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CONSPECTUS

T ransition-metal-catalyzed carbene transformations and cross-couplings

represent two major reaction types in organometallic chemistry and Metal B  Cross
. . . . . Carbene 2 Coupling

organic synthesis. However, for a long period of time, these two important

areas have evolved separately, with essentially no overlap or integration. Thus, an

MLn
intriguing question has emerged: can cross-coupling and metal carbene transfor- 4
mations be merged into a single reaction cyde? Such a combination could facilitate Cross Coupling
the development of novel carbon—carbon bond-forming methodologies. involving Metal Carbene

Although this concept was first explored about 10 years ago, rapid develop-
ments inthis area have been achieved recently. Palladium catalysts can be used to
couple diazo compounds with a wide variety of organic halides. Under oxidative coupling conditions, diazo compounds can also
react with arylboronic acids and terminal alkynes. Both of these coupling reactions form carbon—carbon double bonds. As the key
step in these catalytic processes, Pd carbene migratory insertion plays a vital role in merging the elementary steps of Pd
intermediates, leading to novel carbon—carbon bond formations.

Because the diazo substrates can be generated in situ from N-tosylhydrazones in the presence of base, the N-tosylhydrazones
can be used as reaction partners, making this type of cross-coupling reaction practical in organic synthesis. N-Tosylhydrazones are
easily derived from the corresponding aldehydes or ketones. The Pd-catalyzed cross-coupling of N-tosylhydrazones is considered a
complementary reaction to the classic Shapiro reaction for converting carbonyl functionalities into carbon—carbon double bonds. It
can also serve as an alternative approach for the Pd-catalyzed cross-coupling of carbonyl compounds, which is usually achieved via
triflates.

The combination of carbene formation and cross-coupling in a single catalytic cycle is not limited to Pd-catalyzed reactions.
Recent studies of Cu-, Rh-, Ni-, and Co-catalyzed cross-coupling reactions with diazo compounds or N-tosylhydrazones show that
these transformations also work with other transition metals, demonstrating the generality of the diazo compounds as new cross-
coupling partners in transition-metal-catalyzed coupling reactions.

Introduction

Diazo compounds have found wide applications in modern
synthetic organic chemistry." In particular, transition-metal-
catalyzed reactions of diazo compounds generate metal
carbene species, which can undergo diverse reactions
(Scheme 1). Extensive investigations of the transition-
metal-catalyzed reactions of diazo compounds have led to the
development of an array of very valuable synthetic meth-
odologies. Although significant progress has been made
in this field, the discovery and development of highly effici-
ent catalytic transformations via transition metal carbene
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intermediates are still one of the most important and attrac-
tive areas in the research of modern synthetic methodology.

On the other hand, transition-metal-catalyzed cross-
coupling reactions have been established as indispens-
able tools for the carbon—carbon and carbon—heteroatom
bond formations in modern synthetic organic chemistry.? A
typical transition-metal-catalyzed cross-coupling reaction is
the reaction that joins two molecular fragments using a
transition metal as catalyst (eq 1). The electrophilic partners
employed in the coupling reaction are usually halides or
pseudohalides, while the nucleophilic coupling partners are
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SCHEME 1. Metal Carbene Reactions

cyclopropanations
)Nj\z MLn Jﬂ-n C-H insertions
R R' N, R R’ ylide formations

M = Rh(ll), Cu(l), etc.

typically organometallic reagents for carbon—carbon
bond formation, except the Heck-type reaction, in which
C=C double bonds serve as the nucleophilies. In the case
of carbon—heteroatom bond formations, the nucleo-
philes are amines, alcohols, phenols, thiophenols, etc.
The exploration of new cross-coupling partners for transi-
tion-metal-catalyzed reactions has been one of the major
tasks of the organic synthesis community in the last
decades.
transition metal
catalyst
R—M + X—R' ————— > R=R' (1)
M = Mg, B, Sn, Si, etc

Both transition-metal-catalyzed cross-couplings and car-
bene transformations have now been developed into stan-
dard methodologies in organic synthesis. However, these
two major domains in organometallic chemistry and organic
synthesis have so far evolved essentially independently,
and there is little overlap between them. It is thus highly
interesting to consider a catalytic cycle that integrates both
cross-coupling and carbene processes. Such integration may
result in new carbon—carbon bond forming methods that
are distinct from both classic cross-coupling and carbene
transformation.

