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Homogeneous	  rhodium(I)-‐catalysis	  in	  de	  novo	  heterocycle	  
syntheses	  	  
James	  D.	  Neuhausa	  and	  Michael	  C.	  Willisa*	  

Recent	  research	  has	  led	  to	  the	  development	  of	  mild,	  efficient	  and	  selective	  catalytic	  systems	  based	  on	  Rh(I)	  complexes.	  This	  review	  
summarises	  the	  applications	  of	  these	  catalysts	  to	  the	  synthesis	  of	  heterocycles	  from	  simple	  building	  blocks.	  Included	  herein	  are	  approaches	  
based	  on	  cycloisomerisation,	  cycloaddition,	  hydroacylation	  and	  hydroarylation	  reactions,	  as	  well	  as	  various	  tandem	  and	  domino	  procedures	  
and	  carbonylation	  processes.	  

1.	  Introduction	  
	   Heterocyclic	  scaffolds	  represent	  one	  of	  the	  most	  important	  
families	   of	   compounds	   in	   fields	   as	   far	   ranging	   as	   medicinal	  
chemistry,	   materials	   science	   and	   natural	   product	   synthesis.	  
The	   wide	   variability	   and	   tuneability	   of	   properties,	   such	   as	  
polarity,	  co-‐ordination	  ability,	  UV	  absorbance	  and	   lipophilicity	  
explains	   the	   prevalence	   of	   this	   architecture	   in	   this	   diverse	  
range	  of	  fields.	  	  
	   A	   variety	   of	   methods	   exist	   for	   the	   construction	   of	  
heterocycles,	  with	  many	  methods	  developed	  in	  the	  early	  20th	  
century	   still	   employed	   today.	   Despite	   this	   rich	   history	   and	  
range	   of	   published	   methods,	   there	   is	   still	   a	   desire	   to	   access	  
new	   routes,	   improving	   on	   such	   factors	   as	   the	   level	   of	  
molecular	   complexity	   and	   functional	   group	   tolerance	   in	  
convergent	  and	  atom-‐economical	  approaches,	  utilising	  readily	  
available	   starting	  materials	  under	  mild	   conditions;	   in	   short	   to	  
fulfil	  many	  of	  the	  goals	  associated	  with	  sustainable	  synthesis.	  
	   Since	  their	  explosion	  onto	  the	  mainstream	  organic	  scene	  in	  
the	   1970s	   and	   80s,	   transition	  metal	   catalysed	   reactions	   have	  
represented	  a	  popular	  choice	  of	  method	  to	  achieve	  what	  were	  
previously	   difficult,	   or	   even	   impossible	   transformations.	  With	  
the	  great	  strides	  seen	  over	  the	  past	  few	  decades,	  a	  plethora	  of	  

selective,	   mild,	   functional	   group	   tolerant	   transition	   metal	  
catalysed	   reactions	  have	  been	  developed,	   and	  many	  of	   these	  
methodologies	   have	   been	   tested	   in	   the	   field	   of	   heterocycle	  
synthesis.1	  
	   Rhodium	  catalysis	  in	  particular,	  displays	  both	  a	  wide	  range	  
of	   tuneable	   reactivity	  and	  a	  broad	   functional	  group	   tolerance	  
that	   has	   allowed	   the	   development	   of	   highly	   efficient	  
processes.2	  Coupled	  with	  the	  ability	  to	  combine	  very	  different	  
reaction	   pathways	   in	   cascade	   and	   tandem	   catalysis,	   a	   great	  
deal	   of	   chemical	   space	   can	   be	   accessed	   using	   these	   highly	  
effective	  reactions.	  
	   There	   exists	   a	   diverse	   array	   of	   rhodium	   complexes	  
employed	   in	  synthetic	  organic	  chemistry,	   reflecting	  the	  multi-‐
faceted	   nature	   of	   rhodium	   catalysis,	   with	   processes	   starting	  
from	   four	   distinct	   oxidation	   states	   of	   rhodium:	   Rh(0),	   Rh(I),	  
Rh(II)	   and	   Rh(III).	   By	   far	   the	   most	   widely	   applicable	   is	  
rhodium(I)	  catalysis,	  and	  we	  shall	  see	  how	  the	  varied	  range	  of	  
reaction	   types,	   often	   coupled	   together	   to	   achieve	   more	  
complex	   transformations,	   is	   applied	   to	   a	   broad	   range	   of	  
heterocycles.	  Rhodium(III)	  catalysis	  is	  dominated	  by	  the	  hugely	  
successful	  field	  of	  directed	  ortho	  sp2	  C-‐H	  activation,	  and	  this	  is	  
reflected	   in	   the	   heterocyclic	   literature.3	   Rh(0)	   carbonyl	  
complexes	   are	   employed	   in	   the	   field	   of	   carbonylation
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chemistry	  although	  they	  have	  largely	  been	  superseded	  by	  Rh(I)	  
and	  Rh(III)	   in	   recent	  years.	  Rh(II)	  catalysed	  processes	   typically	  
involve	   the	   intermediacy	   of	   a	   rhodium	   carbenoid,	  
predominantly	   generated	   from	   diazo	   compounds,	   although	  
recent	  breakthroughs	  in	  the	  generation	  of	  iminocarbenes	  from	  
sulfonyl	   triazoles,	   themselves	   easily	   accessible	   through	  
Huisgen	   cycloaddition	   chemistry,	   have	   provided	   a	   versatile	  
method	  for	  the	  synthesis	  of	  a	  range	  of	  heterocycles.4	  
	   For	  this	  review,	  we	  have	  chosen	  to	  focus	  on	  Rh(I)-‐catalysed	  
processes	  that	  either	  directly	  form	  heterocycles,	  or	  are	  used	  in	  
the	   preparation	   of	   heterocyclic	   precursors.	   The	   reactions	  
covered	   fall	  under	   the	  broad	  headings	  of	  cycloisomerisations,	  
cycloadditions,	   hydroacylation	   and	   hydroarylation	   based	  
processes,	  in	  addition	  to	  various	  miscellaneous	  processes,	  and	  
were	   published	   during	   the	   period	   from	   2000	   to	   the	   present,	  
although	   in	   some	   cases	   earlier	   papers	   have	   been	   included	  
where	  relevant.	  The	  field	  of	  asymmetric	  hydrogenation,	  whilst	  
an	   invaluable	   route	   to	   the	   synthesis	   of	   partially	   or	   fully	  
saturated	   heterocycles,	   is	   not	   a	   true	   de	   novo	   synthesis,	   and	  
thus	   falls	   outside	   the	   purview	   of	   this	   review.	   For	   each	  
transformation,	   we	   have	   provided	   a	   representative	   example,	  
rather	  than	  using	  general	  structures	  or	  tables.	  Stereochemical	  
notations	   for	   absolute	   and	   relative	   stereochemistry	   are	   as	  
described	  by	  Maehr.5	  

2.	  Cycloisomerisation	  
	   Conceptually	   amongst	   the	   simplest	   rhodium	   catalysed	  
processes,	   cycloisomerisation	   represents	   a	   100%	   atom-‐
economical	   process.	   As	   an	   intramolecular	   reaction,	   the	  
catalytic	   efficiency	   is	   often	   much	   higher	   than	   would	   be	  
expected	   for	   similar	   intermolecular	   processes,	   enabling	   low	  
catalyst	   loadings,	   and	   relatively	   mild	   conditions.	   An	   early	  
application	   of	   rhodium	   to	   this	   type	   of	   process	   appeared	   in	  
2003,	   with	   a	   publication	   from	   the	   Trost	   group	   involving	   the	  
synthesis	   of	   dihydrofurans	   and	   dihydropyrans	   from	  
homopropargylic	   and	   bis-‐homopropargylic	   alcohols,	  
respectively	   (Scheme	   1a).6	   In	   this	   report	   they	   invoke	   the	  
presence	   of	   a	   rhodium	   vinylidene	   intermediate,	   which	  
undergoes	   nucleophilic	   attack	   by	   the	   hydroxide,	   followed	   by	  
protoderhodation	  to	  generate	  the	  enol	  ether.	  In	  2006	  Hartwig	  

	  
Scheme	  1	   Cycloisomerisation	   to	   form	   saturated	   and	   partially	   saturated	  
heterocycles.	  

et	   al.	   published	   a	   related	   reaction,	   proceeding	   through	   an	  
intramolecular	  endo-‐hydroamination	  mechanism.7	  When	  using	  
multisubstituted	   alkenes	   they	   observed	   high	  
diastereoselectivity	   for	   syn-‐disubstituted	   piperidines	   (Scheme	  
1b).	  Later	  studies	  extended	  this	  methodology	  to	  the	  synthesis	  
of	  pyrrolidines,8	  and	  tetrahydroquinolines.9	  In	  2010,	  Buchwald	  
applied	   chiral	   monophosphine	   ligands	   to	   the	   intramolecular	  
hydroamination	   of	   alkenes,	   generating	   a	   range	   of	   chiral	  
pyrrolidines	   in	  good	  to	  excellent	  enantiomeric	   ratios	   (Scheme	  
1c).10	  The	  Messerle	  group	  have	  undertaken	  a	  body	  of	  research	  
into	   the	   development	   and	   application	   of	   highly	   active	  
intramolecular	  exo-‐hydroamination	  rhodium	  catalysts.11	  
	   In	   2007	   Trost	   applied	   his	   cycloisomerisation	   conditions	   to	  
2-‐ethynyl	   anilines,	   generating	   indoles.12	   A	   limitation	   of	   these	  
initial	   conditions	   was	   the	   inability	   to	   use	   internal	   alkynes,	  
affording	  only	  N-‐substitution	  or	  on	  the	  carbocyclic	  ring.	  	  

