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Construction	
  of	
  a	
  Visible	
  Light-­‐Driven	
  Hydrocarboxylation	
  Cycle	
  of	
  
Alkenes	
  by	
  the	
  Combined	
  Use	
  of	
  Rh(I)	
  and	
  Photoredox	
  Catalysts	
  

Kei	
  Murata,	
  Nobutsugu	
  Numasawa,	
  Katsuya	
  Shimomaki,	
  Jun	
  Takaya	
  and	
  Nobuharu	
  Iwasawa*	
  	
  

A	
   visible	
   light	
   driven	
   catalytic	
   cycle	
   for	
   hydrocarboxylation	
   of	
  
alkenes	
   with	
   CO2	
   was	
   established	
   using	
   a	
   combination	
   of	
   Rh(I)	
  
complex	
   as	
   a	
   carboxylation	
   catalyst	
   and	
   [Ru(bpy)3]

2+	
   (bpy	
   =	
   2,2’-­‐
bipyridiyl)	
  as	
  a	
  photoredox	
  catalyst.	
  Two	
  key	
  steps,	
  the	
  generation	
  
of	
   the	
   Rh(I)	
   hydride	
   species	
   and	
   nucleophilic	
   addition	
   of	
   the	
   π -­‐
benzyl	
  Rh(I)	
  species	
  to	
  CO2,	
  were	
  found	
  to	
  be	
  mediated	
  by	
  light.	
  

Catalytic	
   hydrocarboxylation	
   of	
   unsaturated	
   hydrocarbons	
  
with	
   CO2	
   has	
   recently	
   attracted	
   considerable	
   attention	
   as	
   a	
  
method	
   to	
   utilize	
   CO2	
   as	
   a	
   carbon	
   source	
   for	
   preparation	
   of	
  
carboxylic	
  acids	
   from	
  easily	
  available	
  materials.1,2	
  This	
   type	
  of	
  
reaction	
   usually	
   necessitates	
   the	
   use	
   of	
   a	
   stoichiometric	
  
amount	
   of	
   organometallic	
   reductant	
   such	
   as	
   ZnEt2,

1a-­‐d,2a,b	
  
AlEt3,

2c	
   or	
   hydrosilanes2d,e	
   to	
   generate	
   active	
   metal	
   hydride	
  
species	
  from	
  the	
  corresponding	
  metal	
  carboxylates.	
  Therefore	
  
it	
  is	
  highly	
  desirable	
  to	
  develop	
  a	
  new	
  system,	
  which	
  does	
  not	
  
necessitate	
   the	
   use	
   of	
   a	
   strong	
   reductant	
   and	
   enables	
  
hydrocarboxylation	
   reaction	
   just	
   using	
   catalytic	
   amounts	
   of	
  
organometallic	
  reagents.	
  

To	
   realize	
   such	
   system,	
   we	
   thought	
   of	
   the	
   possibility	
   of	
  
utilizing	
   redox-­‐photosensitized	
   reaction	
   with	
   visible	
   light.	
   By	
  
the	
  appropriate	
   combination	
  of	
   a	
  hydrocarboxylation	
   catalyst	
  
and	
   a	
   photoredox	
   catalyst	
   in	
   the	
   presence	
   of	
   a	
   sacrificial	
  
electron	
   donor,	
   it	
   is	
   expected	
   that	
   the	
   key	
   metal	
   hydride	
  
species	
   could	
   be	
   regenerated	
   from	
   the	
   corresponding	
   metal	
  
carboxylate	
   by	
   the	
   successive	
   protonation	
   and	
   reduction	
  
processes	
   triggered	
   by	
   photoinduced	
   electron	
   transfer.3	
  
Recently,	
   the	
   single-­‐electron	
   transfer	
   event	
   has	
   been	
   widely	
  
used	
   in	
   organic	
   synthesis,4	
   and	
   some	
   dual	
   catalytic	
   systems	
  
combining	
  transition	
  metal	
  and	
  photoredox	
  catalysts	
  have	
  also	
  
been	
  developed.5	
  However,	
  there	
  has	
  been	
  no	
  report	
  on	
  their	
  
application	
   to	
   carboxylation	
   reactions	
   with	
   CO2,	
   which	
   could	
  
be	
   regarded	
   as	
   a	
   kind	
   of	
   artificial	
   photosynthesis	
   for	
   the	
  
utilization	
  of	
  solar	
  energy	
  for	
  preparation	
  of	
  organic	
  molecules	
  
using	
   CO2.

6	
   We	
   herein	
   describe	
   a	
   novel	
   cooperative	
  

photocatalytic	
   cycle	
   for	
   hydrocarboxylation	
   of	
   alkenes	
   using	
  
CO2	
   by	
   the	
   combined	
   use	
   of	
   catalytic	
   amounts	
   of	
   a	
   Rh(I)	
  
hydrocarboxylation	
  catalyst	
  and	
  a	
  photoredox	
  catalyst.	
  

	
  

Scheme	
  1	
  Proposed	
  reaction	
  mechanism	
  for	
  the	
  photocatalytic	
  
hydrocarboxylation	
   of	
   alkenes	
   with	
   CO2	
   by	
   Rh/photoredox	
  
catalysis.	
  

Our	
   proposed	
   catalytic	
   cycle	
   for	
   hydrocarboxylation	
  
mediated	
   by	
   photoredox	
   catalysis	
   is	
   shown	
   in	
   Scheme	
   1.	
  We	
  
have	
   chosen	
   Rh(I)	
   hydride	
   complex	
   A	
   as	
   the	
   key	
   catalytic	
  
species,	
   as	
   organorhodium(I)	
   species	
   are	
   expected	
   to	
   have	
  
sufficient	
   nucleophilicity	
   towards	
   CO2

7	
   and	
   some	
   Rh(I)	
  
complexes	
   are	
   known	
   to	
   be	
   active	
   in	
   redox-­‐photosensitized	
  
reactions.3c,8	
   Hydrometallation	
   of	
   an	
   alkene,	
   followed	
   by	
  
nucleophilic	
  carboxylation	
  of	
  the	
  generated	
  Rh(I)	
  alkyl	
  complex	
  
