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Abstract: Efficient palladium-catalyzed cross-coupling reactions
of a-diazocarbonyl compounds and arylboronic acids or aryl halides
have been developed. The reaction proceeds smoothly for a range
of diazo compounds, boronic acids, and halides. The coupling reac-
tion conditions tolerate various substituents on the aromatic rings of
the substrates, such as chloro, fluoro, acyl, oxo, ester, and nitro
groups. This coupling reaction constitutes a novel access to a-aryl-
substituted o,B-unsaturated carbonyl compounds. Mechanistically,
palladium—carbene is supposed to be the key intermediate; its for-
mation is followed by migratory insertion of an aryl group to the
carbenic carbon of the palladium—carbene complex and subsequent
B-hydride elimination. Kinetic isotope effect (KIE) data measured
for intra- and intermolecular competition experiments suggest that
B-hydride elimination is not involved in the rate-determining step.
Key words: palladium catalysis, cross-coupling, diazo compounds,
aryl halides, arylboronic acids

Introduction

a-Diazocarbonyl compounds have attracted great atten-
tion due to their wide applications in organic synthesis.!
The most common application of a-diazocarbonyl com-
pounds is to generate metal—carbene species through tran-
sition-metal catalysis. Although many transition metals
are known to decompose diazo compounds, extensive in-
vestigations in this field have demonstrated that rhodi-
um(Il) and copper(I) complexes are the two most
successful metals in this chemistry. Rhodium(II) and cop-
per(I) complexes have been proved to be highly efficient
in catalyzing dinitrogen extrusion from diazo substrates,
generating the corresponding metal—carbene species. The
metal—carbene intermediates thus generated are highly re-
active, yet very selective in many cases, and undergo a
variety of typical metal-carbene reactions, such as cyclo-
propanations and X-H (X =C, O, N, S, Si, etc.) bond
insertions. Those reactions have been developed into stan-
dard transformations in organic synthesis. Despite these
achievements, the development of novel and efficient syn-
thetic methods based on the reaction of a-diazocarbonyl
compounds has still been pursued actively in recent years.
One important direction in this area is to look for other
transition metals that may lead to novel reactivity of the
metal—carbene intermediates.?
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Palladium complexes show diverse reactivities in organo-
metallic chemistry. In particular, palladium-catalyzed
cross-coupling reactions have become part of the most ap-
plied reactions for the formation of carbon—carbon and
carbon-heteroatom bonds.? In combination with oxida-
tive addition, transmetalation, migratory carbonyl inser-
tion, and reductive elimination, palladium-catalyzed
reactions demonstrate striking diversity. Various types of
palladium-catalyzed coupling reactions are utilized rou-
tinely as key steps in organic synthesis.* A variety of
nucleophiles (organometallic reagents and carbonyl com-
pounds, amines, alcohols, phosphines, etc.) and electro-
philes (halides, triflates, tosylates, etc.) can be applied in
the palladium-catalyzed cross-coupling process.

Despite the great success of palladium catalysts, palladi-
um-catalyzed reactions involving palladium—carbenes as
reactive intermediates have not received much attention
until very recently.’ Palladium—carbene species have only
been sporadically suggested as reactive intermediates in
palladium-catalyzed transformations.® Although in recent
years stable N-heterocyclic carbenes (NHCs) have been
widely used as ligands in palladium-catalyzed reactions,
the Pd—C bond between the NHC ligand and palladium is
found to be closer to being a single bond due to the strong
donor and poor m-acceptor properties of NHCs.” Recently,
Broring and co-workers reported the first palladium(II)
complex of a nonheteroatom-stabilized carbene ligand.*®
However, this palladium(II)-carbene complex shows no
reactivity toward either nucleophiles or electrophiles.
Thus, it has not been possible to study the chemical prop-
erties of palladium(IT)—carbenes from this complex.

On the other hand, palladium complexes as catalysts for
the diazo decomposition reaction were examined quite a
long time ago."® Those studies already demonstrated dif-
ferent reaction patterns of the palladium-catalyzed reac-
tion of diazo compounds when compared with the
corresponding rhodium(II)- or copper(I)-catalyzed reac-
tions. For example, in palladium-catalyzed cyclopropana-
tion of diazomethane, it is suggested that the reaction
proceeds through electrophilic addition by palladium—
olefin complexes to diazomethane, rather than through a
palladium—carbene intermediate.” Another example is
palladium(II)-catalyzed polymerization with diazoesters
and diazoketones, which has been studied by Inoue and
co-workers.!° This polymerization is a unique method to
construct polymer backbones consisting of one-carbon
units. The migratory insertion of the palladium(II)—car-

Downloaded by: University of Arizona Library. Copyrighted material.



FEATURE ARTICLE Coupling of a-Diazocarbonyl Compounds with Boronic Acids or Halides 4155

bene intermediate may be involved as the key step in the  esters and nitriles by diazomethane and aryldiazoacetates.
chain-propagation process. Palladium(Il) catalysts are In the latter case, the reaction is likely to involve a dipolar
also effective in the cyclopropanation of a,B-unsaturated cycloaddition, followed by thermal decomposition of the
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initially formed pyrazole.!! In addition, it has been noted
that palladium-catalyzed dinitrogen extrusion of a-diazo-
carbonyl compounds is not efficient in general, and in
many cases affords mixtures of products with low selec-
tivity due to harsh reaction conditions such as high tem-
perature and long reaction time.

Palladium-catalyzed reactions of diazo compounds with
palladium—carbene proposed as reactive intermediate
have recently emerged in the literature.!> In 2001,
Van Vranken and co-workers reported the reaction of (tri-
methylsilyl)diazomethane with substituted benzylic ha-
lides, which leads to the generation of styrene.'?® The
formation of palladium—carbene and the subsequent mi-
gratory insertion are proposed as the key steps in the reac-
tion mechanism (Scheme 1). Following this seminal
work, several catalytic systems involving similar palladi-
um-—carbene formation and subsequent migratory inser-
tion have been reported. Van Vranken and co-workers
further reported palladium-catalyzed migratory insertion
of the vinyl group to the carbene center to afford an al-
lylpalladium intermediate, which could be incorporated
into a three-component reaction with amine nucleophiles
or active methylene nucleophiles.!> In 2007, Barluenga
and co-workers first reported on their palladium-cata-
lyzed coupling of N-tosylhydrazone with aryl bromide, in
which similar migratory insertion of palladium—carbene
was suggested as a key step in the mechanism. !¢ More re-
cently, a palladium-catalyzed coupling reaction of benzyl
bromides and a-aryldiazoesters, which gives (E)-a,B-di-
arylacrylates with high stereoselectivity, was reported by
Yu and co-workers.'? We have reported a similar cou-
pling of N-tosylhydrazones with benzyl halides, which af-
fords di- or trisubstituted olefins.'?*

ArX X =B(OH), Br, |

oxidative addition
or transmetalation

Tr Rl Ar

1
L,PdAr RY
>:N2 T~ Y=Pdn —> >LPd'—n
g2 ™ R?

Scheme 1 Palladium-catalyzed cross-coupling through palladium—
carbene migratory insertion

In connection with our long-standing interest in the chem-
istry of diazo compounds, we have envisaged that it would
be worthwhile to revisit the palladium catalyst in this area.
Exploration along this line led to the development of a
palladium-catalyzed cross-coupling of a-diazocarbonyl
compounds with aromatic boronic acids, which was com-
municated in 2008.'* Further studies revealed that this
palladium-catalyzed cross-coupling reaction can be ex-
tended to aryl iodides and aryl bromides. We present here
a full account of this novel palladium-catalyzed coupling
reaction.

Synthesis 2010, No. 24, 4154-4168 © Thieme Stuttgart - New York

Results and Discussion

Palladium-Catalyzed Cross-Coupling of a-Diazocar-
bonyl Compounds with Arylboronic Acids

To explore the possibility of using an a-diazocarbonyl
compound as cross-coupling partner in a palladium-cata-
lyzed reaction, our initial studies focused on palladium-
catalyzed coupling of a-diazocarbonyl compounds with
boronic acids. Since its discovery, Suzuki—-Miyaura cou-
pling of aryl and vinyl halides or triflates with organobo-
ron reagents has developed into one of the most important
C-C bond-forming reactions.'® The availability of various
boronic acids that are normally nontoxic and stable, as
well as easy workup and separation of the products are
some of the factors that contribute to the success of the
Suzuki—Miyaura reaction. However, to our knowledge,
palladium-catalyzed coupling of diazo compounds with
boronic acids has not been documented in the literature
until our recent report.!?414

Initially, the palladium-catalyzed reaction of methyl a-di-
azopropionate (1) and phenylboronic acid (2a) was used
to explore the cross-coupling conditions (Table 1). Meth-
yl 2-phenylacrylate (3a) was isolated in moderate yield
when the reaction was catalyzed by tetrakis(triphe-
nylphosphine)palladium in the presence of benzoquinone
(BQ) and potassium carbonate (entry 1). Benzoquinone
was found indispensable as oxidant, since in the absence
of benzoquinone only a trace amount of 3a could be de-
tected (entry 2). Further optimization was carried out by
screening other reaction parameters (temperature, solvent,
and base). The reaction proceeded more efficiently at high
temperature (entry 3). Diisopropylamine was found to be
the most suitable base, promoting the reaction to provide
high yields (entries 6 and 7), although other bases, such as
potassium carbonate, cesium carbonate, and triethylamine
were also effective. As for the solvent, the polar solvent
1,2-dichloroethane could accelerate the reaction, but led
to slightly lower yield (entry 8), while acetonitrile was
found to give a poor result (entry 9). Lastly, palladium cat-
alysts were examined. Palladium(II) acetate, dichloro-
bis(triphenylphosphine)palladium(II), and palladium(IT)
acetate/phosphine ligands all led to lower yields of 3a
(entries 10—14). As control experiment, the reaction was
carried out in the absence of tetrakis(triphenylphos-
phine)palladium: product 3a could not be detected under
such conditions.