	  
Scheme	  2	   Cascade	  synthesis	  of	  C(3)	  functionalised	  indoles	  and	  benzofurans.	  

In	  2009	  Lautens	  extended	   this	  methodology	   to	  access	  not	  
only	   benzofurans,	   but	   also	   substitution	   at	   the	   C(2)	   and	   C(3)	  
positions	   (Scheme	  2a).13	  C(2)	   substitution	  arises	   from	  the	  use	  
of	   internal	   alkynes,	  whereas	   the	  C(3)	   functionalisation	   results	  
from	   the	   trapping	   of	   a	   C(3)-‐metallated	   intermediate	   with	  
various	   Michael	   acceptors.	   This	   cascade	   methodology	   has	  
since	   been	   extended	   to	   include	   various	   alternative	   trapping	  
partners,	  such	  as	  2-‐pyridyl	  alkynes,14	  and	  isocyanates	  (Scheme	  
2b).15	  This	  final	  example	   is	  particularly	  noteworthy	  due	  to	  the	  
mild	  reaction	  conditions.	  A	  range	  of	  benzodipyrroles	  have	  also	  
been	   synthesised	   from	   1,4-‐phenylenediamines	   using	   a	   Rh(I)	  
complex.11e	  

	  
Scheme	  3	   Cascade	   [3,3]-‐sigmatropic	   rearrangement/hydroamination	   indole	  
synthesis.	  

	   A	   2008	   publication	   by	  Hanzawa	   et	   al.	   combined	   an	   initial	  
[3,3]-‐sigmatropic	  rearrangement	  of	  N-‐propargylic	  anilines	  with	  
intramolecular	   hydroamination	   of	   the	   generated	   o-‐allenyl	  
aniline,	   to	   afford	   indoles	   via	   a	   formal	   C-‐H	   functionalisation	  
procedure	   (Scheme	   3).16	   Electron-‐rich	   anilines	   were	  
particularly	   reactive,	   although	   a	   broad	   scope	   was	   achievable	  
by	   varying	   catalyst	   loadings.	   By	   generating	   the	  N-‐propargylic	  
aniline	   in	  situ	  from	  propargyl	  bromide	  and	  the	  appropriate	  N-‐
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alkylaniline,	   a	   one-‐pot	   procedure	   direct	   from	   anilines	   to	  
indoles	  was	  achieved.	  

	  
Scheme	  4	   Cycloisomerisation	  routes	  to	  oxygen	  containing	  heterocycles.	  

	   Several	   conceptually	   distinct	   cycloisomerisation	  
approaches	  have	  also	  been	  developed	  in	  recent	  years.	  In	  2007	  
Tanaka	  explored	  an	  approach	  where	  rhodium	  initially	  catalyses	  
an	  isomerisation	  of	  a	  secondary	  propargyl	  alcohol	  to	  an	  enone	  
(with	  opposite	  regioselectivity	  to	  the	  classical	  Meyer-‐Schuster	  
rearrangement),	   followed	   by	   an	   intramolecular	   cyclisation	   to	  
generate	   a	   range	   of	   simple	   2,5-‐disubstituted	   furans	   (Scheme	  
4a).17	  A	   similar	   intramolecular	   cyclisation	  under	   carbonylative	  
conditions	   had	   previously	   been	   reported	   by	   Alper	   in	   2000	  
(Scheme	   4b).18	   This	   method	   was	   later	   extended	   to	   the	  
synthesis	   of	   pyrroles	   from	   the	   corresponding	   propargyl	  
imines.19	   The	   concept	   of	   combining	   rhodium	   carbonylations	  
with	   other	   known	   modes	   of	   activation	   is	   an	   established	  
concept,	  with	  reports	  from	  as	  early	  as	  1993	  of	  the	  synthesis	  of	  
various	   lactams	   via	   a	   carbonylative	   hydroamination.20	   The	  
activation	  of	  a	  cyclopropane	  ring	   in	  Scheme	  4c,21	   followed	  by	  
cycloisomerisation	   and	   carbonylation	   is	   one	   of	   a	   number	   of	  
examples	   involving	   Rh-‐catalysed	   cascade	   processes	   in	   furan	  
synthesis	   from	   the	   group	   of	   Zhang.22	   Rh-‐catalysed	   enyne	  
metathesis,	  followed	  by	  tautomerisation,	  has	  also	  been	  shown	  
to	   generate	   furans,	   although	   the	   scope	   and	   efficiency	   of	   the	  
reaction	  are	  limited	  (Scheme	  4d).23	  

3.	  Cycloaddition	  
Rhodium	  (I)	  catalysts	  have	  long	  been	  the	  catalysts	  of	  choice	  

for	   effecting	   a	   range	   of	   cycloaddition	   reactions.	   Whilst	   not	  
restricted	   to	   these	   examples,	   the	   fields	   of	   Rh(I)	   catalysed	  
[2+2+2]	   cycloadditions,	   [2+2+1]	   Pauson-‐Khand	   type	  
carbonylations	   and	   [5+2]	   cycloadditions	   have	   contributed	  
hundreds	   of	   publications	   over	   the	   last	   20	   years,	   which	   have	  
been	  summarised	  in	  a	  number	  of	  comprehensive	  reviews.24	  

Issues	   arising	   from	   regioselectivity	   have	   led	   to	   the	   use	   of	  
formal	  tethers	  in	  many	  of	  these	  processes.	  The	  most	  common	  
tethers	   employed	   often	   have	   either	   an	   ether	   linkage,	   or	   a	  
CH2N(Ts)CH2	   based	   system.	   Once	   the	   carbocyclic	  
cycloadditions	   have	   occurred,	   the	   tether	   now	   forms	   a	  
heterocycle,	  usually	  a	  dihydrofuran,	  or	  pyrroline	  moiety.	  In	  this	  
review	  we	  have	  chosen	  instead	  to	  focus	  on	  approaches	  where	  
the	   heteroatoms	   are	   directly	   involved	   in	   the	   cycloaddition,	  
either	  as	  one	  of	  the	  partners,	  or	  directly	  bonded	  to	  one	  of	  the	  
reaction	  partners.	  	  

	  
Scheme	  5	   Carbocycle	  formation,	  resulting	  in	  heterocyclic	  products.	  

As	   examples	   of	   formal	   carbocyclisations	   generating	  
heterocycles	  where	  the	  heteroatom	  is	  directly	  conjugated	  into	  
one	   of	   the	   reaction	   partners,	   the	   synthesis	   of	   dibenzofurans	  
(Scheme	  5a),25	  carbazoles26	  and	  phthalides27	  all	  involve	  a	  Rh(I)	  
catalysed	   [2+2+2]	  alkyne	  cross-‐cyclotrimerisation.	  Similarly,	   in	  
a	   recent	   publication	   using	   ynamides	   as	   starting	   materials,	  
Anderson	   and	   co-‐workers	   demonstrated	   an	   interesting	   [5+2]	  
cyclisation	   to	   generate	   [5.3.0]-‐azabicycles	   where	   the	  
enantioselectivity	   of	   the	   catalyst	   was	   able	   to	   overcome	   the	  
inherent	  diastereoselectivity	  of	  the	  reaction	  (Scheme	  5b).28	  

