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Tosylhydrazones are useful synthetic intermediates that have been
used in organic chemistry for almost 60 years. The recent discovery of
a palladium-catalyzed cross-coupling reaction involving a tosylhy-
drazone coupling partner has triggered renewed interest in these
reagents. This reaction shows nearly universal generality with regard to
the hydrazone and can be employed for the preparation of polysub-
stituted alkenes. In the course of this research, novel metal-free C—C
and C—0O bond-forming reactions have been discovered. Since tosyl-

hydrazones are readily prepared from carbonyl compounds, these
transformations offer new synthetic opportunities for the unconven-
tional modification of carbonyl compounds. This Minireview
discusses all of these new reactions of a classic reagent.

1. Introduction

Palladium-catalyzed cross-coupling reactions are recog-
nized as some of the most powerful and reliable methods for
the formation of C—C bonds.! In a broad sense, a cross-
coupling reaction is the combination of an electrophile and a
nucleophile in the presence of a transition-metal catalyst.
Most palladium-catalyzed C—C bond-forming cross-coupling
reactions fall into two categories, depending on the nature of
the nucleophilic component: Heck-type reactions,” in which
the nucleophilic component is a C—C multiple bond, and
reactions in which the nucleophile is an organometallic
compound (Figure 1). The second type of reaction can be
classified further into reactions that employ an stoichiometric
organometallic reagent as the nucleophile (e.g. Negishi,
Suzuki, Stille reactions) and coupling processes in which the
organometallic reagent is generated in situ, as in the
Sonogashira reaction, a-arylations of carbonyl compounds
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and related systems,”! and decarboxylative cross-coupling
reactions.! From a mechanistic point of view, the two families
of reactions share the first step of the catalytic cycle—the
oxidative addition of the electrophile to the Pd” catalyst—but
differ in the rest of the process: transmetalation and reductive
elimination for reactions with organometallic nucleophiles,
and complexation of the alkene, insertion, and p-hydride
elimination in Heck reactions (Figure 1).

In the last decade, a new class of palladium-catalyzed C—C
bond-forming cross-coupling has come into play that features
a different type of nucleophile and also a different mecha-
nism. In these new reactions, the nucleophilic coupling
partner is a diazo compound. The characteristic steps of the
catalytic cycle are the formation of a palladium—carbene
complex and migratory insertion of the carbene (Figure 2).
The use of tosylhydrazones as a very convenient and general
source of diazo compounds has led to the development of a
new palladium-catalyzed cross-coupling reaction with re-
markably wide scope.

The use of tosylhydrazone salts for the generation of
metal-carbene complexes in catalytic processes was intro-
duced by Aggarwal et al.’) and successfully exploited in a
number of processes, such as olefination, epoxidation, cyclo-
propanation, and C—H and N—H insertion reactions. How-
ever, this chemistry!® falls outside the scope of this Mini-
review.
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Figure 1. Palladium-catalyzed cross-coupling reactions and correspond-
ing simplified mechanisms.

The renewed interest in tosylhydrazones has also led to
the discovery of new metal-free C—C and C—O bond-forming
reactions of remarkable synthetic potential. As tosylhydra-
zones are readily prepared from carbonyl compounds, these
methodologies offer novel alternatives for the unconven-
tional modification of carbonyl compounds. This Minireview
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Figure 2. A new class of palladium-catalyzed cross-coupling reaction
based on the use of diazo compounds or tosylhydrazones as the
nucleophilic coupling partner and involving a transient palladium
carbene. Ts = p-toluenesulfonyl.

will cover advances in this fast-evolving field in the areas of
both palladium-catalyzed cross-coupling and metal-free re-
actions.

2. Palladium-Catalyzed Cross-Coupling Reactions of
Diazo Compounds with Benzyl Halides

The first palladium-catalyzed cross-coupling involving a
carbene-insertion reaction was reported in 2001 by Van
Vranken and co-workers, who used trimethylsilyldiazome-
thane (1) as the carbene precursor and benzyl halides 2 as
electrophiles.”! The reaction led to styrenes 3. A subsequent
contribution by the same research group!® expanded the
reaction to ethyl diazoacetate (4) in a process that furnished
substituted cinnamates 5 in moderate yields (Scheme 1).

The mechanism proposed for this reaction (Scheme 2)
involves the following main steps: I) oxidative addition of the
benzyl halide to the Pd’ species, II)formation of the
palladium—carbene complex, IIT) migratory insertion of the
carbene, and IV) f-hydride elimination. The steps of this
mechanism that differ from those of other cross-coupling
reactions are the formation of the palladium-carbene com-
plex and the migratory insertion. The generation of metal—
carbene complexes from diazo compounds is well-document-
ed.”! Moreover, in the last decade, migratory insertion
reactions have been proposed for N-heterocyclic,'”! amino-,
and methoxycarbene—palladium complexes in noncatalytic
processes."*) However, Van Vranken and co-workers re-
ported the first examples of the integration of these individual
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Scheme 1. First examples of palladium-catalyzed cross-coupling
reactions of diazo compounds.
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Scheme 2. Mechanism proposed for the palladium-catalyzed cross-
coupling of ethyl diazoacetate with benzyl bromides.
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steps in a viable catalytic cycle. Nevertheless, in spite of the
potential interest of this process, it was not investigated
further in the following years, probably because of its limited
scope.['4

3. Palladium-Catalyzed Cross-Coupling Reactions
with Tosylhydrazones

3.1. Cross-Coupling Reactions of Tosylhydrazones with Aryl
Halides: Synthesis of Di- and Trisubstituted Alkenes

The starting point for the application of tosylhydrazones
in new processes came in 2007, when our research group
introduced these systems as coupling partners in palladium-
catalyzed cross-coupling reactions.™ Thus, the reaction
between a tosylhydrazone 6 and an aryl halide 7 in the
presence of LiOsBu as a base and a catalytic system built from
[Pd,(dba);] (dba = trans,trans-dibenzylideneacetone) and the
ligand Xphos (2-dicyclohexylphosphanyl-2',4’,6’-biphenyl)
led to the formation of olefins 8, usually in very high yields
(Scheme 3).

This initial report already highlights the synthetic poten-
tial of the reaction, which shows broad scope with respect to
both coupling partners. The versatility in terms of the
structure of the tosylhydrazone, which can be derived from
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0,
RS+ ArX Xphos (2 mol %) |
R? LiOtBu R2RS
R2 dioxane, 70-110 °C
6 7 4-16 h 8
X =Br, Cl
o
CN
1N\ Et
Ph T p-Tol s Et
Ph |
tBu
98 % 98 % 90 % 78 %
Ar
MeO ‘
O O % Ph/\/\Ar
Me p-ToI 80 % Ar
80 % p- -MeO- CGHA: 68 % p-TOI, 99 %

3-pyridyl, 52 %

Scheme 3. Synthesis of di- and trisubstituted olefins 8 by the cross-
coupling of tosylhydrazones with aryl halides. A bold bond is used to
indicate the connection point between the coupling partners. This
convention is used throughout the Minireview.

aryl or alkyl ketones, either acyclic or cyclic, as well as from
aldehydes, is particularly interesting. Regarding the aryl
halide, similar results were obtained with chlorides and
bromides. The functional-group tolerance is also remarkable:
the reaction can be conducted, for example, in the presence of
nitrile groups and enolizable ketones. Although this reaction
is very demanding in terms of the catalytic system and the
reaction conditions (in particular, the use of Xphos as the
ligand and LiOrBu as the base was found to be crucial for the
success of the reaction), we show herein that under the
appropriate conditions, the coupling is very robust and highly
general.

The catalytic cycle postulated for this coupling reaction
(Scheme 4) is closely related to that described in Section 2 for
diazo compounds (Scheme 2) and starts with the oxidative
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Scheme 4. Proposed mechanism for the palladium-catalyzed cross-
coupling of N-tosylhydrazones.
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addition of the aryl halide to the Pd’ catalyst A to give an aryl
palladium complex D. Next, reaction of the diazo compound
C (generated by the base-mediated decomposition of the
tosylhydrazone B)!'"®! with D would produce the palladium—
carbene complex E. The unstable aryl palladium—carbene
complex E evolves through migratory insertion of the carbene
ligand to the alkyl palladium complex F. Finally, p-hydride
elimination would provide the arylated olefin G and regen-
erate the Pd" catalyst (Scheme 4).

