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  C.	
  Serina	
  and	
  Derek	
  P.	
  Gates*a	
  

A	
  survey	
  of	
  the	
  state-­‐of-­‐the-­‐art	
  in	
  the	
  development	
  of	
  synthetic	
  methods	
  to	
  incorporate	
  p-­‐block	
  elements	
  into	
  polymers	
  is	
  
given.	
   The	
   incorporation	
   of	
   main	
   group	
   elements	
   (groups	
   13-­‐16)	
   into	
   long	
   chains	
   provides	
   access	
   to	
   materials	
   with	
  
fascinating	
  chemical	
  and	
  physical	
  properties	
  imparted	
  by	
  the	
  presence	
  inorganic	
  groups.	
  Perhaps	
  the	
  greatest	
  impedence	
  
to	
  the	
  widespread	
  academic	
  and	
  commercial	
  use	
  of	
  p-­‐block	
  element-­‐containing	
  macromolecules	
  is	
  the	
  synthetic	
  challenge	
  
associated	
  with	
  linking	
  inorganic	
  elements	
  into	
  long	
  chains.	
  In	
  recent	
  years,	
  creative	
  methodologies	
  have	
  been	
  developed	
  
to	
  incorporate	
  heteroatoms	
  into	
  polymeric	
  structures,	
  with	
  perhaps	
  the	
  greatest	
  advances	
  occurring	
  with	
  hybrid	
  organic-­‐
inorganic	
   polymers	
   composed	
   of	
   boron,	
   silicon,	
   phosphorus	
   and	
   sulfur.	
  With	
   these	
   developments,	
  materials	
   are	
   being	
  
realized	
  that	
  posess	
  exciting	
  chemical,	
  photophysical	
  and	
  thermal	
  properties	
  that	
  are	
  not	
  possible	
  for	
  conventional	
  organic	
  
polymers.	
   This	
   review	
   focuses	
   on	
   highlighting	
   the	
   most	
   significant	
   recent	
   advances	
   whilst	
   giving	
   an	
   appropriate	
  
background	
  for	
  the	
  general	
  reader.	
  Of	
  particular	
  focus	
  will	
  be	
  advances	
  made	
  over	
  the	
  last	
  two	
  decades,	
  with	
  emphasis	
  on	
  
the	
  novel	
  synthetic	
  methodologies	
  employed.	
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1	
  	
  Introduction	
  
Perhaps	
   the	
   greatest	
   impact	
   of	
   20th	
   century	
   synthetic	
  
chemistry	
  is	
  the	
  sudden	
  ubiquity	
  of	
  polymeric	
  materials	
  in	
  our	
  
daily	
   lives.	
   It	
   is	
   difficult	
   to	
   imagine	
   modern	
   society	
   without	
  
synthetic	
   textiles,	
   electronics,	
   disposable	
   packaging,	
   and	
  
structural	
  materials.	
  The	
  pervasiveness	
  of	
  plastics,	
  rubbers	
  and	
  
fibres	
   is	
   all	
   the	
   more	
   impressive	
   considering	
   that	
   the	
   vast	
  
majority	
   of	
   these	
   products	
   are	
   made	
   primarily	
   from	
   organic	
  
polymers	
   (composed	
   almost	
   entirely	
   of	
   carbon).	
   Given	
   the	
  
great	
   breadth	
   of	
   properties	
   and	
   applications	
   of	
   long	
   chains	
  
composed	
   solely	
   of	
   combinations	
   of	
   carbon,	
   nitrogen	
   and	
  
oxygen,	
   the	
   potential	
   for	
   polymers	
   including	
   other	
   p-­‐block	
  
elements	
  is	
  inconceivable.	
  	
  The	
  inclusion	
  of	
  inorganic	
  elements	
  
into	
   linear	
  macromolecules	
   opens	
   the	
   door	
   to	
  materials	
  with	
  
unique	
   physical	
   and	
   chemical	
   properties	
   that	
   are	
   not	
  
attainable	
  with	
  purely	
  carbon-­‐based	
  systems.	
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Despite	
   these	
   exciting	
   prospects,	
   the	
   field	
   of	
   inorganic	
  
polymer	
  chemistry	
  remains	
  at	
  a	
  much	
  more	
  primitive	
  stage	
  of	
  
development.	
   Until	
   late	
   in	
   the	
   last	
  millennium,	
   the	
   field	
   was	
  
dominated	
  by	
   three	
  classes	
  of	
  macromolecules:	
  polysiloxanes	
  
(A),	
  polyphosphazenes	
  (B),	
  and	
  polysilanes	
  (C,	
  Fig.	
  1).	
  Research	
  
on	
  these	
  commercially	
  relevant	
  polymers	
  remains	
  a	
  hotbed	
  of	
  
activity	
   due	
   to	
   their	
   unique	
   properties	
   such	
   as	
   excellent	
  
thermo-­‐oxidative	
   stability	
   and	
   high	
   flexibility	
   at	
   low	
  
temperatures.	
   Recently,	
   poly(ferrocenylsilane)s	
   (D)	
   have	
  
emerged	
  as	
  a	
  fourth	
  major	
  class	
  of	
  inorganic	
  polymer.	
  	
  

	
  

Fig.	
  1	
   Four	
  main	
   classes	
  of	
  macromolecules	
   composed	
  of	
  p-­‐block-­‐elements	
   in	
   the	
  
main	
  chain.	
  

	
   The	
   relative	
   dearth	
   of	
   p-­‐block	
   polymers	
   can,	
   in	
   part,	
   be	
  
attributed	
  to	
  an	
  absence	
  of	
  sophisticated	
  methods	
  available	
  to	
  
link	
   inorganic	
   functionalities	
   into	
   long	
   chains.	
   In	
   contrast,	
   the	
  
preparation	
  of	
  carbon-­‐based	
  polymers	
  is	
  aided	
  by	
  the	
  maturity	
  
of	
   synthetic	
   organic	
   chemistry.	
   Thus,	
   the	
   major	
   challenge	
  
facing	
   researchers	
   in	
   the	
   area	
   of	
   p-­‐block	
   element-­‐containing	
  
macromolecules	
   is	
   the	
   development	
   of	
   general	
   synthetic	
  
methods	
  to	
  link	
  inorganic	
  elements	
  together.	
  Although	
  recent	
  
growth	
  in	
  polymers	
  composed	
  purely	
  of	
  inorganic	
  backbones	
  is	
  
modest,	
   an	
   explosion	
   of	
   growth	
   in	
   the	
   field	
   of	
   inorganic-­‐
organic	
  hybrid	
  polymers	
  is	
  currently	
  underway.	
  	
  
	
   The	
  basic	
  strategies	
  to	
  incorporate	
  inorganic	
  elements	
  (E	
  or	
  
A)	
   into	
   polymers	
   are	
   the	
   same	
   as	
   those	
   used	
   to	
   prepare	
  
organic	
   polymers	
   (Fig.	
   2).	
   Chain	
   growth	
   methods	
   offer	
   the	
  
advantage	
   of	
   giving	
   high	
   molecular	
   weights	
   even	
   at	
   low	
  
monomer	
   conversion,	
   however,	
   they	
   require	
   either	
   (i)	
  
unsaturated	
  monomers	
  for	
  addition	
  polymerization	
  or	
  (ii)	
  rings	
  
for	
   ring-­‐opening	
   polymerization	
   (ROP).	
   For	
   purely	
   inorganic	
  
systems,	
  multiply	
  bonded	
  species	
  are	
  often	
  difficult	
   to	
  obtain	
  
and	
   require	
   large,	
   polymerization	
   inhibiting,	
   substituents.	
  
Likewise,	
  suitably	
  strained	
  inorganic	
  ring	
  compounds	
  are	
  often	
  
inaccessible.	
   Step	
   growth	
   methods	
   suffer	
   from	
   the	
   need	
   for	
  
high	
  purity	
  monomers	
  in	
  strict	
  stoichiometric	
  ratios	
  to	
  achieve	
  
high	
   molecular	
   weights.	
   Meeting	
   these	
   requirements	
   is	
  
particularly	
  challenging	
  for	
  p-­‐block	
  monomers,	
  which	
  are	
  often	
  
difficult	
  to	
  obtain	
  in	
  high	
  purity	
  due	
  to	
  their	
  tendency	
  to	
  be	
  air-­‐	
  
and	
   moisture-­‐sensitive.	
   Despite	
   these	
   limitations,	
   catalytic	
  
methods	
  such	
  as	
  dehydrogenative	
  coupling	
  have	
  emerged	
  for	
  
the	
  preparation	
  of	
  polymers	
  by	
  routes	
  (iii)	
  and	
  (vi).	
  In	
  addition,	
  
the	
  use	
  of	
  organic	
   spacers,	
  as	
  depicted	
  by	
   routes	
   (iv)	
  and	
   (v),	
  
has	
   grown	
   in	
   popularity	
   due	
   to	
   the	
   proliferation	
   of	
   catalytic	
  
organic	
  coupling	
  chemistry.	
  	
  

	
  

Fig.	
  2	
   Well-­‐established	
  synthetic	
  methods	
  used	
  to	
  prepare	
  polymers	
  as	
  applied	
   to	
  
generic	
  p-­‐block	
  elements	
  (E	
  and	
  A).	
  	
  

	
   In	
   this	
   review,	
   a	
   survey	
   of	
   the	
   rapidly	
   growing	
   field	
   of	
   p-­‐
block	
  element-­‐containing	
  polymers	
  will	
  be	
  detailed.	
  Emphasis	
  
will	
  be	
  placed	
  on	
  advances	
  in	
  synthetic	
  methodologies	
  towards	
  
linear	
  macromolecules	
  containing	
  main	
  group	
  elements	
  within	
  
the	
   main	
   chain.	
   Where	
   possible,	
   the	
   exciting	
   properties	
   of	
  
these	
  novel	
  materials	
  will	
  be	
  highlighted.	
  Although	
  the	
  reader	
  
will	
  be	
  provided	
  with	
  a	
  brief	
  historical	
  background	
  and	
  context,	
  
recent	
   breakthroughs	
   will	
   be	
   the	
   main	
   focus.	
   For	
   previous	
  
reviews	
   and	
   books	
   in	
   the	
   general	
   areas	
   of	
   inorganic,	
   metal-­‐
containing	
  and	
  organometallic	
  polymers,	
  the	
  reader	
  is	
  directed	
  
to	
  the	
  following	
  references.1	
  	
  

2	
  	
  Group	
  13	
  elements	
  	
  
Incorporating	
   the	
   triels	
   into	
   long	
   chains	
   poses	
   a	
   considerable	
  
synthetic	
   challenge	
   due	
   to	
   their	
   metallic	
   character	
   and	
   the	
  
additional	
   complexity	
   imparted	
   by	
   forming	
   dative,	
   ionic	
   and	
  
covalently-­‐bonded	
   structures.	
   As	
   a	
   consequence,	
   the	
   heavier	
  
elements	
   of	
   the	
   group	
   are	
   often	
   found	
   in	
   coordination	
  
polymers.	
  Boron	
  occupies	
  a	
  unique	
  place	
  in	
  polymer	
  chemistry	
  
due	
   to	
   its	
   electron	
   deficiency	
   and	
   its	
   ability	
   to	
   function	
   as	
   a	
  
Lewis	
  acid.	
  Thus,	
  boron-­‐containing	
  polymers	
  exhibit	
  fascinating	
  
properties,	
   particularly	
   in	
   the	
   areas	
   of	
   optoelectronics	
   and	
  
sensors.	
   The	
   incorporation	
   of	
   organoboron	
   moieties	
   into	
  
polymers	
   with	
   π-­‐conjugated	
   frameworks	
   is	
   currently	
  
undergoing	
   rapid	
   growth.	
   For	
   more	
   details,	
   the	
   reader	
   is	
  
referred	
   to	
   these	
   excellent	
   recent	
   reviews	
   that	
   focus	
   on	
   the	
  
synthesis	
   and	
   properties	
   of	
   boron-­‐containing	
  
macromolecules.2	
   By	
   contrast,	
   the	
   development	
   of	
   covalent	
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macromolecules	
  containing	
   the	
  heavier	
  elements	
  of	
  group	
  13	
  
is	
  in	
  its	
  infancy.	
  

2.1	
  	
  Boron	
  

2.11	
  	
  Poly(borazylene)s	
  and	
  poly(cyclodiborazane)s	
  	
  

There	
  has	
  been	
  a	
  longstanding	
  interest	
  in	
  inorganic	
  boron-­‐
containing	
  polymers	
  such	
  as	
  the	
  poly(borazylene)s	
   (e.g.	
  1	
  and	
  
2,	
  Fig.	
  3).	
  These	
  macromolecules	
  are	
  of	
  particular	
   importance	
  
as	
  precursors	
  to	
  boron-­‐nitride	
  ceramics.3,	
  4	
   In	
  many	
   instances,	
  
these	
   materials	
   consist	
   of	
   either	
   short	
   chain	
   oligomers	
   or	
  
highly	
   cross-­‐linked	
   networks	
   and,	
   thus,	
   are	
   difficult	
   to	
   study	
  
using	
   conventional	
   polymer	
   characterization	
   techniques.	
  
Approaches	
   involving	
   linear	
   macromolecules	
   derived	
   from	
  
vinyl	
  borazine	
  display	
  increased	
  solublilty	
  and	
  have	
  also	
  found	
  
application	
  as	
  ceramic	
  precursors.5	
  	
  	
  

	
  

Fig.	
  3	
  	
   Common	
  structural	
  forms	
  of	
  poly(borazylenes).	
  	
  

The	
   hydroboration	
   of	
   bridged	
   dicyano	
   monomers	
   with	
  
boranes	
   provides	
   an	
   efficient	
   route	
   to	
   poly(cyclodiborazane)s	
  
(3,	
   Scheme	
  1),	
   the	
   first	
  polymers	
  with	
  cyclic	
  B2N2	
   rings	
   in	
   the	
  
polymer	
   main	
   chain.6,	
   7	
   This	
   methodology	
   permits	
   the	
  
incorporation	
  of	
  novel	
  functionalities,	
  such	
  as	
  disilanes	
  (3a:	
  Mn	
  
=	
  4	
  800	
  –	
  9	
  400	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.5	
  –	
  1.6)8	
  or	
  oligothiophene	
  (3b-­‐
e:	
   1	
   800	
   –	
   4	
   200	
   g	
   mol-­‐1,	
   PDI	
   =	
   1.4	
   –	
   2.8)9	
   spacers.	
   These	
  
polymers	
  are	
  of	
  potential	
  interest	
  for	
  their	
  novel	
  photophysical	
  
properties.	
   In	
   particular,	
   bathochromic	
   shifts	
   are	
   observed	
  
with	
  increasing	
  thiophene	
  chain	
  length	
  (3b:	
  λmax	
  =	
  387	
  nm;	
  3e:	
  
426	
   nm;	
   R	
   =	
   Mes),	
   each	
   polymer	
   exhibits	
   fluorescence	
   in	
  
solution	
  (3a:	
  λem	
  =	
  434	
  nm,	
  3b-­‐e:	
  451	
  –	
  536	
  nm;	
  R	
  =	
  Mes),	
  and	
  
a	
  film	
  of	
  3b	
  showed	
  yellow	
  emission	
  in	
  the	
  solid	
  state.	
  

	
  

Scheme	
  1	
  	
   Synthesis	
   of	
   poly(cyclodiborazane)s	
   with	
   disilane	
   and	
   oligothiophene	
  
spacers.	
  

2.12	
  	
  Polymers	
  containing	
  organoboron	
  heterocycles	
  	
  

An	
  attractive	
  organoboron	
  motif	
   that	
  can	
  be	
   incorporated	
  
into	
   the	
   macromolecular	
   framework	
   is	
   the	
   quinolate	
   ligand.	
  
Both	
   the	
   boron-­‐quinolate	
   and	
   the	
   π-­‐conjugated	
   spacer	
   are	
  
separate	
   chromophores	
   that	
   independently	
   account	
   for	
   the	
  
emissive	
   properties	
   of	
   these	
   materials.	
   These	
   exciting	
  
macromolecules	
   are	
   often	
   highly	
   fluorescent	
   and	
   the	
   color	
  

emitted	
  is	
  tunable	
  by	
  varying	
  the	
  nature	
  of	
  the	
  substituent	
  on	
  
the	
  quinolate	
  ring.	
  	
  

Originally,	
   B-­‐quinolate	
   polymers	
   were	
   synthesized	
   by	
  
Sonogashira	
   cross-­‐coupling	
   of	
   arylenediynes	
   and	
   bis(p-­‐
iodophenyl)	
   organoboron	
   quinolates	
   (Scheme	
   2).10	
   The	
  
isolated	
  polymers	
  4a	
  (Mn	
  =	
  3	
  200	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.7)	
  and	
  4b	
  (Mn	
  
=	
   20	
   700	
   g	
   mol-­‐1,	
   PDI	
   =	
   2.4)	
   were	
   strongly	
   absorbing	
   in	
   the	
  
visible	
   region	
   (λmax	
   =	
   375	
   nm)	
   and	
   exhibited	
   green-­‐blue	
  
fluorescence	
   (λem	
   =	
   486-­‐512	
   nm)	
   in	
   solution	
   and	
   solid	
   state.	
  
The	
  measured	
  solution	
  quantum	
  yields	
  (Φ)	
  for	
  4a	
  and	
  4b	
  were	
  
0.26	
  and	
  0.27,	
  respectively.	
  

	
  

Scheme	
  2	
  	
   Synthesis	
   of	
   organoboron	
  quinolate	
  polymers	
  using	
   Sonogashira	
   cross-­‐
coupling.	
  

This	
   methodology	
   has	
   subsequently	
   been	
   expanded	
   to	
  
include	
  similar	
  organoboron	
  polymers	
  containing	
  quinolates,11	
  
benzo[h]quinolates,12	
   aminoquinolates,13,	
   14	
   quinolone	
  
thiolates,15	
   quinolone	
   selenates,15	
   and	
   	
   1,3-­‐diketones.16	
  
Alternatively,	
   a	
   boron-­‐induced	
   ether	
   cleavage	
   of	
   an	
  
arylmethoxide	
   has	
   been	
   used	
   to	
   incorporate	
   quinolate	
  
moieties	
   into	
   the	
   backbone	
   (Scheme	
   3).17	
   In	
   this	
   example,	
  
polymerization	
  occurs	
  when	
  bromoborane	
  moieties	
  cleave	
  the	
  
methyl	
  group	
  of	
  the	
  bifunctional	
  8-­‐methoxyquinoline,	
  forming	
  
boron	
  quinolate	
  polymer	
  5	
   (Mn	
  =	
  14	
  300	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.20).	
  
Another	
   strategy	
   to	
   polymers	
   of	
   this	
   type	
   involves	
   the	
   post-­‐
polymerization	
  formation	
  of	
  the	
  boron	
  quinolate	
  moiety.18,	
  19	
  	
  

	
  

Scheme	
  3	
  	
   Synthesis	
   of	
   an	
   organoboron	
   quinolate	
   macromolecule	
   using	
   boron-­‐
induced	
  ether	
  cleavage.	
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One	
   of	
   the	
   most	
   common	
   boron-­‐containing	
   motifs	
   in	
  
conjugated	
  polymers	
  is	
  the	
  BODIPY	
  (4,4-­‐difluoro-­‐4-­‐bora-­‐3a,4a-­‐
diaza-­‐s-­‐indacene) system.	
   This	
   is	
   because	
   in	
   both	
   molecular	
  
and	
  macromolecular	
  chemistry,	
  compounds	
  containing	
  BODIPY	
  
groups	
   are	
   typically	
   highly	
   emissive.20	
   Polymers	
   containing	
  
BODIPY	
   have	
   been	
   prepared	
   using	
   Sonogashira	
   cross-­‐
coupling.21-­‐26	
   Suzuki27-­‐31	
   and	
   Stille32	
   cross-­‐coupling	
   reactions	
  
have	
   been	
   used	
   to	
   make	
   additional	
   BODIPY	
   polymers	
   with	
  
aromatic	
   spacers	
   that	
   are	
   attractive	
   for	
   their	
   potential	
  
photovoltaic	
   applications.	
   A	
   BODIPY	
   homopolymer,	
   6,	
   was	
  
synthetized	
   by	
   nickel(0)-­‐mediated	
   coupling	
   of	
   a	
   dibromo-­‐
precursor	
  (Mn	
  =	
  2	
  630	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.59,	
  Scheme	
  4).32	
  	
  

	
  

Scheme	
  4	
  	
   Method	
   for	
   the	
   preparation	
   of	
   a	
   macromolecule	
   with	
   BODIPY	
  
functionalities	
  in	
  the	
  main	
  chain.	
  

Similarly,	
   pyrazabole-­‐containing	
   derivatives	
   have	
   been	
  
synthesized	
   by	
   Sonogashira	
   coupling	
   using	
   aryl	
   diynes	
   and	
  
iodated	
   pyrazaboles	
   as	
   comonomers.33,	
   34	
   The	
   resultant	
  
materials	
  are	
  fluorescent	
  and	
  possess	
  excellent	
  quantum	
  yields	
  
(Φ	
  ≤	
  0.67).	
  	
  

A	
  route	
  to	
  macromolecules	
  containing	
  cyclic	
  1,2-­‐azaborines	
  
(i.e.	
   1,2-­‐BNC4R6,	
   a	
   benzene	
   analogue)	
   in	
   the	
  main	
   chain	
   was	
  
recently	
  reported	
  using	
  a	
  Suzuki	
  coupling	
  of	
  an	
  azaborine	
  A-­‐B-­‐
type	
  monomer	
   (A	
  =	
  Br,	
  B	
  =	
  Bpin).35	
  Employing	
  a	
  palladium(II)	
  
catalyst	
   in	
   basic	
   conditions	
   provided	
   the	
   highest	
   molecular	
  
weight	
   (Mn	
   =	
   3	
   150	
   g	
   mol-­‐1,	
   PDI	
   =	
   1.3).	
   The	
   absorption	
  
spectrum	
   of	
   the	
   poly(azaborine)	
   (λmax	
   =	
   475	
   nm)	
   was	
  
consistent	
   with	
   significant	
   π-­‐conjugation	
   within	
   the	
   main	
  
chain.	
  

2.13	
  	
  Poly(aminoborane)s	
  

Recently,	
   boron-­‐nitrogen	
   compounds	
   have	
   received	
  
considerable	
   attention	
   due	
   to	
   their	
   potential	
   for	
   hydrogen	
  
storage.36,	
  37	
  Poly(aminoborane)s	
  have	
  been	
  prepared	
  from	
  the	
  
catalytic	
  dehydrocoupling	
  of	
  amine-­‐boranes	
  (Scheme	
  5).	
  When	
  
employing	
   a	
   rhodium(I)	
   or	
   rhodium(III)	
   precatalyst,	
   the	
  
reaction	
   is	
   hindered	
   by	
   the	
   formation	
   of	
   cyclic	
   oligomers	
  
(R2NBH2)x	
   (x	
  =	
  2	
  or	
  3)	
  or	
  borazines	
   ([RNBH]3).

38,	
  39	
   In	
  contrast,	
  
when	
   N-­‐methylamine-­‐borane	
   (MeNH2·∙BH3)	
   was	
   treated	
   with	
  
an	
   iridium(III)	
   catalyst,	
   soluble	
   polymeric	
   material	
   7	
   was	
  
obtained	
  within	
  minutes	
  [7	
  (R	
  =	
  Me):	
  Mn	
  =	
  55	
  200	
  g	
  mol-­‐1,	
  PDI	
  
=	
  2.9,	
  Scheme	
  5].40	
  	
  

	
  	
  

Scheme	
  5	
  	
   Dehydrocoupling	
   of	
   amine-­‐borane	
   adducts	
   using	
   an	
   iridium(III)	
  
catalyst	
  to	
  afford	
  poly(aminoborane)s.	
  