	  
Scheme	  6	   [2+2+2]	  Cycloadditions	  to	  generate	  pyridine	  derivatives.	  
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Of	   more	   interest	   in	   the	   context	   of	   this	   review	   are	  
cycloadditions	  that	  directly	  involve	  heteroatoms	  as	  part	  of	  one	  
or	  more	  of	  the	  π-‐system	  components	  of	  the	  cycloaddition,	  for	  
example	   [2+2+2]	   cross-‐cyclotrimerisations	   involving	   nitriles.29	  
First	   reported	   in	   1987,30	   this	   reaction	   proceeds	   via	   a	   5-‐
membered	  rhodacycle	  intermediate	  analogously	  to	  the	  alkyne	  
cyclotrimerisation,	  which	  then	  annulates	  across	  a	  nitrile	  rather	  
than	   another	   equivalent	   of	   alkyne,	   generating	   a	   pyridine	  
(Scheme	   6a).	   Since	   this	   initial	   report,	   the	   Tanaka	   group	   have	  
used	  different	  methods	  to	  favour	  this	  reaction	  over	  unwanted	  
cyclotrimerisation,	  as	  well	  as	   to	  control	   the	   regiochemistry	  of	  
the	   process.	   A	   general	   trend	   has	   emerged	   that	   electron-‐rich	  
alkynes	   and	   electron-‐poor	   nitriles	   are	   required	   for	   efficient	  
catalysis.	   The	   most	   common	   method	   for	   controlling	   the	  
regioselectivity	   is	  the	  use	  of	  a	  tether	  (Scheme	  6a),31	  however,	  
even	   in	  the	  absence	  of	  this,	  some	  alkyne/nitrile	  combinations	  
are	  unusually	  selective.32	  
	   Building	  on	   their	  previous	  pyridine	   syntheses,	   in	  2006	   the	  
Tanaka	   group	   showed	   that	   by	   using	   isocyanates	   as	   coupling	  
partners	  it	  was	  possible	  to	  access	  pyridones,	  although	  a	  tether	  
was	   still	   necessary.33	   In	   2009	   Rovis	   et	   al.	   demonstrated	   that	  
the	   use	   of	   a	   phosphoramidite	   ligand	   gave	   good	   levels	   of	  
regiocontrol	  without	   the	  need	   for	   a	   tether	   (Scheme	  6b).34	   By	  
using	   isothiocyanates	   or	   carbon	   disulfide,	   various	   sulfur	  
containing	   heterocycles	   were	   obtained,	   although	   only	   with	  
tethered	   alkynes	   (Scheme	   6c).35	   The	   use	   of	   in	   situ	   formed	  
oximes	   as	   nitrile	   equivalents	   can	   lead	   to	   a	   3-‐component	  
system	   generating	   pyridines	  with	   environmentally	   favourable	  
solvents.36	  Whilst	   the	   generated	   heterocycles	   are	   necessarily	  
planar,	   chiral	   catalytic	   systems	   have	   been	   shown	   to	   furnish	  
axially	  chiral	  biaryls.33,	  37	  
	   When	   undertaking	   the	   [2+2+2]-‐cyclisations	   with	   tethered	  
alkenyl	  isocyanates	  and	  alkynes,	  in	  2006	  Rovis	  and	  co-‐workers	  
observed	   that,	   as	   well	   as	   the	   expected	   dihydropyridin-‐2-‐one	  
products	   (which	   were	   observed	   in	   moderate	   yields	   for	   alkyl	  
alkynes),	  when	  aryl	   alkynes	  were	  employed	  dihydropyridin-‐4-‐
ones	   were	   the	   predominant	   product.38	   This	   unexpected	  
outcome	   was	   attributed	   to	   a	   decarbonylation-‐reinsertion	  
mechanism,	  which	   sees	   the	   carbonyl	   unit	  migrate	   away	   from	  
the	  nitrogen	  in	  the	  rhodacycle	  intermediate.	  This	  new	  isomeric	  
rhodacycle	  then	  completes	  the	  [2+2+2]	  cyclisation	  to	  generate	  
the	  	  observed	  	  product.	  	  Chiral	  	  phosphoramidite	  	  ligands	  	  were	  

	  
Scheme	  7	   Other	  [2+2+2]	  and	  [2+2]	  cycloaddition	  routes	  to	  heterocycles.	  

shown	  to	  be	  effective	  for	  achieving	  the	  asymmetric	  version	  of	  
this	   process	   (Scheme	   6d),39	   and	   carbodiimides	   could	   also	   be	  
employed	   in	   the	   place	   of	   isocyanates.40	   Various	   mechanistic	  
studies41	   resulted	   in	   the	   development	   of	   a	   family	   of	   highly	  
active	   catalysts	   that	   could	   switch	   the	   mode	   of	   reactivity	   for	  
alkyl	  alkynes,	  previously	  unable	  to	  undergo	  the	  CO	  migration.42	  
The	   developed	   conditions	   were	   also	   applied	   to	   the	   natural	  
product	  synthesis,	   including	   the	  synthesis	  of	   the	   tricyclic	  core	  
of	   the	   cylindrivine	   alkaloids	   with	   excellent	   levels	   of	  
chemoselectivity	  as	  well	  as	  regio-‐	  and	  enantiocontrol.39a,	  42	  
	   [2+2+2]	   Cycloadditions	   have	   also	   been	   used	   to	   synthesise	  
dihydropyrans,	  via	  the	  cross	  cyclotrimerisation	  of	  tethered	  1,6-‐
enynes	  and	  α-‐keto	  esters	  (Scheme	  7a).43	  This	  process	  proceeds	  
in	  a	  highly	  regio-‐,	  diastereo-‐	  and	  enantioselective	  manner,	  and	  
results	   in	   the	   formation	   of	   a	   quaternary	   stereogenic	   centre.	  
The	   corresponding	   α-‐pyran	   formation	   resulting	   from	   [2+2+2]	  
cycloaddition	   between	   two	   alkynes	   and	   an	   aldehyde	   does	  
proceed,	   but	   the	   initially	   formed	   pyran	   undergoes	   rapid	  
electrocyclic	   ring	   opening	   to	   form	  dienones.44	   In	   2014	   Lee	  et	  
al.	   published	   an	   interesting	   [2+2]	   cycloaddition	   between	  
imines	   and	   ketenes,	   generated	   in	   situ	   by	   the	   oxidation	   of	  
terminal	   alkynes,	   to	   form	  high-‐value	  β-‐lactams	   in	   good	   yields	  
and	   excellent	   trans-‐diastereocontrol	   (Scheme	   7b).45	  
Mechanistic	   studies	   suggest	   that	   the	   reaction	   proceeds	  
through	   a	   metalloketene	   rather	   than	   a	   free	   ketene	  
intermediate.	  

	  
Scheme	  8	   aza-‐[5+2]	  and	  [3+2]	  cycloadditions	  to	  generate	  azaheterocycles	  

	   Vinyl	   cyclopropanes	   have	   long	   been	   used	   as	   5-‐carbon	  
synthons	   in	   [5+2]	   cycloaddition	   reactions,	   generating	   7	  
membered	   carbocycles.28	   Analogously	   to	   replacing	   alkynes	  
with	   nitriles	   or	   isocyanates	   in	   the	   [2+2+2]	   cyclotrimerisation,	  
there	   are	   a	   number	   of	   methods	   that	   employ	   N-‐containing	  
synthons	  for	  aza-‐[5+2]	  cycloadditions.	  In	  2002,	  Wender	  and	  co-‐
workers	   demonstrated	   that	   cyclopropyl	   imines	   could	   readily	  
undergo	   intermolecular	   [5+2]	   cycloadditions	   with	   alkynes	   to	  
generate	  dihydroazepines	   (Scheme	  8a).46	  Later	  computational	  
studies	   predicted	   that	   cyclopropyl	   aldehydes	   should	   undergo	  
the	  same	  reaction,	  although	  no	  example	  of	  this	  reaction	  exists	  
in	   the	   literature	   at	   this	   time.47	   In	   2015,	   the	   Zhang	   group	  
pioneered	   the	   use	   of	   vinyl	   aziridines	   as	   another	  N-‐containing	  
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5-‐carbon	   synthon.	   These	   intramolecular	   [5+2]	   cycloadditions	  
with	   either	   alkenes48	   or	   alkynes49	   (Scheme	   8b)	   proceeded	   at	  
low	   temperatures	   and	   over	   short	   reaction	   times,	   with	  
complete	   retention	   of	   chirality	   between	   the	   enantioenriched	  
starting	   materials	   and	   the	   generated	   products.	   Interestingly,	  
when	   the	   intermolecular	   reaction	   was	   attempted	   the	  
[Rh(NBD)2]BF4	  catalyst	  that	  had	  previously	  delivered	  the	  [5+2]	  
product	   now	   selectively	   afforded	   the	   [3+2]	   product	   with	  
complete	   chirality	   transfer	   (Scheme	   8c).50	   By	   switching	   to	   a	  
[Rh(η6-‐C10H8)(COD)]SbF6	   catalyst	   the	   [5+2]	   product	   could	   be	  
obtained	  selectively.	  

	  
Scheme	  9	   [2+2+1]	  Pauson-‐Khand	  cycloaddition	  approaches	  to	  heterocycles.	  

	   The	   Pauson-‐Khand-‐style	   (PKR)	   [2+2+1]	   carbonylative	  
process,	  whilst	   classically	  achieved	  employing	   cobalt	   carbonyl	  
clusters,	  has	  been	  extensively	  studied	  using	  rhodium	  catalysis.	  
In	   2007,	   Saito	   and	   co-‐workers	   showed	   that	   by	   using	   a	  
carbodiimide	   starting	   material	   in	   place	   of	   the	   alkene	  
component,	   interesting	   5,5-‐fused	   heterocycles	   can	   be	  
generated	   within	   short	   reaction	   times	   (Scheme	   9a).51	   The	  
same	   group	   extended	   this	   methodology	   to	   the	   synthesis	   of	  
cyclic	   thioesters	   by	   using	   an	   isothiocyanate	   derivative	   in	   the	  
place	   of	   the	   carbodiimide.52	   In	   2016,	   Zhang	   and	   co-‐workers	  
published	  an	   improved	  procedure	  whereby	  they	  generate	  the	  
active	   carbodiimide	   in	   situ	   from	   an	   aryl	   azide	   and	   an	  
isocyanide.53	  By	  inserting	  a	  methylene	  spacer	  between	  the	  aryl	  
unit	   and	   the	   alkyne,	   this	   methodology	   was	   also	   used	   to	  
synthesise	   pyrrolo[2,3-‐b]quinolones	   (Scheme	   9b).52	   In	   2013	  
the	   Mukai	   group	   set	   out	   to	   introduce	   N-‐functionality	  
elsewhere	   on	   the	   substrate;	   by	   employing	   o-‐
allenylbenzylnitriles,	   they	  were	  able	   to	  generate	   lactam	  fused	  
naphthalene	   derivatives	   (Scheme	   9c).54	   They	   postulated	   that	  

the	  benzylnitrile	  undergoes	  an	  initial	  tautomerisation	  to	  form	  a	  
ketenimine,	   which	   then	   undergoes	   the	   [2+2+1]	   PKR	   to	   form	  
the	  lactam	  directly.	  In	  the	  same	  publication,	  they	  demonstrate	  
that	   the	   PKR	   of	   hexa-‐4,5-‐dienenitriles	   generated	  
cyclopentadiene	  fused	  lactams	  in	  moderate	  to	  excellent	  yields.	  