B	
  with	
  CO2	
  would	
   give	
  Rh(I)	
   carboxylate	
   complex	
  C.	
   The	
  next	
  
step	
  is	
  the	
  regeneration	
  of	
  the	
  Rh(I)	
  hydride	
  complex	
  A	
  from	
  C	
  
with	
   liberation	
   of	
   the	
   carboxylated	
  product	
   by	
   accepting	
   two	
  
electrons	
  and	
  two	
  protons,	
  which	
  is	
  the	
  most	
  challenging	
  step	
  
in	
   the	
   cycle.	
   We	
   expected	
   that	
   photoredox	
   catalyst	
   would	
  
enable	
   the	
   electron	
   and	
   proton	
   transfers	
   to	
   generate	
   Rh(III)	
  
dihydride	
  D,	
  which	
  would	
  be	
  converted	
  to	
  Rh(I)	
  monohydride	
  
A	
  by	
  eliminating	
  the	
  carboxylic	
  acid	
  in	
  the	
  presence	
  of	
  a	
  base.	
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Scheme	
  2	
  Photochemical	
  generation	
  of	
  the	
  rhodium	
  hydride	
  
complexes.	
  

We	
   first	
   examined	
   transformation	
   of	
   Rh(I)	
   carboxylate	
   to	
  
Rh(I)	
   hydride	
   by	
   photoredox	
   catalysis,	
   which	
   is	
   the	
   key	
   to	
  
construct	
   the	
   proposed	
   catalytic	
   cycle.	
   Through	
   screening	
   of	
  
reaction	
  conditions	
  using	
  Rh(PCy3)2(OAc)	
  1	
  as	
  a	
  model	
  complex	
  
of	
   Rh(I)	
   carboxylate,	
   1	
   was	
   found	
   to	
   be	
   transformed	
   to	
  
Rh(PCy3)2(OAc)(H)2	
   2	
   (94%	
   yield	
   based	
   on	
  

1H	
   NMR	
   using	
   an	
  
internal	
   standard)	
   in	
   the	
   presence	
   of	
   a	
   catalytic	
   amount	
   of	
  
[Ru(bpy)3](PF6)2	
  as	
  a	
  photoredox	
  catalyst,	
  an	
  excess	
  amount	
  of	
  
iPr2NEt	
   as	
   a	
   sacrificial	
   electron	
   donor	
   under	
   visible	
   light	
  
irradiation	
   (λirr	
   =	
   425	
   nm)	
   at	
   room	
   temperature	
   (Scheme	
   2	
  
(a)).‡	
   Control	
   experiments	
   indicated	
   that	
   [Ru(bpy)3](PF6)2,	
  
tertiary	
   amine,	
   and	
   visible	
   light	
   were	
   all	
   essential	
   for	
   the	
  
transformation.	
   Furthermore,	
   when	
   Rh(PPh3)2(OAc)	
   3	
   was	
  
employed	
   instead	
  of	
  1	
  under	
   the	
   same	
  reaction	
  conditions	
   in	
  
the	
  presence	
  of	
  PPh3	
  as	
  an	
  additional	
  ligand,	
  3	
  was	
  successfully	
  
transformed	
  to	
  the	
  desired	
  Rh(PPh3)3H	
  5	
   (57%	
  yield	
  based	
  on	
  
1H	
  NMR	
  using	
  an	
  internal	
  standard	
  and	
  ca	
  30%	
  of	
  3	
  recovered),	
  
accompanied	
  by	
  liberation	
  of	
  acetic	
  acid	
  as	
  its	
  ammonium	
  salt	
  
(Scheme	
   2	
   (b)).	
   Rh(PPh3)2(OAc)(H)2	
   4	
   was	
   thought	
   to	
   be	
   a	
  
possible	
   intermediate	
   in	
   this	
   transformation,§	
   and	
   it	
   is	
   likely	
  
that	
  due	
   to	
   lower	
  electron-­‐donating	
  ability	
  of	
  PPh3	
  compared	
  
to	
  PCy3,	
  elimination	
  of	
  acetic	
  acid	
  from	
  4	
  was	
  facilitated	
  by	
  the	
  
action	
   of	
   iPr2NEt.	
   Although	
   detailed	
   mechanism	
   for	
   the	
  
formation	
  of	
  Rh(III)	
  dihydride	
  complex	
  has	
  not	
  been	
  clarified,	
  it	
  
would	
  be	
  generated	
  by	
  the	
  two	
  sets	
  of	
  protonation	
  and	
  single	
  
electron	
  transfer	
  to	
  Rh(I)	
  carboxylate	
  complex	
  mediated	
  by	
  the	
  
reductive	
  quenching	
  cycle	
  of	
  [Ru(bpy)3]

2+	
  with	
  iPr2NEt	
  (Scheme	
  
S6).9	
  

The	
   Rh(I)	
   monohydride	
   formation	
   was	
   similarly	
   observed	
  
when	
  Wilkinson’s	
   complex	
   Rh(PPh3)3Cl	
   6	
   was	
   irradiated	
   with	
  
visible	
   light	
   in	
   the	
   presence	
   of	
   [Ru(bpy)3](PF6)2	
   and	
  

iPr2NEt,	
  
indicating	
  Rh(I)	
  hydride	
  active	
  species	
  was	
  also	
  available	
  from	
  
a	
  chloro	
  Rh(I)	
  complex	
  as	
  a	
  catalyst	
  precursor	
  (Scheme	
  S3).	
  

	
  Scheme	
   3	
   Photochemical	
   carboxylation	
   of	
   the	
   π-­‐benzyl	
  
rhodium	
  complex.	
  

