	
  Reproduced	
  from	
  Ref.	
  5	
  [S.	
  L.	
  Broman,	
  M.	
  B.	
  Nielsen,	
  Phys.	
  Chem.	
  Chem.	
  
Phys.	
  2014,	
  16,	
  21172-­‐21182]	
  -­‐	
  Published	
  by	
  the	
  PCCP	
  Owner	
  Societies.	
  

	
  
By	
   subjecting	
   alkyne-­‐functionalized	
   DHAs	
   to	
   Copper	
   and	
   Ruthenium	
   Catalyzed	
  

Azide-­‐Alkyne	
   Cycloadditions	
   (CuAAC	
   and	
   RuAAC)12	
  with	
   tolylazide,	
   we	
   incorporated	
  
1,4-­‐	
   and	
   1,5-­‐disubstituted	
   1,2,3-­‐triazoles	
   at	
   meta	
   and	
   para	
   positions	
   of	
   the	
   phenyl	
  
group	
  at	
  C-­‐2	
  (Systems	
  A).13	
  The	
  rate	
  constants	
  for	
  the	
  corresponding	
  VHF	
  to	
  DHA	
  ring-­‐
closures	
  were	
  subsequently	
  measured.	
  From	
  the	
  correlation	
  obtained	
  for	
  Systems	
  A	
  in	
  
Figure	
   4.2,	
   Hammett	
   σ-­‐constants	
   for	
   the	
   triazoles	
   in	
   the	
   four	
   different	
   substitution	
  
patterns	
  could	
  then	
  be	
  obtained	
  by	
  interpolations.	
  The	
  results	
  are	
  shown	
  in	
  Figure	
  4.4.	
  
The	
   positive	
   numbers	
   for	
   the	
   σ-­‐constants	
   indicate	
   that	
   the	
   triazoles	
   are	
   electron-­‐
withdrawing	
   substituents.	
   When	
   placed	
   in	
   para	
   positions	
   on	
   the	
   phenyl	
   group,	
   the	
  
electron-­‐withdrawing	
   effect	
   is	
   close	
   to	
   that	
   exerted	
  by	
   the	
  halogens	
  Cl	
   and	
  Br.10	
   The	
  
electron-­‐withdrawing	
  effect	
  is	
  also	
  reflected	
  by	
  the	
  significant	
  C-­‐H	
  acidity14	
  and	
  ability	
  
of	
  1,2,3-­‐triazoles	
  to	
  engage	
  in	
  C-­‐H	
  •••	
  anion	
  hydrogen	
  bonds.15	
  As	
  expected	
  the	
  values	
  
are	
  close	
  to	
  0	
  when	
  the	
  groups	
  are	
  placed	
  in	
  meta	
  positions.	
  	
  

	
  

	
  

	
  

	
  
Figure	
  4.4.	
  Hammett	
  σ-­‐constants	
  achieved	
  for	
  triazoles	
  based	
  on	
  the	
  correlation	
  obtained	
  for	
  

Systems	
  A.	
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4.3	
  Cross-­‐Conjugated	
  vs	
  Linearly	
  Conjugated	
  Substituent	
  at	
  Position	
  C-­‐2	
  
In	
   the	
   above	
   systems	
   A,	
   the	
   difference	
   between	
  meta-­‐	
   and	
   para-­‐substituted	
   phenyl	
  
substituents	
  X	
   is	
  clearly	
  seen	
  by	
  comparing	
  the	
  VHF	
  half-­‐lives	
   for	
  a	
  m-­‐CN	
  substituent	
  
group	
  (108	
  min)	
  and	
  a	
  p-­‐CN	
  substituent	
  group	
  (85	
  min).	
  Thus,	
  when	
  placed	
   in	
   linear	
  
conjugation	
   (para),	
   the	
   ring-­‐closure	
   reaction	
   occurs	
   significantly	
   faster.	
   To	
   further	
  
study	
   the	
   influence	
   of	
   cross-­‐conjugation,	
   we	
   decided	
   to	
   functionalize	
   the	
   DHA-­‐VHF	
  
system	
  with	
   a	
   4-­‐nitrophenyl	
   via	
   either	
   a	
   linearly	
   conjugated	
   bridge	
   (4.1)	
   or	
   a	
   cross-­‐
conjugated	
   bridge	
   (4.2);	
   see	
   Figure	
   4.5. 16 	
  The	
   two	
   DHAs	
   were	
   prepared	
   by	
   a	
  
Sonogashira	
  coupling	
  reaction	
  as	
  the	
  key	
  step.	
  The	
  half-­‐lives	
  of	
  the	
  corresponding	
  VHFs	
  
were	
  compared	
   to	
   the	
   related	
  VHFs	
  4.34b	
   and	
  4.417	
  (at	
  25	
   oC	
   in	
  MeCN).	
  First,	
  we	
  see	
  
that	
   the	
   4-­‐nitrophenyl-­‐functionalized	
   VHF	
   4.3	
   has	
   the	
   shortest	
   half-­‐life	
   (79	
   min).	
  
Moving	
  the	
  4-­‐nitrophenyl	
  further	
  apart	
  from	
  the	
  VHF	
  via	
  conjugated	
  bridges	
  increases	
  
the	
  half-­‐life,	
  but	
  the	
  increase	
  strongly	
  depends	
  on	
  the	
  nature	
  of	
  the	
  bridging	
  unit.	
  Thus,	
  
the	
  linearly	
  conjugated	
  VHF	
  4.1	
  has	
  a	
  half-­‐life	
  of	
  119	
  min,	
  while	
  the	
  cross-­‐conjugated	
  
VHF	
  4.2	
  has	
  a	
  longer	
  half-­‐life	
  of	
  131	
  min,	
  close	
  to	
  that	
  of	
  the	
  4-­‐ethynylphenyl	
  derivative	
  
4.4	
   (137	
  min).	
  The	
  influence	
  of	
  the	
  4-­‐nitrophenyl	
  electron-­‐withdrawing	
  group	
  is	
  thus	
  
reduced	
  when	
  linked	
  via	
  a	
  cross-­‐conjugated	
  bridge.	
  

	
  

	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
Figure	
  4.5.	
  Half-­‐lives	
  for	
  VHF-­‐to-­‐DHA	
  conversions	
  in	
  MeCN	
  at	
  25	
  oC.	
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4.4	
  Donor-­‐Acceptor	
  Substitution	
  at	
  DHA	
  Position	
  C-­‐3	
  
Arylation	
  at	
  position	
  C-­‐3	
  of	
  DHA	
  is	
  more	
  challenging	
  (see	
  Chapter	
  6),	
  but	
  we	
  managed	
  
to	
   prepare	
   two	
   series	
   of	
   compounds	
   (Systems	
   G	
   and	
   H	
   in	
   Figure	
   4.6)	
   where	
   a	
  
substituent	
  group	
   is	
  changed	
  at	
   this	
  position	
  (Z	
  =	
  OMe,	
  H,	
  NO2).18	
  Interestingly,	
   these	
  
compounds	
   return	
   from	
  VHF	
   to	
  DHA	
  at	
   ultrafast	
   rates	
   at	
   room	
   temperature,	
   and	
   for	
  
this	
   reason	
   we	
   had	
   to	
   conduct	
   kinetics	
   measurements	
   at	
   -­‐20	
   oC	
   in	
   EtOH.	
   Again	
   we	
  
achieved	
  Hammett	
  correlations	
  as	
  shown	
  in	
  Figure	
  4.6,	
  for	
  both	
  series	
  with	
  a	
  negative	
  
slope.	
  Thus,	
  at	
  this	
  position	
  electron-­‐donating	
  groups	
  enhance	
  the	
  ring-­‐closure	
  reaction	
  
in	
  contrast	
  to	
  their	
  influence	
  at	
  DHA	
  position	
  C-­‐2.	
  One	
  reason	
  for	
  the	
  ultrafast	
  reactions	
  
can	
  be	
   that	
   the	
  VHF	
  s-­‐trans/s-­‐cis	
  preequilibrium	
  is	
  more	
   in	
   favor	
  of	
   the	
  reactive	
  s-­‐cis	
  
conformer	
   for	
   these	
   systems	
   due	
   to	
   steric	
   interactions	
   with	
   the	
   aryl	
   group.	
   This	
  
interpretation	
   was	
   supported	
   by	
   a	
   calculational	
   study	
   by	
   Prof.	
   Mikkelsen	
   and	
   co-­‐
workers	
  at	
  University	
  of	
  Copenhagen.18b	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  4.6.	
  Hammett	
  correlations	
  for	
  VHF-­‐to-­‐DHA	
  conversions	
  in	
  EtOH	
  at	
  -­‐20	
  oC.	
  [k]	
  =	
  s-­‐1.	
  
Reproduced	
  from	
  Ref.	
  18b	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  

	
  
4.5	
  Influence	
  of	
  Benzannulation	
  
Another	
  way	
  of	
  tuning	
  the	
  switching	
  properties	
  is	
  to	
  fuse	
  a	
  benzene	
  ring	
  to	
  either	
  the	
  
seven-­‐	
   or	
   five-­‐membered	
   ring	
   of	
   DHA.	
   Then	
   conversion	
   of	
   DHA	
   to	
   a	
   VHF	
   will	
   be	
  
accompanied	
  by	
  conversion	
  of	
   the	
  aromatic	
  system	
  into	
  a	
  cross-­‐conjugated	
  o-­‐quinoid	
  
structure,	
   and	
   the	
   energy	
  difference	
  between	
   the	
   two	
   isomers	
   should	
   accordingly	
   be	
  
increased.	
  For	
  comparison,	
  Mitchell	
  and	
  co-­‐workers19	
  have	
  shown	
  how	
  the	
  properties	
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of	
   the	
   metacyclophanediene-­‐dihydropyrene	
   photoswitch	
   can	
   be	
   strongly	
   tuned	
   by	
  
benzannulation.	
   In	
   addition,	
   Yang	
   et	
   al.20	
  have	
   shown	
   that	
   if	
   the	
   ethene	
   bridge	
   in	
  
dithienylethene	
   photoswitches	
   is	
   made	
   part	
   of	
   an	
   aromatic	
   system,	
   the	
   relative	
  
dithienylethene/dihydrodithienobenzene	
   stabilities	
   are	
   altered	
   relative	
   to	
   the	
   non-­‐
benzenoid	
  isomers.	
  

We	
   recently	
   prepared	
  DHA	
  4.5	
   (see	
   Chapter	
   6	
   for	
   synthesis)	
  where	
   a	
   benzene	
  
ring	
   is	
   fused	
   to	
   positions	
   C-­‐7	
   and	
   C-­‐8	
   of	
   DHA	
   (Figure	
   4.7).21	
  This	
   DHA	
   could	
   not	
   be	
  
converted	
   to	
   VHF	
   by	
   irradiation,	
   but	
   instead	
   it	
   was	
   opened	
   to	
   the	
   Z/E-­‐VHF	
   4.6	
   by	
  
treatment	
  with	
  AlCl3	
  followed	
  by	
  water,	
  which,	
   however,	
   underwent	
   immediate	
   ring-­‐
closure	
  to	
  form	
  DHA	
  4.7	
  where	
  the	
  fusion	
  has	
  moved	
  to	
  the	
  C-­‐5	
  –	
  C-­‐6	
  bond	
  of	
  DHA.	
  In	
  a	
  
similar	
  manner,	
  DHA	
  4.8	
  was	
  converted	
  to	
  VHF	
  4.9,22	
  which	
  could	
  not	
  be	
  isolated	
  as	
  it	
  
returned	
  instantenously	
  to	
  the	
  aromatic	
  DHA.	
  Now	
  this	
  fast	
  conversion	
  is	
  presumably	
  
not	
  only	
  a	
  result	
  of	
  the	
  undesirable	
  quinoid	
  structure	
  of	
  4.9	
  as	
  the	
  VHF	
  is	
  also	
  locked	
  in	
  
the	
   reactive	
   s-­‐cis	
   conformation.	
   Indeed,	
   we	
   have	
   together	
   with	
   Prof.	
   Jörg	
   Daub	
   at	
  
University	
  of	
  Regensburg	
  found	
  that	
  when	
  DHA	
  4.10	
   is	
  opened	
  to	
  VHF	
  4.11,	
  it	
  returns	
  
within	
  seconds	
  to	
  the	
  DHA	
  (Figure	
  4.8).23	
  Calculations	
  reveal	
  that	
  the	
  Gibbs	
  free	
  energy	
  
difference	
  between	
  Z-­‐4.6	
  and	
  4.5	
  is	
  76	
  kJ	
  mol-­‐1	
  and	
  105	
  kJ	
  mol-­‐1	
  between	
  E-­‐4.6	
  and	
  4.7.	
  
In	
   comparison,	
   the	
   Gibbs	
   free	
   energy	
   difference	
   between	
   the	
   2-­‐phenyl-­‐substituted	
  
DHA/VHF	
  couple	
  is	
  only	
  27.7	
  kJ	
  mol-­‐1.24	
  The	
  huge	
  increase	
  obtained	
  by	
  benzannulation	
  
makes	
   it	
   an	
   interesting	
   way	
   of	
   increasing	
   the	
   energy	
   storage	
   capacities	
   of	
   light-­‐
harvesting	
   photochromes	
   for	
   solar	
   energy	
   storage,25	
  despite	
   the	
   undesired	
   switching	
  
properties	
  at	
  present	
  for	
  this	
  purpose.	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
Figure	
  4.7.	
  Benzannulation	
  of	
  DHA	
  has	
  significant	
  influence	
  on	
  the	
  switching	
  properties.	
  

	
  

On	
  the	
  other	
  hand,	
  when	
  fusing	
  a	
  benzene	
  ring	
  to	
  the	
  VHF	
  as	
  in	
  4.12	
  (Figure	
  4.9),	
  
ring-­‐closure	
   to	
   form	
  the	
  quinoid	
  structure	
   in	
  DHA	
  4.13	
   is	
  prevented	
  –	
  no	
  conversion	
  
occurs	
   even	
   at	
   elevated	
   temperature.22	
  The	
   aromatic	
   character	
   of	
   the	
   fused	
   aromatic	
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rings	
   of	
   4.7,	
   4.8,	
   and	
   4.12	
   were	
   confirmed	
   by	
   X-­‐ray	
   crystallographic	
   analyses;	
   the	
  
structures	
  are	
  shown	
  in	
  Figure	
  4.10.	
  The	
  bond	
  lengths	
  of	
  the	
  fused	
  benzene	
  ring	
  in	
  4.12	
  
are	
   in	
   the	
   range	
   1.36-­‐1.42	
  Å,	
  which	
   are	
   close	
   to	
   the	
   value	
   of	
   1.39	
  Å	
   in	
   benzene.	
   The	
  
bond	
  lengths	
  of	
  the	
  planar	
  naphthalene	
  moeity	
  of	
  4.8	
  (highlighted	
  in	
  Figure	
  4.11)	
  are	
  
listed	
  in	
  Table	
  4.1	
  in	
  comparison	
  to	
  those	
  of	
  naphthalene	
  itself.	
  It	
  transpires	
  that	
  very	
  
similar	
  lengths	
  are	
  obtained.	
  	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  4.8.	
  Locking	
  the	
  VHF	
  in	
  the	
  reactive	
  s-­‐cis	
  
conformation	
  results	
  in	
  ultrafast	
  ring-­‐closure	
  of	
  the	
  
VHF.	
  Cover	
  picture	
  reproduced	
  from	
  Ref.	
  23	
  with	
  

permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  
	
  

	
  

	
  

	
  
	
  
	
  
	
  

Figure	
  4.9.	
  Benzannulation	
  of	
  VHF	
  prevents	
  ring-­‐closure.	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  4.10.	
  Molecular	
  structures	
  of	
  benzannulated	
  DHAs	
  4.7	
  (left)	
  and	
  4.8	
  (middle)	
  and	
  
benzannulated	
  VHF	
  4.12	
  (right)	
  according	
  to	
  X-­‐ray	
  crystallographic	
  analyses.	
  Left	
  structure	
  

reproduced	
  from	
  Ref.	
  21	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  Middle	
  and	
  right	
  
structures	
  reproduced	
  from	
  Ref.	
  22	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
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Figure	
  4.11.	
  Designation	
  of	
  bonds	
  –	
  bond	
  lengths	
  are	
  listed	
  in	
  Table	
  4.1.	
  
	
  

Table	
  4.1.	
  Comparison	
  of	
  bond	
  lengths	
  (in	
  Å)	
  in	
  DHA	
  4.8	
  (Ref.	
  22)	
  and	
  
naphthalene;	
  see	
  Figure	
  4.11	
  for	
  labeling	
  of	
  bonds.	
  

Bond	
   DHA	
  4.8	
   Naphthalene	
   Difference	
  

a	
   1.416	
   1.417	
   -­‐0.001	
  
b	
   1.372	
   1.364	
   0.008	
  
c	
   1.416	
   1.416	
   0.000	
  
d	
   1.364	
   1.350	
   0.014	
  
e	
   1.419	
   1.423	
   -­‐0.004	
  
f	
   1.429	
   1.405	
   0.024	
  
g	
   1.415	
   1.423	
   -­‐0.008	
  
h	
   1.371	
   1.350	
   0.021	
  
i	
   1.402	
   1.416	
   -­‐0.014	
  
j	
   1.364	
   1.364	
   0.000	
  
k	
   1.415	
   1.417	
   -­‐0.002	
  

	
  
	
  
4.6	
  Dimeric	
  DHA	
  Structures	
  
Another	
   objective	
   of	
   our	
   research	
   has	
   been	
   to	
   elucidate	
   how	
   two	
   DHA/VHF	
   units	
  
interact	
  when	
  linked	
  by	
  either	
  a	
  linearly	
  conjugated	
  p-­‐phenylene	
  spacer	
  (4.14;	
  Figure	
  
4.12)	
   or	
   a	
   cross-­‐conjugated	
  m-­‐phenylene	
   spacer	
   (4.15).26	
  The	
   syntheses	
   of	
  4.14	
   and	
  
4.15	
   resemble	
   each	
   other	
   and	
   are	
   shown	
   in	
   Figure	
   4.13.	
   Compounds	
  4.16	
   and	
  4.17	
  
(prepared	
  by	
  Knoevenagel	
   condensations	
   from	
  ketone	
  precursors	
  and	
  malononitrile)	
  
were	
   treated	
   with	
   a	
   base	
   (lithium	
   hexamethyldisilazide	
   in	
   the	
   case	
   of	
   4.16	
   and	
  
triethylamine	
   in	
   the	
   case	
   of	
   4.17)	
   and	
   tropylium	
   tetrafluoroborate	
   to	
   provide	
  
compounds	
   4.18	
   and	
   4.19,	
   respectively.	
   Hydride	
   abstraction	
   followed	
   by	
  
deprotonation	
  then	
  gave	
  the	
  VHF	
  dimers	
  4.20	
  and	
  4.21,	
  which	
  upon	
  heating	
  gave	
  the	
  
DHA	
  dimers	
  4.14	
  and	
  4.15	
  (as	
  mixtures	
  of	
  diastereoisomers).	
  The	
  intermediates	
  were	
  
not	
   isolated	
   pure	
   in	
   this	
   sequence	
   as	
   these	
   isolations	
   turned	
   out	
   to	
   be	
   somewhat	
  
challenging.	
  The	
  structures	
  of	
  4.14	
  and	
  4.15	
  were	
  confirmed	
  by	
  X-­‐ray	
  crystallographic	
  
analyses	
  (Figure	
  4.14).	
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Figure	
  4.12.	
  DHA	
  dimers.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
Figure	
  4.13.	
  Synthesis	
  of	
  DHA	
  dimers.	
  LiHMDS	
  =	
  lithium	
  hexamethylsilazide;	
  DCE	
  =	
  1,2-­‐

dichloroethane.	
  