4.	  Hydroacylation	  
	   Hydroacylation	   is	   formally	   the	   100%	   atom-‐economical	  
addition	   of	   a	   hydride	   and	   acyl	   moieties	   across	   alkenes	   and	  
alkynes.	  Cationic	   rhodium(I)	  processes	  have	  been	   long	   shown	  
to	   be	   effective	   promoters	   of	   both	   intra-‐	   and	   intermolecular	  
hydroacylation	  processes.55	   In	  recent	  years,	  the	  application	  of	  
highly	  active	  small	  bite-‐angle	  bis-‐phosphine	   ligands	  has	   led	  to	  
increased	  catalytic	  efficiency,	  on	  a	  wide	  range	  of	  terminal	  and	  
internal	   alkenes	   and	   alkynes.56	   Intermolecular	   alkyne	  
hydroacylation	   was	   first	   applied	   to	   heterocycle	   synthesis	   by	  
Willis	  et	  al.	  in	  2011.57	  By	  targeting	  γ-‐hydroxy-‐α,β-‐enones	  a	  2-‐	  
step	   synthesis	   affording	   a	   range	   of	   di-‐	   and	   tri-‐substituted	  
furans	   was	   achieved.	   The	   high	   catalyst	   efficiency	   of	   this	  
reaction	   was	   a	   result	   of	   using	   β-‐S	   chelating	   aldehydes,	  
disfavouring	   a	   deleterious	   decarbonylation	   pathway.	   Whilst	  
this	   does	   at	   first	   appear	   to	   be	   a	   limitation	   of	   the	   reaction,	  
there	  have	  been	  a	  number	  of	  methods	   to	  mitigate	   this	   issue,	  
or	   even	   to	   take	   advantage	  of	   this	   functionality.	   Research	  has	  
been	  directed	  both	  at	  expanding	  the	  range	  of	  chelating	  tethers	  
available,58	   as	   well	   as	   ways	   to	   employ	   them	   as	   synthetic	  
handles	   for	   further	   transformations.	   By	   combining	   S-‐directed	  
hydroacylation	   with	   carbonyl	   directed	   C-‐S	   functionalisation	  
reactions,	   hydroacylation	   products	   with	   no	   trace	   of	   the	   β-‐S	  
tether	  are	  accessible.59	  This	   tactic	  has	  been	  showcased	   in	   the	  
Rh(I)-‐catalysed	   hydroacylation	   approaches	   to	   pyrroles	   and	  
quinolines	   (Scheme	   10).60	   High	   yields	   were	   obtained	   for	   a	  
range	   of	   substitution	   patterns,	   reflecting	   the	   wide	   functional	  
group	  tolerance	  of	  Rh(I)	  catalysed	  reactions.	  By	  utilising	  these	  
conditions	   on	   modified	   alkenes/alkynes	   various	   oxidation	  
states	   such	   as	   pyrrolines,	   pyrrolidines	   and	  quinoline	  N-‐oxides	  
were	  also	  accessed.	  
	   In	   the	   context	   of	   heterocycle	   synthesis,	   approaches	   that	  
incorporate	   the	   heteroatom	   tether	   into	   the	   product	  
heterocycle	  are	  also	  known.	   In	  2013	   the	  Willis	  group	  used	  N-‐
tethered	   aldehydes	   leading	   to	   dihydroquinolone	   products	  
(Scheme	   11a).58b	   A	   related	   method	   to	   access	   chromanone	  
derivatives	   was	   published	   in	   2015	   by	   the	   Stanley	   group,	   in	  
which	  the	  cyclisation	  occurred	  under	  the	  initial	  hydroacylation	  	  

	  
Scheme	  10	   Intermolecular	  hydroacylation	  routes	  to	  highly	  functionalised	  aza-‐heterocycles.

TMS

N
C

N
Ph

N

NPh

O
5 mol% [Rh(COD)Cl]2

11 mol% dppp, CO (1 atm)

PhMe, 120 oC, 1.5 h, 85%

(a)

N N
Ph

O

Me TBS

N

Me
TBS

C NPh

CO (balloon)
7 mol% [Rh(CO)2Cl]2

xylene, 140 oC

.
Me

CN N
H

O

Me
10 mol% [Rh(dppp)(CO)Cl]2

CO (1 atm), PhMe
110 oC, 1.5 h, 88%

(b)

(c)

1.5 h, 72%

TMS

MeS

N
Boc

nC6H13

N

Br

Me

MeS O

H

1) 5 mol% [Rh(NBD)2]BF4

acetone, 55 oC, 30 min

then 1.5 eq p-tolB(OH)2,

2) 170 oC, µW, EtOH/H2O
1.0 eq Ag2CO3,DCE, 16 h

5 mol% dcpm

5 mol% dppm
acetone, RT, 4 h

then 1.5 eq pTSA, MeCN

nC6H13

NHBoc NHBoc

Br5 mol% [Rh(NBD)2]BF4

RT, 2 h, 88% 86% over 2 steps

Page 5 of 15 Organic & Biomolecular Chemistry



Organic	  &	  Biomolecular	  Chemistry	   	  REVIEW	  

This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  20xx	   J.	  Name.,	  2013,	  00,	  1-‐3	  |	  6 	  

Please	  do	  not	  adjust	  margins	  

	  
Scheme	  11	   Hydroacylation-‐based	  tether-‐incorporating	  heterocycle	  syntheses.	  

conditions	  without	   a	   separate	   promoter.61	   In	   2014	  Dong	   and	  
co-‐workers	   showed	   that	   instead	   of	   relying	   on	   an	   aldehyde	  
tether,	  a	  co-‐ordinating	  group	  on	  the	  alkene	  partner	  could	  have	  
a	   similar	   effect,	   although	   mechanistically	   distinct.62	   This	  
powerful	   reaction	   enabled	   the	   synthesis	   of	   benzofurans,	   and	  
was	  utilised	  to	  synthesise	  a	  number	  of	  eupomatenoid	  natural	  
products	  (Scheme	  11b).	  

	  
Scheme	  12	   Intramolecular	   alkene	   hydroacylation	   towards	   enantioenriched	  
medium-‐ring	  heterocycles.	  

	   For	   many	   years	   intramolecular	   hydroacylation	   was	  
restricted	   to	   the	   realm	   of	   carbocycle	   synthesis,	   but	   in	   2002	  
Bendorf	   et	   al.	   demonstrated	   the	   first	   application	   to	  
heterocycle	   synthesis.63	   By	   including	   a	   S-‐tether	   to	   prevent	  
decarbonylation,	   a	   range	   of	   medium-‐sized	   rings	   was	   made	  
accessible.	  This	  tactic	  was	  expanded	  with	  N-‐64	  and	  O-‐tethers,65	  
and	   by	   utilising	   chiral	   ligands	   it	   was	   possible	   to	   access	  
enantioenriched	  medium	  rings	  (Scheme	  12a).	   In	  2014	  Nguyen	  
et	   al.	   combined	   an	   intramolecular	   hydroacylation	   with	   a	  
preceding	   dynamic	   kinetic	   asymmetric	   amination	   step	   to	  
generate	   7-‐membered	   rings	   in	   high	   enantiomeric	   ratios	   over	  
two	  separate	  Rh(I)	  catalysed	  steps	  (Scheme	  12b).66	  

	  
Scheme	  13	   Intramolecular	  hydroacylation	  on	  indole/pyrrole	  backbones.	  

	   In	  2014	  the	  Stanley	  group	  reported	  asymmetric	   tetherless	  
intramolecular	   hydroacylation	   reactions	   that	   utilised	   2-‐indole	  
and	  2-‐pyrrole	   aldehydes	   to	  access	   fused	  heterocyclic	   systems	  
(Scheme	  13).67	  No	  tethers	  were	  necessary	   for	   these	  reactions	  
due	   to	   the	   rapid	   intramolecular	   hydrometallation	   step	  
outcompeting	  the	  potential	  decarbonylation	  processes.	  

	  
Scheme	  14	   Intramolecular	  ketone	  hydroacylation	  based	  lactone	  syntheses.	  

