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ABSTRACT
£ R"
o;~<R o
N-R2 . | = PdCl;(COD) R® N-R?
—————— —
— R;/ AgzPO4
R® H CH4CN, 90 °C VAR

R, R? = cyclic, acyclic
R® = CO3R, CONHR, Ar

20 examples
70-98% yield

R* = para-, meta-, ortho-, electron-deficient, electron-rich

Arylations of substituted enamides by aryl iodides were achieved for the first time via an unusual PdCI,(COD)/Ag;PO, catalytic system. A broad
range of (2)-f-amido-f-arylacrylates were prepared regio- and stereoselectively in a highly efficient manner.

Palladium-catalyzed Heck arylation, one of the most
useful reactions to construct carbon—carbon bonds, in-
volves the coupling of aryl halides/pseudohalides with
olefins.! Heck arylations were typically catalyzed by Pd(0)
or Pd(IT) with an added phosphine ligand and operating
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under a Pd(0)/Pd(II) catalytic cycle with the assistance of
base to complete the cycle. In a program directed toward
synthesis of enamides,” especially trisubstituted enamide
p-amido-S-arylacrylates, substrate commonly used to pre-
pare valuable chiral $-amino acid through asymmetric
hydrogenation,® we noticed that classic methods of con-
densing f(-ketoester with amino source to prepare this
substrate suffer from low efficiency and poor stereocontrol
of olefin geometry in general.>®’ Although progress
has been made in palladium-catalyzed Heck arylation
of enamide by using aryl triflates as arylation partner or
through ionic liquid-promoted protocol as alternative
approaches to address these problems, only unsubstituted
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enamide can be effectively arylated under these condi-
tions.*> Arylation of sterically hindered substituted enam-
ide to build trisubstituted enamide, such as B-amido-
[B-arylacrylates, especially with regio- and stereocontrol,
remains rare and underdeveloped, with only one example
reported by Park using costly arylboronates through
a Pd(0)/Pd(II) oxidative Heck manifold.® Cheaper aryl
iodides are unprecedented for this transformation, until
now, we disclose here that arylations of substituted enam-
ides by aryliodides can be achieved for the first time via an
unusual catalytic system (Scheme 1). The reaction was
promoted by PdCl,(COD) and Ag;POy, highly efficient to
produce a broad range of (Z)-f-amido-B-arylacrylates
exclusively in good to excellent yield with remarkable
regio- and stereocontrol of olefin geometry.

In our efforts to optimize reaction conditions, we started
with a model reaction in which methyl S-amido-acrylate
(E)-1a was coupled with phenyl iodide 2a (Table 1). The
reaction could potentially yield S-arylated regioisomer 3aa
and/or the corresponding a-isomer 4aa, with each isomer
occurring as a mixture of Z/E olefins. With Pd(TFA),
as catalyst and CH;CN as solvent at 90 °C, we screened
a series of copper and silver salts and other organic/
inorganic cocatalysts. Copper salts and other organic/
inorganic cocatalysts were inefficient, basically affording
no or trace amount of 3aa. Silver salts were found to be
the most efficient cocatalysts, yielding regioisomer 3aa
exclusively without formation of 4aa. However, the yield
and Z/E selectivity of 3aa varied widely depending on the
silver salt used.

We speculated that different Pd(II) catalysts could
be used to fine-tune the reaction, due to the electronic
and steric particularities of catalyst ligands. After further
screening various Pd(II) catalysts in conjunction with
silver salts, to our delight, we quickly identified PdCl,-
(COD)/Ag3P0Oy as the best combination, which produced
(Z)-3aa exclusively in 97% yield and Z:E > 20:1 (entry 1).
Both PdCl,(COD) and Ag;PO, were indispensable to the
reaction; removing either one led to no detectable product
(entry 2—3). Further investigation showed that loading
of PAC1,(COD) and AgzPO, could be reduced to 15 mol %
and 2 equiv, respectively, without affecting reaction effi-
ciency (entry 4). Bases were detrimental to the reaction
(entry 5—6), while AcOH affected the yield and selectivity
only slightly (entry 7). The optimal reaction temperature
was 90 °C. Acetonitrile remained the best solvent (see the
Supporting Information for complete screenings of Pd(II),
cocatalyst, solvent, and temperature conditions).