On the basis of the above experiments, it was concluded
that methyl a-diazopropionate (1) could react well with
phenylboronic acid (2a) to generate methyl 2-phenylacry-
late (3a) with tetrakis(triphenylphosphine)palladium as
catalyst in the presence of diisopropylamine as base and
benzoquinone as oxidant. Table 2 summarizes the reac-
tions of methyl a-diazopropionate (1) with a series of aryl-
boronic acids 2a-l1 under the optimized reaction
conditions. All these reactions were completed in 15 min-
utes, affording the corresponding a-arylacrylates 3a-1 in
moderate to high yields. The presence of ortho substitu-
ents in arylboronic acids 2 had little negative effect on the
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Table 1 Palladium-Catalyzed Reaction of Methyl a-Diazopropionate (1) and Phenylboronic Acid (2a)*

cat.

N, base (3 equiv) J\
)J\COZMe + PhBOH:  Bq (;jvzgriw Ph”” CO,Me
1 2a 3a
Entry Cat. (mol%) Solvent Base Temp (°C) Time Yield (%)®
1 Pd(PPh;), (5) toluene K,CO; 60 30 min 53
2¢ Pd(PPh;), (5) toluene K,CO; 60 3h trace
3 Pd(PPhs), (5) toluene K,CO;4 80 30 min 64
4 Pd(PPh;), (5) toluene Cs,CO; 80 30 min 45
5 Pd(PPhs), (5) toluene Et;N 60 30 min 50
6 Pd(PPh;), (2.5) toluene i-Pr,NH 80 15 min 74
7¢ Pd(PPhs), (2.5) toluene i-Pr,NH 80 15 min 82
8¢ Pd(PPhs), (2.5) DCE i-Pr,NH 80 5 min 68
9 Pd(PPhs), (5) MeCN K,CO;, 60 12h 8
104 Pd(OAc), (2.5) toluene i-Pr,NH 80 2h 19
114 PdCl,(PPh;), (2.5) toluene i-Pr,NH 80 30 min 27
12¢ Pd,(dba); (2.5)/PPh; (10) toluene i-Pr,NH 80 15 min 41
134 Pd(OAc), (2.5)/dppe (2.5) toluene i-Pr,NH 80 1h 34
14 Pd(OAc), (5)/PPh; (20) toluene K,CO; 60 35h 51
15¢ none toluene i-Pr,NH 80 15h 0

* Reaction conditions: 1 (1.0 equiv), 2a (3.0 equiv).
b Isolated yield.

¢ The reaction was carried out in the absence of BQ.
4i-Pr,NH (5 equiv) was used.

reaction. The coupling products were isolated in high
yields that were comparable to meta- and para-substituted
arylboronic acids (entries 2-5). In the case of the reaction
with 3,5-dimethyl-substituted arylboronic acid, the slight-
ly lower yield can be attributed to the poor solubility of the
boronic acid (entry 6). Notably, the electronic properties
of the substituents on the aryl group have an observable
effect on the yields. The yields of products with electron-
donating groups were higher than those of electron-with-
drawing groups (entries 7-9). It is noteworthy that chloro
and bromo substituents were inert to the reaction condi-
tions and could be retained on the aryl group after reaction
(entries 10 and 11). 1-Naphthylboronic acid also gave the
product in good yield (entry 12).

Next we went on to study the scope of the coupling reac-
tion by using various a-diazocarbonyl compounds 4a—i
under the same conditions (Table 3). The results show that
diazo compounds with a wide range of substituents could
be applied in the reaction with phenylboronic acid (2a),
affording o,B-unsaturated carbonyl compounds 5a—i bear-
ing various substituents (Table 3). It is noteworthy that a
tetrasubstituted olefin, which is usually difficult to access,
can be obtained in moderate yield (entry 5). The reaction

with a-alkyl-substituted a-diazoketones also occurred
smoothly to afford a,B-unsaturated ketones (entries 6-9).
The relatively stable chloride and bromide groups could
survive these mild reaction conditions, and these groups
could be utilized for further transformations through tran-
sition-metal catalysis (entries 7 and 8).

Palladium-Catalyzed Cross-Coupling of a-Diazocar-
bonyl Compounds with Aryl Iodides

The success of the cross-coupling of a-diazocarbonyl
compounds with aromatic boronic acid under mild reac-
tion conditions encouraged us to turn our attention to oth-
er coupling partners, such as aryl halides. When aryl
halides are used as coupling partners, oxidative addition,
instead of transmetalation as in the coupling reaction with
boronic acids, must be involved in the catalytic cycle.
Thus, a palladium(0) complex will be used as catalyst and
an oxidant will not be required in these cases. Initial at-
tempts at utilizing iodobenzene (6a) and methyl a-diazo-
propionate (1) under the above-described conditions but
in the absence of benzoquinone gave the desired product
of methyl 2-phenylacrylate (3a) in low yield (Table 4).
Optimization experiments were then carried out and the
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Table 2 Tetrakis(triphenylphosphine)palladium-Catalyzed Reac-
tion of Arylboronic Acids 2a-1 with Methyl a-Diazopropionate (1)*

Pd(PPhg); (2.5 mol%)

Ny "G 15 oo
)I\COQMe + ABOMe T vene, 80 °C, 15 min Ar COMe
1 2a-1 3a-1
Entry 2 Ar 3 Yield (%)®
1 2a C.Hs 3a 82
2 2b 2-MeC,H, 3b 88
3 2¢ 3-MeC¢H, 3c 83
4 2d 4-MeC(H, 3d 83
5 2e 4-t-BuCgH, 3e 83
6 2f 3,5-Me,C H, 3t 49
7 2 4-MeOCH, 3g 86
8 2h 3-0,NCH, 3h 58
9 2i 4-OHCC¢H, 3i 44
10 2 4-CIC(H, 3 77
11 2k 4-BrC¢H, 3k 77
12 21 1-naphthyl 3l 83

2 Reaction conditions: 1 (1.0 equiv), 2a-1 (3.0 equiv).
® Isolated yield.

results are summarized in Table 4. The polarity of the sol-
vents had a marginal effect on the yields, with 1,2-dichlo-
roethane affording the best results (entries 1-6). The
choice of suitable base was found to be very important for
this reaction. Organic bases afforded better yields than in-
organic bases (entries 6—11). Low temperature slowed
down the rate of the coupling reaction, leading to poor
yields (cf. entries 6, 12, and 13). We also examined other
palladium complexes and ligands. When palladium(II)
acetate was used alone, the catalytic activity was dimin-
ished, and the reaction afforded the product in low yield
(entry 14). In the presence of monophosphine ligands,
moderate yields could be obtained (entries 15-17). In
contrast, a bidentate phosphine ligand suppressed the
coupling reaction (entry 18).

With the optimized reaction conditions in hand, we then
moved on to the next stage to investigate the scope of this
coupling reaction. First, a variety of substituted aryl io-
dides 6 were subjected to the reaction under optimized
conditions (Table 5). All the substrates that we examined
worked well to afford the desired products in moderate to
good yields. The alkyl- and phenyl-substituted aryl io-
dides reacted smoothly to afford coupling products in
good yields (entries 2—4). When bromo and chloro substit-
uents were present in the aryl iodides, the reactions oc-
curred selectively at the iodo-substituted carbon (entries
5-8). 4-Methoxy-substituted iodobenzene afforded a low
yield, presumably due to its relatively slow rate of oxida-
tive addition (entry 9). Conversely, for the substrate with

Synthesis 2010, No. 24, 4154-4168 © Thieme Stuttgart - New York

Table 3 Tetrakis(triphenylphosphine)palladium-Catalyzed Reac-
tion of 4a—i with Phenylboronic Acid (2a)

Pd(PPh3)s (2.5 mol%)

R' 0 ProNH (5 equiv) R o
RZJYJ\F@ . PhB(OH), BQ (1.5 equiv) RZMRS
N toluene, 80 °C, 15 min
2 Ph
4a-i 2a 5a-i
Entry 4 5 Yield (%)®
CO,Pr
1 \,[E Ph)I\COQfPr 84
4a 5a
COsMe Ph
92
2 \/\II\E /%”)\cozme (ZIE = 1:2.5)
4b 5b
COsMe Ph
Ph 80
3 /\[I\]l: th“‘/I\COZMe (ZIE = 1:1.5)
4c Sc

COM Ph
4 Ph/\/\'[\‘]/ >Me PhM 97
2

COMe  (Z/E=1:2.3)
4d 5d
5 )\’(002Me )\(COQMe 65
N2

4e Se
9 o
6 Ph)l\ﬂ/ ph)HTPh 90
N2
4 St
o} o)
Me
7 @*ﬂ )@)V 87
cl Ne cl Fh
4 S5g
o) o
M
M ee e caa
Br Z Ne Br Ph
4h 5h
o) o)
9 il:/er @/Ph 75

4i Si

* Reaction conditions: 4 (1 equiv), 2a (3 equiv).
b Isolated yield.
¢ Ratio determined by '"H NMR spectroscopy of the crude product.

the phenyl moiety bearing an electron-withdrawing sub-
stituent, the reaction proceeded smoothly to afford the
coupling product in good yield (entry 10).