	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  4.14.	
  Molecular	
  structures	
  of	
  DHA	
  dimers	
  4.14	
  (left)	
  and	
  4.15	
  (right)	
  according	
  to	
  X-­‐
ray	
  crystallographic	
  analyses.	
  Reproduced	
  from	
  Ref.	
  26	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  

Sons.	
  
	
  

The	
  two	
  DHA	
  dimers	
  were	
  subjected	
  to	
  irradiation	
  in	
  MeCN,	
  and	
  the	
  conversions	
  
of	
   the	
   two	
   DHA	
   units	
   into	
   VHFs	
   were	
   followed	
   in	
   time	
   in	
   collaboration	
   with	
   Prof.	
  
Henrik	
   G.	
   Kjaergaard	
   at	
   University	
   of	
   Copenhagen.	
   As	
   Figure	
   4.15	
   shows,	
   the	
   two	
  
compounds	
  behave	
  very	
  differently.	
   It	
   takes	
  significantly	
   longer	
   time	
   to	
  convert	
  both	
  
DHA	
   units	
   of	
   4.14	
   into	
   VHF	
   units	
   than	
   it	
   does	
   for	
   4.15.	
   The	
   reluctance	
   of	
   4.14	
   to	
  
undergo	
  photoisomerizations	
   can	
  be	
  explained	
  by	
  a	
   change	
  of	
   the	
   chromophore	
  part	
  
(less	
  DHA	
  character)	
  by	
  the	
  linearly	
  conjugated	
  p-­‐phenylene	
  bridge.	
  This	
  interpretation	
  
is	
  in	
  accordance	
  to	
  a	
  significantly	
  redshifted	
  longest-­‐wavelength	
  absorption	
  maximum	
  
of	
   408	
   nm	
   in	
   MeCN,	
   while	
   the	
   characteristic	
   DHA	
   absorption	
   is	
   usually	
   at	
   355	
   nm.	
  
Indeed,	
  a	
  computational	
  study	
  by	
  Prof.	
  Kurt	
  V.	
  Mikkelsen	
  and	
  co-­‐workers	
  revealed	
  that	
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both	
   the	
   HOMO	
   and	
   LUMO	
   of	
   4.14	
   are	
   significantly	
   delocalized	
   along	
   the	
   entire	
  
molecule	
  with	
  significant	
  density	
  on	
  the	
  central	
  benzene	
  ring.	
  26	
  

For	
   compound	
   4.15	
   it	
   turned	
   out	
   that	
   the	
   two	
   DHA	
   units	
   were	
   opened	
   in	
   a	
  
stepwise	
   manner:	
   DHA-­‐DHA	
   →	
   DHA-­‐VHF	
   →	
   VHF-­‐VHF.26	
   The	
   first	
   ring-­‐opening	
  
reaction	
  seemed	
  to	
  occur	
  with	
  a	
  quantum	
  yield	
  similar	
  to	
  that	
  of	
  the	
  parent	
  2-­‐phenyl-­‐
substituted	
  DHA.	
  The	
  second	
  ring-­‐opening	
   reaction	
   (DHA-­‐VHF	
  →	
  VHF-­‐VHF)	
  occurred	
  
much	
  more	
  reluctantly.	
  By	
  fitting	
  the	
  VHF	
  absorption	
  against	
  time	
  of	
  irradiation	
  with	
  a	
  
double-­‐exponential	
  fit,	
  the	
  ratio	
  between	
  time	
  constants	
  was	
  determined	
  to	
  29	
  in	
  MeCN.	
  
In	
  consequence,	
  it	
  is	
  possible	
  to	
  almost	
  selectively	
  open	
  one	
  DHA	
  unit	
  without	
  affecting	
  
the	
   second.	
   The	
   sequential	
   ring-­‐openings	
  were	
   also	
   observed	
   in	
   CH2Cl2,	
   toluene,	
   and	
  
cyclohexane.	
  Yet,	
   they	
  are	
  more	
  evident	
   in	
  polar	
   solvents	
   than	
   in	
  non-­‐polar	
   solvents.	
  
Thus,	
  the	
  ratio	
  between	
  time	
  constants	
  is	
  significantly	
  reduced	
  from	
  29	
  in	
  acetonitrile	
  
to	
  14	
   in	
  cyclohexane.	
  We	
   interpreted	
   this	
  observation	
  (in	
   line	
  with	
  calculations)	
  by	
  a	
  
quenching	
   of	
   the	
   DHA	
   photoactivity	
   in	
   DHA-­‐VHF	
   by	
   a	
   charge-­‐transfer	
   mechanism	
  
(facilitated	
  in	
  a	
  polar	
  solvent)	
  as	
  the	
  neighboring	
  VHF	
  unit	
  is	
  an	
  electron	
  acceptor	
  unit.	
  	
  
This	
  is	
  schematically	
  illustrated	
  in	
  Figure	
  4.16.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  4.15.	
  The	
  VHF	
  absorbance	
  at	
  the	
  absorption	
  maximum	
  (normalized	
  to	
  unity	
  for	
  the	
  
final	
  species)	
  is	
  plotted	
  as	
  a	
  function	
  of	
  time	
  of	
  light	
  irradiation;	
  DHA-­‐DHA	
  →	
  DHA-­‐VHF	
  →	
  VHF-­‐
VHF	
  for	
  4.14	
  (filled	
  circles)	
  and	
  4.15	
  (open	
  circles).	
  Irradiation	
  of	
  4.14	
  was	
  performed	
  using	
  a	
  
light	
  source	
  (4	
  lamps)	
  with	
  a	
  broad	
  radiation	
  around	
  368	
  nm,	
  while	
  irradiation	
  of	
  4.15	
  was	
  
done	
  using	
  a	
  less	
  intense	
  150-­‐W	
  Xenon	
  arc	
  lamp	
  equipped	
  with	
  monochromator	
  set	
  at	
  a	
  

wavelength	
  of	
  365	
  nm.	
  The	
  time	
  scales	
  for	
  DHA	
  to	
  VHF	
  conversions	
  for	
  the	
  two	
  compounds	
  can	
  
therefore	
  not	
  be	
  directly	
  compared	
  in	
  this	
  figure.	
  As	
  the	
  light	
  source	
  is	
  less	
  intense	
  for	
  4.15,	
  it	
  is	
  
clear,	
  however,	
  that	
  both	
  DHA	
  ring-­‐openings	
  of	
  this	
  compound	
  occur	
  faster	
  than	
  those	
  of	
  4.14.	
  

Reproduced	
  from	
  Ref.	
  26	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  

We	
  have	
  observed	
  a	
  quenching	
  effect	
  of	
  the	
  DHA	
  photoactivity	
   in	
  other	
  systems	
  
incorporating	
   an	
   electron	
   acceptor	
   unit.	
   Thus,	
   we	
   have	
   found	
   that	
   in	
   DHA-­‐C60	
  
conjugates,	
  the	
  quantum	
  yield	
  is	
  reduced	
  the	
  closer	
  the	
  C60	
  unit	
  is	
  to	
  the	
  DHA	
  unit.17	
  In	
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addition,	
  we	
  have	
   found	
   that	
   the	
  DHA	
  photoactivity	
  was	
  reduced	
   in	
  a	
  DHA-­‐TTF	
  dyad	
  
upon	
  oxidizing	
  the	
  TTF	
  unit	
  to	
   its	
  radical	
  cation.27	
  It	
  should	
  be	
  noted	
  that	
  both	
  donor	
  
and	
   acceptor	
   units	
   reduce	
   the	
   photoactivity,	
   in	
   both	
   cases	
   presumably	
   via	
  
photoinduced	
   electron	
   transfer	
   mechanisms.	
   Thus,	
   the	
   photoactivity	
   is	
   already	
   very	
  
low	
   in	
   the	
   presence	
   of	
   the	
   TTF	
   unit	
   as	
   it	
   also	
   is	
   for	
   a	
   derivative	
   containing	
   a	
  
dithiafulvene	
  unit.28	
  	
  

The	
   half-­‐lives	
   of	
   the	
   thermally	
   induced	
  VHF-­‐to-­‐DHA	
  back-­‐reactions	
   of	
   the	
  VHF-­‐
VHF	
   of	
  4.15	
  were	
   only	
   slightly	
   different	
   (the	
   electron-­‐withdrawing	
   character	
   of	
   the	
  
VHF	
  is	
  not	
  transmitted	
  efficiently	
  via	
  the	
  cross-­‐conjugated	
  meta	
  bridge).	
  This	
  behavior	
  
is,	
   however,	
   different	
   when	
   the	
   two	
   VHF	
   units	
   are	
   incorporated	
   in	
   a	
   macrocyclic	
  
structure	
  (based	
  on	
  4.15	
  as	
  the	
  core	
  structure),	
  but	
  this	
  difference	
  is	
  now	
  most	
  likely	
  
due	
  to	
  conformational	
  constraints.29	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  4.16.	
  The	
  DHA	
  
dimer	
  4.15	
  undergoes	
  
stepwise	
  photoisome-­‐

rizations,	
  which	
  seem	
  to	
  be	
  
a	
  result	
  of	
  quenching	
  of	
  the	
  
DHA	
  photoactivity	
  in	
  DHA-­‐
VHF	
  by	
  the	
  VHF	
  electron	
  
acceptor	
  unit	
  (transfer	
  of	
  
electron	
  from	
  photoexcited	
  
DHA	
  to	
  VHF).	
  Reproduced	
  
from	
  Ref.	
  26	
  with	
  permis-­‐
sion	
  from	
  John	
  Wiley	
  and	
  

Sons.	
  

	
  
	
  
	
  
	
  



Chapter	
  4:	
  Chemical	
  Reactivity	
  

	
   -­‐	
  63	
  -­‐	
  

4.7	
  DHA-­‐Ruthenium	
  Conjugates	
  
Figure	
   4.17	
   shows	
   a	
   selection	
   of	
   DHA-­‐ruthenium	
   conjugates	
   that	
   we	
   have	
  
prepared	
   and	
   studied.30	
  Here	
   we	
   found	
   that	
   for	
   compounds	
   4.22-­‐4.24	
   with	
   a	
  
bridging	
   unit	
   conveying	
   a	
   linear	
   conjugation	
   between	
   the	
  DHA	
   and	
  Ru	
   center,	
  
the	
   DHA	
   photoactivity	
   was	
   quenched,	
   while	
   it	
   was	
   maintained	
   in	
   compound	
  
4.25	
  that	
  incorporates	
  a	
  cross-­‐conjugated	
  meta-­‐phenylene	
  unit.	
  	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

Figure	
  4.17.	
  DHA-­‐Ru	
  conjugates.	
  
	
  
4.8	
  Conclusions	
  
This	
  chapter	
  on	
  chemical	
   reactivity	
  has	
   focused	
  on	
  how	
  the	
  VHF-­‐to-­‐DHA	
  ring-­‐closure	
  
reaction	
  is	
  influenced	
  in	
  different	
  ways.	
  Our	
  studies	
  have	
  shown	
  that	
  it	
  is	
  promoted	
  in	
  
polar	
   solvents,	
   by	
   electron-­‐donating	
   groups	
   at	
   positions	
   C-­‐3	
   and	
  C-­‐7	
   of	
  DHA,	
   and	
   by	
  
electron-­‐withdrawing	
   substituents	
   at	
   position	
   C-­‐2.	
   Altogether,	
   these	
   results	
   indicate	
  
that	
   a	
   polarized	
   transition	
   state	
   structure	
   is	
   involved	
   in	
   the	
   reaction.	
   The	
   reduced	
  
influence	
  of	
  donor/acceptor	
  groups	
  on	
  the	
  ring-­‐closure	
  reaction	
  when	
  placed	
  in	
  cross-­‐
conjugation	
  to	
  the	
  VHF	
  is	
  also	
  clearly	
  evident	
  from	
  our	
  studies.	
  From	
  the	
  ring-­‐closure	
  
kinetics	
  of	
  suitably	
  functionalized	
  DHA/VHF	
  derivatives	
  and	
  the	
  Hammett	
  correlations,	
  
we	
   are	
   able	
   to	
   estimate	
   Hammett	
   σ-­‐constants	
   for	
   substituent	
   groups	
   not	
   yet	
  
determined.	
  For	
  example,	
  it	
  allowed	
  us	
  to	
  quantify	
  the	
  electron-­‐withdrawing	
  character	
  
of	
  1,2,3-­‐triazole	
  groups.	
  

Benzannulation	
   of	
   the	
   DHA-­‐VHF	
   system	
   has	
   severe	
   consequences	
   for	
   the	
  
switching	
  properties	
  since	
  the	
  aromaticity	
  is	
  lost	
  upon	
  generation	
  of	
  a	
  cross-­‐conjugated	
  
quinoid	
  structure.	
  When	
  this	
  quinoid	
  unit	
  is	
  present	
  in	
  VHF,	
  it	
  returns	
  instantaneously	
  
to	
   DHA,	
   while	
   if	
   instead	
   the	
   VHF	
   incorporates	
   an	
   aromatic	
   ring,	
   it	
   is	
   too	
   stable	
   to	
  
undergo	
  a	
  ring-­‐closure	
  reaction.	
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Furthermore,	
   we	
   have	
   found	
   that	
   linking	
   two	
   DHA	
   units	
   via	
   a	
   benzene	
   ring	
   in	
  
either	
  para	
  or	
  meta	
  configurations	
  has	
  strong	
  implications	
  for	
  the	
  switching	
  properties.	
  
The	
   DHA-­‐to-­‐VHF	
   photoactivity	
   of	
   the	
   linearly	
   conjugated	
   para	
   compound	
   is	
   thus	
  
significantly	
  reduced,	
  while	
  the	
  cross-­‐conjugated	
  meta	
  compound	
  undergoes	
  stepwise	
  
light-­‐induced	
   ring-­‐opening	
   reactions.	
   For	
   DHA-­‐ruthenium	
   conjugates,	
   we	
   found	
   that	
  
the	
  DHA	
  photoactivity	
  was	
  quenched	
  when	
  the	
   two	
  units	
  were	
  connected	
  via	
  a	
  para-­‐
phenylene	
  unit,	
  while	
  retained	
  via	
  a	
  meta-­‐phenylene	
  unit.	
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SINGLE-­‐MOLECULE	
  CONDUCTANCE	
  
STUDIES	
  	
  
5.1	
  Introduction	
  
The	
  nature	
  of	
  the	
  conjugation	
  has	
  strong	
  influence	
  on	
  the	
  single-­‐molecule	
  conductance	
  
as	
  was	
   illustrated	
   by	
   a	
   few	
   examples	
   in	
   the	
   first	
   chapter.	
   In	
   collaboration	
  with	
   Prof.	
  
Herre	
  van	
  der	
  Zant	
  (Delft	
  University	
  of	
  Technology)	
  and	
  Prof.	
  Wenjing	
  Hong	
  (Xiamen	
  
University,	
   China),	
   the	
   single	
  molecule	
   conductance	
  properties	
   of	
   a	
   large	
   selection	
  of	
  
our	
  molecules	
  have	
  been	
  studied.	
   In	
   this	
   chapter,	
   I	
   shall	
  discuss	
  mainly	
   those	
   results	
  
that	
   directly	
   relate	
   to	
   cross-­‐conjugation.	
   These	
   include	
   studies	
   on	
   cruciform-­‐like	
  
molecules	
   based	
   on	
   an	
   oligo(phenyleneethynylene)	
   (OPE)	
   molecular	
   wire	
   with	
   an	
  
extended	
   tetrathiafulvalene	
   (TTF)	
   situated	
   orthogonally	
   to	
   the	
   OPE,	
   studies	
   on	
  
indenofluorene-­‐extended	
   TTFs,	
   studies	
   on	
   donor-­‐acceptor	
   substituted	
   OPEs,	
   and	
  
studies	
   on	
   the	
   dihydroazulene-­‐vinylheptafulvene	
   (DHA-­‐VHF)	
   photo-­‐/thermoswitch.	
  