Next,	
   the	
   nucleophilic	
   addition	
   of	
   Rh(I)	
   alkyl	
   complex,	
  
which	
   is	
   another	
   important	
   step	
   in	
   the	
   hydrocarboxylation	
  
cycle,	
   was	
   investigated	
   (Scheme	
   3).	
   When	
   π-­‐benzyl	
   Rh(I)	
  

complex	
   8,	
   formed	
   by	
   insertion	
   of	
   4-­‐cyanostyrene	
   7a	
   to	
  
Rh(PPh3)3H	
   5,	
   was	
   subjected	
   to	
   CO2	
   atmosphere,	
   the	
  
carboxylation	
  reaction	
  did	
  not	
  proceed	
  in	
  the	
  dark	
  even	
  upon	
  
heating	
   at	
   60	
   oC.§§	
   However,	
   when	
   8	
   was	
   exposed	
   to	
   visible	
  
light	
   in	
   the	
   presence	
   of	
   [Ru(bpy)3](PF6)2,	
   clean	
   formation	
   of	
  
Rh(I)	
   carboxylate	
   9	
   was	
   observed	
   (Figure	
   S3),	
   which	
   was	
  
confirmed	
   by	
   alternative	
   synthesis	
   of	
   9.	
   This	
   phenomenon	
  
could	
  be	
  regarded	
  as	
  a	
  light-­‐promoted	
  nucleophilic	
  addition	
  to	
  
CO2,	
   which	
   is	
   a	
   quite	
   rare	
   process.

10	
   Control	
   experiments	
  
revealed	
   that	
   [Ru(bpy)3]

2+	
   and	
   visible	
   light	
  were	
  essential	
   but	
  
tertiary	
   amine	
   was	
   not	
   for	
   this	
   carboxylation	
   reaction.	
   The	
  
luminescence	
   quenching	
   study	
   demonstrated	
   that	
   the	
  
emission	
   from	
   the	
   triplet	
   excited	
   state	
   of	
   [Ru(bpy)3]

2+	
   was	
  
quenched	
  by	
  8	
  (Figure	
  S5).	
  As	
  the	
  electron	
  transfer	
  pathway	
  is	
  
not	
   likely	
   in	
   this	
   reaction,§§§	
   the	
   triplet-­‐triplet	
   energy	
   transfer	
  
from	
   the	
   photoexcited	
   [Ru(bpy)3]

2+	
   is	
   considered	
   to	
   be	
   a	
  
trigger	
  for	
  the	
  carboxylation	
  with	
  CO2.

11	
  

To	
   estimate	
   the	
   effect	
   of	
   the	
   energy	
   transfer	
   in	
   the	
  
carboxylation	
   reaction,	
   theoretical	
   analysis	
   was	
   conducted	
   in	
  
terms	
  of	
  the	
  ground	
  state	
  (S0)	
  and	
  lowest	
  triplet	
  excited	
  state	
  
(T1)	
   of	
   8	
   which	
   would	
   be	
   generated	
   in	
   the	
   photochemical	
  
process.	
   The	
   TD-­‐DFT	
   result	
   indicated	
   that	
   metal-­‐to-­‐(metal-­‐
ligand)	
   charge	
   transfer	
   from	
   the	
   Rh	
   center	
   to	
   the	
   Rh-­‐benzyl	
  
unit	
   has	
   major	
   contribution	
   to	
   the	
   T1	
   state	
   (Table	
   S4).	
   This	
  
transition	
   caused	
   (i)	
   the	
   change	
   in	
   coordination	
  mode	
   of	
   the	
  
benzyl	
  ligand	
  from	
  η3-­‐benzyl	
  to	
  η1-­‐benzyl	
  form	
  as	
  indicated	
  in	
  
the	
  optimized	
  structure	
  of	
  the	
  T1	
  state,	
  and	
  (ii)	
  increase	
  in	
  the	
  
electron	
   density	
   of	
   the	
   benzylic	
   position	
   (Table	
   S3).	
   These	
  
changes	
  would	
  promote	
  the	
  subsequent	
  nucleophilic	
  addition	
  
to	
  CO2.	
  

As	
   all	
   the	
   elementary	
   steps	
   of	
   the	
   catalytic	
   cycle	
   were	
  
found	
  to	
  be	
  feasible,	
  we	
  then	
  examined	
  the	
  catalytic	
  reaction.	
  
Using	
   4-­‐cyanostyrene	
   7a	
   as	
   substrate,	
   the	
   combination	
   of	
  
Rh(PPh3)3H	
   5	
   and	
   [Ru(bpy)3](PF6)2	
   was	
   found	
   to	
   give	
   the	
  
desired	
   hydrocarboxylated	
   product	
   11a	
   in	
   33%	
   yield	
   upon	
  
visible	
   light	
   irradiation	
   (λirr.	
   =	
   425	
   nm)	
   in	
   the	
   presence	
   of	
   an	
  
excess	
   amount	
  of	
   iPr2NEt	
   under	
   atmospheric	
   pressure	
  of	
   CO2	
  
at	
   room	
   temperature	
   (Table	
   1,	
   entry	
   1).	
   In	
   this	
   reaction,	
  
significant	
   amounts	
   of	
   hydrogenated	
   product	
   12a	
   and	
  
polymers	
  were	
  also	
  produced.	
  When	
  the	
  catalytic	
  reaction	
  was	
  
followed	
  by	
  31P{1H}	
  NMR	
  spectroscopy,	
  the	
  accumulation	
  of	
  9	
  
was	
   observed,	
   suggesting	
   the	
   resting-­‐state	
   of	
   the	
   catalytic	
  
reaction	
   under	
   visible	
   light	
   irradiation	
   was	
   the	
   Rh(I)	
  
carboxylate	
   complex	
   (Figure	
   S4).	
   A	
   series	
   of	
   control	
  
experiments	
  confirmed	
  that	
  the	
  rhodium	
  catalyst,	
  photoredox	
  
catalyst,	
   tertiary	
   amine	
   and	
   visible	
   light	
  were	
   all	
   essential	
   for	
  
the	
   reaction	
   progress	
   (entries	
   2	
   –	
   5).	
   Wilkinson’s	
   complex	
   6	
  
and	
  chloro-­‐bridged	
  bis(phosphine)	
  dimer	
  10a	
  were	
  found	
  to	
  be	
  
applicable	
  as	
  a	
  precatalyst	
  (entries	
  6,	
  7).	
  

Table	
   1	
   Screening	
   of	
   catalytic	
   conditions	
   for	
   the	
  
hydrocarboxylation	
   of	
   4-­‐Cyanostyrene	
   by	
   Rh/photoredox	
  
catalysis.	
  

	
  

[Ru(bpy)3](PF6)2

5 (57%)

Rh H(PPh3)3

r.t., 6 h

Rh
O
O

PPh3

PPh3

H
H

!CH3COOH
4 iPr2NEt

O

O
Rh

Ph3P

Ph3P

PPh3 (1.5 equiv.)

