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Alkylation pathways for olefins with metals"
§  Ac#va#on	  of	  C-‐H	  bond	  (sp2	  and	  sp3)	  

§  Ac#va#on	  of	  olefin	  for	  alkyla#on	  
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Lewis acid activation"
§  The	  fundamental	  role	  of	  a	  Lewis-‐acid	  catalyst	  lies	  in	  the	  ac#va#on	  of	  the	  C=X	  bond;	  where	  (X	  

=	  O,	  NR,	  CR2),	  thereby	  decreasing	  the	  LUMO	  energy	  and	  promo#ng	  nucleophilic	  addi#on	  to	  
the	  C=X	  bond.	  

§  Classic	  Lewis	  acids	  (i.e.	  BCl3,	  AlCl3,	  etc.)	  make	  strong	  σ-‐complexes	  with	  carbonyl	  and	  imine	  
groups	  	  
§  Used	  in	  Friedel-‐CraRs,Diels-‐Alder,	  and	  other	  electrophilic	  reac#ons	  

§  	  Transi/on	  metal	  Lewis	  acids	  can	  be	  bifunc#onal	  
§  Ac#va#ng	  olefins	  through	  π-‐binding	  or	  (and)	  make	  the	  σ-‐complexes	  with	  heteroatoms	  

will be used remains to be a difficult task, although this
knowledge is essential for designing intelligent synthetic strate-
gies on the way to the desired products.1a Classic Lewis acids,
such as BCl3, AlCl3, etc., are known to make strong σ-complexes
with carbonyl and imine groups2 that make them versatile
catalysts of the Friedel-Crafts,3 Diels-Alder,4 and other
electrophilic reactions (Scheme 1).
On the other hand, the salts of transition metals can operate

as bifunctional Lewis acids activating either (or both) carbon-
carbon multiple bonds via π-binding or (and) make the
σ-complexes with heteroatoms in the same fashion as the
conventional Lewis acids (Scheme 1).1c,d
An attempt to classify various Lewis acids by their relative

ability for making σ- and π-complexes with appropriate
substrates is useful for the deliberate choice of catalysts for the
desired transformations, especially in the cases when bi- or
polyfunctional substrates are involved. Another stimulating
objective of this study was to look for the reasons of the recent
growing popularity of gold catalysts used as Lewis acids in
various catalytic transformations.5 Indeed, the reactions cata-
lyzed by auric salts have demonstrated outstanding growth from
almost complete neglect before 20006 to the extremely hot area
in 2006.7 Table 1 shows the computed heats of formation for

the generation of complexes between unsaturated compounds
with representative metal chlorides.8 Additionally, the relative
stabilities of the corresponding associates are shown. The lower
values of the ∆Haldehyde(imine)/∆Hacetylene(alkene) indicate the greater
trend for binding with the corresponding carbon-carbon
multiple bonds.
As could be expected, the main group chlorides show much

stronger complexes with heteroatoms than with carbon-carbon
multiple bonds. However, if for BCl3 this trend is clear-cut,
MgCl2 and AlCl3 are not completely incapable of the association
to acetylenic or olefinic bonds.
Among the investigated chlorides, PtCl2 invariably demon-

strates the highest heats of formation as well as the highest
preferences for binding with carbon-carbon multiple bonds.
This finding corresponds well with a wide range of catalytic
applications of platinum catalysts. One should take into account,
however, that platinum chloride is a polymer; hence the very
similar values demonstrated by AuCl, which is soluble in many
organic solvents, might mean that in practice this is a better
homogeneous catalyst.
Comparing the ratios of the heats of formation for the Lewis

acids containing the same metal in different oxidation state
(CuCl and CuCl2, AuCl and AuCl3), one can conclude that the
lower oxidation state of the catalyst increases the relative
strength of coordination to the carbon-carbon multiple bonds.
The conclusion from comparing the data of Table 1 for the

aromatic and aliphatic substrates is that there is no significant
difference either in the absolute values or in their ratios. This
result allows one to restrict the further analysis for only one set
of substrates.
As a next step, the dependence of the heats of formation of

the adducts between benzaldehyde 1, benzimine 2, and phenyl-
acetylene 3 and different salts of coinage metals (Cu, Ag, Au)
and Pt in the lowest oxidation state was investigated (Figure
1).

SCHEME 1

FIGURE 1. Plots displaying the absolute and relative (bottom right) heats of formation for various coinage metals, salts, and representative
substrates.
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Choosing your metal"



Heats of formation for generated LA-olefin  complexes"

The halogenides of all four metals follow the same trend:
the heats of formation increase with decreasing nucleophilicity
of the anion (from Br to F). Simultaneously, the relative ability
of corresponding Lewis acids to bind with phenylacetylene,
which is reflected in decreasing values of ∆H1/∆H3 and ∆H2/

∆H3, increases. For AuCl and CuCl, the same trend prevails
when coming to the completely non-nucleophilic anions (BF4,
PF6, SbF6): the heats of formation increase together with relative
affinity to the triple bond. This effect is almost absent for silver,
whereas platinum demonstrates irregular behavior caused by

TABLE 1. Computed Heats of Formation (B3LYP/SDD, kcal mol-1)a and Their Selected Ratios (Shown in Bold) of the Substrates 1-8 with
Representative Lewis Acids

a In the gas phase. The heats of formation were calculated by subtraction of the absolute energies of the starting compounds from the absolute energy of
the optimized complex between the substrate and the Lewis acid.
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What type of olefins are we looking for"
§  mono-‐	  to	  tetra-‐	  subs#tuted	  olefins	  

§  Simple	  alkyl	  or	  styrene	  type	  olefins	  
§  Styrene	  olefins	  are	  somewhat	  “ac#vated	  

(Suffer	  from	  polymeriza#ons)	  

§  Avoid	  1,4-‐type	  Michael	  acceptors	  
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R4
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Overview"
§  Hydroalkyla/on	  of	  pronucleophiles	  

§  1,3-‐Diene	  alkyla#on	  

§  Intramolecular	  olefin	  alkyla#on	  	  

§  Intermolecular	  olefin	  alkyla#on	  	  	  

§  Hydroalkyla/on	  of	  electron	  rich	  arenes	  

§  Electron	  rich	  benzene	  rings	  

§  Electron	  rich	  heterocycles	  	  

Ross	  Widenhoefer	  
Duke	  University	  
~20	  years	  

Chi-‐Ming	  Che	  
University	  of	  Hong	  Kong	  
~25	  years	  

Chao-‐Jun	  Li	  
McGill	  University	  
~20	  years	  



§  Palladium	  catalyzed	  telomeriza#on	  of	  dienes	  –	  discovered	  in	  1967	  by	  Smutny	  
§  Dimeriza#on	  of	  butadiene	  (or	  even	  trimeriza#on)	  
§  Similar	  to	  allylic	  subs#tu#on	  pathways	  –	  alleviates	  use	  of	  bases	  and	  leaving	  groups	  

	  

§  C-‐C	  bond	  formed	  from	  ac#vated	  methylene	  species	  with	  electron-‐withdrawing	  groups,	  or	  
pronucleophiles	  

Pronucleophile alkylation of 1,3-dienes"
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1.1 From Discovery to Commercialization

The telomerization reaction was discovered independently by both Smutny [2] and
Takahashi et al. [3] in 1967, while working on the palladium-catalyzed dimeriza-
tion of 1,3-butadiene. Smutny reported on the reaction between butadiene and
phenol, which, in the presence of PdCl2 as the catalyst and sodium phenoxide as
a strong base, gave 96% conversion of phenol to 1-phenoxy-2,7-octadiene. The
reaction proved remarkably robust, as it could be run over a broad temperature
(0–150!C) and pressure range. It was also not sensitive to the addition of poisons
and relatively free of by-products. Smutny already noted the importance of the
presence of a strong base and that the reaction could also be run neat. In addition to
various substituted phenols, other telogens such as carboxylic acids, alcohols and
amines all could be successfully converted. The addition of triphenylphosphine to
the crude reaction mixture after telomerization, at 0!C, yielded 1,3,7-octatriene
after distillation under reduced pressure, already hinting at the fact that product
formation is reversible for selected substrates. At around the same time, Takahashi
and co-workers used a bis(triphenylphosphine)(maleic anhydride) palladium com-
plex as catalyst in solvents such as acetone, benzene or tetrahydrofuran and first
reported the formation of a dimerization product, identified as 1,3,7-octatriene,
from butadiene. When done in alcohols or carboxylic acids, a mixture of the
telomerization products and 1,3,7-octatriene was obtained. Methanol gave a 90%
yield of mainly the linear product, whereas the more sterically hindered alcohol
isopropanol mainly led to the production of 1,3,7-octatriene (72% yield based on
butadiene) [3]. These first reports on the telomerization reaction thus not only
demonstrated the broad scope of this rather versatile reaction, but also already
included or pointed at many of the salient features of the process.