Since	
   sulfur	
   binds	
   strongly	
   to	
   gold,1	
  acetyl-­‐protected	
   thiolates	
   were	
   employed	
   as	
  
electrode	
   anchoring	
   groups	
   (with	
   in-­‐situ	
   deprotection).	
   The	
   conductance	
   properties	
  
were	
   measured	
   in	
   various	
   kinds	
   of	
   junctions.	
   In	
   the	
   mechanically	
   controlled	
   break-­‐
junction,	
   a	
   gap	
   is	
   formed	
   between	
   two	
   gold	
   electrodes	
   (source	
   and	
   drain)	
   by	
  
mechanically	
  bending	
  a	
  gold	
  wire.	
  By	
  controlling	
  the	
  width	
  of	
  the	
  gap,	
  a	
  molecule	
  can	
  
be	
  bridged	
  between	
  the	
  two	
  electrodes,	
  and	
  the	
  conductance	
  is	
  measured	
  at	
  a	
  certain	
  
bias	
  voltage	
  during	
  many	
  opening/closure	
  cycles.	
  Another	
  way	
  of	
  creating	
  a	
  nanogap	
  is	
  
by	
   electromigration	
   where	
   a	
   gold	
   wire	
   is	
   broken	
   by	
   a	
   high	
   current.	
   A	
   third	
   gold	
  
electrode	
  covered	
  with	
  atomic	
  layer	
  deposited	
  aluminium	
  oxide	
  can	
  be	
  used	
  as	
  gate	
  to	
  
control	
   the	
   charge	
   state	
   of	
   the	
   molecule,	
   providing	
   a	
   three-­‐terminal	
   device.	
   A	
   more	
  
detailed	
   description	
   of	
   the	
   physical	
   methods	
   for	
   measuring	
   single-­‐molecule	
  
conductances	
   is	
   outside	
   the	
   scope	
   of	
   this	
   dissertation,	
   and	
   the	
   reader	
   is	
   instead	
  
referred	
  to	
  a	
  recent	
  review.2	
  
	
  
5.2	
  OPE-­‐TTF	
  Cruciform	
  Molecules	
  
In	
  a	
  transistor	
  the	
  current	
  between	
  source	
  and	
  drain	
  electrodes	
  is	
  controlled	
  by	
  a	
  third	
  
electrode,	
  the	
  gate	
  electrode.	
  We	
  reasoned	
  that	
  TTF	
  could	
  be	
  used	
  as	
  the	
  “third	
  leg”	
  in	
  a	
  
molecular	
  transistor	
  for	
  which	
  the	
  conductance	
  is	
  controlled	
  by	
  the	
  TTF	
  redox	
  state.3,	
  4	
  
TTF	
  has	
  played	
  a	
  prominent	
  role	
  in	
  the	
  field	
  of	
  molecular	
  electronics	
  since	
  Aviram	
  and	
  
Ratner5	
  in	
  1974	
  proposed	
  molecular	
  rectification	
  in	
  a	
  TTF-­‐TCNQ	
  dyad	
  with	
  an	
  alifatic	
  
bridging	
  unit.	
  With	
  instead	
  the	
  transistor	
  picture	
  in	
  mind,	
  we	
  designed	
  the	
  motif	
  shown	
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in	
   Figure	
   5.1.6	
  It	
   contains	
   an	
   OPE	
   molecular	
   wire	
   with	
   an	
   extended	
   TTF	
   in	
   the	
  
orthogonal	
  direction.	
   In	
  the	
  neutral	
  state,	
   the	
  conjugation	
  along	
  the	
  molecular	
  wire	
   is	
  
linearly	
  conjugated,	
  but	
  upon	
  oxidation	
  of	
  the	
  extended	
  TTF	
  unit,	
  either	
  a	
  quinoid	
  and	
  
cross-­‐conjugated	
  structure	
  or	
  a	
  diradical	
  structure	
  is	
  generated,	
  which	
  should	
  alter	
  the	
  
conductance.	
   On	
   account	
   of	
   the	
   almost	
   orthogonal	
   arrangement	
   of	
   the	
   OPE	
   and	
  
extended	
  TTF	
  moieties,	
  we	
  have	
  used	
  the	
  term	
  cruciform	
  for	
  such	
  molecules.	
  Cruciform	
  
motifs	
  based	
  on	
   two	
  orthogonal	
  π-­‐systems	
  have	
   in	
  general	
   received	
   interest	
   for	
   their	
  
electronic	
  and	
  optical	
  properties.7	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
Figure	
  5.1.	
  Cruciform	
  motif	
  based	
  on	
  OPE	
  molecular	
  wire	
  with	
  an	
  “orthogonal”	
  extended	
  TTF.	
  

	
  

Our	
  synthesis	
  of	
  an	
  OPE5-­‐TTF	
  cruciform	
   is	
  shown	
   in	
  Figure	
  5.2.8,	
  9	
  It	
   starts	
  by	
  a	
  
Wittig	
  reaction	
  between	
  the	
  dialdehyde	
  5.1	
  (for	
  which	
  we	
  developed	
  a	
  synthesis	
  6a)	
  and	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  

	
  
	
  
	
  

	
  
	
  

Figure	
  5.2.	
  Synthesis	
  of	
  OPE5-­‐TTF	
  cruciform.	
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the	
  phosphonium	
  salt	
  5.210.	
  Treating	
  the	
  product	
  5.3	
  with	
  potassium	
  carbonate	
  and	
  1-­‐
propanol	
  resulted	
  in	
  both	
  desilylations	
  and	
  transesterifications	
  of	
  the	
  peripheral	
  ester	
  
groups,	
  providing	
  compound	
  5.4.	
  This	
  compound	
  was	
  treated	
  with	
  the	
  aryl	
  iodide	
  5.5	
  
under	
   Sonogashira	
   conditions	
   to	
   provide	
   the	
   OPE3-­‐TTF	
   cruciform	
   5.6.	
   Finally,	
   a	
  
desilylation	
  followed	
  by	
  Sonogashira	
  coupling	
  with	
  the	
  aryl	
  iodide	
  5.7	
  gave	
  the	
  target	
  
OPE5-­‐TTF	
  5.8	
  with	
   thioacetate	
   electrode	
   anchoring	
   groups.	
   In	
   a	
   similar	
  manner,	
   the	
  
OPE3-­‐TTF	
  cruciform	
  5.9	
  was	
  prepared11	
  (as	
  well	
  as	
  derivatives	
  containing	
  thioacetate	
  
end-­‐groups6a,8),	
  and	
  X-­‐ray	
  crystallographic	
  analysis	
  revealed	
  an	
  almost	
  planar	
  π-­‐system	
  
(Figure	
  5.3).	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  5.3.	
  Molecular	
  structure	
  of	
  OPE3-­‐TTF	
  5.9	
  according	
  to	
  X-­‐ray	
  crystallographic	
  analysis.	
  

Reproduced	
  from	
  Ref.	
  11	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  
	
  

A	
   three-­‐terminal	
   device	
   (using	
   the	
   electromigration	
   method)	
   was	
   prepared	
   by	
  
Herre	
  van	
  der	
  Zant	
  and	
  co-­‐workers	
   from	
   the	
  OPE5-­‐TTF	
  5.8	
   in	
  which	
   the	
  molecule	
   is	
  
anchored	
   to	
   two	
  gold	
  electrodes	
  (source	
  and	
  drain),	
  and	
  a	
   third	
  electrode	
  (gate)	
  was	
  
then	
  employed	
  to	
  control	
  the	
  redox	
  state	
  of	
  the	
  molecule;12	
  a	
  schematic	
  drawing	
  of	
  how	
  
we	
  imagine	
  the	
  molecule	
  could	
  be	
  anchored	
  in	
  the	
  junction	
  is	
  shown	
  in	
  Figure	
  5.4.	
  The	
  
acetyl	
  protecting	
  groups	
  are	
  removed	
  in	
  situ	
  under	
  the	
  experimental	
  conditions.	
  A	
  plot	
  
of	
  the	
  single	
  molecule	
  conductance	
  as	
  a	
  function	
  of	
  bias	
  and	
  gate	
  potentials	
  is	
  shown	
  in	
  
Figure	
  5.5	
  where	
  blue	
  color	
  represents	
  low	
  or	
  no	
  current	
  (off	
  states)	
  and	
  orange	
  to	
  red	
  
color	
  represents	
  high	
  current	
  (on	
  states).	
  The	
   figure	
  also	
  shows	
  an	
  assignment	
  of	
   the	
  
various	
   regions	
   (so-­‐called	
  Coulomb	
  blockade	
  diamonds)	
   to	
   charge	
   and	
   spin	
   states	
   of	
  
the	
  molecule.	
  This	
  analysis	
  required	
  detailed	
  theoretical	
  modeling	
  and	
  was	
  performed	
  
by	
   physicists	
   Prof.	
   Per	
   Hedegård,	
   Prof.	
   Jens	
   Paaske,	
   and	
   Dr.	
   Martin	
   Leijnse	
   in	
  
Copenhagen.	
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Figure	
  5.4.	
  Schematic	
  drawing	
  of	
  OPE5-­‐TTF	
  5.8	
  in	
  three-­‐terminal	
  device.	
  The	
  molecule	
  
is	
  spanned	
  between	
  source	
  and	
  drain	
  electrodes	
  (gold),	
  presumably	
  via	
  the	
  sulfur	
  atoms.	
  

Reproduced	
  from	
  Ref.	
  12	
  with	
  permission	
  from	
  the	
  American	
  Physical	
  Society.	
  
	
  

The	
   horizontal	
   lines	
   showing	
   conductance	
   at	
   zero	
   bias	
   were	
   sort	
   of	
   molecular	
  
“fingerprint	
  regions”	
  used	
  for	
  assigning	
  the	
  charge	
  states.	
  These	
  zero	
  bias	
  conductances	
  
are	
   called	
   Kondo	
   resonances	
   and	
   are	
   a	
   consequence	
   of	
   unpaired	
   spins.	
   Electron	
  
transport	
  is	
  here	
  accompanied	
  by	
  a	
  spin	
  flip	
  of	
  the	
  molecule.	
  A	
  very	
  strong	
  Kondo	
  effect	
  
is	
  observed	
  in	
  the	
  region	
  furthest	
  to	
  the	
  right	
  (signaling	
  one	
  spin	
  1/2),	
  and	
  this	
  region	
  
was	
  assigned	
  to	
  the	
  radical	
  anion	
  state	
  where	
  an	
  electron	
  has	
  been	
  added	
  to	
  one	
  of	
  the	
  
rings	
   along	
   the	
   wire	
   (and	
  with	
   a	
  mirror	
   image	
   charge	
   in	
   the	
   electrode).	
   The	
   Kondo	
  
resonance	
   splits	
   into	
   two	
   lines	
   in	
   the	
   presence	
   of	
   a	
   magnetic	
   field	
   (8	
   T),	
   which	
  
corresponds	
   to	
   the	
   Zeeman	
   effect	
  where	
   the	
   spin	
   up	
   and	
   down	
   states	
   are	
   no	
   longer	
  
degenerate.	
  When	
  removing	
  an	
  electron	
   from	
  this	
  molecule	
  (proceeding	
   to	
   the	
   left	
   in	
  
the	
   plot),	
   the	
   neutral	
   species	
   is	
   generated,	
   but	
   a	
   Kondo	
   resonance	
   is	
   still	
   observed,	
  
albeit	
  weaker.	
  The	
  weaker	
  Kondo	
  resonance	
  can	
  be	
  explained	
  by	
  a	
  flipping	
  of	
  two	
  spins	
  
instead	
   of	
   just	
   one.	
   Therefore,	
   we	
   assign	
   this	
   region	
   to	
   a	
   state	
   with	
   two	
   unpaired	
  
electrons	
  (triplet	
  ground	
  state),	
  and	
  where	
  the	
  electron	
  has	
  been	
  removed	
  from	
  one	
  of	
  
the	
   DTF	
   units.	
   This	
   is	
   a	
   structure	
   of	
   the	
   neutral	
   molecule	
   that	
   is	
   promoted	
   in	
   the	
  
junction,	
  but	
  of	
  course	
  not	
  in	
  solution.	
  Further	
  oxidation	
  removes	
  an	
  electron	
  from	
  the	
  
second	
  DTF	
  unit,	
  providing	
   three	
   interacting	
   spins	
   (region	
   furthest	
   to	
   the	
   left).	
  Thus,	
  
now	
  we	
  have	
  most	
  likely	
  a	
  diradical	
  structure	
  on	
  the	
  central	
  extended	
  TTF	
  unit.	
  In	
  all,	
  
the	
  molecule	
  is	
  switched	
  between	
  polyradical	
  states	
  via	
  the	
  gate	
  potential.	
  Importantly,	
  
the	
  diradical	
  depiction	
  of	
  the	
  extended	
  TTF	
  moiety	
  keeps	
  the	
  central	
  aromatic	
  benzene	
  
core	
   intact	
   instead	
   of	
   turning	
   it	
   into	
   a	
   quinoid	
   structure.	
   In	
   other	
   words,	
   cross-­‐
conjugation	
   is	
   avoided.	
   The	
   experiments	
   show	
   how	
   the	
   molecule	
   behaves	
   as	
   a	
  
molecular	
  transistor,	
  but	
  in	
  a	
  quite	
  complicated	
  fashion.	
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Figure	
  5.5.	
  Conductance	
  plot	
  of	
  OPE5-­‐TTF	
  5.8	
  (R	
  =	
  CO2Pr)	
  in	
  three-­‐terminal	
  device	
  

(measurements	
  performed	
  at	
  temperature	
  of	
  2	
  K).	
  Blue	
  color	
  represents	
  low	
  current	
  and	
  
orange	
  to	
  red	
  color	
  represents	
  high	
  current	
  as	
  a	
  function	
  of	
  bias	
  and	
  gate	
  voltages.	
  An	
  

assignment	
  of	
  the	
  various	
  regions	
  to	
  charge	
  and	
  spin	
  states	
  of	
  the	
  molecule	
  is	
  shown.	
  Conduc-­‐
tance	
  plot	
  reproduced	
  from	
  Ref.	
  12	
  with	
  permission	
  from	
  the	
  American	
  Physical	
  Society.	
  
	
  

More	
   recently,	
   we	
   prepared	
   the	
   indenofluorene-­‐extended	
   TTF	
   5.10	
   shown	
   in	
  
Figure	
  5.6,	
  being	
  a	
  significantly	
  stronger	
  electron	
  donor	
  than	
  5.8,	
  and	
  it	
  was	
  subjected	
  
to	
  three-­‐terminal	
  conductance	
  measurements	
  in	
  Delft.13	
  This	
  molecule	
  showed	
  a	
  strong	
  
Kondo	
  resonance	
  that	
  was	
  assigned	
  to	
  a	
  spin	
  1/2	
  state	
  (reproduced	
  in	
  several	
  devices),	
  
but	
  we	
  cannot	
  say	
  unambiguously	
  whether	
  it	
  is	
  due	
  to	
  generation	
  of	
  a	
  spin	
  within	
  the	
  
molecular	
  wire	
  by	
  oxidation	
  of	
  the	
  DTF	
  unit	
  since	
  only	
  a	
  part	
  of	
  one	
  charge	
  state	
  region	
  
(diamond)	
  could	
  be	
  measured	
  within	
  the	
  potential	
  window.	
  

	
  

	
  

	
  

	
  

	
  

	
  
Figure	
  5.6.	
  Indenofluorene-­‐extended	
  TTF	
  (left)	
  prepared	
  by	
  us	
  and	
  studied	
  in	
  Delft	
  in	
  three-­‐
terminal	
  device.	
  Oxidation	
  of	
  the	
  DTF	
  unit	
  would	
  in	
  this	
  case	
  generate	
  an	
  unpaired	
  spin	
  within	
  
the	
  molecular	
  wire	
  itself	
  (right),	
  but	
  we	
  cannot	
  say	
  unambiguously	
  whether	
  the	
  measured	
  

Kondo	
  resonance	
  is	
  due	
  to	
  this	
  spin.	
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5.3	
  Donor-­‐Acceptor	
  Cruciforms	
  
By	
  changing	
  one	
  of	
  the	
  two	
  DTF	
  units	
  into	
  an	
  acceptor	
  group,	
  we	
  reasoned	
  that	
  some	
  
degree	
  of	
  quinoid	
  and	
  hence	
  cross-­‐conjugated	
  character	
  of	
  the	
  central	
  benzene	
  ring	
  in	
  
an	
  OPE	
  cruciform	
  could	
  possibly	
  be	
  promoted	
  (Figure	
  5.7).	
  First,	
  we	
  prepared	
  the	
  key	
  
building	
   block	
   5.11	
   (Figure	
   5.8)	
   by	
   treating	
   the	
   dialdehyde	
   5.1	
   with	
   only	
   one	
  
equivalent	
   of	
   the	
   ylide	
   generated	
   from	
   the	
   phosphonium	
   salt	
   5.2	
   (providing	
   the	
  
product	
   in	
   a	
   yield	
   of	
   64%).14	
  Desilylation	
   and	
   transesterification	
  of	
  5.11	
   followed	
  by	
  
Sonogashira	
   couplings	
   with	
   the	
   aryl	
   iodide	
   5.7	
   gave	
   the	
   OPE3	
   donor-­‐acceptor	
  
cruciform	
  5.12	
  with	
  thioacetate	
  end-­‐caps.	
  This	
  compound	
  can	
  be	
  further	
  transformed	
  
into	
  the	
  donor-­‐acceptor	
  cruciform	
  5.13	
  in	
  a	
  Knoevenagel	
  condensation	
  with	
  indan-­‐1,3-­‐
dione.	
  	
  	
  

	
  

	
  

	
  

	
  

	
  
Figure	
  5.7.	
  Two	
  resonance	
  forms	
  of	
  donor-­‐acceptor	
  cruciform	
  motif.	
  A	
  =	
  acceptor.	
  

	
  

From	
  X-­‐ray	
  crystallographic	
  analysis	
  of	
  5.11	
  (Figure	
  5.9),	
  we	
  estimate	
  a	
  quinoid	
  
character	
  of	
  0.03	
  and	
  0.02	
  Å	
  for	
  the	
  two	
  asymmetric	
  parts	
  (calculated	
  as	
  [a	
  +	
  b	
  –	
  2c]	
  /	
  2,	
  
where	
  a,	
  b,	
  and	
  c	
  are	
  the	
  lengths	
  of	
  the	
  three	
  C-­‐C	
  bonds	
  in	
  the	
  ring	
  between	
  the	
  DTF	
  and	
  
CHO	
  units).	
  This	
   is	
  about	
  15%	
  of	
  the	
  quinoid	
  character	
  of	
  p-­‐benzoquinone	
  (0.16	
  Å).15	
  
Some	
  degree	
  of	
  quinoid	
  character	
  was	
  also	
  supported	
  by	
  electrochemistry.	
  Thus,	
  5.11	
  
underwent	
  an	
   irreversible	
  oxidation	
  at	
  +0.88	
  V	
  vs.	
  Fc/Fc+	
   in	
  CH2Cl2	
   (0.1	
  M	
  Bu4NPF6),	
  
while	
   a	
   related	
   compound	
   with	
   one	
   DTF	
   unit	
   and	
   no	
   aldehyde	
   group	
   underwent	
  
irreversible	
   oxidation	
   at	
   +0.75	
   V	
   vs.	
   Fc/Fc+.16	
  It	
   is	
   thus	
   significantly	
  more	
   difficult	
   to	
  
oxidize	
  5.11.	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  

Figure	
  5.8.	
  Donor-­‐acceptor	
  OPE3	
  cruciform	
  molecules.	
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Figure	
  5.9.	
  Molecular	
  structure	
  of	
  
5.11	
  from	
  X-­‐ray	
  crystallographic	
  
analysis.	
  Bond	
  lengths	
  (Å)	
  of	
  the	
  
central	
  benzene	
  ring	
  are	
  indicated	
  
(used	
  for	
  calculating	
  the	
  quinoid	
  
character):	
  1.430(4),	
  1.380(4),	
  
1.387(4),	
  1.413(4),	
  1.389(4),	
  

1.403(3)	
  Å.	
  	
  Reproduced	
  from	
  Ref.	
  
14	
  (Nature	
  Communications).	
  