The explorations toward this goal in the past decade have
demonstrated that this is indeed the case. An array of
novel Pd-catalyzed reactions with diazo compounds
as cross-coupling partners has now been established.?
These reactions are mechanistically different from the
classic Pd-catalyzed cross-coupling reactions (Scheme 2, cycle
I versus cycle 1I). Oxidative insertion initiates the catalytic cycle
for both cases, generating organopalladium species A. In
the standard cross-coupling reactions, intermediate A follows
the ligand exchange—reductive elimination sequence (cycle I),
while in the presence of a diazo substrate, A reacts with the
diazo substrate to form a palladium carbene species C. Subse-
quently, migratory insertion of the carbene ligand to the
palladium—carbon bond leads to the formation of a new
Pd species D, which undergoes further reactions, typically
p-hydrogen eliminations.

The migratory insertion of Pd carbene in cycle Il is found
to be general in terms of the migratory groups, which include

SCHEME 2. Standard Cross-Coupling versus the Coupling Involving a
Carbene Process
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Standard Coupling  Coupling involving Carbene

aryl, vinyl, benzyl, acyl, allyl, allenyl, alkynyl, propargyl, and
cyclopropyl. Moreover, this type of cross-coupling is not
limited to palladium catalysts. Copper, rhodium, nickel and
cobalt catalysts are also effective for similar couplings. This
Account will focus on the most recent advances in this rapidly
growing area with some limited background introduction.?

Early Studies on Pd-Catalyzed Cross-Coupling
with Diazo Compounds

Despite the great success of palladium as catalyst in cross-
coupling reactions, the Pd-catalyzed reactions that involve
Pd carbene as reactive intermediates have only been spor-
adically documented in the literature.* In 2003, the first Pd(ll)
complex of a non-heteroatom stabilized carbene ligand was
reported.” However, the inertness of this complex precluded
the detailed study into its chemical properties. In contrast,
Pd-catalyzed reactions of diazo compounds have been ex-
amined quite long ago." The studies have indicated different
reaction patterns in the case of Pd-catalyzed reaction of
diazo compounds compared with the corresponding Rh(ll)-
or Cu(l)-catalyzed reactions. For instance, in Pd-catalyzed
cyclopropanation of diazomethane, it was proposed that
the reaction proceeds through electrophilic addition by Pd-
olefin complexes to diazomethane, rather than through a
Pd-carbene intermediate.®

The first catalytic cross-coupling involving a Pd carbene
migratory insertion process was reported in 2001 by Van
Vranken and co-workers.” They used benzyl halides as
electrophiles and (trimethylsilyl)diazomethane (TMSCHN,)
as the carbene precursor. The reaction afforded the styrene
derivatives in moderate yields (Scheme 3).
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SCHEME 3. Pd-Catalyzed Cross-Coupling Reaction between Benzyl
Halides and TMSCHN,

2.5 mol% Pda(dba)s

H SiMe; 20 mol% AsPh3
ATX + \ﬂ/ - AT
N, 2 equiv. 'ProNEt
X=Cl, Br DCE, reflux 54-60%
L Pd° i
Ar pd!l
Ph Pdll’/ H Ar 1 0
\—pgll — (j]\)—» H —~ ||'Pd
T™MS” H A’y TMS H™ ~TMS
A B Cc D

In the proposed mechanism, the Pd(ll) species A is first
generated through oxidative addition (Scheme 3). Then, A
reacts with TMSCHN,, and Pd(ll) carbene species B is formed
via dinitrogen extrusion. Subsequently, migratory insertion
takes place to form a new Pd(ll) species C, from which
p-hydrogen elimination occurs. Finally, the sequence of
insertion/g-silicon elimination/reductive elimination deli-
vers the final product and regenerates the Pd(0) catalyst.

Van Vranken's pioneering work opens up new possibilities
for both diazo compounds and Pd-catalyzed cross-coupling.®
However, these reactions have not attracted much attention
in the following years, presumably due to the limited scope
and low efficiency of the reactions in the initial studies.

Pd-Catalyzed Cross-Coupling with N-
Tosylhydrazones

Diazo compounds bearing no electron-withdrawing substi-
tuent on the diazo carbon, such as diazoalkanes and aryl-
substituted diazomethane derivatives, are generally un-
stable and difficult to handle. To expand the substrate scope
and, more importantly, to make this novel Pd-catalyzed
coupling reaction practically useful in organic synthesis,
other sources that can generate unstable diazo compounds
insitu have to be considered. In this context, N-tosylhydrazones
have been proven to be very useful for the in situ generation of
nonstabilized diazo compounds through Bamford—Stevens
reaction (eq 2).