Mixtures	
   of	
   different	
   amine-­‐boranes	
   and	
   the	
  
aforementioned	
   iridium(III)	
   catalyst	
   have	
   given	
   random	
  
aminoborane	
  copolymers	
  but	
   substrate	
  scope	
   is	
   limited	
   to	
  N-­‐
alkyl-­‐substituted	
   monomers.40,	
   41	
   The	
   use	
   of	
   unsubstituted	
  
[NH2BH2]n	
   [7	
   (R	
  =	
  H)]	
  as	
  a	
  precursor	
  to	
  boron	
  nitride	
  ceramics	
  
through	
   pyrolysis	
   has	
   been	
   demonstrated	
   (Fig.	
   4).	
   The	
  
copolymerization	
   of	
   MeNH2·∙BH3	
   with	
   NH3·∙BH3	
   has	
   also	
   been	
  
accomplished,	
   however,	
   the	
   molecular	
   weights	
   of	
   these	
  
materials	
  were	
   low	
   (Mn	
   =	
   12	
   000	
   –	
   14	
   000	
   g	
  mol-­‐1)	
   and	
   PDIs	
  
were	
  high	
   (up	
   to	
   11).	
   Insight	
   into	
   the	
  mechanism	
  of	
   catalytic	
  
dehydrocoupling	
   of	
   amine-­‐boranes	
   has	
   been	
   gained	
   through	
  
both	
  experimental42-­‐45	
  and	
  theoretical46,	
  47	
  studies.	
   In	
  a	
  recent	
  
article,	
  a	
  metal-­‐free	
  polymerization	
  of	
  N-­‐methylamine-­‐borane	
  
was	
   reported.48	
   Stoichiometric	
  addition	
  of	
   [H(OEt2)2][B(C6F5)4]	
  
to	
  MeNH2BH3	
  resulted	
  in	
  the	
  formation	
  of	
  an	
  amine-­‐boronium	
  
cation	
   which,	
   upon	
   the	
   addition	
   of	
   excess	
   base,	
   forms	
   the	
  
corresponding	
   poly(aminoborane).	
   Analysis	
   of	
   the	
   reaction	
  
products	
  by	
  ESI-­‐MS	
  showed	
  a	
  degree	
  of	
  polymerization	
  of	
  up	
  
to	
  49	
  (ca.	
  2	
  100	
  g	
  mol-­‐1).	
  	
  

	
  

Fig.	
  4	
   Pellet	
  of	
  poly(aminoborane)	
  7	
   (R	
  =	
  H)	
   (a)	
  after	
  pyrolysis	
  at	
  900	
   °C,	
   (b)	
  
before	
  pyrolysis.	
  The	
  Euro	
  coin	
  is	
  shown	
  for	
  scale.	
  Reproduced	
  from	
  Ref.	
  40	
  with	
  
permission	
  of	
  John	
  Wiley	
  and	
  Sons.	
  	
  

2.14	
  	
  Poly(phosphinoborane)s	
  
The	
  attempted	
  synthesis	
  of	
  poly(phosphinoborane)s	
  dates	
  

back	
   to	
   the	
   mid-­‐1950s	
   with	
   the	
   thermal	
   dehydrocoupling	
   of	
  
phosphine-­‐borane	
  adducts	
  at	
  200	
  °C.	
  The	
  first	
  high	
  molecular	
  
weight	
   poly(phosphinoborane)	
   (8:	
   Mw	
   =	
   33	
   300	
   g	
   mol-­‐1	
  
determined	
  by	
  static	
  light	
  scattering,	
  Scheme	
  6)	
  was	
  produced	
  
using	
   the	
   rhodium(I)-­‐catalyzed	
   dehydrocoupling	
   of	
   PhPH2-­‐
BH3.

49	
  The	
  choice	
  of	
  monomer	
  is	
  critical	
  as	
  similar	
  attempts	
  to	
  
polymerize	
   Ph2PH-­‐BH3	
   using	
   a	
   rhodium(I)	
   catalyst	
   afforded	
  
only	
   6-­‐	
   and	
   8-­‐membered	
   phosphinoborane	
   heterocycles.	
  
Subsequent	
   to	
   this	
   initial	
   breakthrough,	
   the	
   preparation	
   and	
  
characterization	
   of	
   poly(phosphinoborane)s	
   bearing	
   a	
   variety	
  
of	
  substituents	
  on	
  phosphorus	
  was	
  reported	
  (e.g.	
  4-­‐BuC6H4,	
  4-­‐
DodecC6H4,	
  4-­‐CF3C6H4,	
   i-­‐Bu).

50,	
  51	
  In	
  each	
  case,	
  only	
  monomers	
  
derived	
   from	
   primary	
   boranes	
   are	
   capable	
   of	
   forming	
   high	
  
molecular	
   weight	
   materials.	
   Poly(phosphinoborane)s	
   exhibit	
  
high	
  thermal	
  and	
  oxidative	
  stability.	
  

	
  	
  

Scheme	
  6	
  	
   Dehydrocoupling	
   of	
   phenylphosphine-­‐borane	
   adduct	
   to	
   make	
  
poly(phosphinoborane)	
  using	
  a	
  rhodium(I)	
  catalysis.	
  

Recently,	
   the	
   dehydrocoupling	
   of	
   phosphine-­‐borane	
  
adducts	
   using	
   an	
   iron(II)	
   catalyst	
   was	
   presented.52	
   The	
  
molecular	
   weights	
   were	
   dependent	
   on	
   the	
   loading	
   of	
  
FeCp(CO)2OTf	
   catalyst.	
   Micropatterns	
   of	
   the	
   resulting	
  
polymers	
  were	
  fabricated	
  on	
  silicon	
  wafers	
  by	
  soft-­‐lithography.	
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The	
   progress	
   of	
   the	
   [Cp2Ti]-­‐catalyzed	
   oligomerization	
   of	
  
PH2BH2NMe3,	
   a	
   BP	
   analogue	
   of	
   ethylene,	
   has	
   been	
   followed	
  
step-­‐by-­‐step	
  at	
  the	
  metal	
  center.53	
  These	
  results	
  may	
  serve	
  as	
  a	
  
model	
  to	
  future	
  catalyst	
  developments	
  for	
  dehydropolymerization.	
  

The	
   metal-­‐free	
   addition	
   polymerization	
   of	
   phosphinoboranes	
  
stabilized	
  by	
  Lewis	
  bases	
  has	
  just	
  appeared.54	
  This	
  method	
  provides	
  
a	
   route	
   to	
   P-­‐alkyl	
   poly(phosphinoborane)s	
   with	
   reasonable	
  
molecular	
  weight	
  with	
   low	
  polydispersity	
   (Mn	
  =	
  27	
  800	
  –	
  35	
  000	
  g	
  
mol-­‐1,	
   PDI	
   =	
   1.6	
   -­‐	
   1.9)	
   under	
   mild	
   conditions.	
   A	
   head-­‐to-­‐tail	
  
microstructure	
  is	
  postulated.	
  

2.15	
  	
  Poly(arylene/vinylene/ethynylene	
  borane)s	
  

In	
  a	
  pioneering	
  study,	
  the	
  synthesis	
  of	
  solution-­‐processible	
  
organoboron	
  polymers	
  by	
  the	
  haloboration	
  of	
  terminal	
  diynes	
  
with	
  boron	
  tribromide	
  was	
  described.55	
  The	
  resultant	
  polymer	
  
featured	
   divinyl	
   bromoborane	
   linkages	
   with	
   alkyl	
   spacers	
   (9:	
  
Mn	
   =	
   5	
   200	
   g	
   mol-­‐1,	
   PDI	
   =	
   3.27,	
   Fig.	
   5).	
   Although	
   moisture-­‐
sensitive,	
   the	
   labile	
   B-­‐Br	
   bonds	
   presented	
   an	
   opportunity	
   for	
  
further	
   functionalization.	
   Just	
   a	
   year	
   later	
   saturated	
  
polyalkyleneboranes	
  (e.g.	
  10:	
  Mn	
  =	
  19	
  000	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.46)	
  
were	
  reported,	
  synthesized	
  by	
  hydroboration	
  of	
  dienes	
  with	
  t-­‐
hexyl	
   borane.56	
   A	
   later	
   report	
   described	
   the	
   synthesis	
   of	
  
poly(thienyldivinylene	
  borane)s	
  (e.g.	
  11:	
  Mn	
  =	
  2	
  700	
  g	
  mol-­‐1)	
  by	
  
hydroboration	
   of	
   2,5-­‐diethynylthiophene	
   derivatives	
   with	
   a	
  
BCl3/Et3SiH	
  mixture.57	
  	
  

	
  

Fig.	
  5	
  	
   Selected	
  examples	
  of	
  the	
  first	
  poly(vinylene	
  borane)s	
  and	
  poly(alkylene	
  
borane)s.	
  	
  	
  

The	
   difficulty	
   in	
   handling	
   the	
   aforementioned	
   materials	
  
prevented	
   detailed	
   investigation	
   of	
   their	
   properties.	
   The	
  
introduction	
   of	
   steric	
   bulk	
   within	
   poly(vinylene	
   borane)s	
   by	
  
employing	
   Mes58-­‐60	
   or	
   Trip61,	
   62	
   substituents	
   at	
   boron	
   vastly	
  
increased	
   moisture	
   stability	
   in	
   comparison	
   to	
   the	
   previously	
  
used	
  t-­‐hexyl	
  or	
  halogen	
  groups.	
  	
  

A	
   route	
   to	
  poly(arylenevinylene	
  borane)s	
   (12a-­‐e)	
   using	
  an	
  
intriguing	
   haloboration-­‐phenyl	
   transformation	
   in	
   the	
  
polymerization	
  step	
  has	
  been	
  demonstrated	
  by	
  the	
  reaction	
  of	
  
aromatic	
  diynes	
  with	
  Ph2BBr	
  (Scheme	
  7).63	
  In	
  this	
  example,	
  the	
  
borane	
   acts	
   as	
   a	
   difunctional	
   monomer	
   by	
   adding	
   both	
   a	
  
bromo	
   and	
   a	
   phenyl	
   group	
   across	
   the	
   dialkyne.	
   A	
   variety	
   of	
  
polymers	
   with	
   different	
   aryl	
   spacers	
   were	
   prepared	
   with	
  
distinctly	
  different	
  molecular	
  weights	
  (Mn)	
  varying	
  from	
  1	
  000	
  
g	
  mol-­‐1	
  (12c)	
  to	
  7	
  500	
  g	
  mol-­‐1	
  (12e).	
  The	
  PDIs	
  varied	
  from	
  2.3	
  to	
  
4.3.	
  	
  

	
  

Scheme	
  7	
  	
   The	
   copolymerization	
   of	
   arylenediynes	
   and	
   bromodiphenylborane	
   to	
  
afford	
  poly(arylenevinylene	
  borane)s.	
  

Poly(p-­‐phenylenediethynylene	
  borane)s	
  13a	
   and	
  13b	
  have	
  
been	
   prepared	
   by	
   the	
   reaction	
   of	
   a	
   dilithiated	
  
diethynylphenylene	
   and	
   aryldimethoxyboranes	
   (Scheme	
   8).64	
  
gel	
   permeation	
   chromatography	
   (GPC)	
   of	
   the	
   air-­‐	
   and	
  
moisture-­‐stable	
  polymers	
  revealed	
  a	
  modest	
  molecular	
  weight	
  
(13a:	
  Mn	
  =	
  2	
  700	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.3;	
  13b:	
  Mn	
  =	
  2	
  000	
  g	
  mol-­‐1,	
  PDI	
  
=	
   1.1).	
   Polymer	
   13b	
   absorbs	
   at	
   397	
   nm,	
   significantly	
  
bathochromically	
   shifted	
   compared	
   to	
   the	
   trimethylsilylated	
  
dialkyne	
   monomer	
   (345	
   nm),	
   suggesting	
   significant	
   π-­‐
conjugation	
  through	
  the	
  boron	
  atoms.	
  

	
  	
  

Scheme	
  8	
  	
   Condensation	
  polymerization	
  of	
  lithiated	
  arylenediyne	
  and	
  arylboronate	
  
ester	
  to	
  afford	
  poly(p-­‐phenylenediethynylene	
  borane)s.	
  

A	
   key	
   contribution	
   has	
   appeared	
   that	
   describes	
   the	
  
synthesis	
   of	
   air-­‐	
   and	
   moisture-­‐stable	
   poly(p-­‐phenylene	
  
borane)s	
   14	
   (Ar	
   =	
   Trip)	
   by	
   the	
   reaction	
   of	
   TripB(OMe)2	
   with	
  
various	
   1,4-­‐dibromo-­‐2,5-­‐dialkoxybenzene	
   derivatives	
   in	
   the	
  
presence	
   of	
   magnesium	
   metal	
   (Scheme	
   9).65	
   The	
   absorption	
  
maxima	
   (350-­‐360	
   nm)	
   for	
   the	
   polymer	
   show	
   a	
   bathochromic	
  
shift	
  when	
  compared	
  to	
  molecular	
  models,	
  consistent	
  with	
  π-­‐
conjugation	
  through	
  the	
  boron	
  atoms.	
  Polymer	
  14	
  (Ar	
  =	
  Trip,	
  R	
  
=	
   n-­‐Dodec)	
   strongly	
   emitted	
   blue-­‐green	
   light	
   (λem	
   =	
   487	
   nm)	
  
upon	
   irradiation	
   at	
   350	
   nm.	
   These	
   exciting	
   poly(p-­‐phenylene	
  
borane)s	
   were	
   obtained	
   in	
   modest	
   molecular	
   weights	
   and	
  
narrow	
  polydispersity	
  (Mn	
  ca.	
  3	
  000	
  g	
  mol-­‐1;	
  PDI	
  =	
  1.2).	
  Other	
  
derivatives	
   of	
   14	
   displayed	
   similar	
   photophysical	
   properties,	
  
albeit	
  with	
  lower	
  molecular	
  weights	
  and	
  isolated	
  yields.	
  

	
  

Scheme	
  9	
  	
   Synthesis	
   of	
   poly(arylene	
   borane)s	
   by	
   polycondensation	
   of	
   di-­‐
Grignard	
  reagents	
  and	
  arylboronate	
  esters.	
  

Incorporating	
  a	
  fluorene	
  moiety	
  as	
  the	
  aryl	
  linker	
  increases	
  
the	
   conjugation	
   length,	
   thereby	
   giving	
   access	
   to	
  
macromolecules	
   with	
   desirable	
   photophysical	
   properties.	
  
Poly(fluorenylene	
   borane)s	
   have	
   been	
   synthesized	
   by	
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condensing	
   2,7-­‐bis(trimethylstannyl)fluorene	
   and	
   2,7-­‐
bis(dibromoboryl)fluorene	
   (Scheme	
   10).19	
   The	
   resultant	
  
polymers	
   contain	
   labile	
   B-­‐Br	
   bonds	
   that	
   are	
   readily	
   arylated	
  
using	
   mild	
   organocopper(I)	
   reagents.	
   This	
   macromolecular	
  
substitution	
   affords	
   air-­‐	
   and	
   moisture-­‐stable	
   materials	
   (15a	
  
and	
   15b:	
  Mn	
   =	
   8	
   800	
   –	
   10	
   400	
   g	
   mol-­‐1,	
   PDI	
   =	
   1.61	
   –	
   1.68).	
  
Interestingly,	
   these	
   materials	
   are	
   strongly	
   absorbing	
   (λmax	
   =	
  
390	
   nm)	
   with	
   the	
   absorbance	
   maximum	
   being	
   red-­‐shifted	
  
compared	
   to	
   dihexylfluorene	
   (Δλ	
   =	
   80	
   nm)	
   and	
   2,7-­‐
bis(dimesitylboryl)-­‐9,9-­‐diethylfluorene	
  (Δλ	
  =	
  	
  20	
  nm).	
  Both	
  15a	
  
and	
   15b	
   fluoresce	
   with	
   strikingly	
   high	
   quantum	
   yields	
   (Φ	
   =	
  
0.81	
  and	
  0.84,	
  respectively).	
  These	
  materials	
  are	
  attractive	
  for	
  
“turn	
  off”	
  chemosensor	
  applications	
  showing	
  a	
  high	
  sensitivity	
  
towards	
  fluoride	
  and	
  cyanide	
  but	
  no	
  response	
  to	
  chloride	
  and	
  
bromide	
   anions.	
   A	
   similar	
   polymerization	
   strategy	
   has	
   been	
  
used	
  in	
  the	
  synthesis	
  of	
  poly(arylene	
  borane)s	
  (16a-­‐c)	
  featuring	
  
a	
   2,2’-­‐bithiophene	
   spacer	
   (Scheme	
   10).66	
   	
   Polymers	
   16a	
   and	
  
16c	
   have	
   moderate	
   quantum	
   yields	
   (Φ	
   =	
   0.21	
   and	
   0.15,	
  
respectively)	
  and	
  show	
  “turn	
  off”	
  emission	
  upon	
   the	
  addition	
  
of	
  pyridine	
  whilst	
  16b	
  is	
  non-­‐emissive.	
  	
  

	
  	
  

Scheme	
  10	
  	
   Methods	
   to	
   prepare	
   main	
   chain	
   π-­‐conjugated	
   organoboron	
   polymers	
  
with	
  fluorene	
  and	
  2,2’-­‐dithiophene	
  spacers.	
  

2.16	
  	
  Poly(9,10-­‐diboraanthracene)s	
  

The	
   incorporation	
   of	
   9,10-­‐diboraanthracene	
  moieties	
   into	
  
long	
   chains	
   ensures	
   significant	
   π–conjugation	
   due	
   to	
   the	
  
rigidity	
   of	
   the	
   diboraanthracene	
   ring.	
   The	
   hydroboration	
  
polymerization	
   of	
   9,10-­‐dihydro-­‐9,10-­‐diboraanthracene	
   with	
  
various	
  1,4-­‐diethynylbenzene	
  linkers	
  affords	
  polymers	
  17a	
  and	
  
17b	
   with	
   predominately	
   E-­‐configuration	
   (Scheme	
   11).67	
   The	
  
air-­‐sensitive	
  polymer	
  17b	
  exhibits	
  multiple	
  absorption	
  maxima	
  
(λmax	
  =	
  410,	
  349,	
  and	
  290	
  nm)	
  and	
  emits	
  green	
  light	
  (λem	
  =	
  518	
  
nm)	
  both	
  in	
  solution	
  and	
  in	
  the	
  solid	
  state	
  (Fig.	
  6).	
  	
  

	
  

Scheme	
  11	
   Synthesis	
   of	
   poly(9,10-­‐diboraanthracene)s	
   by	
   hydroboration	
  
polymerization.	
  

	
  
Fig.	
  6	
  	
   Solid-­‐state	
   emission	
   of	
   17b	
   in	
   air	
   with	
   irradiation	
   at	
   350	
   nm.	
   Photograph	
  
provided	
  courtesy	
  of	
  Profs.	
  M.	
  Wagner	
  and	
  F.	
  Jäkle.	
  

The	
   polycondensation	
   of	
   9,10-­‐dibromo-­‐9,10-­‐
diboraanthracene	
  with	
  1,4-­‐bis(tributylstannyl)benzene	
  affords	
  
diboraanthracene	
  macromolecule	
  18	
   (Scheme	
  12).	
  Due	
  to	
  the	
  
poor	
  air-­‐stability	
  of	
  18,	
  GPC	
  data	
  was	
  not	
  obtained.	
  However,	
  
end	
   group	
   analysis	
   using	
   1H	
   NMR	
   spectroscopy	
   permitted	
   a	
  
degree	
  of	
  polymerization	
  of	
  ca.	
  24	
  to	
  be	
  estimated.68	
  The	
  Stille	
  
cross-­‐coupling	
   of	
   2,5-­‐bis(trimethylstannyl)thiophene	
   with	
   a	
  
mixture	
   of	
   2,6-­‐	
   and	
   2,7-­‐dibromo-­‐9,10-­‐boraanthracene	
  
provides	
   access	
   to	
   polymer	
   19,	
   an	
   air-­‐	
   and	
   moisture-­‐stable	
  
material	
  (Mn	
  =	
  2	
  730	
  g	
  mol-­‐1,	
  PDI	
  =	
  2.17).69	
  In	
  this	
  example	
  the	
  
diboraanthracene	
   linkage	
   is	
  made	
   through	
   the	
   carbon	
   atoms	
  
of	
  the	
  aryl	
  ring	
  rather	
  than	
  boron.	
  	
  

	
  

Scheme	
  12	
  	
   Condensation	
   polymerization	
   routes	
   to	
   9,10-­‐diboraanthracene	
  
macromolecules.	
  	
  

2.17	
  	
  Borole-­‐containing	
  macromolecules	
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Boroles	
   incorporate	
   boron	
   atoms	
   in	
   a	
   rigid	
   π-­‐conjugated	
  
framework	
  and	
  are	
  attractive	
  due	
  to	
  their	
  intriguing	
  electronic	
  
properties	
  combined	
  with	
  their	
  chemical	
  functionality	
  as	
  Lewis	
  
acids.70	
   Despite	
   this	
   fact,	
   borole-­‐containing	
   macromolecules	
  
are	
  exceedingly	
  rare.	
  The	
  random	
  borole-­‐containing	
  copolymer	
  
20	
  was	
  synthesized	
  by	
  a	
  Yamamoto-­‐type	
  polycondensation	
  of	
  
2,7-­‐dibromo-­‐9,9-­‐di-­‐n-­‐octylfluorene	
   with	
   a	
   dibrominated	
   9-­‐
borafluorene	
  species	
  (9:1	
  ratio)	
  (20:	
  Mn	
  =	
  22	
  900	
  g	
  mol-­‐1,	
  PDI	
  =	
  
1.78,	
  Scheme	
  13).71	
  Thin	
  films	
  of	
  copolymer	
  20	
  were	
  made	
  by	
  
drop-­‐casting	
   from	
   a	
   dilute	
   toluene	
   solution.	
   Solutions	
   of	
   20	
  
show	
   luminescence	
   quenching	
   in	
   the	
   presence	
   of	
   certain	
  
anions	
  (e.g.	
  F-­‐,	
  CN-­‐,	
  I-­‐,	
  H2PO4

-­‐)	
  but	
  no	
  response	
  towards	
  others	
  
(e.g.	
   Br-­‐,	
   Cl-­‐,	
   BF4

-­‐,	
   HSO4
-­‐,	
   NO3

-­‐).	
   It	
   was	
   postulated	
   that	
   the	
  
presence	
   of	
   a	
   para-­‐cyano	
   group	
   on	
   the	
   9-­‐phenyl	
   substituent	
  
electronically	
  stabilizes	
  the	
  polymer	
  towards	
  air	
  oxidation.	
  

	
  

Scheme	
  13	
  	
   Synthesis	
   of	
   borole-­‐containing	
   polymer	
   by	
   nickel(0)-­‐mediated	
   cross-­‐
coupling.	
  

Poly(dioxaborole)s	
  with	
  reasonable	
  molecular	
  weights	
  (e.g.	
  
Mn	
  =	
  10	
  400	
  g	
  mol-­‐1,	
  PDI	
  =	
  2.4)	
  have	
  been	
  prepared	
  from	
  the	
  
condensation	
   of	
   9,9-­‐dihexylfluorene-­‐2,7-­‐diboronic	
   acid	
   and	
  
1,2,4,5-­‐tetrahydroxybenzene.72	
   Photophysical	
   and	
   theoretical	
  
investigations	
  of	
  the	
  resultant	
  material	
  were	
  consistent	
  with	
  a	
  
significant	
   degree	
   of	
   π-­‐conjugation	
   within	
   the	
   blue-­‐emitting	
  
material.	
  

The	
   preparation	
   of	
   a	
   poly(9-­‐borafluorene)	
   homopolymer	
  
using	
   the	
   Yamamoto	
   coupling	
   of	
   a	
   triisopropylphenyl	
  
substituted	
  borafluorene	
  has	
  appeared	
  recently	
  (Mn	
  =	
  6	
  300	
  g	
  
mol-­‐1,	
  PDI	
  =	
  2.54).73	
  To	
   limit	
  the	
  molecular	
  weight	
  and	
  enable	
  
solubility,	
  bromobenzene	
  was	
  added	
  to	
  the	
  reaction	
  mixture.	
  A	
  
poly(9-­‐borafluorene	
  vinylene)	
  has	
  been	
  made	
  by	
  Stille	
  coupling	
  
(Mn	
  =	
  7	
  200	
  g	
  mol-­‐1,	
  PDI	
  =	
  4.17).	
  As	
  expected,	
  both	
  polymers	
  
show	
   significant	
   red	
   shifts	
   in	
   their	
   absorption	
   maxima	
   in	
  
comparison	
   to	
   the	
   monomer	
   and	
   show	
   reasonable	
   quantum	
  
yields	
   (λmax	
   =	
   586nm,	
   Φ	
   =	
   0.50	
   and	
   614nm,	
   Φ	
   =	
   0.28).	
  
Interestingly,	
   the	
   emissive	
   properties	
   are	
   highly	
   sensitive	
  
towards	
   ammonia	
   vapour	
   suggesting	
   potential	
   sensing	
  
applications	
  for	
  these	
  novel	
  macromolecules.	
  	
  

2.18	
  	
  Linear	
  macromolecules	
  with	
  boron	
  in	
  the	
  side-­‐chain	
  

The	
  controlled	
  polymerization	
  of	
  4-­‐trimethylsilylstyrene	
  by	
  
atom	
   transfer	
   radical	
   polymerization	
   (ATRP)	
   followed	
   by	
  
boron-­‐silicon	
   exchange	
   by	
   BBr3	
   provides	
   a	
   facile	
   route	
   to	
  

boron-­‐substituted	
  polymer	
  21a	
  (Scheme	
  14).74	
  The	
  B-­‐Br	
  bonds	
  
are	
  readily	
  substituted,	
  thereby	
  providing	
  access	
  to	
  a	
  variety	
  of	
  
organoborane	
  macromolecules.	
  For	
  example,	
  polymer	
  21a	
  can	
  
be	
   treated	
   with	
   nucleophiles	
   (such	
   as	
   organocopper	
   or	
  
organotin	
  reagents)	
   to	
  produce	
  poly(organoborane)s	
  21b	
   (R	
  =	
  
ferrocenyl,75	
   thienyl,76,	
  77	
  pentafluorophenyl,77	
  and	
  polyaryl78).	
  