Although	  alkene	  and	  alkyne	  hydroacylations	  dominate	  the	  
field,	   some	   interesting	   examples	   of	   ketone	   hydroacylation	  
provide	   access	   to	   a	   range	   of	   lactones.	   In	   a	   similar	   fashion	   to	  
the	   previously	   mentioned	   medium	   ring	   syntheses,	  
intramolecular	   ketone	   hydroacylation	   reactions	   forming	  
enantioenriched	   7-‐	   and	   8-‐membered	   rings	   were	   enabled	   by	  
utilising	  O-‐	  and	  N-‐tethers	  (Scheme	  14a).68	  A	  tether	  free	  process	  
was	   also	   utilised	   in	   a	   concise	   asymmetric	   phthalide	   synthesis	  
(Scheme	  14b).69	  

5.	  Hydroarylation	  
	   The	  addition	  of	  organometallic	  reagents	  across	  alkenes	  and	  
alkynes	  has	   for	  a	   long	  time	  been	  one	  of	   the	  key	  reactions	   for	  
achieving	  the	  formation	  of	  new	  C-‐C	  bonds.	  In	  particular,	  since	  
the	   first	   reports	   by	   Hayashi	   and	   Miyaura	   in	   1997,70	   the	  
addition	  of	  boronic	  acids	  across	  electron-‐deficient	  alkenes	  has	  
been	   extensively	   investigated.71	   The	   development	   of	   a	   range	  
of	  ligand	  types,	  including	  phosphines	  and	  chiral	  dienes,	  has	  led	  
to	   a	   toolkit	   of	   reliable	   catalyst	   architectures	   to	   effect	  
hydroarylation	  reactions.72	  
	   In	   the	   field	   of	   heterocycle	   synthesis,	   rhodium	   catalysed	  
hydroarylation,	   in	   the	   form	  of	   a	   conjugate	   addition,	  was	   first	  
applied	  to	  the	  synthesis	  of	  quinolines	  and	  related	  derivatives.	  
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In	   2006	  Marinelli	   et	   al.	   published	   an	   approach	   to	   quinolines	  
that	  involved	  addition	  of	  a	  boronic	  acid	  across	  an	  appropriately	  
functionalised	  propargylic	  ketone	  to	  generate	  an	  enone	  in	  situ,	  
which	   rapidly	   cyclised	   to	   form	   the	   quinoline	   ring	   system	  
(Scheme	   15a).73	  Whilst	   an	   efficient	   process,	   this	  method	  was	  
limited	   to	   the	   formation	   of	   2,4-‐diaryl	   quinolines.	   In	   2008	   the	  
Marsden	   group	   switched	   the	   disconnective	   pathway	   so	   as	   to	  
use	  2-‐aminophenylboronates	  as	   the	   source	  of	   the	   carbocyclic	  
ring	   fragment.74	   Although	   it	   necessitated	   an	   oxidative	  
cyclisation,	   this	   simple	   change	   meant	   that	   the	   synthetic	  
approach	  was	   no	   longer	   limited	   to	   aryl	   and	   vinyl	   substituted	  
quinolines,	   and	   2,4-‐dialkyl	   substrates	   were	   easily	   accessed.	  
Further	   work	   in	   2014	   from	   the	   same	   group	   extended	   this	  
protocol	   to	   include	   a	   reductive	   cyclisation	   step,	   generating	  
diastereoenriched	   tetrahydroquinolines	   (Scheme	   15b).75	   By	  
employing	   a	   chiral	   Rh(Duanphos)	   catalyst,	   excellent	   levels	   of	  
enantiocontrol	  were	  achieved	  in	  the	  hydroarylation	  step,	  and	  a	  
TFA-‐promoted	   silane	   reduction	   achieved	   a	   highly	  
diastereoselective	   reductive	   amination.	   An	   earlier	   publication	  
in	   2009	   had	   demonstrated	   that	   by	   utilising	   acrylate	   Michael	  
acceptors	   instead	   of	   enones,	   dihydroquinolones	  were	   readily	  
accessed.76	  

	  
Scheme	  15	   Access	  to	  quinoline	  derivatives	  via	  Rh(I)	  mediated	  hydroarylation.	  

	   A	   conjugate	  addition	   strategy	  was	  used	  by	  Marinelli	  et	  al.	  
in	   the	   formation	   of	   butenolides	   (Scheme	   16a).77	   The	  
propargylic	  alcohols	  employed	  in	  this	  reaction	  were	  unreactive	  
under	   standard	  palladium	  hydroarylation	   conditions,	  whereas	  
the	   rhodium	   catalysts	   could	   be	   used	   in	   conjunction	   with	   a	  
range	  of	  organoboron	  reagents.	  The	  same	  group	  used	  similar	  
conditions	   as	   a	   method	   of	   constructing	   7-‐membered	  
benzolactones	   (Scheme	   16b).78	   In	   this	   instance	   the	   addition	  
across	  the	  aryl	  alkyne	  could	  also	  be	  mediated	  by	  Pd,	  however	  
the	   opposite	   regioselectivity	   was	   observed,	   with	   the	   two	  
methods	   providing	   complementary	   routes	   to	   different	  
substitution	   patterns.	   In	   2010,	   Youn	   et	   al.	   expanded	   this	  
strategy	   to	   the	   synthesis	   of	   dihydroquinolones	   (Scheme	  16c),	  
pyrrolidinones	   (Scheme	   16d),	   and	   dihydrocoumarins	   in	  
excellent	   yields	   with	   a	   wide	   scope	   on	   both	   the	   organoboron	  
species	   and	   the	   Michael	   acceptor	   scaffold.79	   Unlike	   the	  
previous	   examples	   employing	   alkyne	   hydroarylation,	   this	  

alkene	   hydroarylation	   generates	   a	   stereogenic	   centre,	  
however,	   no	   chiral	   versions	  of	   these	   reactions	  have	   yet	  been	  
reported.	  

	  
Scheme	  16	   Rh	  hydroarylation	  routes	  to	  diverse	  heterocycles.	  

	   By	  combining	  a	  Rh-‐hydroarylation	  step	  with	  a	  Pd-‐amination	  
procedure,	   the	   Lautens	   group	   were	   able	   to	   synthesise	  
dihydroquinolines	   in	   an	   orthogonal	   catalytic	   procedure	  
(Scheme	  17a).80	   In	   the	  absence	  of	   rhodium,	  a	  Suzuki-‐Miyaura	  
coupling	   between	   the	   boronic	   acid	   and	   the	   aryl	   chloride	  was	  
the	   sole	   product,	   indicating	   that	   the	   Rh-‐hydroarylation	   is	   a	  
significantly	   faster	   process,	   as	   has	   since	   been	   confirmed	   by	  
further	  mechanistic	  studies.81	  The	  Lautens	  group	  has	  extended	  
the	  concept	  of	   combining	  Rh-‐hydroarylation	  with	  Pd	  coupling	  
reactions	   to	   the	   synthesis	   of	   dihydrobenzofurans,82	  
dihydrodibenzoxepines,83	   dibenzazepines,84	  
dihydroquinolones85	  and	  dihydrophenanthridines.86	  They	  were	  
able	   to	   synthesise	   dihydroquinolones	   (Scheme	   17b)	   in	   a	  
multicomponent	  multicatalyst	   procedure,	   utilising	  Rh,	   Pd	   and	  
Cu	  catalysis.87	  

	  
Scheme	  17	   Tandem	  Rh/Pd	  catalysis	  in	  heterocycle	  synthesis.	  

1) 6 mol% [Rh(NBD)((R,R,S,S)-

2 eq KOH, 1,4-dioxane, RT, 16 h
2) 10 eq Et3SiH, TFA/DCM

RT, 2 h, 72% (>95:5 dr, >99:1 er)

N

O

CF3

NH2

3.3 mol% [Rh(C2H4)2(acac)]

6.6 mol% dppf, 1,4-dioxane/H2O

O

CF3

CF3

B(pin)

NHBoc NH

nC5H11 Me

CF3

(a)

(b)

100 oC, 5 h, 80%

nC5H11

O

Me

O B(OH)2
5.0 eq

Duanphos)]BF4

O

O

Me

Me

Ph

CO2Et

Me

OH

Me 6 mol% dppb

100 oC, 2 h, 90%
2 eq PhB(OH)2, 1,4-dioxane/H2O

Ph OH

CO2Me

O

O

PhPh

3 eq PhB(OH)2, 1,4-dioxane/H2O

3 mol% dppf

80 oC, 16 h, 64%

(a)

(b)

N
Bn

ONHBn

CO2Me
2 mol% [Rh(COD)OH]2

Et3N, THF, 100 oC, 2 h, 95%

1.5 eq (4-FC6H4BO)3

NHBn

CO2Et

N
Bn

O

Ph

2 mol% [Rh(COD)OH]2

Et3N, THF, 100 oC, 1 h, 84%

1.5 eq (PhBO)3

4-FC6H4

(c)

(d)

3 mol% [Rh(COD)OH]2

1.5 mol% [Rh(COD)OH]2

CF3

Cl

NHMs

NMs

S

CF3

2.5 mol% [Rh(COD)OH]2

5.2 mol% BINAP, 2 eq ArB(OH)2
2 mol% Pd(OAc)2, 4 mol% XPhos

2.2 eq K2CO3, 1,4-dioxane/MeOH
90 oC, 16 h, 78%

N
p-tol

O

(HO)2B

Cl

O

NH2

+

2 mol% [Rh(COD)Cl]2

10 mol% XPhos, 2.2 eq K3PO4
tAmOH/MeOH, 110 oC, 16 h

20 mol% diamine ligand
2.5 eq ArI, 2.2 eq K3PO4

(a)

(b)

4 Å MS, 130 oC, 16 h, 75%

2.5 mol % [Pd(allyl)Cl]2

then 10 mol% CuI

Page 7 of 15 Organic & Biomolecular Chemistry



Organic	  &	  Biomolecular	  Chemistry	   	  REVIEW	  

This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  20xx	   J.	  Name.,	  2013,	  00,	  1-‐3	  |	  8 	  