We then proceeded to examine the reaction with a series
of o -alkyl-substituted o -diazoesters 4 (Table 6). It was
found that the a-alkyl-substituted diazoesters all led to the
formation of the expected olefin products 5. Primary alkyl
groups gave trisubstituted olefins in good yields; howev-
er, E and Z selectivity was low in all cases (entries 3-5).
When the alkyl group was isopropyl, as in the case of 4e,
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Table 4 Conditions for Palladium-Catalyzed Reaction between
Methyl a-Diazopropionate (1) and Iodobenzene (6a)?

cat

N2 base (3 équiv)

)J\COZMG PR T et P COnMe
1 6a 3a
Entry Cat. (mol%) Base Solvent Temp Time Yield
O Mm%

1 Pd(PPhs), (5) i-Pr,NH  THF 80 05 64

2 Pd(PPhs), (5) i-Pr,NH  dioxane 80 05 72

3 Pd(PPhs), (5) i-Pr,NH  EtOAc 80 0.5 64

4 Pd(PPh;), (5) i-P,NH  toluene 80 0.5 68

5 Pd(PPhs), (5) i-Pr,NH MeCN 80 0.5 76

6 Pd(PPhs), (5) i-Pr,NH  DCE 80 0.5 86

7 Pd(PPh;), (5) DBU DCE 80 05 49

8 Pd(PPhs), (5) DIPEA DCE 80 0.5 41

9 Pd(PPhs), (5) Et;N DCE 80 0.5 68
10 Pd(PPhs), (5) K,CO; DCE 80 05 27
11 Pd(PPhs), (5) K;PO, DCE 80 335
12 Pd(PPhs), (5) i-Pr,NH  DCE 60 4 64

13 Pd(PPhy),(5) iP,NH DCE 40 12 35

14 Pd(OAc), (5) i-P,NH DCE 80 4 39

15 Pd(OAc), (5)/  i-Pr,NH DCE 80 0.5 66
Ph;P (20)

16 Pd(OAc), (5)/ i-Pr,NH DCE 80 0.5 66
(4-Tol);P (20)

17 Pd(OAc), (5)/ i-Pr,NH DCE 80 05 70
(2-furyl);P (20)

18 Pd(OAc), (5)/ i-Pr,NH DCE 80 4 16
dppf (10)

2 Reaction conditions: 1 (1.3 equiv), 6a (1.0 equiv).

® Isolated yield.

the corresponding tetrasubstituted olefin could be ob-
tained in good yield (entry 6).

To further expand the scope of the diazo substrate, a-di-
azoketones were subjected to the above reaction condi-
tions. Unexpectedly, under the same reaction conditions,
unknown mixtures of products were detected by TLC. We
speculated that the halide ion generated in the course of
the reaction might interfere with this reaction. Thus, silver
salts were introduced to the reaction mixture as additive,
to eliminate the halide ion dissolved in the reaction solu-
tion (Table 7). After screening of several silver salts, it
was found that in the presence of silver(I) carbonate cou-
pling product 5f could be isolated in 90% yield (entry 3).
Although silver(I) carbonate is an inorganic base, we con-
firmed that diisopropylamine was still necessary to pro-
mote the reaction. When the reaction was carried out in

Table S Palladium-Catalyzed Reaction of Methyl a-Diazopropi-
onate (1) with Aryl Iodides 6a—j*

Pd(PPhg)4 (5 mol%)

Ny d 0
K © 7 i oo
1 6a-j 3a,c,d,gjkm-p

Entry 6 Ar Time 3 Yield (%)°
1 6a C¢H; l1h 3a 86
2 6b 3-MeCgH, 1h 3c 69
3 6¢c 4-MeC¢H, 1h 3d 74
4 6d 4-PhC¢H, 30 min 3m 76
5 6e 2-CIC¢H, 45 min 3n 85
6 6f 4-CICH, 45 min 3j 74
7 6g 4-BrC¢H, 45 min 3k 64
8 6h 3,4-C1,C4H; 45 min 3o 62
9 6i 4-MeOC¢H, 1h 3g 57
10 6j 4-MeO,CC¢H, 30 min 3p 80

2 Reaction conditions: 1 (1.3 equiv), 6 (1.0 equiv).
® Isolated yield.

the absence of diisopropylamine, the yield of 5f was sig-
nificantly diminished (entry 5).

Several o-diazoketones 4 were then examined under the
optimized reaction conditions. As shown in Table 8, the
expected coupling products were obtained in good yields
for all the a-diazoketones examined in this study. It was
noted again that chloro and bromo substituents on the
aromatic ring of the diazo substrates were tolerated under
the reaction conditions (entries 2 and 3). The reaction with
cyclic a-diazoketone 4i also occurred smoothly to afford
5iin a yield of 76% (entry 4).

Palladium-Catalyzed Cross-Coupling of a-Diazocar-
bonyl Compounds with Aryl Bromides

Next, we proceeded to apply aryl bromides as substrates,
which are generally less reactive than aryl iodides in pal-
ladium-catalyzed reactions. Under the optimized reaction
conditions developed for aryl iodides, diazo compounds
were indeed decomposed by palladium catalysts, but no
corresponding coupling products could be detected. We
speculated that the slow rate of oxidative addition of the
palladium(0) complex to a phenyl bromide might be re-
sponsible for this result. Thus, we decided to examine
some electron-rich phosphine ligands, which are well
known to promote oxidative addition of palladium(0)
complexes to halides. After a series of screening experi-
ments, it was concluded that [Pd(=-allyl)Cl], ligated by
2-dicyclohexylphosphino-2’,4",6’-triisopropylbiphenyl
(Xphos)" could efficiently catalyze the coupling of phe-
nyl bromide (7a) with 1, affording the coupling product in
86% yield.

Synthesis 2010, No. 24, 4154-4168 © Thieme Stuttgart - New York
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Table 6 Palladium-Catalyzed Reaction of a-Diazoesters 4 with lo-
dobenzene (6a)

i PPN equ R
- 3
RZJ\[(COZRS . -ProNH ( eoquuv) Rzr&rcozg
N, DCE, 80 °C Bh
4b-e,jk 6a 5b—e,j,k
Entry 4 Time (h) 5 Yield (%)¢
CO,Et
1 Np 1 PhJ\COZEt 78
4j 5)
CO.Bn
2 \[,\E 0.5 Ph”” CO.Bn 73
4k Sk
CO,Me Ph
a 86
3 \/\LE 15 ANowe (B 144
4b 5b
CO,Me Ph
b Ph 81
4 /\LE ! P““b/\cone (ZIE = 1:5)¢
4c Sc
CO,Me Ph
b Ph 71
5 /\/\’[\E 1 Ph\/m/\cone (ZIE = 1:2)
4d 5d
6 CO,Me 1 /g/cone 84
N Ph
4e Se

* Reaction conditions: 4b,e,j (1.3 equiv), 6a (1.0 equiv).

b Reaction conditions: 4¢,d,k (1 equiv), 6a (1.5 equiv).

¢ Isolated yield.

4 Ratio determined by 'H NMR spectroscopy of the crude product.

Similarly, a series of substituted aryl bromides 7 was then
subjected to the optimized reaction conditions (Table 9).
The coupling reaction proceeded smoothly in all cases. It
is noteworthy that an ortho substituent on the aromatic
ring of the bromide had no deleterious effect on this reac-
tion (entry 2). When there is a chloro or fluoro substituent
on the arene ring of the aryl bromide, the reaction oc-
curred selectively at the carbon bonded to bromo rather
than that bonded to chloro or fluoro (entries 6 and 7). Both
electron-donating and -withdrawing substituents were tol-
erated in the process (entries 8—10). The reaction also took
place smoothly with 2-bromonaphthalene and 2-bromo-3-
methylthiophene with good yields (entries 11 and 12).

Mechanistic Investigation

One possible reaction pathway for the cross-coupling re-
action is a two-step process involving 1,2-H shift of the
palladium—carbene species, followed by a Heck—Mizoroki-
type reaction.'® In this process, methyl acrylate should be
formed as reaction intermediate, as shown in Scheme 2.
To confirm such a reaction pathway, methyl acrylate was
subjected to the palladium-catalyzed reaction with phe-
nylboronic acid under the standard conditions
(Scheme 2). Methyl cinnamate (8) was isolated in very
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Table 7 Screening of Silver Salts as Additive®

o Pd(PPhs)4 (5 mol%)

Ag salt O
i-ProNH (3 equiv) Ph
Ph + Phl —_— Ph
DCE, 80 °C

Nz
af 6a 5f
Entry Ag salt (mol%) Time (h) Yield (%)°
1 AgF (100) 2 80
2 AgOAc (100) 1.5 67
3 Ag,CO; (50) 1 90
4 Ag,0 (50) 1 50
5 Ag,CO; (50) 1 45¢

2 Reaction conditions: 4f (1.3 equiv), 6a (1.0 equiv).
® Isolated yield.
¢ The reaction was carried out in the absence of i-Pr,NH.