Since its discovery in the late 1960s, the telomerization process has matured and
been commercialized. The Kuraray company first commercialized an application of
the telomerization process in 1991 by producing the plasticizer 1-octanol on a scale
of 5,000 ton/year via the dimerization of 1,3-butadiene with the addition of water to

NuH
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H H

Nu
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vinylcyclohexene1,3,7-octatriene

+

byproducts:

Scheme 1 Generalized reaction scheme for the Pd-catalyzed telomerization of 1,3-butadiene with
nucleophile NuH
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First alkylation with 1,3-butadiene"
§  Hata	  group	  in	  1971	  disclosed	  first	  ac#vated	  methylene	  alkyla#on	  

§  PdCl2	  salts	  were	  effec#ve	  catalysts,	  with	  Pd(0)	  species	  also	  showing	  reac#vity	  without	  
the	  basic	  addi#ve	  –	  but	  lower	  yields	  

	  
§  Reac#vity	  trend	  

§  Importantly,	  no	  O-‐alkyla/on	  observed	  
§  Pt(II)	  salts	  also	  worked,	  but	  not	  efficiently	  
§  Without	  PPh3	  à	  phenol	  would	  add	  into	  the	  telomer	  
§  Authors	  believed	  a	  Pd(0)-‐PPh3	  species	  was	  ac#ve	  catalyst	  

+
PdCl2(PPh3)2

PhONa or MeONa
85 °C, 25-180 min

CO2Et

MeOC

87%

OO

CO2Me

O CHO

87%93%

61%

CO2Me

CO2Et

MeOC R

R=

R

R

R

Hata.	  J.	  Org.	  Chem.	  1971,	  36,	  2116	  

2,7-‐octadienyl	  species	  

O O O O

O
>> O

O

O

O

pka = 9 11 13



Expansion of this chemistry"
§  Bidentate	  ligands	  inhibit	  dimeriza#on	  of	  dienes	  
§  Subs#tuted	  dienes	  only	  afford	  1:1	  adduct	  forma#on	  

§  Years	  later,	  expanded	  addi#ons	  to	  more	  important	  dienes	  

PdBr2(dppe)2 (0.3 mol%)
PhONa (3 mol%)

137-150 °C

O

O O
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12% 46%
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Baker.	  Tet.	  Le2.	  1978,	  38,	  3575	  

Switching	  to	  Ni(II)	  lead	  to	  
branched	  products	  
selec#vely	  

Hata.	  Bull.	  Chem.	  Soc.	  Jap.	  1972,	  45,	  1183	  

Internal	  subs#tu#on	  =	  linear	  product	  
	  
Terminal	  subs#tu#on	  =	  branched	  
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PdCl2 (2 mol%), dppe (2 mol%)
NaOPh (20 mol%), EtOH (5 M)

100 °C, 18h
57%

+

MeOC CO2Et
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+   branched



Mechanistic Analysis"
§  Electron	  rich	  palladium(0)	  deprotonates	  acidic	  C-‐H	  bond	  of	  the	  pronucleophile	  

§  Without	  bulky	  bidentate	  ligands,	  the	  telomeriza#on	  reac#on	  can	  occur	  

§  Not	  a	  carbometallaAon	  reacAon!	  

Jolly.	  Organometallics	  1985,	  4,	  1945.	  Organometallics	  1986,	  5,	  473	  
Hartwig.	  J.	  Org.	  Chem.	  2004,	  69,	  7552.	  
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Improving diene alkylation"
§  Modifying	  the	  basicity	  and	  biden#city	  of	  the	  palladium(0)-‐ligands	  eliminated	  the	  usage	  of	  

alkoxides.	  	  

	  
§  Trost	  used	  simpler	  dppe	  to	  achieve	  alkyla#on	  with	  more	  detailed	  substrate	  scope	  
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Most recent 1,3-diene alkylations"
	  

	  

§  Hartwig	  greatly	  expanded	  the	  field	  

Jolly.	  J.	  Organomet.	  Chem.	  1995,	  486,	  163	  
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Overview"
§  Hydroalkyla/on	  of	  pronucleophiles	  

§  1,3-‐Diene	  alkyla#on	  

§  Intramolecular	  olefin	  alkyla#on	  	  

§  Intermolecular	  olefin	  alkyla#on	  	  	  

§  Hydroalkyla/on	  of	  electron	  rich	  arenes	  

§  Electron	  rich	  benzene	  rings	  

§  Electron	  rich	  heterocycles	  	  



Intramolecular olefin alkylations"
§  Pioneered	  by	  Widenhoefer	  of	  Duke	  University	  
§  Analogous	  transforma#on	  to	  the	  Michael	  reac#on,	  except	  no	  preac#va#on	  required	  
§  Major	  issue	  with	  this	  chemistry	  =	  avoiding	  over	  oxida3on	  

§  PdCl2	  salts	  were	  found	  to	  catalyze	  diketone	  alkyla#ons	  without	  oxidants	  at	  room	  temp!	  

§  Less	  acidic	  substrates	  required	  stoichiometric	  TMSCl	  and	  CuCl2	  oxidants	  
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62-93%R1 = alkyl, benzyl
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R2 R2

Ø  Endo	  selec#ve	  alkyla#on	  
Ø  Trisubs#tuted	  olefins	  were	  poor	  substrates	  

Murahashi.	  Acc.	  Chem.	  Res.	  1990,	  23,	  49	  

Widenhoefer.	  JACS	  2001,	  123,	  11290	  

Widenhoefer.	  Chem	  Commun	  2002,	  650	  

Ø  TMSCl	  proposed	  to	  increase	  enol	  tautomer	  
Ø  CuCl2	  prevents	  catalyst	  decomposi#on	  



Mechanism study"
§  So	  why	  did	  Pd(II)	  not	  get	  reduced	  to	  Pd(0)	  under	  these	  condi#ons?	  

§  U#lized	  deuterium	  studies	  
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Mechanism study"
§  So	  why	  did	  Pd(II)	  not	  get	  reduced	  to	  Pd(0)	  under	  these	  condi#ons?	  

§  U#lized	  deuterium	  studies	  
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Mechanism study continued"
§  How	  does	  the	  protonolysis	  work?	  –	  Why	  no	  elimina#on?	  