H o
N~

AN~Ts S) N
N Lok N 47| MeCgH,S0, ° g
RH\rR . R1)\(R3 R 2)
R2
R2 RZ

Barluenga and co-workers first demonstrated the appli-
cation of N-tosylhydrazones in the Pd-catalyzed cross-cou-
pling with aryl halides in the presence of base (Scheme 4).°
The reaction is catalyzed by Pd,(dba)s; with Xphos (2-dicy-
clohexylphosphino-2',4’,6-triisopropyl biphenyl) as ligand.
The tosylhydrazones are derived from cyclic ketones, aryl
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SCHEME 4. Pd-Catalyzed Cross-Coupling of N-Tosylhydrazones
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ketones, or alky carboxyaldehydes. Either aryl bromides or
aryl chlorides can undergo the transformation smoothly. The
reaction also shows good functional group compatibility.

The reaction is proposed to be initiated by oxidative
addition of aryl halide to Pd(0) species to form an aryl
palladium(ll) complex. The Pd(ll) carbene B is then produced
by dediazoniation of the in situ generated diazo compound A.
Migratory insertion of the carbene to Pd—aryl bond leads
to the formation of Pd(ll) intermediate C, which is followed by
p-hydrogen elimination to afford the alkene products.

Following Barluenga's seminal report, an array of Pd-
catalyzed cross-coupling reactions with N-tosylhydrazones
has been developed.3>1°-12 since N-tosylhydrazones are
readily available from the corresponding ketones or alde-
hydes, this type of cross-coupling is expected to find applica-
tions in organic synthesis.

Cross-Coupling of Diazoacetate with Aryl- or
Vinylhalides

In 2007, our long-standing interest in the chemistry of diazo
compounds led us to study the Pd-catalyzed cross-coupling
reactions of diazo compounds. Initially, we tried to combine
aryl or vinyl iodides (very common electrophiles in cross-
coupling) with ethyl diazoacetate (EDA, a very common
diazo compound) in a Pd-catalyzed reaction system. The
cross-coupling of vinyl iodides and EDA with Pd(PPhs), as
catalyst and triethylamine as an additive afforded o,3-un-
saturated a-diazoesters (Scheme 5).'2 Surprisingly, the diazo
group remains intact in this reaction, which is contrary to the
general conviction that diazo functionality decomposes
readily when exposed to transition metals. The coupling
reaction works similarly with aryl iodides.

The mechanism of this reaction is proposed to follow the
pathway of a conventional Pd-catalyzed coupling reaction
(Scheme 6). Oxidative addition generates the Pd(ll) inter-
mediate A, to which EDA coordinates to form complex B.
Deprotonation then occurs to afford complex C, which is
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SCHEME 5. Selected Examples of Pd-Catalyzed Cross-Coupling of
Vinylhalides with EDA
5 mol% Pd(PPhs)s
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SCHEME 6. The Mechanism of Pd-Catalyzed Cross-Coupling of lodides
with EDA
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followed by reductive elimination to give the coupling prod-
uct. Notably, nitrogen extrusion (that is, the formation of D),
which is usually a very facile process for transition-metal-
complexed diazo compounds, does not occur from complex B.
This fact implies that the back-electron-donation from Pd to
form a Pd carbene is not a facile process. This may explain
the experimental observations that Pd-catalyzed dediazo-
niation usually requires forced conditions as compared with
the corresponding Cu(l)- and Rh(ll)-catalyzed reactions.

This reaction seems to represent the first example of using a
diazo compound as a simple nucleophilic partner in Pd-cata-
lyzed cross-coupling reaction. It provides a straightforward
approach to introduce the diazo functionality to the organic
molecule."* Frantz and co-workers have reported similar Pd-
catalyzed cross-coupling of enol triflates and EDA. The reaction
has been used in a tandem cross-coupling electrocyclization
process to synthesize pyrazole derivatives.'>® More recently,
Reissig and co-workers have reported Pd-catalyzed coupling of
pyrid-4-yl nonaflates with methyl diazoacetate.'*®

Cross-Coupling of Diazo Compounds or
N-Tosylhydrazones with Arylboronic Acids
We subsequently studied the Pd-catalyzed oxidative cross-
coupling between boronic acids and o-diazocarbonyl