After optimizing the reaction conditions, we investi-
gated the scope of the reaction. First, we examined the
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Scheme 1. Arylations of Substituted Enamides by Aryl Iodides
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70%-98% yield
E:Z ratio >20:1-5:1

Table 1. Optimization of Reaction Conditions”

oﬂ Pd(ll) catalyst Oﬁ
N I cocatalyst, addifive_ Me0O,C N
/=/ * temperature —

MeQ,C solvent

e} ﬂ
MeO,C N

(E}1a 2a (ZIE)-3aa (ZIE)-4aa
B-arylation a-arylation
Pd(II) cocatalyst yield of Z:E ratio

entry (20 mol %) (3 equiv) (2)-3aa’ of 3aa‘
1 PdCIy(COD) AgsPOy 97% >20:1
2 PdCl,(COD) — 0 NA”
3 — AgsPO, 0 NA"
49 PdCl,(COD) Ag;PO, 95% >20:1
5¢ PdCI;(COD) AgsPOy 48% >20:1
6 PdCly(COD) AgsPO, 0 NA"
val PdCI,(COD) AgsPO, 93% >20:1

“0.18 mmol (E)-1a, 0.36 mmol 2a used; 0.5 M concentration for
24—48 h with TLC control. ? Determined by analysis of crude mixture
by '"H NMR with benzyl bromide as internal standard. ¢ E isomer was
prepared for analysis of crude mixture by 400 MHz '"H NMR. ¢ 15 mol %
PdCI,(COD), 2 equiv of Ag;PO4 used. “2 equiv of K,CO;5 added.
72 equiv of pyridine added. € 2 equiv of AcOH added. " NA: not available.

ability of a variety of aryl iodides with electron-deficient or
electron-rich substituents to arylate (£)-1a (Table 2). Most
of these aryl iodides yielded the Z-products exclusively in
good to excellent yield [entry 1—-9, (£)-3aa-3ai, 70—98%].
Aryl iodide with CN substituent was sluggish [entry 4,
(2)-3ad, 70%] compared to other electron-deficient iodides.
Electron-rich aryl iodides were highly efficient in general
[entry 6—7, (Z)-3af-3ag]. In addition, ortho-substituted aryl
iodide 2i, which contains a substitution pattern difficult
to achieve in the arylboronate strategy,® arylated without
problem [entry 9, (Z)-3ai, 95%].

Diverse functional groups were well tolerated in the
reaction, including F, Cl, Br, CO,Me, CN, OMe, and
COMe, providing useful handles for downstream elabora-
tion. Steric and electron influence from the R? substituent
of (E)-1 were minimum. Bulkier and electron-rich sub-
strates all gave the corresponding Z-products exclusively
in excellent yield [entry 10—14, (Z)-3ba—3ea, (£)-3fj)]. Itis
worthy to note that substrate (E)-le with an electron-
donating aryl group, which exhibited moderate o/f regio-
selectivity in the arylboronate strategy,’ was arylated with
absolute regiocontrol in impressive yield and selectivity
[entry 13, (Z)-3ea, 96%].

Finally, an acyclic amido substrate, methyl 3-N-acetyl-
acrylate (E)-1g, was arylated to yield a variety of methyl
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(Z)-p-N-acetyl-B-arylacrylates efficiently [entry 15—20,
(Z2)-3ga—3gm], the most widely used substrate in asym-
metric hydrogenation to prepare valuable chiral S-amino
acid. Arylating this substrate with para- and meta-substituted
aryl iodides led to greater Z-product selectivity than when
the ortho-substituted analogue was used [entry 20, (Z)-3gm,
81%, Z:E = 5:1].