The configuration of the final olefin is determined by the
syn B-hydride-elimination step. Thus, in the transition state
for the formation of 1,2-disubstituted and trisubstituted
olefins, the bulkier R; group would be eclipsed with the
smaller substituent of the vicinal carbon atom (Scheme 5).

[Pd] H

RL H
e —= )=+ P
RS R RS R

Ph/\/\@\ Ph
MeO. o
=00+ INER

E/Z92:8 E/Z11 "Me

% OMe

Scheme 5. A syn B-hydride elimination determines the configuration of
the olefin products.

Indeed, hydrazones derived from nonbranched aldehydes
provide trans olefins. Moreover, in trisubstituted olefin
products, the bulkier groups on each carbon atom are also
in a trans arrangement. Consequently, when the substituents
Ry and R, have similar sizes, a 1:1 mixture of isomers is
obtained.

3.2. Direct Coupling Reactions of Carbonyl Compounds with Aryl
Halides

The first practical application of this methodology was the
preparation from 4-piperidones of 4-aryl tetrahydropyridines.
This privileged structure is present in a vast number of
biologically active and therapeutically useful molecules, and
is used in drug-discovery programs.'”! The required tosylhy-
drazones 10 were prepared by the condensation of tosylhy-
drazide with 4-piperidones 9. Under appropriate reaction
conditions, the coupling reaction with aryl halides then
proceeded to give a set of 4-aryl tetrahydropyridines 11 in
very high yields (Scheme 6). Taking into account that the
tosylhydrazone substrate was readily generated from the
corresponding carbonyl compound and tosylhydrazide, we
went on to develop a one-step multicomponent process. Thus,
treatment of the 4-piperidone 9 with tosylhydrazide, the aryl
halide, and all the reagents required for the catalytic reaction
led to the formation of 4-aryl tetrahydropyridines 11 in similar
yields to those observed for the two-step process
(Scheme 6)."8] The reaction shows remarkably wide scope
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Scheme 6. Direct synthesis of 4-aryl tetrahydropyridines 11 from
4-piperidones. Bn=benzyl.

and excellent functional-group tolerance. In particular, the
coupling can be carried out with 4-piperidone itself, with a
free NH group. Thus, this direct transformation of 4-
piperidones into 4-aryl tetrahydropyridines is a very conven-
ient procedure for the synthesis of these scaffolds, with
advantages over other methodologies.!"”!

The multicomponent process can also be applied to other
types of carbonyl compounds, also with excellent results. The
examples in Scheme 7 show the wide scope of the reaction,
which enables the use of aryl, alkyl, and cyclic ketones as well
as linear and branched aldehydes to prepare di-, tri-, and even
tetrasubstituted alkenes.'? Thus, the reaction can be viewed
as a general direct coupling of carbonyl compounds as
nucleophilic coupling partners.

TsNHNH,
o [Pdy(dba)s], (1 mol %)  Ar
R1JK(R3 + Arx Xphos, (4 mol %) 1J\/R3
: R
2 LiOtBu, dioxane R 2
R 110°C R
OMe
Qg Y
PH pH ‘ ‘ h
70 % 96 % tBu tBu 76 %
99 % 93 %
Bn Bn
N ’d
) \ 9
= P
Ph
OMe
92 % 87 % 92 % 66 % 99 %

Scheme 7. Direct palladium-catalyzed cross-coupling of carbonyl
compounds: selected examples.

www.angewandte.org

wandte
Chemie

7489


http://www.angewandte.org

Minireviews

7490

3.3. Synthesis of Tetrasubstituted Alkenes

In the search for a general method for the synthesis of
tetrasubstituted alkenes, Alami and co-workers recently
developed a different set of reaction conditions for the
coupling of sterically hindered tosylhydrazones 12 with aryl
iodides and bromides (Scheme 8). By employing a catalytic
system built from [PdCL,(MeCN),] as the metal source and
the bidentate ligand 1,3-bis(diphenylphosphanyl)propane
(dppp) with the base Cs,COj;, they prepared an array of
structurally diverse tetrasubstituted olefins 13.12"!

NNHTs [PdACI,(MeCN),] (5 mol %) Ar2
dppp (10 mol %)
R+ ArX ~__.R
Ar! Cs,COs (3 equiv) Ar'
R dioxane, 90 °C R
12 A 13
Ar?
MeO Ar!
5 examples
. 0, i
MeO T e A2 (62-80 % vyield) A2
7 examples ~ MeO MeO
(63-82 % yield)
MeO MeO
4 examples OMe 4 examples OMe

(64-73 % yield) (63-70 % yield)

Scheme 8. Synthesis of tetrasubstituted olefins by cross-coupling with
sterically hindered tosylhydrazones.

The synthetic potential of this methodology was illustrat-
ed by a very concise formal synthesis of the isopropylidene
CYP17 inhibitor 16 through a two-step process consisting of
the cross-coupling of hydrazone 14 with pyridyl iodide,
followed by a Suzuki cross-coupling reaction (Scheme 9).

pr— N\
AN | P

NNHTs [PdCI,(MeCN),] (5 mol %)
dppp (10 mol %)

X
032003 (3 equiv)
cl 14 dloxggi,/ogo °C cl .
B(OH),
MeO
Pd (OAc')leavePhos0
K3POy, dggize, 100 °C RO

Scheme 9. Concise synthesis of a CYP17 inhibitor. DavePhos =2-
dicyclohexylphosphanyl-2'-(N,N-dimethylamino)biphenyl.

3.4. Synthesis of Functionalized Alkenes

The cross-coupling reaction with tosylhydrazones can also
be applied to the preparation of functionalized alkenes from
the appropriate carbonyl compounds. For example, the use of
a-alkoxy or a-amino carbonyl compounds 18 provided the

www.angewandte.org
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corresponding enol ethers and enamines 20, respectively.
These reactions can either be conducted with the preformed
tosylhydrazone 19 or in a one-pot process, in which the
hydrazide is stirred with the carbonyl compound 18 for a
period of time, and then the rest of the reagents and the
catalyst are added to the reaction mixture (Scheme 10).2

R.__NNHTs

Ar-X
\E [Pdy(dba)s] (2 mol %)
49 Y XPhos (4 mol %) R__Ar
LiOtBu, dioxane :lr
R o TsNHNH,, dioxane Y

\i 70°C, 2h 7 20
Y then Ar-X
18 [Pda(dba)s] (2 mol %)

XPhos (4 mol %)

LiOtBu, dioxane
Y: OCHj;, OBn, NR;

Ph P-Tol \E@ ‘j/,
99/92 % 99/92 % 80 %
I p-Tol
N /ﬁ Bnow ﬁ
88 % 70/56 % 75/69 %

Scheme 10. Synthesis of enol ethers and enamines from a-alkoxy and
a-amino carbonyl compounds: selected examples.

These reactions can be seen as the synthesis of protected
carbonyl compounds that can be deprotected at the desired
point in a synthetic sequence in acidic media or employed in
further chemical transformations. As an example of the
former approach, the palladium-catalyzed coupling of the
hydrazone 21 of a-methoxyacetophenone with o-bromo-N-
methylaniline (22) gave, after treatment with aqueous acid,
the indole 24 derived from the intramolecular cyclization of
the intermediate enol ether 23 (Scheme 11).

The one-pot reaction was also employed for the prepara-
tion of electrophilic olefins. Interestingly, ethyl pyruvate (25)
could be converted into 2-aryl acrylates 26: valuable synthetic
intermediates and direct precursors of the prophen family of

NNHTs
M ochH, Ph

Ph 1) [Pdy(dba)s], XPhos
21 LiOtBu, dioxane, 2h, 110 °C ®
Br 2) toluene, aq HCI N

MW, 180 °C, 1 min Me
24
NHMe

Ph 94 %

22 [::]:)Q§/00H3
NHMe

23

Scheme 11. Synthesis of indole 24 by a cross-coupling/heterocycliza-
tion sequence. MW =microwave irradiation.
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then Ar-Br CO.H
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25 Xphos (4 mol %) 26
LiOtBu, 110°C 12 examples
(60 - 99 %)

Scheme 12. Synthesis of 2-aryl acrylates from ethyl pyruvate.

anti-inflammatory drugs (Scheme 12).*! The ester function-
ality was not affected by the strongly basic alkoxide. More-
over, reactions of hydrazones 27 derived from substituted 2-
oxoesters gave rise to the corresponding tri- and even
tetrasubstituted functionalized alkenes 28 (Scheme 13).