Conversion of 1-1,1,1,5,5-d5 and 1-6,6-d2 to 3-2,3-d2-6-COCD3
and trans-3-4,5-d2, respectively (eqs 4 and 5), is consistent with
isomerization of II to the palladium enolate complex VII via
successive !-hydride elimination/addition (Scheme 2).13 Isomer-
ization of II to VII prior to protonolysis is not surprising given the
high reactivity of palladium(II) alkyl complexes toward !-hydride
elimination/addition.14 The stereoselective conversion of 1-6,6-d2
to trans-3-4,5-d2 precludes reversible olefin displacement from
intermediate IV (Scheme 2) and also establishes that the stereo-
chemistry generated via initial cyclization of (E)- and (Z)-1-7,8-d2
is retained upon subsequent conversion to cis- and trans-3-3,4-d2,
respectively. Although we were unable to determine the stereo-

chemistry of 3-2,3-d2-6-COCD3 formed in the cyclization of
1-1,1,1,5,5-d5 (eq 4), we presume that intermediate VI is also stable
toward olefin displacement (Scheme 2). The failure to form
detectable amounts of 3-3,4-d2 in the cyclization of 1-8,8-d2 (eq 6)
precludes protonolysis from the palladium !-diketonate complex
VIII, but does not rule out reversible formation of VIII (Scheme
2).
In summary, we have presented a deuterium labeling study that

provides insight into the mechanism of the palladium-catalyzed
intramolecular hydroalkylation of 7-octene-2,4-dione (1). These
experiments are in accord with a mechanism involving attack of
the enol carbon atom on the palladium-complexed olefin of III
followed by palladium migration and protonolysis from the pal-
ladium enolate complex VII (Scheme 2). Further studies in this
area will be directed toward elucidating the structure of palladium
enolate complex VII and toward understanding the potential role
of !-diketonate complex VIII in palladium-catalyzed hydro-
alkylation.
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Zetterberg, K. Tetrahedron Lett. 1974, 1363. (b) Åkermark, B.; Bäckvall,
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Conversion of 1-1,1,1,5,5-d5 and 1-6,6-d2 to 3-2,3-d2-6-COCD3
and trans-3-4,5-d2, respectively (eqs 4 and 5), is consistent with
isomerization of II to the palladium enolate complex VII via
successive !-hydride elimination/addition (Scheme 2).13 Isomer-
ization of II to VII prior to protonolysis is not surprising given the
high reactivity of palladium(II) alkyl complexes toward !-hydride
elimination/addition.14 The stereoselective conversion of 1-6,6-d2
to trans-3-4,5-d2 precludes reversible olefin displacement from
intermediate IV (Scheme 2) and also establishes that the stereo-
chemistry generated via initial cyclization of (E)- and (Z)-1-7,8-d2
is retained upon subsequent conversion to cis- and trans-3-3,4-d2,
respectively. Although we were unable to determine the stereo-

chemistry of 3-2,3-d2-6-COCD3 formed in the cyclization of
1-1,1,1,5,5-d5 (eq 4), we presume that intermediate VI is also stable
toward olefin displacement (Scheme 2). The failure to form
detectable amounts of 3-3,4-d2 in the cyclization of 1-8,8-d2 (eq 6)
precludes protonolysis from the palladium !-diketonate complex
VIII, but does not rule out reversible formation of VIII (Scheme
2).
In summary, we have presented a deuterium labeling study that

provides insight into the mechanism of the palladium-catalyzed
intramolecular hydroalkylation of 7-octene-2,4-dione (1). These
experiments are in accord with a mechanism involving attack of
the enol carbon atom on the palladium-complexed olefin of III
followed by palladium migration and protonolysis from the pal-
ladium enolate complex VII (Scheme 2). Further studies in this
area will be directed toward elucidating the structure of palladium
enolate complex VII and toward understanding the potential role
of !-diketonate complex VIII in palladium-catalyzed hydro-
alkylation.
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Widenhoefer.	  JACS	  2003,	  125,	  2056	  

Ø  ReacAon	  fails	  to	  form	  5-‐membered	  rings	  
Ø  Highly	  endo	  selec#ve	  

Ø  Authors	  propose	  highly	  restricted	  enolic	  arack	  
Ø  6-‐endo	  actually	  then	  is	  kine#cally	  favored	  



Deeper investigations"
§  Original	  work	  with	  TMSCl	  addi#ves	  increased	  yields	  presumably	  due	  to	  the	  silyl	  enol	  ether	  

§  NMR	  studies	  showed	  that	  TMSCl	  was	  hydrolyzed	  forming	  HCl	  in	  the	  reac#on	  
•  Subs#tute	  the	  internal	  olefin	  posi#on?	  

	  
	  

	  
§  Extend	  alkene	  posi#on?	  

PdCl2(MeCN)2 (10 mol%)

CuCl2 (30 mol%), HCl (10 mol%)
Dioxane, 70 °C

61-79%R = alkyl, aryl

O
R

O
R

PdCl2(MeCN)2 (10 mol%)

CuCl2 (30 mol%), HCl (10 mol%)
Dioxane, 70 °C

59%

O O

Quaternary	  carbon!	  

PdCl2(MeCN)2 (10 mol%)

CuCl2 (30 mol%), HCl (10 mol%)
Dioxane, 70 °C

O
CO2Me

O
CO2Me

O

CO2Me

6-endo
5-exo
66%

16

Hindered	  ter#ary	  Pd-‐complex	  

PdCl2(MeCN)2 (5 mol%)

CuCl2 (2 equiv.), TMSCl (2 equiv.)
Dioxane, r.t., 12 h

O
CO2Me

O
CO2Me

17 72%

+

15%

O
CO2Me

Widenhoefer.	  Chem.	  Eur.	  J.	  2004,	  10,	  6343	  

PdCl2(MeCN)2 (10 mol%)

CuCl2, TMSCl, Dioxane, 70 °C

O
Ar

O

53-78%

Ar

O
Ar

not observed

19

Remove	  TMSCl	  
Op#mized	  for	  enone	  

Widenhoefer.	  	  
Chem.	  Eur.	  J.	  2004,	  10,	  6343	  

Op#mized	  for	  alkyla#on:	  Widenhoefer.	  Chem.	  Eur.	  J.	  2004,	  10,	  6333	  
	  



Alkylation practicality"
§  PEG-‐400	  [poly(ethylene	  glycol-‐400)]	  –	  used	  as	  a	  solvent	  (non	  vola#le	  or	  mixing)	  

§  Acidic	  and	  improves	  stability	  of	  catalyst	  à	  recyclable	  

§  	   Lewis	  acid	  addi#ves	  could	  replace	  HCl	  to	  promote	  enol	  forma#on 	   	  	  

PdCl2(MeCN)2 (1 mol%)

CuCl2 (1 equiv.), PEG-400, 55 °C
86%

O

OMe

O O

OMe

O

PdCl2(MeCN)2 (10 mol%)

CuCl2 (1 equiv.), PEG-400, 55 °C

O

OMe

O O

OMe

O

run 1 = 90%
run 2 = 98%
run 3 = 100%
run 4 = 100%
run 5 = 100%

Yang.	  JOC	  2005,	  70,	  5347	  

PdCl2(MeCN)2 (5-20 mol%)

Yb(OTf)2 (1 equiv.)
Dioxane (0.03 M), 50 °C

O

XMe

O

n = 0,1,2, X = O, NMe

n

R

O

XMe

O

n

R

O

OMe

O O

OMe

O O

OMe

O

H

H

H

H

O
OMeH

H

O O

OMe

OH

H

O

NMe2

O
O

NMe2
H

H

O O

NMe2

OH

H
91% 80%99% 97% 65% 37%31% 95%

Yang.	  Org.	  Le2.	  2003,	  5,	  2869	  Ø  Could	  reduce	  LA	  loadings	  to	  cataly#c,	  but	  slower	  reac#ons	  
Ø  First	  forma#on	  of	  larger	  rings!	  