Overall, our method demonstrated broad substrate
scope and general high efficiency for preparation of (Z2)-
p-amido-p-arylacrylates (70—98%, Z: Eratio >20:1-5:1).
It must be mentioned that Z-product was exclusively
produced regardless to the geometry of 1, presumably
because the Z-isomer is thermodynamically more stable
than the E-isomer.” However, our conditions did not
support the arylation of (E)-la by highly sterically
hindered 2.4,6-trimethylphenyliodide or strongly electron-
deficient 4-trifluoromethylphenyl iodide. These re-
actants will require further optimization of reaction
conditions.

The utility of our method was demonstrated in the
synthesis of 11-3-hydroxysteroid dehydrogenase inhibitor
5 from (Z)-3ea in a two-step transformation including
hydrogenation and alkylation (Scheme 2).® In addition,
asymmetric hydrogenation of (Z£)-3gb could afford
valuable chiral f-amino ester 6 according to literature
procedure.

The mechanistic studies of the reaction merit discussion.
When (E)-1h, which contains no amide carbonyl group,
was mixed with 2a under the standard condition for
48 h, no reaction occurred, and (E)-1h was left intact
(Scheme 3A). This result suggests that the amide carbonyl
group played an important role in the reaction. We also
heated (E)-1awith 1 equiv of PdCI,(COD) in CD;CNinan
NMR tube at 90 °C and performed 'H NMR analysis at 2,
5,and 24 h. The analysis showed no change of either (£)-1a
or PdCl,(COD), with no new C—H activation intermedi-
ate detected. Thus, although the amide carbonyl has been
used as a directing group when activating C—H bond,’ the
amide carbonyl of (E)-1a did not seem to function in this
way under our reaction conditions.

To determine whether the first step in our arylation
approach is oxidative insertion of a Pd(0) into aryl-1 bond,
we mixed (E)-1a, 2a and Pd(0) under typical Heck condi-
tions and observed no reaction (Scheme 3B). Although
cationic Heck arylations starting with a Pd(II) catalyst

(7) (2)-1g also gave (Z)-3ga in 85% yield and Z:E = 18:1. The X-ray
crystal structures of (Z)-and (F)-3aa and (E)-3gb were determined.
CCDC-945636 and CCDC-945637 for (E)-3aa and (E)-3gb, respectively,
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

(8) Jaroskova, L.; Linders, J. T. M.; Buyck, C. F. R.N.; Van,D. V. L.
J. E.; Dimitrov, V. D.; Nikiforov, T. T. WO 2005108360, 2005.

(9) (a) Tremont, S. J.; Rahman, H. U. J. Am. Chem. Soc. 1984, 106,
5759. (b) Boele, M. D. K.; van Strijdonck, G. P. F.; de Vries, A. H. M.;
Kamer, P. C.J.;de Vries, J. G.; Leeuwen, P. W. N. M.. J. Am. Chem. Soc.
2002, 124, 1586. (c) Zaitsev, V. G.; Daugulis, O. J. Am. Chem. Soc. 2005,
127,4156. (d) Tsang, W. C. P.; Zheng, N.; Buchwald, S. L. J. Am. Chem.
Soc.2005, 127, 14560. (e) Daugulis, O.; Zaitsev, V. G. Angew. Chem., Int.
Ed. 2005, 44, 4046. (f) Wan, X.; Ma, Z.; Li, B.; Zhang, K.; Cao, S;
Zhang, S.; Shi, Z. J. Am. Chem. Soc. 2006, 128,7416. (g) Yang, S.; Li, B.;
Wan, X.; Shi, Z. J. Am. Chem. Soc. 2007, 129, 6066.
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Table 2. Scope of Arylations of f-Amidoacrylates by Aryl
Todides”

- RT -
R ‘\‘. o :
o= | PdCI,(COD) (15 mol %) RS N-R?
N-R2 X e — . _
— * | P AP0, (2 equiv)
R RY CH4CN, 90 °C 7 N\
RS
(E)1 2 (2)-3
entry  substrate (£)-1 product (Z)-3 yield of (2)-
3 (ZE

ratio)”