NNHTs Ar
1 Ar-Br R%
CO2EL |py,(dba)s] (2.5 mol %) 2/ CO,Et
R Xphos (10 mol %) R
27 LiOtBu, dioxane 28
ol 110°C
OMe 9\0Me 9\0
2 C0sEt NP oL BT coet B oo et
56 % 52 % 70 % 65 %

Scheme 13. Preparation of tri- and tetrasubstituted functionalized
alkenes.

3.5. Coupling Reactions with Aryl Sulfonates

The incorporation of sulfonates instead of halides enhan-
ces the scope of cross-coupling processes, as these compounds
are readily obtained from phenols, which are extremely
abundant from commercial sources. In the context of the
study of the synthesis of isocombretastatin analogues,? the
Alami group optimized the cross-coupling reaction of hydra-
zones 29 derived from polysubstituted acetophenones with
aryl triflates 30. The catalytic conditions are very similar to
the standard conditions employed in the reactions with
halides, but higher catalyst loadings are required. Interest-
ingly, a remarkable improvement in the yield was found when
the reactions were carried out in a sealed tube. This method-
ology was used for the preparation of a variety of polyoxy-
genated 1,1-diaryl ethylenes 31 (Scheme 14).”

The use of aryl nonaflates, which are more stable than
triflates but have similar reactivity,” enabled us to develop a
very general version of the reaction. Again, subtle changes to
the reaction conditions were needed for good conversion and
yields to be attained. For example, coupling reactions of
acetophenone derivatives 32 with aryl nonaflates 33 to give
1,1-diaryl ethylenes 34 were accelerated in the presence of
water (5 equiv; Scheme 15). These reaction conditions were
totally inefficient for coupling reactions with more challeng-
ing tosylhydrazones. However, the addition of LiCl (1 equiv)
had a dramatic effect on the reaction. Under these modified
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Xphos (10 mol %) X Ar
APTRS VIV TV )
LiOtBu, dioxane
30  90°C,sealed tube Y
z 11 examples
29 up to 97 % yield 31
X, Z: OMe, OTBDMS

Y: OMe, H X
Ar: Ph, 4-CI-CgH,4, 4-MeO-CgHy, 3-MeO-CgHy, 2-pyridyl,
[eXe]

Scheme 14. Synthesis of polyoxygenated diaryl ethylenes from aryl
triflates. TBDMS = tert-butyldimethylsilyl, Tf=trifluoromethanesulfonyl.

=

+ Ar-OTf

<

NNHTs [Pdy(dba)s] (1 mol %)
+ Ar-ONF Xphos (2 mol %) r*k
LiOtBu, H,O (5 equiv)

32 33 gioxane, 110°C 34

Nf: 802CF20F2CF20F3

Cl
SA® RS
R OMe

Ar'

R=Me 98% R'=Cl 98%
OMe 90 % Ph 88 %
CN 82%

Scheme 15. Synthesis of diaryl ethylenes from aryl nonaflates.

conditions, di-, tri-, and even tetrasubstituted alkenes 35 were
prepared in excellent yields (Scheme 16).27

The study of reactions with ortho-substituted nonaflates
revealed quite interesting stereoselectivity in the synthesis of
1,1-diaryl trisubstituted olefins. The ortho-substituted aryl
group is always in a cis relationship with the substituent on the
other carbon atom of the newly formed double bond
(Scheme 17). This intriguing ortho directing effect can be
explained in terms of the orientation of the ortho-substituted
arene in the transition state for the syn 3-hydride elimination
(Scheme 17). Molecular-modeling studies carried out with the
aid of DFT computations support this mechanistic explan-
ation.

3 [Pdy(dba)g] (1-2.5mol %) R2 R3
R NNHTs Xphos (2-10 mol %)
+ Ar-ONf - -
R2 R? LiOtBu, H,0 (5 equiv) RI7NAr
LiCl (1 equiv) 35
dioxane, 110 °C 22 examples
up to 98 % yield
OMe
Ph cl
Y « owe () )owe
/ e
Cl
98 % 89 % 70 %
OMe
DaVs woma
92 % Et—N / OMe py
89 % 96 %

Scheme 16. General synthesis of aryl alkenes from aryl nonaflates:
selected examples.
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Cl
= O Ph
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o 94 %
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mixture of Z,E isomers
Ph CI Ph CI
92 % 70 % 75 %

mixture of Z E isomers

Z isomer: favored

E isomer: unfavored
Pd
)=
HR™ M7

Scheme 17. Directing effect of an ortho substituent on the stereoselec-
tivity of the f-hydride elimination.

m@ .:‘F','H

As a further illustration of the versatility of this coupling
reaction, dihydronaphthalene 38, the direct precursor of the
antidepressant sertraline (39), was prepared from the com-
mercially available hydroxytetralone 36 and the aryl non-
aflate 37 (Scheme 18). The coupling took place in very high
yield in the presence of the free OH group. Thus, this
synthesis required fewer steps than existing alternatives.

1) TsNHNH,, EtOH ol al
88 %

Cl Cl
2) Cl ONf
¢ I,
CI :
[Pdg(dba 3] (1.5 mol %) O‘
Xphos (3 mol %)

OH LiOtBu, LiCl (1 equiv) NHMe
36 H,0 (5 equiv)
dioxane, 110 °C 38 39
87 % sertraline

Scheme 18. Expeditious formal synthesis of sertraline.

3.6. Modification of a-Chiral Carbonyl Compounds

One appealing application of the palladium-catalyzed
cross-coupling of tosylhydrazones is the modification of a-
chiral ketones with preservation of the configuration of the
stereogenic o carbon center. If a hydrazone H derived from a
ketone with two enolizable positions is used, a regioselective
B-hydride-elimination from an alkyl palladium complex I
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NNHTs . Ar Ar
1 3 Pd?, XPh 1 3 2
R RY | arx L 2ThoS R\)\/R + %(R
R2 LiOtBu, A R2 R! R?
H L J K
1
H Pd—X
] H
R
Ar R? R3

Scheme 19. Possible B-hydride-elimination pathways in the cross-
coupling of hydrazones of ketones with two enolizable positions.

would be required to give the less substituted alkene K
(Scheme 19). The complete reaction sequence should proceed
without epimerization of the stereogenic center.

These conditions are met in the case of a-substituted
cyclohexanones, as exemplified by the reaction of enantio-
merically enriched 2-methoxycyclohexanone (40).%! The
synthetic sequence involving tosylhydrazone formation and
cross-coupling gave rise to allylic ethers 42 without erosion of
the a chirality (Scheme 20). Formation of the tetrasubstituted
alkene was not observed.

O NNHTs Ar

OMe OMe Ar-X OMe
—_— _— -
TsNHNH, [Pdy(dba)g] (1 mol %)

(-)-40 41 XPhos (2 mol %) 42
98 % ee LiOtBu, dioxane
° 110 °C 97 % ee
83-97 %

Scheme 20. Synthesis of enantiomerically pure allylic ethers 42.

This strategy was also applied successfully to o-chiral
methyl ketones 43 and 45 derived from the a-amino acids L-
proline and L-alanine, respectively. Under the optimized
reaction conditions, the chiral allylic amines 44 and 46 were
obtained with preservation of the configuration, and again
formation of the tetrasubstituted alkene was not detected
(Scheme 21).

1) TsNHNH,, dioxane

2) Ar-X
[Pdy(dba)s] (2 mol %)
Xphos (4 mol %), LiOtBu

dioxane, 100 °C

O Ar
N N

Boc Boc
_ 0,
43 62-88 % 4
> 99% ee
1) TsNHNH,, dioxane
2) Ar-X
Pd(OAc), (4 mol %)

Boc\N Xphos (4 mol %), LiOtBu Boc\N P
H H,0 (5 equiv) H Ar
45 dioxane, 100 °C 46

5177 % > 99% ee

Scheme 21. Synthesis of enantiomerically pure allylic amines from
methyl ketones derived from o-amino acids. Boc = tert-butoxycarbonyl.
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3.7. Cross-Coupling Reactions of Tosylhydrazones with Benzyl
Halides

In 2009, Wang and co-workers reported the palladium-
catalyzed cross-coupling of benzyl halides 48 with tosylhy-
drazones 47 to give di- and trisubstituted olefins 49
(Scheme 22).) The main difference in the reaction condi-

[Pd(dba)s] (2.5 mol %)

NNHTs Ph P(2-furyl); (20 mol %) Ph
+
R!7R2 LiOtBu (3 equiv) RJ\RZ
0
47 48 toluene, 3h, 80 °C 49
Ph —Ph Ph
on i) e )7 M
5% o 96% p-Tol 78 é/)o-ToI
Ph/\/\/Ph
7 %

75 % j;ﬁ 67 %

Scheme 22. Palladium-catalyzed cross-coupling reactions with benzyl
halides: selected examples.