Pt catalysis"
§  Alkyl	  Pt(II)	  complexes	  are	  less	  recep#ve	  towards	  β-‐hydride	  elimina#on	  pathways	  

§  Combined	  with	  LA	  addi#ve,	  reac#on	  was	  highly	  effec#ve	  

PtCl2
+

EuCl3

O O
Eu

ClCl

PtCl2

OO

PtCl

EuCl3

OO

HCl

OO

HCl

20
21

Widenhoefer.	  Tet.	  Le2.	  2005,	  46,	  285	  

[PtCl2(CH2=CH2)]2 (1 mol%)

EuCl3 (2 mol%), HCl (1 equiv.)
Dioxane, 90 °C

85%

O

Me

O O

Me

O

[PtCl2(CH2=CH2)]2 (1 mol%)

EuCl3 (2 mol%), HCl (1 equiv.)
Dioxane, 90 °C

31%

O

Et

O O

Et

O



Gold Catalysis"
§  Chi-‐Ming	  Che	  enters	  the	  game	  towards	  the	  synthesis	  of	  biologically	  relevant	  molecules	  

§  First	  gold	  catalysis	  in	  this	  field	  with	  unac#vated	  olefins	  
§  Au(PPh3)Cl/AgOTf	  results	  in	  87%	  yield	  

§  All	  exo-‐trig	  cycliza/ons,	  no	  endo!	  
§  5g	  scale	  –	  90%	  yield	  /	  or	  with	  water	  as	  solvent	  for	  94%	  yield	  

N
Bn

O O Au[P(t-Bu)2(o-biphenyl)]Cl (5 mol%)
AgOTf (5 mol%)

toluene, 50 °C
N

O
Bn O

n

N

O
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Ph

O N

O
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O

N
Bn

OO

N

O
Bn O

N
Bn

OO

N
Bn

O O

99% 99% (3:1 dr) 99% (3:1 dr)

91% (1.5:1 dr) 98% 97% (1.3:1 dr)

LAu+

H+

H+

N
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O O

N
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O OH

LAu+

N
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O
O

Au+L

N
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O
O

2425

2223

Che.	  JACS	  2007,	  129,	  5828	  



Gold becomes the top choice"

Che.	  Angew.	  Chem.	  Int.	  Ed.	  2011,	  50,	  4937	  

[(JohnPhos)AuCl] (0.1 mol%)
Cu(OTf)2 (5 mol%)

toluene, 80 °C, 24 h
70%, 50:50 d.r.

O

N

O
Bn

N

O O

Bn

O
O

N Bn

[(JohnPhos)AuCl] (0.1 mol%)
Cu(OTf)2 (5 mol%)

toluene, 80 °C, 24 h
54%, (58:42 d.r.)

O

N

O
Bn

R2

O

X

R1
[IPrAuCl]/AgClO4 (5 mol%)

toluene, 90 °C

R2

O

X

R1

m m
n n

MeO2C
MeO2C

O

MeO2C
MeO2C

O

Y

N

O

Ts

MeO2C CO2Me

O

MeO2C CO2Me

O H

H

MeO2C CO2Me

O

MeO2C CO2Me

O

Y = OMe
      NO2

96% (7.2:1)
89% (8:1)

99% (8.6:1)
99% (4:1.5:1) 99% (10.3:1)

91% (2.1:1)

BnOH2C
BnOH2C

O

71% (3:1) 78% (6.7:1) 86% (6:1)

Gandon.	  Angew.	  Chem.	  Int.	  Ed.	  2013,	  52,	  5848	   Gandon.	  Che.	  Eur.	  J.	  2014,	  20,	  5439	  

[LAuCl] (0.1 mol%)
Cu(OTf)2 (10 mol%)

toluene, 80 °C

O

NHBn

O O

NHBn

O

26 27

[(R)-DTBM-Segphos(AuCl)2] (5 mol%)
Cu(OTf)2 (10 mol%)

toluene, 110 °C, 24 h
100% conversion, 96% yield

d.r. 68 (59% ee) : 32 (35% ee)

O

L = JohnPhos
      Ph3P

100% (88:12 d.r.)
100% (95:5 d.r.)

O O

N
Bn N

O Bn

28 29



Overview"
§  Hydroalkyla/on	  of	  pronucleophiles	  

§  1,3-‐Diene	  alkyla#on	  

§  Intramolecular	  olefin	  alkyla#on	  	  

§  Intermolecular	  olefin	  alkyla#on	  	  	  

§  Hydroalkyla/on	  of	  electron	  rich	  arenes	  

§  Electron	  rich	  benzene	  rings	  

§  Electron	  rich	  heterocycles	  	  



Intermolecular olefin alkylation"
§  More	  uncommon	  and	  difficult	  than	  intramolecular	  counterpart	  
§  First	  discovery	  was	  with	  ethylene	  gas	  from	  Widenhoefer	  

§  Used	  previous	  condi#ons	  for	  intramolecular	  cycliza#ons	  
§  Increasing	  ethylene	  leads	  to	  oxidized	  product	  	  

§  Ethylene	  associa#on	  favored	  over	  protonolysis	  pathway	  

Widenhoefer.	  Chem.	  Commun.	  2004,	  660	  

ethylene (50 psi), dioxane, 90 °CMe

O O

R
Me

O O

R

Me

[PtCl2(CH2=CH2)2 (2.5 mol%)
HCl (0.2 equiv.)

R = n-C5H11 
      Ph
      2-furyl

30 68% 
72%
68%

Ø  Pt(II)	  species	  uAlized	  to	  slow	  down	  β-‐Hydride	  eliminaAon	  

ethylene (x psi), dioxane, 90 °CMe

O O

n-C5H11
Me

O O

n-C5H11 Me

O O

n-C5H11+

Me Me

PdCl2(MeCN)2 (10 mol%)
CuCl2 (3 equiv.)

x = 15 psi
      45 psi
      80 psi
      200 psi

36 : 64
68 : 32
89 : 11
98 : 2



Moving back to Gold"
§  First	  alkyla#on	  with	  [ac#vated]	  olefins	  by	  gold	  catalysis	  was	  accomplished	  by	  Li	  

Li.	  JACS	  2004,	  126,	  6884	  

DCM, r.t.
74%

Me

O O

Me

Me

O O

Me

Me

AuCl3 (5 mol%)
AgOTf (15 mol%)

+

Ø  RegioselecAve	  Markovnikov	  product	  
Ø  Styrene	  used	  in	  excess	  due	  to	  dimerizaAon	  issue	  

R

O O

R

O OAuCl3 (5 mol%)
AgOTf (15 mol%)

R1

R2
R1

R2

+

O O

MeO

O O

Cl

O O
O O

Ph

O O

Ph

H

OPh

O

Ph

62% 97% 44% 70% (1:1 d.r.) 39% 81%

MeNO2, reflux

Ø  Ligands	  stablizing	  gold	  reduced	  yields	  
Ø  Electron	  rich	  olefins	  reduce	  yields	  



All this use of silver additives…….."
§  First	  alkyla#on	  with	  olefins	  (ac#vated)	  by	  silver	  catalysis	  was	  accomplished	  by	  Li	  

§  Only	  works	  with	  higher	  temps	  and	  OTf	  counter-‐anion	  

§  Substrate	  scope	  was	  equivalent	  to	  previous	  report,	  with	  slightly	  diminished	  yields	  
§  Highlight	  of	  this	  paper:	  

Li.	  JOC	  2005,	  70,	  5752	  Ø  C-‐C	  bond	  formaAon	  is	  reversible	  with	  silver-‐catalyzed	  C-‐C	  bond	  cleavage	  

R

O O

R
+ R'

AgOTf (10 mol%)

MeNO2 or DCE
100 °C

R

O O

R

Me
R'

Ph

O O

Ph
+

AgOTf (10 mol%)

MeNO2, 100 °C, ON

R

O O

R

MeCl

Cl

0% yield

most reactive gold subrate

reaction time: 
1
3
4
7

11

conversion (%):
11
50
60
40
27

CH3NO2, 110 °C
84% conversion

Ph

O O

Ph AgOTf (10 mol%)

Cl

Ph

O O

Ph
+

Cl
+

Cl

Cl



More abundant earth metals"

Yuan.	  Synle2	  2007,	  20,	  3219	  

Ø  Gets	  rid	  of	  hazardous	  DCM	  solvent	  	  

DCE, 80 °C, 5 hPh

O O

Ph

Ph

O O

PhFeCl3 (30 mol%)
+

R1

R1

R2

R2
33 R1 = H, R2 = Cl
34 R1 = H, R2 = OMe
35 R1 = Me, R2 = H

72%
23%
96%

Duan	  and	  Wu.	  Tet.	  Le2.	  2007,	  48,	  5157	  

DCE, 80 °C
42%

FeCl3!6H2O (10 mol%)
+

O

OH

O O O

OH

Warfarin

O

Me
O

Me

Beller.	  Chem.	  Asian.	  J.	  2007,	  2,	  909	  

MeNO2, 100 °C

O O

Ph
InCl3 (5 mol%)

