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A	  Facile	  Approach	  to	  β-‐Amino	  Acid	  Derivatives	  via	  Palladium-‐
Catalyzed	  Hydrocarboxylation	  of	  Enimides	  with	  Formic	  Acid	  	  
Jie	  Dai,a	  Wenlong	  Ren,a	  Haining	  Wang,a	  and	  Yian	  Shi*,a,b,c	  	  

Abstract:	   	   An	   effective	   Pd(0)-‐catalyzed	   hydrocarboxylation	   of	  
enimides	  with	   formic	  acid	   in	   the	  presence	  of	  catalytic	  amount	  of	  
HCOOPh	   is	   described.	   	   A	   variety	   of	   β-‐amino	   acid	   derivatives	   are	  
obtained	   in	  good	  yields	  with	  high	  regioselectivities	  without	  using	  
external	  toxic	  CO	  gas	  .	  	  

β-‐Amino	   acids	   are	   important	   functional	   moieties	   present	   in	  
various	   peptides,	   peptidomimetics,	   and	   biologically	   active	  
compounds.1	   	  A	  variety	  of	  effective	  methods	  have	  been	  developed	  
for	   the	   synthesis	   of	   this	   class	   of	   compounds.2	   	   The	  
hydrocarbonylation	   of	   enamines	   and	   related	   compounds	   would	  
provide	   an	   attractive	   approach	   to	   β-‐amino	   acids	   and	   their	  
derivatives	  (Scheme	  1).3	  	  Thus	  far,	  a	  number	  of	  such	  processes	  have	  
been	  reported	  primarily	  with	  N-‐ethenylphthalimide	  as	  substrate.4-‐7	  	  
Developing	  a	  reaction	  process	  with	  a	  broad	  substrate	  scope	  is	  highly	  
desirable.	  	  During	  our	  continuing	  studies	  on	  the	  hydrocarbonylation	  
of	  olefins	  without	  using	  external	  CO	  gas,8-‐11	  we	  have	  recently	  found	  
that	  carboxylic	  acids	  can	  be	  obtained	  from	  olefins	  with	  HCOOH	  and	  
HCOOPh	   in	   the	   presence	   of	   Pd(0)	   catalyst.12	   Our	   further	   studies	  
show	  that	  this	  system	  is	  also	  highly	  effective	  for	  various	  substituted	  
N-‐vinylphthalimides,	   giving	   the	   corresponding	   β-‐amino	   acid	  
derivatives	   in	   good	   yields	   and	   high	   regioselectivities	   (Scheme	   2).	  	  
Herein,	  we	  wish	  to	  report	  our	  preliminary	  results	  on	  this	  subject.	  

Scheme	  1.	  	  Hydrocarbonylation	  with	  CO	  

	  

Scheme	  2.	  	  Hydrocarboxylation	  with	  HCOOH	  	  

	  

	  

	  

N-‐Vinylphthalimide	  1b	  was	  used	  as	  the	  test	  substrate	  for	  initial	  
studies.	   	   Only	   trace	   amount	   of	   acid	  2b	   was	   formed	  when	  1b	   was	  
treated	   with	   5	   mol	   %	   Pd(PPh3)4,	   1.2	   equiv	   HCOOPh,	   and	   1	   equiv	  
HCOOH	  in	  toluene	  at	  80	  oC	  for	  16	  h	  (Table	  1,	  entry	  1).	  	  The	  reaction	  
was	   subsequently	   examined	   with	   several	   Pd	   catalysts	   in	   the	  
presence	   of	   PPh3	   (Table	   1,	   entries	   2-‐5).	   	   	   The	   best	   yield	   was	  
obtained	  with	  (η3-‐C3H5)2Pd2Cl2	  (APD).	   	  Further	  studies	  showed	  that	  
the	   ligand	  had	  a	  profound	  impact	  on	  the	  reaction	  (Table	  1,	  entries	  
6-‐14).	  	  The	  best	  results	  were	  obtained	  with	  P(p-‐tolyl)3	  and	  DPEphos	  
(L3)	  (Table	  1,	  entries	  7	  and	  14).	  	  Acid	  2b	  was	  obtained	  in	  93%	  yield	  
with	   ligand	  L3	  when	  2	  equiv	  HCOOH	  was	  used	   (Table	  1,	  entry	  15).	  	  
In	   this	   case,	   little	   ester	  3b	   was	   observed	   from	   the	   crude	   reaction	  
mixture	  by	  1H	  NMR.	  	  A	  high	  yield	  (93%)	  was	  still	  obtained	  with	  less	  
amount	  of	  the	  catalyst	  (0.5	  mol	  %)	  and	  catalytic	  amount	  of	  HCOOPh	  
(Table	   1,	   entry	   16).12	   	   The	   reaction	   also	   proceeded	   efficiently	   at	  
lower	  temperature	  (60	  oC)	  (Table	  1,	  entry	  17).	  	  Ester	  3b	  was	  isolated	  
in	  good	  yield	  when	  the	  reaction	  was	  carried	  out	   in	   the	  absence	  of	  
HCOOH	  (Table	  1,	  entry	  18).	  	  