3

iPr2NEt (60 equiv.)

DMA, hv (425 nm)

(b)

[Ru(bpy)3](PF6)2 (30 mol%)

r.t., 12 h

Rh
O
O

PCy3

PCy3

H
H

2 (94%)

O

O
Rh

Cy3P

Cy3P
1

iPr2NEt (60 equiv.)

DMA, hv (425 nm)

(a)

(30 mol%)

(5 equiv.)

DMA, dark
5 8

Rh H(PPh3)3

! PPh3

[Ru(bpy)3](PF6)2

hv (425 nm)
r.t., 30 min

(30 mol%)

r.t., < 10 min

CO2 (1 atm)

+ PPh3

O
ORh

Ar
(PPh3)3

9

Rh(PPh3)2

CN

NC 7a
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Entry	
   Rh	
  catalyst	
   Conv.	
  
/%	
  

Yield	
  /%	
  

11aa	
   12ab	
  

1	
   Rh(PPh3)3H	
  (5)	
   60	
   33	
   18	
  

2c	
   Rh(PPh3)3H	
  (5)	
   8	
   n.d.	
   n.d.	
  

3d	
   Rh(PPh3)3H	
  (5)	
   1	
   1	
   n.d.	
  

4e	
   Rh(PPh3)3H	
  (5)	
   <1	
   n.d.	
   n.d.	
  

5	
   none	
   12	
   n.d.	
   n.d.	
  

6	
   Rh(PPh3)3Cl	
  (6)	
   56	
   31	
   13	
  

7	
   [Rh(PPh3)2Cl]2	
  (10a)	
   60	
   21	
   16	
  

8	
   [Rh(P(4-­‐CF3C6H4)3)2Cl]2	
  (10b)	
   95	
   54	
   25	
  

9f	
   [Rh(P(4-­‐CF3C6H4)3)2Cl]2	
  (10b)	
   70	
   67g	
   1	
  

10	
   [Rh(P(4-­‐CNC6H4)3)2Cl]2	
  (10c)	
   80	
   45	
   12	
  

11	
   [Rh(P(3,5-­‐(CF3)2C6H3)3)2Cl]2	
  
(10d)	
  

34	
   11	
   3	
  

12	
   [Rh(P(p-­‐tolyl)3)2Cl]2	
  (10e)	
   32	
   14	
   3	
  

13	
   [Rh(PCy3)2Cl]2	
  (10f)	
   22	
   6	
   7	
  

aNMR	
  yield.	
  bGC	
  yield.	
  cwithout	
  [Ru(bpy)3](PF6)2.	
  
dwithout	
  

iPr2NEt.	
  
eunder	
   dark.	
   f1.2	
   equiv.	
   of	
   Cs2CO3	
   was	
   added.	
  

gIsolated	
   yield	
   (62%)	
   was	
   obtained	
   after	
   methyl	
  
esterification	
   in	
   a	
   larger	
   scale	
   experiment,	
   see	
   the	
  
supporting	
  Information	
  for	
  detail.	
  

Then	
   various	
   combinations	
   of	
   rhodium	
   and	
   photoredox	
  
catalysts	
   were	
   examined	
   to	
   improve	
   the	
   yield	
   of	
   the	
   desired	
  
product	
   11a.	
   With	
   regard	
   to	
   its	
   ancillary	
   ligand,	
  
triarylphosphines	
   possessing	
   electron-­‐withdrawing	
   groups	
  
significantly	
   improved	
   the	
   yield	
   (entries	
   8,	
   10).	
   This	
   reactivity	
  
enhancement	
   was	
   likely	
   due	
   to	
   the	
   acceleration	
   of	
   the	
  
reduction	
   process	
   of	
   the	
   Rh(I)	
   carboxylate,	
   which	
   was	
   the	
  
resting-­‐state	
  of	
  the	
  catalytic	
  cycle.	
  When	
  PCy3	
  was	
  introduced	
  
to	
   the	
   rhodium	
   center,	
   only	
   a	
   small	
   amount	
   of	
   the	
  
carboxylated	
   product	
   11a	
   was	
   obtained	
   (entry	
   13),	
   which	
  
coincided	
   with	
   the	
   result	
   shown	
   in	
   Scheme	
   2(a).	
   Thus,	
   fine-­‐
tuning	
   of	
   the	
   electronic	
   nature	
   of	
   the	
   rhodium	
   complex	
   by	
  
ancillary	
  ligands	
  was	
  quite	
  important	
  for	
  the	
  catalytic	
  efficiency.	
  
Choice	
   of	
   photoredox	
   catalyst,	
   solvent,	
   and	
   ratio	
   of	
   the	
  
rhodium/photoredox	
   catalyst	
   also	
   affected	
   the	
   product	
  
distribution	
   as	
  well	
   as	
   the	
   reaction	
   rate	
   (Tables	
   S1,	
   S2).	
   Very	
  
importantly,	
   addition	
   of	
   a	
   small	
   excess	
   amount	
   of	
   Cs2CO3	
  
almost	
   completely	
   suppressed	
   the	
   hydrogenation	
   and	
  
polymerization	
   reactions	
   and	
   significantly	
   improved	
   the	
   yield	
  
of	
   the	
   hydrocarboxylated	
   product	
   (entry	
   9).	
   Through	
   these	
  
optimizations,	
  employment	
  of	
  2.0	
  mol%	
  of	
  [Ru(bpy)3](PF6)2,	
  3.5	
  
mol%	
  of	
  [Rh(P(4-­‐CF3C6H4)3)2Cl]2	
  10b	
  (7.0	
  mol%	
  as	
  Rh	
  metal),	
  4	
  
equiv.	
  of	
  iPr2NEt	
  and	
  1.2	
  equiv.	
  of	
  Cs2CO3	
  in	
  DMA	
  gave	
  the	
  best	
  
yield	
  of	
  11a	
  (67%,	
  TON	
  =	
  9.6	
  based	
  on	
  Rh).	
  The	
  quantum	
  yield	
  
of	
   this	
   reaction	
   under	
   the	
   optimized	
   conditions	
   was	
   0.0036	
  