Ph/\/\/Ph
87 %

tions from those described above is the use of tris(2-
furyl)phosphane as the ligand. Although these reactions are
closely related to the seminal studies by Van Vranken and co-
workers with diazo compounds (Scheme 1), the use of
tosylhydrazones as the source of the diazo compound greatly
expands the scope of the reaction. Indeed, hydrazones
derived from aryl or alkyl aldehydes and ketones, and even
an a,p-unsaturated aldehyde, could be employed as coupling
partners in the reaction. The regioselectivity in the B-hydride
elimination is excellent. In all cases, the alkene with the
double bond conjugated with the aromatic ring was obtained
exclusively.

3.8. Synthesis of Conjugated Dienes by Cross-Coupling Reactions
with a,f-Unsaturated Tosylhydrazones

The cross-coupling of o,B-unsaturated tosylhydrazones
must lead to conjugated dienes. In Scheme 22, the preparation
of 1,4-diphenylbutadiene from the hydrazone of cinnamalde-
hyde and benzyl bromide is shown. We have studied the
synthesis of conjugated dienes from aryl halides and tosylhy-
drazones derived from o,f3-unsaturated ketones 51. In fact,
the reaction served as an excellent method for the preparation
of homoannular cyclic dienes 52a—c¢ from cyclic enones
(Scheme 23).2

Interestingly, the reaction of enones 53 with hydrogen
atoms at the vy position gave the linear conjugated dienes 54
instead of the expected cross-conjugated dienes
(Scheme 24).”” The formation of the linear conjugated
systems 54 was rationalized in terms of a formal d-hydride
elimination on the basis of the catalytic cycle depicted in
Scheme 25. The initially formed o-allyl palladium complex M
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TsNHNH,
o [Pd,(dba)s] (1-2.5 mol %) Ar

ﬁj\ Xphos (4-10 mol %) X
| + Ar-X |
3R LiOtBu (2.4 equiv) 3R

2 2

R :1 dioxane 110 °C R R
12 examples 52
OMe NH CN
OO O o
o)
O 52a O 52b O s o 52d
Ph” X
99 % 70% 99 % 90 %

Scheme 23. Synthesis of homoannular cross-conjugated cyclic dienes.

o) TsNHNH,

R [Pd,(dba)s] (2.5 mol %) Ar
0,
| (CHz)n+ ArX Xphos (10 mol %) Z(CHy),
LiOtBu (2.4 equiv) X

dioxane, 110 °C

0

80% OMe 91% CN 55 %

o
! 85 % ! 85 %

Scheme 24. Synthesis of linear conjugated dienes: selected examples.

[PAJH -~——
Ar

xe r\m ;

[Pd] [F'd]
@f

Scheme 25. Mechanisms proposed for the formation of linear
conjugated cyclohexadienes.

can evolve through the m-allyl palladium complex N to a new
o-allyl palladium complex O, which can then undergo {-
hydride elimination to give 54.

A formal d-hydride elimination was also observed in
reactions of alkenyl bromides 55 with tosylhydrazones 56 of
non-enolizable carbonyl compounds. In these cases, the only
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possible evolution of the allyl palladium complex 58 is a [1,3]
palladatropic rearrangement to give the palladium complex
59, followed by f-hydride elimination. Thus, conjugated
dienes 57 were obtained, although only in moderate yields
(Scheme 26).2"! Nevertheless, these transformations are the
first examples of the use of alkenyl halides in cross-coupling
reactions with tosylhydrazones.

]
NNHTs [Pdy(dba)s] (4 mol %) R | R
Sphos or Xphos (16 mol %)
+ Br Y TR!
AR /\2/\ NaOfBu or LiOfBu (2.4 equi) Ar” " >R2
56 s5R dioxane, 110 °C 57
R: H, Ar R
[Pd] R [Pd] H
Ny N
ArR R Ar RZ R
58 59
N P PN N ‘
»
58 % N 61 % Me;N 57 %

o .
Me,N 56 Q O 51%

%

Scheme 26. Synthesis of conjugated dienes from alkenyl halides:
selected examples. The newly formed C—C bond is highlighted with a
bold line. SPhos = 2-dicyclohexylphosphanyl-2',6'-dimethoxybiphenyl.

3.9. Oxidative Cross-Coupling Reactions of Tosylhydrazones with
Boronic Acids

The oxidative cross-coupling of aryl boronic acids 61 with
a-diazocarbonyl compounds 60, reported by Wang and co-
workers in 2008, gives rise to a-aryl a,-unsaturated carbonyl
compounds 62 (Scheme 27).1%+31 The reaction requires the
presence benzoquinone as an oxidant to regenerate the Pd"
catalyst.

N [Pd(PPhs),] (2.5 mol %) Ar
Rg)Jiﬂ/Rs . A-B(OH), iProNH, BQ (5 equiv) RWRS
toluene, 80 °C
RZ O 15 min RZ O
60 61 21 examples 62

up to 93 % yield

Scheme 27. Oxidative cross-coupling of diazo compounds with aryl
boronic acids. BQ=benzoquinone.

A similar transformation was later developed by the same
research group, who then employed tosylhydrazones as a
convenient source of the diazo substrate. As in the coupling
reactions described above with aryl halides, the reaction can
be applied to the preparation of di-, tri-, and tetrasubstituted
alkenes 63 (Scheme 28). Under the optimized reaction
conditions, LiOrBu is used as the base, [Pd(PPh;),] as the
Pd source, and a combination of CuCl (10 mol %) and O, as
the oxidant for palladium.®!
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NNHTs [PA(PPha)4] (5 mol %) Ar'

Ar R ArB(OH), CUCI(10mol%) O Ar)\(R'

R LiOtBu
61 dioxane, 70 °C 63 R
LX

ArJLAr' Ph™ "Ph  pPh” “p-OMe-CgH,
20 examples R =Me, 69 % 72 % Ph 'p-OMe-CgH,

82-30 % R=Et, 75 % 61 %

R=nPr, 73 %

Scheme 28. Oxidative cross-coupling of tosylhydrazones with aryl
boronic acids: selected examples.

4. Palladium-Catalyzed Cascade Reactions
4.1. Carbonylation/Migratory Insertion

Wang and co-workers recently reported the palladium-
catalyzed reaction of diazo compounds and also of tosylhy-
drazones with aryl halides in the presence of CO
(Scheme 29).21 The reactions with tosylhydrazones can
produce two different compounds, depending on the specific
conditions: the acylated alkene 64, or if the reaction is
conducted in the presence of triethylsilane as a hydride
source, the ketone 65 derived from reductive acylation of the
tosylhydrazone.

[Pdy(dba)s], [HPCy;]BF, O

: CO balloon : Ar Ar + 65
LiOtBu (2.4 equiv)
NEt; (2 equiv) 64
CH3CN, 70 °C 99 -1
NNHTs 86-54 %

Ar-l+ pp

O
[Pd(PPhj),], CO balloon

84 + Ar Ar
LiOtBu (2.4 equiv)

iPrNH, (2 equiv) 65
Et3SiH (1.2 equiv) from 7:93 to 1:99
dioxane, 70 °C
85-56 %

Scheme 29. Synthesis of aryl ketones by palladium-catalyzed reactions
of aryl halides with tosylhydrazones in the presence of CO. Cy=cyclo-
hexyl.

A mechanistic proposal that accounts for the formation of
both types of ketones is presented in Scheme 30. The Pd’
complex undergoes oxidative addition to give an aryl
palladium complex P. A typical carbonylation then delivers
an acyl palladium complex Q. Next, the formation of a
palladium—carbene complex R, followed by migratory inser-
tion, leads to the key intermediate S. Complex S can undergo
B-hydride elimination to give the o,f-unsaturated ketone 64.
However, in the presence of the hydride source, the acyl
palladium complex can be reduced via a palladium enolate T
to give the saturated ketone 65.

This elegant process shows quite limited scope at present;
however, a generalization of this reaction might provide a
very versatile method for the preparation of aryl ketones.
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Scheme 30. Mechanistic proposal for the formation of ketones 64 and 65 through a carbonylation/migratory-insertion sequence.