As	   shown	   in	   Table	   2,	   the	   hydrocarboxylation	   reaction	   can	   be	  
extended	   to	   various	   substituted	   N-‐vinylphthalimides,	   giving	   the	  
corresponding	  carboxylic	  acids	   in	  60-‐98%	  yield	  (the	  X-‐ray	  structure	  
of	  acid	  2a	  is	  shown	  in	  Figure	  1).	  	  The	  R	  group	  can	  be	  both	  alkyl	  and	  
aromatic	  groups.	  	  The	  alkyl	  groups	  can	  be	  linear	  (2b-‐e)	  or	  branched	  
(2f)	  alkanes.	  	  The	  phenyl	  groups	  can	  have	  various	  substituents	  (2h-‐
l).	   	   In	   all	   cases,	   the	   hydrocarboxylation	   proceeded	   highly	  
regioselectively.	   	   As	   illustrated	   in	   the	   case	   of	   2c,	   the	   phthalimide	  
was	   readily	   hydrolyzed	   to	   the	   corresponding	   β-‐amino	   acid	   (3c)	   in	  
98%	  yield	  with	  hydrazine	  hydrate	  in	  ethanol	  (Scheme	  3).13	  
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Table	  1.	  	  Optimization	  of	  the	  reaction	  conditionsa	  

	  

	  

entry [Pd] (mol %) ligand        
(mol %) 

HCOOH 
(equiv) 

yield (%)b 
2b 

(((0(

3) 

3b 
1 Pd(PPh3)4 (5) - 1 trace 0 
2 Pd(OAc)2 (5) PPh3 (20) 1 28 0 

3 Pd(dba)2 (5) PPh3 (20) 1 29 0 

4 Pd(acac)2 (5) PPh3 (20) 1 32 0 

5c APD (2.5) PPh3 (20) 1 68 0 

6 APD (2.5) P(o-tolyl)3 (20) 1 0 0 

7 APD (2.5) P(p-tolyl)3 (20) 1 81 0 

8 APD (2.5) L1 (20) 1 trace 0 

9 APD (2.5) dppe (10) 1 0 0 

10 APD (2.5) dppp (10) 1 27 0 

11 APD (2.5) dppb (10) 1 65 12d 

12 APD (2.5) dppf (10) 1 51 15d 

13 APD (2.5) L2 (10) 1 58 17d 

14 APD (2.5) L3 (10) 1 77 14d 

15 APD (2.5) L3 (10) 2 93 0 

16e, f APD (0.5) L3 (2) 2 93 0 

17e, g APD (0.5) L3 (2) 2 93 0 

18 h APD (2.5) L3 (10) 0 0 86 
	  

	  

	  

aThe	   reactions	  were	   carried	  out	  with	  1b	   (0.50	  mmol),	   [Pd]	   (0.0050	  mmol),	  
ligand	   (0.050	  mmol	  or	  0.10	  mmol,	  P/Pd	  =	  4/1),	  HCOOPh	   (0.60	  mmol),	   and	  
HCOOH	   (0.50-‐1.0	   mmol)	   in	   toluene	   (0.50	   mL)	   at	   80	   oC	   for	   16	   h	   unless	  
otherwise	  stated.	   	  bIsolated	  yield.	   	   cAPD	  =	   (η3-‐C3H5)2Pd2Cl2.	   	  

dThe	  yield	  was	  
determined	  from	  the	  crude	  reaction	  mixture	  by	  1H	  NMR	  with	  BnOCH3	  as	  an	  
internal	  standard.	  	  eWith	  0.10	  mmol	  of	  HCOOPh.	  	  fAt	  80	  oC	  for	  24	  h.	  	  gAt	  60	  
oC	  for	  24	  h.	  	  hIn	  toluene	  (0.2	  mL)	  at	  80	  oC	  for	  24	  h.	  