	
  

The	
   single-­‐molecule	
   conductances	
   of	
   the	
   donor-­‐acceptor	
  OPE3	
  molecular	
  wires	
  
and	
  the	
  unsubstituted	
  OPE3	
  were	
  studied	
  in	
  a	
  mechanically	
  controlled	
  break-­‐junction	
  
by	
   the	
   Delft	
   group.	
   Figure	
   5.10	
   shows	
   the	
   conductance	
   histograms	
   for	
   the	
   three	
  
compounds	
   at	
   a	
   finite	
   bias	
   voltage	
   of	
   0.1	
   V.14	
   Interestingly,	
   the	
   two	
   donor-­‐acceptor	
  
compounds	
  exhibit	
  a	
  very	
  broad	
  distribution	
  of	
  conductances,	
  which	
  could	
  be	
  fitted	
  by	
  
the	
  sum	
  of	
   two	
  Gaussian	
  curves.	
  The	
  highest	
  conductance	
  peak	
   is	
  close	
   to	
   that	
  of	
   the	
  
simple	
  OPE3	
   (and	
  also	
   to	
   that	
  of	
  an	
  OPE3	
  with	
  only	
  one	
  DTF	
  group,	
  but	
  no	
  acceptor	
  
group16).	
  The	
  second	
  peak	
  is	
  about	
  one	
  order	
  of	
  magnitude	
  lower	
  in	
  conductance	
  than	
  
the	
   first.	
   These	
   broad	
   conductance	
   histograms	
   are	
   in	
   contrast	
   to	
   the	
   sharp	
   peak	
  
measured	
  for	
  the	
  simple	
  OPE3.	
  The	
  environment	
  of	
  a	
  molecule	
  in	
  a	
  break-­‐junction	
  at	
  a	
  
certain	
  bias	
  may	
  change	
   from	
  one	
  opening-­‐closure	
  experiment	
   to	
   the	
  other	
  and	
   from	
  
one	
  electrodes	
  position	
  to	
  the	
  other	
  along	
  the	
  same	
  opening	
  experiment.	
  Therefore,	
  we	
  
explain	
  the	
  broad	
  conductance	
  histograms	
  of	
  5.12	
  and	
  5.13	
  by	
  small	
  variations	
  in	
  the	
  
environment	
  for	
  each	
  measurement,	
  and	
  these	
  small	
  variations	
  may	
  enhance	
  either	
  the	
  
linearly	
   conjugated	
   resonance	
   form	
   shown	
   in	
   Figure	
  5.7	
   or	
   the	
   cross-­‐conjugated	
   one	
  
(or	
   any	
   structure	
   in-­‐between).	
   The	
   linearly	
   conjugated	
   resonance	
   form	
   should	
   thus	
  
correspond	
  to	
  the	
  upper	
  limit	
  of	
  the	
  conductance	
  (resembling	
  OPE3),	
  while	
  the	
  cross-­‐
conjugated	
  form	
  should	
  correspond	
  to	
  the	
  lower	
  limit.	
  Transport	
  calculations	
  by	
  Prof.	
  
Kurt	
  V.	
  Mikkelsen	
  and	
  co-­‐workers	
  at	
  University	
  of	
  Copenhagen	
  on	
  5.12•H+	
   and	
  5.14	
  
(Figure	
   5.11)	
   added	
   further	
   support	
   for	
   this	
   interpretation.	
   Protonation	
   of	
   5.12	
  
enhances	
  the	
  quinoid	
  resonance	
  form	
  and	
  it	
  had	
  a	
  transmission	
  that	
  was	
  ca.	
  one-­‐fourth	
  
of	
  that	
  calculated	
  for	
  the	
  linearly	
  conjugated	
  OPE3	
   in	
  a	
  junction.	
  The	
  inherently	
  cross-­‐
conjugated	
  molecule	
  5.14	
  had	
  a	
  transmission	
  close	
  to	
  that	
  of	
  5.12•H+.	
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Figure	
  5.10.	
  Conductance	
  histograms	
  of	
  5.12	
  (top),	
  5.13	
  (middle),	
  and	
  OPE3	
  (bottom),	
  which	
  
were	
  built	
  from	
  more	
  than	
  1000	
  traces	
  each.	
  The	
  thick	
  black	
  lines	
  represent	
  the	
  fit	
  of	
  the	
  

molecular	
  peak	
  to	
  a	
  sum	
  of	
  two	
  Gaussian	
  curves	
  and	
  the	
  dashed	
  lines	
  represent	
  the	
  individual	
  
Gaussian	
  peaks.	
  The	
  conductances	
  G	
  are	
  reported	
  in	
  units	
  of	
  the	
  conductance	
  quantum	
  G0.	
  

Reproduced	
  from	
  Ref.	
  14	
  (Nature	
  Communications).	
  	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  

Figure	
  5.11.	
  Cross-­‐conjugated	
  structures	
  studied	
  theoretically	
  between	
  two	
  gold	
  clusters	
  each	
  
of	
  9	
  gold	
  atoms.	
  

	
  
5.4	
  Dihydroazulene-­‐Vinylheptafulvene	
  Molecular	
  Wires	
  
The	
   conductance	
   properties	
   of	
   the	
   two	
   DHA	
   isomers	
   5.15	
   and	
   5.16	
   (Figure	
   5.12),	
  
which	
  we	
  prepared	
  by	
  our	
  bromination	
  –	
  elimination	
  –	
  cross-­‐coupling	
  protocol,17	
  and	
  
the	
  VHF	
  5.17	
  (E/Z)	
  obtained	
  by	
  irradiation	
  were	
  studied	
  by	
  Prof.	
  Wenjing	
  Hong	
  and	
  co-­‐
workers	
   by	
   break-­‐junction	
   experiments.17b	
   A	
   significant	
   difference	
   in	
   the	
   single-­‐
molecule	
  conductances	
  of	
  the	
  three	
  isomers	
  was	
  observed	
  (Figure	
  5.13).	
  DHA	
  5.15	
  for	
  
which	
  a	
   linearly	
  conjugated	
  pathway	
  can	
  be	
  drawn	
  between	
  the	
  ends	
  of	
  the	
  molecule	
  
was	
  found	
  to	
  exhibit	
  the	
  highest	
  conductance.	
  The	
  VHF	
  5.17,	
  which	
  is	
  cross-­‐conjugated	
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at	
   the	
   vinyl	
   part,	
   had	
   the	
   second-­‐highest	
   conductance.	
   DHA	
   5.16	
   had	
   the	
   lowest	
  
conductance,	
   which	
   is	
   explained	
   not	
   only	
   by	
   the	
   cross-­‐conjugation	
   between	
   the	
   aryl	
  
substituent	
  and	
  the	
  7-­‐seven-­‐membered	
  ring,	
  but	
  also	
  by	
  the	
  strong	
  deviation	
  from	
  co-­‐
planarity	
   between	
   the	
   aryl	
   substituent	
   and	
   the	
   DHA	
   unit	
   as	
   evident	
   from	
   the	
   X-­‐ray	
  
crystal	
   structure	
   shown	
   in	
   Figure	
   5.14.	
   The	
   less	
   efficient	
  π-­‐electron	
   delocalization	
   in	
  
DHA	
   5.16	
   relative	
   to	
   that	
   in	
   5.15	
   is	
   also	
   reflected	
   by	
   their	
   longest-­‐wavelength	
  
absorption	
   maxima:	
   372	
   nm	
   (5.16)	
   and	
   393	
   nm	
   (5.15)	
   in	
   acetonitrile.	
   The	
   above	
  
interpretation	
   and	
   assigned	
   sequence	
   of	
   conductances	
   were	
   supported	
   by	
   a	
  
calculational	
   study	
   by	
   Prof.	
   Gemma	
   Solomon	
   and	
   co-­‐workers	
   in	
   Copenhagen.	
  
Interestingly,	
  it	
  was	
  possible	
  to	
  switch	
  between	
  DHA	
  5.15	
  and	
  VHF	
  5.17	
  in	
  the	
  junction	
  
by	
  time	
  and	
  thermal	
  stimuli;	
   the	
  system	
  thus	
  behaved	
  as	
  a	
   light-­‐controlled	
  molecular	
  
on/off	
  switch.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  5.13.	
  Conductance	
  histograms	
  
for	
  molecules	
  5.15	
  (blue),	
  5.16	
  (black),	
  
and	
  5.17	
  (red)	
  The	
  conductances	
  G	
  are	
  
reported	
  in	
  units	
  of	
  the	
  conductance	
  
quantum	
  G0.	
  Reproduced	
  from	
  Ref.	
  17b	
  
(Nature	
  Communications	
  –	
  In	
  revision).	
  

	
  

	
  
	
  

Figure	
  5.12.	
  DHA/VHF	
  molecular	
  wires	
  studied	
  in	
  
break-­‐junctions.	
  One	
  conjugation	
  pathway	
  between	
  
the	
  two	
  sulfur	
  end-­‐groups	
  is	
  highlighted	
  by	
  solid	
  

bonds	
  for	
  each	
  structure.	
  
	
  
	
  
	
  
	
  	
  
	
  

	
  
	
  
	
  

Figure	
  5.14.	
  Molecular	
  structure	
  of	
  DHA	
  5.16	
  according	
  to	
  X-­‐ray	
  crystallographic	
  analysis.	
  
Reproduced	
  from	
  Ref.	
  17b	
  (Nature	
  Communications	
  –	
  In	
  revision).	
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Light/heat	
   controlled	
   conductance	
   switching	
   was	
   also	
   achieved	
   for	
   one	
   of	
   our	
  
other	
  DHA/VHF	
  molecules	
  (5.18/5.19)	
  when	
  organized	
  in	
  a	
  self-­‐assembled	
  monolayer	
  
between	
  gold	
  electrodes	
  (source	
  and	
  drain)	
  and	
  a	
  reduced	
  graphene	
  oxide	
  transparent	
  
top	
   contact,	
   functioning	
   as	
   the	
   interfacial	
   layer	
   to	
   top	
   metal	
   electrodes. 18 	
  The	
  
experimental	
  conductance	
  studies	
  were	
  performed	
  by	
  my	
  colleagues	
  Prof.s	
  Bo	
  Wegge	
  
Laursen	
   and	
   Kasper	
   Nørgaard	
   (and	
   co-­‐workers)	
   at	
   University	
   of	
   Copenhagen.	
   A	
  
schematic	
   illustration	
   of	
   the	
   molecular	
   test	
   bed	
   is	
   shown	
   in	
   Figure	
   5.15.	
   For	
   this	
  
system,	
   anchoring	
   to	
   the	
   gold	
   source	
   and	
   drain	
   substrates	
   was	
   achieved	
   via	
   a	
  
thioacetate	
  group	
  sitting	
  on	
  the	
  meta	
  position	
  of	
  a	
  phenyl	
  substituent	
  located	
  at	
  C-­‐2	
  of	
  
the	
   DHA.	
   Conductance	
   switching	
   for	
   the	
   system	
   was	
   achieved	
   by	
   alternating	
   UV	
  
irradiation	
  and	
  heating	
  (Figure	
  5.16),	
  and	
  the	
  studies	
  revealed	
  the	
  DHA	
  isomer	
  (5.18)	
  
to	
   be	
   of	
   higher	
   conductance	
   than	
   the	
   VHF	
   isomer	
   (5.19).	
   As	
   the	
   break-­‐junction	
  
experiments	
   described	
   above	
   clearly	
   showed,	
   the	
   position	
   of	
   anchoring	
   plays	
   an	
  
important	
  role	
  in	
  regard	
  to	
  whether	
  DHA	
  or	
  VHF	
  is	
  most	
  conducting.	
  For	
  the	
  set-­‐up	
  in	
  
Figure	
   5.15	
   it	
   is	
   therefore	
   more	
   difficult	
   to	
   make	
   conclusions	
   rooted	
   in	
   cross-­‐
conjugation	
  as	
  the	
  contact	
  between	
  the	
  physisorbed	
  top	
  electrode	
  and	
  the	
  molecules	
  is	
  
not	
  well	
  defined	
   (only	
  anchoring	
   to	
   the	
  gold	
   surface	
   is	
   controlled	
  by	
   the	
  SAc	
  group);	
  
that	
   is,	
   we	
   cannot	
   say	
   how	
   the	
   reduced	
   graphene	
   oxide	
   electrode	
   couples	
   to	
   the	
  
molecules	
   (to	
   either	
   an	
   atom	
   of	
   the	
   seven-­‐membered	
   ring	
   or	
   possibly	
   to	
   one	
   of	
   the	
  
cyano	
   groups	
   for	
   some	
   conformations).	
   Nevertheless,	
   this	
   work	
   presents	
   another	
  
example	
   on	
   how	
   the	
   DHA/VHF	
   system	
   can	
   conveniently	
   be	
   used	
   for	
   conductance	
  
switching.	
   In	
   addition,	
   it	
   deserves	
   mention	
   that	
   conductance	
   switching	
   has	
   been	
  
observed	
  for	
  a	
  DHA/VHF	
  system	
  integrated	
  in	
  a	
  gated	
  single-­‐molecule	
  device	
  operating	
  
in	
   the	
   Coulomb	
   blockade	
   regime	
   (work	
   in	
   collaboration	
  with	
   Prof.s	
   Sergey	
   Kubatkin	
  
and	
  Andrey	
  Danilov	
  at	
  Chalmers	
  University	
  of	
  Technology	
  in	
  Gothenburg).19	
  

	
  

	
  

	
  

	
  

	
  
	
  

	
  
Figure	
  5.15.	
  Left:	
  Illustration	
  of	
  junction	
  based	
  on	
  a	
  reduced	
  graphene	
  oxide	
  thin	
  film	
  as	
  top	
  

contact	
  between	
  two	
  self-­‐assembled	
  molecular	
  monolayers	
  on	
  source	
  and	
  drain	
  gold	
  
substrates.	
  Right:	
  Illustration	
  of	
  cross-­‐section	
  of	
  the	
  molecular	
  junction	
  containing	
  DHA/VHF	
  
molecules	
  5.18	
  and	
  5.19.	
  Reproduced	
  from	
  Ref.	
  18	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
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Figure	
  5.16.	
  Current-­‐voltage	
  (I-­‐V)	
  characteristics	
  of	
  the	
  junction	
  illustrated	
  in	
  Figure	
  5.15.	
  

Conductance	
  switching	
  was	
  promoted	
  by	
  heating	
  (VHF	
  to	
  DHA	
  conversion)	
  and	
  UV	
  irradiation	
  
(DHA	
  to	
  VHF	
  conversion);	
  the	
  DHA	
  (blue	
  color)	
  exhibited	
  higher	
  conductance	
  than	
  the	
  VHF	
  

(red	
  color).	
  Reproduced	
  from	
  Ref.	
  18	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  

	
  

5.5	
  Conclusions	
  
The	
  presence	
  or	
  absence	
  of	
  cross-­‐conjugation	
  has	
  been	
  tracked	
   in	
  various	
  ways	
   from	
  
single-­‐molecule	
   conductance	
   studies	
   on	
   DTF-­‐functionalized	
   molecular	
   wires.	
   Studies	
  
showed	
   that	
   for	
   an	
  OPE5-­‐TTF	
   cruciform	
   structure,	
   the	
   cross-­‐conjugated	
   and	
   quinoid	
  
structure	
  was	
  avoided	
  for	
  the	
  oxidized	
  species	
  as	
  clear	
  signatures	
  (Kondo	
  resonances)	
  
were	
  observed	
  that	
  could	
  be	
  attributed	
  to	
  unpaired	
  electrons.	
  Quinoid	
  structures	
  could,	
  
however,	
   be	
   tracked	
   for	
   donor-­‐acceptor	
   cruciforms	
   studied	
   in	
   break-­‐junctions	
   at	
   a	
  
finite	
   bias	
   voltage.	
   These	
   molecules	
   showed	
   remarkably	
   broad	
   conductance	
  
histograms,	
  which	
  we	
  ascribe	
  to	
  the	
  promotion	
  of	
  either	
  the	
  linearly	
  conjugated	
  (high	
  
conductance)	
   or	
   cross-­‐conjugated	
   (low	
   conductance)	
   resonance	
   form	
   as	
   the	
   main	
  
contributor	
   to	
   the	
   overall	
   resonance	
   hybrid.	
   Small	
   changes	
   in	
   the	
   environment	
   and	
  
orientation	
   of	
   the	
   donor-­‐acceptor	
   molecule	
   in	
   the	
   junction	
   for	
   each	
   conductance	
  
measurement	
   are	
   likely	
   responsible	
   for	
   this	
   effect.	
   This	
   resembles	
   in	
   some	
   way	
   the	
  
solvatochromism	
   of	
   molecules	
   exhibiting	
   charge-­‐transfer	
   absorptions	
   where	
   solvent	
  
polarity	
  perturbs	
  the	
  ground	
  and	
  excited	
  states.	
  	
  

The	
   influence	
   of	
   cross-­‐conjugation	
   was	
   also	
   seen	
   in	
   studies	
   of	
   DHA	
   and	
   VHF	
  
isomers	
   in	
   a	
   break-­‐junction.	
   The	
   one	
   DHA	
   isomer	
   for	
   which	
   a	
   linear	
   conjugation	
  
pathway	
  can	
  be	
  drawn	
  between	
  the	
  two	
  electrode	
  anchoring	
  groups	
  exhibited	
  a	
  higher	
  
conductance	
   than	
   the	
   two	
  other	
   isomers,	
  which	
  both	
  have	
  one	
  cross-­‐conjugated	
  unit.	
  
Deviations	
   from	
  planarity	
  should	
  of	
  course	
  also	
  be	
  taken	
   into	
  account	
   in	
   these	
  rather	
  
complicated	
   structures,	
   but	
   altogether	
   our	
   results	
   combined	
  with	
   those	
   of	
   others	
   do	
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support	
   the	
  conclusion	
  that	
  electron	
  transport	
   is	
   less	
  efficient	
  along	
  cross-­‐conjugated	
  
molecular	
  wires	
  than	
  along	
  linearly	
  conjugated	
  ones.	
  Several	
  other	
  devices	
  have	
  shown	
  
conductance	
   switching	
   of	
   the	
   DHA/VHF	
   system,	
   but	
   we	
   cannot	
   from	
   these	
   studies	
  
directly	
  extract	
  information	
  on	
  the	
  influence	
  of	
  cross-­‐conjugation.	
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SYNTHETIC	
  METHODS	
  	
  
6.1	
  Introduction	
  
I	
   have	
   in	
   the	
   previous	
   chapters	
   shown	
   several	
   examples	
   on	
  how	
  we	
  have	
  developed	
  
synthetic	
   protocols	
   for	
   cross-­‐conjugated	
   molecules.	
   In	
   general,	
   the	
   methods	
   rely	
   on	
  
combinations	
   of	
   acetylenic	
   coupling	
   reactions	
   and	
   methods	
   for	
   preparing	
   and	
  
functionalizing	
  dithiafulvenes/tetrathiafulvalenes,	
  heptafulvenes,	
  dihydroazulenes,	
  and	
  
azulenes.	
  I	
  have	
  together	
  with	
  co-­‐authors	
  reviewed	
  some	
  of	
  our	
  methods	
  in	
  the	
  field	
  of	
  
acetylenic	
   scaffolding1	
  as	
   well	
   as	
   functionalization	
   methods	
   of	
   dihydroazulenes2.	
   In	
  
addition,	
   procedures	
   for	
   preparing	
   cruciform-­‐like	
   extended	
   tetrathiafulvalenes	
   have	
  
been	
   reviewed.3	
  This	
   chapter	
   will	
   provide	
   a	
   more	
   detailed	
   overview	
   of	
   synthetic	
  
methods,	
  with	
  an	
  emphasis	
  on	
  how	
  each	
  method	
  has	
  been	
  important	
  for	
  the	
  ultimate	
  
synthesis	
  of	
   cross-­‐conjugated	
  molecules	
  or	
   for	
   their	
   functionalization.	
  The	
  properties	
  
of	
  the	
  target	
  molecules	
  have	
  in	
  some	
  cases	
  contributed	
  to	
  fundamental	
  understanding	
  
of	
   cross-­‐conjugation	
   as	
   described	
   in	
   previous	
   chapters,	
   but	
   in	
   others	
   the	
   cross-­‐
conjugation	
  is	
  just	
  a	
  segment	
  of	
  the	
  molecule,	
  and	
  other	
  properties	
  were	
  focused	
  upon	
  
in	
  the	
  work	
  that	
  was	
  published.	
  This	
  chapter	
  will	
  only	
  focus	
  on	
  synthesis.	
  