SCHEME 7. Pd-Catalyzed Oxidative Cross-Coupling between Boronic
Acids and a-Diazocarbonyl Compounds

2.5 mol% Pd(PPha),

R O 5 equiv. ‘Pr,NH R O
1.5 equiv. BQ e
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compounds, which afforded o-aryl a,s-unsaturated carbonyl
compounds as products (Scheme 7).'® The reaction requires
benzoquinone (BQ) as the oxidant to regenerate the Pd(ll)
catalyst. Interestingly, the diazo functionality, which is prone
to undergo oxidation, is not directly oxidized by BQ.

The possible mechanism for this reaction involves the
following main steps: (i) transmetalation with the arylboronic
acid gives the intermediate A; (i) dediazoniation of the
a-diazocarbonyl substrate generates the Pd carbene complex B;
(iii) migratory insertion of the aryl group to the carbenic carbon
forms the intermediate C; (iv) f-hydrogen elimination provides
the final product with the generation of Pd(0); (v) oxidation of
the Pd(0) species regenerates the Pd(ll) catalyst (Scheme 7).

Furthermore, we have developed a similar transforma-
tion with N-tosylhydrazones and arylboronic acids.'” With
catalytic Pd(PPhs),, LiO'Bu as the base, and CuCl (10 mol %)
combined with O, as the oxidant, the oxidative cross-cou-
pling reaction can provide di-, tri-, and tetrasubstituted
alkenes in moderate to good yields (eq 3).

5 mol% Pd(PPhs)s Ar

NNHTSs 10 mol% CuCl, O,

R' 4+ ArBOH), ————————— R
2
Ar ! 5 equiv. LIO'BuU i) 3)
H 0,
dioxane, 70 °C 28 examples

30-84%

In the reaction mechanism shown in Scheme 7, the Pd(ll)
intermediate A can be generated through oxidative addition
of Pd(0) to ArX, instead of through oxidation and transme-
talation with arylboronic acids. Thus, Pd-catalyzed cross-
coupling of a-diazo carbonyl compounds with aryl halide
is expected to proceed in similar manner but without oxi-
dant. This has been proven to be the case.'®

Cross-Coupling of Diazo Compounds or

N-Tosylhydrazones with Benzyl Halides

and Allyl Halides

Both allyl- and benzylpalladium species are common inter-

mediates in Pd-catalyzed reactions. Thus, it is also expected
Vol. 46, No. 2 = 2013
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SCHEME 8. Selected Examples of Pd-Catalyzed Cross-Coupling be-
tween Benzylhalides and N-Tosylhydrazones
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to introduce the diazo substrates in the Pd-catalyzed reactions
involving these species. In 2009, we reported the Pd-catalyzed
cross-coupling reaction involving N-tosylhydrazones and ben-
zyl halides (Scheme 8)."° This coupling reaction is effective with
a variety of benzyl bromides and chlorides bearing electron-
donating or electron-withdrawing groups, giving di- and
trisubstituted olefins in high yields with excellent stereo-
selectivities. Similar reactions with EDA or aryldiazoace-
tates have been reported by Van Vranken®?® and Yu,?°
respectively.

Similarly, we have found that allyl halides react effi-
ciently with aryldiazoacetates or aryldiazoacetone deriv-
atives when catalyzed by Pd(OAc), in the presence of
Ets;N, affording 1,3-diene derivatives in good yields and
with excellent stereoselectivities (Scheme 9). Both allyl
chlorides and allyl bromides worked well in this reaction.
The reaction mechanism is similar to those previously
described. Notably, the migratory group in this case is
the allyl group. However, an alternative mechanism in-
volving direct attack of the diazo substrate on the allyl
ligand of the z-allylic palladium species cannot be strictly
excluded.?!

Cross-Coupling of Diazo Compounds or
N-Tosylhydrazones with Terminal Alkynes

Terminal alkynes are widely used in Pd-catalyzed
Sonogashira cross-coupling reactions, which is a power-
ful method to introduce an alkynyl group to organic
molecules. We found that under oxidative conditions,
terminal alkynes can also couple with diazo com-
pounds or N-tosylhydrazones, affording conjugated
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SCHEME 9. Pd-Catalyzed Cross-Coupling of Diazo Compounds with
Allylhalides
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SCHEME 10. Selected Examples of Pd-Catalyzed Oxidative Cross-
Coupling of N-Tosylhydrazones with Terminal Alkynes
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enyne products (Scheme 10).%? It is noteworthy that this
reaction expands the migratory group in Pd carbene to
the alkynyl group.