Additionally,	
   alkoxide	
   addition	
   to	
   polymer	
   21a	
   will	
   produce	
  
boronic	
   esters.74	
   Asymmetric	
   triarylboranes	
   (i.e.	
   21b	
   bearing	
  
two	
   different	
   R	
   groups)	
   have	
   also	
   been	
   synthesized.75,	
   78	
  
Polymers	
  synthesized	
  bearing	
  a	
  variety	
  of	
  pendant	
  fluorescing	
  
groups	
   show	
   strong	
   emissive	
   properties	
   in	
   solution	
   and	
   solid	
  
state.	
   These	
   materials	
   undergo	
   “turn	
   off”	
   fluorescence	
   upon	
  
addition	
  of	
  F-­‐	
  or	
  CN-­‐	
  anions	
  but	
  no	
  response	
   is	
  observed	
  with	
  
Cl-­‐,	
  Br-­‐	
  or	
  NO3

-­‐	
  anions.	
  	
  

	
  

Scheme	
  14	
  	
   A	
  route	
  to	
  polystyrene	
  polymers	
  with	
  pendant	
  borane	
  moieties.	
  

Cationic	
   boron	
   polymers	
   have	
   been	
   prepared	
   by	
   treating	
  
polymer	
   21a	
   with	
   either	
   (4-­‐t-­‐butylphenyl)trimethyltin	
   or	
  
mesitylcopper(I)	
   to	
   afford	
  22a	
   and	
   22b,	
   respectively	
   (Scheme	
  
15).	
   The	
   subsequent	
   addition	
   of	
   2,2’-­‐bipyridine	
   gives	
   the	
  
tetracoordinate	
   organoboronium	
   ionomers	
   23a	
   and	
   23b.79,	
   80	
  
Following	
   a	
   different	
   synthetic	
   protocol,	
   the	
   dibromoborane	
  
polymer	
   21a	
   can	
   be	
   converted	
   to	
   triphenylborate-­‐
functionalized	
   polystyrene	
  24.81	
   In	
   the	
   same	
   report,	
   a	
   similar	
  
procedure	
   was	
   adopted	
   to	
   afford	
   the	
   analogous	
  
tris(pentafluorophenyl)borate-­‐functionalized	
   polystyrene.	
  
Borane-­‐functionalized	
   polyethylene82	
   and	
   polynorbornene83	
  
have	
   also	
   been	
  prepared	
  by	
   polymerization	
   of	
   the	
   respective	
  
triarylborane-­‐substituted	
  alkene.	
  	
  

	
  

Scheme	
  15	
  	
   Boronium-­‐	
  and	
  borate-­‐substituted	
  polystyrene.	
  	
  	
  

2.2	
  	
  Gallium	
  and	
  indium	
  
To	
   our	
   knowledge,	
   no	
   long	
   chain	
   macromolecules	
   have	
  

been	
   reported	
   with	
   aluminium	
   atoms	
   in	
   the	
  main	
   chain	
   and	
  
those	
   incorporating	
   heavier	
   group	
   13	
   elements	
   are	
   very	
  
limited.	
   This	
   is	
   due,	
   in	
   part,	
   to	
   the	
   inherent	
  moisture	
   and	
   air	
  
instability	
  of	
   these	
  elements.	
  Recently	
  the	
  first	
  example	
  of	
  an	
  
organogallium	
   polymer	
   has	
   been	
   reported	
   (Scheme	
   16).84	
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Nickel(0)-­‐mediated	
  reductive	
  homocoupling	
  of	
  a	
  dibrominated	
  
monomer	
   provided	
   the	
   gallium-­‐containing	
  macromolecule	
  25	
  
(Mn	
   =	
   3	
   500	
   g	
   mol-­‐1,	
   PDI	
   =	
   1.54).	
   Alternatively,	
   the	
  
palladium(0)-­‐catalyzed	
   cross-­‐coupling	
   of	
   the	
   same	
  
dibrominated	
  monomer	
  with	
  bis(pinacolborane)s	
  can	
  be	
  used	
  
to	
  afford	
  main	
   chain	
  gallium	
  polymer	
  26	
   (Mn	
  =	
  8	
  800	
  g	
  mol-­‐1,	
  
PDI	
   =	
   1.48).	
   The	
   bulky	
   substituent	
   on	
   the	
   gallium	
   combined	
  
with	
   the	
   pendant	
   amine-­‐gallane	
   functionality	
   serves	
   to	
  
enhance	
   stability	
   of	
   the	
   resultant	
   polymer.	
   It	
   is	
   particularly	
  
striking	
   that	
   the	
   four-­‐coordinate	
   gallium	
   center	
   possesses	
   a	
  
near-­‐planar	
   geometry.	
   This	
  was	
   further	
   investigated	
   by	
   X-­‐ray	
  
structure	
   determinations	
   and	
   DFT	
   calculations	
   of	
   model	
  
compounds	
   which	
   suggest	
   that	
   there	
   is	
   significant	
   π-­‐
conjugation	
  through	
  gallium.	
  	
  

	
  

Scheme	
  16	
   Gallium-­‐containing	
   polymers	
   from	
   nickel-­‐mediated	
   homocoupling	
   or	
  
palladium-­‐catalyzed	
  Suzuki	
  cross-­‐coupling.	
  	
  	
  

It	
   is	
   noteworthy	
   that	
   macromolecules	
   containing	
   9-­‐
gallafluorene	
   moieties	
   bridged	
   by	
   aryl	
   spacers	
   have	
   been	
  
synthesized	
   using	
   Suzuki,	
   Sonogashira,	
   and	
   Stille	
   coupling	
  
methodologies.85	
  The	
  identity	
  of	
  the	
  aryl	
  comonomer	
  gives	
  rise	
  
to	
  a	
  variety	
  of	
  vivid	
  colour	
  emissions	
  through	
  the	
  whole	
  visible	
  
spectrum,	
  with	
  high	
  quantum	
  yield	
  (Φ	
  =	
  0.69).	
  	
  

The	
  ROP	
  of	
  a	
  gallium-­‐bridged	
  [1]ferrocenophane	
  has	
  been	
  
reported	
   (Scheme	
   17).86	
   The	
   amorphous	
  
poly(ferrocenylgallane)	
  27	
   posseses	
  modest	
  molecular	
  weight	
  
and	
  broad	
  polydispersity	
  (Mn	
  =	
  15	
  000	
  g	
  mol-­‐1,	
  PDI	
  =	
  3.3,	
  Tg	
  =	
  
205	
   °C).	
   Interestingly,	
   the	
   analysis	
   of	
   this	
   novel	
   gallium	
  
polymer	
   using	
   thermogravimetric	
   analysis	
   (TGA)	
   showed	
   that	
  
27	
   possessed	
   high	
   thermal	
   stability,	
   with	
   98	
   %	
   of	
   its	
   mass	
  
being	
  retained	
  at	
  340	
  °C.	
  	
  

	
  
Scheme	
  17	
   ROP	
  of	
  a	
  gallium-­‐bridged	
  [1]ferrocenophane.	
  

At	
   the	
   present	
   time	
   there	
   are	
   no	
   examples	
   of	
  
organoindium	
   polymers.	
   The	
   closest	
   approach	
   thus	
   far	
  
involved	
   the	
   synthesis	
  of	
   the	
   fascinating	
  polyindane	
  oligomer	
  
28	
   (Fig.	
  7),	
   a	
   catenated	
  chain	
   containing	
   six	
   covalently	
  bound	
  
indium	
  atoms.87	
  	
  

	
  
Fig.	
  7	
  	
   Molecular	
   structure	
   of	
   hexaindium	
   chain	
   determined	
   by	
   X-­‐ray	
  
crystallography.	
  

3	
  	
  Group	
  14	
  elements	
  
Polymers	
   featuring	
   the	
   tetraels	
   in	
   the	
   main	
   chain	
   are	
   of	
  

great	
   academic	
   and	
   commercial	
   importance.	
   Instantly	
  
recognizable	
   are	
   the	
   silicones,	
   or	
   polysiloxanes,	
   which	
  
constitute	
  a	
  multi-­‐billion	
  dollar	
   industry.	
   Silicones	
  are	
  used	
   in	
  
many	
  aspects	
  of	
  modern	
   life,	
   from	
   lubricants	
   to	
   adhesives	
   to	
  
biomedical	
   implants	
   and	
   beyond.	
   Polysilanes	
   represent	
   a	
  
unique	
   class	
   of	
   semi-­‐conductive	
   linear	
   polymers	
   that	
   have	
  
commercial	
   relevance	
   as	
   precursors	
   to	
   silicon	
   carbide	
   fibres.	
  
Polymers	
   containing	
   catenated	
   germanium	
   and	
   tin,	
   the	
  
polygermanes	
  and	
  polystannanes,	
  possess	
  attractive	
  electronic	
  
properties	
  like	
  their	
  silicon	
  congeners.	
  In	
  this	
  section,	
  emphasis	
  
will	
   be	
   placed	
   on	
   the	
  most	
   recent	
   advances	
   in	
   the	
   field	
  with	
  
the	
  foundational	
  concepts	
  being	
  outlined	
  to	
  place	
  this	
  work	
  in	
  
context.	
   We	
   have	
   not	
   covered	
   the	
   broad	
   field	
   of	
   silole-­‐
containing	
   materials	
   and	
   the	
   reader	
   is	
   referred	
   to	
   a	
  
comprehensive	
  recent	
  review.88	
  For	
  more	
  details	
  on	
  Group	
  14-­‐
element	
   polymers	
   the	
   reader	
   is	
   referred	
   to	
   the	
   following	
  
excellent	
  books	
  and	
  reviews.89	
  	
  

3.1	
  	
  Silicon	
  	
  

3.11	
  	
  Polysiloxanes	
  and	
  related	
  derivatives	
  

The	
   ubiquitous	
   polysiloxanes,	
   containing	
   an	
   inorganic	
  
backbone	
  of	
  silicon	
  and	
  oxygen	
  atoms,	
  are	
  used	
  in	
  many	
  facets	
  
of	
  everyday	
   life	
  due	
   to	
   their	
  excellent	
  chemical,	
  physical,	
  and	
  
electrical	
   properties.	
   The	
   study	
   of	
   these	
   polymers	
   has	
  
produced	
   thousands	
   of	
   papers	
   and	
   patents	
   since	
   their	
   first	
  
discovery	
  by	
  Kipping	
   in	
   the	
  early	
  1900s.90	
   Industrially,	
  ca.	
  850	
  
kilotonnes	
   per	
   year91	
   of	
   polysiloxanes	
   are	
   produced	
   from	
  
R2SiCl2	
  (R	
  is	
  most	
  commonly	
  Me)	
  and	
  water	
  following	
  either	
  a	
  
polycondensation	
   or	
   ROP	
   as	
   outlined	
   in	
   Scheme	
   18	
   (R	
   =	
  Me:	
  
poly(dimethylsiloxane,	
   PDMS).	
   When	
   high	
   molecular	
   weights	
  
are	
   required,	
   the	
   ROP	
   of	
   cyclic	
   oligosiloxanes	
   (x	
   =	
   3	
   and	
   4)	
  
using	
   cationic	
   or	
   anionic	
   methods	
   of	
   initiation	
   provides	
   the	
  
optimal	
  method	
  of	
  synthesis.	
  Recently,	
  it	
  has	
  been	
  shown	
  that	
  
N-­‐heterocyclic	
  carbenes	
  are	
  excellent	
  initiators	
  for	
  the	
  ROP	
  of	
  
cyclic	
  oligosiloxanes.92	
  The	
  ROP	
  of	
  cyclic	
  monomers	
  containing	
  
silicon,	
  oxygen,	
  and	
  carbon	
  have	
  been	
   reported	
  as	
  a	
   route	
   to	
  
polycarbosiloxanes.93,	
  94	
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Scheme	
  18	
  	
   Methods	
  for	
  the	
  commercial	
  production	
  of	
  silicones	
  (polysiloxanes).	
  

Despite	
   these	
   well-­‐established	
   methodologies,	
   the	
  
incorporation	
  of	
  specific	
   functionalities	
  such	
  as	
  acidic	
  or	
  basic	
  
moieties	
   still	
   poses	
   a	
   considerable	
   challenge.	
   Post-­‐
polymerization	
   hydrosilylation	
   using	
   metal	
   catalysts	
   offers	
   a	
  
means	
   to	
   overcome	
   this	
   obstacle	
   and	
   integrate	
   a	
   variety	
   of	
  
functional	
  groups	
  (Scheme	
  19).95-­‐101	
  This	
  methodology	
  enables	
  
the	
   incorporation	
   of	
   more	
   sensitive	
   moieties	
   such	
   as	
   ethers,	
  
esters	
   and	
   amides	
   and	
   permits	
   crosslinking.	
   A	
   noteworthy	
  
example	
  illustrating	
  the	
  broad	
  applicability	
  of	
  hydrosilylation	
  is	
  
the	
   copolymerization	
   of	
   α,ω-­‐dihydro-­‐functional	
   polysiloxane	
  
with	
  dienes	
  to	
  afford	
  a	
  sophisticated	
  carbohydrate-­‐segmented	
  
PDMS	
  (29,	
  Scheme	
  20).102	
  	
  

	
  

Scheme	
  19	
  	
   Hydrosilylation	
   as	
   a	
   strategy	
   for	
  modifying	
   polysiloxanes	
   either	
   at	
   the	
  
terminus	
  or	
  in	
  the	
  main	
  chain.	
  

	
  

Scheme	
  20	
   Synthesis	
  of	
  poly(silalkylene	
  siloxane)s	
  by	
  hydrosilylation.	
  

Alternatively,	
   dehydrogenative	
   coupling	
   can	
   be	
   used	
   to	
  
create	
  silicon-­‐heteroatom	
   linkages	
   leading	
   to	
   thio-­‐,103	
  amino-­‐,	
  
and	
   alkoxy-­‐polysiloxanes.104-­‐106	
   A	
   recent	
   report	
   detailed	
   a	
  
simple	
   route	
   to	
   poly(methylalkoxy	
   siloxane)s	
   (Scheme	
   21).107	
  
Using	
   either	
   Karstedt’s	
   or	
   Speier’s	
   catalyst,	
   a	
   mixture	
   of	
   low	
  
molecular	
   weight	
   poly(methylhydrosiloxane)	
   (30:	
  Mn	
   =	
   750	
   g	
  
mol-­‐1)	
   was	
   treated	
   with	
   a	
   variety	
   of	
   alcohols	
   affording	
  
poly(alkoxy	
   siloxane)	
   31.	
   It	
   is	
   noteworthy	
   that,	
   in	
   contrast	
   to	
  
most	
   hydrosilylation	
   chemistry,	
   Karstedt’s	
   catalyst	
   was	
  
effective	
   at	
   ambient	
   temperature	
   and	
   under	
   aerobic	
  
conditions.	
   In	
   addition,	
   alcohols	
   substituted	
   with	
   reactive	
  
functional	
   groups	
   (e.g.	
   R	
   =	
   epoxides,	
   ethers,	
   and	
   halogens)	
  
could	
   be	
   incorporated	
   into	
   the	
   silicone	
   side-­‐chain	
   in	
   high	
  
yields.	
  

	
  

Scheme	
  21	
  	
   Hydrosilylation	
   modification	
   of	
   poly(methylhydrosiloxane)	
   to	
   afford	
  
poly(alkoxy	
  siloxane)s.	
  

Substituted	
   poly(silalkylene	
   siloxane)s	
   or	
   poly(silalkylene	
  
silazane)s	
   can	
   be	
   synthesized	
   via	
   metal-­‐catalyzed	
   cross-­‐
dehydrocoupling	
   of	
   bis(hydrosilane)s	
  with	
  water	
   or	
   ammonia	
  
(Scheme	
  22).108,	
  109	
   In	
  particular,	
  1,4-­‐bis(dimethylsilyl)benzene	
  
was	
   shown	
   to	
   be	
   a	
   versatile	
   monomer	
   for	
   the	
   synthesis	
   of	
  
oxygen-­‐	
   (32a:	
   Mn	
   =	
   16	
   000	
   g	
   mol-­‐1,	
   PDI	
   =	
   2.2)	
   or	
   nitrogen-­‐
containing	
  (32b:	
  Mn	
  =	
  8	
  500	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.4)	
  polymers.	
  This	
  
methodology	
  was	
  expanded	
  to	
  different	
  aryl	
  spacers	
  and	
  more	
  
complex	
  diols	
  as	
  coupling	
  partners	
  to	
  give	
  a	
  variety	
  of	
  diverse	
  
poly(silalkylene	
  siloxane)s.110-­‐113	
  	
  

	
  

Scheme	
  22	
  	
   Routes	
   to	
   poly(silalkylene	
   siloxane)s	
   by	
   metal-­‐catalyzed	
   cross-­‐
dehydrogenative	
  coupling	
  polymerization.	
  	
  

Rhodium(I)-­‐catalyzed	
   dehydrocoupling	
   has	
   been	
   used	
   to	
  
copolymerize	
  two	
  optically	
  active	
  siloxane	
  monomers	
  to	
  afford	
  
highly	
  syndiotactic	
  polysiloxane	
  33	
   (Mn	
  =	
  2	
  400	
  g	
  mol-­‐1,	
  PDI	
  =	
  
1.7,	
   syndiotactic:	
   60%,	
   heterotactic:	
   32%,	
   isotactic:	
   8%,	
  
Scheme	
  23)114	
  Surprisingly,	
   little	
  change	
  in	
  physical	
  properties	
  
were	
  observed	
  for	
  33	
  when	
  compared	
  to	
  the	
  analogous	
  atactic	
  
polymer.	
   This	
   investigation	
   serves	
   as	
   a	
   rare	
   example	
   of	
  
stereoselective	
  polysiloxane	
  synthesis.	
  	
  

	
  

Scheme	
  23	
  	
   Rhodium(I)-­‐catalyzed	
   dehydropolymerization	
   to	
   highly	
   syndiotactic	
  
polysiloxanes.	
  

Metal-­‐catalyzed	
   hydrosilylation	
   polymerization	
   of	
   silanes	
  
with	
  ketones	
  provides	
  a	
  unique	
  strategy	
  to	
  incorporate	
  silicon,	
  
oxygen,	
   and	
   aryl	
   groups	
   into	
   a	
   polymer	
   backbone.	
   For	
  
example,	
   the	
   ruthenium-­‐catalyzed	
  hydrosilylation	
  of	
   dimethyl	
  
siloxy	
  ketones	
  gives	
  poly(silyl	
  ether)s	
  34a-­‐c	
  (34a:	
  Mn	
  =	
  4	
  400	
  g	
  
mol-­‐1,	
  PDI:	
  1.09;	
  34b:	
  Mn	
  =	
  5	
  900	
  g	
  mol-­‐1,	
  PDI:	
  1.7;	
  34c:	
  Mn	
  =	
  57	
  
800	
  g	
  mol-­‐1,	
  PDI:	
  2.1,	
  Scheme	
  24).115,	
  116	
  Poly(silyl	
  ether)s	
  have	
  
also	
  been	
  made	
  by	
  the	
  copolymerization	
  of	
  dihydrosilanes	
  and	
  
p-­‐quinones.117,	
   118	
   These	
   polymers	
   are	
   difficult	
   to	
   prepare	
   by	
  
classical	
  methods	
  due	
  to	
  their	
  poor	
  acid	
  and	
  base	
  stability.	
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Scheme	
  24	
  	
   Hydrosilylation	
   polymerization	
   of	
   siloxy	
   ketones	
   to	
   afford	
   poly(silyl	
  
ether)s.	
  	
  

3.12	
  	
  Polysilanes	
  

The	
   discovery	
   of	
   the	
   first	
   solution-­‐processible	
   polysilanes	
  
by	
  West	
  and	
  co-­‐workers119	
  marked	
  the	
  beginning	
  of	
  the	
  rapidly	
  
growing	
  area	
  of	
  catenated	
  tetrael	
  macromolecules.	
  In	
  contrast	
  
to	
   polyolefins,	
   the	
   heavier	
   element	
   polymers	
   possess	
  
fascinating	
   electronic	
   properties	
   resulting	
   from	
   their	
   σ-­‐
conjugated	
   structures.	
   The	
   classical	
   synthetic	
   approaches	
   to	
  
polysilanes	
   are	
   outlined	
   in	
   Scheme	
   25	
   and	
   this	
   shall	
   not	
   be	
  
covered	
  in	
  detail	
  here.	
  

	
  

Scheme	
  25	
  	
   General	
  synthetic	
  methodologies	
  to	
  polysilanes.	
  

Despite	
   its	
   success	
   and	
   widespread	
   use,	
   the	
   harsh	
  
conditions	
  of	
  the	
  Wurtz	
  coupling	
  route	
  renders	
  this	
  procedure	
  
incompatible	
   with	
   functional	
   substituents.	
   Moreover,	
   this	
  
method	
  offers	
  poor	
  molecular	
  weight	
  control	
  often	
  leading	
  to	
  
polymodal	
   distributions	
   and	
   large	
   quantities	
   of	
   undesirable	
  
short	
   chain	
   or	
   cyclic	
   by-­‐products.	
   Likewise,	
   both	
   electrolysis	
  
and	
   dehydrogenative	
   coupling	
   give	
   mainly	
   low	
   to	
   moderate	
  
molecular	
   weight	
   materials.	
   Thus,	
   recent	
   efforts	
   have	
   been	
  
directed	
   towards	
   opening	
   up	
   chain	
   growth	
   methods	
   to	
  
catenated	
  silanes.	
  	
  

The	
   development	
   of	
   ROP	
   methods	
   to	
   polysilanes	
   is	
  
particularly	
   challenging	
   due	
   to	
   the	
   requirement	
   of	
   finding	
  
suitable	
   cyclic	
   precursors.	
   Nevertheless,	
   the	
   ROP	
   of	
  
cyclotetrasilanes120,	
   121	
   and	
   cyclopentasilanes122	
   has	
   been	
  
accomplished	
   using	
   anionic	
   methods	
   of	
   initiation.	
   In	
   both	
  
cases,	
  the	
  substitution	
  around	
  the	
  silicon	
  was	
  limited	
  to	
  small	
  
substituents	
   (e.g.	
  Me,	
   Ph).	
  More	
   recently,	
   the	
   ROP	
   of	
   the	
   4-­‐
membered	
   octachlorocyclotetrasilane	
   has	
   been	
   reported	
   to	
  
afford	
   the	
  moisture	
   sensitive	
  perchloropolysilane	
   (35:	
  Mn	
   =	
   3	
  
500	
   g	
  mol-­‐1,	
   Scheme	
   26,).123,	
   124	
   Treatment	
   of	
   chlorinated	
   35	
  
with	
   a	
   variety	
   of	
   alcohols	
   afforded	
  moisture	
   stable	
   alkoxy-­‐or	
  
amino-­‐substituted	
  polysilanes	
  (36a:	
  Mn	
  =	
  3	
  000	
  –	
  62	
  000	
  g	
  mol-­‐
1,	
   PDI	
   =	
   1.5	
   –	
   2.3;	
   36b:	
   Mw	
   =	
   4	
   200	
   g	
   mol-­‐1).124,	
   125	
   It	
   is	
  
noteworthy	
   that	
   poly(alkoxy	
   silane)s	
   (36a)	
   are	
   not	
   accessible	
  
using	
   Wurtz	
   coupling	
   strategies.	
   Moreover,	
   this	
   post-­‐
polymerization	
   substitution	
  method	
  permits	
   vinyl	
  moieties	
   to	
  
be	
  incorporated	
  into	
  the	
  side	
  chain	
  (i.e.	
  substitution	
  of	
  35	
  with	
  
5-­‐hexen-­‐1-­‐ol).	
   An	
   alternative	
   method	
   to	
   incorporate	
  
heteroatoms	
   (e.g.	
   S)	
   into	
   polysilanes	
   employs	
   Si-­‐H	
   bond	
  
activation.	
  Recently,	
  the	
  B(C6F5)3-­‐catalyzed	
  addition	
  of	
  thiols	
  to	
  
poly(phenylhydrosilane)	
   was	
   demonstrated	
   to	
   provide	
   access	
  
to	
  a	
  collection	
  of	
  polysilanes	
  with	
  thiolato	
  substituents.126	
  	
  

	
  

Scheme	
  26	
  	
   Reactions	
   of	
   perchloropolysilane	
   to	
   give	
   heteroatom-­‐functionalized	
  
polysilanes.	
  	