	
  
6.2	
  Acetylenic	
  Scaffolding	
  
6.2.1	
  The	
  Oxidative	
  Hay	
  Homo-­‐coupling	
  of	
  Alkynes	
  
Homo-­‐coupling	
   of	
   two	
   terminal	
   alkynes	
   to	
   form	
   a	
   buta-­‐1,3-­‐diyne	
   using	
   the	
   oxidative	
  
Hay	
  coupling4	
  plays	
  a	
  key	
  role	
   in	
  the	
  synthesis	
  of	
  several	
  of	
  our	
  scaffolds,	
  such	
  as	
  the	
  
macrocycle	
  6.15	
  (Figure	
  6.1).	
  The	
  terminal	
  alkyne	
  is	
  stirred	
  in	
  a	
  solvent	
  like	
  acetone	
  or	
  
dichloromethane	
  using	
  the	
  CuCl-­‐TMEDA	
  catalyst	
  system	
  under	
  open	
  air	
  as	
  the	
  reaction	
  
requires	
  oxygen	
  as	
  oxidizing	
  agent	
  (TMEDA	
  =	
  N,N,N’,N’-­‐tetramethylethylenediamine).	
  	
  

	
  	
  

	
  

	
  

	
  

	
  

	
  
	
  

Figure	
  6.1.	
  Homo-­‐coupling	
  of	
  two	
  terminal	
  alkynes	
  via	
  the	
  oxidative	
  Hay	
  coupling	
  –	
  the	
  
modified	
  conditions	
  were	
  employed	
  in	
  the	
  synthesis	
  of	
  the	
  macrocycle	
  6.1.	
  TMEDA	
  =	
  N,N,N’,N’-­‐

tetramethylethylenediamine.	
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We	
   found	
   that	
   the	
   reaction	
   time	
   can	
   be	
   reduced	
   significantly	
   by	
   adding	
   molecular	
  
sieves	
   to	
   the	
   reaction	
   mixture.6	
  This	
   finding	
   was	
   based	
   on	
   detailed	
   kinetics	
   studies	
  
using	
   the	
   simple	
   substrate	
   p-­‐methylphenylacetylene.	
   We	
   found	
   that	
   the	
   reaction	
   is	
  
zero-­‐order	
   in	
  the	
  alkyne,	
  but	
   in	
  time	
  it	
  changes	
  to	
  a	
  slower	
  zero-­‐order	
  kinetics.	
  Thus,	
  
using	
  3.0	
  mmol	
  of	
  substrate	
  in	
  25	
  mL	
  CH2Cl2	
  and	
  ca.	
  5	
  mol%	
  CuCl	
  and	
  10	
  mol%	
  TMEDA,	
  
a	
  shift	
  to	
  slower	
  zero-­‐order	
  kinetics	
  was	
  observed	
  after	
  ca.	
  56%-­‐conversion	
  (Figure	
  2,	
  
left).	
  The	
  shift	
  could	
  be	
  postponed	
  to	
  a	
  higher	
  conversion	
  percentage	
  by	
  increasing	
  the	
  
catalyst	
  loading.	
  	
  Yet,	
  it	
  could	
  be	
  avoided	
  simply	
  by	
  adding	
  4Å-­‐molecular	
  sieves	
  to	
  the	
  
mixture.	
   Coupling	
   of	
   two	
   alkynes	
   consumes	
   O2,	
   and	
   water	
   should	
   be	
   generated.	
   It	
  
seems	
  that	
  this	
  water	
  has	
  a	
  retarding	
  influence	
  on	
  the	
  coupling	
  (confirmed	
  by	
  addition	
  
of	
  water),	
  and	
  it	
  is	
  therefore	
  beneficial	
  to	
  remove	
  it	
  by	
  molecular	
  sieves.	
  Interestingly,	
  
we	
  found	
  a	
  linear	
  correlation	
  between	
  the	
  percentage	
  of	
  remaining	
  acetylene	
  after	
  30-­‐
min	
  reaction	
  time	
  and	
  the	
  stirring	
  rate;	
  this	
  reflects	
  the	
  importance	
  of	
  the	
  efficiency	
  by	
  
which	
  oxygen	
  is	
  entering	
  the	
  reaction	
  mixture.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  
Figure	
  6.2.	
  Left:	
  Conversion	
  of	
  p-­‐methylphenylacetylene	
  over	
  time	
  under	
  Hay	
  conditions	
  (3.0	
  
mmol	
  acetylene,	
  5.5	
  mol%	
  CuCl	
  and	
  11	
  mol%	
  TMEDA	
  in	
  CH2Cl2	
  (25	
  mL)).	
  A	
  shift	
  between	
  a	
  fast	
  
to	
  slow	
  zero-­‐order	
  kinetics	
  is	
  observed	
  after	
  ca.	
  53	
  min.	
  The	
  data	
  points	
  are	
  based	
  on	
  13C-­‐NMR	
  
spectroscopic	
  investigations	
  using	
  a	
  highly	
  sensitive	
  cryoprobe	
  NMR	
  instrument;	
  this	
  is	
  a	
  

rather	
  unconventional	
  method,	
  but	
  applicable	
  as	
  the	
  aryl	
  carbon	
  resonances	
  of	
  reactants	
  and	
  
products	
  have	
  similar	
  NOE	
  and	
  relaxation	
  times.	
  Right:	
  Conversion	
  of	
  p-­‐methylphenylacetylene	
  
after	
  30	
  min	
  as	
  a	
  function	
  of	
  stirring	
  rate	
  (3.0	
  mmol	
  acetylene,	
  10	
  mol%	
  CuCl	
  and	
  30	
  mol%	
  
TMEDA	
  in	
  CH2Cl2	
  (25	
  mL))	
  in	
  the	
  presence	
  of	
  molecular	
  sieves	
  (4	
  Å).	
  Reproduced	
  from	
  Ref.	
  6	
  

with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
  
	
  
6.2.2	
  Synthesis	
  and	
  Unsymmetrical	
  Coupling	
  Reactions	
  of	
  1-­‐Chloroalkynes	
  
Synthesis	
   of	
   unsymmetrical	
   buta-­‐1,3-­‐diynes	
   can	
   be	
   accomplished	
   by	
   the	
   Cadiot-­‐
Chodkiewics	
  coupling7	
  and	
   in	
  particular	
  by	
  Pd-­‐catalyzed	
  versions	
  thereof.8	
  A	
   terminal	
  
alkyne	
  and	
  a	
  1-­‐haloalkyne,	
  usually	
  1-­‐bromo-­‐	
  or	
  1-­‐iodoalkyne,	
   are	
  used	
  as	
   substrates.	
  
The	
   bromo-­‐	
   and	
   iodoalkynes	
   are	
   not	
   always	
   stable,	
   and	
   we	
   therefore	
   decided	
   to	
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investigate	
   the	
   use	
   of	
   1-­‐chloroalkynes,	
   often	
   being	
   more	
   stable.	
   We	
   found	
   that	
   1-­‐
chloroalkynes	
   can	
   be	
   conveniently	
   prepared	
   by	
   treating	
   the	
   trimethylsilyl-­‐protected	
  
alkyne	
  with	
  trichloroisocyanuric	
  acid	
  (TCCA)	
  and	
  AgNO3.9	
  This	
  method	
  works	
  well	
  for	
  
arylated	
   alkynes	
  with	
   electron-­‐withdrawing	
   substituents	
   as	
   shown	
   in	
   Figure	
  6.3.	
   For	
  
unsubstituted	
   or	
   donor-­‐substituted	
   arylalkynes,	
   chlorinated	
   ketones	
   become	
   instead	
  
the	
  dominant	
  products.	
  Conversion	
  of	
  the	
  differentially	
  protected	
  penta-­‐1,4-­‐diyn-­‐3-­‐one	
  
6.2	
   provided	
   the	
   product	
   6.3	
   (Figure	
   6.4).	
   This	
   product	
   is	
   a	
   potentially	
   interesting	
  
cross-­‐conjugated	
  building	
  block	
  for	
  further	
  scaffolding,	
  but	
  we	
  have	
  not	
  yet	
  subjected	
  it	
  
to	
  further	
  reactions.	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  6.3.	
  Synthesis	
  of	
  1-­‐chloroalkynes.	
  TCCA	
  =	
  trichloroisocyanuric	
  acid.	
  
	
  
	
  
	
  
	
  

	
  
Figure	
  6.4.	
  Chlorination	
  of	
  differentially	
  protected	
  penta-­‐1,4-­‐diyn-­‐3-­‐one	
  derivative.	
  

	
  

Gratifyingly,	
   1-­‐chloroalkynes	
   undergo	
   readily	
   cross-­‐coupling	
   reactions	
   with	
  
terminal	
   alkynes	
   under	
   standard	
   Sonogashira	
   conditions. 10 	
  From	
   competition	
  
experiments,	
  we	
  found	
  that	
  the	
  reactivity	
  of	
  (chloroethynyl)benzene	
  resembles	
  that	
  of	
  
iodobenzene,	
  and	
  it	
  is	
  hence	
  much	
  more	
  reactive	
  than	
  bromobenzene	
  (Figure	
  6.5).	
  
	
  
	
   X	
   6.4	
   6.5	
   6.6	
   6.7	
  

Br	
   61	
   0	
   39	
   0	
  

I	
   34	
   33	
   14	
   19	
  

I	
   35	
   31	
   14	
   20	
  

	
  
Figure	
  6.5.	
  Cross-­‐coupling	
  outcomes	
  of	
  competition	
  experiments;	
  product	
  distributions	
  (in	
  
relative	
  percentage)	
  based	
  on	
  gas	
  chromatography	
  –	
  mass	
  spectrometric	
  (GC-­‐MS)	
  analysis.	
  

	
  

6.2.3	
  Ultrasound-­‐Promoted	
  Sonogashira	
  Couplings	
  –	
  Acetylenic	
  Scaffolding	
  with	
  
TTF	
  derivatives	
  
Our	
   beneficial	
   use	
   of	
   ultrasound	
   to	
   promote	
   the	
   Sonogashira	
   coupling	
   has	
   been	
  
described	
  in	
  Chapters	
  2	
  and	
  3.	
  In	
  general,	
  the	
  method	
  is	
  useful	
  whenever	
  the	
  substrates	
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exhibit	
   limited	
   reactivity	
   and	
   at	
   the	
   same	
   time	
   they	
   or	
   the	
   products	
   are	
   sensitive	
   to	
  
elevated	
   temperature	
   (often	
   the	
   case	
   for	
   acetylenic	
   DTFs/TTFs)	
   as	
   a	
   means	
   of	
  
promoting	
  the	
  reaction.11	
  	
  
	
  
6.2.4	
  Phosphine-­‐Gold(I)	
  Oligoynyl	
  Complexes	
  
Terminal	
   alkynes	
   of	
   oligo(en)ynes	
   such	
   as	
   tetraethynylethene	
   (TEE;	
   having	
   four	
  
terminal	
   alkynes)	
   are	
   often	
   unstable	
   compounds,	
   and	
   for	
   this	
   reason	
   cross-­‐coupling	
  
reactions	
   are	
   sometimes	
   challenging.	
   Usually,	
   the	
   alkynes	
   are	
   protected	
   with	
  
trialkylsilyl	
  groups.	
  Bruce	
  and	
  co-­‐workers12	
  have	
  shown	
  that	
  trimethylsilyl	
  groups	
  can	
  
be	
  easily	
  substituted	
  with	
  triphenylphosphine-­‐gold(I)	
  fragments.	
  These	
  compounds	
  are	
  
stable	
  and	
  can	
  be	
  isolated,	
  and,	
  in	
  addition,	
  they	
  can	
  like	
  the	
  terminal	
  alkynes	
  undergo	
  
Pd-­‐catalyzed	
   Cadiot-­‐Chodkiewicz	
   and	
   Sonogashira-­‐like	
   coupling	
   reactions	
   with	
  
iodoalkynes	
  and	
  aryl	
  iodides.13	
  

We	
  have	
  investigated	
  the	
  wider	
  scope	
  of	
  Sonogashira-­‐like	
  couplings	
  with	
  gold(I)	
  
functionalized	
   TEEs	
   as	
   outlined	
   in	
   Figure	
   6.6.14 	
  The	
   silyl-­‐protected	
   TEE	
   6.8	
   was	
  
converted	
   into	
   the	
  bis(gold(I)	
  ethynyl)	
  complex	
  6.9	
  upon	
  treatment	
  with	
  NaOMe	
  and	
  
AuClPPh3.	
  Only	
  the	
  trimethylsilyl	
  groups	
  were	
  removed	
  under	
  these	
  conditions,	
  leaving	
  
the	
   triisopropylsilyl	
   groups	
   unreacted.	
   The	
   stable	
   complex	
   6.9	
   was	
   treated	
   with	
  
different	
   aryl	
   iodides	
   under	
   Sonogashira	
   conditions,	
   which	
   gave	
   the	
   arylated	
   TEEs	
  
6.10-­‐6.12.	
  We	
  obtained	
  excellent	
  yields	
  with	
  iodobenzene	
  and	
  1-­‐iodo-­‐4-­‐nitrobenzene	
  
as	
  substrates,	
  while	
  a	
  moderate	
  yield	
  was	
  obtained	
  with	
  1-­‐iodo-­‐4-­‐methoxybenzene.	
  We	
  
also	
  successfully	
  subjected	
  compound	
  6.13	
  to	
  coupling	
  reactions	
  with	
  iodobenzene	
  via	
  
the	
   intermediate	
   gold(I)	
   complex	
  6.14	
   (Figure	
  6.7).14	
  The	
  product	
  6.15	
   could	
  not	
   be	
  
achieved	
  from	
  6.13	
  by	
  a	
  protodesilylation	
  (using	
  K2CO3	
  in	
  MeOH)	
  followed	
  by	
  coupling	
  
protocol	
  (at	
   least	
  not	
   in	
  our	
  hands)	
  as	
   the	
   intermediate,	
  desilylated	
  penta-­‐1,4-­‐diyn-­‐3-­‐
one	
  is	
  very	
  unstable.15	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  
Figure	
  6.6.	
  Preparation	
  of	
  phosphine-­‐gold(I)	
  end-­‐capped	
  TEE	
  and	
  its	
  use	
  in	
  Sonogashira-­‐like	
  

coupling	
  reactions	
  with	
  aryl	
  iodides.	
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Figure	
  6.7.	
  Functionalization	
  of	
  penta-­‐1,4-­‐diyn-­‐3-­‐one,	
  which	
  is	
  not	
  stable	
  in	
  the	
  absence	
  of	
  

end-­‐capping	
  groups	
  (either	
  trialkylsilyl	
  or	
  gold(I)	
  complexes).	
  

In	
  Chapter	
  3,	
  I	
  presented	
  the	
  synthesis	
  of	
  a	
  TTF-­‐radiaannulene	
  (compound	
  3.11;	
  
yield	
  of	
  10%)	
  in	
  a	
  step	
   involving	
   four	
  Sonogashira	
  couplings.	
  We	
  have	
   found	
  that	
   the	
  
yield	
   of	
   such	
   reactions	
   can	
   be	
   doubled	
   by	
   employing	
   6.9	
   as	
   substrate.	
   Thus,	
   Pd-­‐
catalyzed	
   cyclization	
   of	
   6.9	
   and	
   the	
   TTF-­‐diiodide	
   6.16	
   gave	
   the	
   TTF-­‐radiaannulene	
  
6.17	
  in	
  a	
  yield	
  of	
  22%	
  (Figure	
  6.8).14	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  

	
  
Figure	
  6.8.	
  Synthesis	
  of	
  TTF-­‐radiaannulene.	
  