Please	  do	  not	  adjust	  margins	  

	   The	  previously	  discussed	  hydroarylation	   initiated	  cascades	  
(Scheme	  16)	   rely	   on	   the	   addition	   of	   a	   boronic	   acid	   across	   an	  
alkyne	   or	   alkene	   to	   bring	   preinstalled	   nucleophiles	   and	  
electrophiles	   into	   closer	   proximity,	   enabling	   a	   cyclisation	  
reaction.	   A	   complimentary	   strategy	   has	   been	   developed	   that	  
utilises	   the	   organorhodium	   compound	   generated	   from	   the	  
initial	   carborhodation	   step	   as	   a	   reactive	   intermediate	   for	  
further	  domino	  processes.	  An	  early	  publication	  to	  employ	  this	  
strategy	   was	   from	   Murakami	   and	   co-‐workers	   in	   2007	   and	  
related	   to	   the	   synthesis	   of	   3-‐alkylideneoxindoles	   (Scheme	  
18a).88	   Following	   the	   initial	   hydroarylation,	   the	   alkenyl	  
rhodium	   species	   undergoes	   a	   facile	   second	   carborhodation	  
step	   across	   the	   C=O	   bond	   of	   an	   intramolecular	   isocyanate.	  
Hydrolysis	   of	   the	   resulting	   product,	   followed	   by	  
tautomerisation,	   generates	   the	   oxindole.	   In	   2008	   the	   Youn	  
group	   switched	   the	   isocyanate	   trap	   for	   an	   endo	   cyclisation	  
onto	  a	  preformed	  imine,	  thereby	  generating	  highly	  substituted	  
tetrahydroquinolines	   (Scheme	   18b).89	   Diastereoselectivities	  
between	  C(4)	  and	  C(3)	  were	  mixed,	  however	  the	  Zimmerman-‐
Traxler	  nature	  of	  the	  intramolecular	  Mannich-‐type	  process	  led	  
exclusively	   to	   generation	   of	   a	   syn-‐arrangement	   between	   the	  
substituents	   at	   C(2)	   and	   C(3).	   A	   3-‐step	   cascade	   reaction	  
utilising	  o-‐bromo	  boronic	  acids	  generated	  various	  carbocycles	  
in	   a	   pseudo	   [2+2+2]	   cyclisation,	   where	   the	   boronic	   acid	  
represents	   a	   benzyne	   synthon.90	   Following	   hydroarylation	   of	  
the	   initial	   alkyne,	   swift	   intramolecular	   carborhodation	   across	  
the	  pendant	  alkene,	  followed	  by	  oxidative	  addition	  into	  the	  C-‐
Br	   bond	   and	   reductive	   elimination	   generated	   a	   range	   of	  
polycyclic	  	  compounds	  	  (Scheme	  18c).	  	  Heteroatom	  	  containing	  	  

	  
Scheme	  18	   Rh	  hydroarylation	  initiated	  domino	  reactions	  

tethers	   (from	   which	   the	   5-‐membered	   heterocycle	   is	  
generated)	   were	   used	   to	   increase	   the	   regioselectivity	   of	   the	  
initial	  hydroarylation	  step.	  Building	  on	  an	  earlier	  publication	  by	  
Hayashi	   et	   al.,91	   the	   Lautens	   group	   published	   a	   route	   to	  
oxindoles	   that	   proceeded	  via	   initial	   hydroarylation	   setting	   up	  
an	  	  intramolecular	  	  enolate	  	  arylation	  	  (Scheme	  18d).92	  	  Whilst	  
Hayashi’s	  procedure	  required	  the	  use	  of	  zinc	  reagents,	  Lautens	  
was	  able	  to	  employ	  trifluoroborate	  salts.	  

	  
Scheme	  19	   Enantioselective	  cascade	  routes	  to	  saturated	  heterocycles	  

	   More	   recently,	   a	   number	   of	   groups	   have	   looked	   to	  
synthesise	   highly	   substituted	   5-‐membered	   heterocycles	   by	  
combining	   alkyne	   hydroarylation	   with	   an	   intramolecular	  
carborhodation	   in	   an	   enantioselective	   manner.	   Lautens	   and	  
co-‐workers	   pioneered	   this	   approach	   in	   2013,	   utilising	   ether	  
linked	   alkynylcyclohexadienones	   (Scheme	   19a).93	   A	   more	  
general	  procedure	   followed	   in	  2014	   from	  Xu	  and	   co-‐workers,	  
where	  the	  ring-‐closing	  step	  involved	  cyclisation	  onto	  a	  ketone,	  
generating	  a	  chiral	  tertiary	  alcohol	  stereocentre	  in	  addition	  to	  
an	  all-‐carbon	  tetrasubstituted	  olefin	  (Scheme	  19b).94	  Using	  this	  
method,	   they	   were	   able	   to	   generate	   a	   range	   of	  
tetrahydrofuran	  and	  pyrrolidine	  derivatives.	  The	  Darses	  group	  
has	   since	  extended	   this	   strategy	   to	   the	   synthesis	  of	  hydroxyl-‐
substituted	   6-‐membered	   heterocycles,95	   and	   to	   include	  
cyclisation	   onto	   Michael	   acceptors	   as	   an	   alternative	   ring-‐
closing	  pathway	  (Scheme	  19c).96	   As	   well	   as	   addition	   across	  
C-‐C	   multiple	   bonds,	   rhodium	   has	   also	   been	   used	   to	   add	  
boronic	   acids	   to	   aldehydes	   and	   N-‐sulfonylimines,	   generating	  
chiral	   alcohols	   and	   amines	   respectively.	   The	   use	   of	   chiral	  
phosphine	  or	  diene	   ligands	   leads	   to	  high	  enantioselectivity	   in	  
these	   reactions.	   Once	   generated,	   enantioenriched	   amines	  
have	   been	   shown	   to	   undergo	   cyclisations	   in	   either	   a	   one-‐	   or	  
two-‐pot	  process	  to	  synthesise	  pyrrolidines	  (Scheme	  20a)97	  and	  
isoindolinones.98	   The	   addition	   of	   boronic	   acids	   to	   aldehydes	  
has	  also	  been	  used	  to	  generate	  enantioenriched	  phthalides.99	  
An	   improved	   synthesis	   of	   isoindolinones	   was	   published	   in	  
2012,	  where	  instead	  of	  relying	  on	  2-‐(N-‐tosylimino)benzoates	  	  
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Scheme	  20	   Synthesis	  of	  N-‐containing	  heterocycles	  via	  imine	  hydroarylation	  

(which	  require	  a	  longer	  synthesis,	  limiting	  the	  ability	  to	  quickly	  
generate	   a	   library	   of	   compounds),	   the	   authors	   used	   2-‐
halobenzaldimines.100	   Following	   the	   Rh	   hydroarylation,	   a	  
transfer	   carbonylation	   process,	   employing	   a	   sacrificial	  
aldehyde	  as	  a	  carbonyl	  source	  generated	  the	  final	  isoindolines	  
(Scheme	  20b).	  This	  process	  is	  noteworthy	  for	  multiple	  reasons;	  
not	   only	   is	   it	   an	   example	   of	   a	   CO-‐gas-‐free	   carbonylation	  
reaction,	   but	   also	   it	   combines	   two	   distinct	   Rh(I)	   catalysed	  
reactions	   in	  one	  pot,	  with	  a	  single	  addition	  of	  Rh	  pre-‐catalyst	  
and	   only	   the	   addition	   of	   a	   bisphosphine	   ligand	   required	   to	  
promote	  the	  transfer	  carbonylation	  step.	  In	  2012	  Lautens	  et	  al.	  
synthesised	   1,4-‐benzothiazine	   derivatives	   via	   sequential	   Rh(I)	  
catalysed	  addition	  of	  a	  boronic	  acid	  to	  a	  nitrile	  to	  generate	  an	  
electron	   deficient	   enamine,	   which	   can	   then	   undergo	   a	   base	  
promoted	  SNAr	  reaction	  (Scheme	  20c).101	  

6.	  Miscellaneous	  processes	  
6.1.	  Carbonylative	  processes	  

	   As	   has	   been	   demonstrated	   in	   many	   of	   the	   previous	  
sections,	  a	  strength	  of	  rhodium	  catalysis	  is	  the	  ease	  with	  which	  
existing	   methodology	   can	   be	   modified	   under	   carbonylative	  
conditions	   to	   form	   high	   value	   CO	   containing	   products.102	   As	  
many	   classical	   heterocycle	   syntheses	   rely	   on	   the	  
thermodynamically	  driven	  dehydration	  of	  carbonyl	  compounds	  
to	   yield	   heteroaromatic	   systems,	   it	   is	   intuitive	   to	   see	   how	  
carbonylation	   is	   a	   vital	   tool	   when	   targeting	   heterocycle	  
precursors.	  

One	   of	   the	   most	   common	   examples	   of	   homogenous	  
transition-‐metal	   catalysis	   is	   hydroformylation,	   with	   over	   10	  
million	   metric	   tons	   of	   aliphatic	   aldehydes	   synthesised	   each	  
year	  using	  these	  reactions.103	  Exposure	  of	  olefins	  to	  a	  range	  of	  
Rh(I)	   catalysts	  under	  a	  CO/H2	  atmosphere	  generates	   terminal	  
olefins	  in	  extremely	  high	  efficiency,	  with	  asymmetric	  processes	  

similarly	  well	  developed.	  As	  aldehydes	  have	  long	  been	  used	  as	  
key	  building	  blocks	  in	  heterocycle	  synthesis,	  a	  range	  of	  tandem	  
hydroformylation-‐heterocyclisation	   reactions	   have	   been	  
published.104	  

	  
Scheme	  21	   Tandem	  hydroformylation/heterocyclisation	  reactions.	  