Table8 Palladium-Catalyzed Reaction of a-Diazoketones 4f—i with
Iodobenzene (6a)*

Pd(PPhg)s (5 mol%) o)
o Ag»CO;3 (0.5 equiv) Ph
j-| i 1
R‘)HI/\RZ . Phi -ProNH (3 equiv) R |
Ny DCE, 80 °C Ry
4 6a 5f-i
Entry 4 Time § Yield
(h) (%)
0 o)
1 Ph)l\n/ 0.5 Ph)kf( Ph 90
N2
4f st
o) o)
M
2 YT o0s W 81
N Ne cl P
4g 5g

4i 5i

* Reaction conditions: 4 (1.3 equiv), 6a (1.0 equiv).
b Isolated yield.

low yield as the product of a Heck—Mizoroki-type reac-
tion. No product 3a could be detected by TLC or GC-MS
for this reaction. Consequently, this pathway could be
ruled out.

As discussed in the introduction, for several recently re-
ported palladium-catalyzed reactions of diazo com-
pounds, palladium—carbene generated from the
decomposition of the diazo compound has been proposed
as a key intermediate.'?> Migratory insertion of palladium—
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carbene complexes have been studied previously in stoi-
chiometric reactions.’ In particular, Barluenga and co-
workers proposed that palladium—carbene formation and
subsequent migratory insertion took place in their palladi-
um-catalyzed cross-coupling of aryl bromides with N-to-
sylhydrazones.!?d¢ On the basis of this information, we
propose a plausible mechanism as shown in Scheme 3.
For the coupling with boronic acids, the reaction is initiat-
ed by oxidation of palladium(0) by benzoquinone, to
afford palladium(II) intermediate A (path a). Transmeta-
lation of A with arylboronic acid generates intermediate
B. For the coupling with aromatic halides, the intermedi-
ate B can be generated by oxidative addition of palladi-
um(0) with aryl halide (via path b). Complexation of the
diazo compound to palladium of intermediate B and sub-
sequent dinitrogen extrusion would generate palladium-—
carbene C. Migratory insertion of the aryl group to the
carbenic carbon leads to intermediate D, which could un-
dergo B-hydride elimination to afford the alkene product
and to regenerate the catalyst with the assistance of base.

Table 9 Palladium-Catalyzed Reaction of Methyl a-Diazopropi-
onate (1) with Aryl Bromides 7a-1*

[Pd(rn-C3Hs)Cl]2 (5 mol%)
XPhos (10 mol%)

iProNH (3 equiv) J\

COoMe
\ﬂ/ + ArBr

N, toluene, 80 °C Ar COzMe
1 7a-1 3a,b,d.f,g,0-w
Entry 7 Product 3 Yield (%)®
Br
1 ©/ COoMe 86
7a 3a

dLCOQMe 84

/
Tc 3d
Br
CO,Me
4 \Q/ 86
o Br
Te 3q
Cl Br cl
6 \@/ CO,Me 78
7f 3r
Br
F NS
g 3s

Table 9 Palladium-Catalyzed Reaction of Methyl a-Diazopropi-
onate (1) with Aryl Bromides 7a—1* (continued)

[Pd(n-C3Hs)Cl]2 (5 mol%)
XPhos (10 mol%)

i-ProNH (3 equiv) )I\

COoMe
\ﬂ/ + ArBr

N, toluene, 80 °C Ar COzMe
1 7a-1 3a,b,d.f,g,0-w
Entry 7 Product 3 Yield (%)®
Br
g Q/ CO,Me 47
ON OoN
7h 3t

Br
X
o T Y o o
Et0C EtO,C &

7i 3u
Br
10 /©/ CO,Me 79
MeO MeO
7j 3g

Br
11 (j@/ = COMe 94
x X

7k 3y
12 d Mcogm 52
5 Br \ d
71 3w
2 Reaction conditions: 1 (1.5 equiv), 7 (1.0 equiv).
® Isolated yield.
1,2-H
PdL, e
PdL, n shift
] — [ } 2 Co,Me
COo,Me
Pd J\
PhB(OH), Ph CO.Me
3a

Pd(PPhg), (2.5 mol%) oh
i-ProNH (5.0 equiv) NN
/\COZMe + PhB(OH), ———————————> Z "CO.Me
BQ (1.5 equiv) 8
toluene, 80 °C, 16 h g%

Scheme 2

It is worth noting that the migratory insertion of palladi-
um-—carbene may be compared with the migratory inser-
tion of palladium—carbonyl complexes, which is a key
step in the palladium-catalyzed carbonylation of aromatic
halides (Scheme 4). Palladium-catalyzed migratory car-
bonyl insertion into the Pd—C bond is a powerful method
for introducing a one-carbon unit into an organic mole-
cule.!”

To gain further insight into the mechanism of this novel
coupling reaction, kinetic isotope effect (KIE) experi-
ments were carried out. First, KIE values were measured
through intermolecular competition between diazo sub-
strate 9 and deuterated diazo substrate 9-d; (Table 10).

Synthesis 2010, No. 24, 4154-4168 © Thieme Stuttgart - New York
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path b

Scheme 3 Mechanistic rationale

R R

r , |
OZCiPdLn O=C—PdL,
migratory insertion of CO
R’ 1
Ry | R
>:Pd|—n — PdL,
RS ~ RS
migratory insertion of carbene

Scheme 4 Comparison of migratory insertion of carbonyl and car-
bene

Under the standard reaction conditions, equal amounts of
9 and 9-d; were subjected to the reaction with 4-iodotolu-
ene, phenylboronic acid, and 1-(4-bromophenyl)propan-
2-one, respectively. In all cases, the measured KIE values
were close to 1.0, indicating no kinetic isotope effect for
k,,,- Furthermore, the KIE values of the f-hydride elimi-
nation step were measured though intramolecular compe-
tition with monodeuterated diazo substrate 10-d,
(Table 11). For the reactions with three different cross-
coupling partners, the experiments afforded almost iden-
tical ky/kp values [ky/k, =2.05, 2.07, 1.95, for reaction
with phenyl iodide, phenylboronic acid, and 1-(4-bro-
mophenyl)propan-2-one, respectively]. These values are
comparable to the kinetic isotope effects reported for syn-
B-hydride elimination in other palladium-catalyzed reac-
tions.'® Furthermore, it is noteworthy that in our recent
study on palladium-catalyzed oxidative cross-coupling of
diazo compounds with boronic acids, similar kinetic iso-
topic data were obtained.'*"

The results of these KIE experiments clearly indicate that
the B-hydride elimination is not in the rate-limiting step.
From the different reaction times for the reactions with
boronic acids, iodides, and bromides, we suppose that the
transmetalation or oxidative addition is the slow step in
the catalytic cycle. The diazo decomposition, migratory
insertion, and B-hydride elimination are all relatively fast-
er processes. The KIE data are consistent with the pro-
posed mechanism shown in Scheme 3.
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Table 10 Intermolecular Kinetic Isotope Effect Measurement

HsC._ _CO:Bn  DsC._ _CO.Bn RR
\ﬂ/ + \n/ +  ArX — :[

N2 N2 Ar”” >CO,Bn

9 9-d; RH.D
Ar X Conditions®*  kylkp
4-MeCGH, I A 1.0
CeH; B(OH), A 1.0
4-MeC(O)CH,C4H, Br B 1.0

* Reaction conditions: A. Pd(PPhs), (2.5 mol%), i-Pr,NH, DCE, 80
°C; B. [Pd(C;H;5)Cl], (2.5 mol%), XPhos (10 mol%), i-Pr,NH (3
equiv), toluene, 80 °C.

Table 11 Intramolecular Kinetic Isotope Effect Measurement

H O R., .H

D“‘MOBn + AX —— I
H Ar CO.Bn
N2
10-d; R=H,D

Ar X Conditions® kylkp
CH; I A 2.05
CeHs B(OH), A 2.07
4-MeC(O)CH,C¢H, Br B 1.95

2 Reaction conditions: A. Pd(PPhs), (2.5 mol%), i-Pr,NH, DCE, 80
°C; B. [Pd(C;H5)Cl], (2.5 mol%), XPhos (10 mol%), i-Pr,NH (3
equiv), toluene, 80 °C.