4.2. Cascades Based on the Intermediate Alkyl Palladium
Complex

One of the key steps of the palladium-catalyzed cross-
coupling reactions discussed so far is the migratory insertion
that gives rise to the alkyl palladium complex F (Scheme 4).
This complex typically undergoes p-hydride elimination.
However, when this pathway is disfavored, it should be
possible to develop cascade processes, like those of domino
Heck reactions.®™ Van Vranken and co-workers have ex-
ploited this concept by using diazo compounds in a series of
very elegant multicomponent reactions™ and also in intra-
molecular cyclizations.®® However, a similar approach based
on the use of tosylhydrazones as starting materials has not
been explored in detail.

The only example of a cascade reaction of this type with
tosylhydrazones was recently reported by Wang and co-
workers,*® who developed a three-component reaction that
combines the tosylhydrazone cross-coupling with a Sonoga-
shira alkynylation (Scheme 31). Thus, the reaction of the
tosylhydrazone 66 of an aromatic aldehyde with an aryl halide
and a terminal alkyne under the typical conditions for cross-
coupling reactions with tosylhydrazones ([Pd,(dba),], Xphos/
LiOrBu), but in the presence of Cul (7.5 mol %), gave rise to
the product 67 of a three-component coupling.

H
Ar' A NNHTs
66 [Pdy(dba)s] (2.5 mol %) )
+ Xphos (10 mol %) Ar — =
2. Cul (7.5 mol %) 20 T
Ar +Br LiOtBu (3.5 equiv) Ar 67
R——H toluene, 90 °C

up to 84 % yield
R = Ar, alkyl, CO;R, TMS

Scheme 31. Three-component reaction of tosylhydrazones with aryl
halides and terminal alkynes.
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According to the mechanism proposed for this reaction
(Scheme 32), after the migratory insertion, the alkyl palla-
dium complex V cannot evolve through a fB-hydride elimi-
nation; instead, in the presence of the copper acetylide W, a
transmetalation to give X occurs, followed by reductive
elimination to provide the benzhydryl acetylenic product 67.

This process involves the creation of two C—C bonds at the
same carbon atom in a single reaction and therefore invites
the development of new reactions based on this principle.

NNHTs
Arl A1)
V=R Ar2-Br r
AI’2 67 [de] basel
A
2 N
Ar2-[Pd}-Br I
Arﬂ)
Ar’
P p—
Ar? X
Brf[P|d]~Ar2
CuBr Ar'
U
?r
[Pd]
R—="Cu A’ Ar?
w v

Scheme 32. Mechanism proposed for the three-component reaction.
TMS = trimethylsilyl.

4.3. Autotandem Catalytic Processes

The term “autotandem” catalysis refers to metal-cata-
lyzed cascade reactions in which a single catalytic system
promotes two or more independent reactions.””! There are
currently many examples of palladium-catalyzed processes
based on this principle.® In this context, our research group
has recently developed palladium-catalyzed autotandem
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processes involving the tosylhydrazone cross-coupling reac-
tion.®” Thus, under appropriate reaction conditions, the cross-
coupling of tosylhydrazones 68 derived from (3-aminoketones
with o-bromochlorobenzene derivatives 69 afforded con-
densed quinoline derivatives 71 in a process that involves C—
C bond formation to produce intermediate 70, followed by
intramolecular arylation of the amine. The two individual
steps are promoted by the same Pd catalyst (Scheme 33).

Br
_~_Cl
69 | |
Vs
R3 R3
TeNHN  NHR!  [Pda(dbas] (4 mol %) |\ S
S Xphos (16 mol %) _ N’R1
R2 LiOtBu (4.1 equiv)
dioxane (1.5 mL) a R2
) H,O (10 ul)
68 150 °C (MW) X
30-120 min 7
r RS — 17 examples
N 40 - 90 % yield
|
|
7R
=
RZ
X
70 a

X = -CHR-, -(CH,)-, NR, O

Scheme 33. Palladium-catalyzed autotandem C—C/C—N coupling.

The starting (-aminoketones 72 can be synthesized in
enantiomerically enriched form through an L-proline-organo-
catalyzed Mannich reaction.”) Although the Mannich ad-
ducts are configurationally very unstable, it has been possible
to devise a sequential protocol that enables the preparation of
quinoline derivatives 71 with the high ee values of the (-
aminoketones derived from the organocatalyzed reaction
(Scheme 34). In this way, organocatalysis has been combined
with Pd catalysis for the synthesis of useful heterocyclic
structures in enantiomerically enriched form. Moreover,

J\ L-proline O NHAr
é H (10mol %) ﬁj'
DMSO MW
Ar-NH, X
72
92-99 % ee

TsNHNH,
—_— -
ether, RT, 12 h

Br

TSN NHAT ) cl
| N
-

X [Pdy(dba)s] (4 mol %)
40-62% Xphos (16 mol %)
68 LiOtBu (4.1 equiv) 7
dioxane/H,O 60 0
150°C, 120 min D299 %ee
MW

Scheme 34. Synthesis of enantiomerically enriched quinoline deriva-
tives 71 by a combination of organocatalysis and a palladium-catalyzed
autotandem C—C/C—N coupling reaction. DMSO = dimethyl sulfoxide.
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these results invite the development of further palladium-
catalyzed cascades triggered by the tosylhydrazone cross-
coupling reaction.

5. Metal-Free Reactions with Tosylhydrazones

The studies described above together demonstrate that in
the presence of a Pd catalyst, tosylhydrazones can be used as a
general source of diazo compounds from carbonyl com-
pounds without any limitation in the structure of the carbonyl
precursor. We have also discovered that the same strategy can
be applied in the absence of a metal catalyst. Thus, some
unprecedented transformations of carbonyl compounds have
been developed.

5.1. Reductive Cross-Coupling Reactions of Tosylhydrazones with
Boronic Acids

While studying cross-coupling reactions of tosylhydra-
zones with aryl halides in the presence of different metal
catalysts, we*! and others***! observed the formation of a
sulfone 74. The formation of this product can be explained by
the nucleophilic attack of the sulfinate anion on the metal-
carbene complex 73 (Scheme 35).

NNHTs [M] SO,-p-Tol
—_—
RT7OR2 base R1"R?
dioxane, A 74
=N,
L " Tol-SO, —T
R J\Rz p 2
73
[M] = FeCls, Cul

Scheme 35. Metal-promoted decomposition of tosylhydrazones to
sulfones 74.

These observations prompted us to study a similar type of
process, but in the presence of external nucleophiles. The use
of boronic acids led to the discovery of a novel reductive
coupling of carbonyl compounds. Moreover, the presence of a
metal catalyst was not necessary. Thus, when the tosylhydra-
zone, a boronic acid 75, and the base K,CO; were mixed, the
reductive coupling occurred to give products 76 in high yield
(Scheme 36).144

The scope of the reaction is truly remarkable (Figure 3). It
can be carried out with hydrazones derived from either
aldehydes or ketones and with aryl or alkyl boronic acids. The
reaction is particularly efficient for the preparation of diaryl

NNHTs 2
+ RLBOH), (€0, RH
R!”R2 dioxane R17VR3
75 110 °C 76

Scheme 36. Reductive coupling of tosylhydrazones with boronic acids.
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L L
CO,Et
99% 7 H o) H 96 %
MeO O
H 88% Et H 958%
MeO,C Et _N OMe
g
0,
5% 80 %
HN OMe N OMe
L 7 T
O :
H 550 67 %
CO,Et NH,
O Br _Ph Ph
1)
o)
98 % 99 % 79 %
Ph
/@A(CHz)SCHs
MeO,C
60% 7/ H o 62 %

| = (CH2)sCH3

\

67 %

Figure 3. Reductive coupling of tosylhydrazones with boronic acids:
selected examples of products.

methanes. Moreover, it tolerates the presence of most func-
tional groups, including those that are incompatible with
other organometallic compounds. For example, substrates
containing an ester or other carbonyl group, or a free azole or
amine NH group can be used. Reactions with alkenyl boronic
acids also proceeded efficiently, but gave rise to a mixture of
isomers with respect to the position of the double bond and
are therefore less useful from a synthetic point of view at this
point of development.