R

— R4

1 (E-1a (R® = (2)-3aa,R*=p-H 95% (>20:1)
COMe, n=1)
2 (E)-1a (2)-3ab, R* =p-F 94% (>20:1)
3 (E)-1a (2)-3ac, R* = p-Br 92% (>20:1)
44 (E)-1a (2)-3ad, R* = p-CN 70% (>20:1)
5 (E)-1a (2)-3a¢, R*=p-COMe  94% (>20:1)
6 (E)-1a (2)-3af, R* = p-OMe 90% (>20:1)
7 (E)-1a (2)-3ag, R* = m-Me 98% (>20:1)
8 (E)-1a (2)-3ah, 114“ =m-CO.Me  93% (>20:1)
9 (E)-1a ) (2)-3ai, R* = 0-OMe 95% (>20:1)
10 (E“)—Ilb R* = (2)-3ba,R'=p-H 95% (>20:1)
CO,/Bu,n=1)
11 (E)1c (R® = (2)-3ca,R'=p-H 91% (>20:1)
CO:Bn,n=1)

12 (E)-1d (R
CONHBn,n=1)

13 (E)-1le R*=Ph,n (Z)-3ea, R*=p-H
=1)

(2)-3da, R*=p-H 91% (17:1)

96% (>20:1)

14 E-1f (R* = (2)-3fj,R*=m-Br 95% (>20:1)
CO,Me, n=2)
ox( oy
NH R® NH
3/=, =
R 7N
—~ R4
15 (E)-1g (R® = (2)-3ga,R*=p-H 88% (17:1)
COzMe)
16 (B)-1g (2)-3gb,R* =p-F 90% (15:1)
17 (E)-1g (2)-3ge, R* = p-Br 81% (14:1)
18 (E)-1g (2)-3gk, R* = p-Me, 89% (17:1)
19 (E)-1g (2)-3gl, R* = m-OMe 80% (17:1)
20 (E)-1g (2)-3gm, R* = 0-Cl 81% (5:1)

“0.59 mmol 1, 1.18 mmol 2 used; 0.5 M concentration for 24—48 h
with TLC control. ?Isolated yield. ¢ Determined unambiguously by
analysis of crude mixture by 400 MHz 'H NMR with E-isomers
prepared for selected examples. “25% 1a recovered.

were reported,**!° these reactions were generally operated
with an added phosphine ligand for the initial reduction
of Pd(II) to Pd(0). Examples of Heck arylations without
a phosphine ligand also appeared, but mechanism of this
type of reaction was unknown.'!

(10) (a) Karabelas, K.; Westerlund, C.; Hallberg, A. J. Org. Chem.
1985, 50, 3896. (b) Karabelas, K.; Hallberg, A. J. Org. Chem. 1986, 51,
5286. (c) Cabri, W.; Candiani, I.; Bedeschi, A.; Penco, S. J. Org. Chem.
1992, 57, 1481. (d) Cabri, W.; Candiani, 1.; Bedeschi, A. J. Org. Chem.
1992, 57, 3558. (e) Ashimori, A.; Bachand, B.; Calter, M. A.; Govek,
S. P.; Overman, L. E.; Poon, D. J. J. Am. Chem. Soc. 1998, 120, 6488.
(f) Beletskaya, 1. P.; Cheprakov, A. V. Chem. Rev. 2000, 100, 3009.

(11) (a) Jafarpour, F.; Samaneh, Z.; Olia, M. B. A.; Jalalimanesh, N.;
Rahiminejadan, S. J. Org. Chem. 2013, 78, 2957. (b) Zhou, W.; An, G.;
Zhang, G.; Han, J.; Pan, Y. Org. Biomol. Chem. 2011, 9, 5833.
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Scheme 2. Synthesis of 11-5-Hydroxysteroid Dehydrogenase
Inhibitor and Asymmetric Hydrogenation

Cl

Oﬁ 1. PAIC, H,
Ph N MeOH, 95% <l

— -
2. LDA, THF Ph N
93% (ref 8)

-

o,

(2)-3ea 5
(11-B-hydroxysteroid
dehydrogenase inhibitor)

o o
MeO,c  NH  LPCymenelRWCL o NH

- - " =,
Xylyl-0-BINAPO
EtOH, H,
(ref 3d)
F F

(2)-3gb 6 (99% ee)