  

Given	
  that	
  disilenes	
  (R2Si=SiR2)	
  are	
  only	
   isolable	
  with	
  large	
  
polymerization-­‐inhibiting	
   substituents	
   (e.g.	
   R	
   =	
   Mes),	
   the	
  
polymerization	
   of	
   so-­‐called	
   “masked	
   disilenes”	
   has	
   been	
  
investigated.127	
   These	
   strained	
   cyclic	
   monomers	
   undergo	
  
anion-­‐initiated	
   ROP	
   with	
   concomitant	
   release	
   of	
   biphenyl	
  
(Scheme	
   27).	
   Polysilane	
   37	
   prepared	
   from	
   “masked	
   disilene”	
  
was	
   of	
   higher	
   molecular	
   weight	
   and	
   narrower	
   polydispersity	
  
(Mn	
  =	
   530	
   000	
   g	
  mol-­‐1,	
   PDI	
   =	
   1.5)	
   than	
   the	
   identical	
  material	
  
prepared	
  by	
  Wurtz	
  coupling	
  (Mn	
  =	
  97	
  000	
  g	
  mol-­‐1,	
  PDI	
  =	
  2.6).	
  	
  

	
  

Scheme	
  27	
   ROP	
  of	
  “masked	
  disilenes”	
  as	
  a	
  route	
  to	
  alternating	
  polysilanes.	
  	
  

An	
   amino-­‐functionalized	
   “masked	
   disilene”	
   has	
   been	
  
shown	
   to	
   undergo	
   regioselective	
   ROP	
   to	
   give	
   poly(amino	
  
silane)	
  38	
  with	
  a	
  highly	
  ordered	
  alternating	
  structure	
  (Scheme	
  
28).128	
   Poly(amino	
   silane)	
   38	
   can	
   be	
   converted	
   to	
   the	
   chloro	
  
derivative	
  39	
   by	
   reaction	
  with	
   acetyl	
   chloride.129	
   Substitution	
  
of	
   the	
   chlorine	
   was	
   then	
   performed	
   using	
   a	
   variety	
   of	
  
nucleophiles	
   (alcohols,	
   Grignard,	
   or	
   organolithium	
   reagents).	
  
This	
   procedure	
   provides	
   a	
   simple	
  method	
   to	
   polysilanes	
   (40)	
  
having	
  functional	
  groups	
  that	
  would	
  otherwise	
  be	
  inaccessible.	
  	
  

	
  

Scheme	
  28	
   Polymerization	
   of	
   an	
   amino-­‐containing	
   “masked	
   disilene”	
   and	
   further	
  
elaboration	
  to	
  functionalized	
  polysilanes.	
  

The	
   influence	
   that	
   substituents	
   can	
   have	
   over	
   the	
   degree	
  
of	
   σ-­‐conjugation,	
   backbone	
   conformation,	
   and	
   photophysical	
  
characteristics	
   in	
   polysilanes	
   is	
   a	
   fascinating	
   area	
   of	
  
investigation.130,	
   131	
   In	
   general,	
   polysilanes	
   adopt	
   a	
   helical	
  
conformation	
  in	
  solution	
  at	
  room	
  temperature	
  as	
  a	
  mixture	
  of	
  
both	
  P-­‐	
   and	
  M-­‐type	
   helices.	
  However,	
  when	
   the	
   substituents	
  
on	
   silicon	
   are	
   chiral	
   the	
   polymer	
   (i.e.	
   R*)	
   may	
   adopt	
   a	
   one-­‐
handed	
  M-­‐	
  or	
  P-­‐type	
  helical-­‐screw	
  conformation	
  as	
  evidenced	
  
by	
   circular	
   dichroism	
   (CD)	
   spectroscopy	
   (Fig.	
   8).	
   Typically,	
  
these	
  polymers	
  are	
  prepared	
  by	
  Wurtz	
  coupling.	
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Fig.	
  8	
   Selected	
  examples	
  of	
  chiroptical	
  polysilanes.	
  

One	
  of	
  the	
  earliest	
  examples	
  where	
  rod-­‐like	
  formation	
  was	
  
observed	
  for	
  a	
  polysilane	
  was	
  in	
  (S)-­‐2-­‐methylbutyl-­‐substituted	
  
41a.132	
  The	
   inclusion	
  of	
  an	
  oligo(ethylene	
  oxide)	
   side	
  chain	
   in	
  
41b	
   imparts	
   alcohol	
   solubility	
   and	
   this	
   material	
   maintains	
   a	
  
helical	
   sense	
   in	
   polar	
   protic	
   solvents.133	
   In	
   contrast,	
   the	
  
addition	
  of	
  a	
  non-­‐solvent	
  (MeOH	
  or	
  EtOH)	
  to	
  THF	
  solutions	
  of	
  
helical	
  41c	
   led	
   to	
   the	
   remarkable	
   observation	
  of	
   screw	
   sense	
  
switching	
   as	
   evidenced	
   by	
   the	
   change	
   in	
   sign	
   of	
   the	
   CD	
  
spectra.134	
  Striking	
   shape-­‐like	
   formations	
  have	
  been	
  observed	
  
when	
  CF3-­‐containing	
  41d	
  adheres	
  to	
  silicon	
  surfaces,	
  with	
  AFM	
  
analysis	
   revealing	
   that	
   short	
   chains	
   form	
   rods	
   and	
   longer	
  
chains	
   form	
   semi-­‐	
   and	
   full-­‐circles.135	
   The	
   subtle	
   inversion	
   of	
  
configuration	
  of	
  one	
  stereocenter	
  between	
  41e	
  and	
  41f	
  results	
  
in	
  strikingly	
  different	
  temperature	
  dependence	
  of	
  helicity.136	
  In	
  
particular,	
  a	
  solution	
  of	
  41e	
  in	
  n-­‐octane	
  switches	
  chirality	
  upon	
  
heating	
   from	
  –80	
   to	
  >10	
   °C	
  whilst	
  41f	
   shows	
  no	
   temperature	
  
dependency.	
   The	
   authors	
   postulate	
   that	
   this	
   results	
   from	
   a	
  
lower	
   potential	
   energy	
   difference	
   between	
   P-­‐	
   and	
   M-­‐type	
  
helices	
   for	
   41e	
   compared	
   to	
   41f.	
   A	
   further	
   example	
   of	
   the	
  
profound	
  helical	
  nature	
  of	
  polysilanes	
   is	
   the	
  higher	
  molecular	
  
weight	
  observed	
  when	
  MePhSiCl2	
  was	
  polymerized	
   in	
  a	
  chiral	
  
solvent	
  when	
  compared	
  to	
  a	
  racemic	
  solvent	
  [(+)-­‐limonene:	
  80	
  
000	
  g	
  mol-­‐1,	
  (+/-­‐)-­‐limonene:	
  39	
  200	
  g	
  mol-­‐1].137	
  	
  

The	
  ROP	
  of	
  “masked	
  disilenes”	
  provides	
  a	
  convenient	
  route	
  
to	
  block	
   copolymers	
  with	
   control	
   of	
   the	
  polysilane	
   secondary	
  
structure.	
   For	
   example,	
   poly(1,1-­‐dimethyl-­‐2,2-­‐dihexylsilane),	
  
prepared	
  by	
  the	
  ROP	
  of	
  a	
  masked	
  disilene,	
  was	
  copolymerized	
  
with	
   triphenylmethyl	
   methacrylate	
   in	
   the	
   presence	
   of	
   (–)-­‐
sparteine	
  to	
  give	
  block	
  copolymer	
  42	
  (Mn	
  =	
  10	
  000	
  g	
  mol-­‐1,	
  PDI	
  
=	
  1.5,	
  Scheme	
  29).138	
  The	
   triphenylmethyl	
  methacrylate	
  block	
  
adopts	
   a	
   persistent	
   right-­‐handed	
   helix	
   due	
   to	
   the	
   chiral	
  
structure	
  of	
   (–)-­‐sparteine.	
  At	
   low	
   temperatures	
   (<	
   -­‐20	
   °C)	
   the	
  
initially	
   random	
   polysilane	
   block	
   adopts	
   a	
   complimentary	
  
helical	
   screw,	
   as	
   measured	
   by	
   CD	
   spectroscopy.	
   This	
   helical-­‐
sense	
  programming	
  is	
  lost	
  as	
  the	
  sample	
  is	
  warmed	
  above	
  -­‐20	
  
°C,	
  but	
  returns	
  upon	
  cooling.	
  	
  

	
  

Scheme	
  29	
  	
   Synthesis	
  of	
  chiral	
  poly(silane-­‐b-­‐methacrylate)	
  from	
  a	
  “masked	
  disilene”.	
  

Another	
   example	
   of	
   chiral	
   induction	
   by	
   chemical	
  
manipulation	
   of	
   the	
   secondary	
   structure	
   of	
   polysilanes	
   has	
  
recently	
  been	
  reported.139	
  For	
  example,	
   the	
  deprotonation	
  of	
  
poly[methyl(p-­‐tolyl)silane]	
   43	
   in	
   the	
   presence	
   of	
   a	
   chiral	
  
diamine	
   catalyst	
   [e.g.	
   (–)-­‐sparteine]	
   induced	
   helical	
   chirality	
  
within	
   the	
   polymer	
   (44,	
   Scheme	
   30).	
   After	
   protonation	
   with	
  
ammonium	
   chloride,	
   the	
   CD	
   spectrum	
   of	
   the	
   resultant	
  
polysilane	
   43*	
   shows	
   that	
   it	
   retains	
   the	
   imparted	
   chiral	
  
information.	
  	
  

	
   	
  

Scheme	
  30	
  	
   Chiral	
   induction	
   of	
   poly(methyl(p-­‐tolyl)silane)	
   using	
   t-­‐BuLi	
   in	
   the	
  
presence	
  of	
  a	
  chiral	
  diamine	
  catalyst.	
  

In	
   a	
   recent	
   report,	
   phenylsilane	
   was	
   polymerized	
   using	
  
B(C6F5)3	
  as	
  an	
   initiator	
  to	
  afford	
  branched	
  polymer	
  45	
   (Mn	
  =	
  1	
  
100	
  –	
  1	
  900	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.3	
  –	
  2.1,	
  Scheme	
  31).140	
  Although	
  
the	
  molecular	
  weights	
  were	
  low,	
  this	
  represents	
  a	
  novel	
  metal-­‐
free	
  approach	
  to	
  polysilyne	
  and	
  offers	
  the	
  possibility	
  of	
  future	
  
developments	
  involving	
  catalyst	
  optimization.	
  	
  

	
  

Scheme	
  31	
  	
   Metal-­‐free	
  synthesis	
  of	
  a	
  branched	
  poly(phenylsilyne).	
  

3.13	
  	
  Polycarbosilanes	
  

Macromolecules	
   containing	
   alternating	
   carbon	
   and	
   silicon	
  
atoms	
  in	
  the	
  main	
  chain	
  is	
  a	
  mature	
  field	
  that	
  began	
  in	
  the	
  late	
  
1940’s	
   with	
   the	
   sodium-­‐mediated	
   coupling	
   of	
  
(chloromethyl)chlorosilanes.141	
   Importantly,	
   the	
   pyrolysis	
   of	
  
polycarbosilane	
   fibres	
   affords	
   the	
   tough	
   ceramic	
   silicon	
  
carbide	
   in	
   fibrous	
   form	
   which	
   has	
   high	
   thermo-­‐oxidative	
  
stability.142	
   Historically,	
   a	
   successful	
   approach	
   to	
  
polycarbosilanes	
   involves	
  the	
  metal-­‐catalyzed	
  ROP	
  of	
  strained	
  
1,3-­‐disilacyclobutanes	
  at	
  elevated	
  temperatures.	
  A	
  convenient	
  
ambient	
   temperature	
   route	
   to	
   polycarbodimethylsilane	
   46	
  
from	
   1,1,3,3-­‐tetramethyl-­‐1,3-­‐disilacyclobutane	
   has	
   been	
  
developed	
   using	
   platinum(II)	
   photocatalysis	
   (Scheme	
   32).143	
  
This	
   improved	
   methodology	
   showed	
   high	
   monomer	
  
conversion	
  (>	
  90%)	
  giving	
  high	
  molecular	
  weight	
  material	
  (46:	
  
Mw	
  ca.	
  100	
  000	
  g	
  mol-­‐1)	
  after	
  only	
  15	
  min	
   irradiation	
  at	
   room	
  
temperature.	
  	
  

	
  

Scheme	
  32	
  	
   Platinum(II)	
   photocatalyzed	
   ROP	
   of	
   1,3-­‐disilacyclobutane	
   to	
   afford	
  
polycarbosilane.	
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In	
   addition	
   to	
   1,3-­‐disilacyclobutanes,	
   silacyclobutanes	
  
undergo	
  anion-­‐initiated	
  ROP	
  to	
  produce	
  polycarbosilanes	
  47	
  (R	
  
=	
   alkyl,	
   aryl,	
   etc.,	
   Scheme	
   33).144-­‐147	
   Under	
   certain	
   conditions	
  
living	
   polymerization	
   can	
   be	
   achieved.148,	
   149	
   Platinum(0)	
  
catalysts	
   will	
   also	
   initiate	
   the	
   ROP	
   of	
   silacyclobutanes.150,	
   151	
  
The	
  anionic	
  ROP	
  of	
   silacyclopent-­‐3-­‐enes,152-­‐156	
   and	
  2,3-­‐benzo-­‐
1-­‐silacyclobut-­‐2-­‐enes157-­‐159	
  has	
  also	
  been	
  reported.	
  	
  

	
  

Scheme	
  33	
  	
   Synthesis	
  of	
  polycarbosilanes	
  by	
  ROP	
  of	
  silacyclobutanes.	
  

The	
   ROP	
   of	
   strained	
   silacyclopropanes	
   represents	
   an	
  
alternative	
  route	
  to	
  polycarbosilanes	
  (Scheme	
  34).	
   In	
  an	
  early	
  
report,	
  the	
  intermediacy	
  of	
  a	
  silacyclopropane	
  was	
  postulated	
  
in	
   reactions	
   of	
   bis(chloromethyl)diorganosilanes	
   with	
  
magnesium	
   to	
   produce	
   polycarbosilane.160	
   Subsequently,	
  
silacyclopropane	
   monomers	
   were	
   isolated	
   and	
   deliberately	
  
subjected	
   to	
   n-­‐BuLi-­‐initiated	
   ROP	
   thereby	
   affording	
  
polycarbosilanes	
   48.161	
   	
   The	
   resultant	
   hydrophobic	
   materials	
  
were	
  formed	
  in	
  low	
  molecular	
  weight	
  (48a:	
  Mn	
  =	
  2	
  100	
  g	
  mol-­‐1,	
  
PDI	
  =	
  1.5;	
  48b:	
  Mn	
  =	
  1	
  800	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.6).	
  

	
  

Scheme	
  34	
  	
   Anion-­‐initiated	
  ROP	
  of	
  silacyclopropanes	
  to	
  polcarbosilanes.	
  

Polycarbosilane	
   49	
   has	
   recently	
   been	
   synthesized	
   by	
   the	
  
addition	
   polymerization	
   of	
   kinetically	
   stabilized	
   silenes	
  
(Scheme	
   35).162	
   Specifically,	
   the	
   polymerization	
   of	
   1,1-­‐
dimesitylneopentylsilene,	
   initiated	
   by	
   t-­‐BuLi,	
   afforded	
   high	
  
molecular	
   weight	
   49	
   (Mn	
   =	
   280	
   000	
   g	
   mol-­‐1,	
   PDI	
   =	
   1.2).	
  
Precipitation	
  of	
  the	
  polymer	
  from	
  MeOH	
  afforded	
  49	
  as	
  an	
  air-­‐
stable	
   white	
   solid,	
   characterized	
   by	
   1H,	
   13C	
   and	
   29Si	
   NMR	
  
spectroscopy,	
  differential	
  scanning	
  calorimetry	
  (DSC:	
  	
  Tg	
  =	
  153	
  
°C)	
   and	
  TGA	
   (weight	
   loss	
   325–525	
   °C,	
   ceramic	
   yield	
   =	
   12%	
  at	
  
800	
  °C).	
  	
  

	
  

Scheme	
  35	
  	
   Addition	
  polymerization	
  of	
  an	
  isolable	
  silene.	
  

The	
   fascinating	
  polymerization	
  of	
   the	
   silene	
   (Me3Si)2Si=Ad	
  
(Scheme	
   36,	
   Ad	
   =	
   2-­‐adamantylidene)	
   has	
   been	
   reported.163	
  
(Me3Si)2Si=Ad,	
  produced	
  by	
   thermal	
  dissociation	
  of	
   the	
  head-­‐
to-­‐tail	
   dimer,	
   was	
   polymerized	
   either	
   thermally	
   or	
   in	
   the	
  
presence	
   of	
   a	
   radical	
   to	
   give	
   polycarbosilane	
  50	
   (Mw	
   ca.	
   110	
  
000	
   g	
   mol-­‐1).	
   Detailed	
   29Si	
   NMR	
   and	
   experimental	
   analyses	
  
revealed	
  the	
  unexpected	
  microstructure	
  shown	
  in	
  Scheme	
  36.	
  
Thus,	
   the	
   mechanism	
   of	
   polymerization	
   does	
   not	
   follow	
   a	
  

simple	
  addition	
  across	
  the	
  Si=C	
  bond	
  nor	
  does	
  it	
  involve	
  ROP	
  of	
  
the	
  aforementioned	
  Si2C2	
  dimer.	
  	
  

	
  

Scheme	
  36	
  	
   The	
  unexpected	
  isomerization	
  during	
  the	
  polymerization	
  of	
  a	
  silene.	
  

3.2	
  	
  Germanium	
  and	
  tin	
  	
  

3.21	
  	
  Polygermanes	
  

Polygermanes	
   (Scheme	
   37),	
   first	
   synthesized	
   by	
   Wurtz	
  
coupling	
   of	
   Bu2GeCl2	
   in	
   1985,

164	
   possess	
   similar	
   attractive	
  
electronic	
   properties	
   as	
   their	
   silicon	
   congeners.165	
   The	
   main	
  
routes	
   to	
   catenated	
   germanium	
   macromolecules	
   are	
   the	
  
Wurtz	
   coupling	
   or	
   electrolysis	
   of	
   dichlorogermanes	
   and	
   the	
  
metal-­‐catalyzed	
   dehydrogenative	
   coupling	
   of	
  
dihydrogermanes.	
  An	
  alternate	
  route	
  unique	
  to	
  polygermanes	
  
involves	
   the	
   demethanative	
   coupling	
   of	
  
methylhydrogermanes.166-­‐168	
  	
  

	
  

Scheme	
  37	
  	
   Synthetic	
  strategies	
  towards	
  polygermanes.	
  

As	
   an	
   alternative	
   to	
   the	
   alkali	
   metals	
   used	
   in	
   Wurtz	
  
coupling,	
  the	
  mild	
  one-­‐electron	
  reducing	
  agent	
  SmI2	
  facilitates	
  
the	
   formation	
   of	
   a	
   series	
   of	
   polygermanes	
   (51a:	
   R	
   =	
  Me,	
   Et)	
  
and	
  polystannanes	
  (51b:	
  R	
  =	
  Me,	
  Et,	
  Bu)	
  (Scheme	
  38).169,	
  170	
  For	
  
example,	
   refluxing	
   Et2GeCl2	
   with	
   SmI2	
   affords	
  
polydiethylgermane	
  51a	
  (Mn	
  =	
  4	
  300	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.1),	
  albeit	
  
in	
  lower	
  molecular	
  weight	
  than	
  standard	
  Wurtz	
  conditions.	
  

	
  

Scheme	
  38	
  	
   Samarium	
  diiodide-­‐promoted	
  polymerization	
  of	
  organogermanium	
  and	
  
organotin	
  dichlorides.	
  

A	
   unique	
  photochemical	
   route	
   to	
   polygermanes	
   has	
   been	
  
developed.171	
   Irradiation	
   of	
   dibenzoyldiethylgermane	
   with	
   a	
  
400	
   nm	
   light	
   source	
   affords	
   polydiethylgermane	
   52	
   (Mn	
   =	
   2	
  
800	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.1,	
   Scheme	
  39).	
  Presently,	
   this	
   route	
  only	
  
gives	
  lower	
  molecular	
  weight	
  polygermanes,	
  but	
  it	
  negates	
  the	
  
use	
  of	
  alkali	
  metals.	
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Scheme	
  39	
  	
   Photopolymerization	
  of	
  dibenzoylgermanes.	
  

Synthetic	
   routes	
   to	
   polycarbogermanes	
   are	
   more	
   limited	
  
than	
   those	
   for	
   polycarbosilanes,	
   however	
   these	
   unique	
  
polymers	
  are	
  of	
  interest	
  as	
  precursors	
  to	
  GeC	
  ceramics.172	
  The	
  
first	
   anion-­‐initiated	
   addition	
   polymerization	
   of	
   a	
   kinetically	
  
stable	
   germene,	
   1,1-­‐dimesitylneopentylgermene,	
   was	
  
reported	
   recently	
   to	
   give	
   polycarbogermane	
   53	
   (Scheme	
  
40).173	
   GPC	
   analysis	
   of	
   the	
   resultant	
   air-­‐stable	
   polymer	
  
suggested	
  a	
  bimodal	
  molecular	
  weight	
  distribution	
  (Mn	
  =	
  7	
  100	
  
and	
   36	
   000	
   g	
   mol-­‐1,	
   PDI	
   =	
   1.1	
   and	
   1.5,	
   respectively).	
  
Interestingly,	
   the	
   in	
   situ	
   preparation	
   of	
   the	
   germene	
   from	
   a	
  
fluorovinylgermane	
  and	
  t-­‐BuLi	
  (1	
  equiv),	
  followed	
  by	
  initiation	
  
with	
   t-­‐BuLi	
   (10	
   mol%)	
   gave	
   a	
   polymer	
   with	
   monomodal	
  
distribution	
  (Mn	
  =	
  39	
  000	
  g	
  mol-­‐1,	
  PDI	
  =	
  2.0).	
  Although	
  this	
  two-­‐
step	
  route	
  gives	
  a	
  broader	
  PDI,	
  it	
  is	
  a	
  more	
  convenient	
  method	
  
for	
  the	
  synthesis	
  of	
  53	
  since	
  the	
  monomodal	
  higher	
  molecular	
  
weight	
   polymer	
   was	
   isolated	
   in	
   higher	
   yield	
   with	
   fewer	
  
experimental	
  manipulations.	
  	
  

	
  

Scheme	
  40	
  	
   Addition	
  polymerization	
  of	
  a	
  germene	
  

3.22	
  	
  Polystannanes	
  

Polystannanes	
   (Scheme	
   41),	
   polymers	
   that	
   consist	
   of	
   a	
  
backbone	
   of	
   σ-­‐bonded	
   tin	
   atoms,	
   are	
   the	
   only	
   example	
   of	
  
characterized	
   polymers	
   containing	
   covalently	
   bound	
   metal	
  
atoms.	
   The	
   large	
   size	
   of	
   tin	
   increases	
   the	
   delocalization	
   of	
  
electrons	
   along	
   the	
   polymer	
   backbone	
   (cf.	
   polysilanes	
   and	
  
polygermanes).174,	
   175	
   As	
   with	
   polysilanes	
   and	
   polygermanes,	
  
Wurtz	
  coupling	
  and	
  electrolysis	
  of	
  dichlorostannanes	
  provides	
  
access	
  to	
  high	
  molecular	
  weight	
  polystannanes.	
  Unfortunately,	
  
the	
  yields	
  are	
   low	
  and	
  often	
  accompanied	
  by	
  unwanted	
  cyclic	
  
oligomers.	
   The	
   metal-­‐catalyzed	
   dehydrogenative	
   coupling	
   of	
  
secondary	
   stannanes	
   presents	
   a	
  more	
   desirable	
   route	
   that	
   is	
  
still	
   capable	
   of	
   achieving	
   high	
   molecular	
   weights	
   but	
   offers	
  
significantly	
   fewer	
   byproducts.176-­‐180	
   The	
   poor	
   thermal	
   and	
  
light	
   stability	
   of	
   these	
   polymers	
   in	
   solution	
   makes	
  
characterization	
   difficult.	
   Degradation	
   to	
   five-­‐	
   and	
   six-­‐	
  
membered	
  oligostannanes	
  is	
  common.181,	
  182	
  	
  

	
  

Scheme	
  41	
  	
   Synthetic	
  strategies	
  towards	
  polystannanes.	
  