By	   conducting	   hydroformylation	   in	   the	   presence	   of	   aryl	  
hydrazines,	   a	   tandem	   hydroformylation/Fischer	   indole	  
synthesis	  has	  been	  developed,	  and	  used	  by	  the	  Eilbracht	  group	  
in	  the	  synthesis	  of	  a	  range	  of	  pharmaceutically	  relevant	  indoles	  
(Scheme	  21a).105	  The	  same	  group	  have	  used	  similar	  conditions	  
to	  mimic	  another	  classical	  heterocycle	  synthesis	  in	  the	  form	  of	  
a	   hydroformylation/Pictet-‐Spengler	   cascade	   (Scheme	   21b).106	  
The	   slow	   release	   of	   aldehyde	   from	   the	   hydroformylation	  
reaction	   attenuated	   many	   of	   the	   issues	   of	   aldehyde	  
dimerisation	   characteristic	   of	   the	   classical	   Pictet-‐Spengler	  
process,	  which	  are	  usually	   tackled	  by	  employing	  high-‐dilution	  
conditions.	  	  By	  	  combining	  	  hydroformylation	  	  with	  	  an	  	  in	  	  situ	  	  

	  
Scheme	  22	   Tandem	  hydroformylation	  reactions	  in	  alkaloid	  synthesis.	  
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Wittig	  olefination	  it	  has	  been	  shown	  to	  be	  possible	  to	  generate	  
Michael-‐acceptors	   which	   can	   be	   used	   in	   the	   synthesis	   of	   a	  
range	   of	   pyrrolidines	   (Scheme	   21c)107	   and	   a	   number	   of	  
tetrahydropyrans108	  in	  high	  diastereoselectivity.	  

Various	   reductive	   amination-‐type	   cyclisations	   have	   been	  
employed	   in	   the	   synthesis	   of	   alkaloids	   from	   enantioenriched	  
olefins	   (Scheme	  22a,b).109	   In	   the	  absence	  of	   a	   reductant,	   it	   is	  
also	  possible	  to	  isolate	  the	  cyclic	  enamines,110	  or	  the	  resulting	  
cyclic	  imine	  can	  be	  used	  in	  further	  cascades.	  A	  second	  pendant	  
nucleophile	  can	  be	  used	  to	  form	  a	  bicyclic	  hemiaminal,111	  or	  in	  
the	   presence	   of	   alkyne	   functionality	   an	   aza-‐Prins	   cyclisation	  
can	  be	  observed	  (Scheme	  22c).112	  

Combining	   the	   concept	   of	   boronic	   acid	   addition	   with	  
carbonylation	  chemistry	  has	  enabled	  access	  to	  a	  broad	  family	  
of	   heterocycle	   precursors.	   Carbonylation	   of	   the	   intermediate	  
aryl-‐rhodium	   species	   prior	   to	   carbometallation	   allows	   for	   the	  
generation	  of	  γ-‐hydroxy-‐α,β-‐enones	  from	  propargylic	  alcohols	  
and	   boronic	   acids	   (Scheme	   23a).113	   These	   intermediates	   are	  
readily	   cyclised	   to	   furans	   under	   the	   reaction	   conditions.	   In	   a	  
similar	   sequence,	   using	   vinyl	   ketones	   as	   the	   coupling	   partner	  
furnishes	  1,4-‐dicarbonyls,	  which	  can	  be	  cyclised	   in	  a	   separate	  
step	  to	  furans	  and	  pyrroles	  (Scheme	  23b).114	  By	  incorporating	  a	  
second	  equivalent	  of	  CO,	  Artok	  et	  al.	  synthesised	  a	  range	  of	  tri-‐
substituted	   butenolides	   from	   symmetrical	   alkynes	   (Scheme	  
23c).115	   Their	   proposed	   mechanism	   relies	   on	   a	   second	  
carbonylation	  event	  outcompeting	   the	  protoderhodation	   that	  
would	   otherwise	   generate	   an	   enone	   product.	   This	   method	  
compliments	   an	   earlier	   publication	   from	  Morimoto	   et	   al.	   on	  
the	   generation	   of	   disubstituted	   butenolides,	   which	   uses	  
formaldehyde	   as	   a	   carbonyl	   source.116	   Carbonylation	   coupled	  
with	  C-‐H	  activation	  on	  diaryldiazenes	  has	  produced	  a	  range	  of	  
interesting	  N-‐fused	   heterocycles	   (Scheme	   23d).117	   The	   use	   of	  
nitrobenzene	  as	   a	   stoichiometric	   oxidant	   is	   required,	   and	   the	  
product	   formed	   is	  different	   to	   that	  obtained	  when	   they	  used	  
orthogonal	  cobalt	  catalysis.	  

	  
Scheme	  23	   Carbonylative	   3-‐component	   couplings	   to	   form	   5-‐membered	  
heterocycles.	  

	  
Scheme	  24	   Carbonylative	  ring-‐expansion	  reactions.	  

	   Carbonylation	   has	   also	   been	   used	   as	   a	   tool	   in	   ring	  
expansion/ring	   rearrangement	   reactions.	   As	   early	   as	   1994,	  
Alper	   and	   co-‐workers	   demonstrated	   the	   carbonylative	  
transformation	   of	   thiazolidines	   to	   thiazolidinones	   via	   a	  
thiomorpholinone	   intermediate	   (Scheme	   24a).118	   In	   the	  
absence	   of	   a	   KI	   additive	   the	   thiomorpholinone	   could	   be	  
instead	   be	   isolated	   as	   the	   sole	   product.	   The	   same	   group	   has	  
applied	  their	  carbonylation	  conditions	  to	  a	  variety	  of	  nitrogen	  
and	  sulfur	  containing	  heterocycles	  (Scheme	  24b,	  24c).119	  In	  the	  
case	  of	  acetylenic	  thiazoles	  an	  unusual	  ring	  rearrangement	  was	  
observed	   in	   addition	   to	   carbonylation	   and	   reduction.	   The	  
carbonylative	   ring	   expansion	   of	   2-‐aryl	   aziridines	   to	   β-‐lactams	  
has	   been	   known	   since	   1983,	   with	   [Rh(CO)2Cl]2	   proving	   an	  
efficient	  catalyst	  for	  the	  process.120	  The	  stereochemistry	  of	  the	  
aziridine	  is	  translated	  faithfully	   into	  the	  product,	  and	  by	  using	  
menthol	   as	   a	   ligand	   it	   was	   possible	   to	   effect	   a	   kinetic	  
resolution	   of	   racemic	   aziridines.121	   In	   2003	   the	   use	   of	   a	  
dendrimer	  bound	  Rh(I)	  catalyst	  enabled	  recycling	  of	  the	  active	  
catalyst,	  with	  no	  loss	  of	  activity	  observed	  after	  three	  iterations,	  
using	  a	  simple	  filtration	  to	  achieve	  separation	  (Scheme	  24d).122	  
A	  2006	   computational	   study	  of	   the	   selectivity	  of	   the	   reaction	  
for	   2-‐aryl	   aziridines	   concluded	   that	   hyperconjugation	   was	  
responsible	  for	  facilitating	  the	  initial	  C-‐N	  bond	  activation.123	  
	  
6.2.	  Non-‐carbonylative	  processes	  	  

Standard	   carbonylation	   conditions	   have	   also	   proved	  
effective	   for	   the	   reduction	   of	   nitroarenes.	   In	   the	   presence	   of	  
suitable	   ortho-‐functionality	   it	   is	   postulated	   that	   a	   rhodium-‐
nitrene	   intermediate	   undergoes	   a	   rearrangement	   to	   form	  
indoles124	   or	   indazoles,125	   from	   alkenes	   and	   imines,	  
respectively	  (Scheme	  25a,	  25b).	  Krische	  demonstrated	  in	  2006,	  
that	   by	   using	   hydrogenation	   conditions	   on	   suitably	  
functionalised	  alkynes,	  it	  was	  possible	  to	  isolate	  cyclic	  lactams	  
produced	   via	   hydrogenation	   of	   a	   5-‐membered	   rhodacycle	  
intermediate	  (Scheme	  25c).126	   In	  the	  previous	  section	  we	  saw	  
a	  number	  of	  hydroarylation	  initiated	  cascade	  reactions,	  which	  
provided	   access	   to	   a	   diverse	   range	   of	   heterocycles.	   By	  
employing	   Et2Zn	   and	   Wilkinson’s	   complex	   to	   generate	   a	   Rh	  
hydride	  	  active	  	  catalyst,	  	  Ando	  	  and	  	  co-‐workers	  	  achieved	  	  the	  	  

O MePh

OH

Me
0.5 mol% [Rh(CO)2I]2

CO (5 atm), MeOH

PhB(OH)2, 2.5 mol% LiI

nPr

nPr
O

O
nPr

nPr

Ph
0.5 mol% [Rh(COD)Cl]2

80 oC, 16 h, 80%

Me

O

N
Ph

Ph Me
MeOH, 80 oC, 18 h

1.5 eq PhB(OH)2, CO (20 atm)

then PhNH2, 0.4 eq I2, PhMe
40 oC, 16 h, 56%

(a)

(c)

(b)

3 eq PhB(OH)2

Me

N

N

O

O

Me

1.2 mol% [Rh(CO)2Cl]2
CO (1 atm), PhNO2

190 oC, 18 h, 85%

N

N

p-tol

p-tol
(d)

CO (20 atm), PhMe

90 oC, 18 h, 78%

0.5 mol% RhH(CO)(PPh3)3

S N S N

O

1 mol% [Rh(COD)Cl]2

10 mol% KI, CO (65 atm)

PhH, 180 oC, 48 h, 80%

S

N
nBu

S

HN
nC5H11H

O2 mol% [Rh(COD)]BPh4

DCM, CO/H2 (1:1, 21 atm)
110 oC, 24 h, 86%

S
NBn

S

NBn

O

5 mol% KI, CO (68 atm)

PhMe, 130 oC, 24 h, 75%

(a)

(b)

(c)

N

Ph

tBu
N
tBu

Ph

O
[dendrimer bound RhI]

PhH, CO (27 atm), 90 oC
(d)

8 mol% P(OPh)3

CO2Et CO2Et

48 h, quant.