Conclusion

We have developed a novel access to a-aryl-substituted
o,B-unsaturated carbonyl compounds by palladium-cata-
lyzed coupling of a-diazocarbonyl compounds with aryl-
boronic acids, aryl iodides, or aryl bromides. The
mechanism of the reaction most likely involves a migrato-
ry insertion of the aryl group to the carbon of the palladi-
um-—carbene, which is generated from the palladium
catalyst and the diazo substrate. Although migratory in-
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sertion of palladium—carbene species has been studied in
stoichiometric reactions, it has attracted attention only re-
cently as a key step in catalytic processes. Incorporation
of this process with the well-established rich chemistry of
palladium complexes should lead to novel transforma-
tions. Moreover, as shown by Barluenga’s and our
work,12dekmn extension of the cross-coupling partners
from a-diazocarbonyl compounds to other metal-carbene
precursors, such as hydrazones, is also possible. On the
other hand, organopalladium species can be generated
from a variety of precursors, such as allyl halides, 1,4-
dienes, allenes, and alkynes. The combination of these
processes would significantly expand the scope of this
coupling reaction. Novel transformations may also
emerge from these combinations. Further studies in this
area are underway in our laboratory and the results will be
reported in due course.

All reactions were performed under a N, atmosphere in flame-dried
reaction flasks. All solvents were distilled prior to use. Toluene and
THF were dried over Na with benzophenone-ketyl intermediate as
indicator. For chromatography, 200-300 mesh silica gel (Qingdao,
China) was employed. 'H and '*C NMR spectra were recorded at
300 MHz (or 400 MHz) and 75 MHz (or 100 MHz) on a Varian
Mercury 300 or a Bruker ARX400 spectrometer. Chemical shifts
are reported with reference to TMS as internal standard. IR spectra
were recorded on a Nicolet SMX-S infrared spectrometer. Mass
spectra (EI method) were recorded on a VG-ZAB-HS mass spec-
trometer. HRMS was carried out on a Bruker APEXIV mass spec-
trometer. Compounds 3p," 3r,° 3t,'° 3v,?! 5j,%2 5k* have been
reported previously.

Methyl 2-Phenylacrylate (3a) by Palladium-Catalyzed Cross-
Coupling between Arylboronic Acids and a-Diazocarbonyl
Compounds; Typical Procedure

Under a N, atmosphere, methyl a-diazopropionate (1; 57 mg, 0.5
mmol) was added to a mixture of phenylboronic acid (2a; 183 mg,
1.5 mmol), i-Pr,NH (253 mg, 2.5 mmol), BQ (81 mg, 0.75 mmol),
and Pd(PPh;), (14 mg, 0.0125 mmol) in toluene (8 mL). The mix-
ture was stirred at 80 °C until 1 had disappeared as judged by TLC.
The solvent was evaporated in vacuo. Purification of the mixture by
column chromatography (silica gel, PE-EtOAc, 30:1) gave pure 3a.

Colorless oil; yield: 66 mg (82%).

Methyl 2-Phenylacrylate (3a) by Palladium-Catalyzed Cross-
Coupling between Aryl Iodides and o-Diazocarbonyl Com-
pounds; Typical Procedure

Under a N, atmosphere, Pd(PPh;), (27 mg, 0.025 mmol) was added
to a mixture of Phl (6a; 102 mg, 0.5 mmol), i-Pr,NH (151 mg, 1.5
mmol), and methyl a-diazopropionate (1; 74 mg, 0.65 mmol) in
DCE (8 mL). The mixture was then stirred at 80 °C until 1 had dis-
appeared as judged by TLC. The solvent was removed in vacuo. Pu-
rification of the mixture by column chromatography (silica gel, PE—-
EtOAc, 30:1) gave pure 3a.

In the reactions of 4f—i with 6a, Ag,CO; (0.25 mmol) was used as
additive.

Methyl 2-Phenylacrylate (3a) by Palladium-Catalyzed Cross-
Coupling between Aryl Bromides and a-Diazocarbonyl Com-
pounds; Typical Procedure

Under a N, atmosphere, a mixture of toluene (8 mL), [PAC1(C;H5)],
(5 mg, 0.0125 mmol), and Xphos (24 mg, 0.05 mmol) was stirred at
r.t. After 10 min, i-Pr,NH (151 mg, 1.5 mmol), PhBr (7a, 79 mg, 0.5

mmol) and methyl a-diazopropionate (1; 86 mg, 0.75 mmol) were
added. The mixture was then stirred at 80 °C until 1 had disappeared
as judged by TLC. The solvent was removed in vacuo. Purification
of the mixture by column chromatography (silica gel, PE-EtOAc,
30:1) gave pure 3a.

Methyl 2-Phenylacrylate (3a)*
Colorless oil; yield: 70 mg (86%).

IR (film): 2952, 1721, 1201 cm™.

'H NMR (300 MHz, CDCl5): § =3.82 (s, 3 H), 5.89 (d, J = 0.9 Hz,
1 H), 6.36 (d, J=0.9 Hz, 1 H), 7.33-7.43 (m, 5 H).

13C NMR (75 MHz, CDClL,): § = 52.2, 126.9, 128.1, 128.2, 128.3,
136.7, 141.3, 167.2.

MS (EL 70 eV): m/z (%) = 162 [M*] (49), 131 (13), 103 (100), 77
(30).

Methyl 2-(2-Tolyl)acrylate (3b)*
Colorless oil.
IR (film): 2951, 1722, 1209 cm™".

'H NMR (300 MHz, CDCL,): § = 2.19 (s, 3 H), 3.75 (s, 3 H), 5.70
(d,J=1.5Hz, 1 H), 6.51 (d,J = 1.5 Hz, 1 H), 7.11-7.27 (m, 4 H).

13C NMR (75 MHz, CDCl,): § = 19.7, 52.1, 125.6, 128.1, 128.6,
129.4,129.8, 136.0, 137.1, 141.7, 167.1.

MS (EL 70 eV): m/z (%) = 176 [M*] (72), 161 (19), 144 (14), 117
(78), 115 (100), 91 (27).

Methyl 2-(3-Tolyl)acrylate (3c)
Pale yellow oil.

IR (film): 2951, 1724, 1225, 1162 cm™".

'H NMR (300 MHz, CDCLy): § = 2.37 (s, 3 H), 3.82 (s, 3 H), 5.87
(d, J=0.9 Hz, 1 H), 6.34 (d, J = 0.9 Hz, 1 H), 7.15-7.26 (m, 4 H).

13C NMR (75 MHz, CDCly): & = 21.4, 52.1, 125.3, 126.6, 128.0,
128.9, 129.0, 136.6, 137.7, 141.4, 167 4.

MS (EL 70 eV): m/z (%) = 176 [M*] (70), 145 (8), 117 (100), 91
(16).

Anal. Calcd for C,;H,,0,: C, 74.98; H, 6.86. Found: C, 75.16; H,
6.94.

Methyl 2-(4-Tolyl)acrylate (3d)*°
Oil.
IR (film): 2951, 1723, 1202, 1089 cm™".

"H NMR (300 MHz, CDCl,): & = 2.36 (s, 3 H), 3.81 (s, 3 H), 5.85
(d,/=12Hz,1H),631(d,/J=12Hz, 1H),7.16 (d,/=7.8Hz, 2
H), 7.30 (d, J=7.8 Hz, 2 H).

13C NMR (75 MHz, CDCly): § = 21.1, 52.1, 126.1, 128.1, 128.8,
133.8, 138.0, 141.1, 167 .4.

MS (EI, 70 eV): m/z (%) = 176 [M*] (63), 117 (100), 91 (16).
Methyl 2-(4-tert-Butylphenyl)acrylate (3e)

Colorless oil.

IR (film): 2961, 1724, 1208, 1115 cm™.

'H NMR (300 MHz, CDCl,): § = 1.33 (s, 9 H), 3.82 (s, 3 H), 5.88
(d,/=12Hz, 1H),6.32(d,J=12Hz, 1 H), 7.34-7.41 (m, 4 H).

13C NMR (75 MHz, CDCl,): § = 31.2, 34.5, 52.1, 125.1, 126.2,
127.9,133.7, 141.0, 151.2, 167 4.

MS (EL 70 eV): m/z (%) = 218 [M*] (20), 203 (100), 159 (5), 143
4).

HRMS (EI): m/z calcd for C,H,30,: 218.1307; found: 218.1309.
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Methyl 2-(3,5-Dimethylphenyl)acrylate (3f)
Colorless oil.

IR (film): 2951, 1724, 1264, 1163 cm™'.

'H NMR (300 MHz, CDCL,): § = 2.32 (s, 6 H), 3.80 (s, 3 H), 5.84
(d,J=12Hz, 1H),6.30(d,J=1.2Hz, 1 H), 6.97 (s, 1 H), 7.01 (s,
2 H).

13C NMR (75 MHz, CDCl,): & = 21.2, 52.1, 126.0, 126.3, 129.8,
136.6, 137.6, 141.5, 167 .4.

MS (EL 70 eV): m/z (%) = 190 [M*] (90), 159(5), 131 (100), 91
(17).

HRMS (EI): m/z calcd for C,H,,0,: 190.0994; found: 190.0994.

Methyl 2-(4-Methoxyphenyl)acrylate (3g)*
Colorless oil.

IR (film): 2953, 1721, 1512, 1173 cm™.

"H NMR (300 MHz, CDCl,): & = 3.81 (s, 3 H), 3.82 (s, 3 H), 5.83
(d,J=12Hz,1H),6.26(d,J=12Hz, 1 H), 6.88 (d,/=9.0Hz, 2
H), 7.36 (d, J=9.0 Hz, 2 H).