Catalytic	
  dehydrocoupling	
  of	
  a	
  dihydrostannane,	
  prepared	
  
in	
   two	
   steps	
   from	
   triphenylstannane,	
   was	
   performed	
   using	
  
Wilkinson’s	
  catalyst	
  to	
  give	
  polystannane	
  54	
  (Mn	
  =	
  7	
  700	
  g	
  mol-­‐

1,	
   PDI	
   =	
   1.3,	
   Scheme	
   42).183	
   The	
   resulting	
   polymer	
   showed	
  
much	
  improved	
  stability	
  compared	
  to	
  other	
  polystannanes,	
  as	
  
in	
   sealed	
   flasks	
   there	
  was	
  no	
   sign	
  of	
  degradation	
  of	
   the	
   solid	
  
polymer	
   54	
   for	
   several	
   weeks,	
   and	
   solutions	
   in	
   C6D6	
   were	
  
stable	
  for	
  over	
  a	
  week	
  in	
  the	
  dark.	
  Although	
  no	
  direct	
  evidence	
  
was	
   observed,	
   it	
   was	
   postulated	
   that	
   a	
   Sn·∙·∙·∙O	
   dative	
  
interaction	
  from	
  the	
  flexible	
  oxypropyl	
  linked	
  phenyl	
  rings	
  may	
  
play	
  a	
  role	
  in	
  the	
  enhanced	
  light	
  stability.	
  

	
  

Scheme	
  42	
  	
   Synthesis	
  of	
  ether-­‐stabilized	
  polystannanes.	
  

	
   The	
   mechanism	
   of	
   metal-­‐catalyzed	
   dehydrocoupling	
   of	
  
secondary	
   stannanes	
   has	
   been	
   rigorously	
   investigated.184,	
   185	
  
Interestingly,	
  detailed	
  NMR	
  spectroscopic	
  studies	
  suggest	
  that	
  
the	
   Sn-­‐Sn	
   bond-­‐forming	
   step	
   may	
   involve	
   direct	
   insertion	
   of	
  
free	
  stannylene	
  (R2Sn:)	
  into	
  a	
  M-­‐Sn	
  bond.	
  This	
  is	
  in	
  contrast	
  to	
  
the	
  classic	
  Chalk-­‐Harrod	
  mechanism	
  proposed	
  for	
  the	
  catalytic	
  
dehydrocoupling	
  of	
  silanes.	
  
	
   A	
  modification	
  to	
  Wurtz	
  coupling	
  has	
  been	
  reported	
  using	
  
sodium	
  in	
   liquid	
  ammonia.186	
  Another	
  route	
  to	
  polystannanes	
  
involves	
   treatment	
   Et2O	
   solutions	
   of	
   diorganostannanes	
   with	
  
TMEDA	
   (tetramethylethylenediamine).187	
   The	
   effectiveness	
  
and	
  limits	
  of	
  the	
  Na/NH3	
  Wurtz	
  coupling,	
  the	
  TMEDA-­‐mediated	
  
dehydrocoupling	
   and	
   the	
   dehydrocoupling	
   using	
   Wilkinson’s	
  
catalyst	
   were	
   evaluated	
   with	
   a	
   variety	
   of	
   different	
   stannane	
  
monomers	
  (Fig.	
  9).187	
  Dehydrogenative	
  coupling	
  appears	
  to	
  be	
  
the	
  most	
   general	
   approach,	
  while	
   the	
   other	
  methods	
   appear	
  
more	
  substrate	
  dependant.	
  	
  

	
  

Fig.	
  9	
  	
   Polymerization	
  methods	
  for	
  the	
  preparation	
  of	
  polystannanes.	
  Symbols:	
  (ü):	
  

Mw	
  above	
  8	
  ×	
  10
3	
  g	
  mol-­‐1,	
  (–):	
  Mw	
  below	
  8	
  ×	
  10

3	
  g	
  mol-­‐1	
  or	
  cyclic	
  byproducts,	
  (×):	
  very	
  
slow	
  reaction	
  or	
  absence	
  of	
  polymeric	
  product.	
  	
  

A	
   recent	
   communication	
  highlights	
  an	
   interesting	
   strategy	
  
for	
   alternating	
   polystannanes	
  55	
   that	
   cannot	
   be	
   prepared	
   by	
  
the	
  previously	
  discussed	
  routes	
  (Scheme	
  43).188	
  Tin	
  dihydrides	
  
were	
   reacted	
   with	
   tin	
   diamides,	
   followed	
   by	
   concentration	
  
under	
   vacuum	
   to	
   remove	
   volatile	
   byproducts.	
   Isolated	
   yields	
  
were	
   generally	
   high	
  with	
   excellent	
  Mn	
   values	
   considering	
   the	
  
synthetic	
   ease	
   of	
   the	
   polymerization	
   (55:	
  Mn	
   =	
   19	
   000	
   –	
   240	
  
000	
  g	
  mol-­‐1,	
  PDI	
  ca.	
  2.5).	
   This	
  new	
  polycondensation	
   strategy	
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details	
   a	
   route	
   to	
   homo-­‐	
   or	
   alternating	
   polystannanes	
   that	
  
show	
  remarkable	
  light-­‐stability	
  (Fig.	
  10).	
  	
  

	
  

Scheme	
  43	
   A	
  route	
  to	
  alternating	
  polystannanes	
  via	
  polycondensation.	
  

	
  

Fig.	
  10	
  	
   Polystannanes	
   [Ph2Sn-­‐alt-­‐Sn(n-­‐Bu)2]n	
   and	
   [Ph2Sn-­‐alt-­‐SnMe2]n	
   after	
   exposure	
  
to	
  ambient	
  light	
  for	
  7	
  days.	
  	
  Reproduced	
  from	
  Ref.	
  188.	
  

3.23	
  	
  Polygermoles	
  and	
  polystannoles	
  

In	
  contrast	
  to	
  the	
  well-­‐established	
  polysiloles,	
  examples	
  of	
  
non-­‐annulated	
   polygermoles	
   and	
   polystannoles	
   are	
  
comparatively	
   few.	
   Nevertheless,	
   polymers	
   containing	
  
germanium	
   or	
   tin	
   metalloles	
   are	
   attractive	
   synthetic	
   targets	
  
due	
   to	
   their	
   increasing	
  metallic	
   character	
  when	
   compared	
   to	
  
their	
   silicon	
   analogues.189	
   Examples	
   of	
   germole-­‐containing	
  
polymers	
  have	
  been	
  obtained	
  by	
   incorporating	
   germoles	
   into	
  
annulated	
   frameworks	
   (e.g.	
   dithienogermoles,	
  
diselenogermoles,	
   and	
   dithienogermolocarbozoles).	
   This	
   has	
  
led	
  to	
  investigations	
  into	
  germole-­‐containing	
  polymers	
  for	
  use	
  
in	
  photovoltaics190-­‐199	
  or	
  as	
  sensors	
  for	
  explosives.200	
  	
  

Analogous	
   to	
   poly(1,1-­‐silole)s,	
   Wurtz	
   coupling201,	
   202	
   and	
  
metal-­‐catalyzed	
   dehydrocoupling	
   polymerization203	
   represent	
  
the	
   most	
   popular	
   routes	
   to	
   poly(1,1-­‐germole)s	
   (56,	
   Scheme	
  
44).	
   In	
   general,	
   the	
  Mn	
   and	
   PDI	
   values	
   for	
   56	
   obtained	
   from	
  
either	
   methods	
   are	
   modest	
   (ca.	
   4	
   000	
   g	
   mol-­‐1	
   and	
   <1.9,	
  
respectively),	
   although	
   catalytic	
   dehydrocoupling	
   gives	
  higher	
  
isolated	
  yields.202	
  

	
  

Scheme	
  44	
  	
   Synthetic	
  strategies	
  towards	
  poly(1,1-­‐stannole)s.	
  

Higher	
   molecular	
   weight	
   non-­‐annulated	
   germole-­‐
containing	
   polymers	
   have	
   been	
   synthesized	
   by	
   the	
   nickel(0)-­‐
promoted	
   homocoupling	
   of	
   a	
   2,5-­‐bis(4-­‐bromophenyl)germole	
  
derivative	
   (Scheme	
   45).204	
   The	
   resulting	
   poly(p-­‐biphenylene-­‐
2,5-­‐germole)	
  57	
   (Mn	
  =	
  20	
  000	
  g	
  mol-­‐1,	
  PDI	
  =	
  2.9)	
  was	
   isolated	
  
as	
  a	
  bright	
   yellow	
  solid.	
   The	
  optical	
  properties	
  of	
  polymer	
  57	
  
(λmax	
  =	
  442	
  nm)	
  indicate	
  considerable	
  π-­‐conjugation	
  compared	
  
to	
  molecular	
  models	
   (λmax	
   =	
   360	
   –	
   380	
   nm).	
   The	
   conjugation	
  
length	
  was	
  estimated	
  to	
  be	
  greater	
  than	
  seven	
  monomer	
  units	
  
(or	
  21	
  rings).	
  Additionally,	
  poly(2,5-­‐diaryl)germoles	
  have	
  been	
  

prepared	
   from	
   titanocene-­‐containing	
   polymers,205	
   and	
   highly	
  
branched	
  poly(phenylenegermolene)s	
  are	
  accessible	
  from	
  1,1-­‐
diethynyl-­‐2,3,4,5-­‐tetraphenylgermole.206	
  

	
  	
  

Scheme	
  45	
  	
   Synthesis	
  of	
  poly(p-­‐biphenylene-­‐2,5-­‐germole).	
  

Despite	
   an	
   earlier	
   report	
   of	
   oligomeric	
   poly(2,5-­‐
diaryl)stannoles,207	
   the	
   first	
   structurally	
   well-­‐defined	
  
polystannole	
   was	
   prepared	
   by	
   the	
   palladium(0)-­‐catalyzed	
  
cross-­‐coupling	
   of	
   a	
   bis(iodothienyl)stannole	
   derivative	
   	
   with	
  
2,5-­‐bis(trimethylstannyl)thiophene	
   (Scheme	
   46).208	
   The	
  
resulting	
  weakly	
  fluorescent	
  purple-­‐black	
  polystannole	
  58	
   (Mn	
  
=	
  6	
  800	
  g	
  mol-­‐1,	
  PDI	
  =	
  2.5)	
  was	
  thermally	
  stable	
  to	
  weight	
  loss	
  
up	
  to	
  300	
  °C	
  and	
  was	
  characterized	
  by	
  119Sn,	
  1H	
  and	
  13C	
  NMR	
  
and	
   IR	
   spectroscopy.	
   The	
   use	
   of	
   Stille	
   coupling	
   is	
   especially	
  
interesting	
  because	
  stannoles,	
  such	
  as	
  stannafluorenes,209	
  can	
  
function	
  as	
  nucleophiles	
  in	
  cross-­‐coupling	
  reactions.	
  There	
  has	
  
been	
  a	
   singular	
   report	
  of	
  a	
  poly(1,1-­‐stannole),	
   synthesized	
  by	
  
treatment	
   of	
   tetraphenylstannole	
   dianion	
   with	
   1,2-­‐dibromo-­‐
ethane.210	
  	
  

	
  	
  	
  

Scheme	
  46	
  	
   Synthesis	
  of	
  a	
  polystannole	
  via	
  Stille	
  coupling	
  polymerization.	
  

4	
  	
  Group	
  15	
  elements	
  
The	
   chemistry	
   of	
   pnictogen-­‐containing	
   macromolecules	
   is	
   of	
  
immense	
   interest	
   due	
   to	
   the	
   diverse	
   oxidation	
   states	
   and	
  
bonding	
   environments	
   possible	
   for	
   group	
   15	
   elements.	
  
Moreover,	
  the	
  Lewis	
  basicity	
  of	
  the	
  Pn(III)	
  oxidation	
  state	
  and	
  
the	
   Lewis	
   acidity	
   of	
   the	
   Pn(V)	
   oxidation	
   state	
   confers	
   unique	
  
chemical	
   functionality	
   to	
   the	
   resultant	
   polymers.	
   Despite	
   the	
  
fact	
   that	
   the	
   P-­‐containing	
   “inorganic	
   rubber”	
   is	
   amongst	
   the	
  
earliest	
  synthetic	
  polymers,	
  it	
  is	
  only	
  in	
  the	
  last	
  quarter	
  century	
  
that	
  massive	
  growth	
  has	
  occurred.	
  For	
  example,	
   considerable	
  
advances	
   have	
   been	
   made	
   in	
   the	
   development	
   of	
  
organophosphorus	
  macromolecules	
  possessing	
  π-­‐conjugation.	
  
In	
  the	
  case	
  of	
  the	
  heavier	
  pnictogens,	
  exciting	
  macromolecules	
  
containing	
   arsenic,	
   antimony,	
   or	
   bismuth	
   atoms	
   in	
   the	
   main	
  
chain	
   have	
   surfaced	
   only	
   in	
   the	
   last	
   decade.	
   The	
   reader	
   is	
  
referred	
  to	
  several	
  important	
  books	
  and	
  reviews	
  in	
  the	
  field	
  of	
  
group	
   15	
   polymers.211	
   It	
   is	
   worth	
   noting	
   that	
   significant	
  
developments	
   have	
   been	
   made	
   in	
   the	
   field	
   of	
   P-­‐containing	
  
dendrimers,212,	
   213	
   but	
   this	
   topic	
   is	
   beyond	
   the	
   scope	
   of	
   this	
  
review.	
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4.1	
  	
  Phosphorus	
  

4.11	
  	
  Polyphosphazenes	
  and	
  related	
  polymers	
  

Since	
   the	
   discovery	
   of	
   “inorganic	
   rubber”	
   in	
   the	
   late	
   19th	
  
century,	
  polyphosphazenes	
  have	
  become	
  one	
  of	
  the	
  most	
  well	
  
studied	
  classes	
  of	
   inorganic	
  polymers.214	
  They	
  have	
  found	
  use	
  
in	
  diverse	
  applications	
  including	
  biomedical	
  implants,	
  as	
  flame	
  
retardants,	
   and	
   as	
   solid	
   state	
   polyelectrolytes.	
   After	
   a	
   brief	
  
introduction,	
  this	
  section	
  will	
  focus	
  on	
  recent	
  developments	
  in	
  
P-­‐N-­‐containing	
  macromolecules.	
  	
  

The	
   thermal	
   ROP	
   of	
   the	
   cyclic	
   phosphonitrilic	
   chloride	
  
trimer	
   (N3P3Cl6)	
   at	
  250	
   °C,	
  pioneered	
  by	
  Allcock	
  and	
  Kugel,

215	
  
represents	
   the	
   most	
   well-­‐established	
   route	
   to	
   soluble	
   linear	
  
poly(dichlorophosphazene).	
  The	
  facile	
  replacement	
  of	
  chlorine	
  
substituents	
   by	
   nucleophilic	
   substitution	
   has	
   led	
   to	
   the	
  
generation	
   of	
   an	
   enormous	
   library	
   of	
   polyphosphazene	
  
derivatives.	
  Other	
  classical	
  routes	
  to	
  polyphosphazenes	
  include	
  
the	
   thermal216-­‐218	
   or	
   anionic219	
   polymerization	
   of	
  
phosphoranimines,	
   the	
   thermal	
   condensation	
   of	
   phosphorus	
  
azides,220	
   or	
   direct	
   synthesis	
   from	
   PCl5	
   and	
   NH4Cl	
   (Scheme	
  
47).221	
  	
  	
  

	
  	
  

Scheme	
  47	
  	
   Classical	
  (pre-­‐1995)	
  synthetic	
  routes	
  to	
  polyphosphazenes.	
  

General	
  drawbacks	
  for	
  these	
  classical	
  methods	
  are	
  the	
  high	
  
temperatures,	
  lack	
  of	
  molecular	
  weight	
  control,	
  and	
  low	
  yields.	
  
A	
   major	
   breakthrough	
   was	
   the	
   ambient	
   temperature	
   living	
  
cationic	
   polymerization	
   of	
   Cl3P=N(SiMe3)	
   using	
   PCl5	
   as	
   an	
  
initiator	
   to	
   afford	
   poly(dichlorophosphazene)	
   (59,	
   Scheme	
  
48).222,	
   223	
   Since	
   polymer	
   59	
   is	
   moisture-­‐sensitive,	
   molecular	
  
weight	
   determination	
   was	
   performed	
   on	
   the	
  
bis(trifluoroethoxy)	
  derivative	
  60a	
  (R	
  =	
  CH2CF3:	
  Mn	
  =	
  5	
  800	
  –	
  66	
  
400	
   g	
  mol-­‐1,	
   PDI	
   =	
   1.04	
   –	
   1.32).	
   This	
   development	
   permitted	
  
the	
   subsequent	
   synthesis	
   of	
   polyphosphazene	
   block	
  
copolymers	
   (e.g.	
   60a-­‐b-­‐60c).224	
   Employing	
   an	
   end-­‐functional	
  
polymeric	
   initiator	
   permits	
   access	
   to	
   organopolymer	
  
polyphosphazene	
  block	
  copolymers.225	
  	
  	
  

	
  	
  	
  

Scheme	
  48	
  	
   PCl5-­‐initiated	
   living	
   condensation	
   polymerization	
   of	
   the	
  
phosphoranimines	
  to	
  afford	
  polyphosphazene	
  homo-­‐	
  and	
  block	
  copolymers.	
  	
  

Poly(organophosphazene)s	
   (60c)	
   are	
   not	
   generally	
  
accessible	
  by	
  substitution	
  of	
  59	
  due	
  to	
  its	
  incompatibility	
  with	
  
Grignard	
  or	
  organolithium	
  reagents.	
   In	
  addition,	
  hexa-­‐alkyl	
  or	
  
aryl	
   derivatives	
   of	
   the	
   cyclic	
   trimer	
   are	
   unable	
   to	
   undergo	
  
thermal	
  ROP;	
  one	
  or	
  more	
  halogen	
  substituents	
  are	
  necessary	
  
for	
   the	
   polymerization	
   (vide	
   infra).	
   Alternative	
   pathways	
  
through	
   phosphoranimines217	
   or	
   phosphorus	
   azides220	
   exist,	
  
however	
  these	
  routes	
  generally	
  require	
  high	
  temperatures.	
  	
  	
  

More	
   recently,	
   the	
   living	
   cationic	
   polymerization	
   of	
  
phosphoranimines	
  has	
  been	
  adapted	
  to	
  synthesize	
  60c	
   in	
   low	
  
to	
  moderate	
  molecular	
   weight	
   and	
   low	
   PDIs	
   (Scheme	
   49).226	
  
The	
   polymerization	
   was	
   performed	
   both	
   in	
   solution	
   (Mn	
   =	
   2	
  
800	
  –	
  16	
  300	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.01	
  –	
  1.14)	
  and	
  in	
  the	
  solid	
  state	
  
(Mn	
   =	
   5	
   300	
   –	
   71	
   100	
   g	
  mol-­‐1,	
   PDI	
   =	
   1.02	
   –	
   1.40).	
   Continued	
  
mechanistic	
   studies	
   led	
   to	
   the	
   development	
   of	
   a	
   phosphite-­‐
mediated	
   polymerization	
   of	
   organo-­‐substituted	
   N-­‐
silylbromophosphoranimines	
   (Scheme	
  49).227,	
  228	
   This	
   reaction	
  
proceeds	
   at	
   ambient	
   temperatures	
   to	
   give	
   high	
   molecular	
  
weight	
   polymers	
  with	
   a	
  wide	
   range	
   of	
   PDI	
   values	
   (Mw	
   =	
   106	
  
000	
  –	
  534	
  000	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.23	
  –	
  5.20).	
  	
  

	
  

Scheme	
  49	
  	
   Synthesis	
   of	
   organo-­‐substituted	
   polyphosphazenes	
   from	
  
phosphoranimines.	
  

An	
  unprecedented	
  P-­‐H	
  functionalized	
  polyphosphazene	
  61	
  
has	
   recently	
   been	
   prepared	
   from	
   the	
   reaction	
   of	
  
bis(dimethylamino)chlorophosphine	
   with	
   ammonia	
   (Mw	
   =	
   41	
  
000	
  g	
  mol-­‐1	
  by	
  static	
  light	
  scattering,	
  Scheme	
  50).229	
  31P	
  and	
  1H	
  
NMR	
   spectroscopic	
   analysis	
   of	
   the	
   polymer	
   showed	
   signals	
  
assigned	
  to	
  Me2N(HN=)P(H)–	
  and	
  –N=P(H)-­‐(NMe2)2	
  end	
  groups	
  
in	
   a	
   polymer	
   with	
   about	
   500	
   repeating	
   units.	
   Ab	
   initio	
  
calculations	
   provided	
   insight	
   into	
   the	
   mechanism	
   of	
   the	
  
polymerization,	
  postulated	
  to	
   involve	
  an	
  equilibrium	
  between	
  
aminophosphine	
   [e.g.	
   R2P–NH2]	
   and	
   phosphazene	
   [e.g.	
  
R2P(H)=NH)]	
  tautomers.	
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Scheme	
  50	
   Synthesis	
  of	
  a	
  P-­‐hydrido	
  polyphosphazene.	
  	
  

A	
   longstanding	
   question	
   in	
   the	
   thermal	
   ROP	
   of	
   N3P3Cl6	
  
regards	
   the	
   mechanism	
   of	
   initiation	
   and	
   propagation.	
   It	
   has	
  
always	
   been	
   postulated	
   to	
   involve	
   heterolytic	
   dissociation	
   of	
  
the	
  P–Cl	
  bond	
  supported	
  by	
  the	
  fact	
  that	
  the	
  presence	
  of	
  Lewis	
  
acids	
   (e.g.	
   BCl3)	
   permit	
   the	
   ROP	
   to	
   occur	
   at	
   lower	
  
temperatures.230	
  Definitive	
   support	
   for	
   a	
   cationic	
   mechanism	
  
was	
  provided	
  with	
  the	
  solution	
  polymerization	
  of	
  N3P3Cl6	
  using	
  
a	
  well-­‐defined	
  silylium	
  carborane	
  catalyst	
  (Scheme	
  51).231	
  This	
  
new	
   system	
   is	
   notable	
   for	
   proceeding	
   quickly	
   at	
   ambient	
  
temperatures	
   to	
   give	
   59	
   of	
   moderate	
   molecular	
   weight	
   and	
  
PDI	
   (Mn	
  =	
  61	
  000	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.83	
  for	
  the	
  trifluoroethoxide	
  
derivative,	
  e.g.	
  60a).	
  

	
  	
  	
  

Scheme	
  51	
  	
   Silylium	
   carborane-­‐catalyzed	
   polymerization	
   of	
   N3P3Cl6	
   to	
   yield	
  
poly(dichlorophosphazene).	
  

	
   Inspired	
   by	
   the	
   rich	
   chemistry	
   of	
   polyphosphazenes,	
  
compounds	
  in	
  which	
  the	
  phosphorus	
  has	
  been	
  substituted	
  for	
  
other	
   heteroatoms	
   have	
   also	
   been	
   investigated.	
   A	
  
poly(carbophosphazene),	
  which	
  incorporates	
  an	
  sp2-­‐hybridized	
  
carbon	
  atom,	
  has	
  been	
  synthesized	
  from	
  the	
  thermal	
  ROP	
  of	
  a	
  
cyclic	
  carbophosphazene	
  to	
  afford	
  linear	
  polymer	
  62a	
  (Scheme	
  
52).232-­‐234	
   Another	
   class	
   of	
   poly(heterophosphazene)s	
  
incorporates	
   sulfur(IV)	
   moieties	
   into	
   the	
   main	
   chain.	
  
Poly(thiophosphazene)	
  62b	
  can	
  be	
  prepared	
  from	
  the	
  thermal	
  
ROP	
  of	
  the	
  cyclic	
  precursor	
  at	
  90	
  °C	
  (Scheme	
  52).235	
  Similar	
  to	
  
that	
   of	
   polydichlorophosphazene	
   59,	
   the	
   carbo-­‐	
   and	
   thio-­‐
polymers	
   (62a-­‐b)	
   can	
   undergo	
   post-­‐polymerization	
  
substitution	
   chemistry	
   of	
   the	
   chloro	
   moieties	
   with	
   amine	
   or	
  
alkoxy	
   nucleophiles.	
   In	
   the	
   case	
   of	
   poly(thiophosphazene),	
  
substitution	
  occurs	
  preferentially	
  at	
  the	
  sulfur	
  centre,	
  however	
  
the	
  polymers	
  show	
  minimal	
  long	
  term	
  stability.236	
  	
  

	
  	
  

Scheme	
  52	
  	
   Thermal	
  ROP	
  of	
   cyclic	
  heterophosphazenes	
   in	
  which	
  a	
  phosphorus	
  has	
  
formally	
  been	
  replaced	
  by	
  another	
  element	
  (E	
  =	
  C,	
  S)	
  to	
  afford	
  their	
  linear	
  polymers.	
  