R H

OPh

O

R

+

78-94%

Ph

O O

Ph +

NN Bu
OTf

SnBr4 (10 mol%)

Cu(OTf)2 (10 mol%)

neat
88%

63%
Ph

O O

Ph
Li.	  J.	  Mol.	  Catal.	  A:	  Chem.	  2008,	  279,	  218	  



More abundant earth metals"

Yuan.	  Synle2	  2007,	  20,	  3219	  

Ø  Gets	  rid	  of	  hazardous	  DCM	  solvent	  	  

DCE, 80 °C, 5 hPh

O O

Ph

Ph

O O

PhFeCl3 (30 mol%)
+

R1

R1

R2

R2
33 R1 = H, R2 = Cl
34 R1 = H, R2 = OMe
35 R1 = Me, R2 = H

72%
23%
96%

Duan	  and	  Wu.	  Tet.	  Le2.	  2007,	  48,	  5157	  

DCE, 80 °C
42%

FeCl3!6H2O (10 mol%)
+

O

OH

O O O

OH

Warfarin

O

Me
O

Me

Beller.	  Chem.	  Asian.	  J.	  2007,	  2,	  909	  

MeNO2, 100 °C

O O

Ph
InCl3 (5 mol%)

R H

OPh

O

R

+

78-94%

Ph

O O

Ph +

NN Bu
OTf

SnBr4 (10 mol%)

Cu(OTf)2 (10 mol%)

neat
88%

63%
Ph

O O

Ph
Li.	  J.	  Mol.	  Catal.	  A:	  Chem.	  2008,	  279,	  218	  

Unsolved	  Problems	  for	  Intermolecular	  Alkyla/on:	  
	  

Monoketo	  compounds	  sAll	  una2ainable	  
	  

Simple	  linear	  unacAvated	  olefins	  have	  not	  yet	  been	  used	  
	  



Overview"
§  Hydroalkyla/on	  of	  pronucleophiles	  

§  1,3-‐Diene	  alkyla#on	  

§  Intramolecular	  olefin	  alkyla#on	  	  

§  Intermolecular	  olefin	  alkyla#on	  	  	  

§  Hydroalkyla/on	  of	  electron	  rich	  arenes	  

§  Electron	  rich	  benzene	  rings	  

§  Electron	  rich	  heterocycles	  	  



Alkylation of electron rich benzenes"
§  Mild/selec#ve	  alterna#ve	  towards	  Friedel-‐CraRs	  reac#ons	  

§  Need	  really	  electron	  deficient	  metal	  species	  to	  ac#vate	  olefins	  for	  weaker	  nucleophiles	  

§  Major	  limita#on	  	  à	  product	  formed	  is	  highly	  suscep#ble	  towards	  β-‐hydride	  elimina#on	  

H
+ R1 R2

catalyst
R1

R2R
R



Alkylation of electron rich benzenes"
§  U#lized	  very	  electrophilic	  Pd(II)	  or	  Pt(II)	  ca#onic	  species	  (Pt	  	  was	  less	  reac#ve)	  

§  Main	  scope	  of	  this	  transforma#on	  is	  for	  alkynes	  

§  Phenols	  allowed	  for	  bicycle	  forma#on	  –	  with	  esterifica#on	  occurring	  before	  or	  aRer	  
alkyla#on	  

Ar1 H R
Ar2+

Pd(OAc)2 (1 mol%)

TFA, DCM, 25 °C, 10 h Ar1

Ar2
R

Ar2 = p-OMeC6H4

O
O

CO2C8H17

Ar2 OMe
CO2C8H17

Ar2

OMe
86% 83%

OMe
CO2C8H17

Ar2

65%

MeO OMe

Fujiwara.	  Science	  2000,	  287,	  1992	  

Pd(OAc)2 (1 mol%)

TFA, DCM, 25 °C, 10 h
Ar2 = p-OMeC6H4

HO2C Ar2
O

O

OH
O

O

O O

Ar2

+

96%

Pd(OAc)2 (1 mol%)

TFA, DCM, 25 °C, 10 h
Ar2 = p-OMeC6H4

O

O

O O

Ar265%

O

O

O O

Ar2



Phenolic alkylations through telomerization"
§  Earlier	  report	  in	  the	  late	  1960s	  only	  saw	  O-‐alkyla#on	  with	  phenols	  with	  Pd(II)	  catalysis	  
§  Beller	  tried	  condi#ons	  from	  telomeriza#on	  reac#on	  with	  methanol	  

Beller.	  Chem.	  Commun.	  2001,	  195	  

Pd(OAc)2 (0.5 mol%)
PPh3 (1.5 mol%)

NEt3, THF, 90 °C
84%

OH
+ OH

PdL

Pd
L

Pd
L

HO

H

PdL

2x

HO

O

Pd(OAc)2 (0.1 mol%)
PPh3 (1 equiv.)

THF, 90 °C
84%

OH
+ OH O O

R
+ +

R

25% 30% 7%



Intramolecular hydroarylation"
§  Sames	  group	  is	  the	  first	  to	  u#lize	  ruthenium	  in	  this	  field	  

§  Other	  metals	  screened	  promoted	  olefin	  isomeriza#on	  

Sames.	  Org.	  Le2.	  2004,	  6,	  581	  

X

RuCl3!xH2O (10 mol%)
AgOTf (10 mol%)

DCE, 60 °C
X

FG FG

R R

X = C, O, NHR
n n

MeO

O
84%

Br

O
49%

FmocHN

O
53%

MeO

O

Ph

42%
O

92% 63% (9:1)

H

H +
MeO

N
53% Tf

RuCl3!xH2O (1 mol%)
AgOTf (12 mol%)

DCE, 60 °C, 4 h

R

R = H
      OMe

R
H

99%
99%

RuCl3!xH2O (1 mol%)
AgOTf (12 mol%)

DCE, 60 °C, 4 h

MeO

O
92% ee

MeO

O
83%, 92% ee

 (4:1 cis : trans)

Ø  Highly	  versaAle	  methodology	  

Ø  Easy	  reacAon	  condiAons	  

Ø  Favors	  6-‐exo	  a2ack	  

Ø  UnacAvated	  arenes	  

Ø  Can	  form	  quat	  center!	  

Promotes	  polyene	  cyclizaAons	   Substrate	  chirality	  can	  promote	  stereoselecAvity	  



More general arene alkylation procedure"
§  Don	  Tilley’s	  group	  did	  in-‐depth	  Pt	  catalyst	  examina#ons	  

§  Original	  goal	  was	  to	  make	  a	  Pt(IV)	  species	  

§  They	  did	  discover	  that	  Pt(II)	  salts	  with	  Ag	  addi#ves	  could	  promote	  this	  transforma#on	  
§  AgOTf	  and	  AgBF4	  were	  necessary	  

§  HOTf	  could	  catalyze	  this	  reac#on	  separately,	  but	  they	  ruled	  out	  its	  involvement	  in	  this	  
process	  

Tilley.	  Organometallics	  2004,	  23,	  4169	  

Zeise's dimer (5 mol%)
AgBF4 (10 mol%)

o-dichlorobenzene, 80 °C
+ R1 R2

R1

R2

92% 79% 84%

62% 65%



Annulation reaction of phenols"
§  Used	  cataly#c	  system	  discovered	  for	  1,3-‐diketone	  alkyla#ons	  

§  EWGs	  or	  increasing	  tether	  size	  lowers	  reac#on	  yield	  
§  Analines	  did	  not	  par#cipate	  in	  this	  reac#on	  

OH

AuCl3 (5 mol%)
AgOTf (15 mol%)