13C NMR (75 MHz, CDCly): § = 52.1, 55.2, 113.5, 125.3, 129.1,
129.4, 140.6, 159.6, 167.5.

MS (EL 70 eV): m/z (%) = 192 [M*] (68), 133 (100), 118 (9), 92 (5).
Methyl 2-(3-Nitrophenyl)acrylate (3h)

White solid.

IR (film): 2954, 1724, 1529, 1350, 1207 cm™.

'H NMR (300 MHz, CDCl;): & = 3.87 (s, 3 H), 6.05 (s, 1 H), 6.55
(s, 1 H), 7.53-7.58 (m, 1 H), 7.76-7.80 (m, 1 H), 8.19-8.23 (m, 1
H), 8.31-8.32 (m, 1 H).

13C NMR (75 MHz, CDCl,): § = 52.4, 122.9, 123.3, 129.0, 129.2,
134.4,138.2, 139.1, 148.0, 166.0.

MS (EL 70 eV): m/z (%) = 207 [M*] (100), 176(8), 148 (35), 102
(20).

HRMS (EI): m/z caled for C,iHyNO,: 207.0532; found: 207.0527.
Methyl 2-(4-Formylphenyl)acrylate (3i)

White solid.

IR (film): 2954, 1709, 1687, 1204, 1090 cm™.

'H NMR (300 MHz, CDCl,): § = 3.85 (s, 3 H), 6.02 (s, 1 H), 6.51
(s, 1 H), 7.60 (d, J = 8.1 Hz, 2 H), 7.89 (d, J = 8.1 Hz, 2 H), 10.04
(s, 1 H).

13C NMR (75 MHz, CDCl,): § = 52.3, 128.8, 129.0, 129.4, 135.8,
140.2, 142.6, 166.3, 191.7.

MS (EIL 70 eV): m/z (%) = 190 [M*] (100), 159 (13), 131 (72), 103
(24).

HRMS (EI): m/z calcd for C,H;,O5: 190.0630; found: 190.0635.
Methyl 2-(4-Chlorophenyl)acrylate (3j)*’

Colorless oil.

IR (film): 2952, 1722, 1202, 1094 cm™.

'H NMR (300 MHz, CDCl5): § = 3.83 (s, 3 H), 5.90 (d, J = 0.9 Hz,
1 H), 6.39 (d, /=0.9 Hz, 1 H), 7.33-7.36 (m, 4 H).

13C NMR (75 MHz, CDCl,): § = 52.2, 127.3, 128.3, 129.6, 134.2,
135.1, 140.1, 166.8.

MS (EIL 70 eV): m/z (%) = 196 [M*] (67), 137 (100), 111 (14).

Methyl 2-(4-Bromophenyl)acrylate (3k)"
Colorless oil.

IR (film): 2951, 1722, 1202, 1090 cm™.
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'H NMR (300 MHz, CDCl,): § = 3.82 (s, 3 H), 5.90 (d, J = 0.9 Hz,
1 H), 6.39 (d, J= 0.9 Hz, 1 H), 7.27-7.31 (m, 2 H), 7.47-7.49 (m, 2
H).

13C NMR (75 MHz, CDCl,): § = 52.3, 122.4, 127.4, 129.9, 131.2,
135.5,140.2, 166.7.

MS (EL 70 eV): m/z (%) = 240 [M*] (97), 181 (94), 102 (100), 75
(29).

Methyl 2-(1-Naphthyl)acrylate (31)*!
Colorless oil.
IR (film): 2950, 1721, 1222, cm™.

"H NMR (300 MHz, CDCl,): 8 = 3.71 (s, 3 H), 5.88 (d, J = 1.8 Hz,
1H), 6.72 (d, J=1.8 Hz, 1 H), 7.34-7.37 (m, 1 H), 7.43-7.50 (m, 3
H), 7.71-7.75 (m, 1 H), 7.83-7.87 (m, 2 H).

BC NMR (75 MHz, CDCLy): § = 52.2, 125.2, 125.8, 126.1, 126.9,
128.3,128.5, 129.9, 131.7, 133.3, 135.2, 140.6, 167 4.

MS (EL 70 eV): m/z (%) = 212 [M*] (28), 153 (100), 84 (27).

Methyl 2-(Biphenyl-4-yl)acrylate (3m)
Colorless oil.
IR (film): 3023, 2945, 1722, 1487, 770 cm™.

'H NMR (300 MHz, CDCLy): & = 3.83 (s, 3 H), 5.94 (d, J = 0.9 Hz,
1 H), 6.38 (d, J=0.9 Hz, 1 H), 7.34-7.51 (m, 5 H), 7.57-7.61 (m, 4
H).

13C NMR (75 MHz, CDCl,): § = 52.2, 126.7, 126.8, 127.0, 127.4,
128.6, 128.7, 135.5, 140.5, 140.8, 141.0, 167.2.

MS (EL 70 eV): m/z (%) = 238 [M*] (100), 179 (97), 152 (16).

Anal. Calcd for C;4H,,0,: C, 80.65; H, 5.92. Found: C, 80.35; H,
5.99.

Methyl 2-(2-Chlorophenyl)acrylate (3n)
Colorless oil.

IR (film): 2945, 1725, 1207, 763 cm™'.

'H NMR (300 MHz, CDCI,): § =3.77 (s, 3 H), 5.78. (d, /= 0.9 Hz,
1 H), 6.52 (d, J=0.9 Hz, 1 H), 7.26-7.31 (m, 3 H), 7.37-7.40 (m,
H).

13C NMR (75 MHz, CDCl,): § = 52.2, 126.7, 129.1, 129.2, 129.4,
130.8, 133.3, 136.5, 140.1, 166.4.

MS (EI, 70 eV): m/z (%) = 196 [M*] (6), 161 (100), 146 (5), 137
(36), 101 (24).

Anal. Calcd for C,,Hy0,Cl: C, 61.08, H, 4.61; Found: C, 61.34, H,
4.72.

Methyl 2-(3,4-Dichlorophenyl)acrylate (30)
White solid.
IR (film): 2951, 1725, 1474, 1091, 825 cm™'.

'H NMR (300 MHz, CDCl,): 6 =3.83 (s, 3 H), 5.94 (d, /= 0.9 Hz,
1H),6.43(d,J=0.9 Hz, 1 H), 7.25-7.28 (m, 1 H),7.41-7.44 (m, 1
H), 7.53-7.54 (m, 1 H).

13C NMR (75 MHz, CDCl,): § = 52.4, 127.7, 128.2, 130.0, 130.2,
132.2,132.3, 136.5, 139.0, 166.2.

MS (EIL 70 eV): m/z (%) = 230 [M*] (72), 199 (13), 171 (100), 136
(45).

Anal. Calcd for C,,HgO,Cl,: C, 51.98, H, 3.49. Found: C, 51.99; H,
3.61.

Methyl 2-[4-(2-Oxopropyl)phenyl]acrylate (3q)
Oil.

IR (film): 2923, 2852, 1723, 1212, 1173, 1004 cm™".
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'H NMR (300 MHz, CDCl,): § = 2.17 (s, 3 H), 3.71 (s, 2 H), 3.82
(s, 3H),5.90 (d, J= 0.6 Hz, 1 H), 6.36 (d, J = 0.6 Hz, 1 H), 7.20 (d,
J=7.8Hz 2 H), 7.40 (d, J = 7.8 Hz, 2 H).

13C NMR (75 MHz, CDCl,): § = 29.2, 50.4, 52.0, 126.7, 128.5,
129.0, 134.1, 135.3, 140.6, 167.0, 205.9.

MS (EI, 70 eV): m/z (%) = 218 [M*] (20), 176 (63), 159 (10), 145
(9), 116 (53), 43 (100).

ESI-HRMS: m/z [M + H]J* caled for C3H;505: 219.1016; found:
219.1018.

Methyl 2-(4-Fluorophenyl)acrylate (3s)

Oil.

IR (film): 2955, 1737, 1510, 1233, 838, 763 cm™".

"H NMR (300 MHz, CDCl;): § = 3.82 (s, 3 H), 5.88 (d, J = 0.9 Hz,
1H), 6.37 (d, J=0.9 Hz, 1 H), 7.02-7.08 (m, 2 H), 7.38-7.42 (m, 2
H).

BCNMR (75 MHz, CDCly): § =52.2,115.0 (d,J=21.4 Hz), 126.9,
130.0 (d, J=8.3 Hz), 132.7 (d, J = 3.6 Hz), 140.1, 162.6 (d, / = 246
Hz), 166.9.

MS (EL 70 eV): m/z (%) = 180 [M*] (46), 149 (8), 121 (100), 101
(40).

ESI-HRMS: m/z [M + Na]* calcd for C,(HyFNaO,: 203.0479;
found: 203.0479.

Ethyl 4-(3-Methoxy-3-oxoprop-1-en-2-yl)benzoate (3u)
Oil.

IR (film): 2979, 2955, 1718, 1274, 1107, 781 cm™'.

'H NMR (300 MHz, CDCl,): 8 = 1.40 (t, J = 7.2 Hz, 3 H), 3.83 (s,
3H),439(q,J=7.2Hz,2H), 598 (d, /=09 Hz, 1 H), 6.46 (d,
J=0.9Hz, 1 H), 7.48-7.51 (m, 2 H), 8.03-8.06 (m, 2 H).