Most	
   likely	
  the	
  oxidative	
  addition	
  step	
  of	
  the	
  Pd/Cu	
  catalyzed	
  coupling	
  between	
  
an	
  aryl	
  halide	
  and	
  the	
  gold(I)	
  alkynyl	
  complex	
  involves	
  the	
  Pd(0)	
  catalyst,	
  but	
  there	
  are	
  
different	
  transmetallation	
  routes	
  that	
  can	
  be	
  imagined	
  for	
  the	
  alkynyl	
  species:	
  1)	
  direct	
  
transmetallation	
   from	
   gold	
   to	
   palladium,	
   2)	
   stepwise	
   transmetallations,	
   that	
   is,	
   from	
  
gold	
  to	
  copper	
  and	
  then	
  to	
  palladium	
  involving	
  the	
  Cu(I)	
  acetylide	
  as	
  an	
  intermediate,	
  
or	
   3)	
   Cu(I)-­‐aided	
   direct	
   transmetallation	
   from	
   gold	
   to	
   palladium.	
   According	
   to	
   a	
  
computational	
   study	
   by	
   us,16	
  the	
   most	
   likely	
   mechanism	
   seems	
   to	
   be	
   route	
   2.	
   An	
  
intermediate	
   Cu(I)	
   acetylide	
   is	
   further	
   supported	
   by	
   work	
   of	
   Bruce,	
   Low,	
   and	
   co-­‐
workers17 	
  showing	
   that	
   transmetallation	
   from	
   gold	
   to	
   copper	
   proceeds	
   in	
   near-­‐
quantitative	
  yield.	
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TEE-­‐based	
  complexes	
  6.18	
  and	
  6.19	
   (Figure	
  6.9)	
  were	
  prepared	
   in	
  similar	
  high	
  
yields	
  as	
   that	
  of	
  6.9.14	
  The	
   structures	
  of	
  both	
  6.9	
   and	
  6.18	
  were	
  confirmed	
  by	
  X-­‐ray	
  
crystallographic	
   analysis	
   as	
   shown	
   in	
   Figure	
   6.10.	
   Compound	
  6.19	
   (showing	
   limited	
  
stability)	
  was	
   prepared	
   from	
   the	
   diol	
  6.20	
   (Figure	
   6.9)	
   for	
  which	
  we	
   also	
   devised	
   a	
  
synthesis.18	
  The	
  alcohol	
  groups	
  are	
  convenient	
  sites	
  for	
  further	
  functionalization.	
  Thus,	
  
we	
   have	
   shown	
   that	
   they	
   allow	
   for	
   linking	
   of	
   TEE	
   and	
   perylene	
   diimide	
   (PDI)	
  
chromophores	
  via	
  esterification	
  reactions.	
  Diol	
  6.20	
  and	
  the	
  carboxylic	
  acid	
  6.21	
  were	
  
coupled	
   together	
   using	
   dicyclohexyl	
   carbodiimide	
   (DCC)	
   promoted	
   esterification	
  
reactions	
  to	
  furnish	
  the	
  PDI-­‐TEE-­‐PDI	
  scaffold	
  6.22	
  according	
  to	
  Figure	
  6.11.18	
  

	
  	
  
	
  

	
  
	
  

	
  
Figure	
  6.9.	
  Various	
  TEE	
  building	
  blocks.	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  6.10.	
  Molecular	
  structures	
  of	
  TEE-­‐based	
  gold	
  complexes	
  6.9	
  (left)	
  and	
  6.18	
  (right)	
  
according	
  to	
  X-­‐ray	
  crystallographic	
  analyses.	
  Reproduced	
  from	
  Ref.	
  14.	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
Figure	
  6.11.	
  Synthesis	
  of	
  PDI-­‐TEE-­‐PDI	
  scaffold.	
  PDI	
  =	
  perylene	
  diimide;	
  DCC	
  =	
  dicyclohexyl	
  

carbodiimide.	
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6.2.5	
  Acetylenic	
  Scaffolding	
  with	
  Boron	
  Subphthalocyanines	
  	
  
Boron	
   subphthalocyanines	
   (SubPc’s)	
   are	
   π-­‐conjugated	
   macrocycles,	
   which	
   are	
   of	
  
interest	
  as	
  light-­‐harvesting	
  systems	
  for	
  artificial	
  photosynthesis,	
  organic	
  photovoltaics,	
  
and	
   other	
   optical	
   applications	
   on	
   account	
   of	
   their	
   strong	
   chromophoric	
   properties.19	
  
We	
  have	
  developed	
  synthetic	
  protocols	
  for	
  the	
  SubPc	
  building	
  blocks	
  6.2320	
  and	
  6.2421	
  
with	
   alkyne	
   units	
   at	
   the	
   axial	
   position	
   (Figures	
   6.12).	
   The	
   concave	
   structure	
   of	
   the	
  
SubPc	
  is	
  shown	
  in	
  Figure	
  6.13.	
  The	
  synthesis	
  of	
  6.23	
  starts	
  from	
  the	
  readily	
  available	
  
SubPc	
   boron	
   chloride	
   6.25,22	
  which	
   according	
   to	
   a	
   procedure	
   by	
   Torres	
   and	
   co-­‐
workers23	
  was	
   treated	
   with	
   silver(I)	
   triflate	
   to	
   form	
   a	
   boron	
   triflate	
   intermediate.	
  
Treating	
   this	
   compound	
  with	
   but-­‐3-­‐yn-­‐1-­‐ol	
   then	
   furnished	
  6.23.	
   This	
   building	
   block	
  
allowed	
   the	
   incorporation	
   of	
   the	
   SubPc	
   chromophore	
   onto	
   a	
   cross-­‐conjugated	
   TEE	
  
scaffold	
  as	
  shown	
  in	
  Figure	
  6.14.	
  Thus,	
  a	
  Sonogashira	
  reaction	
  between	
  6.23	
  and	
  6.26	
  
gave	
   the	
   SubPc-­‐TEE-­‐SubPc	
   scaffold	
   6.27	
   in	
   high	
   yield.20	
   Initial	
   attempts	
   of	
   using	
  
triphenylphosphine	
  as	
  the	
  ligand	
  for	
  the	
  palladium	
  catalyst	
  failed	
  to	
  give	
  any	
  product,	
  
but	
  using	
   instead	
  triphenylarsine	
  turned	
  out	
  successfully.	
  As	
  mentioned	
  in	
  Chapter	
  2,	
  
separating	
  chromophores	
  and	
  donor/acceptor	
  units	
  by	
  a	
  cross-­‐conjugated	
  bridge	
  has	
  
consequences	
   for	
   light-­‐induced	
   electron	
   transfer	
   processes,24	
  and	
   synthesis	
   of	
   such	
  
compounds	
  is	
  subject	
  of	
  current	
  work	
  on	
  SubPc	
  in	
  my	
  group.	
  

	
  

	
  

	
  

Figure	
  6.12.	
  Subphthalocyanine	
  (SubPc)	
  building	
  blocks	
  
with	
  alkyne	
  units	
  at	
  the	
  axial	
  boron	
  positions.	
  

Figure	
  6.13.	
  Molecular	
  structure	
  
of	
  compound	
  6.23	
  according	
  to	
  X-­‐
ray	
  crystallographic	
  analysis.	
  
Reproduced	
  from	
  Ref.	
  20	
  with	
  
permission	
  from	
  John	
  Wiley	
  and	
  

Sons.	
  
	
  

It	
  has	
  been	
  shown	
  by	
  several	
  groups	
  that	
  it	
   is	
  also	
  possible	
  to	
  attach	
  directly	
  an	
  
acetylide	
   to	
   the	
   boron	
   of	
   SubPc	
   by	
   treating	
   the	
   boron	
   triflate	
   intermediate	
   with	
  
Grignard	
  reagents,	
  generating	
  a	
  SubPc-­‐C≡C-­‐R	
  compound.25	
  It	
  was	
  also	
  shown	
  by	
  Morse	
  
and	
  Bender26	
  that	
  6.25	
  can	
  be	
  functionalized	
  at	
  the	
  axial	
  position	
  with	
  oxygen,	
  sulfur,	
  
and	
  nitrogen	
  based	
  nucleophiles	
   in	
   the	
  presence	
  of	
  AlCl3,	
  and	
   it	
   can	
  be	
   functionalized	
  
with	
   trimethylsilyl-­‐capped	
   nucleophiles	
   with	
   the	
   release	
   of	
   trimethylsilylchloride	
  
according	
   to	
   Torres	
   and	
   co-­‐workers.27 	
  The	
   latter	
   reaction	
   involved	
   refluxing	
   the	
  
reaction	
   mixture	
   in	
   toluene	
   or	
   nitrobenzene,	
   and	
   it	
   did	
   not	
   allow	
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trimethylsilylacetylenes	
   as	
   substrates.	
   We	
   found	
   that	
   treating	
   6.25	
   with	
  
bis(trimethylsilyl)acetylene	
   in	
   the	
  presence	
   of	
  AlCl3	
   at	
   room	
   temperature	
  provided	
   a	
  
very	
  gentle	
  way	
  of	
  preparing	
  the	
  acetylenic	
  building	
  block	
  6.24	
  shown	
  in	
  Figure	
  6.12.21	
  
In	
   fact,	
   the	
   method	
   worked	
   well	
   for	
   a	
   large	
   selection	
   of	
   trimethylsilyl-­‐protected	
  
alkynes.	
  

	
  
Figure	
  6.14.	
  Synthesis	
  of	
  the	
  acetylenic	
  building	
  block	
  6.23	
  and	
  its	
  further	
  use	
  in	
  the	
  

preparation	
  of	
  a	
  SubPc-­‐TEE-­‐SubPc	
  scaffold.	
  SubPc	
  =	
  subphthalocyanine;	
  Tf	
  =	
  triflic;	
  dba	
  =	
  
dibenzylideneacetone.	
  

	
  

6.3	
  Functionalization	
  of	
  Dihydroazulenes	
  	
  
6.3.1	
  Regioselective	
  Methods	
  
The	
   1,8a-­‐dihydroazulene	
   (DHA)	
   photoswitch	
   has	
   several	
   positions	
   available	
   for	
  
functionalization	
   and	
   hence	
   for	
   tuning	
   of	
   its	
   properties	
   (Figure	
   6.15).	
   For	
   example,	
   I	
  
have	
   described	
   in	
   Chapter	
   2	
   how	
   an	
   aryl	
   substituent	
   at	
   position	
   6	
   is	
   in	
   linear	
  
conjugation	
  to	
  the	
  π-­‐system	
  comprised	
  of	
  carbons	
  C-­‐2	
  to	
  C-­‐6,	
  and	
  this	
  functionalization	
  
results	
   in	
  a	
  redshifted	
  absorption	
  maximum	
  relative	
  to	
   the	
  compound	
  where	
  the	
  aryl	
  
substituent	
   is	
   placed	
   at	
   position	
   C-­‐7,	
   where	
   it	
   is	
   cross-­‐conjugated	
   to	
   the	
   π-­‐system	
  
comprised	
  of	
  C-­‐2	
  to	
  C-­‐6	
  and	
  significantly	
  out	
  of	
  co-­‐planarity	
  with	
  this	
  part.	
  	
  

Figure	
   6.15	
   summarizes	
   the	
   various	
   functionalization	
  methods	
   where	
   we	
   have	
  
contributed	
   with	
   work.	
   Substituents	
   at	
   positions	
   C-­‐1	
   (electron-­‐withdrawing	
   cyano	
  
groups	
   originating	
   from	
   the	
   malononitrile	
   substrate)	
   and	
   C-­‐2	
   are	
   conveniently	
  
introduced	
  in	
  the	
  actual	
  synthesis	
  of	
  the	
  DHA	
  structure.	
  Thus,	
  various	
  aryl	
  groups	
  can	
  
be	
  introduced	
  at	
  C-­‐2	
  via	
  the	
  acetophenone	
  derivative	
  used	
  as	
  substrate	
  as	
  first	
  shown	
  
by	
   Gierisch	
   and	
   Daub. 28 	
  Diederich	
   and	
   co-­‐workers 29 	
  prepared	
   a	
   DHA	
   with	
   a	
   4-­‐
iodophenyl	
   group	
   at	
   C-­‐2	
   and	
   employed	
   this	
   compound	
   for	
   further	
   Sonogashira	
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reactions	
   (providing	
   access	
   to	
   TEE-­‐DHA	
   scaffolds).	
   We	
   have	
   further	
   optimized	
   this	
  
protocol	
   for	
   preparing	
   the	
   2-­‐phenyl-­‐substituted	
   DHA	
   on	
   large	
   scale	
   and	
   other	
   aryl-­‐
substituted	
   DHAs,30	
  and	
   we	
   have	
   subjected	
   successfully	
   2-­‐(4-­‐iodo/4-­‐bromo-­‐phenyl)-­‐
substituted	
  DHAs	
  to	
  Suzuki	
  couplings.	
  30b,	
  31	
  It	
  should	
  be	
  mentioned	
  that	
  the	
  very	
  first	
  
synthesis	
  of	
  DHAs	
  by	
  Daub	
  and	
  co-­‐workers32	
  employed	
  an	
  [8+2]	
  cycloaddition	
  reaction	
  
between	
   8-­‐methoxyheptafulvene	
   and	
   a	
   2-­‐aryl-­‐susbtituted	
   1,1-­‐dicyanoethylene	
  
followed	
  by	
  elimination	
  of	
  MeOH	
  from	
  the	
  tetrahydroazulene	
  cycloadduct	
  using	
  P2O5.	
  	
  

	
  
Figure	
  6.15.	
  Methods	
  for	
  functionalization	
  of	
  DHA.	
  DIBAL-­‐H	
  =	
  diisobutylaluminium	
  hydride;	
  
LN	
  =	
  lithium	
  naphthalenide;	
  LiHMDS	
  =	
  lithium	
  hexamethyldisilazide;	
  cat.	
  =	
  catalyst;	
  NBS	
  =	
  N-­‐

bromosuccinimide.	
  

We	
   have	
   shown	
   that	
   the	
   DHA	
   structure	
   can	
   be	
   employed	
   as	
   a	
   precursor	
   for	
  
regioselective	
   functionalization	
  at	
  several	
  positions.	
  Subjecting	
   it	
   to	
  AlCl3	
   followed	
  by	
  
water	
  generates	
  the	
  VHF,33	
  which	
  is	
  a	
  more	
  convenient	
  protocol	
  for	
  generating	
  VHF	
  on	
  
large	
   scale	
   than	
   photoisomerization.	
   Bromination	
   using	
   N-­‐bromosuccinimide	
   (NBS)	
  
followed	
   by	
   ring-­‐closure	
   generates	
   the	
   3-­‐bromo-­‐substituted	
   DHA.34	
  Such	
   compounds	
  
are	
  not	
  so	
  reactive	
  in	
  metal-­‐catalyzed	
  cross-­‐coupling	
  reactions,	
  but	
  we	
  did	
  manage	
  to	
  
prepare	
  Suzuki	
  cross-­‐coupling	
  products	
  (containing	
  an	
  aryl	
  group	
  at	
  C-­‐3),	
  albeit	
  in	
  poor	
  
yields.34b	
  An	
  alternative	
  strategy	
  (not	
  shown	
  in	
  Figure	
  6.15)	
  is	
  to	
  introduce	
  the	
  C-­‐3	
  aryl	
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substituent	
  in	
  the	
  precursor	
  from	
  which	
  the	
  DHA	
  core	
  structure	
  is	
  prepared,	
  a	
  method	
  
first	
  reported	
  by	
  Daub	
  and	
  co-­‐workers35	
  and	
  further	
  expanded	
  by	
  us.34b	
  	
  

Bromination	
  of	
  the	
  DHA	
  using	
  Br2	
  followed	
  by	
  treatment	
  with	
  base	
  generates	
  the	
  
7-­‐bromo-­‐substitued	
  DHA,36	
  which	
  in	
  contrast	
  to	
  the	
  3-­‐bromo-­‐substituted	
  derivative	
  is	
  
very	
   reactive	
   in	
   cross-­‐coupling	
   reactions,	
   and	
   this	
   allowed	
   us	
   to	
   introduce	
   a	
   large	
  
variety	
   of	
   aryl	
   groups	
   at	
   position	
   C-­‐7.30b	
   The	
   7-­‐bromo-­‐substituted	
   DHA	
   can	
   also	
   be	
  
successfully	
  subjected	
  to	
  Sonogashira	
  reactions	
  with	
  terminal	
  alkynes.36b,c	
  Gratifyingly,	
  
the	
  regioselective	
  bromination	
  –	
  elimination	
  –	
  cross-­‐coupling	
  protocol	
  also	
  works	
   for	
  
dimeric	
  structures	
  containing	
  two	
  DHA	
  units	
  linked	
  by	
  a	
  m-­‐phenylene	
  unit	
  (compound	
  
4.15	
  of	
  Chapter	
  4),	
  which	
  allowed	
  us	
  to	
  prepare	
  macrocycles	
  with	
  two	
  DHA	
  units.37	
  

At	
  position	
  C-­‐1,	
  one	
  of	
  the	
  cyano	
  groups	
  of	
  the	
  DHA	
  can	
  be	
  converted	
  to	
  another	
  
group	
   as	
   shown	
   in	
   Figure	
   6.15.	
   Thus,	
   we	
   found	
   that	
   a	
   reductive	
   DIBAL-­‐H	
   reduction	
  
substitutes	
  one	
  cyano	
  group	
  for	
  a	
  hydrogen	
  atom,38	
  while	
  methyl	
  or	
  acetyl	
  groups	
  can	
  
be	
   introduced	
   by	
   treatment	
   with	
   lithium	
   naphthalenide	
   followed	
   by	
   either	
  
methyliodide	
   or	
   acetylchloride	
   as	
   electrophile.38,	
  39	
  Treatment	
   with	
   CsF	
   in	
   a	
   solvent	
  
mixture	
   of	
   THF	
   and	
   methanol	
   under	
   reflux	
   conditions	
   resulted	
   in	
   formation	
   of	
   an	
  
amide.39	
   It	
   is	
   also	
   possible	
   to	
   convert	
   one	
   of	
   the	
   cyano	
   groups	
   to	
   a	
   4,5-­‐dihydro-­‐1,3-­‐
thiazole	
   or	
   a	
   benzothiazole	
   (not	
   shown	
   in	
   Figure	
   6.15)	
   by	
   treatment	
   with	
   either	
  
cysteine	
  or	
  2-­‐aminothiophenol.39,	
  40	
  	
  

In	
  Chapter	
  4,	
   I	
   covered	
   the	
  switching	
  properties	
  of	
  benzannulated	
  derivatives.	
   I	
  
shall	
   here	
   add	
   details	
   on	
   how	
   these	
   compounds	
  were	
   regioselectively	
   prepared.	
  We	
  
developed	
  a	
  protocol	
  for	
  doing	
  benzannulation	
  in	
  the	
  seven-­‐membered	
  ring	
  according	
  
to	
   Figure	
   6.16.41	
  The	
   synthesis	
   starts	
   with	
   our	
   bromination	
   –	
   elimination	
   –	
   cross-­‐
coupling	
   protocol	
   by	
   which	
   DHA	
   6.28	
   via	
   the	
   bromide	
   6.29	
   was	
   converted	
   to	
   the	
  
styryl-­‐functionalized	
  DHA	
  6.30.	
   The	
   styrene	
  double	
  bond	
   together	
  with	
   the	
  C-­‐7	
   –	
  C8	
  
double	
  bond	
  on	
  DHA	
  acts	
  as	
  a	
  diene,	
  which	
  successfully	
  underwent	
  a	
  diastereoselective	
  
Diels-­‐Alder	
  cycloaddition	
  with	
  dimethyl	
  acetylenedicarboxylate	
  to	
  furnish	
  the	
  product	
  
6.31	
   as	
   a	
   racemic	
  mixture	
   (N.B.	
   the	
   substrate	
  6.28	
   is	
   a	
   racemate).	
   A	
   final	
   oxidation	
  
using	
  DDQ	
  gave	
  the	
  benzannulated	
  derivative	
  6.32.	
  Unfortunately,	
  this	
  compound	
  has	
  
lost	
   the	
   ability	
   to	
   undergo	
   DHA-­‐VHF	
   photoisomerization.	
   Nevertheless,	
   it	
   could	
   be	
  
converted	
  to	
  the	
  corresponding	
  VHF	
  6.33	
  by	
  chemical	
  means,	
  by	
  treatment	
  with	
  AlCl3	
  
followed	
  by	
  water.	
  The	
  resulting	
  VHF	
  returned,	
  however,	
  instantaneously	
  to	
  a	
  DHA,	
  but	
  
now	
  to	
  the	
  isomerized	
  one,	
  DHA	
  6.34,	
  where	
  the	
  benzannulation	
  is	
  instead	
  at	
  the	
  C-­‐5	
  –	
  
C-­‐6	
  bond.	
  Calculations	
  reveal	
  that	
  this	
  DHA	
  isomer	
  is	
  significantly	
  more	
  stable	
  than	
  the	
  
original	
  isomer	
  (by	
  23.4	
  kJ	
  mol-­‐1).	
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Figure	
  6.16.	
  Benzannulation	
  at	
  positions	
  C-­‐7	
  –	
  C-­‐8	
  followed	
  by	
  isomerization.	
  RuPhos	
  =	
  2-­‐
dicyclohexylphosphino-­‐2′,6′-­‐diisopropoxybiphenyl;	
  DDQ	
  =	
  4,5-­‐dichloro-­‐3,6-­‐dioxo-­‐1,4-­‐

cyclohexadiene-­‐1,2-­‐dicarbonitrile;	
  MW	
  =	
  microwave	
  heating.	
  