In this oxidative cross-coupling, the weak electron-rich
ligand P(2-furyl)s in combination with Pd(OAc), affords the
optimal results. The reaction shows wide substrate scope
for both N-tosylhydrazone and terminal alkyne compo-
nents. Various ortho-, para-, and meta-substituted aromatic
N-tosylhydrazones can be used to produce the desired
conjugated enynes in moderate to good yields. Both elec-
tron-donating and electron-withdrawing groups on the aro-
matic ring are tolerated. Aliphatic, aromatic, and heteroaryl
alkynes are all suitable substrates.

a-Diazocarbonyl compounds can also be utilized in lieu
of N-tosylhydrazones as coupling partners under slightly
modified conditions (eq 4). The treatment of terminal
alkynes with a series of o-diazocarbonyl compounds
in the presence of 'Pr,NH furnished the corresponding
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SCHEME 11. Migratory Insertion of Allenyl Group in Pd-Catalyzed Reaction
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enyne products in moderate to good yields with high
stereoselectivity.
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Migratory Insertion of Allenyl and Cyclopropyl
Groups
From the above-discussed reactions it can be seen that the
migratory groups of the Pd carbene are quite general, which
include aryl, vinyl,2 benzyl, and allyl groups. It is thus reason-
able to expect other migratory groups in this type of reac-
tion. In 2011, Liang and co-workers reported the reaction in
which the allenyl migratory insertion of Pd carbene is
involved (Scheme 11).'2

More recently, we have demonstrated that cyclopropyl
migratory insertion is also possible in the Pd carbene trans-
formation (Scheme 12).23 This reaction constitutes an inter-
esting access toward cyclopropylmethyl palladium species,
which has been known to undergo ring-opening rearrange-
ment through g-carbon elimination.

Three-Component Cross-Coupling Reactions

In the catalytic cycle of the cross-coupling reactions described
above, the alkyl palladium species, which are formed by migra-
tory insertion, typically undergo s-hydrogen elimination to give
rise to the final products with the formation of C=C double bond
(Scheme 13, path a). However, when the S-hydrogens are not
available,®* it may be possible to undergo a cascade process,
such as a transmetalation with an organometallic reagent and
subsequent redudtive elimination to form two separate C—C
single bonds in a carbenic center (Scheme 13, path b).

Such cascade reactions have been previously explored
by Van Vranken and co-workers.”#? Based on a similar
concept, we have recently developed three-component

SCHEME 12. Migratory Insertion Cyclopropyl Group in Pd-Catalyzed
Reaction
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SCHEME 13. p-Hydrogen Elimination versus Transmetalation
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SCHEME 14. Pd-Catalyzed Three-Component Cross-Coupling Reaction
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coupling reactions of N-tosylhydrazones, terminal alkynes,
and aryl halides (Scheme 14).2> Aryl bromides have to be
used in order to avoid the competing process of direct
Sonogashira cross-coupling between aryl halides and term-
inal alkynes. The use of more reactive aryl iodides mainly
yields Sonogashira coupling products.

In the reaction mechanism, arylpalladium intermediate
A, which is formed through the oxidative addition of Pd(0) to
aryl bromide, may undergo a competing transmetalation
with copper acetylide generated in situ. In reactions with aryl
bromides, Pd(ll) species A preferentially follows the alter-
native pathway to react with the in situ generated diazo
substrate, leading to the formation of Pd(ll) carbene B.
Subsequently, migratory insertion affords alkyl palladium
species C. Since there is no f-hydrogen available in

Vol. 46, No. 2 = 2013 = 236-247 = ACCOUNTS OF CHEMICAL RESEARCH = 241
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SCHEME 15. Pd-Catalyzed Decarboxylation—Migratory Insertion—
Reductive Elimination Cascade

Ar
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palladium species C, transmetalation with copper acetylide
is then followed to give D. Finally, reductive elimination
provides the benzhydryl acetylenic product. This process
demonstrates the possibility to incorporate carbene migra-
tory insertion with other elementary processes of Pd-cata-
lyzed reaction.