5 mol% [Rh(COD)Cl]2

Page 10 of 15Organic & Biomolecular Chemistry



Organic	  &	  Biomolecular	  Chemistry	   	  REVIEW	  

This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  20xx	   J.	  Name.,	  2013,	  00,	  1-‐3	  |	  11 	  

Please	  do	  not	  adjust	  margins	  

	  
Scheme	  25	   Reductive	  cyclisation	  approaches	  to	  N-‐heterocycles.	  

reductive	   cyclisation	   of	   acrylates	   and	   imines	   to	   generate	   β-‐
lactams	  (Scheme	  25d).127	   In	  this	  transformation,	  the	  rhodium-‐
hydride	   effects	   a	   1,4-‐reduction	   of	   the	   Michael-‐acceptor	  
acrylates,	  which	  then	  adds	  into	  the	  imine	  prompting	  a	  cascade	  
cyclisation.	   The	   rhodium	   alkoxide	   thereby	   generated	   is	   then	  
reduced	   by	   the	   Et2Zn	   to	   regenerate	   the	   rhodium	   hydride	  
catalyst.	  

The	   Willis	   group	   has	   shown	   that	   Rh(I)	   hydroacylation	  
catalysts	  are	  also	  efficient	  promoters	  of	  directed	  C-‐S	  activation	  
processes.59a	   A	   slight	   modification	   of	   the	   catalyst	   from	   the	  
hemilabile	   DPEphos	   to	   the	   pincer-‐type	   ligand	   Xantphos,	  
produced	  a	  highly	  efficient	  catalyst	  system	  for	  carbothiolation	  
reactions.	   By	   refluxing	   these	   alkenyl	   sulfide	   products	  with	   an	  
NH3-‐equivalent	   in	   acetic	   acid,	   it	   was	   possible	   to	   obtain	  
isoquinolines	   in	   excellent	   yields.128	   A	   range	   of	   functional	  
groups	  was	   tolerated,	   including	   an	   unusual	   ferrocenyl	   alkyne	  
(Scheme	   26a).	   Whilst	   normally	   within	   the	   realm	   of	   Rh(III)	  
catalysis,	  directed	  C-‐H	  activation	  followed	  by	  alkenylation	  can	  
be	  effected	  using	  Rh(I)	  catalysts,	  via	  a	  Rh(I)-‐Rh(III)	  redox	  cycle,	  
as	   demonstrated	   by	   Bergman	   and	   Ellman.129	   The	   resulting	  
dienimine	   then	   undergoes	   a	   facile	   6π-‐electrocyclisation	   to	  
generate	   a	   dihydropyridine,	   which	   can	   be	   further	  
functionalised	  for	  access	  to	  pyridines	  if	  required	  (Scheme	  26b).	  
By	  using	  oximes	   in	  place	  of	   imines,	  pyridines	  can	  be	  accessed	  
directly,	   as	   demonstrated	   by	   Cheng	   and	   co-‐workers.130	   An	  
earlier	   report	   from	   Bergman	   and	   Ellman	   showed	   that	   the	  
Rh(III)	   rhodacycle	   could	   hydroarylate	   a	   tethered	   olefin	   to	  
generate	   dihydrobenzofurans	   or	   indolines	   depending	   on	   the	  
identity	   of	   the	   tether.131	   In	   a	   2012	   report,	   Terada	   et	   al.	  
observed	   an	   unusual	   cycloisomerisation	   of	   O-‐propargylic	  
cyclopropylcarbaldoximes	  to	  oxazepines	   (Scheme	  26c).132	  This	  
has	   been	   shown	   to	   proceed	   via	   an	   initial	   rhodium	   catalysed	  
2,3-‐migration,	  rhodacycle	  formation,	  followed	  by	  cyclopropyl	  	  

	  
Scheme	  26	   Miscellaneous	  Rh(I)	  catalysed	  heterocycle	  syntheses.	  

ring	   opening	   and	   reductive	   elimination,	   not	   dissimilar	   to	   the	  
mechanism	  of	  [5+2]	  cycloadditions	  involving	  cyclopropylimines	  
previously	  discussed.	  	  

Whilst	   investigating	   [2+2]	   cycloadditions	   with	   nitrogen	  
containing	   tethers	   Shi	   et	   al.	   discovered	   an	   unusual	   8-‐
membered	   ring	   formation	   (Scheme	  26d).133	  They	  believe	   that	  
this	   transformation	   occurs	   via	   an	   initial	   C-‐H	   activation	   at	   the	  
allylic	  position	  adjacent	  to	  the	  N-‐functionality.	  The	  resulting	  Rh	  
allyl	   hydride	   can	   add	   across	   one	   of	   the	   allene	   π-‐bonds	   in	   a	  
carborhodation	   step,	   and	   reductive	   elimination	   affords	   the	  
product.	  

7.	  Conclusion	  
In	   this	   review	  we	   have	   summarised	   the	  major	   fields	   of	   Rh(I)	  
catalysis	   and	   how	   each	   has	   been	   applied	   to	   the	   synthesis	   of	  
diverse	   heterocycles.	   The	   wide	   range	   of	   reaction	   pathways	  
available,	   combined	   with	   the	   ability	   to	   combine	   one	   process	  
with	   another	   (or	   carbonylation)	   in	   cascade	   or	   tandem	  
reactions	   provides	   flexible	   approaches	   to	   a	   number	   of	   cyclic	  
and	   acyclic	   scaffolds.	   The	   high	   functional	   group	   tolerance,	  
ability	  to	  easily	  employ	  chiral	  ligand	  architectures	  and	  efficient	  
catalysis	  are	  all	   attractive	   features	  of	  Rh(I)	   transformations	   in	  
the	   context	   of	   any	   heterocycle	   synthesis.	   In	   addition,	   the	  
orthogonality	   to	   other	   transition	   metal	   catalysts	   enables	   the	  
synthesis	   of	   boronate	   and	   halide	   containing	   heterocycles,	  
allowing	   for	   the	   rapid	   assembly	   of	   heterocyclic	   libraries	   via	  
subsequent	   transition-‐metal-‐catalysed	   cross-‐coupling	  
reactions,	  which	  is	  of	  great	  importance	  for	  medicinal	  chemistry	  
in	   particular.	   We	   look	   forward	   to	   new	   developments	   in	   the	  
field	  of	  Rh(I)	  catalysis	  and	  the	  application	  of	  these	  processes	  to	  
the	  ever-‐expanding	  field	  of	  heterocycle	  synthesis.	  

BnN

OH

O Me

BnN

O

O

Me 5 mol% [Rh(COD)2]OTf

DCE, 45 oC, 83% (>99:1 er)

5 mol% (R)-Cl,MeO-BIPHEP

5 mol% 2-naphthoic acid, H2 (1 atm)

N
NnBu

N
nBu

NO2

PhMe, CO (6.8 atm), 100 oC, 24 h, 75%

(a)

(c)

HN

Ac
Ac

O2N

OMe
THF, CO (6.8 atm), 100 oC, 2 h, 82%

(b)

N
O PMP

Me p-tol

2 mol% Rh(PPh3)3Cl
1.5 eq Et2Zn

DMF, 0 oC      RT
24 h, 86% (97:3 dr)p-tol

N
PMP

MeO

O
+ (d)

OMe

H

N
Me2
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CO

CO

Me2
N

Cl
Rh

CO

CO

Cl

+ -

5 mol%

N
Me2
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CO

CO

Me2
N

Cl
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CO

CO

Cl

+ -

5 mol%

Ph

O
N
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N

O

Ph

Ar17 mol% tppms

4 Å MS, DMF, 80 oC

Ar = 4-MeOC6H4

N

Fe5 mol% [Rh(NBD)2]BF4

PhCl, 100 oC, 1.5 h

then NH4OAc, AcOH
110 oC, 16 h, 90%

(c)

(a)

Me

OMe

SMe

NsN
Me

Me

H

H Me
Me

.

Me
MeMe

Me

5 mol% [Rh(CO)2Cl]2
PhMe/MeCN (2:1)

CO (1 atm), 100 oC
8 h, 74%

(d)

NBn

Ph

NBn

iPr

Me

Ph

2.5 mol% [Rh(COE)2Cl]2

5 mol% (DMAPh)-PEt2
PhMe, 100 oC, 4 h, 96%

H

(b)

2.5 mol% [Rh(COD)Cl]2

5 mol% Xantphos

NNs

Fc

Me iPr

1.5 eq

5 eq

24 h, 67%
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Rh(I)-‐catalysed	  reactions	  often	  employ	  mild	  reaction	  conditions	  and	  offer	  excellent	  functional	  group	  
tolerance,	  making	  them	  ideal	  transformations	  for	  the	  preparation	  of	  complex	  molecules.	  This	  review	  surveys	  
examples	  of	  these	  synthetically	  useful	  transformations	  as	  applied	  to	  the	  synthesis	  of	  various	  heterocycles.	  
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