	
  

Benzannulation	
   at	
   the	
   C-­‐2	
   –	
   C3	
   bond	
   was	
   accomplished	
   according	
   to	
   Figure	
  
6.17.42	
  First,	
   a	
  Knoevenagel	
   condensation	
   converted	
   the	
   starting	
  material	
  6.35	
   to	
   the	
  
product	
   6.36	
   that	
   was	
   then	
   deprotonated	
   and	
   treated	
   with	
   tropylium	
  
tetrafluoroborate.	
  The	
  resulting	
  product	
  6.37	
  was	
  oxidized	
  to	
  form	
  the	
  corresponding	
  
VHF,	
   which	
   underwent	
   ring-­‐closure	
   to	
   form	
   DHA	
   6.38.	
   The	
   tert-­‐butyldimethylsilyl	
  
protecting	
  group	
  was	
  removed	
  by	
  treatment	
  with	
  acetic	
  acid	
  and	
  tetrabutylammonium	
  
fluoride,	
   and	
   the	
   resulting	
   alcohol	
   6.39	
   was	
   treated	
   with	
   p-­‐toluenesulfonic	
   acid	
   to	
  
ultimately	
   provide	
   the	
   aromatic	
   DHA	
   6.40	
   in	
   an	
   elimination	
   reaction.	
   Alternatively,	
  
compound	
   6.38	
   could	
   be	
   converted	
   directly	
   to	
   6.40	
   upon	
   treatment	
   with	
   p-­‐
toluenesulfonic	
  acid	
  and	
  water.	
  This	
  DHA	
  underwent	
  undesired	
  tautomerization	
  upon	
  
irradiation,	
   like	
   6.32,	
   but	
   could	
   be	
   opened	
   to	
   the	
   VHF	
   by	
   AlCl3	
   followed	
   by	
   water	
  
treatment.	
  Yet,	
  the	
  VHF	
  underwent	
  immediate	
  ring-­‐closure,	
  regenerating	
  6.40.	
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Figure	
  6.17.	
  Synthetic	
  protocol	
  for	
  benzannulated	
  DHA.	
  HMDS	
  =	
  hexamethyldisilazane;	
  
TBDMS	
  =	
  tert-­‐butyldimethylsilyl;	
  Ts	
  =	
  p-­‐toluenesulfonyl.	
  

	
  

Benzannulation	
   in	
   the	
   seven-­‐membered	
   ring	
   of	
   VHF	
   was	
   accomplished	
   by	
   us	
  
according	
   to	
   Figure	
   6.18.42	
   The	
   7H-­‐benzo[7]annulene	
   6.4143	
  was	
   converted	
   to	
   the	
  
benzotropylium	
   salt	
   6.42,	
   which	
   was	
   then	
   treated	
   with	
   6.43,	
   deprotonated	
   by	
  
triethylamine,	
   furnishing	
   the	
   two	
   isomers	
   6.44	
   and	
   6.45.	
   Oxidation	
   of	
   the	
   mixture	
  
allowed	
   us	
   to	
   isolate	
   the	
   VHF	
   product	
   6.46.	
   This	
   VHF	
   was	
   so	
   stable	
   due	
   to	
   the	
  
benzannulation	
   that	
   it	
   could	
   not	
   be	
   converted	
   to	
   a	
   DHA,	
   not	
   even	
   after	
   prolonged	
  
heating.	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  6.18.	
  Synthetic	
  protocol	
  for	
  benzannulated	
  VHF.	
  DCE	
  =	
  1,2-­‐dichloroethane.	
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6.3.2	
  Non-­‐regioselective	
  Methods	
  
By	
   introducing	
   a	
   phenyl	
   substituent	
   on	
   the	
   tropylium	
   starting	
  material	
   for	
   the	
   DHA	
  
synthesis,	
  we	
   isolated	
  after	
   the	
   four	
   standard	
  steps	
   (outlined	
   in	
  Figure	
  6.15,	
   left)	
   the	
  
mixture	
   of	
   phenyl-­‐substituted	
   DHA	
   isomers	
   6.47-­‐6.50	
   (Figure	
   6.19). 44 	
  Only	
   by	
  
repeated	
   chromatography	
  we	
  managed	
   to	
   isolate	
   one	
   isomer	
   pure,	
   the	
   2,5-­‐diphenyl-­‐
substituted	
  DHA	
  6.48.	
   Isomer	
  6.51	
   is	
   likely	
   also	
   formed	
   in	
   the	
   reaction,	
  but	
  was	
  not	
  
isolated	
   in	
   the	
   crude	
   mixture.	
   The	
   conditions	
   involved	
   heating,	
   and	
   we	
   found	
   that	
  
under	
   such	
   conditions	
   this	
   isomer	
   is	
   able	
   to	
   undergo	
   ring-­‐opening/closure	
   to	
   form	
  
instead	
  6.48.	
   This	
  was	
   evidenced	
   as	
   some	
  6.51	
   is	
   formed	
  when	
   subjecting	
  6.48	
   to	
   a	
  
light/heat	
  ring-­‐opening/closure	
  cycle	
  according	
  to	
  1H-­‐NMR	
  spectroscopic	
  analysis,	
  but	
  
in	
   time	
   this	
   isomer	
   was	
   observed	
   to	
   thermally	
   return	
   in	
   the	
   dark	
   to	
   6.48	
   (i.e.,	
   not	
  
promoted	
  by	
  a	
  light-­‐induced	
  ring-­‐opening).	
  

	
  
Figure	
  6.19.	
  Regioisomeric	
  DHAs.	
  

	
  
In	
   another	
   approach	
   (Figure	
   6.20),	
   DHA	
   6.52	
   was	
   subjected	
   to	
   hydride	
  

abstraction	
  to	
  generate	
  the	
  tropylium	
  salt	
  6.53,45	
  which	
  was	
  next	
  treated	
  with	
  lithium	
  
triisopropylsilylacetylide	
  to	
  provide	
  the	
  mixture	
  of	
  dihydroazulenes	
  6.54a-­‐e	
  in	
  a	
  good	
  
overall	
  yield	
  of	
  73%.45b	
  Positions	
  C-­‐4	
  and	
  in	
  particular	
  C-­‐5	
  of	
  the	
  tropylium	
  salt	
  were	
  
found	
  to	
  be	
   the	
  preferred	
  sites	
  of	
  nucleophilic	
  attack.	
  For	
  comparison,	
  a	
  calculational	
  
study	
   by	
   Okazaki	
   and	
   Laali46	
  on	
   the	
   parent	
   1H-­‐azulenium	
   cation	
   (without	
   cyano	
  
substituent	
  groups)	
  showed	
  it	
  to	
  have	
  a	
  clear	
  vinyltropylium	
  ion	
  character	
  and	
  with	
  the	
  
charge	
  predominantly	
  located	
  on	
  C-­‐3a,	
  C-­‐5,	
  C-­‐7,	
  and	
  C-­‐8a	
  in	
  the	
  seven-­‐membered	
  ring	
  
and	
  on	
  C-­‐2	
  and	
  C-­‐3	
  in	
  the	
  five-­‐membered	
  ring.	
  	
  	
  	
  

None	
  of	
   the	
  dihydroazulenes	
  6.54a-­‐e	
  are	
  photochromic	
  as	
   they	
  do	
  not	
  have	
  the	
  
sp3-­‐hybridized	
  carbon	
  at	
  C-­‐8a.	
  It	
  was	
  possible	
  to	
  isolate	
  6.54a	
  pure	
  and	
  upon	
  heating	
  it	
  
in	
   DMF,	
   some	
   of	
   it	
   tautomerized	
   to	
   the	
   desired	
   photochromic	
   1,8a-­‐dihydroazulene	
  
(together	
  with	
  other	
  products)	
  that	
  could	
  subsequently	
  be	
  isolated	
  pure.45b	
  Yet,	
  overall,	
  
the	
  method	
   is	
  not	
  an	
  efficient	
  way	
  of	
   functionalizing	
  DHA,	
  but	
   the	
  work	
  has	
  revealed	
  
the	
  reactivity	
  of	
  the	
  tropylium	
  salt	
  derived	
  from	
  DHA	
  towards	
  a	
  nucleophile.	
  

	
  

	
  

	
  

Ph

NC CN

6.47
Ph

Ph

NC CN

6.48
Ph

Ph

NC CN

6.49

Ph Ph

NC CN

6.50

Ph

Ph

NC CN

6.51

Ph



Chapter	
  6:	
  Synthetic	
  Methods	
  

	
   -­‐	
  94	
  -­‐	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  

Figure	
  6.20.	
  Left:	
  Synthesis	
  of	
  mixture	
  of	
  non-­‐photochromic	
  dihydroazulenes.	
  DCE	
  =	
  1,2-­‐
dichloroethane.	
  Right:	
  Illustration	
  of	
  the	
  different	
  positions	
  on	
  the	
  seven-­‐membered	
  ring	
  that	
  
the	
  acetylide	
  “arrow”	
  can	
  attack.	
  Positions	
  C-­‐4	
  and	
  C-­‐5	
  were	
  found	
  to	
  be	
  the	
  preferred	
  ones.	
  
Reproduced	
  from	
  Ref.	
  45b	
  [A.	
  U.	
  Petersen,	
  M.	
  Jevric,	
  J.	
  Elm,	
  S.	
  T.	
  Olsen,	
  C.	
  G.	
  Tortzen,	
  A.	
  

Kadziola,	
  K.	
  V.	
  Mikkelsen,	
  M.	
  B.	
  Nielsen,	
  Org.	
  Biomol.	
  Chem.	
  2016,	
  14,	
  2403-­‐2412]	
  -­‐	
  Published	
  
by	
  The	
  Royal	
  Society	
  of	
  Chemistry.	
  

	
  

6.4	
  Synthesis	
  of	
  Functionalized	
  Azulenes	
  
DHA	
   6.28	
   and	
   the	
   7-­‐bromo-­‐substituted	
   DHA	
   6.29	
   (Figure	
   6.21)	
   can	
   be	
   used	
   as	
  
convenient	
   precursors	
   to	
   functionalized	
   azulenes	
   by	
   elimination	
   of	
   HCN.34a,36a	
  When	
  
first	
   treated	
   with	
   bromine	
   at	
   -­‐78	
   oC,	
   6.29	
   was	
   transformed	
   to	
   a	
   very	
   unstable	
  
intermediate,	
  presumably	
  6.55,	
  which	
  underwent	
  ready	
  conversion,	
  without	
  the	
  need	
  
of	
   adding	
   a	
   base,	
   to	
   the	
   azulene	
   6.56	
   (and	
   other	
   unidentified	
   azulene	
   products)	
  
containing	
  a	
  bromo	
  substituent	
  at	
  both	
  C-­‐3	
  and	
  C-­‐7.34a	
  Compound	
  6.56	
  was	
  found	
  to	
  be	
  
significantly	
  more	
   reactive	
   at	
   C-­‐7	
   than	
   at	
   C-­‐3	
   for	
  metal-­‐catalyzed	
   coupling	
   reactions.	
  
Thus,	
  from	
  a	
  Sonogashira	
  coupling	
  of	
  6.56	
  with	
  triisopropylsilylacetylene,	
  we	
  isolated	
  
the	
  product	
  6.57	
  resulting	
  from	
  reaction	
  at	
  C-­‐7	
  only	
  (Figure	
  6.22).	
  On	
  the	
  other	
  hand,	
  
azulenes	
   are	
   reactive	
   at	
   positions	
   C-­‐1	
   and	
  C-­‐3	
   for	
   electrophilic	
   aromatic	
   substitution	
  
reactions	
  (and	
  potentially	
  at	
  C-­‐5	
  if	
  C-­‐1	
  and	
  C-­‐3	
  are	
  blocked).47	
  For	
  functionalization	
  at	
  
positions	
   C-­‐2	
   and	
   C-­‐6	
   by	
   cross-­‐coupling	
   reactions,	
   the	
   reader	
   is	
   referred	
   to	
   the	
  
examples	
  provided	
  in	
  Ref.	
  48	
  (based	
  on	
  the	
  work	
  of	
  other	
  groups).	
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Figure	
  6.21.	
  Synthesis	
  of	
  3,7-­‐dibromo-­‐2-­‐phenylazulene-­‐1-­‐carbonitrile.	
  
	
  
	
  
	
  
	
  

	
  
	
  

Figure	
  6.22.	
  Selective	
  Sonogashira	
  coupling	
  at	
  position	
  C-­‐7.	
  
	
  

It	
  is,	
  however,	
  possible	
  to	
  perform	
  Sonogashira	
  reactions	
  at	
  C-­‐3	
  if	
  enhancing	
  the	
  
reactivity	
   of	
   the	
   Pd	
   catalyst,	
   using	
   bulky	
   and	
   electron-­‐rich	
   tris(tert-­‐butyl)phosphine	
  
ligands,	
   as	
   illustrated	
   in	
   the	
   conversion	
  of	
  6.58	
   into	
  6.59	
   (Figure	
  6.23).36a	
  We	
   found	
  
that	
   this	
   product	
   could	
   be	
   desilylated	
   and	
   subjected	
   to	
   an	
   oxidative	
   Glaser-­‐Hay	
  
coupling	
   to	
   provide	
   the	
   azulene	
   dimer	
   6.60,	
   confirmed	
   by	
   X-­‐ray	
   crystallographic	
  
analysis	
  (Figure	
  6.24).	
  

	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
Figure	
  6.23.	
  Sonogashira	
  coupling	
  at	
  position	
  C-­‐3	
  of	
  3-­‐bromo-­‐substituted	
  azulene,	
  enforced	
  by	
  

using	
  more	
  reactive	
  Pd	
  catalyst	
  (having	
  P(t-­‐Bu)3	
  ligands	
  instead	
  of	
  PPh3).	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  6.24.	
  Molecular	
  structure	
  of	
  6.60	
  according	
  to	
  X-­‐ray	
  crystallographic	
  analysis.	
  
Reproduced	
  from	
  Ref.	
  36a	
  with	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons.	
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6.5	
  Cruciform-­‐Like	
  Extended	
  Tetrathiafulvalenes	
  
Figure	
   6.25	
   summarizes	
   some	
   of	
   the	
   cruciform-­‐like	
   motifs	
   that	
   we	
   have	
   developed	
  
incorporating	
   an	
   extended	
   TTF	
   using	
   either	
   a	
   Wittig,	
   Sonogashira	
   or	
   Glaser-­‐Hay	
  
reaction	
  as	
  the	
  key	
  step.	
  The	
  syntheses	
  of	
  6.61-­‐6.63	
  were	
  covered	
  in	
  chapters	
  3	
  and	
  5.	
  
The	
  synthesis	
  of	
  6.64	
  was	
  accomplished	
  by	
  a	
  Wittig	
  reaction	
   from	
  the	
  corresponding	
  
dione	
   precursor. 49 	
  The	
   oligyne	
   6.65	
   was	
   achieved	
   by	
   stepwise	
   alkyne	
   coupling	
  
reactions,	
  the	
  final	
  one	
  being	
  a	
  Glaser-­‐Hay	
  dimerization.	
  50	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  6.25.	
  Cruciform-­‐like	
  extended	
  TTFs.	
  

Phosphite-­‐mediated	
   coupling	
   of	
   1,3,-­‐dithiol-­‐2-­‐chalcogenones	
   is	
   an	
   important	
  
reaction	
  to	
  form	
  derivatives	
  of	
  TTF.51	
  We	
  have	
  also	
  employed	
  it	
  for	
  synthesis	
  of	
  various	
  
extended	
  TTFs	
  using	
  an	
  aldehyde	
  as	
  the	
  one	
  substrate.	
  Several	
  examples	
  are	
  shown	
  in	
  
Figure	
  6.26.	
  These	
  include	
  the	
  phenylene-­‐extended	
  TTFs	
  6.68	
  and	
  6.70	
  (whose	
  optical	
  
properties	
   were	
   compared	
   in	
   Chapter	
   2),52,	
  53	
  the	
   cruciform-­‐shaped	
   compound	
   6.73	
  
that	
   can	
  be	
  considered	
  as	
   two	
  extended	
  TTFs	
  placed	
  orthogonally	
   to	
  each	
  other	
  (and	
  
with	
   either	
   linear	
   or	
   cross-­‐conjugated	
   pathways	
   between	
   two	
   DTF	
   units),54	
  and	
   the	
  
diethynylethene-­‐extended	
  TTF	
  6.76.11b,	
  55	
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Figure	
  6.26.	
  Synthesis	
  of	
  extended	
  TTFs	
  by	
  phosphite-­‐mediated	
  couplings.	
  

	
  

By	
   serendipity	
   we	
   found	
   that	
   more	
   advanced	
   cruciform	
   motifs,	
   with	
   “H-­‐
cruciform”	
   shape,	
  were	
   obtained	
   in	
   a	
   phosphite	
   coupling	
   between	
   the	
   trimethylsilyl-­‐
protected	
   diethynyl	
   terephthalaldehyde	
   6.77	
   and	
   either	
   of	
   the	
   1,3-­‐dithiol-­‐2-­‐thiones	
  
6.78	
  and	
  6.79	
  (Figure	
  6.27;	
  Method	
  A).52	
  The	
  products	
  6.80	
  and	
  6.81	
  result	
  from	
  the	
  
formation	
  of	
  two	
  DTF	
  units	
  and	
  a	
  central	
  stilbene	
  unit.	
  The	
  structure	
  of	
  the	
  H-­‐cruciform	
  
6.80	
  was	
  confirmed	
  by	
  X-­‐ray	
  crystallographic	
  analysis,	
   revealing	
  an	
  almost	
  planar	
  π-­‐
system	
  (Figure	
  6.28).	
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Figure	
  6.27.	
  Phosphite-­‐mediated	
  synthesis	
  of	
  H-­‐cruciform	
  shaped	
  extended	
  TTFs	
  containing	
  a	
  

central	
  stilbene	
  unit.	
  MW	
  =	
  microwave	
  heating.	
  