More recently, Liang and co-workers reported a very inter-
esting reaction that involves a decarboxylation—migratory
insertion—reductive elimination cascade (Scheme 15).2° The
reaction uses allylic alkynoates and aryldiazoacetates as cross-
coupling partners, affording 1,5-enynes in moderate yields. This
reaction represents an efficient method to construct a quatern-
ary carbon center.

Pd-Catalyzed Reaction of Diazo Compounds
or N-Tosylhydrazones in the Presence of
Carbon Monooxide

As a powerful method for introducing carbonyl functionality,
insertion of a CO ligand to form a reactive acylpalladium
intermediate is a fundamental process in organopalladium
chemistry. The Pd-catalyzed carbonylation of aryl halides or
pseudohalides is now widely applied in organic synthesis.?’
To further explore the reaction of Pd carbene migratory
insertion, we have conceived that incorporation of diazo
compounds or N-tosylhydrazones into the Pd-catalyzed
carbonylation process may be a valuable endeavor. Such
an assumption has led to some interesting transfor-
mations incorporating both carbonylation and carbene
processes.

In 2010, we reported a four-component coupling reaction
involving diazo compounds, aryl iodides, and triethylsilanes
in the presence of carbon monoxide, affording the 2-methyl-
3-oxo-3-arylpropanoates in moderate to good vyields
(Scheme 16).28 The reaction is proposed to involve an acyl
group migratory insertion of Pd carbene.

In the course of our study on Pd-catalyzed carbonylation
of diazo compounds, we observed a highly efficient direct
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SCHEME 16. Pd-Catalyzed Carbonylation/Acyl Migratory Insertion
Cascade
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SCHEME 17. Pd-Catalyzed Carbonylation—Staudinger Cycloaddition:
p-Lactam Synthesis

® , o R'
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e Ph s Ph  p-CICHS  Ph
93%; >95:52 84%; >95:52 96%; >95:52
Oy Me o Me oL PMP
H oy H
ph/§\M Ph )§\ on PR Ph
e
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carbonylation of Pd carbene leading to ketene species, which
are very useful intermediates in organic synthesis. Conven-
tionally, ketenes are produced from acyl halides through
base-promoted dehalogenation.?® In our reaction, ketene
intermediates are formed in situ from a-diazocarbonyl com-
pounds or N-tosylhydrazone salts with a palladium catalyst
under atmospheric pressure of CO (eq 5).2%3" This straightfor-
ward carbonylation provides a novel and practical approach
toward efficient catalytic generation of ketene species under
mild conditions.

>:N2 % >:[Pd1 0. >§c=o )
N, [Pd]

The ketene intermediates undergo further reactions with
various nucleophiles such as alcohols, amines, or imines.
Furthermore, this catalytic carbene formation can be success-
fully used in diastereoselective s-lactam synthesis (Scheme 17).
DFT calculation on the reaction mechanism has suggested that

Pd is involved in the [2 + 2] cycloaddition process and affects
the diastereoselectivity of the -lactam products.>®
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SCHEME 18. Pd-Catalyzed Amidation of N-Tosylhydrazones with
2 mol% Pd(PPh3)4

Isocyanides
ISRS) C52CO3 o
NNHTs + C=EN-Bu ———————
1,4-dioxane-H,0 NHBu

1.0 equiv 1.1 equiv 75%

T H2O

@
Pd Pd —

Interestingly, if CO is replaced by isocyanides for a similar
Pd-catalyzed reaction, the analogous reaction occurs lead-
ing to the amidation of N-tosylhydrazones (Scheme 18).32

Cross-Coupling Reactions Catalyzed by Other
Transition Metals

From the reactions described above, it is seen that Pd-cata-
lyzed cross-coupling can be nicely incorporated with carbene
processes. With such combinations, novel transformations
that are distinct from both classic cross-coupling and
carbene reaction can be expected. Is this chemistry only
limited to palladium? Since both in cross-coupling and in
carbene chemistry there are many transition metals that
are effective as catalysts, it is reasonable to predict that
this chemistry may be expanded by using other transi-
tion metals. Recent studies have demonstrated that
copper,®3~39 rhodium,*® and nickel and cobalt*' can also
catalyze similar transformations.