(Figure	
  S6).	
   The	
  catalytic	
   reaction	
  upon	
  on-­‐and-­‐off	
   irradiation	
  
demonstrated	
  the	
  repeatable	
  switching	
  of	
  the	
  catalytic	
  activity	
  
with	
   the	
   high	
   photoresponsivity	
   (Figure	
   S7).	
   Selective	
  
formation	
   of	
   the	
   13C-­‐labelled	
   product	
   in	
   the	
   reaction	
   using	
   a	
  

mixed	
  gas	
  of	
  13C-­‐labelled	
  CO2	
  and	
  non-­‐labelled	
  CO	
  (Scheme	
  S5)	
  
confirmed	
  that	
  this	
  reaction	
  did	
  not	
  proceed	
  via	
  carbonylation	
  
reaction	
   associated	
   with	
   release	
   of	
   CO	
   by	
   reduction	
   of	
   CO2,	
  
which	
   could	
   also	
   give	
   the	
   same	
   carboxylation	
   product.12	
   This	
  
hydrocarboxylation	
   reaction	
   was	
   also	
   applicable	
   to	
   other	
  
styrenes	
  possessing	
   an	
  electron-­‐withdrawing	
   group.	
  Although	
  
the	
  yields	
  became	
  considerably	
  lower	
  as	
  the	
  substrate	
  became	
  
less	
   electron-­‐deficient,	
   the	
   conversion	
   yields	
   were	
   generally	
  
good.	
   Other	
   electron-­‐deficient	
   alkenes	
   such	
   as	
  
methacrylonitrile	
   and	
   an	
   alkyl	
   acrylate	
   also	
   gave	
   the	
  
corresponding	
  hydrocarboxylated	
  product	
  (Table	
  2).	
  

Table	
   2	
   Photocatalytic	
   hydrocarboxylation	
   of	
   other	
   electron-­‐
deficient	
  alkenes	
  by	
  Rh/photoredox	
  catalysis.a	
  

	
  

aNMR	
   yield.	
   GC	
   yields	
   of	
   the	
   hydrogenated	
   byproduct	
   were	
  
<1%	
   for	
   all	
   entries.	
   bisolated	
   yield	
   after	
  methyl	
   esterification.	
  
cisolated	
  yield	
  after	
  acid-­‐base	
  extraction.	
  

The	
   redox-­‐photosensitized	
   reaction	
   with	
   multi-­‐electron	
  
transfer	
  processes	
  has	
  been	
  used	
  for	
  CO2	
  reduction	
  to	
  organic	
  
feedstock	
   such	
   as	
   CO,	
   formic	
   acid	
   and	
   methanol	
   as	
   well	
   as	
  
hydrogen	
   generation	
   reactions.13	
   Although	
   single	
   electron	
  
transfer	
   by	
   photoredox	
   catalyst	
   has	
   been	
   used	
   actively	
   in	
  
organic	
   synthesis,	
   application	
   of	
   such	
   multielectron	
   transfer	
  
processes	
  to	
  other	
  C-­‐C	
  bond	
  forming	
  reactions	
  has	
  been	
  quite	
  
limited,	
  and	
  the	
  reaction	
  with	
  CO2	
  has	
  not	
  been	
  reported	
  yet.	
  
In	
  addition	
  to	
  the	
  photoinduced	
  electron	
  transfer,	
  activation	
  of	
  
the	
   Rh(I)	
   benzyl	
   complex	
   by	
   photoinduced	
   energy	
   transfer	
  
enabled	
   the	
   carboxylation	
   reaction.	
   The	
   combination	
   of	
  
different	
  types	
  of	
  activation	
  of	
  the	
  Rh	
  catalyst	
  by	
   light	
  energy	
  
via	
   photoredox	
   catalyst	
   is	
   the	
   key	
   to	
   construct	
   such	
   a	
   novel	
  
photocatalytic	
  cycle.	
  

In	
   conclusion,	
   the	
   visible	
   light-­‐driven	
   catalytic	
  
hydrocarboxylation	
  of	
   alkenes	
  with	
  CO2	
  was	
   achieved	
   for	
   the	
  
first	
   time	
   by	
   using	
   the	
   Rh(I)	
   hydride	
   complex	
   generated	
   by	
  
photoredox	
   catalysis.	
   Each	
   elementary	
   step	
   of	
   the	
   proposed	
  
catalytic	
  cycle	
  was	
  found	
  to	
  be	
  feasible	
  and	
  visible	
  light	
  energy	
  
was	
  required	
  for	
  the	
  multiple	
  steps.	
  In	
  contrast	
  to	
  the	
  previous	
  
related	
   systems	
   which	
   required	
   more	
   than	
   stoichiometric	
  
amounts	
   of	
   highly	
   reactive	
   metallic	
   species,	
   this	
   strategy	
  
realized	
   a	
   reaction	
   which	
   employs	
   only	
   catalytic	
   amounts	
   of	
  
two	
   metal	
   complexes.	
   These	
   results	
   would	
   open	
   up	
   a	
   new	
  
possibility	
  in	
  the	
  field	
  of	
  CO2	
  fixation	
  chemistry.	
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R''

COOH

R'' = COPh (11b) : 37% (37%)b

CO2Me (11c) : 26% (23%)b

[Rh(4-CF3C6H4)2Cl]2 10b  (3.5 mol%)
[Ru(bpy)3](PF6)2 (2 mol%)

DMA, hv (425 nm), r.t., 24 h

CO2 (1 atm, closed)

H+

iPr2NEt (4 equiv.)

CF3

F3C

50% (34%)b

COOH

46% (36%)c

NC

COOH

R

COOHR'

R

R'

(n-hexyl)O2C

COOH

40%

Cs2CO3 (1.2 equiv.)

11d 11e 11f

7 11
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‡	
  Gaseous	
  H2	
  was	
  not	
  detected	
  by	
  GC-­‐TCD	
  during	
  the	
  reaction.	
  
§	
   5	
   was	
   found	
   to	
   be	
   in	
   equilibrium	
   with	
   4	
   in	
   the	
   presence	
   of	
  
AcOH-­‐iPr2NEt	
   in	
   C6D6	
   (see	
   Scheme	
   S1,	
   S2).	
   This	
   equilibrium	
  
shifted	
   completely	
   to	
   5	
   when	
   the	
   reaction	
   was	
   performed	
   in	
  
DMA.	
  	