13C NMR (75 MHz, CDCl,): § = 14.1, 52.1, 60.8, 128.1, 129.1,
129.9, 140.3, 140.9, 166.0, 166.4.

MS (EI, 70 eV): m/z (%) = 234 [M*] (38), 206 (32), 189 (100), 175
(24), 161 (7).

ESI-HRMS: m/z [M + H]J* caled for C,3H;50,: 235.0965; found:
235.0967.

Methyl 2-(3-Methyl-2-thienyl)acrylate (3w)
Oil.

IR (film): 2955, 1733, 1693, 1278, 1028, 715 cm™'.

"H NMR (300 MHz, CDCl,): 8 = 2.19 (s, 3 H), 3.83 (s, 3 H), 5.88
(d,/J=12Hz,1H),6.53(d,/J=12Hz, 1 H),6.88(d,/J=5.1Hz, 1
H),7.23 (d,J=5.1 Hz, 1 H).

13C NMR (75 MHz, CDCl,): & = 14.9, 52.3, 124.3, 129.3, 130.1,
131.7,134.2, 135.9, 166.6.

MS (EL 70 eV): m/z (%) = 182 [M*] (79), 167 (34), 151 (20), 139
(14), 123 (100).

ESI-HRMS: m/z [M + Na]* caled for CoH,(NaO,S: 205.0294;
found: 205.0296.

Isopropyl 2-Phenylacrylate (5a)
Colorless oil.

IR (film): 2981, 1714, 1196, 1091 cm™.

'HNMR (300 MHz, CDCL,): § = 1.31 (d, J = 6.3 Hz, 6 H), 5.17 (m,
1 H), 5.87 (d, J = 0.9 Hz, 1 H), 6.32 (d, J = 0.9 Hz, 1 H), 7.25-7.45
(m, 5 H).

13C NMR (75 MHz, CDCl,): § = 21.7, 68.5, 126.1, 128.0, 128.2,
136.8, 141.8, 166.3.

MS (EL 70 eV): m/z (%) = 190 [M*] (35), 148 (55), 132 (23), 103
(100), 77 (35), 43 (52).

HRMS (EI): m/z calcd for C;,H;,0,: 190.0994; found: 190.0990.

Methyl (Z)-2-Phenylpent-2-enoate (5b)
Colorless oil.

IR (film): 2967, 1721, 1202 cm™".

'H NMR (300 MHz, CDCl,): § = 1.11 (t,J = 7.5 Hz, 3 H), 2.45 (m,
2 H), 3.80 (s,3H), 6.18 (t, J=7.5Hz, 1 H), 7.26-7.32 (m, 5 H).

13C NMR (75 MHz, CDCl,): § = 13.8, 23.6, 51.7, 127.2, 127.5,
128.2,133.9, 137.9, 142.1, 168.6.

MS (EL 70 eV): m/z (%) = 190 [M*] (100), 158 (65), 131 (78), 115
(60), 91 (48), 77 (20).

HRMS (EI): m/z calcd for C,,H,,0,: 190.0994; found: 190.0999.

Methyl (E)-2-Phenylpent-2-enoate (5b)
Colorless oil.
IR (film): 2967, 1716, 1241 cm™.

'H NMR (300 MHz, CDCL,): & = 1.01 (t, J = 7.5 Hz, 3 H), 2.08 (m,
2 H),3.72 (s, 3 H), 7.07 (t, J = 7.5 Hz, 1 H), 7.16-7.18 (m, 2 H),
7.31-7.39 (m, 3 H).

13C NMR (75 MHz, CDCl,): § = 13.2, 22.8, 51.9, 127.3, 127.9,
129.6, 133.1, 135.3, 146.7, 167.7.

MS (EL 70 eV): m/z (%) = 190 [M*] (100), 158 (65), 131 (79), 115
(60), 91 (49), 77 (20).

HRMS (EI): m/z calcd for C;,H;,0,: 190.0994; found: 190.0992.

Methyl 2,3-Diphenylacrylate (5¢)*
Obtained as a Z/E mixture of isomers (1:1.5); white solid.

(E)-5¢

'H NMR (300 MHz, CDCl,): § =3.79 (s, 3 H), 7.03-7.48 (m, 10 H),
7.86 (s, 1 H).

Mixture of Isomers 5c
IR (film): 3025, 2949, 1711, 1251, 1168 cm™.

1BC NMR (75 MHz, CDCly): & = 52.2, 52.3, 126.4, 127.8, 128.1,
128.2,128.3,128.5, 128.6, 128.7, 129.0, 129.7, 130.5, 131.5, 132.4,
134.5,134.8, 135.6, 135.8, 136.8, 140.5, 168.3, 170.0.

MS (EI, 70 eV): m/z (%) = 238 [M*] (89), 207 (8), 179 (78), 121
(100), 103 (14), 77 (21).

Methyl (Z)-2,5-Diphenylpent-2-enoate (5d)
Colorless oil.
IR (film): 2920, 1720, 1204 cm™.

'H NMR (300 MHz, CDCL,): § = 2.75-2.85 (m, 4 H), 3.77 (s, 3 H),
6.21 (t,J = 6.9 Hz, 1 H), 7.18-7.32 (m, 10 H).

13C NMR (75 MHz, CDCl,): § = 31.8, 35.4, 51.7, 126.0, 127.3,
127.6, 128.2, 128 4, 128.5, 134.9, 137.9, 139.6, 141.1, 168.4.

MS (EL 70 eV): m/z (%) = 266 [M*] (22), 235 (6), 190 (6), 115 (54),
91 (100).

Anal. Caled for C;gH,30,: C, 81.17; H, 6.81. Found: C, 81.18; H
6.92

Methyl (E)-2,5-Diphenylpent-2-enoate (5d)
Colorless oil.
IR (film): 2949, 1715, 1252 cm™.

'H NMR (300 MHz, CDCL,): § = 2.35-2.42 (m, 2 H), 2.72 (t, J =
7.5 Hz, 2 H), 3.71 (s, 3 H), 7.03-7.35 (m, 11 H).
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13C NMR (75 MHz, CDCly): § = 31.2, 34.9, 52.0, 126.1, 127.4,
127.9,128.3, 128.4, 129.5, 134.3, 135.1, 140.8, 144.0, 167.6.

MS (EL 70 eV): m/z (%) = 266 [M*] (41), 235 (8), 175 (12), 115
(90), 91 (100), 77 (9).

Anal. Calcd for C;4H50,: C, 81.17; H, 6.81. Found: C, 81.13; H
6.91.

Methyl 3-Methyl-2-phenylbut-2-enoate (5¢)*
Colorless oil.

IR (film): 2949, 1714, 1220 cm.

'H NMR (300 MHz, CDCl,): § = 1.71 (s, 3 H), 2.16 (s, 3 H), 3.69
(s, 3 H), 7.18-7.20 (m, 2 H), 7.28-7.39 (m, 3 H).

13C NMR (75 MHz, CDCl,): § = 22.6, 23.3, 51.6, 126.9, 128.1,
129.4,129.7, 138,1 145.7, 168.9.

MS (EI 70 eV): m/z (%) = 190 [M*] (100), 158 (57), 131 (79), 115
(57), 73 (84).

1,2-Diphenylprop-2-en-1-one (5f)*
White solid.
IR (film): 3059, 1665, 1214 cm™.

'H NMR (300 MHz, CDCly): § = 5.64 (s, 1 H), 6.07 (s, 1 H), 7.33—
7.57 (m, 8 H), 7.90-7.93 (m, 2 H).

13C NMR (75 MHz, CDCl,): § = 120.9, 127.0, 128.3, 128.4, 128.6,
129.9, 133.0, 136.9, 137.0, 148.2, 197.5.

MS (EIL 70 eV): miz (%) = 208 [M*] (38), 132 (4), 105 (100), 77
(59).

1-(4-Chlorophenyl)-2-phenylprop-2-en-1-one (5g)

Oil.

IR (film): 3059, 1665, 1586, 1212 cm™'.

'H NMR (300 MHz, CDCL): § = 5.64 (s, 1 H), 6.06 (s, 1 H), 7.32—
7.42 (m, 7 H), 7.82-7.87 (m, 2 H).

BC NMR (75 MHz, CDCly): § = 121.1, 126.9, 128.5, 128.6, 128.7,
131.3, 135.3,136.7, 139.5, 147.9, 196.2.

MS (EL 70 eV): m/z (%) = 242 [M*] (42), 207 (20), 139 (100), 111
(26), 103 (25).

HRMS (EI): m/z calced for C,sH,;,OCI: 242.0498; found: 242.0492.
1-(4-Bromophenyl)-2-phenylprop-2-en-1-one (5h)

Oil.

IR (film): 3057, 1665, 1583, 1210 cm™'.

'H NMR (300 MHz, CDCL): § = 5.65 (s, 1 H), 6.07 (s, 1 H), 7.32—
7.42 (m, 5 H), 7.54-7.58 (m, 2 H), 7.74-7.79 (m, 2 H).

3C NMR (75 MHz, CDCly): § = 121.1, 126.9, 128.2, 128.5, 128.6,
131.4,131.7,135.7, 136.6, 147.9, 196.3.