Like the preceding palladium-catalyzed processes, the
reaction can be conducted in a one-pot fashion directly from
the carbonyl compound and on a relatively large scale, as
exemplified by the synthesis of 1,1-bis(4-methoxyphenyl)-
ethane (77; Scheme 37). This one-step reductive coupling of a
carbonyl compound is an unprecedented transformation. The
experimental procedure is extremely simple: the two reagents
are simply mixed with tosylhydrazide and K,COj;, without the
need for dry solvents or an inert atmosphere.

The mechanism proposed for this reaction (Scheme 38) is
similar to those accepted for the classic Hooz!*! and Brown!*!
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MeO

then
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Scheme 37. Direct reductive coupling of a carbonyl compound with a

boronic acid.

MeO 77 OMe

95 %
23 mmol scale

B(OH),

KoCOj3, 110 °C

l
N+

¢
2, _OH
Ar-B(OH), RR1J\B'<OH
I _N2
Ar
N z
1 R! R!
NNHTs pase A N*
=201 2 RBOH), — _,
R? R2 -Ts R! R2 Ar R
AA AB

1
Ar-B(OH), i_ o
R?{_B~OH
Ac Ar

Scheme 38. Mechanism proposed for the reductive coupling.

reactions of stabilized diazo compounds with alkyl boranes
and the reaction with boroxines described recently by Wang
and co-workers.*” The diazo compound Y generated from the
tosylhydrazone reacts with the boronic acid to produce a
boronate intermediate Z. Migration of the Ar group, with
concomitant loss of N,, gives a new alkyl boronic acid AA,
which undergoes protodeboronation to give the final product
AB. A similar mechanism involving the formation of a
carbene AC from the diazo compound could also operate.

5.2. Reductive Etherification of Tosylhydrazones with Phenols
and Alcohols

The catalytic insertion of metal-carbene complexes into
X—H bonds (C—H, N—H, O—H) are very well known reactions
with enormous synthetic potential. Their insertion into O—H
bonds was studied on the basis of metal-free reductive
coupling reactions with boronic acids. These investigations
led to a very simple protocol for the conversion of tosylhy-
drazones into ethers 79 by treatment with the corresponding
alcohols or phenols 78 (Scheme 39).%*] The overall reaction
is a reductive etherification of a carbonyl compound.

NNHTs KCO oR
L _, +RoOH 223 X
RV R? dioxane, 110°C, 24h . R'" R?
78 or 79

Ph-F, MW, 155-165 °C
13h

R = aryl, alkyl (primary, secondary, tertiary), allyl, benzyl

Scheme 39. Reductive etherification of tosylhydrazones.
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Again, the reactions take place simply upon the heating of
a solution of both reactants in the presence of K,CO;. They
can be conducted under conventional thermal conditions or
by heating through microwave irradiation. The transforma-
tion is very general with regard to both reaction partners
(Figure 4). Tosylhydrazones derived from a variety of alde-
hydes and ketones undergo the reaction. Regarding the
alcohol substrate, optimum results were obtained with
phenols, but all types of alcohols can be used. In particular,
the reaction with phenols could be viewed, in many cases, as
an environmentally friendly alternative to the Mitsunobu
reaction for the synthesis of aryl ethers—a structural moiety
present in a large number of biologically relevant molecules.

78 % 80 %
NO,
A%y -0
78 % 40 % 0

73 %

Ph \/\/O\©\
52 % OMe

/\l/\

O OMe
(0]

44% 70 %
o OO
81 % 66 % OMe
0" > F"Ph 0" >"ph
61 % 74 %
ey
66 % 55 %

OMe
@AOAQ\
61 % OMe
Figure 4. Scope of the reductive etherification of tosylhydrazones:
selected examples of products.
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6. Conclusions and Outlook

The use of sulfonylhydrazones in organic chemistry spans
almost 60 years, since the seminal contribution of Bamford
and Stevens,'® and it has been well established that these
reagents can be employed as a source of diazo compounds
from carbonyl compounds. Nevertheless, the recent advances
presented herein indicate that their synthetic potential had
remained underexploited. Under appropriate reaction con-
ditions, a variety of new transformations of diazo compounds
can be conducted with tosylhydrazones, with nearly no
structural limitations with regard to the hydrazone. The
palladium-catalyzed reaction of tosylhydrazones with organic
halides or pseudohalides is a valuable addition to the
repertoire of palladium-catalyzed cross-coupling reactions.
Conceptually, it is a new class of cross-coupling reaction with
a distinct mechanism that does not involve the participation
of a stoichiometric organometallic species. From a synthetic
point of view, it is an original and very efficient method for the
modification of carbonyl compounds. Some variations of the
basic reaction have already appeared, such as oxidative cross-
coupling reactions and various types of cascade reactions.
Nevertheless, we consider that this field is still in its infancy,
and there is ample room for further development, such as the
incorporation of different types of electrophiles, the develop-
ment of more-sophisticated cascades, the incorporation of this
reaction in C—H-functionalization sequences, and the appli-
cation of these methodologies in the synthesis of natural
products. The metal-free C-C and C—-O bond-forming
reactions are unprecedented transformations that enable
quite complex modifications of carbonyl compounds in an
extraordinarily simple manner. These new methodologies
based on tosylhydrazones will undoubtedly find application in
many synthetic processes, and we believe that they will also
stimulate the discovery of other novel transformations with
sulfonylhydrazones.

7. Addendum (22 June 2011)

Since the submission of the revised version of this
Minireview, remarkable advances have appeared in the
literature that indicate the synthetic potential of this fast-
evolving field. The Pd-catalyzed arylation has been applied in
the synthesis of 4-arylchromenes and related heterocycles.™”!
The research group of Wang has developed a copper(I)-
catalyzed coupling reaction between N-tosylhydrazones and
terminal alkynes,”"! and applied this method to the synthesis
of benzofurans and indoles.”” Tosylhydrazones have been
employed for the Cu-catalyzed direct C—H benzylation and
allylation of 1,3-azoles.”™ The research group of Wang has
also reported a very attractive approach to ketenes by Pd-
catalyzed carbonylation of diazocompounds or N-tosylhydra-
zones.*™ The method described for the reductive etherifica-
tion has been applied for the preparation of thioethers.

We thank Prof. Fernando Aznar for helpful comments during
the elaboration of the manuscript. The enthusiasm and talent of

our co-workers who contributed to some of the studies

Angew. Chem. Int. Ed. 2011, 50, 7486 — 7500


http://www.angewandte.org

Tosylhydrazones

discussed herein is greatly appreciated: Maria-Paz Cabal,
Maria Escribano, Lucia Florentino, Patricia Moriel, Noelia
Quiriones, and Maria Tomds-Gamasa. We thank the DGI of
Spain (CTQ2007-61048/BQU) and the Consejeria de Educa-
cion y Ciencia of the Principado de Asturias (IB08-088) for
financial support of our research with tosylhydrazones.

Received: December 16, 2010
Published online: July 11, 2011

[1] a) Handbook of Organopalladium Chemistry for Organic Syn-
thesis (Ed.: E. Negishi), Wiley, New York, 2002; b) Metal-
Catalyzed Cross-Coupling Reactions (Eds.: A. de Meijere, F.
Diederich), Wiley-VCH, Weinheim, 2004; c) J. Tsuji, Palladium
Reagents and Catalysts, Wiley, Chichester, 2004.

[2] The Mizoroki-Heck Reaction (Ed.: M. Oestreich), Wiley, Chi-
chester, 2009.

[3] For a recent review, see: C.C.C. Johansson, T.J. Colacot,
Angew. Chem. 2010, 122, 686; Angew. Chem. Int. Ed. 2010, 49,
676.

[4] a) L.J. GooBen, G. J. Deng, L. M. Levy, Science 2006, 313, 662;
b) L. J. GooBlen, N. Rodriguez, B. Melzer, C. Linder, G. Deng,
L. M. Levy, J. Am. Chem. Soc. 2007, 129, 4824.

[5] V. K. Aggarwal, E. Alonso, I. Bae, G. Hynd, K. M. Lydon, M. J.
Palmer, M. Patel, M. Porcelloni, J. Richardson, R. A. Stenson,
J. R. Studley, J.-L. Vasse, C. L. Winn, J. Am. Chem. Soc. 2003,
125, 10926.

[6] For a review, see: J. R. Fulton, V. K. Aggarwal, J. de Vicente,
Eur. J. Org. Chem. 2005, 1479.

[7] K. L. Greenman, D. S. Carter, D. L. Van Vranken, Tetrahedron
2001, 57, 5219.