  
§§	
  Decomposition	
  of	
  8	
  occurred	
  at	
  higher	
  temperature.	
  
§§§	
   In	
   the	
   cyclic	
   voltammetry	
  measurement	
  of	
  8	
   (generated	
   in	
  
situ	
  by	
  the	
  reaction	
  of	
  5	
  with	
  5	
  equiv.	
  of	
  7a),	
  no	
  reduction	
  wave	
  
was	
  observed	
  in	
  the	
  range	
  of	
  -­‐2.0	
  –	
  0	
  V	
  (0.1	
  M	
  [Bu4N][PF6]	
  /	
  DMF	
  
vs.	
  E	
  (Fc/Fc+)).	
  
	
  
1 For	
  examples	
  of	
  catalytic	
  hydrocarboxylation	
  of	
  alkenes	
  with	
  

CO2,	
  see:	
  a)	
  C.	
  M.	
  Williams,	
  J.	
  B.	
  Johnson	
  and	
  T.	
  Rovis,	
  J.	
  Am.	
  
Chem.	
   Soc.,	
   2008,	
  130,	
   14936;	
   b)	
   C.	
   Hayashi,	
   T.	
   Hayashi,	
   S.	
  
Kikuchi	
   and	
   T.	
   Yamada,	
   Chem.	
   Lett.,	
   2014,	
   43,	
   565;	
   c)	
   C.	
  
Hayashi,	
   T.	
   Hayashi	
   and	
   T.	
   Yamada,	
   Bull	
   Chem.	
   Soc.	
   Jpn.,	
  
2015,	
  88,	
  862;	
  d)	
  S.	
  Kawashima,	
  K.	
  Aikawa	
  and	
  K.	
  Mikami,	
  Eur.	
  
J.	
  Org.	
  Chem.,	
  2016,	
  3166.	
  

2 For	
   examples	
   of	
   catalytic	
   hydrocarboxylation	
   of	
   other	
  
unsaturated	
   hydrocarbons	
   with	
   CO2,	
   see:	
   a)	
   S.	
   Li,	
   W.	
   Yuan	
  
and	
   S.	
  Ma,	
  Angew.	
   Chem.,	
   2011,	
  123,	
   2626;	
  Angew.	
   Chem.	
  
Int.	
  Ed.,	
  2011,	
  50,	
  2578;	
  b)	
  T.	
  Cao	
  and	
  S.	
  Ma,	
  Org.	
  Lett.,	
  2016,	
  
18,	
   1510;	
   c)	
   J.	
   Takaya	
   and	
   N.	
   Iwasawa,	
   J.	
   Am.	
   Chem.	
   Soc.,	
  
2008,	
   130,	
   15254;	
   d)	
   T.	
   Fujihara,	
   T.	
   Xu,	
   K.	
   Semba,	
   J.	
   Terao	
  
and	
  Y.	
  Tsuji,	
  Angew.	
  Chem.	
  Int.	
  Ed.,	
  2011,	
  50,	
  523;	
  e)	
  Y.	
  Tani,	
  
K.	
   Kuga,	
   T.	
   Fujihara,	
   J.	
   Terao	
   and	
   Y.	
   Tsuji,	
  Chem.	
   Commun.,	
  
2015,	
  51,	
   13020;	
   f)	
   C.	
   Zhu,	
   J.	
   Takaya	
   and	
  N.	
   Iwasawa,	
  Org.	
  
Lett.,	
  2015,	
  17,	
  1814;	
  g)	
  X.	
  Wang,	
  M.	
  Nakajima	
  and	
  R.	
  Martin,	
  
J.	
  Am.	
  Chem.	
  Soc.,	
  2015,	
  137,	
  8924.	
  

3 Metal	
  hydride	
  formation	
  by	
  redox-­‐photosensitized	
  reactions	
  
have	
  been	
  proposed	
   in	
   photocatalytic	
   hydrogen	
  production	
  
systems.	
  For	
  selected	
  reviews,	
  see:	
  a)	
  A.	
  J.	
  Esswein	
  and	
  D.	
  G.	
  
Nocera,	
  Chem.	
   Rev.,	
   2007,	
  107,	
   4022;	
   b)	
   A.	
   Inagaki	
   and	
  M.	
  
Akita,	
  Coord.	
   Chem.	
   Rev.,	
   2010,	
  254,	
   1220;	
   c)	
   T.	
   Stoll,	
   C.	
   E.	
  
Castillo,	
  M.	
  Kayanuma,	
  M.	
  Sandroni,	
  C.	
  Daniel,	
   F.	
  Odobel,	
   J.	
  
Fortage	
  and	
  M.	
   -­‐N.	
  Collomb,	
  Coord.	
  Chem.	
  Rev.,	
   2015,	
  304,	
  
20.	
  

4 For	
   selected	
   reviews,	
   see:	
  a)	
  T.	
  P.	
  Yoon,	
  M.	
  A.	
   Ischay	
  and	
   J.	
  
Du,	
  Nat.	
  Chem.,	
  2010,	
  2,	
  527;	
  b)	
  J.	
  M.	
  R.	
  Narayanama	
  and	
  C.	
  
R.	
   J.	
   Stephenson,	
  Chem.	
  Soc.	
  Rev.,	
  2011,	
  40,	
  102;	
   c)	
   J.	
  Xuan	
  
and	
  W.	
  -­‐J.	
  Xiao,	
  Angew.	
  Chem.	
  Int.	
  Ed.,	
  2012,	
  51,	
  6828;	
  d)	
  C.	
  
K.	
   Prier,	
   D.	
   A.	
   Rankic	
   and	
   D.	
  W.	
   C.	
  MacMillan,	
   Chem.	
   Rev.,	
  
2013,	
   113,	
   5322;	
   e)	
   K.	
   L.	
   Skubi,	
   T.	
   R.	
   Blum	
   and	
   T.	
   P.	
   Yoon,	
  
Chem.	
  Rev.,	
  2016,	
  116,	
  10035;	
  f)	
  M.	
  H.	
  Shaw,	
  J.	
  Twilton	
  and	
  D.	
  