DCM, 40 °C, 16 h O
n n+

R1 R1 R2
R2

R1 = Br, OMe
R2 = Br, OMe, Me, OH
n = 1, 2, 3

49-80%

Au+

Au+

OH

OH

Au

OH

Au+

O Au

H+

H+

H+

O

H+

Li.	  Org.	  Le2.	  2006,	  8,	  2397	  

AllylaAon	  of	  phenol	  could	  occur	  before	  
hydroarylaAon	  



Bismuth catalysis"
§  Bi(III)	  salts	  are	  bench	  stable,	  inexpensive,	  and	  nontoxic	  
§  Was	  very	  effec#ve	  for	  neat	  reac#on	  condi#ons	  

§  Was	  very	  successful	  cyclic	  dimer	  forma#on	  of	  unac#vated	  styrenes 	  	  
§  Trisubs#tuted	  olefins	  were	  not	  compa#ble	  

OR1

+

R2 BiCl3 (10 mol%)

100 °C
+

R1O

R2 R2R1O

R1 = Et, R2 = H
R1 = Et, R2 = Me
R1 = Me, R2 = Ph

94% (80 : 20)
95% (98 : 2)
61% (>99 : 1)

Me
BiCl3 (10 mol%)

100 °CR

R

R

R = 4-Me
       4-Cl

65%
92%

Hua.	  Eur.	  J.	  Org.	  Chem.	  2006,	  4231	  



Other lewis acid systems"

X

In(OTf)3 (10 mol%)

DCE, 90 °C
X

FG FG

X = C, O, NHTf
FG = alkyl, OMe, Cl
R = H, Me

52-89%

R
R

Tan.	  Tet.	  Le2.	  2010,	  51,	  4466	  

Che.	  J.	  Organomet.	  Chem.	  2009,	  694,	  494	  

+

AuCl3 (5 mol%)
AgSbF6 (15 mol%)

DCE, 50 °C
87% (4.5:1)

S SPh

+

AuCl3 (5 mol%)
AgSbF6 (15 mol%)

DCE, 50 °C

OMe

R1 R

R2 R2

OMe

X

AuCl3 (5 mol%)
AgOTf (5 mol%)

DCE, 80 °C , 2 h
X

FG FG

R R

X = C, O, NHTf
n n

65-98%

86-98%

Weghe.	  Tet.	  Le2.	  2011,	  52,	  3509	  



Some mechanistic analysis"
§  Protonolysis	  was	  presumed	  the	  limi#ng	  step	  

§  Ques#on	  that	  remains	  for	  these	  systems,	  is	  it	  Bronstead	  acid	  catalysis?	  

AuCl3 (5 mol%)
AgOTf (5 mol%)

DCE, 80 °C , 2 h
H2O (2 equiv.)

D
D

D
D

D
D

D

D
D

H/D

45% deuterium incorporporation

AuCl3 (5 mol%)
AgOTf (5 mol%)

DCE, 80 °C , 2 h
D2O (2 equiv.)

D
D

D
D

D
D

D

D
D

H/D

90% deuterium incorporporation

AuCl3 (5 mol%)
AgOTf (5 mol%)

DCE, 80 °C , 2 h
98%

TfOH (5 mol%)

DCE, 80 °C , 2 h
90%

Could	  the	  combinaAon	  of	  AuCl3	  and	  AgOTf	  
simply	  generate	  TfOH?	  

Weghe.	  Tet.	  Le2.	  2011,	  52,	  3509	  



Getting unique in this catalysis"
§  Goal:	  overcome	  the	  inability	  of	  Friedel-‐CraRs	  incapability	  with	  analines	  

§  An#-‐Bredt	  electrophilic	  carbenes	  
§  Found	  use	  in	  hydroamina#ons	  of	  alkynes	  and	  allenes	  

§  Synthesis	  of	  ligand	  is	  built	  in	  coordina#on	  sphere	  of	  metal	  

N N
R

AuCl

R = mesityl, tolyl, phenyl, nitrobenzyl, toluenesulfonyl

Electron Rich Electron Poor

Gold-Catalyzed Hydroarylation of Alkenes with Dialkylanilines
Xingbang Hu,†,‡ David Martin,† Mohand Melaimi,† and Guy Bertrand*,†

†UCSD-CNRS Joint Research Laboratory (UMI 3555), Department of Chemistry and Biochemistry, University of California, San
Diego, La Jolla, California 92093-0343, United States
‡School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093, P. R. China

*S Supporting Information

ABSTRACT: Anti-Bredt di(amino)carbene supported
gold(I) chloride complexes are readily prepared in two
steps from the corresponding isocyanide complexes. In the
presence of KB(C6F5)4 as chloride scavenger, they
promote the unprecedented hydroarylation reaction of
alkenes with N,N-dialkylanilines with high para-selectivity.
The latter are challenging arenes for Friedel-Craft
reactions, due to their high basicity.

Friedel−Crafts reactions1,2 typically require Lewis acid
catalysts and are therefore generally unsuitable for basic

substrates. Classical textbooks especially emphasize their
incompatibility with amines, which is a major limitation due
to the ubiquity of this organic functionality.3 The intermo-
lecular hydroarylation of alkenes,4 a powerful atom-economic
method for the alkylation of arenes, is no exception. Besides a
few examples with the parent aniline (C6H5)NH2,

5−7 there are
only two reports of hydroarylation of styrene with the more
basic N-methylaniline; with Ru3(CO)12,

5d or a rhodium-based
catalytic system,5c the reaction occurs at 140−150 °C. Under
similar conditions, only 17% conversion was observed with the
challenging N,N-dimethylaniline.5c Similarly to hydroarylation
reactions, metal-catalyzed hydroaminations8 are often inhibited
by nucleophilic amines, which strongly bind the metal to form
inert Werner-complexes.9 However, our group has demon-
strated that cationic gold(I) complexes supported by (alkyl)-
(amino)carbenes (CAACs)10 (Chart 1) can catalyze the

hydroamination of alkynes and allenes with a variety of
amines,11 including ammonia11b and hydrazine.11g In 2013, we
reported that another type of electrophilic carbene, namely, the
“anti-Bredt NHCs” (pyrNHCs),12 allows for the gold-catalyzed
hydrohydrazination of terminal alkynes at room temperature.13

This was a significant improvement since CAAC-Au(I) systems
typically require temperatures of 70−110 °C for the same
transformation.11g Here we report that Au(I)/pyrNHC
complexes promote the hydroarylation of alkenes with N,N-
dialkylanilines with high para-selectivity.14

The scope of the previously reported synthesis of pyrNHC-
gold chloride complexes was limited by the scarcity of available
precursors, and the instability of free carbenes.13 Therefore, we
considered a new synthetic strategy, in which the ligand is built
in the coordination sphere of the metal.15,16 Isocyanide gold
chlorides 1a−e were reacted with 1 equiv of 3-piperidine
methanol, generating the corresponding acyclic di(amino)-
carbene gold complexes 2a−e (Scheme 1). Addition of triflic

anhydride, in the presence of base, triggered the cyclization, and
gold chloride complexes 3a−e were isolated in good yields.
These organometallic compounds are air-stable and can be
stored for several months with no significant decomposition.
They were fully characterized, including by X-ray diffraction
analysis for 3a and 3e (Figure 1).
In a first experiment, a solution of α-methylstyrene and N,N-

diethylaniline in benzene was heated in a sealed ampule in the

Received: August 4, 2014
Published: September 15, 2014

Chart 1

Scheme 1. Synthesis of Precatalysts 3a−e

Figure 1. X-ray structure of 3a (left) and 3e (right) with thermal
ellipsoids drawn at 50% probability level. Hydrogen atoms and solvent
molecules are omitted for clarity.