[8] K.L. Greenman, D.L. Van Vranken, Tetrahedron 2005, 61,
6438.

[9] For areview, see: Z. Zhang, J. Wang, Tetrahedron 2008, 64, 6577.

[10] A. A. Danopoulos, N. Tsoureas, J. C. Green, M. B. Hursthouse,
Chem. Commun. 2003, 756.

[11] a) A. C. Albéniz, P. Espinet, R. Manrique, A. Pérez-Mateo,
Angew. Chem. 2002, 114, 2469; Angew. Chem. Int. Ed. 2002, 41,
2363; b) A. C. Albéniz, P. Espinet, R. Manrique, A. Pérez-
Mateo, Chem. Eur. J. 2005, 11, 1565.

[12] D. Solé, L. Vallverdd, X. Solans, M. Font-Badia, J. Bonjoch,
Organometallics 2004, 23, 1438.

[13] M. P. Lépez-Alberca, M. J. Mancheiio, I. Ferndandez, M. G6mez-
Gallego, M. A. Sierra, R. Torres, Org. Lett. 2007, 9, 1757.

[14] Since the first palladium-catalyzed cross-coupling with tosylhy-
drazones was reported,’™ several examples of the use of diazo
compounds in palladium-catalyzed cross-coupling reactions
have appeared: a) C. Peng, Y. Wang, J. Wang, J. Am. Chem.
Soc. 2008, 130, 1566; b) S. Chen, J. Wang, Chem. Commun. 2008,
4198; ¢) W.-Y. Yu, Y.-T. Tsoi, Z. Zhou, A. S. C. Chan, Org. Lett.
2009, 71, 469; d) X. Zhao, G. Wu, C. Yan, K. Lu, Y. Zhang, J.
Wang, Org. Lett. 2010, 12, 5580.

[15] J. Barluenga, P. Moriel, C. Valdés, F. Aznar, Angew. Chem. 2007,
119, 5683; Angew. Chem. Int. Ed. 2007, 46, 5587.

[16] W. R. Bamford, T. S. Stevens, J. Chem. Soc. 1952, 4735.

[17] a) B. E. Evans, K. E. Rittle, M. G. Bock, R. M. DiPardo, R. M.
Freidinger, W.L. Whitter, G.F. Lundell, D.F. Veber, P.S.
Anderson, R. S. L. Chang, V. J. Lotti, D.J. Cerino, T. B. Chen,
P.J. Kling, K. A. Kunkel, J. P. Springer, J. Hirshfield, J. Med.
Chem. 1988, 31, 2235; b) D. A. Horton, G. T. Bourne, M. L.
Smythe, Chem. Rev. 2003, 103, 893.

[18] J. Barluenga, M. Tomds-Gamasa, P. Moriel, F. Aznar, C. Valdés,
Chem. Eur. J. 2008, 14, 4792.

[19] C. Morrill, N. S. Mani, Org. Lett. 2007, 9, 1505, and references
therein.

Angew. Chem. Int. Ed. 201, 50, 7486 — 7500

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0 ge

Winternational Edition

[20] J. Barluenga, M. Tomés-Gamasa, F. Aznar, C. Valdés, Adv.
Synth. Catal. 2010, 352, 3235.

[21] E. Brachet, A. Hamze, J.-F. Peyrat, J.-D. Brion, M. Alami, Org.
Lett. 2010, 12, 4042.

[22] J. Barluenga, M. Escribano, P. Moriel, F. Aznar, C. Valdés, Chem.
Eur. J. 2009, 15, 13291.

[23] J. Barluenga, M. Tomds-Gamasa, F. Aznar, C. Valdés, Chem.
Eur. J. 2010, 16, 12801.

[24] S. Messaoudi, B. Tréguier, A. Hamze, O. Provot, J.-F. Peyrat,
J. R. Rodrigo De Losada, J.-M. Liu, J. Bignon, J. Wdzieczak-
Bakala, S. Thoret, J. Dubois, J. D. Brion, M. Alami, J. Med.
Chem. 2009, 52, 4538.

[25] B. Tréguier, A. Hamze, O. Provot, J.-D. Brion, M. Alami,
Tetrahedron Lett. 2009, 50, 6549.

[26] J. Hogermeier, H.-U. Reissig, Adv. Synth. Catal. 2009, 351, 2747.

[27] J. Barluenga, L. Florentino, F. Aznar, C. Valdés, Org. Lett. 2011,
13, 510.

[28] J. Barluenga, M. Escribano, F. Aznar, C. Valdés, Angew. Chem.
2010, 122, 7008; Angew. Chem. Int. Ed. 2010, 49, 6856.

[29] Q. Xiao, J. Ma, Y. Yang, Y. Zhang, J. Wang, Org. Lett. 2009, 11,
4732.

[30] Y. Wang, C. Peng, G. Yan, Y. Jiang, Y. Zhang, J. Wang, Synthesis
2010, 4154.

[31] X. Zhao, J. Jing, K. Lu, Y. Zhang, J. Wang, Chem. Commun.
2010, 46, 1724.

[32] Z. Zhang, Y. Liu, M. Gong, X. Zhao, Y. Zhang, J. Wang, Angew.
Chem. 2010, 122, 1157, Angew. Chem. Int. Ed. 2010, 49, 1139.

[33] For reviews, see: L. F. Tietze, L. M. Levy in The Mizoroki-Heck
Reaction (Ed.: M. Oestreich), Wiley, Chichester, 2009, pp. 281.

[34] a) S. K. J. Devine, D. L. Van Vranken, Org. Lett. 2007, 9, 2047,

b) S. K. J. Devine, D. L. Van Vranken, Org. Lett. 2008, 10, 1909;

¢) R. Kudirka, S. K. J. Devine, C. S. Adams, D. L. Van Vranken,

Angew. Chem. 2009, 121, 3731; Angew. Chem. Int. Ed. 2009, 48,

36717.

R. Kudirka, D. L. Van Vranken, J. Org. Chem. 2008, 73, 3585.

L. Zhou, F. Ye, Y. Zhang, J. Wang, J. Am. Chem. Soc. 2010, 132,

13590.

a) D. E. Fogg, E. N. dos Santos, Coord. Chem. Rev. 2004, 248,

2365; b) N. Shindoh, Y. Takemoto, K. Takasu, Chem. Eur. J.

2009, 75, 12168.

For examples of autotandem palladium-catalyzed processes, see:

a) M. C. Willis, G. N. Brace, 1. P. Holmes, Angew. Chem. 2005,

117, 407; Angew. Chem. Int. Ed. 2005, 44, 403; b) J. Barluenga,

M. A. Fernandez, F. Aznar, C. Valdés, Chem. Eur. J. 2005, 11,

2276; c) J. Barluenga, A. Jiménez-Aquino, C. Valdés, F. Aznar,

Angew. Chem. 2007, 119, 1551; Angew. Chem. Int. Ed. 2007, 46,

1529; d) L. Ackermann, A. Althammer, Angew. Chem. 2007,

119,1652; Angew. Chem. Int. Ed. 2007, 46,1627; ¢) C. Meyers, G.

Rombouts, K. T.J. Loones, A. Coelho, B. U. W. Maes, Adv.

Synth. Catal. 2008, 350, 353; f) Y.-Q. Fang, M. Lautens, J. Org.

Chem. 2008, 73, 538; g) C. S. Bryan, J. A. Braunger, M. Lautens,

Angew. Chem. 2009, 121, 7198; Angew. Chem. Int. Ed. 2009, 48,

7064; h) C. S. Bryan, M. Lautens, Org. Lett. 2010, 12, 2754; i) T.-

P. Liu, C.-H. Xing, Q.-S. Hu, Angew. Chem. 2010, 122, 2971;

Angew. Chem. Int. Ed. 2010, 49, 2909, and references therein.

J. Barluenga, N. Quifiones, M.-P. Cabal, F. Aznar, C. Valdés,

Angew. Chem. 2011, 123, 2398; Angew. Chem. Int. Ed. 2011, 50,

2350.

[40] a) I. Ibrahem, J. Casas, A. Cérdova, Angew. Chem. 2004, 116,
6690; Angew. Chem. Int. Ed. 2004, 43, 6528; b) B. Rodriguez, C.
Bolm, J. Org. Chem. 2006, 71, 2888, and references therein.

[41] J. Barluenga, M. Tomds-Gamasa, F. Aznar, C. Valdés, Eur. J.
Org. Chem. 2011, 1520.