	
   Closely	
   related	
   are	
   poly(thionylphosphazene)s	
   (63)	
   which	
  
contain	
   a	
   four-­‐coordinate	
   sulfur(VI)	
   and	
   are	
   prepared	
   by	
   the	
  
thermal	
   ROP	
   of	
   the	
   cyclic	
   S-­‐chloro	
   or	
   S-­‐fluoro	
  
thionylphosphazene	
   (Scheme	
   53).237,	
   238	
   Interestingly,	
  
substitution	
  occurs	
  preferentially	
  at	
   the	
  phosphorus	
  atoms	
  to	
  
afford	
   air-­‐	
   and	
   moisture-­‐stable	
   polymers	
   after	
   nucleophilic	
  
substitution.239-­‐241	
   GaCl3	
   has	
   been	
   found	
   to	
   be	
   an	
   effective	
  
initiator	
   for	
   the	
   ambient	
   temperature	
   ROP	
   of	
   the	
   cyclic	
  
monomer,	
  giving	
  63a	
  in	
  comparable	
  molecular	
  weight	
  and	
  PDI	
  
as	
  those	
  synthesized	
  by	
  thermal	
  ROP	
  (Mn	
  =	
  25	
  000	
  –	
  52	
  000	
  g	
  
mol-­‐1,	
  PDI	
  =	
  1.26	
  –	
  2.18).242,	
  243	
  The	
  authors	
  also	
   reported	
  the	
  

existence	
  of	
  a	
  critical	
  concentration	
  (ca.	
  0.15	
  M)	
  below	
  which	
  
polymerization	
   did	
   not	
   occur.	
   This	
   implies	
   that	
   the	
  
polymerization	
  has	
  a	
  low	
  ΔHROP,	
  and	
  thus	
  is	
  primarily	
  entropy-­‐
driven.	
  	
  

	
  	
  

Scheme	
  53	
  	
   Thermal	
   ROP	
   of	
   cyclic	
   thionylphosphazenes	
   to	
   yield	
   their	
   linear	
  
polymers.	
  

	
   A	
   second	
   type	
   of	
   poly(thionylphosphazene)s	
   contains	
  
alternating	
   P=N	
   and	
   S(VI)=N	
   moieties	
   in	
   the	
   backbone.	
   The	
  
thermal	
   condensation	
   polymerization	
   of	
   thionylphosphazene	
  
monomers	
   afforded	
   64	
   with	
   a	
   modest	
   molecular	
   weight	
  
(Scheme	
  54,	
  Mn	
  =	
  8	
  000	
  g	
  mol-­‐1).244	
  These	
   represent	
   the	
   first	
  
examples	
  of	
   poly(thionylphosphazene)s	
   that	
   are	
   fully	
   organo-­‐
substituted.	
  

	
  	
  

Scheme	
  54	
  	
   Condensation	
   of	
   a	
   linear	
   thionylphosphazene	
   monomer	
   to	
   yield	
  
poly(thionylphosphazene).	
  

4.12	
  	
  Poly(methylenephosphine)s	
  

The	
   most	
   important	
   method	
   of	
   producing	
   commodity	
  
polymers	
   is	
   through	
   the	
   addition	
   polymerization	
   of	
   the	
   C=C	
  
bond	
  of	
  olefins.	
  The	
  addition	
  polymerization	
  of	
  a	
  P=C	
  bond	
  in	
  a	
  
phosphaalkene	
  was	
   accomplished	
   in	
   2003.245	
   Specifically,	
   the	
  
polymerization	
   of	
   MesP=CPh2	
   afforded	
  
poly(methylenephosphine)	
   (PMP,	
   65).	
   Polymer	
   65	
   was	
   first	
  
isolated	
  from	
  the	
  residue	
  that	
  remained	
  after	
  the	
  distillation	
  of	
  
the	
  phosphaalkene	
  monomer.	
  In	
  the	
  same	
  report,	
  the	
  radical-­‐	
  
and	
   anion-­‐initiated	
   polymerizations	
   afforded	
   samples	
   of	
   65	
  
with	
   near-­‐identical	
   spectroscopic	
   properties	
   (Scheme	
   55).	
  
Shortly	
   after,	
   the	
   radical-­‐initiated	
   polymerization	
   was	
  
amenable	
  to	
  the	
  random	
  copolymerization	
  of	
  MesP=CPh2	
  and	
  
styrene	
  (66,	
  Scheme	
  55).246	
  	
  

	
  	
  	
  	
  

Scheme	
   55	
   Addition	
   homo-­‐	
   and	
   copolymerization	
   of	
   MesP=CPh2	
   to	
   yield	
  
poly(methylenephosphine)	
  and	
  poly(methylenephosphine)-­‐co-­‐polystyrene	
  	
  

Mass	
   spectrometric	
   investigations	
   of	
   oligomers	
   prepared	
  
by	
   treating	
   MesP=CPh2	
   with	
   MeLi	
   as	
   initiator	
   (25	
   mol%)	
  
provided	
   the	
   first	
   evidence	
   for	
   chain	
   growth	
   in	
   solution	
   at	
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ambient	
  temperature.247	
  Subsequently,	
  the	
  room	
  temperature	
  
polymerization	
  of	
  phosphaalkenes	
  using	
  n-­‐BuLi	
  was	
   shown	
   to	
  
follow	
   a	
   living	
   mechanism.	
   PMPs	
   67a-­‐b	
   were	
   prepared	
   with	
  
controlled	
  molecular	
  weights	
  and	
   low	
  PDIs	
   (M/I	
  =	
  25:1-­‐100:1,	
  
Mn	
  =	
  8	
  900	
  –	
  29	
  600	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.04	
  –	
  1.15).248	
  In	
  addition,	
  
employing	
   living	
   polystyrene	
   as	
   the	
   radical	
   initiator	
   afforded	
  
polystyrene-­‐block-­‐poly(methylenephosphine)	
   copolymers	
   (68,	
  
Scheme	
  57).	
  These	
  novel	
  copolymers	
  possess	
   interesting	
  film-­‐
forming	
  properties	
  (Fig.	
  11).	
  Detailed	
  studies	
  of	
  the	
  kinetics	
  of	
  
the	
  living	
  anionic	
  polymerization	
  of	
  MesP=CPh2	
  allowed	
  for	
  the	
  
determination	
   of	
   the	
   activation	
   energy	
   for	
   propagation	
   (Ea	
   =	
  
14.0	
   ±	
   0.9	
   kcal	
   mol-­‐1),	
   one	
   of	
   the	
   largest	
   recorded	
   for	
   an	
  
addition	
  polymerization.249	
  

	
  	
  	
  

Scheme	
  56	
  	
   Anionic	
  polymerization	
  of	
  substituted	
  phosphaalkenes.	
  

	
  	
  	
  

Scheme	
  57	
  	
   Preparation	
   of	
   polystyrene-­‐block-­‐poly(methylenephosphine)	
   by	
   living	
  
anionic	
  polymerization.	
  

	
  

Fig.	
  11	
  	
   Film	
  cast	
  from	
  a	
  block	
  copolymer	
  of	
  phosphaalkene	
  and	
  styrene.	
  	
  Photograph	
  
provided	
  courtesy	
  of	
  Dr.	
  E.	
  Conrad.	
  	
  

As	
   long	
   as	
   the	
   P=C	
   bond	
   is	
   kinetically	
   stabilized	
   with	
  
sterically	
  encumbering	
  substituents,	
  phosphaalkenes	
  bearing	
  a	
  
variety	
  of	
   functional	
   substituents	
   can	
  be	
  polymerized.	
  To	
   this	
  
end,	
   the	
   ferrocene-­‐containing	
   monomer,	
   MesP=C(Fc)Ph,	
   has	
  
been	
  anionically	
  polymerized	
   to	
  afford	
   the	
  novel	
   redox-­‐active	
  
PMP	
   67c	
   (Mn	
   =	
   9	
   500	
   g	
  mol-­‐1,	
   PDI	
   =	
   1.21,	
   ΔE1/2	
   =	
   0.41	
   V	
   vs.	
  
SCE).250	
   Phosphaalkenes	
   bearing	
   polyaromatic	
   chromophores	
  
(e.g.	
   1-­‐naphthyl,	
   9-­‐phenanthryl)	
   have	
   been	
   synthesized	
   and	
  
polymerized	
  using	
  anionic	
   initiators	
   to	
  afford	
   the	
  PMPs	
  67d-­‐e	
  
(Mn	
   =	
   15	
   100	
   –	
   27	
   100	
   g	
  mol-­‐1,	
   PDI	
   =	
   1.14	
   –	
   1.37).251	
   These	
  
polymers	
   demonstrate	
   turn-­‐on	
   fluorescent	
   emission	
  

selectively	
   when	
   oxidized,	
  making	
   them	
   attractive	
   for	
   sensor	
  
applications.	
  	
  

Another	
   example	
   illustrating	
   the	
   structural	
   diversity	
  
possible	
   for	
   PMPs	
   is	
   the	
   polymerization	
   of	
   enantiomerically	
  
pure	
   phosphaalkenes.	
   Specifically,	
   the	
   chiral	
   phosphaalkene-­‐
oxazoline252	
   was	
   copolymerized	
   with	
   styrene	
   to	
   give	
   a	
  
phosphine-­‐containing	
   polymer	
   bearing	
   enantiomerically	
   pure	
  
substituents	
   (69:	
  Mw	
   =	
   7	
   400	
   g	
   mol-­‐1,	
   PDI	
   =	
   1.15)	
   (Scheme	
  
58).253	
  The	
  phosphaalkene	
  incorporation	
  in	
  copolymer	
  69	
  was	
  
estimated	
  by	
  elemental	
  analysis	
  to	
  be	
  13	
  mol	
  %	
  and	
  the	
  optical	
  
rotation	
  found	
  to	
  be	
  –14.0°.	
  

	
  	
  

Scheme	
  58	
  	
   Copolymerization	
  of	
  an	
  enantiomerically	
  pure	
  phosphaalkene-­‐oxazoline	
  
and	
  styrene.	
  

A	
   unique	
   feature	
   of	
   PMPs	
   is	
   their	
   chemical	
   functionality	
  
through	
   the	
   phosphorus	
   lone	
   pairs.	
   Homopolymer	
  65	
   can	
   be	
  
oxidized	
  with	
   either	
  H2O2	
   or	
   S8	
  (70a	
   and	
  70b),

245	
   coordinated	
  
to	
   either	
   borane	
   (70c)254	
   or	
   gold(I)	
   (70d)255,	
   and	
   alkylated	
   to	
  
yield	
  an	
   ionomer	
   (70e)	
   (Scheme	
  59).254	
   In	
   the	
   case	
  of	
  borane	
  
and	
  gold(I),	
  uncoordinated	
  phosphorus	
  moieties	
   could	
  not	
  be	
  
observed	
   by	
   31P	
   NMR	
   spectroscopy	
   indicating	
   complete	
  
conversion	
   to	
   the	
   phosphine-­‐borane	
   or	
   phosphine-­‐gold	
  
adducts.	
  In	
  contrast,	
  the	
  phosphonium	
  ionomer	
  70e	
  could	
  not	
  
be	
   obtained	
   in	
   higher	
   than	
   50%	
   conversion,	
   possibly	
   due	
   to	
  
ionic	
  repulsion.	
   In	
  all	
  cases,	
  molecular	
  weight	
  analysis	
  by	
  GPC	
  
of	
   the	
   resulting	
   polymers	
   showed	
   no	
   degradation	
   of	
   the	
  
polymer	
   chain,	
   but	
   only	
   the	
   expected	
   increase	
   in	
   molecular	
  
weight.	
  For	
  example,	
  gold(I)	
  complex	
  70d,	
   synthesized	
  from	
  a	
  
sample	
  of	
  polymer	
  65	
  (Mn	
  =	
  38	
  900	
  g	
  mol-­‐1),	
  was	
  found	
  to	
  have	
  
an	
  Mn	
  of	
  71	
  600	
  g	
  mol-­‐1.	
  	
  

	
  	
  

Scheme	
  59	
  	
   The	
  functionalization	
  of	
  poly(methylenephosphine)s.	
  

When	
   coordinated	
   to	
   gold(I),	
   amphiphilic	
   phosphaalkene-­‐
isoprene	
   block	
   copolymers,	
   [PI]404-­‐b-­‐[PMP]35	
   formed	
   self-­‐
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assembled	
  nanostructures	
   in	
   a	
  block-­‐selective	
   solvent	
   [Rh	
   =	
  5	
  
nm	
   (THF),	
   82	
   nm	
   (n-­‐heptane)].256	
   Transmission	
   electron	
  
microscopy	
  (TEM)	
  analysis	
  of	
  samples	
  obtained	
  from	
  dilute	
  n-­‐
heptane	
   revealed	
   spherical	
   nanostructures	
   (28-­‐32	
   nm)	
   that	
  
were	
   attributed	
   to	
   micelles	
   with	
   a	
   PMP·∙AuCl	
   core	
   and	
  
polyisoprene	
   corona.	
   Remarkably,	
   increasing	
   the	
   PMP	
   block	
  
length	
   in	
   the	
   copolymer	
   afforded	
   worm-­‐like	
   gold	
  
nanostructures	
  with	
  high	
  aspect	
  ratio.	
  

The	
   use	
   of	
   phosphaalkene/styrene	
   random	
   copolymers	
   in	
  
polymer-­‐supported	
   palladium	
   catalysis	
   has	
   been	
  
demonstrated.246	
  Specifically,	
  the	
  copolymer	
  68	
  (9	
  mol%	
  P;	
  Mw	
  
=	
  7000	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.7)	
  has	
  been	
  employed	
   in	
  combination	
  
with	
   Pd2(dba)3	
   as	
   a	
   catalyst	
   for	
   the	
   Suzuki	
   coupling	
   of	
  
phenylboronic	
  acid	
  and	
  bromobenzene.	
  The	
  biphenyl	
  product	
  
was	
   isolated	
   in	
  high	
  yield	
   (90	
  %)	
  and	
  purity	
  without	
   the	
  need	
  
for	
  chromatography	
  and	
  the	
  polymer	
  was	
  recovered	
  by	
  simple	
  
precipitation.	
  	
  

The	
  use	
  of	
  poly(methylenephosphine)s	
  as	
  flame	
  retardants	
  
has	
   been	
   reported	
   recently	
   (Fig.	
   12).257	
   Paper	
   samples	
   were	
  
treated	
   with	
   homopolymer	
   67a	
   and	
   its	
   oxide	
   70a	
   and	
  
subjected	
   to	
   flame	
   testing	
   and	
   both	
   were	
   found	
   to	
   be	
  
competent	
   flame	
  retardants	
   (limiting	
  oxygen	
   index	
  =	
  25.9	
  %),	
  
with	
   the	
   oxidized	
   homopolymer	
   performing	
   slightly	
   better.	
  
Importantly,	
   after	
   leaching	
   with	
   water	
   no	
   loss	
   of	
   flame	
  
retardancy	
  was	
  observed.	
  	
  

	
  

Fig.	
  12	
  	
  	
   Top:	
  	
  Dynamic	
  sheet	
  formed	
  (DSF)	
  paper	
  made	
  from	
  thermomechanical	
  pulp	
  
(TMP)	
   was	
   coated	
   with	
   poly(methylenephosphine	
   oxide)	
   70a	
   (0.8	
   mmol	
   P	
   /	
   g)	
   and	
  
ignited	
  with	
  a	
  lighter	
  in	
  air.	
  This	
  flame	
  retardant	
  paper	
  is	
  self-­‐extinguishing.	
  Bottom:	
  	
  An	
  
untreated	
  DSF	
  TMP	
  sheet	
  was	
  ignited	
  in	
  air	
  and	
  burns	
  completely.	
  	
  

Recently,	
   detailed	
   spectroscopic	
   analysis	
   of	
   homopolymer	
  
previously	
   formulated	
   as	
   65	
   synthesized	
   by	
   radical-­‐initiated	
  
polymerization	
   revealed	
   the	
   presence	
   of	
   an	
   unexpected	
  
microstructure	
   71	
   resulting	
   from	
   an	
   isomerization	
  
polymerization	
  (Scheme	
  60).258	
  It	
  was	
  speculated	
  that	
  after	
  the	
  
addition	
  of	
  the	
  radical	
  species	
  to	
  the	
  P	
  in	
  MesP=CPh2	
  affording	
  
a	
  C-­‐based	
  radical,	
  a	
  hydrogen	
  atom	
  migrates	
  from	
  the	
  o-­‐Me	
  of	
  
mesityl	
  to	
  this	
  carbon	
  radical.	
  Thus,	
  a	
  benzylic	
  radical	
  is	
  formed	
  
at	
  the	
  o-­‐Me	
  position	
  that	
  functions	
  as	
  the	
  propagating	
  species	
  
and	
   accounts	
   for	
   the	
   microstructure	
   71	
   (x	
   >>	
   y).	
   The	
   same	
  
microstructure	
   has	
   since	
   been	
   observed	
   in	
   PMPs	
   synthesized	
  
by	
  anionic	
  polymerization	
  (e.g.	
  67d-­‐e).251	
  

	
  	
  

Scheme	
  60	
  	
   Alternative	
   microstructure	
   of	
   poly(methylenephosphine)	
   using	
   a	
  
nitroxide-­‐mediated	
  radical	
  polymerization	
  initiator.	
  

4.13	
  	
  Poly(arylene/vinylene/ethynylene	
  phosphine)s	
  	
  

Polymer	
   72,	
   the	
   first	
   well-­‐characterized	
   example	
   of	
   a	
  
poly(arylenephosphine),	
   was	
   prepared	
   using	
   nickel-­‐catalyzed	
  
homocoupling	
  (Scheme	
  61,	
  Mn	
  =	
  15	
  300	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.65).259	
  
An	
   unoxidized	
   P-­‐alkyl	
   derivative	
   was	
   synthesized	
   by	
   the	
  
palladium(0)-­‐catalyzed	
   coupling	
   of	
   4,4’-­‐diiodobiphenyl	
   and	
   a	
  
primary	
  alkylphosphine,	
  albeit	
  in	
  lower	
  molecular	
  weight	
  (Mn	
  =	
  
3	
   100	
   g	
  mol-­‐1).260	
   Similar	
   polymers	
   have	
   been	
   synthesized	
   by	
  
nucleophilic	
  aromatic	
  substitution	
  reactions.261,	
  262	
  

	
  

Scheme	
  61	
  	
   Nickel-­‐catalyzed	
   cross-­‐coupling	
   of	
   bis(4-­‐chlorophenyl)phenylphosphine	
  
oxide	
  to	
  afford	
  a	
  poly(arylenephosphine	
  oxide).	
  

The	
   first	
   true	
  phosphorus	
   analogue	
  of	
   polyaniline,	
   poly(p-­‐
phenylenephosphine)	
   (73),	
   was	
   synthesized	
   by	
   palladium(0)-­‐
catalyzed	
   cross-­‐coupling	
   of	
   1,4-­‐diiodobenzene	
   and	
   a	
   primary	
  
phosphine	
   to	
   afford	
   low	
  molecular	
  weight	
  materials	
   (Scheme	
  
62,	
   Mn	
   =	
   1	
   300	
   –	
   3	
   100	
   g	
   mol-­‐1,	
   PDI	
   =	
   1.3	
   –	
   1.5).263	
   This	
  
approach	
  was	
  extended	
  to	
  the	
  synthesis	
  of	
  a	
  series	
  of	
  poly(p-­‐
phenylenephosphine)/polyaniline	
  copolymers.264	
   Interestingly,	
  
photophysical	
   measurements	
   suggested	
   significant	
  
conjugation	
   through	
   the	
   phosphine	
  moiety.	
   Transition	
  metal-­‐
catalyzed	
   hydrophosphorylation	
   has	
   been	
   used	
   to	
   prepare	
  
polymers	
  with	
  both	
  arylenephosphine	
  and	
  vinylenephosphine	
  
moieties	
  in	
  the	
  main	
  chain.265	
  

	
  

Scheme	
  62	
  	
   Synthesis	
  of	
  poly(p-­‐phenylenephosphine)s	
  by	
  palladium-­‐catalyzed	
  cross-­‐
coupling.	
  

Related	
   macromolecules	
   that	
   incorporate	
   unsaturated	
  
organic	
  moieties	
  next	
   to	
  phosphorus	
   include	
  macromolecules	
  
composed	
   of	
   alkenyl-­‐	
   or	
   alkynyl-­‐phosphine	
   backbones.	
   The	
  
anionic	
  ROP	
  of	
  a	
  phosphirene	
  affords	
  poly(vinylenephosphine)	
  
74,	
  the	
  first	
  example	
  of	
  a	
  polymer	
  containing	
  only	
  vinylene	
  and	
  
phosphine	
  units	
  in	
  the	
  main	
  chain	
  (Scheme	
  63,	
  Mn	
  =	
  1	
  700	
  –	
  18	
  
000	
   g	
   mol-­‐1,	
   PDI	
   =	
   1.23	
   –	
   1.58).266	
   Some	
   molecular	
   weight	
  
control	
  was	
  demonstrated	
  by	
  varying	
  the	
  monomer	
  to	
  initiator	
  
ratio.	
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Scheme	
  63	
  	
   Anion-­‐initiated	
   ROP	
   of	
   a	
   phosphirene	
   to	
   yield	
   a	
  
poly(vinylenephosphine).	
  

Subsequently,	
   an	
   alternate	
   methodology	
   has	
   been	
  
developed	
  to	
  produce	
  poly(vinylenephosphine)s.	
   In	
  particular,	
  
treatment	
   of	
   cyclo-­‐(PMe)5	
   with	
   phenylacetylene	
   in	
   the	
  
presence	
   of	
   the	
   radical	
   initiator	
   AIBN	
   results	
   in	
   polymer	
   75	
  
with	
  low	
  molecular	
  weight	
  (Scheme	
  64,	
  Mn	
  =	
  2	
  500	
  g	
  mol-­‐1,	
  PDI	
  
=	
  1.25).267	
  This	
  strategy	
  was	
  adapted	
  from	
  earlier	
  work	
  on	
  the	
  
synthesis	
  of	
   polymers	
   containing	
  heavier	
   group	
  15	
   congeners	
  
(vide	
   infra),	
  however	
   lower	
  molecular	
  weights	
  were	
  observed	
  
for	
  phosphorus.	
  

	
  	
  

Scheme	
  64	
  	
   Radical	
   copolymerization	
   of	
   a	
   cyclo-­‐pentaphosphine	
   with	
   a	
   primary	
  
alkyne	
  to	
  generate	
  a	
  poly(vinylenephosphine).	
  

Recently,	
   the	
   first	
   example	
   of	
   a	
   poly(p-­‐
phenylenediethynylene	
   phosphine)	
   (PPYP)	
   was	
   reported.268	
  
PPYP	
   76	
   was	
   synthesized	
   by	
   nickel-­‐catalyzed	
   cross-­‐coupling	
  
between	
   a	
   diethynylbenzene	
   derivatives	
   and	
  
dichlorophenylphosphine	
  (Mn	
  =	
  10	
  000	
  –	
  12	
  000	
  g	
  mol-­‐1,	
  PDI	
  =	
  
1.8	
   –	
   2.0,	
   Scheme	
   65).	
   Interestingly,	
   this	
   conjugated	
   polymer	
  
shows	
   blue	
   fluorescence	
   selectively	
   upon	
   oxidation	
   of	
   the	
  
phosphorus	
   atoms	
   (Fig.	
   13)	
   despite	
   that	
   fact	
   that	
   both	
   the	
  
unoxidized	
   and	
   oxidized	
   polymers	
   show	
   similar	
   features	
   in	
  
their	
   absorbance	
   spectra	
   (76:	
   λabs	
   =	
   289,	
   305,	
   317,	
   330	
   nm;	
  
76·∙O:	
  λabs	
  =	
  288,	
  298,	
  317,	
  329).	
  

	
  

Scheme	
  65	
  	
   Synthesis	
   of	
   poly(p-­‐phenylenediethynylene	
   phosphine)s	
   by	
   nickel-­‐
catalyzed	
  cross-­‐coupling.	
  

	
  

Fig.	
   13	
   A	
   photograph	
   showing	
   (left)	
   a	
   THF	
   solution	
   of	
   poly(p-­‐phenylenediethynylene	
  
phosphine)	
   76	
   (R	
   =	
   C6H13)	
   and	
   (right)	
   an	
   analogous	
   solution	
   of	
   the	
   phosphine	
   oxide	
  
76·∙O.	
  	
  Both	
  samples	
  are	
  being	
  irradiated	
  with	
  a	
  UV	
  lamp.	
  

4.14	
  	
  phospha-­‐PPVs	
  

The	
   first	
   example	
   of	
   a	
   linear	
   polymer	
   containing	
  multiple	
  
bonds	
  involving	
  a	
  low-­‐valent	
  heavier	
  main	
  group	
  element	
  was	
  
77a,	
   a	
   phosphorus	
   analogue	
   of	
   poly(p-­‐phenylenevinylene)	
  
(PPV)	
   (Scheme	
   66).269	
   Heating	
   together	
   1,4-­‐
bis(disilylphosphino)benzene	
   and	
   tetramethyl	
   terephthaloyl	
  
chloride	
  afforded	
  77a	
  with	
  approximately	
  equal	
   ratio	
  of	
  E-­‐	
   to	
  
Z-­‐isomers	
   for	
  the	
  P=C	
  bonds.	
  Employing	
  a	
  bulkier	
  phosphorus	
  
monomer	
   allowed	
   for	
   significantly	
   greater	
   stereoselectivity,	
  
such	
   that	
  polymer	
  77b	
   is	
   in	
  exclusively	
   the	
  Z-­‐configuration.270	
  
The	
   air-­‐sensitivity	
   of	
   77a-­‐b	
   precluded	
   determination	
   of	
   the	
  
absolute	
   molecular	
   weight	
   by	
   GPC	
   analysis,	
   however	
  
estimation	
   by	
   end-­‐group	
   analysis	
   revealed	
  modest	
  molecular	
  
weights	
  (Mn	
  =	
  2	
  900	
  –	
  10	
  500	
  g	
  mol-­‐1).	
  	