	  

Figure	  2.	  	  X-‐ray	  structure	  of	  compound	  2a	  

	  

	  

	  

	  

	  

	  

Table	  2.	  	  Hydrocarboxylation	  of	  enimidesa,b	  

	  
	  
	  
	  
	  

	  
 
 
 
 
        2a,c 91%  

	  
 
 
 
 
2b, 93% 

	  	  
	  

 
 
 
         2c, 86%	  

	  	  	  	  	  	  
	  
	  
	  
	  	  	  	  	   2d, 95%	  

	  
	  

 
 
 
         2e, 98% 

	  
	  
	  
	  

2f, 98% 
	  

 
 
 
 
         2g, 80% 

	  
 
 
 
 
2h, 78% 

	  
 
 
 
 
 
         2i, 60% 

	  
 
 
 
 
 
2j, 86% 

	  
	  

 
 
 
         2k,d 90% 

	  
 
 
 
 
2l, 82% 

aThe	  reactions	  were	  carried	  out	  with	  1	  (0.50	  mmol),	  (η3-‐C3H5)2Pd2Cl2	  (0.0025	  
mmol),	  L3	   (0.010	  mmol),	  HCOOPh	   (0.10	  mmol),	   and	  HCOOH	   (1.0	  mmol)	   in	  
toluene	  (0.50	  mL)	  at	  80	  oC	  for	  24	  h	  unless	  otherwise	  stated.	  	  bIsolated	  yield.	  	  
cIn	  0.2	  mL	  of	  toluene.	  	  dAt	  60	  oC	  for	  24	  h.	  

	  

Scheme	  3.	  	  Hydrolysis	  of	  phthalimide 
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A	   precise	   understanding	   of	   the	   reaction	   mechanism	  
awaits	   further	   study.	   	   A	   catalytic	   cycle	   analogous	   to	   the	  
previously	   proposed	   pathway	   is	   shown	   in	   Scheme	   4.12	   	   The	  
oxidative	  addition	  of	  Pd(0)	  to	  HCOOPh	  gave	  palladium	  hydride	  
complex	   5,	   which	   rearranged	   to	   complex	   6.	   	   The	  
hydropalladation	   of	   the	   enimide	   (1a)	   by	   6	   generated	   alkyl	  
palladium	   complex	   7,	   which	   gave	   acylpalladium	   complex	   8	  
after	   a	   migratory	   insertion.	   	   The	   PhO	   group	   of	   8	   was	  
subsequently	   replaced	   by	   the	   formate	   to	   give	   complex	   9,	  
which	   underwent	   a	   reduction	   elimination	   to	   form	   mixed	  
anhydride	   10	   with	   regeneration	   of	   the	   Pd(0)	   catalyst.	  	  
Anhydride	  10	  was	  converted	  to	  carboxylic	  acid	  2a	  by	  reacting	  
with	   PhOH	   and/or	   via	   decomposition	   under	   the	   reaction	  
conditions.	   	   In	  the	  absence	  of	  HCOOH,	  acylpalladium	  complex	  
8	  can	  undergo	  a	  reductive	  elimination	  to	  an	  ester	  (3a).	  

	  

Scheme	  4.	  	  Proposed	  catalytic	  cycle	  for	  hydrocarboxylation	  

	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
	  

In	  summary,	  we	  have	  developed	  an	  efficient	  Pd-‐catalyzed	  
hydrocarboxylation	   of	   enimides	   with	   HCOOH	   and	   catalytic	  
amount	   of	   HCOOPh.	   	   A	   variety	   of	   β-‐amino	   acid	   derivatives	  
have	   been	   obtained	   in	   60-‐98%	   yields	   with	   high	  
regioselectivities.	   	   The	   reaction	   is	   operationally	   simple	   and	  
requires	   no	   handling	   of	   toxic	   CO	   gas.	   	   The	   current	   process	  
provides	   a	   potentially	   useful	   method	   for	   the	   synthesis	   of	   β-‐
amino	   acids	   and	   their	   derivatives.	   	   Further	   efforts	   will	   be	  
devoted	   to	   better	   understanding	   the reaction	   mechanism,	  
further	   expanding	   the	   substrate	   scope,	   and	   developing	   the	  
asymmetric	  process	  for	  the	  hydrocarboxylation	  reaction.	  
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