W.	
  C.	
  Macmillan,	
  Org.	
  Lett.,	
  2016,	
  81,	
  6898.	
  

5 For	
  examples	
  of	
   transition	
  metal/photoredox	
  dual	
   catalysis,	
  
see:	
  a)	
  M.	
  Osawa,	
  H.	
  Nagai	
  and	
  M.	
  Akita,	
  Dalton	
  Trans.,	
  2007,	
  
827;	
  b)	
  D.	
  Kalyani,	
  K.	
  B.	
  McMurtrey,	
  S.	
  R.	
  Neufeldt	
  and	
  M.	
  S.	
  
Sanford,	
   J.	
   Am.	
   Chem.	
   Soc.,	
   2011,	
   133,	
   18566;	
   c)	
   S.	
   R.	
  
Neufeldt	
   and	
  M.	
   S.	
   Sanford,	
   Adv.	
   Synth.	
   Catal.,	
   2012,	
   354,	
  
3517;	
   d)	
   Y.	
   Ye	
   and	
  M.	
   S.	
   Sanford,	
   J.	
   Am.	
   Chem.	
   Soc.,	
   2012,	
  
134,	
  9034;	
  e)	
  M.	
  Rueping,	
  R.	
  M.	
  Koenigs,	
  K.	
  Poscharny,	
  D.	
  C.	
  
Fabry,	
  D.	
  Leonori	
  and	
  C.	
  Vila,	
  Chem.	
  Eur.	
  J.,	
  2012,	
  18,	
  5170;	
  f)	
  
B.	
  Sahoo,	
  M.	
  N.	
  Hopkinson	
  and	
  F.	
  Glorius,	
  J.	
  Am.	
  Chem.	
  Soc.,	
  
2013,	
   135,	
   5505.	
   g)	
   D.	
   C.	
   Fabry,	
   J.	
   Zoller,	
   S.	
   Raja	
   and	
   M.	
  
Rueping,	
  Angew.	
  Chem.	
   Int.	
  Ed.,	
  2014,	
  53,	
  10228.	
  h)	
  X.	
  Shu,	
  
M.	
  Zhang,	
  Y.	
  He,	
  H.	
  Frei	
  and	
  F.	
  D.	
  Toste,	
   J.	
  Am.	
  Chem.	
  Soc.,	
  
2014,	
  136,	
  5844;	
  i)	
  J.	
  Zoller,	
  D.	
  C.	
  Fabry,	
  M.	
  A.	
  Ronge	
  and	
  M.	
  
Rueping,	
  Angew.	
  Chem.	
  Int.	
  Ed.,	
  2014,	
  53,	
  13264;	
  j)	
  J.	
  C.	
  Tellis,	
  
D.	
  N.	
  Primer	
  and	
  G.	
  A.	
  Molander,	
  Science,	
  2014,	
  345,	
  433;	
  k)	
  
Z.	
  Zuo,	
  D.	
  Ahneman,	
  L.	
  Chu,	
  J.	
  Terrett,	
  A.	
  G.	
  Doyle	
  and	
  D.	
  W.	
  
C.	
   MacMillan,	
   Science,	
   2014,	
   345,	
   437;	
   l)	
   S.	
   B.	
   Lang,	
   K.	
   M.	
  
O’Nele	
  and	
  J.	
  A.	
  Tunge,	
  J.	
  Am.	
  Chem.	
  Soc.,	
  2014,	
  136,	
  13606;	
  
m)	
  W.	
  -­‐J.	
  Yoo,	
  T.	
  Tsukamoto	
  and	
  S.	
  Kobayashi,	
  Angew.	
  Chem.	
  
Int.	
  Ed.,	
  2015,	
  54,	
  6587;	
  n)	
  L.	
  Chu,	
  J.	
  M.	
  Lipshultz	
  and	
  D.	
  W.	
  C.	
  
MacMillan,	
   Angew.	
   Chem.	
   Int.	
   Ed.,	
   2015,	
   54,	
   7929;	
   o)	
   T.	
  
Ghosh,	
  T.	
  Slanina	
  and	
  B.	
  König,	
  Chem.	
  Sci.,	
  2015,	
  6,	
  2027;	
  p)	
  
C.	
  C.	
  Le	
  and	
  D.	
  W.	
  C.	
  MacMillan,	
  J.	
  Am.	
  Chem.	
  Soc.,	
  2015,	
  137,	
  

11938;	
  q)	
  Z.	
  Zuo,	
  H.	
  Cong,	
  W.	
  Li,	
  J.	
  Choi,	
  G.	
  C.	
  Fu	
  and	
  D.	
  W.	
  C.	
  
MacMillan,	
  J.	
  Am.	
  Chem.	
  Soc.,	
  2016,	
  138,	
  1832.	
  

6 UV	
  light-­‐driven	
  carboxylation	
  reactions	
  with	
  CO2	
  have	
  been	
  
reported	
  recently,	
  see:	
  (a)	
  T.	
  Masuda,	
  N.	
  Ishida	
  and	
  M.	
  
Murakami,	
  J.	
  Am.	
  Chem.	
  Soc.,	
  2015,	
  137,	
  14063.	
  (b)	
  N.	
  Ishida,	
  
Y.	
  Masuda,	
  S.	
  Uemoto	
  and	
  M.	
  Murakami,	
  Chem.	
  Eur.	
  J.,	
  2016,	
  
22,	
  6524.	
  (c)	
  H.	
  Seo,	
  M.	
  H.	
  Katcher	
  and	
  T.	
  F.	
  Jamison,	
  Nat.	
  
Chem.,	
  DOI:	
  10.1038/nchem.2690.	
  

7 a)	
  K.	
  Ukai,	
  M.	
  Aoki,	
   J.	
  Takaya	
  and	
  N.	
   Iwasawa,	
   J.	
  Am.	
  Chem.	
  
Soc.,	
   2006,	
   128,	
   8706;	
   b)	
   H.	
   Mizuno,	
   J.	
   Takaya	
   and	
   N.	
  
Iwasawa,	
   J.	
  Am.	
  Chem.	
  Soc.,	
  2011,	
  133,	
  1251;	
   c)	
  T.	
  Suga,	
  H.	
  