  

	
  

Scheme	
  66	
  	
   Synthesis	
   of	
   poly(p-­‐phenylenephosphaalkene)s	
   employing	
   the	
   Becker	
  
reaction	
  of	
  a	
  bis(disilylphosphine)	
  and	
  a	
  bis(acyl	
  chloride).	
  

Phosphaalkene-­‐containing	
   PPV	
   analogues	
   have	
   also	
   been	
  
accessed	
  by	
  employing	
  the	
  phospha-­‐Wittig	
  reaction	
  as	
  the	
  P=C	
  
bond	
   forming	
   step	
   (Scheme	
   67).271	
   In	
   this	
   approach,	
   a	
  
bis(dichlorophosphine)	
   was	
   first	
   treated	
   with	
   PMe3	
   in	
   the	
  
presence	
   of	
   zinc	
   to	
   generate	
   a	
   phospha-­‐Wittig	
   reagent.	
  
Subsequent	
   addition	
   of	
   a	
   dialdehyde	
   afforded	
   polymer	
   78	
   in	
  
predominantly	
   the	
   E-­‐configuration.	
   The	
   molecular	
   weights	
  
were	
  estimated	
  by	
  end-­‐group	
  analysis	
  (Mn	
  =	
  6	
  500	
  g	
  mol-­‐1).	
  

	
  

Scheme	
  67	
  	
   Synthesis	
   of	
   a	
   poly(p-­‐phenylenephosphaalkene)	
   by	
   the	
   phospha-­‐Wittig	
  
reaction.	
  

	
   This	
   strategy	
   has	
   been	
   extended	
   to	
   the	
   fascinating	
  
diphosphene-­‐containing	
   polymer	
   79,	
   the	
   first	
   example	
   of	
   a	
  
polymer	
   containing	
   a	
   multiple	
   bond	
   between	
   heavy	
   main	
  
group	
  elements	
  in	
  the	
  backbone.272	
  In	
  this	
  case,	
  the	
  phospha-­‐
Wittig	
   intermediate	
  was	
   either	
   photolyzed	
   of	
   thermolyzed	
   to	
  
afford	
   79	
   (Scheme	
   68,	
   Mn	
   =	
   5900	
   g	
   mol-­‐1,	
   PDI	
   =	
   2.1).	
  
Photophysical	
   measurements	
   revealed	
   that	
   the	
   red	
   polymer	
  
was	
  not	
  fluorescent	
  in	
  solution.	
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Scheme	
  68	
  	
   Synthesis	
   of	
   a	
   diphosphene-­‐contaning	
   polymer	
   by	
   a	
   phospha-­‐Wittig	
  
reaction.	
  

4.15	
  	
  Poly(phosphole)s	
  

The	
   incorporation	
   of	
   phosphole	
   moieties	
   into	
   extended	
   π-­‐
conjugated	
  structures	
   is	
  a	
  growing	
  area	
  of	
   interest	
  due	
  to	
  the	
  
fascinating	
  photophysical	
  properties	
  of	
  this	
  P-­‐heterocycle.	
  The	
  
first	
   phosphole-­‐containing	
   polymer	
   (80)	
   was	
   synthesized	
   by	
  
oxidative	
   coupling	
   using	
   zirconocenes	
   (Scheme	
   69).273	
   The	
  
resulting	
   metallacycle-­‐containing	
   polymer	
   was	
   then	
   treated	
  
with	
   dichlorophenylphosphine	
   to	
   generate	
   the	
   phosphole-­‐
containing	
  macromolecule	
  with	
  moderate	
  regioselectivity	
   (Mn	
  
=	
   6200	
   g	
   mol-­‐1,	
   PDI	
   =	
   2.6).	
   Polymer	
   80	
   was	
   found	
   to	
   be	
  
fluorescent	
   (λmax	
   =	
   308	
   nm,	
   λem	
   =	
   470	
   nm),	
   albeit	
   with	
  
moderate	
  quantum	
  yield	
  (Φ	
  =	
  0.09).	
  	
  

	
  

Scheme	
  69	
  	
   Synthesis	
   of	
   a	
   phosphole-­‐containing	
  polymer	
  by	
   zirconocene-­‐mediated	
  
oxidative	
  coupling.	
  

A	
  more	
  common	
  strategy	
  is	
  to	
  first	
  synthesize	
  a	
  phosphole-­‐
containing	
   monomer	
   using	
   zirconocene	
   coupling.	
   This	
   route	
  
was	
   used	
   in	
   combination	
   with	
   Sonogashira	
   coupling	
   to	
  
synthesize	
  a	
  series	
  of	
  arylenephosphole-­‐alkynylarene	
  polymers	
  
(81:	
  Mn	
   =	
   6	
   800	
   –	
   10	
   200	
   g	
   mol-­‐1,	
   PDI	
   =	
   1.3	
   –	
   1.5,	
   Scheme	
  
70).274	
  	
  

	
  

Scheme	
  70	
  	
   Synthesis	
  of	
  a	
  phosphole-­‐containing	
  polymer	
  by	
  Sonogashira	
  coupling.	
  

Classic	
   synthetic	
   routes	
   to	
   polythiophenes	
   such	
   as	
  
electropolymerization	
   are	
   not	
   compatible	
   with	
   phosphole	
  
functionalities.	
   Thus,	
   researchers	
   have	
   turned	
   their	
   attention	
  
towards	
   hybrid	
   systems	
   that	
   combine	
   the	
   properties	
   of	
  
phospholes	
  with	
  the	
  well-­‐developed	
  chemistry	
  of	
   thiophenes.	
  
This	
   has	
   been	
   demonstrated	
   by	
   synthesizing	
   2,5-­‐bis(2-­‐
thienyl)phospholes	
   followed	
  by	
  electropolymerization	
  to	
  yield	
  
insoluble	
  polymeric	
  films	
  (82)	
  (Scheme	
  71).275,	
  276	
  The	
  polymer	
  
bearing	
   σ3,λ3-­‐phosphole	
  moieties	
  was	
   initially	
   only	
   accessible	
  
by	
  the	
  decomplexation	
  of	
  gold(I)-­‐coordinated	
  polymer	
  82e,277	
  
however	
   in	
   a	
   subsequent	
   report,	
   it	
   was	
   found	
   a	
   2,5-­‐bis(3,4-­‐
ethylenedioxythiophene)phosphole	
   derivative	
   could	
  
successfully	
   be	
   electropolymerized.278	
   Poly[2,5-­‐bis(2-­‐
thienyl)phosphole]s	
   have	
   also	
   been	
   prepared	
   with	
   sulfur-­‐
functionalized	
   phospholes,	
   bearing	
   an	
   additional	
   site	
   of	
  
reactivity	
  for	
  electronic	
  tuning.279	
  In	
  all	
  cases	
  the	
  insolubility	
  of	
  
the	
  films	
  precluded	
  molecular	
  weight	
  determination,	
  however	
  
bathochromic	
   shifts	
   in	
   the	
   electronic	
   absorption	
   spectra	
  
relative	
   to	
   the	
   monomer	
   or	
   model	
   oligomers	
   confirmed	
   the	
  
presence	
  of	
  an	
  extended	
  conjugated	
  system.	
  

	
  

Scheme	
  71	
  	
   Electropolymerization	
  of	
  2,5-­‐bis(2-­‐thienyl)phospholes.	
  

Polymers	
   containing	
   bis(thienyl)phosphole	
   moieties	
   have	
  
also	
   been	
   synthesized	
   using	
   Stille	
   coupling.280	
   Rather	
   than	
  
coupling	
   a	
   pre-­‐formed	
   bis(thienyl)phosphole	
   monomer,	
   a	
  
phosphole	
   and	
  dithiophene	
   can	
   be	
   directly	
   coupled	
   to	
   afford	
  
similar	
   materials	
   to	
   those	
   described	
   above	
   with	
   moderate	
  
molecular	
  weight	
   (Mn	
   =	
  11	
  500	
  –	
  13	
  800	
  g	
  mol-­‐1,	
   PDI	
   =	
  2.3	
  –	
  
3.7).	
  The	
  electronic	
  transition	
  energies	
  observed	
  in	
  the	
  UV-­‐Vis	
  
spectra	
   were	
   found	
   to	
   be	
   affected	
   by	
   the	
   substitution	
   on	
  
phosphorus	
  as	
  well	
  as	
  whether	
  the	
  copolymer	
  was	
  in	
  solution	
  
or	
  a	
  film.	
  	
  

Dithienophospholes,	
   in	
   which	
   two	
   thiophene	
   rings	
   are	
  
annulated	
   to	
   a	
   phosphole	
   core,	
   can	
   be	
   incorporated	
   into	
  
polymers	
   to	
  provide	
  novel	
   fluorescent	
  materials	
   (83,	
   Fig.	
   14).	
  
This	
  rigid	
  tricyclic	
  system	
  offers	
  greater	
  conjugation,	
  excellent	
  
fluorescence	
   quantum	
   yields	
   and	
   high	
   molecular	
   weights.	
  
Vinyl-­‐functionalized	
   dithienophospholes	
   were	
   first	
  
incorporated	
   into	
   the	
   side	
   chain	
   of	
   a	
   polymer	
   by	
  
copolymerization	
  with	
  styrene.281,	
  282	
  	
  

OC6H13

C6H13O

Mes

Mes

Mes

Mes

i) PMe3, Zn
ii) Δ or hv

Ar PCl2Cl2P Ar P
P
n

Ar =

79

RR

i) Cp2ZrCl2/2 n-BuLi
ii) PhPCl2

P

P

x y

x : y = 4 : 1
n

R

R R RPh

Ph

R = (CH2)4CH3

80

P
Ph

Br Br Ar

Ar =

OR

RO
R = n-C6H13, n-C12H25

PdCl2(PPh3)2 [cat.]
CuI, NEt3

P
Ph

Ar

n

C12H25C12H25

81

SS

P
PhE

P
PhClAu

P
PhMe

=

82a; E = O
82b; E = S
82c; E = Se

SS
n

Anodic
OxidationP

P

P

82d 82e

OTf

Page 20 of 36Chemical Society Reviews



Chem	
  Soc	
  Rev	
   	
  REVIEW	
  

This	
  journal	
  is	
  ©	
  The	
  Royal	
  Society	
  of	
  Chemistry	
  2015	
   Chem.	
  Soc.	
  Rev.	
  2015,	
  00,	
  1-­‐3	
  |	
  21 	
  

Please	
  do	
  not	
  adjust	
  margins	
  

Please	
  do	
  not	
  adjust	
  margins	
  

	
  

Fig.	
  14	
  	
   White	
  light	
  emitting	
  styrene-­‐dithienophosphole	
  copolymer.	
  

Main-­‐chain	
   dithienophosphole	
   polymers	
  84-­‐86	
   have	
   been	
  
synthesized	
   using	
   a	
   series	
   of	
   transition	
   metal	
   cross-­‐coupling	
  
strategies	
   including	
   Stille	
   coupling,283	
   platinum-­‐catalyzed	
  
dehydrocoupling,284	
   and	
   Suzuki	
   coupling285	
   (Scheme	
   72).	
   In	
  
some	
   cases	
   poor	
   solubility	
   precluded	
   extensive	
   molecular	
  
weight	
  analysis	
  of	
   the	
  polymers,	
  however	
  the	
  Suzuki	
  coupling	
  
route	
  afforded	
  86	
  in	
  moderate	
  molecular	
  weight	
  and	
  PDI	
  (Mw	
  =	
  
9	
  800	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.7).	
  

	
  

Scheme	
  72	
  	
   Synthetic	
  routes	
  to	
  polymers	
  containing	
  the	
  dithienophosphole	
  motif.	
  

The	
   phosphorus	
   analogue	
   of	
   fluorene,	
   dibenzophosphole,	
  
remains	
   an	
   underexplored	
   motif	
   in	
   main-­‐group	
   polymer	
  
chemistry.	
   In	
   a	
   singular	
   study,	
   dibenzophosphole/fluorene	
  
copolymers	
  were	
  synthesized	
  by	
  Suzuki	
  coupling	
  (Mn	
  =	
  9	
  500	
  –	
  
15	
  400	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.1	
  –	
  2.3).286	
  	
  

	
  Recently,	
   the	
   first	
   example	
   of	
   a	
   homopolymer	
   containing	
  
only	
   P-­‐oxide	
   phosphole	
   rings	
   (87)	
   was	
   reported.287,	
   288	
   This	
  
material	
   was	
   prepared	
   by	
   Stille-­‐type	
   cross-­‐coupling	
   of	
  
phosphole	
   comonomers	
   affording	
   the	
   moderate	
   molecular	
  
weight	
  polyphosphole	
  (Mn	
  =	
  13	
  000	
  g	
  mol-­‐1,	
  PDI	
  =	
  2.3,	
  Scheme	
  
73).	
   Efforts	
   to	
   reduce	
   the	
   phosphorus(V)	
  moiety	
   to	
   the	
   P(III)	
  
oxidation	
   state	
   were	
   unsuccessful.	
   In	
   a	
   related	
   study,	
   the	
  
analogous	
   homopolymerization	
   of	
   P-­‐alkanesulfonylimide	
  
phosphole	
   provided	
   access	
   to	
   poly(phosphole)s	
   with	
   P=NR	
  
rather	
  than	
  P=O	
  moieties.288	
  	
  

	
  

Scheme	
  73	
  	
   Synthesis	
  of	
  a	
  poly(phosphole)	
  by	
  Stille-­‐type	
  cross-­‐coupling.	
  

4.16	
  	
  Miscellaneous	
  phosphorus	
  polymers	
  

Enantiomerically	
  pure	
  P-­‐chiral	
  compounds	
  are	
  well	
  established	
  
as	
   ligands	
   for	
   asymmetric	
   catalysis,	
   but	
   are	
   relatively	
  
unexplored	
   in	
   macromolecular	
   chemistry.	
   Several	
   novel	
  
optically	
   active	
   polymers	
   	
   (88)	
   containing	
   stereogenic	
  
phosphorus	
  centers	
  in	
  the	
  main	
  chain	
  have	
  been	
  isolated	
  (Fig.	
  
15).289	
   Starting	
   from	
   known	
   bifunctional	
   chiral	
   bisphosphines	
  
monomers	
   the	
   macromolecules	
   were	
   obtained	
   via	
  
substitution,289,	
   290	
   Sonogashira	
   cross-­‐coupling,291,	
   292	
   or	
  
copper-­‐catalyzed	
  “click”	
  reactions.293	
  	
  

	
  

Fig.	
  15	
  	
   Examples	
  of	
  P-­‐chiral	
  polymers.	
  

Using	
   a	
   unique	
   “migration	
   insertion	
   polymerization”,	
   an	
  
exciting	
   new	
   class	
   of	
   organophosphorus	
   macromolecule	
   has	
  
been	
   synthesized	
   using	
   a	
   carbonyl(phosphinoalkyl)iron(II)	
  
complex	
   monomer	
   (Scheme	
   74).294	
   Upon	
   heating,	
   carbonyl	
  
insertion	
   into	
   the	
   metal-­‐carbon	
   bond,	
   followed	
   by	
  
coordination	
  of	
  the	
  pendant	
  phosphine	
  moiety,	
  generated	
  the	
  
linear	
  iron	
  and	
  phosphorus-­‐containing	
  polymer	
  89	
  (Mn	
  =	
  3	
  320	
  
–	
  12	
  100	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.09	
  –	
  1.33).	
  	
  

	
  

Scheme	
  74	
  	
   Synthesis	
  of	
  a	
  phosphino-­‐iron	
  containing	
  polymer	
  by	
  migration	
  insertion	
  
polymerization	
  

4.2	
  	
  Arsenic,	
  antimony	
  and	
  bismuth	
  
The	
   first	
   examples	
   of	
   heavier	
   group	
   15-­‐containing	
  

polymers,	
  poly(vinylene	
  arsine)s	
  (90),	
  were	
  synthesized	
  using	
  a	
  
ring-­‐collapsed	
  radical	
  alternating	
  copolymerization	
  (RCRAC).295	
  
Five-­‐	
  or	
  six-­‐membered	
  cyclic	
  oligoarsines	
  and	
  phenylacetylene	
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were	
  polymerized	
  using	
  either	
  AIBN	
  as	
  a	
  radical	
  initiator	
  or	
  by	
  
irradiation	
  with	
  a	
  xenon	
  lamp	
  (Mn	
  =	
  5	
  000	
  –	
  11	
  500	
  g	
  mol-­‐1,	
  PDI	
  
=	
   1.4	
   –	
   4.3,	
   Scheme	
   75).	
   This	
   interesting	
   methodology	
   is	
  
amenable	
   to	
   various	
   acetylenic	
   systems,296,	
   297	
   and	
   in	
   some	
  
cases	
   no	
   initiator	
   is	
   necessary.298	
   This	
   strategy	
   has	
   been	
  
extended	
  to	
  the	
  synthesis	
  of	
  poly(vinylene	
  stibine)s299	
  (Mn	
  =	
  3	
  
000	
   –	
   4	
   600	
   g	
   mol-­‐1,	
   PDI	
   =	
   1.4	
   –	
   2.0)	
   and	
   poly(vinylene	
  
stibene)/poly(vinylene	
  arsine)	
  copolymers.300	
  	
  

	
  

Scheme	
  75	
  	
   Preparation	
   of	
   poly(vinylenearsine)s	
   by	
   copolymerizing	
   cyclic	
  
oligoarsines	
  and	
  primary	
  alkynes.	
  

In	
   a	
   separate	
   study,	
   the	
   five-­‐membered	
   cyclic	
   oligoarsine	
  
(AsMe)5	
   was	
   first	
   treated	
   with	
   2,3-­‐dimethyl-­‐1,3-­‐butadiene	
   to	
  
afford	
  a	
  1,2-­‐diarsacyclohex-­‐4-­‐ene	
  monomer.301	
  Reaction	
  of	
  the	
  
cyclic	
   monomer	
   with	
   styrene	
   in	
   the	
   presence	
   of	
   AIBN,	
  
promotes	
  the	
  homolytic	
  cleavage	
  of	
  the	
  As-­‐As	
  bonds	
  to	
  afford	
  
a	
  linear	
  arsine/styrene	
  copolymer	
  (Mn	
  =	
  12	
  000	
  –	
  16	
  400	
  g	
  mol-­‐
1,	
  PDI	
  =	
  1.2).	
  	
  

More	
   recently,	
   arsenic-­‐containing	
   polymer	
   91	
   has	
   been	
  
obtained	
   through	
   condensation	
   polymerization.302	
   First,	
   a	
  
diarsa-­‐cyclohexadiene	
   derivative	
   with	
   two	
   acid	
   anhydride	
  
moieties	
   is	
   synthesized	
   followed	
   by	
   a	
   dehydrating	
   imidation	
  
with	
   diamines	
   to	
   give	
   the	
   arsenic	
   containing	
   polyimide	
   91	
  
(Scheme	
  76).	
  	
  

	
  

Scheme	
  76	
  	
   Synthesis	
  of	
  an	
  arsenic-­‐containing	
  polymer	
  by	
  dehydrating	
  imidation.	
  

	
   To	
   our	
   knowledge,	
   only	
   one	
   example	
   exists	
   of	
   a	
   linear	
  
polymer	
   incorporating	
   bismuth	
   atoms	
   in	
   the	
   main	
   chain.303	
  
Using	
   a	
   modification	
   of	
   the	
   zirconocene	
   oxidative	
   coupling	
  
strategy,	
   a	
   vinyl	
   iodide-­‐containing	
   polymer	
   was	
   synthesized.	
  
Treatment	
  of	
  this	
  polymer	
  with	
  n-­‐BuLi	
  followed	
  by	
  addition	
  of	
  
PhBiBr2	
   afforded	
   the	
   conjugated	
   bismole-­‐containing	
   polymer	
  
92	
  (Mn	
  =	
  3	
  400	
  g	
  mol-­‐1,	
  PDI	
  =	
  3.6,	
  Scheme	
  77).	
  The	
  dark	
  green	
  
polymer	
  exhibited	
  blue	
  fluorescence	
  (λabs	
  =	
  311	
  nm,	
  λem	
  =	
  440	
  
nm,	
  Φ	
  =	
  0.13).	
  

	
   	
  

Scheme	
  77	
  	
   Synthesis	
  of	
  a	
  bismole-­‐containing	
  macromolecule.	
  

5	
  	
  Group	
  16	
  elements	
  
Polymers	
   featuring	
   chalcogens	
   in	
   the	
  main	
   chain	
   have	
   a	
   long	
  
history	
   and	
   continue	
   to	
   be	
   of	
   substantial	
   academic	
   and	
  
industrial	
   importance.304,	
  305	
  The	
  vulcanization	
  of	
   rubber	
  using	
  
elemental	
   sulfur,	
   first	
   established	
   in	
   the	
   early	
   19th	
   century,	
  
continues	
  to	
  be	
  of	
  commercial	
  importance	
  in	
  the	
  manufacture	
  
of	
   materials	
   such	
   as	
   tires,	
   hoses	
   and	
   hockey	
   pucks.	
  
Polysulfones	
   and	
   poly(p-­‐phenylene	
   sulfide)s	
   are	
   used	
  
commercially	
   in	
   thermoplastics	
   due	
   to	
   their	
   rigidity,	
   high	
  
strength	
   and	
   chemical	
   inertness.	
   The	
   fascinating	
   and	
  
structurally	
  complex	
  poly(sulfur	
  nitride),	
  (SN)x,	
  is	
  widely	
  known	
  
for	
   its	
   superconductive	
   properties.	
   The	
   poly(thiophene)s	
   are	
  
gaining	
   increasing	
   recognition	
   as	
   organic	
   semiconducting	
  
materials	
   of	
   the	
   future.	
   Materials	
   incorporating	
   these	
  
functionalities	
   have	
   found	
   use	
   in	
   photovoltaic	
   cells,	
   organic	
  
light-­‐emitting	
   diodes,	
   organic	
   field	
   effect	
   transistors	
   and	
  
chemical	
   sensors.	
   In	
   this	
   section,	
   we	
   will	
   focus	
   on	
   the	
  
developments	
   of	
   new	
   synthetic	
   methodologies	
   aspects	
   of	
  
group	
   16	
   element-­‐containing	
   macromolecules	
   with	
   emphasis	
  
on	
   recent	
   developments.	
   The	
   broad	
   and	
   mature	
   areas	
   of	
  
poly(sulfur	
   nitride)306	
   and	
   poly(thiophene)307	
   will	
   not	
   be	
  
discussed	
  and	
  the	
  reader	
  is	
  referred	
  to	
  recent	
  reviews.	
  

5.1	
  	
  Sulfur	
  

5.11	
  	
  Polysulfur	
  

The	
   thermal	
   ROP	
   of	
   elemental	
   sulfur	
   is	
   a	
   fascinating	
  
demonstration	
   used	
   in	
   undergraduate	
   chemistry	
   classes.	
   The	
  
multistep	
  polymerization	
  process	
   is	
  well	
   understood	
   (Scheme	
  
78),308	
   with	
   the	
   first	
   step	
   occurring	
   at	
   95.3	
   °C	
   where	
   S8	
   is	
  
converted	
  from	
  its	
  α-­‐	
  to	
  β-­‐form.	
  Upon	
  melting	
  at	
  119.6	
  °C,	
  S8	
  
equilibrates	
  with	
  other	
  rings	
  (e.g.	
  S6-­‐S9)	
  and	
  at	
  159.4	
  °C,	
  the	
  λ	
  
temperature,	
   a	
   large	
   increase	
   in	
   viscosity	
   is	
   observed	
   as	
  
polysulfur	
   93	
   is	
   formed.	
   Rapid	
   cooling	
   and/or	
   precipitation	
  
affords	
   sulfur	
   rubber.	
   Remarkably,	
   the	
   molecular	
   weight	
   of	
  
sulfur	
   rubber	
   can	
  be	
  as	
  high	
  as	
  2	
  000	
  000	
  g	
  mol-­‐1.	
  Continued	
  
heating	
   of	
   the	
   polymer	
   is	
   accompanied	
   by	
   a	
   decrease	
   in	
  
viscosity	
   and	
   a	
   color	
   change	
   to	
   dark	
   red,	
   at	
   which	
   point	
   the	
  
composition	
  consists	
  of	
  a	
  mixture	
  of	
  Sx	
  (x	
  =	
  2-­‐8),	
  including	
  S2	
  in	
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the	
   vapour.	
   Polymeric	
   sulfur	
   93	
   is	
   metastable	
   and	
   at	
   room	
  
temperature	
  will	
  slowly	
  depolymerize	
  to	
  α-­‐sulfur	
  (S8).	
  	