Scheme 3. Control Experiments

(j | PdCl,(COD)
s S——
N R MeO,C N *)
~ AgaPO,
MeO,C CH4CN, 90 °C
(E)1h 2a (ZIE)-3ha
Pd,dbag or Pd(PPhy),
Oz(j | (20 mol %) O
N MeO,C N ®
~ + PPh; (40 mol %) —
MeO,C K5COj3 (2 equiv)
CH,CN, 90 °C
(BE)1a 2a (Z)-3aa

Although additional data were needed to establish the
mechanism, the fact that no reaction occurred when
Ag3;PO4 was omitted suggested a critical role of the silver
salt. This finding, combined with our other mechanistic
studies, lead us to tentatively propose an unproven
PA(I1)/Pd(IV) catalytic cycle (Scheme 4).'* According
to this proposal, oxidative insertion of the Pd(II) into the
silver-polarized Ph-I bond produces a highly electrophilic
cationic Pd(IV) species I, which would display lower
electrophilicity under basic condition (bases were detri-
mental to the reaction). The amide carbonyl of substrate
(E)-1a displaces 1,5-cyclooctadiene to form the intermedi-
ate I1, in which the double bond of the substrate (E)-1a is

(12) PA(IT)/Pd(IV) catalysis in C-H activations: (a) Daugulis, O.;
Zaitsev, V. G.; Shabashov, D.; Pham, Q.-N.; Lazarev, A. Synlett 2006,
20, 3382. (b) Deprez, N. R.; Kalyani, D.; Krause, A.; Sanford, M. S.
J. Am. Chem. Soc. 2006, 128,4972. (¢c) Hull, K. L.; Lanni, E. L.; Sanford,
M. S. J. Am. Chem. Soc. 2006, 128, 14047. (d) Kawai, H.; Kobayshi, Y.;
Oi, S.; Inoue, Y. Chem. Commun. 2008, 1464. (¢) Sibbald, P. A.; Rosewall,
C.F.;Swartz, R. D.; Michael, F. E. J. Am. Chem. Soc. 2009, 131, 15945.
(f) Pilarski, L. T.; Selander, N.; Bose, D.; Szabo, K. J. Org. Lett. 2009,
11,5518. (g) Racowski, J. M.; Ball, N. D.; Sanford, M. S. J. Am. Chem.
Soc. 2011, 133, 18022. (h) Ano, Y.; Tobisu, M.; Chatani, N.
J. Am. Chem. Soc. 2011, 133, 12984. (i) Wang, X.; Leow, D.; Yu, J.-Q.
J. Am. Chem. Soc. 2011, 133, 13864.
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brought close to Pd(IV) center in the proper orienta-
tion. Insertion of the double bond into Pd(IV)-Ph bond
furnishes the intermediate III. Subsequent rotation of
the C—C bond sets the stage for syn-elimination, yielding
the thermodynamically stable isomer (Z£)-3aa. The cycle is
completed when HX is eliminated from IV, restoring the
Pd(II) catalyst.

Scheme 4. Proposed Catalytic Cycle

_j-TAglPO,
Ph

cop PdCI,(COD)
-HX
HPAVCI,X
(Iv) 1 Cl ph
Oi(j F‘\éd'(/
MeO,C N \I/ \X\Cl

(|) X= PO43+

(2)-3aa X\oé(j
f
o b f~ o
ol Mo X N
MeO,C  Ph a o= ~
) crhd N (Ey1a
S~ O e MeO,C
MeO,C (Il

In summary, arylations of substituted enamides by aryl
iodides were achieved for the first time via an unusual
catalytic system under the assistance of a directing carbo-
nyl group. PdCl,(COD) and Ag;PO,4 were essential for
the reaction to occur. Under the conditions, a broad
range of (Z)-f-amido-f-arylacrylates were prepared regio-
and stereoselectively in a highly efficient manner. A Pd(II)/
PA(IV) catalysis was tentatively proposed. Further studies
are underway to establish the reaction mechanism and
to expand the substrate scope to include the challenging
alkyl iodides and highly electron-deficient and sterically
hindered aryl iodides.
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