Mizuno,	
   J.	
   Takaya	
   and	
   N.	
   Iwasawa,	
   Chem.	
   Commun.,	
   2014,	
  
50,	
   14360;	
   During	
   this	
   work,	
   Rh(I)-­‐catalyzed	
  
hydrocarboxylation	
  using	
  Et2Zn	
  as	
  a	
  stoichiometric	
  reductant	
  
was	
  reported.	
  See:	
  ref.	
  1d.	
  

8 For	
   examples	
   of	
   photocatalytic	
   hydrogen	
   production	
   by	
   a	
  
Wilkinson-­‐type	
  complex,	
  see:	
  a)	
  S.	
  Oishi,	
  J.	
  Mol.	
  Catal.,	
  1987,	
  
39,	
   225;	
   b)	
   R.	
   Bauer	
   and	
   H.	
   A.	
   F.	
  Werner,	
   Int.	
   J.	
   Hydrogen	
  
Energy,	
  1994,	
  19,	
  497.	
  

9 For	
  examples	
  of	
  catalytic	
  organic	
  transformations	
  mediated	
  
by	
  reductive	
  quenching	
  cycle	
  of	
  [Ru(bpy)3]

2+,	
  see:	
  a)	
  C.	
  Pac,	
  
M.	
  Ihama,	
  M.	
  Yasuda,	
  Y.	
  Miyauchi	
  and	
  H.	
  Sakurai,	
  J.	
  Am.	
  
Chem.	
  Soc.,	
  1981,	
  103,	
  6495;	
  b)	
  D.	
  A.	
  Nicewicz	
  and	
  D.	
  W.	
  C.	
  
Macmillan,	
  Science,	
  2008,	
  322,	
  77;	
  c)	
  M.	
  A.	
  Ischay,	
  M.	
  E.	
  
Anzovino,	
  J.	
  Du	
  and	
  T.	
  P.	
  Yoon,	
  J.	
  Am.	
  Chem.	
  Soc.,	
  2008,	
  130,	
  
12886;	
  d)	
  J.	
  M.	
  R.	
  Narayanam,	
  J.	
  W.	
  Tucker	
  and	
  C.	
  R.	
  J.	
  
Stephenson,	
  J.	
  Am.	
  Chem.	
  Soc.,	
  2009,	
  131,	
  8756;	
  e)	
  T.	
  Koike	
  
and	
  M.	
  Akita,	
  Chem.	
  Lett.,	
  2009,	
  38,	
  166.	
  

10 The	
  addition	
  reaction	
  of	
  alkylaluminum	
  complexes	
  to	
  CO2	
  by	
  
photochemical	
   activation	
  was	
   reported,	
  but	
   there	
  has	
  been	
  
no	
   example	
   on	
   transition	
   metal	
   complexes	
   activated	
   by	
  
either	
   direct	
   photoexcitation	
   or	
   photoinduced	
   energy	
  
transfer.	
   See:	
   a)	
   M.	
   Komatsu,	
   T.	
   Aida	
   and	
   S.	
   Inoue,	
   J.	
   Am.	
  
Chem.	
  Soc.,	
  1991,	
  113,	
  8492;	
  b)	
  Y.	
  Hirai,	
  T.	
  Aida	
  and	
  S.	
  Inoue,	
  
J.	
  Am.	
  Chem.	
  Soc.,	
  1989,	
  111,	
  3062.	
  

11 For	
   examples	
   of	
   photocatalytic	
   organic	
   transformations	
  
mediated	
  by	
  triplet-­‐triplet	
  energy	
  transfer,	
  see:	
  a)	
  H.	
  Ikezawa,	
  
C.	
   Kutal,	
   K.	
   Yasufuku	
   and	
   H.	
   Yamazaki,	
   J.	
   Am.	
   Chem.	
   Soc.,	
  
1986,	
  108,	
  1589;	
  b)	
  M.	
  Osawa,	
  M.	
  Hoshino	
  and	
  Y.	
  Wakatsuki,	
  
Angew.	
  Chem.	
  Int.	
  Ed.,	
  2001,	
  40,	
  3472;	
  c)	
  R.	
  R.	
  Islangulov	
  and	
  
F.	
  N.	
  Castellano,	
  Angew.	
  Chem.,	
  Int.	
  Ed.,	
  2006,	
  45,	
  5957;	
  d)	
  Z.	
  
Lu	
  and	
  T.	
  P.	
  Yoon,	
  Angew.	
  Chem.,	
  Int.	
  Ed.,	
  2012,	
  51,	
  10329;	
  e)	
  
E.	
  P.	
  Farney	
  and	
  T.	
  P.	
  Yoon,	
  Angew.	
  Chem.	
  Int.	
  Ed.,	
  2014,	
  53,	
  
793.	
  

12 T.	
   G.	
   Ostapowicz,	
   M.	
   Schmitz,	
   M.	
   Krystof,	
   J.	
   Klankermayer	
  
and	
  W.	
  Leitner,	
  Angew.	
  Chem.	
  Int.	
  Ed.,	
  2013,	
  52,	
  12119.	
  

13 For	
  selected	
  reviews,	
  see:	
  a)	
  A.	
  J.	
  Morris,	
  G.	
  J.	
  Meyer	
  and	
  E.	
  
Fujita,	
  Acc.	
  Chem.	
  Res.,	
  2009,	
  42,	
  1983;	
  b)	
  H.	
  Takeda	
  and	
  O.	
  
Ishitani,	
  Coord.	
  Chem.	
  Rev.,	
  2010,	
  254,	
  346;	
  c)	
  M.	
  D.	
  Doherty	
  
and	
  D.	
  C.	
  Grills,	
  J.	
  T.	
  Muckerman,	
  D.	
  E.	
  Polyansky	
  and	
  E.	
  Fujita,	
  
Coord.	
  Chem.	
  Rev.,	
  2010,	
  254,	
  2472.	
  

Page 4 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
01

7.
 D

ow
nl

oa
de

d 
by

 F
ud

an
 U

ni
ve

rs
ity

 o
n 

20
/0

2/
20

17
 1

0:
33

:2
3.

 

View Article Online
DOI: 10.1039/C7CC00678K

http://dx.doi.org/10.1039/c7cc00678k