  

	
  	
  

Scheme	
  78	
  	
   The	
  thermal	
  ROP	
  of	
  elemental	
  S8	
  to	
  afford	
  sulfur	
  rubber.	
  	
  

The	
   prospect	
   of	
   commercializing	
   polymers	
   derived	
   from	
  
elemental	
  sulfur	
   is	
  tantalizing	
  due	
  to	
  its	
  ready	
  availability	
  as	
  a	
  
by-­‐product	
  of	
  the	
  petrochemical	
  industry.	
  A	
  key	
  challenge	
  is	
  to	
  
find	
   methods	
   that	
   inhibit	
   the	
   long-­‐term	
   depolymerization	
   of	
  
long	
   chains	
   consisting	
   solely	
   of	
   sulfur-­‐sulfur	
   linkages.	
   The	
  
anionic	
   copolymerization	
   of	
   sulfur	
   and	
   propylene	
   sulfide	
   to	
  
produce	
  materials	
  with	
   (up	
   to)	
   an	
   S9	
   linear	
   chain	
   that	
  do	
  not	
  
depolymerize	
   represents	
   a	
   key	
   early	
   development.309	
  Despite	
  
this	
  early	
  advance,	
  the	
  development	
  of	
  stable	
  catenated	
  sulfur	
  
macromolecules	
  remained	
  largely	
  unexplored	
  until	
  recently.	
  A	
  
significant	
   advance	
   came	
   with	
   the	
   incorporation	
   of	
   a	
   high	
  
proportion	
   of	
   sulfur	
   into	
   a	
   polymer	
   chain	
   using	
   an	
   “inverse	
  
vulcanization”	
   strategy	
   (Scheme	
   79).310	
   Namely,	
   treating	
   S8	
  
with	
  1,3-­‐diisopropenylbenzene	
  at	
  185	
  °C	
  results	
  in	
  a	
  chemically	
  
stable	
   material	
   (94)	
   with	
   very	
   high	
   sulfur	
   content	
   (up	
   to	
   90	
  
wt%)	
   and	
   deep	
   red	
   colour.	
   Significantly,	
   this	
   exciting	
  
technology	
  is	
  amenable	
  to	
  scale-­‐up	
  to	
  kilogram	
  quantities.311	
  	
  

	
  

Scheme	
  79	
  	
   Synthesis	
   of	
   polysulfur	
   by	
   inverse	
   vulcanization	
   of	
   sulfur	
   by	
   using	
   1,3-­‐
diisopropenylbenzene.	
  

Varying	
   the	
   feed	
   ratio	
  of	
   the	
   reactants	
  using	
   this	
   “inverse	
  
vulcanization”	
   strategy	
   provides	
   access	
   to	
   materials	
   with	
  
diverse	
  thermo-­‐mechanical	
  and	
  optical	
  properties	
  (Fig.	
  16).	
  For	
  
example,	
   these	
   high	
   refractive	
   index	
   (n	
   =	
   1.8)	
   infrared	
  
transparent	
   polysulfur	
   materials312	
   have	
   been	
   employed	
   as	
  
polymeric	
   electrodes	
   for	
   Li-­‐S	
   batteries,313-­‐315	
   and	
   visible-­‐light-­‐
active	
  photoelectrocatalysts	
   for	
  water	
  splitting.316	
  Composites	
  
of	
   polymer	
   94	
   with	
   CdS,	
   PbS,	
   Fe3O4,	
   CoO,	
   InP/ZnS	
   quantum	
  
dots	
   and	
   gold	
   nanoparticles	
   have	
   been	
   reported.317-­‐319	
   In	
  
related	
   work,	
   treating	
   S8	
   with	
   aqueous	
   Na2S	
   followed	
   by	
  
reaction	
  with	
  1,2,3	
  trichloropropane	
  has	
  been	
  shown	
  to	
  make	
  
sulfur	
  rich	
  nanoparticles	
  in	
  an	
  interfacial	
  polymerization.320	
  

	
  

Fig.	
  16	
  	
   Film	
  of	
   inverse	
  vulcanized	
  polysulfur	
  94.	
   	
   Image	
  provided	
  courtesey	
  of	
  
Prof.	
  J.	
  Pyun.	
  

5.12	
  	
  Poly(oxothiazene)s	
  

The	
   synthesis	
   of	
   poly(oxothiazene)s	
   (95,	
   R	
   =	
   alkyl,	
   aryl)	
  
bears	
   a	
   resemblance	
   to	
   both	
   polyphosphazenes	
   and	
  
poly(thionylphosphazene)s	
   (see	
   Section	
   4.11).	
   The	
   first	
   well-­‐
characterized	
   examples	
   were	
   synthesized	
   by	
   the	
   thermal	
  
condensation	
  of	
   sulfonimidates	
   (Scheme	
  80),321,	
  322	
   analogous	
  
to	
   the	
   phosphoranimine	
   route	
   to	
   polyphosphazenes.	
   More	
  
recently,	
  the	
  synthesis	
  of	
  poly(oxothiazene)s	
  using	
  an	
  ambient	
  
temperature	
   PCl5-­‐catalyzed	
   polymerization	
   of	
   sulfonimidates	
  
was	
   reported	
   (Scheme	
   80).323	
   This	
   affords	
   poly(oxothiazene)s	
  
of	
   high	
  molecular	
  weight	
   and	
   low	
  PDIs	
   (95:	
  Mw	
  =	
  67	
  000	
  –	
  3	
  
300	
  000	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.2	
  –	
  1.6).	
  	
  

	
  

Scheme	
  80	
  	
   Synthetic	
  routes	
  to	
  poly(oxothiazene)s.	
  

5.13	
  	
  Poly(arylene	
  sulfide)s	
  

Poly(p-­‐phenylene	
   sulfide)	
   (Ryton®)	
   is	
   a	
   commercial	
  
organosulfur	
  polymer	
  produced	
  from	
  1,4-­‐dichlorobenzene	
  and	
  
sodium	
   sulfide.	
   A	
   variety	
   of	
   related	
   sulfide-­‐containing	
  
macromolecules	
  have	
  been	
  prepared	
  from	
  the	
  thermal	
  ROP	
  of	
  
cyclic	
   aryl	
   disulfides.324-­‐326	
   The	
   radical-­‐initiated	
  
copolymerization	
   of	
   cyclic	
   disulfides	
   with	
   elemental	
   sulfur	
   at	
  
200	
   °C	
   affords	
   insoluble	
   polysulfanes,	
   96a,	
   with	
   up	
   to	
   7	
   S–S	
  
linkages	
   (Scheme	
   81).327	
   The	
   thermal	
   ring-­‐opening	
   of	
   cyclic	
  
disulfides	
  leads	
  to	
  radical	
  products	
  that	
  react	
  with	
  a	
  variety	
  of	
  
dihaloarylenes	
   in	
   the	
   presence	
   of	
   KI	
   at	
   high	
   temperature	
   to	
  
give	
   96b.325	
   Similar	
   cyclic	
   aromatic	
   disulfides	
   with	
   oxygen	
  
linkers	
   have	
  been	
   seen	
   to	
   undergo	
   similar	
   reactivity	
   (Scheme	
  
81).328	
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Scheme	
  81	
  	
   ROP	
  of	
  cyclic	
  sulfides	
  to	
  afford	
  poly(p-­‐phenylene	
  sulfide)s.	
  

5.2	
  	
  Selenium	
  	
  

5.21	
  	
  Poly(selenophene)s	
  

The	
   selenium	
   analogue	
   of	
   thiophene,	
   selenophene,	
   is	
   the	
  
most	
   important	
   functional	
   group	
   in	
   selenium-­‐containing	
  
polymers.329	
  Due	
  to	
  the	
  decreased	
  electronegativity	
  and	
  larger	
  
size	
   of	
   selenium	
   compared	
   to	
   sulfur,	
   selenophenes	
   are	
  more	
  
polarizable	
   than	
   thiophenes	
  and	
   thus	
  are	
  better	
   at	
   stabilizing	
  
charge	
   upon	
   doping.	
   Theoretical330,	
   331	
   and	
   experimental332	
  
studies	
   have	
   demonstrated	
   that	
   poly(selenophene)s	
   have	
  
lower	
  band	
  gaps	
  than	
  polythiophenes,	
  even	
  approaching	
  those	
  
of	
   commonly	
   used	
   inorganic	
   thin	
   film	
   semiconductors	
   (e.g	
  
CdTe:	
  Eg	
  =	
  1.5	
  eV).	
  Given	
  these	
  potential	
  properties,	
  the	
  study	
  
of	
   poly(selenophene)s	
   has	
   recently	
   entered	
   a	
   significant	
  
growth	
  phase.	
  

Initial	
   efforts	
   to	
   synthesize	
   poly(selenophene)	
   97	
   by	
  
electrochemical	
  methods	
  produced	
  dark	
  coloured	
   films	
  which	
  
were	
   difficult	
   to	
   characterize	
   (Scheme	
   82).333-­‐340	
   Electrical	
  
conductivity	
  measurements	
  of	
  polymers	
  made	
  by	
  this	
  method	
  
were	
  highly	
  dependant	
  on	
  the	
  quality	
  of	
  the	
  films	
  produced.338,	
  
341,	
   342	
   Classical	
   routes	
   to	
   97	
   also	
   include	
   oxidative	
   chemical	
  
polymerization	
   using	
   FeCl3

343,	
   344
	
   and	
   Kumada	
   coupling	
  

(Scheme	
   82).332,	
   345	
   More	
   recently,	
   poly(3-­‐hexylselenophene)	
  
and	
   poly	
   (3-­‐hexylselenophene-­‐alt-­‐3-­‐hexylthiophene)	
   were	
  
synthesized	
  by	
  C-­‐H	
  arylation	
  polymerization	
  using	
  a	
  palladium	
  
catalyst	
  with	
  N-­‐heterocyclic	
  carbene	
  ligands.346	
  	
  

	
  

	
  

Scheme	
  82	
  	
   Classical	
  Routes	
  to	
  Insoluble	
  Polyselenophenes.	
  

Due	
   to	
   the	
   commercial	
   success	
   of	
   poly(3,4-­‐
ethylenedioxythiophene)	
   (PEDOT),347	
   the	
   selenium	
   analogue	
  
poly(3,4-­‐ethylenedioxyselenophene)	
   (PEDOS,	
   98)	
   is	
   of	
  
considerable	
   current	
   interest	
   and,	
   thus,	
   has	
   been	
  
comprehensively	
   reviewed.348,	
   349	
   	
   Despite	
   the	
   challenging	
  
synthesis	
  of	
   the	
  EDOS	
  monomer,350,	
  351	
   its	
   polymerization	
  has	
  
been	
  accomplished	
  either	
  by	
  electrochemical	
   reduction	
  or	
  by	
  
employing	
  FeCl3	
   (Scheme	
  83).351	
  Alternatively,	
  bromination	
  of	
  
EDOS	
   afforded	
   the	
   2,5-­‐dibromo	
   monomer	
   that	
   undergoes	
  

nickel(0)-­‐mediated	
   homocoupling.	
   The	
   solid-­‐state	
   reaction	
   of	
  
2,5-­‐dibromo	
   or	
   2,5-­‐diiodo-­‐3,4-­‐ethylenedioxyselenophene	
  
provided	
  an	
  additional	
  method	
  to	
  PEDOS.	
  	
  

	
  

Scheme	
  83	
  	
   Synthetic	
  routes	
  to	
  poly(3,4-­‐ethylenedioxyselenophene)	
  (PEDOS).	
  

In	
   related	
   work,	
   the	
   Suzuki	
   coupling	
   of	
   2,5-­‐bis(pinacol	
  
borane)selenophene	
   with	
   a	
   diiodofluorene	
   derivative	
  
permitted	
   access	
   to	
   a	
   selenophene-­‐fluorene	
   copolymer.352	
  
MALDI-­‐TOF	
   mass	
   spectrometry	
   suggested	
   modest	
   molecular	
  
weight	
  (≤	
  5	
  000	
  g	
  mol-­‐1)	
  for	
  this	
  blue-­‐fluorescent	
  material	
  that	
  
is	
   attractive	
   for	
   PLED	
   applications	
   (λabs	
   =	
   389	
   nm,	
  λem	
   =	
   458	
  
nm,	
  Φ	
  =	
  0.012).	
  	
  

Kumada	
   coupling	
   has	
   been	
   used	
   to	
   make	
   block353	
   and	
  
gradient354	
   copolymers	
   of	
   selenophenes	
   and	
   thiophenes.	
  
Random	
   copolymers	
   have	
   been	
   made	
   by	
   electrochemical	
  
polymerization.355	
   A	
   variety	
   of	
   polyselenophenes	
   with	
   large	
  
aromatic	
   co-­‐monomers356-­‐361	
   and	
   alternating	
   selenophene-­‐
vinylene	
   macromolecules362	
   have	
   been	
   synthesized	
   via	
   Stille	
  
cross-­‐coupling.	
  	
  

Group	
   16	
   heteroles	
   have	
   been	
   incorporated	
   into	
   poly(p-­‐
phenylene	
  vinylene)	
  using	
  a	
  Wittig	
  reaction	
  (Scheme	
  84).363	
  In	
  
contrast	
   to	
   insoluble	
   poly(selenophane)s	
   97	
   and	
   98,	
   the	
  
molecular	
   weights	
   of	
   the	
   solution-­‐processible	
   sulfur-­‐,	
  
selenium-­‐	
   or	
   tellurium-­‐containing	
   materials	
   99a-­‐c	
   can	
   be	
  
obtained	
  (99a:	
  Mn	
  =	
  12	
  000	
  g	
  mol-­‐1;	
  99b:	
  Mn	
  =	
  11	
  000	
  g	
  mol-­‐1;	
  
99c:	
  Mn	
   =	
   7	
   000	
   g	
  mol-­‐1)	
   in	
  moderate	
  molecular	
  weights.	
   An	
  
alternating	
   copolymer	
   of	
   selenophene	
   and	
   aniline	
   has	
   been	
  
reported	
  by	
  chemical	
  oxidation	
  using	
  FeCl3.

364	
  

	
  

Scheme	
  84	
  	
   A	
   Wittig	
   polymerization	
   to	
   afford	
   	
   soluble	
   vinylene-­‐
macromolecules	
  containing	
  thiophene,	
  selenophene	
  and	
  tellurophene.	
  	
  

A	
   recent	
   report	
   detailed	
   an	
   alternative	
   synthesis	
   of	
  
selenophene-­‐phenylene	
   copolymers	
   following	
   a	
  
titanacyclopentadiene	
   oxidative	
   coupling	
   strategy	
   (Scheme	
  
85).365	
   Addition	
   of	
   Se2Cl2	
   to	
   titanium	
   polymer	
   100	
   in	
   the	
  
presence	
  of	
  ambient	
   light	
  afforded	
  selenophene	
  polymer	
  101	
  
in	
   moderate	
   molecular	
   weight	
   (Mn	
   =	
   5	
   700	
   g	
   mol-­‐1).	
   This	
  
soluble	
  material	
  was	
  fluorescent	
  in	
  solution	
  (λabs	
  =	
  434	
  nm,	
  λem	
  
=	
  540	
  nm).	
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Scheme	
  85	
  	
   A	
   route	
   to	
   poly(phenylene	
   selenophene)	
   using	
   the	
   Fagan-­‐Nugent	
  
reaction.	
  

5.22	
  	
  Other	
  Selenium-­‐Containing	
  Polymers	
  

	
   The	
   incorporation	
   of	
   selenides	
   and	
   diselenides	
   into	
  
polymer	
  backbones	
  has	
  garnered	
  recent	
  attention	
  as	
  potential	
  
biomaterials	
   for	
   drug	
   release	
   (Fig.	
   17).366,	
  367	
   Selenium	
   atoms	
  
were	
  incorporated	
  between	
  two	
  large	
  polymer	
  blocks,	
  typically	
  
polyethylene	
   glycol,	
   to	
   give	
   novel	
  materials	
   102.368,	
   369	
   These	
  
amphiphilic	
   macromolecules	
   and	
   their	
   supramolecular	
  
structures	
  undergo	
  significant	
  change	
   in	
  response	
  to	
  different	
  
mediums.	
  The	
  selenium	
  environment	
  plays	
  a	
  pivotal	
  role	
  in	
  the	
  
supramolecular	
   structure.	
  For	
  example,	
  oxidation	
  of	
   selenium	
  
atoms	
   with	
   hydrogen	
   peroxide	
   leads	
   to	
   disassembly	
   of	
   the	
  
micelles	
  in	
  aqueous	
  solution.	
  	
  

	
  

Fig.	
  17	
   Amphiphilic	
   selenium-­‐containing	
   macromolecule	
   containing	
   polyethylene	
  
glycol.	
  The	
  spacer	
  is	
  a	
  polyurethane	
  incorporating	
  long	
  alkylene	
  (C-­‐11)	
  units	
  adjacent	
  to	
  
Se.	
  

5.3	
  	
  Tellurium	
  	
  

5.31	
  	
  Poly(tellurophene)s	
  

The	
   heaviest	
   stable	
   group	
   16	
   element	
   has	
   only	
   been	
  
incorporated	
   into	
   polymers	
   in	
   the	
   form	
   of	
   tellurophene.	
  
Despite	
   being	
   the	
   least	
   studied	
   chalcogen	
   heterocycle,	
   they	
  
have	
   great	
   potential	
   as	
   semiconducting	
   materials.370	
  
Tellurophenes	
   have	
   a	
   lower	
   band	
   gap,	
   are	
   more	
   polarizable	
  
than	
   thiophenes	
   or	
   selenophenes,	
   and	
   exhibit	
   Te-­‐Te	
  
interactions,	
   potentially	
   aiding	
   charge	
   transport	
   throughout	
   a	
  
polymeric	
  structure.371	
  	
  

Poly(tellurophene)	
   was	
   first	
   obtained	
   by	
   the	
   oxidative	
  
polymerization	
  of	
  tellurophene	
  vapour	
  with	
  a	
  FeCl3	
  catalyst	
  to	
  
yield	
   an	
   insoluble	
   film.372	
   Despite	
   various	
   reports	
   of	
  
poly(tellurophene)s	
   as	
   powders	
   or	
   films	
   over	
   the	
   next	
   few	
  
years,	
   characterization	
   of	
   these	
  materials	
  was	
   limited	
   due	
   to	
  
their	
  insolubility.373-­‐375	
  	
  

A	
  key	
  breakthrough	
  in	
  this	
  field	
  came	
  with	
  the	
  synthesis	
  of	
  
a	
   solution-­‐processible	
   poly(3-­‐alkyltellurophene)s	
   using	
   a	
  
Kumada-­‐type	
   coupling	
   (Scheme	
   86).376	
   Specifically,	
   the	
  
nickel(II)-­‐catalyzed	
   homocoupling	
   of	
   in	
   situ	
   formed	
   Grignard	
  
reagents	
   derived	
   from	
  2,5-­‐diiodo-­‐3-­‐alkyltellurophenes	
   affords	
  
soluble	
  tellurophene	
  macromolecules	
  103a-­‐c	
  (Mn	
  =	
  5	
  400	
  –	
  11	
  
300	
   g	
   mol-­‐1).	
   Analysis	
   of	
   the	
   materials	
   using	
   1H	
   NMR	
  
spectroscopy	
   confirmed	
   that	
   the	
  polymerization	
   reaction	
  was	
  
highly	
   regioselective.	
   In	
  a	
  separate	
  study,	
   regioregular	
  poly(3-­‐
dodecyltellurophene)	
   103c	
   was	
   obtained	
   in	
   substantially	
  

higher	
   molecular	
   weight	
   (Mn	
   =	
   20	
   000	
   g	
   mol-­‐1)	
   utilizing	
   a	
  
polycondensation	
  Suzuki-­‐coupling	
  reaction.377	
  	
  

	
  

Scheme	
  86	
  	
   Routes	
   to	
   solution-­‐processible	
   poly(tellurophene)s	
   using	
   Kumada	
   and	
  
Suzuki	
  catalysts.	
  

Several	
   tellurophene-­‐containing	
   copolymers	
   have	
   been	
  
synthesized	
   using	
   Stille	
   coupling	
   (Scheme	
   87)	
   or	
   Suzuki	
  
coupling	
   (Scheme	
   88).	
   This	
   methology	
   permitted	
   the	
  
preparation	
   of	
   copolymers	
   featuring	
   tellurophene	
   and	
  
cyclopentadithiophene	
   (104a),361	
   diketopyrrolopyrrole	
   (104b	
  
and	
   106),378,	
   379	
   isoindigo	
   (104c),360	
   or	
   fluorene	
   (105).380	
  
Copolymer	
   104b	
   has	
   recently	
   been	
   prepared	
   using	
   a	
   novel	
  
palladium-­‐catalyzed	
   arylative	
   polymerization	
   of	
   the	
   dibromo-­‐
functionalized	
   ketopyrole	
  precursor	
   and	
   tellurophene	
  bearing	
  
diphenyl(hydroxy)methyl	
   groups	
   in	
   the	
   2-­‐	
   and	
   5-­‐positions.381	
  
Polymers	
  104b	
  and	
  105	
  undergo	
  distinct	
  colour	
  changes	
  when	
  
oxidized	
   at	
   Te	
   with	
   elemental	
   bromine	
   and	
   have	
   been	
  
investigated	
  as	
  sensory	
  materials.	
  

	
  

Scheme	
  87	
   π-­‐Conjugated	
   tellurophene-­‐containing	
   macromolecules	
   prepared	
   using	
  
Stille	
  coupling.	
  	
  

	
  

Scheme	
  88	
  	
   Suzuki-­‐catalyzed	
  routes	
  to	
  tellurophene-­‐containing	
  copolymers.	
  

The	
   fascinating	
   macromolecule	
   107	
   containing	
   the	
   group	
  
16	
   trifecta	
   of	
   thiophene,	
   selenophene,	
   and	
   tellurophene	
   has	
  
been	
  developed	
  (Scheme	
  89).352	
  This	
  modest	
  molecular	
  weight	
  
material	
   (Mn	
  =	
  4	
  300	
  g	
  mol-­‐1,	
  PDI	
  =	
  1.62)	
  does	
  not	
   luminesce	
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either	
   in	
  solution	
  or	
  the	
  solid	
  state.	
   Interestingly,	
   films	
  of	
  107	
  
absorb	
  at	
   significantly	
   lower	
  energy	
   than	
   in	
   solution	
   (Δλ	
  ≈	
  80	
  
nm),	
   consistent	
  with	
   an	
   increase	
   in	
   conjugation	
   length	
   in	
   the	
  
solid	
  state.	
  	
  

	
  

Scheme	
  89	
   A	
   copolymer	
   containing	
   thiophene,	
   selenophene	
   and	
   tellurophene	
  
moieties	
  accessed	
  by	
  Suzuki	
  coupling.	
  

6	
  	
  Conclusions	
  
Main	
   group	
   element-­‐containing	
   macromolecules	
   are	
   now	
  
more	
  accessible	
  than	
  ever	
  due	
  to	
  the	
  tremendous	
  advances	
  in	
  
synthetic	
   metholologies	
   for	
   inorganic	
   elements	
   that	
   have	
  
emerged	
  over	
  the	
  last	
  two	
  decades.	
  Once	
  dominated	
  by	
  three	
  
main	
  classes	
  of	
  polymer	
  (polysiloxanes,	
  polyphosphazenes	
  and	
  
polysilanes),	
  the	
  field	
  has	
  grown	
  to	
  include	
  the	
  majority	
  of	
  the	
  
elements	
   of	
   groups	
   13-­‐16.	
   The	
   relative	
   ease	
   with	
   which	
  
previously	
   unknown	
   inorganic	
   monomers	
   can	
   be	
   isolated,	
  
combined	
   with	
   the	
   advent	
   of	
   novel	
   techniques	
   to	
   link	
  
monomers	
   into	
   long	
   chains,	
   has	
   resulted	
   in	
   unimagined	
  
structural	
  diversity	
  for	
  polymers	
  of	
  the	
  p-­‐block	
  elements.	
  	
  

The	
   next	
   two	
   decades,	
   and	
   indeed	
   even	
   further	
   in	
   the	
  
future,	
   will	
   undoubtedly	
   see	
   even	
   more	
   exciting	
   progress	
   in	
  
the	
   field.	
  There	
   is	
  a	
  great	
   likelihood	
   that,	
  due	
   to	
   their	
  unique	
  
physical,	
  chemical	
  and	
  electronic	
  properties,	
  p-­‐block	
  element-­‐
containing	
   macromolecules	
   will	
   evolve	
   from	
   purely	
   being	
  
academic	
  curiosities	
  to	
  being	
  commercially	
  relevant	
  materials.	
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