Communication

pubs.acs.org/JACS

© 2014 American Chemical Society 13594 dx.doi.org/10.1021/ja507788r | J. Am. Chem. Soc. 2014, 136, 13594−13597

Hu	  and	  Bertrand.	  JACS	  2014,	  136,	  13594	  



Getting unique in this catalysis"
§  Goal:	  overcome	  the	  inability	  of	  Friedel-‐CraRs	  incapability	  with	  analines	  

Hu	  and	  Bertrand.	  JACS	  2014,	  136,	  13594	  

presence of a catalytic amount (5 mol %) of 3a and KB(C6F5)4.
To our delight, we observed the clean formation of the
corresponding para-hydroarylation adduct 4a with complete
conversion after 24 h at 135 °C (Table 1, entry 1). Under the

same conditions, 3b and 3c gave comparable results (entries 2
and 3), whereas a slower rate was observed with the nitro-

substituted pyrNHC 3d as catalyst (entry 4). In the case of 3e,
the conversion reached a ceiling at 38%, suggesting a
decomposition of the catalyst. No reaction was observed with
3a in the absence of KB(C6F5)4 (entry 6), and even using silver
triflate, as an alternative chloride scavenger, led to poor
conversion (entry 7). These observations confirm the expected
involvement of a cationic gold complex in the catalytic cycle.
We also verified that simple systems, such as AuCl3/AgSbF6,

17

FeCl3
18 or BiCl3,

19 which are recognized as efficient catalysts
for the hydroarylation of alkenes, were poorly active for the
reaction of N,N-diethylaniline with α-methylstyrene (entries 8−
10). Not surprisingly, 1 mol % of our catalytic system [3a +
KB(C6F5)4] promotes the hydroarylation of styrene with
anisole, at room temperature, but this reaction is totally
inhibited by the presence of N,N-diethylaniline. These last
observations highlight the powerful deactivating role of anilines
(see Supporting Information (SI) for details).
Using 3a and KB(C6F5)4 as catalytic system, we explored the

scope of this unprecedented hydroarylation reaction. We found
that N,N-dialkylanilines react with a variety of styrenes and
norbornene, affording products 4a−q and 5l,q in fair to
excellent yields (Scheme 2). Not surprisingly, significantly
lower temperatures are required for the hydroarylation of 4-
methoxystyrene (80−110 °C) than for the less electron-rich
styrene and norbornene (145 °C). The high para-regioselec-
tivity observed in the reaction leading to 4a−h, 4j and 4m−p is
likely the consequence of the steric hindrance of the 1-phenyl-

Table 1. Hydroarylation of α-Methylstyrene with N,N-
Diethylanilinea

entry catalytic system conversion (%)

1 [3a + KB(C6F5)4] (5 mol %) 97
2 [3b + KB(C6F5)4] (5 mol %) 98
3 [3c + KB(C6F5)4] (5 mol %) 89
4 [3d + KB(C6F5)4] (5 mol %) 69
5 [3e + KB(C6F5)4] (5 mol %) 38
6 3a (5 mol %) 0
7 [3a + AgOSO2CF3] (5 mol %) 12
8 [AuCl3 + 3 AgSbF6] (5 mol %) 10
9 FeCl3 (10 mol %) 3
10 BiCl3 (10 mol %) 4

aAfter 24 h; determined by GC.

Scheme 2. Hydroarylation of Alkenes with N,N-Dialkylanilinesa

a3a (5 mol %), KB(C6F5)4 (5 mol %), except for 4m−p (10 mol %). Solvent: C6H6. Isolated yields. See SI for details. bGC conversion.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja507788r | J. Am. Chem. Soc. 2014, 136, 13594−1359713595



Getting unique in this catalysis"

KB(C6F5)4 (1 mol%)
r.t.

MeO
(1 mol%) MeO

+

N N
Mesityl

AuCl

25%

KB(C6F5)4 (1 mol%)
80-155 °C

N

R
(1 mol%) N

R

+

N N
Mesityl

AuCl

49-99%

alkyl

alkyl

Me

H/OMe H/OMeAlkyl

Alkyl
Me

(1 mol%)

N N
Mesityl

AuCl

KB(C6F5)4 (1 mol%)
80-155 °C

N

44-68%

Alkyl

Alkyl
O

N
Alkyl

Alkyl
+

O

Hu	  and	  Bertrand.	  JACS	  2014,	  136,	  13594	  



Overview"
§  Hydroalkyla/on	  of	  pronucleophiles	  

§  1,3-‐Diene	  alkyla#on	  

§  Intramolecular	  olefin	  alkyla#on	  	  

§  Intermolecular	  olefin	  alkyla#on	  	  	  

§  Hydroalkyla/on	  of	  electron	  rich	  arenes	  

§  Electron	  rich	  benzene	  rings	  

§  Electron	  rich	  heterocycles	  	  



Electron rich heterocycles"
§  Focus	  lies	  mainly	  on	  indole	  systems	  

§  First	  report	  by	  Sames	  in	  2004	  in	  previously	  discussed	  paper	  (only	  2	  examples)	  

§  Actually	  a	  very	  unique	  example,	  where	  alkyla#on	  takes	  place	  at	  the	  less	  nucleophilic	  C(2)	  
posi#on	  

Sames.	  Org.	  Le2.	  2004,	  6,	  581	  

RuCl3!xH2O (10 mol%)
AgOTf (10 mol%)

DCE, 60 °CN
R

N
R

RuCl3!xH2O (10 mol%)
AgOTf (10 mol%)

DCE, 60 °CN
R

N
R

R = H
      Me

21%
65%

R = H
      Me

27%
40%



Alklyation at the C3 position of indoles"
§  C3	  alkyla#on	  of	  indoles	  is	  most	  widely	  seen	  in	  the	  literature	  

Widenhoefer.	  JACS	  2004,	  126,	  3700	  
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H
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More abundant earth metals"

Yuan.	  Synle2	  2007,	  20,	  3219	  

Ø  Gets	  rid	  of	  hazardous	  DCM	  solvent	  	  

DCE, 80 °C, 5 hPh

O O

Ph

Ph

O O

PhFeCl3 (30 mol%)
+

R1

R1

R2

R2
33 R1 = H, R2 = Cl
34 R1 = H, R2 = OMe
35 R1 = Me, R2 = H

72%
23%
96%

Duan	  and	  Wu.	  Tet.	  Le2.	  2007,	  48,	  5157	  

DCE, 80 °C
42%

FeCl3!6H2O (10 mol%)
+

O

OH

O O O

OH

Warfarin

O

Me
O

Me

Beller.	  Chem.	  Asian.	  J.	  2007,	  2,	  909	  

MeNO2, 100 °C

O O

Ph
InCl3 (5 mol%)

R H

OPh

O
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+

78-94%

Ph

O O

Ph +

NN Bu
OTf

SnBr4 (10 mol%)

Cu(OTf)2 (10 mol%)

neat
88%

63%
Ph

O O

Ph
Li.	  J.	  Mol.	  Catal.	  A:	  Chem.	  2008,	  279,	  218	  

Unsolved	  Problems	  for	  Intermolecular	  Alkyla/on:	  
	  

Monoketo	  compounds	  sAll	  una2ainable	  
	  

Simple	  linear	  unacAvated	  olefins	  have	  not	  yet	  been	  used	  
	  



Widenhoeferʼs contribution"

Tandem	  cycliza#on/carboalkoxyla#on	  
	  
	  
	  
	  
	  
	  
Assymetric	  alkyla#on	  
	  
	  
	  
	  
	  
	  
	  
First	  intramolecular	  addi#on	  
	  
	  
	  
	  
	  
	  
	  

N
H/Me

N
H/Me

PdCl2(MeCN)2 (5 mol%)
CuCl2 (3 equiv.)
R"OH (10 equiv.)