MS (EL 70 eV): m/z (%) = 286 [M*] (25), 207 (57), 183 (100), 155
(27), 103 (42).

HRMS (EI): m/z calcd for C;sH;;OBr: 285.9993; found: 285.9987.

2-Phenylcyclohex-2-enone (5i)3!
Solid.

IR (film): 2941, 1680, 1154 cm.

'HNMR (300 MHz, CDCL,): § =2.05-2.14 (m, 2 H), 2.50-2.61 (m,
4H),7.03 (t, J=4.2 Hz, 1 H), 7.25-7.37 (m, 5 H).

13C NMR (75 MHz, CDCl,): § = 22.8, 26.5, 39.0, 127.5, 127.9,
128.6, 136.5, 140.3, 148.0, 197.9.

MS (EL 70 eV): m/z (%) = 172 [M*] (100), 144 (74), 116 (77), 89
(10), 77 (13).
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Benzyl 3,3,3-Trideuterio-a-diazopropionate (9-d;)

Benzyl 2-(methyl-d;)-3-oxobutanoate (11-d;): Under a N, atmo-
sphere, a soln of benzyl 3-oxobutanoate (2.88 g, 15 mmol) in THF
(10 mL) was added dropwise to a stirred suspension of NaH (60%
dispersion in mineral oil; 0.6 g, 15 mmol) in THF (10 mL) atr.t. Af-
ter the mixture had become clear, Nal (4.5g, 30 mmol) was added.
Then a soln of CD;OTs (10 mmol) in THF (10 mL) was added drop-
wise, and the mixture was stirred at 60 °C. After completion of the
reaction as monitored by TLC, sat. aq NH,CI (10 mL) was added,
and the mixture was extracted with CH,Cl, (3 x 30 mL). The com-
bined organic layers were dried (Na,SO,) and evaporated, and the
crude residue was purified by column chromatography (silica gel,
PE-EtOAc, 50:1) to afford pure benzyl 2-(methyl-d;)-3-oxobu-
tanoate (11-d;).

Benzyl 3,3,3-trideuterio-a-diazopropionate (9-d;): A soln of 4-acet-
amidobenzenesulfonyl azide (p-ABSA; 3.12 g, 13 mmol) in CH,Cl,
(10 mL) was added dropwise to a soln of benzyl 2-(methyl-d;)-3-
oxobutanoate (11-d;; 2.09 g, 10 mmol) and DBU (2.28 g, 15 mmol)
in CH,Cl, (30 mL) atr.t., and the mixture was stirred overnight. The
soln was filtered through a short column (silica gel) to remove the
DBU. The crude product was further purified by column chroma-
tography (silica gel, PE-EtOAc, 10:1) to afford pure 9-d;.

Oil; yield: 75% (1 step); 41% (2 steps).

IR (film): 3032, 2097, 1687, 1295, 1128, 1048, 697 cm™.

'H NMR (300 MHz, CDCL,): 8 = 5.21 (s, 2 H), 7.33-7.38 (m, 5 H).
13C NMR (75 MHz, CDCl,): § = 66.2, 128.0, 128.1, 128.5, 136.1.

MS (EL 70 eV): m/z (%) = 193 [M*] (2), 165 (2), 147 (2), 135 (22),
121 (6), 91 (100).

ESI-HRMS: m/z [M + Na]* for C,,H,D;N,NaO,: 216.0823; found:
216.0823.

Benzyl 3-Deuterio-a-diazopropionate (10-d;)

Benzyl 3-deuteriopropionate (12-d;): A soln of benzyl acrylate
(3.24 g, 20 mmol) in EtOH (5 mL) was added dropwise to a stirred
suspension of NaBD, (0.42 g, 10 mmol) in EtOH (5§ mL) at 0 °C,
and the mixture was stirred at 0 °C for 1 h and then at r.t. for another
4 h. After completion of the reaction as monitored by TLC, sat. aq
NaCl (10 mL) was added, and the mixture was extracted with
EtOAc (3 x 20 mL). The combined organic layer was dried
(Na,SO,) and evaporated, and the residue was purified by column
chromatography (silica gel, PE-EtOAc, 20:1) to afford benzyl 3-
deuteriopropionate (12-d,); yield: 43%.

Benzyl 2-(methyl-d,)-3-0x0-3-phenyl-3-deuteriopropionate (13-
d;): Under a N, atmosphere, a soln of 12-d, (0.66 g, 4 mmol) in THF
(10 mL) was added dropwise to a stirred suspension of NaH (60%
dispersion in mineral oil; 0.64 g, 16 mmol) in THF (10 mL) and the
mixture was then stirred for 30 min at O °C. Then a soln of PhCO,Bn
(1.272 g, 6 mmol) in THF (10 mL) was added dropwise, and the
mixture was stirred at 80 °C. After completion of the reaction as
monitored by TLC, the reaction mixture was quenched by cautious
addition of 1.0 M aq HCl to pH = 4. The organic layer was separat-
ed, and the aqueous layer was extracted with Et,O (3 x 20 mL). The
combined organic layers were dried (Na,SO,) and concentrated,
and the residue was purified by column chromatography (silica gel,
PE-EtOAc, 40:1) to afford benzyl 2-(methyl-d,)-3-oxo-3-phenyl-3-
deuteriopropionate (13-d;); yield: 70%.

Benzyl 3-deuterio-o-diazopropionate (10-d,): A soln of p-ABSA
(1.44 g, 6 mmol) in CH,CI, (10 mL) was added dropwise to a soln
of 13-d, (0.79 g, 3 mmol) and DBU (0.91 g, 6 mmol) in CH,Cl, (30
mL) at r.t. The soln was stirred overnight and then filtered through
a short column (silica gel) to remove the DBU. The crude product
was further purified by column chromatography (silica gel, PE—
EtOAc, 10:1) to afford pure 10-d;; yield: 74%; oil.
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IR (film): 3029, 2081, 1687, 1113 cm™'.

'H NMR (400 MHz, CDCL,): & = 1.95 (t, J = 2.1 Hz, 2 H), 5.20 (s,
2 H), 7.24-7.36 (m, 5 H).

13C NMR (100 MHz, CDCL): § = 8.15 (t, J = 20.1 Hz), 66.3, 127.9,
128.1, 128.4, 136.1.

MS (EI 70 eV): m/z (%) = 191 [M*] (3), 163 (3), 147 (3), 133 (32),
119 (9), 91 (100).

Anal. Calcd for C,(HyDN,O,: C, 63.15; H, 5.30, N, 14.73. Found:
C, 63.38; H5.40; N, 14.28.

Kinetic Isotopic Effect (KIE) Experiments
Each experiment was performed twice, and the KIE data were the
average of two runs.

Intermolecular KIE Experiment with PhB(OH),

Pd(PPh;), (17 mg, 0.015 mmol) was added to a soln of 9 (57 mg, 0.3
mmol), 9-d; (57 mg, 0.3 mmol), phenylboronic acid (220 mg, 1.8
mmol), benzoquinone (97 mg, 0.9 mmol), and i-Pr,NH (303 mg, 3.0
mmol) in DCE (8 mL). The mixture was stirred at 80 °C and the re-
action was stopped before completion. Then the crude products
were purified by column chromatography (silica gel, PE-EtOAc,
30:1). The ratios were determined from the '"H NMR spectra.

Intermolecular KIE Experiment with Aryl Iodide

Pd(PPh;), (35 mg, 0.03 mmol) was added to a soln of 9 (57 mg, 0.3
mmol), 9-d; (58 mg, 0.3 mmol), 4-iodotoluene (196 mg, 0.9 mmol),
and i-Pr,NH (182 mg, 1.8 mmol) in DCE (8 mL). The mixture was
stirred at 80 °C and the reaction was stopped before completion.
Then the crude products were purified by column chromatography
(silica gel, PE-EtOAc, 30:1). The ratios were determined from the
'H NMR spectra.

Intermolecular KIE Experiment with Aryl Bromide

A soln of [PACI(C;Hs)], (3 mg, 0.0075 mmol) and Xphos (14 mg,
0.03 mmol) in toluene (8 mL) was stirred at r.t. After 10 min, 1-(4-
bromophenyl)propan-2-one (64 mg, 0.3 mmol), i-Pr,NH (91 mg,
0.9 mmol), 9 (86 mg, 0.45 mmol), and 9-d; (87 mg, 0.45 mmol)
were added. The mixture was stirred at 80 °C and the reaction was
stopped before completion. Then the crude products were purified
by column chromatography (silica gel, PE-EtOAc, 30:1). The ratios
were determined from the 'H NMR spectra.

Intramolecular KIE Experiment

Pd(PPh;), (17 mg, 0.015 mmol) was added to a mixture of 10-d, (57
mg, 0.3 mmol), iodobenzene (92 mg, 0.45 mmol), and i-Pr,NH (151
mg, 1.5 mmol) in DCE (8 mL). The mixture was stirred at 80 °C un-
til the 10-d; had completely disappeared as judged by TLC. The ra-
tios of the products were determined from the '"H NMR spectra. The
reactions of 10-d; with phenylboronic acid and 1-(4-bromophe-
nyl)propan-2-one were carried out by following the same procedure
as described above.
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