[42] For a ruthenium-catalyzed version of this reaction, see: J.-L.
Zhang, P. W. H. Chan, C.-M. Che, Tetrahedron Lett. 2003, 44,
8733.

(35]
[36]

[37)

38]

39]

www.angewandte.org

wandte

Chemie

7499


http://dx.doi.org/10.1021/ja034606+
http://dx.doi.org/10.1021/ja034606+
http://dx.doi.org/10.1002/ejoc.200400700
http://dx.doi.org/10.1016/S0040-4020(01)00363-5
http://dx.doi.org/10.1016/S0040-4020(01)00363-5
http://dx.doi.org/10.1016/j.tet.2005.03.108
http://dx.doi.org/10.1016/j.tet.2005.03.108
http://dx.doi.org/10.1016/j.tet.2008.04.074
http://dx.doi.org/10.1039/b212453j
http://dx.doi.org/10.1021/ja0782293
http://dx.doi.org/10.1021/ja0782293
http://dx.doi.org/10.1039/b806970k
http://dx.doi.org/10.1039/b806970k
http://dx.doi.org/10.1021/ol8026076
http://dx.doi.org/10.1021/ol8026076
http://dx.doi.org/10.1021/ol102434v
http://dx.doi.org/10.1002/ange.200701815
http://dx.doi.org/10.1002/ange.200701815
http://dx.doi.org/10.1002/anie.200701815
http://dx.doi.org/10.1039/jr9520004735
http://dx.doi.org/10.1021/jm00120a002
http://dx.doi.org/10.1021/jm00120a002
http://dx.doi.org/10.1021/cr020033s
http://dx.doi.org/10.1002/chem.200800390
http://dx.doi.org/10.1021/ol070241c
http://dx.doi.org/10.1002/adsc.201000700
http://dx.doi.org/10.1002/adsc.201000700
http://dx.doi.org/10.1021/ol101639g
http://dx.doi.org/10.1021/ol101639g
http://dx.doi.org/10.1002/chem.201002425
http://dx.doi.org/10.1002/chem.201002425
http://dx.doi.org/10.1021/jm900321u
http://dx.doi.org/10.1021/jm900321u
http://dx.doi.org/10.1021/ol102884g
http://dx.doi.org/10.1021/ol102884g
http://dx.doi.org/10.1002/ange.201003450
http://dx.doi.org/10.1002/ange.201003450
http://dx.doi.org/10.1002/anie.201003450
http://dx.doi.org/10.1021/ol901876w
http://dx.doi.org/10.1021/ol901876w
http://dx.doi.org/10.1055/s-0030-1258322
http://dx.doi.org/10.1055/s-0030-1258322
http://dx.doi.org/10.1039/b925590g
http://dx.doi.org/10.1039/b925590g
http://dx.doi.org/10.1002/anie.200906349
http://dx.doi.org/10.1021/ol070758o
http://dx.doi.org/10.1021/ol800431w
http://dx.doi.org/10.1002/ange.200805483
http://dx.doi.org/10.1002/anie.200805483
http://dx.doi.org/10.1002/anie.200805483
http://dx.doi.org/10.1021/jo800109d
http://dx.doi.org/10.1021/ja105762n
http://dx.doi.org/10.1021/ja105762n
http://dx.doi.org/10.1002/chem.200901486
http://dx.doi.org/10.1002/chem.200901486
http://dx.doi.org/10.1002/ange.200461598
http://dx.doi.org/10.1002/ange.200461598
http://dx.doi.org/10.1002/anie.200461598
http://dx.doi.org/10.1002/chem.200401274
http://dx.doi.org/10.1002/chem.200401274
http://dx.doi.org/10.1002/ange.200604407
http://dx.doi.org/10.1002/anie.200604407
http://dx.doi.org/10.1002/anie.200604407
http://dx.doi.org/10.1002/ange.200603833
http://dx.doi.org/10.1002/ange.200603833
http://dx.doi.org/10.1002/anie.200603833
http://dx.doi.org/10.1021/jo701987r
http://dx.doi.org/10.1021/jo701987r
http://dx.doi.org/10.1002/ange.200902843
http://dx.doi.org/10.1002/anie.200902843
http://dx.doi.org/10.1002/anie.200902843
http://dx.doi.org/10.1021/ol100844v
http://dx.doi.org/10.1002/ange.200460678
http://dx.doi.org/10.1002/ange.200460678
http://dx.doi.org/10.1002/anie.200460678
http://dx.doi.org/10.1002/ejoc.201001492
http://dx.doi.org/10.1002/ejoc.201001492
http://dx.doi.org/10.1016/j.tetlet.2003.09.157
http://dx.doi.org/10.1016/j.tetlet.2003.09.157
http://www.angewandte.org

Minireviews

7500

[43] For a copper-catalyzed version of this reaction, see: X. W. Feng,
J. Wang, J. Zhang, J. Yang, N. Wang, X.-Q. Yu, Org. Lett. 2010,
12, 4408.

[44] J. Barluenga, M. Tomds-Gamasa, F. Aznar, C. Valdés, Nat.
Chem. 2009, 1, 494.

[45] J. Hooz, S. Linke, J. Am. Chem. Soc. 1968, 90, 5936.

[46] H. C. Brown, M. M. Midland, A.B. Levy, J. Am. Chem. Soc.
1972, 94, 3662.

[47] C. Peng, W. Zhang, G. Yan, J. Wang, Org. Lett. 2009, 11, 1667.

[48] The synthesis of fert-butyl ethers by the decomposition of
tosylhydrazones derived from aryl aldehydes in tBuOH/tBuOK
serves as precedent for this reaction: S. Chandrasekhar, G.
Rajaiah, L. Chandraiah, D. N. Swamy, Synlett 2001, 1779.

J. Barluenga and C. Valdés

[49] J. Barluenga, M. Tomds-Gamasa, F. Aznar, C. Valdés, Angew.
Chem. 2010, 122, 5113; Angew. Chem. Int. Ed. 2010, 49, 4993.

[50] E. Rasolofonjatovo, B. Treguier, O. Provot, A. Hamze, E.
Morvan, J.-D. Brion, M. Alami, Tetrahedron Lett. 2011, 52, 1036.

[51] Q. Xiao, Y. Xia, H. Li, Y. Zhang, J. Wang, Angew. Chem. 2011,
123, 1146; Angew. Chem. Int. Ed. 2011, 50, 1114.

[52] L. Zhou, Y. Shi, Q. Xiao, Y. Liu, F. Ye, Y. Zhang, J. Wang, Org.
Lett. 2011, 13, 968.

[53] X.Zhao, G. Wu, Y. Zhang, J. Wang, J. Am. Chem. Soc. 2011, 133,
3296.

[54] Z. Zhang, Y. Liu, L. Ling, D. Yuxue, G. Yian, Z. Mingxing, X.
Zhao, Y. Zhang, J. Wang, J. Am. Chem. Soc. 2011, 133, 4330.

[55] Q. Ding, B. Cao, J. Yuan, X. Liu, Y. Peng, Org. Biomol. Chem.
2011, 9, 748.

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2011, 50, 7486 — 7500


http://dx.doi.org/10.1021/ol101955x
http://dx.doi.org/10.1021/ol101955x
http://dx.doi.org/10.1038/nchem.328
http://dx.doi.org/10.1038/nchem.328
http://dx.doi.org/10.1021/ja01023a070
http://dx.doi.org/10.1021/ja00765a086
http://dx.doi.org/10.1021/ja00765a086
http://dx.doi.org/10.1021/ol900362d
http://dx.doi.org/10.1055/s-2001-18083
http://dx.doi.org/10.1002/ange.201001704
http://dx.doi.org/10.1002/ange.201001704
http://dx.doi.org/10.1002/anie.201001704
http://dx.doi.org/10.1016/j.tetlet.2010.12.093
http://dx.doi.org/10.1002/ange.201005741
http://dx.doi.org/10.1002/ange.201005741
http://dx.doi.org/10.1002/anie.201005741
http://dx.doi.org/10.1021/ol103009n
http://dx.doi.org/10.1021/ol103009n
http://dx.doi.org/10.1021/ja111249p
http://dx.doi.org/10.1021/ja111249p
http://dx.doi.org/10.1021/ja107351d
http://dx.doi.org/10.1039/c0ob00639d
http://dx.doi.org/10.1039/c0ob00639d
http://www.angewandte.org