THF, CO (1 atm), 25 °C

CO2R''

FG FGR' R'

FG = H, OMe, F
R' = alkyl, ester, ketone, cycohexenyl
n = 0, 1, 2

n n

R" = alkyl
n = 1, 2 45-92%

L2-PtCl2 (10 mol%)
AgOTf (10 mol%)

MeOH, 60 °C, 64 h
94% (9:1 cis/trans)

N
Me

N
Me

E E

L2 =
MeO

PAr2MeO
PAr2 Ar =

tBu

OMe

tBu

N
Me

[PtCl2(H2C=CH2)]2 (5 mol%)

Dioxane, 90 °C

N
Me

R

R+

R = Me, Et, Pr, phenyl 39-99% Widenhoefer.	  Chem.	  Commun.	  2006,	  3717	  

Widenhoefer.	  JACS	  2004,	  126,	  10250	  

Widenhoefer.	  Org.	  Le2.	  2006,	  8,	  3801	  



Gold discovery for indole alkylation"
§  An	  interes#ng	  side	  side-‐story,	  group	  working	  

on	  reac#on	  discovery	  from	  high-‐throughput	  
screening	  of	  large	  collec#on	  of	  substrates	  –	  
only	  looking	  for	  new	  bond	  forma#ons	  

§  Main	  focus	  in	  this	  group	  was	  with	  DNA	  
hybridiza#on	  reac#ons,	  but	  also	  wanted	  to	  
test	  this	  on	  small	  molecule	  bond-‐forming	  
reac#ons	  

§  System	  works	  for	  evalua#ng	  >	  50,000	  
poten#al	  new	  reac#ons	  

§  Screened	  various	  metals	  (i.e.	  Cu,	  Pd,	  Au,	  etc)	  

Liu.	  JACS	  2007,	  129,	  14933	  

(Table 1, entries 4-7). On the basis of this observation18 and
recent literature reporting parallels in reactivity between metal
triflates and triflic acid,19,20 we investigated triflic acid as a
potential catalyst of this olefin hydroarylation reaction. We
found that 5 mol % triflic acid generated product in 91% yield
(Table 1, entry 9). Silver triflate alone (Table 1, entry 8) did
not mediate the reaction. Exposure of the reaction substrates to
5 mol % HCl or to 1 equiv of HCl (Table 1, entries 10 and 11)
also failed to generate product, indicating that the reaction can
be mediated either by triflic acid or by AuCl3.
The prospect of accessing aryl-functionalized indole scaffolds

under very mild conditions prompted further exploration of the
substrate scope of the triflic acid-catalyzed hydroarylation
reaction (Table 2). In all cases, reactions were run open to the
air with no precautions taken to exclude moisture. Moderate to

(18) Anderson, L. L.; Arnold, J.; Bergman, R. G. J. Am. Chem. Soc. 2005, 127,
14542-3.

(19) Li, Z.; Zhang, J.; Brouwer, C.; Yang, C. G.; Reich, N. W.; He, C. Org.
Lett. 2006, 8, 4175-8.

(20) Rosenfeld, D. C.; Shekhar, S.; Takemiya, A.; Utsunomiya, M.; Hartwig, J.
F. Org. Lett. 2006, 8, 4179-82.

Figure 3. Substrates used in this work and microarray analysis of selection experiments carried out after exposure to reactions conditions listed under each
array. Green spots suggest bond formation between corresponding substrates.

Table 1. Optimization of Indole-Styene Couplinga

entry additive solvent % yield

1 1 equiv of AuCl3 CH3CN <1
2 1 equiv fo AuCl3 1,2-C2H4Cl2 74
3 1 equiv of AuCl3 CH2Cl2 82
4 10 mol % AuCl3/30 mol % AgOTf CH2Cl2 93
5 10 mol % AuBr3/30 mol % AgOTf CH2Cl2 90
6 10 mol % AuCl3/30 mol % AgBF4 CH2Cl2 52
7 10 mol % AuCl3/30 mol % Ag(O2CCF3) CH2Cl2 0
8 1 equiv of AgOTf CH2Cl2 0
9 5 mol % TfOH CH2Cl2 91
10 5 mol % HCl CH2Cl2 0
11 1 equiv of HCl CH2Cl2 0

a Reactions were carried out with 1 equiv of styrene added slowly to a
solution of 1 and the specified additive. No care was taken to exclude air
or moisture from the system. The yields shown are isolated yields of pure
product.

A R T I C L E S Rozenman et al.

14936 J. AM. CHEM. SOC. 9 VOL. 129, NO. 48, 2007

N
Bs AuCl3 (10 mol%)

AgOTf (30 mol%)

DCM, 25 °C
93%

N
Bs

Ph

Ph+

Bs = phenylsulfonyl



Other Au catalysis for this alkylation"
§  Che	  in	  the	  same	  year	  followed	  up	  with	  more	  analysis	  of	  this	  reac#on	  and	  scope	  

N
Me [(PPh3)AuCl] (2 mol%)

AgOTf (2 mol%)

toluene, 85 °C, 1.25 h
85%

N
Me

+

TfOH (5 mol%), 85 °C, 12 h

72%

N
Me [(PPh3)AuCl] (5 mol%)

AgOTf (5 mol%)

toluene, MW 130-140 °C
62-81%

N
Me

+

Ar

Ar

N
Me [(PPh3)AuCl] (5 mol%)

AgOTf (5 mol%)

DCE, MW 140 °C, 5 min
85%

N
Me

+

TfOH (5 mol%), 50 °C, 16 h

32%

O2N

CO2Et

CO2Et

Che.	  Chem.	  Eur.	  J.	  2008,	  14,	  8353	  



Future of this field"

Alkyla/ons	  of	  pronucleophiles	  
	  
§  Simple	  olefin	  alkyla#ons	  of	  pronucleophiles	  is	  very	  rare	  and	  could	  be	  exploited	  

§  Alkyla#ons	  of	  simple	  ketones	  or	  weakly	  acidic	  C-‐H	  bonds	  is	  s#ll	  open	  for	  explora#on	  

Alkyla/ons	  of	  arenes	  
	  
§  Trend	  is	  moving	  away	  from	  very	  expensive	  metals	  

§  Func#onaliza#on	  of	  electron	  deficient	  arenes	  through	  this	  methodology	  is	  difficult	  

§  With	  rise	  of	  Bronstead	  acid	  catalysts,	  this	  field	  must	  work	  to	  differen#ate	  themselves	  with	  
asymmetric	  transforma#ons	  or	  with	  more	  diverse	  substrates	  



Questions"





Question 1"
O

Ac

D
D

PdCl2(MeCN)2 (10 mol%)

O
Ac

D
D

4

64%

cis-7

NaOMe,

18%

S
O

O
Br

Br
O

SO2Ph
MeO2C D

HD

H

structure confirmed

Murphee.	  J.	  Org.	  Chem.	  1992,	  57,	  1170	  

O-

Ac

D
D

S
O

O
Br

Br

O

SO2Ph
MeO2C D

HD

H

NaOMe

O

D
D

Ac S

Br

Br

-O

O

Ph O

D
D

Ac
SO2Ph

Br

OMe

D
D

SO2Ph

Br

MeO O
O

D
D

SO2Ph

Br

MeO

O O

D
D

Br

SO2Ph

MeO

O O

D
D

MeO

O O

SO2Ph

O
Ac

D
D



Question 2"

O OH

acetone 40 °C, 24h
55% (3 diastereomers)

P

P
Pd

iPr iPr

iPr iPr (2 mol%)
O O

N
Bn

O O

Me
Me

Au[P(t-Bu)2(o-biphenyl)]Cl (5 mol%)
AgOTf (5 mol%)

toluene, 50 °C

O

MeN

O

Bn

95%

OH

AuCl3 (5 mol%)
AgOTf (15 mol%)

DCM, 40 °C, 16 h
+

OH

1 mmol 2 mmol

O

O55% yield (major)

Jolly.	  J.	  Organomet.	  Chem.	  1995,	  486,	  163	  

Li.	  Org.	  Le2.	  2006,	  8,	  2397	  

Che.	  JACS	  2007,	  129,	  5828	  



Question 3"

H
N

L2PdCl2

Pd(0)

H
N

PdCl2L

PdClL
H
N

O
PdClL

L
H
N

HCl

CO

H
N

O
OR

HOR

CuCl2

CuCl

N
Me

N
Me

PdCl2(MeCN)2 (5 mol%)
CuCl2 (3 equiv.)

MeOH (10 equiv.)

THF, CO (1 atm), 25 °C

CO2Me

Widenhoefer.	  JACS	  2004,	  126,	  10250	  