	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  

Figure	
  6.28.	
  Molecular	
  structure	
  of	
  6.80	
  according	
  to	
  X-­‐ray	
  crystallographic	
  analysis.	
  
Reproduced	
  from	
  Ref.	
  52	
  with	
  permission	
  from	
  Georg	
  Thieme	
  Verlag	
  KH	
  (©	
  Georg	
  Thieme	
  

Verlag	
  KG).	
  
	
  

We	
  found	
  from	
  NMR	
  spectroscopic	
  studies	
  that	
  the	
  dioxaphospholane	
  I	
  shown	
  in	
  
Figure	
  6.29	
  was	
  an	
  intermediate	
   in	
  the	
  reaction,	
  and	
  its	
   formation	
  relied	
  on	
  electron-­‐
withdrawing	
   substituents	
   (various	
   substrates	
   were	
   investigated	
   in	
   a	
   systematic	
  
study).56	
  In	
   contrast,	
   the	
   ultimate	
   conversion	
   of	
   this	
   dioxaphospholane	
   to	
   a	
   stilbene,	
  
presumably	
   via	
   an	
   epoxide,	
   relied	
   on	
   the	
   conversion	
   of	
   the	
   two	
   remaining	
   aldehyde	
  
groups	
  into	
  electron-­‐donating	
  DTF	
  units	
  (intermediate	
  II).	
  Thus,	
  a	
  sort	
  of	
  “umpolung”	
  
is	
   important	
   for	
   the	
   stilbene	
   formation.	
   Indeed,	
   we	
   found	
   that	
   the	
   yields	
   could	
   be	
  
improved	
   by	
   performing	
   the	
   reaction	
   in	
   a	
   stepwise	
   manner,	
   forming	
   the	
  
dioxaphospholane	
   intermediate	
   first	
   before	
   adding	
   the	
   1,3-­‐dithiol-­‐2-­‐thione	
   (Figure	
  
6.27;	
  Methods	
  B	
  and	
  C).56,	
  57	
  By	
   protodesilylations	
   followed	
   by	
   Sonogashira	
   reactions,	
  
we	
  expanded	
  the	
  H-­‐cruciforms	
  to	
   larger	
  scaffolds	
   incorporating	
   two	
  parallel	
  OPE3	
  or	
  
OPE5	
  molecular	
  wires	
  with	
  thioester	
  end-­‐caps	
  as	
  shown	
  in	
  Figure	
  6.30.57,	
  58	
  The	
  central	
  
stilbene	
  unit	
   is	
   here	
   employed	
   to	
   align	
   two	
  molecular	
  wires,	
   and	
   such	
  molecules	
   are	
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Then addition of 6.78 or 6.79, 110 oC, 6 h

6.80 (R = Et; Method A: 27%;  B: 49%;  C: 47%)
6.81 (R = Bu; Method A: 17%;  B: 59%;  C: 28%)
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potentially	
  interesting	
  for	
  molecular	
  electronics	
  applications	
  (with	
  the	
  sulfur	
  end-­‐caps	
  
acting	
  as	
  electrode	
  anchoring	
  groups).	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  6.29.	
  The	
  formation	
  of	
  the	
  stilbene	
  unit	
  of	
  the	
  H-­‐cruciforms	
  seems	
  to	
  involve	
  
intermediates	
  I	
  and	
  II.	
  The	
  “umpolung”	
  from	
  electron-­‐withdrawing	
  groups	
  (EWG)	
  to	
  electron-­‐
donating	
  groups	
  (EDG)	
  in	
  the	
  para	
  positions	
  to	
  the	
  central	
  dioxaphospholane	
  unit	
  plays	
  a	
  key	
  

role	
  for	
  this	
  reaction.	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure	
  6.30.	
  OPE3	
  and	
  OPE5	
  
based	
  H-­‐cruciforms	
  with	
  a	
  

stilbene-­‐extended	
  TTF	
  as	
  central	
  
part	
  and	
  with	
  thioacetate	
  groups	
  
as	
  potential	
  electrode	
  anchoring	
  
groups.	
  Reproduced	
  from	
  Ref.	
  57	
  
with	
  permission	
  from	
  John	
  Wiley	
  

and	
  sons.	
  
	
  

	
  
	
  
	
  
6.6	
  Dibenzodithiapentalene	
  
Thieno[3,4-­‐c]thiophene	
   (6.82,	
   Figure	
   6.31)	
   is	
   a	
   very	
   unstable	
   compound,59	
  but	
   the	
  
stability	
  can	
  be	
  enhanced	
  by	
  substitution,	
  and	
  Furukawa	
  and	
  co-­‐workers60	
  reported	
  the	
  
first	
   synthesis	
   of	
   the	
   stable	
   dibenzo-­‐fused	
   analog,	
   dibenzo[bc,fg][1,4]dithiapentalene	
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(6.83),	
   by	
  photolysis	
  of	
   the	
  precursor	
  6.84.	
  According	
   to	
  X-­‐ray	
   crystallography,	
  6.83	
  
was	
  found	
  to	
  have	
  a	
  completely	
  planar	
  structure.	
  	
  
	
  

	
  
	
  

	
  
Figure	
  6.31.	
  Dithiapentalenes	
  6.82	
  and	
  6.83	
  and	
  the	
  precursor	
  (6.84)	
  for	
  obtaining	
  6.83	
  used	
  

by	
  Furukawa	
  and	
  co-­‐workers.60	
  
	
  

In	
   a	
  MSc	
  project	
  by	
  Tue	
  H.	
   Jepsen	
   conducted	
  at	
  Lundbeck	
  a/s,	
  with	
  Dr.	
  Mogens	
  
Larsen	
   and	
   Dr.	
   Morten	
   Jørgensen	
   as	
   daily	
   supervisors	
   and	
   me	
   as	
   the	
   university	
  
supervisor,	
  an	
  alternative	
  synthesis	
  of	
  6.83	
  was	
  developed	
  as	
  outlined	
  in	
  Figure	
  6.32.61,	
  
62	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  

	
  
Figure	
  6.32.	
  Synthesis	
  of	
  dibenzodithiapentalene.	
  dba	
  =	
  dibenzylideneacetone;	
  dpephos	
  =	
  

bis[(2-­‐diphenylphosphino)phenyl]	
  ether.	
  
	
  
The	
  synthesis	
  consists	
  of	
   the	
   following	
  steps:	
   i)	
  an	
  Ullmann-­‐type	
  coupling	
  of	
   the	
   tris-­‐
halobenzene	
   6.85	
   at	
   low	
   temperature	
   forming	
   the	
   2,2´,6,6´-­‐tetrahalobiphenyl	
   6.86	
  
(following	
  gentle	
  conditions	
  reported	
  by	
  Leroux	
  et	
  al.63),	
  ii)	
  a	
  Pd-­‐catalyzed	
  C-­‐S	
  coupling	
  
of	
   	
   the	
  arylbromides	
  with	
  ethyl-­‐3-­‐mercaptopropionate	
  (inspired	
  by	
  conditions	
  of	
   Itoh	
  
and	
  Mase64)	
   to	
   furnish	
   compound	
  6.87,	
   iii)	
   a	
   base-­‐promoted	
  deprotection	
  of	
  6.87	
   to	
  
form	
   the	
   dithiol	
   6.88,	
   and	
   finally	
   iv)	
   a	
   tandem	
   cyclization	
   via	
   intramolecular	
   SNAr-­‐
reactions	
  to	
  obtain	
  the	
  desired	
  product	
  6.83	
   in	
  high	
  yield	
  via	
  6.89	
  as	
  an	
  intermediate.	
  
We	
  had	
  previously	
  used	
   similar	
   conditions	
  of	
   steps	
   iii	
  and	
   iv	
   for	
   synthesizing	
  a	
   large	
  
selection	
   of	
   dibenzothiophene	
   derivatives.65	
  Yet,	
   in	
   that	
   work	
   we	
   could	
   do	
   the	
   two	
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steps	
  of	
  deprotection	
  and	
  subsequent	
  ring-­‐closure	
  in	
  a	
  one-­‐pot	
  reaction,	
  which	
  did	
  not	
  
work	
  for	
  the	
  synthesis	
  of	
  the	
  dibenzodithiapentalene.	
  

	
  
6.7	
  Conclusions	
  
Acetylenic	
   coupling	
   reactions	
   play	
   a	
   major	
   role	
   for	
   the	
   synthesis	
   of	
   the	
   cross-­‐
conjugated	
  molecules	
  targeted	
  in	
  our	
  research.	
  The	
  coupling	
  reactions	
  often	
  need	
  to	
  be	
  
modified	
  to	
  take	
  into	
  account	
  poor	
  reactivity	
  or	
  instability	
  of	
  substrates	
  or	
  products.	
  In	
  
particular,	
   we	
   have	
   had	
   success	
   with	
   adding	
   molecular	
   sieves	
   to	
   enhance	
   oxidative	
  
Glaser-­‐Hay	
  dimerizations,	
  using	
  ultrasound	
  for	
  promoting	
  Sonogashira	
  reactions,	
  using	
  
chloroalkynes	
   as	
   coupling	
   partners	
   for	
   preparing	
   unsymmetical	
   1,3-­‐butadiynes,	
   and	
  
using	
   gold(I)	
   alkynyl	
   complexes	
   as	
   stable	
   substrates	
   in	
   Sonogashira-­‐like	
   coupling	
  
reactions.	
  We	
  have	
   employed	
   these	
  methods	
   for	
   the	
   synthesis	
   of	
   a	
   large	
   selection	
   of	
  
acetylenic	
  TTF	
  and	
  SubPc	
  scaffolds.	
  	
  

Functionalized	
  DHAs	
   are	
   conveniently	
   functionalized	
   using	
   the	
   “parent”	
   system	
  
incorporating	
  a	
  substituent	
  at	
  position	
  C-­‐2	
  as	
  a	
  precursor.	
  Protocols	
  for	
  regioselective	
  
functionalizations	
   at	
   positions	
   C-­‐1,	
   C-­‐3,	
   and	
   C-­‐7	
   have	
   been	
   developed	
   in	
   addition	
   to	
  
protocols	
   for	
   fusing	
  a	
  benzene	
  ring	
  to	
  either	
  the	
  C-­‐2	
  –	
  C-­‐3	
  or	
  the	
  C-­‐7	
  –	
  C-­‐8	
  bonds.	
  By	
  
treatment	
   with	
   Lewis	
   acids,	
   these	
   DHAs	
   can	
   be	
   opened	
   to	
   VHFs;	
   this	
   conversion	
   is	
  
accompanied	
   by	
   a	
   transformation	
   of	
   the	
   fused	
   aromatic	
   ring	
   into	
   an	
   unfavourable	
  
cross-­‐conjugated,	
   quinoid	
   structure.	
   In	
   consequence,	
   the	
   VHFs	
  were	
   found	
   to	
   return	
  
quickly	
  to	
  DHAs.	
  	
  

Hydride	
   abstraction	
   from	
   DHAs	
   can	
   readily	
   be	
   achieved	
   using	
   tritylium	
  
tetrafluoroborate.	
   This	
   reaction	
   allowed	
   us	
   to	
   prepare	
   in	
   high	
   yield	
   a	
   1,1-­‐dicyano-­‐2-­‐
phenyl-­‐1H-­‐azulenium	
   salt,	
   which	
   was	
   subsequently	
   found	
   to	
   exhibit	
   the	
   highest	
  
electrophilicity	
   towards	
  the	
   lithium	
  acetylide	
  nucleophile	
  at	
  positions	
  C-­‐4	
  and	
  C-­‐5	
  (in	
  
particular	
  at	
  C-­‐5).	
  	
  

The	
  DHAs	
  can	
  also	
  be	
  employed	
  as	
  precursors	
  for	
  fully	
  unsaturated,	
  substituted	
  
azulenes.	
   Of	
   particular	
   importance,	
   preparation	
   of	
   bromo-­‐substituted	
   azulenes	
   can	
  
easily	
   be	
   achieved.	
   A	
   clear	
   reactivity	
   difference	
   between	
   3-­‐bromo-­‐	
   and	
   7-­‐bromo-­‐
substituted	
  azulenes	
  for	
  palladium-­‐catalyzed	
  coupling	
  reactions	
  was	
  observed	
  (as	
  well	
  
as	
   for	
   the	
   related	
   DHAs);	
   the	
   former	
   being	
   less	
   reactive.	
   Oxidative	
   addition	
   at	
   the	
  
vinylic	
   bromide	
   at	
   C-­‐3	
   is	
   thus	
   less	
   favorable	
   than	
   at	
   C-­‐7	
   despite	
   the	
   presence	
   of	
   an	
  
electron-­‐withdrawing	
  cyano	
  group	
  at	
  C-­‐1.	
  

A	
  variety	
  of	
  cruciform-­‐like	
  motifs	
  with	
  an	
  extended	
  TTF	
  unit	
  has	
  been	
  prepared	
  
by	
  Wittig	
  reactions	
  from	
  simple	
  carbonyl	
  precursors.	
  In	
  addition,	
  phosphite-­‐mediated	
  
couplings	
  present	
  a	
  convenient	
  way	
  of	
  introducing	
  DTF	
  units	
  to	
  π-­‐conjugated	
  systems,	
  
and	
  we	
  have	
  prepared	
  a	
  large	
  selection	
  of	
  extended	
  TTFs	
  and	
  cruciform-­‐like	
  motifs	
  by	
  
this	
  method	
  (more	
  examples	
  from	
  our	
  work	
  than	
  shown	
  in	
  this	
  chapter	
  can	
  be	
  found	
  in	
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Ref.	
  54b)	
  where	
  the	
  DTF	
  units	
  are	
  either	
  placed	
  in	
  linear	
  or	
  cross-­‐conjugated	
  pathways	
  
relative	
   to	
   each	
   other.	
  We	
   found	
   that	
   stilbenes	
   could	
   also	
   be	
   formed	
   from	
  phosphite	
  
mediated	
  coupling	
  of	
  benzaldehyde	
  derivatives	
  when	
  the	
  electronic	
  character	
  of	
  a	
  para	
  
substituent	
  on	
  the	
  benzaldehyde	
  was	
  changed	
  from	
  electron-­‐withdrawing	
  to	
  electron-­‐
donating	
  during	
  the	
  conditions.	
  This	
  can	
  be	
  considered	
  as	
  a	
  sort	
  of	
  “umpolung”.	
  Further	
  
acetylenic	
   scaffolding	
   has	
   allowed	
   the	
   synthesis	
   of	
   various	
   H-­‐cruciform	
   shaped	
  
molecules	
   incorporating	
   OPE	
   units,	
   which	
   are	
   potentially	
   interesting	
   wires	
   for	
  
molecular	
  electronics	
  applications.	
  	
  	
  	
  	
  

As	
   first	
   shown	
   by	
   Furukawa	
   and	
   co-­‐workers,60	
   the	
   cross-­‐conjugated	
  
dibenzo[bc,fg][1,4]dithiapentalene	
   is	
   a	
   stable	
   compound	
   (in	
   contrast	
   to	
   the	
  
unsubstituted	
  dithiapentalene	
  core).	
  We	
  have	
  developed	
  a	
  convenient	
  synthesis	
  of	
  this	
  
compound	
  employing	
  SNAr	
  reactions.	
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This	
   dissertation	
  work	
   has	
   shown	
   how	
   cross-­‐conjugation	
   strongly	
   influences	
   optical,	
  
redox,	
  chemical	
  reactivity	
  (exemplified	
  by	
  electrocyclic	
  reactions),	
  and	
  single-­‐molecule	
  
conductance	
  properties.	
  The	
  findings	
  are	
  summarized	
  schematically	
  in	
  Figure	
  7.1.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  
	
  

Figure	
  7.1.	
  Summary	
  of	
  the	
  consequences	
  of	
  cross-­‐conjugation.	
  Absorption	
  redshifts	
  and	
  
blueshifts	
  refer	
  to	
  intrinsic	
  molecular	
  properties,	
  ignoring	
  solvation	
  effects.	
  	
  

D	
  =	
  donor;	
  A	
  =	
  acceptor;	
  Au	
  =	
  gold	
  electrode.	
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The	
   molecules	
   that	
   we	
   have	
   prepared	
   and	
   studied	
   are	
   in	
   general	
   structurally	
  
complicated,	
   and	
   it	
   should	
   be	
   emphasized	
   that	
   other	
   contributions	
   to	
   the	
   electronic	
  
properties	
   than	
   cross-­‐conjugation,	
   such	
   as	
   non-­‐planarity	
   of	
   the	
   π−system,	
   may	
   also	
  
play	
   important	
   roles.	
   No	
  matter	
  what,	
   altogether	
   our	
   results	
   (together	
  with	
   those	
   of	
  
others)	
  do	
  support	
  the	
  key	
  conclusion:	
  	
  

	
  

π-­‐Electron	
  delocalization	
  is	
  significantly	
  less	
  efficient	
  via	
  cross-­‐
conjugation	
  than	
  via	
  linear	
  conjugation,	
  and	
  cross-­‐conjugation	
  
can	
  therefore	
  be	
  employed	
  as	
  a	
  structural	
  tool	
  to	
  decouple	
  two	
  
functional	
  units.	
  	
  

	
  

The	
   obtained	
   results	
   are	
   important	
   in	
   the	
   further	
   design	
   of	
   advanced	
   organic	
  
materials	
  with	
  low	
  HOMO-­‐LUMO	
  gaps	
  based	
  on	
  donor-­‐acceptor	
  chromophores,	
   in	
  the	
  
design	
  of	
  photochromic	
  molecules	
  and	
  materials	
  with	
  high	
  energy	
  storage	
  capacities,	
  
controllable	
  rates	
  of	
  interconversions	
  and	
  optimum	
  absorption	
  maxima	
  (with	
  potential	
  
applications	
   for	
   storage	
   of	
   solar	
   energy	
   based	
   on	
   closed	
   energy	
   cycles	
   of	
   harvesting,	
  
storage,	
   and	
   release),	
   in	
   the	
   design	
   of	
   multiple	
   redox	
   systems	
   as	
   “electron	
   or	
   hole	
  
reservoirs”	
   (with	
  potential	
   applications	
   for	
  photovoltaics),	
   in	
   the	
  design	
  of	
  molecular	
  
switches	
   for	
   molecular	
   electronics	
   applications	
   that	
   upon	
   an	
   external	
   stimulus	
   can	
  
undergo	
  conductance	
  switching,	
  and	
  in	
  the	
  design	
  of	
  organic	
  polyradical	
  spin	
  systems	
  
for	
  spintronics	
  applications.	
  

	
  

	
  



	
  