Copper-Catalyzed Reactions. It is well-known that Cu(l)-
catalyzed carbene transfer reaction with alkene or alkyne
usually occurs to afford cyclopropanation or cyclopropena-
tion products."*? However, in the Cu(l)-catalyzed reaction
of N-tosylhydrazones and terminal alkynes in the presence
of base, allenes are formed as the products, while the
anticipated cyclopropenation products are not observed
(Scheme 19).32 With this reaction, trisubstituted allenes can
be directly synthesized through a transition-metal-catalyzed
cross-coupling of two fragments. The Cu(l)-catalyzed coupling
reaction may follow a similar reaction pathway as the corre-
sponding Pd-catalyzed reaction. The key step is the migratory
insertion of alkynyl ligand in Cu(l) carbene B. Compared with
the Pd-catalyzed reaction (see Scheme 10), the difference is
that 5-hydrogen elimination does not occur from Cu(l) species
C; instead the Cu(l) species is protonated to afford allene as
the product. Fox and co-workers have also reported similar
Cu-catalyzed allene formation with diazo compounds.3*
Moreover, a Cu(l)-catalyzed cascade coupling/cyclization of

SCHEME 19. Cu(l)-Catalyzed Coupling of N-Tosylhydrazones with
Terminal Alkynes: Synthesis of Trisubstituted Allenes

0
W/\ﬁo'
N Na
(%)
Cu(MeCN),PFg "
R _ (5 mol%) R R
>=NNHTs + =R
R CSzCO3 R' H

1, 4-dioxane, 90 °C

R" R"
)N'li R'———cCu' \Cu' H@ \_/% cu!
ROR (o —
R R R” R
A B [

Ph H CO MeO
——( H H
M CgH —
e sH11" Ph

54% 69% 7 6% 67%

SCHEME 20. Cu-Catalyzed Synthesis of Benzofurans, Indoles, and
Phenanthrenes

NNHTs
+ H——R
H
cat. Cu
base

=l
N 98

terminal alkynes with diazoacetates has been reported to
follow a similar pathway.>>

Since the allene moiety can be further activated by Cul(l)
catalyst, this coupling reaction has been utilized in cascade
process for the synthesis of benzofurans®® and phenan-
threnes (Scheme 20).37

The sequence of migratory insertion/protonation
from Cu(l) carbene, as outlined in eq 6, provides a new

o
) XH
cu'
o
XH
@‘\
X R

X =0 or NH
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SCHEME 21. Cu-Catalyzed C(sp)—C(sp3) Bond Formation

20 mol% Cul
LiO'Bu R
NNHTs + =——Si ——sij
R' >= s 1,4-dioxane R
Si = SiMe; or Si'Pr, 90-110 °C
lLiO’Bu Si TH@
\ Si
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)J\R' J\“) —
R R R R R
A q,
T™S &TMS ™S
R = Et, 69%
R=|—<. 51% 61% 69%

N
C& /\/\ <5;TIPS
=—TMS 89% 64%

H 539

= = O
90% 93%

76%

possibility for C(sp?)—C(sp®) and C(sp)—C(sp?) single bond
formation.
R )ICQL mlgé?ttiz;y Bi“L” protonation )R\ ©

In the Cu-catalyzed reaction of N-tosylhydrazones
and terminal alkynes, when trialkylsilylethyne is used as
the substrate, the ethynylation product was isolated as
the major product without detectable formation of allene
products (Scheme 21).3% This result demonstrates the
potential of this type of cross-coupling reaction for the
construction of C(sp)—C(spg) bonds, which has been a
challenging problem in the past decade.*® Further exam-
ination of the reaction scope has revealed that the reac-
tion works with a wide range of N-tosylhydrazones
derived from either aromatic and aliphatic aldehydes or
ketones. This reaction can be considered as an effective
method for converting the carbonyl functionality into
an ethynyl group, which is an otherwise troublesome
transformation.

Another example to demonstrate the potential of the
process shown in eq 6 is the copper-catalyzed direct benzy-
lation or allylation of 1,3-azoles with N-tosylhydrazones
(Scheme 22).3° The C—H bond functionalization by the
secondary benzyl group, which is difficult with other transi-
tion metal-catalyzed direct C—H bond functionalization
methods, can be achieved with this reaction.
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SCHEME 22. Cu(l)-Catalyzed Direct Benzylation or Allylation of
1,3-Azoles with N-Tosylhydrazones
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SCHEME 23. Rh(l)-Catalyzed One-Pot Three-Component Reaction
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Rh-Catalyzed Reactions. Rh(ll) catalysts, similar to Cu(l)
catalysts, have been well-established in carbene transforma-
tions.! However, most Rh(ll) carbene transformations follow
the classic carbene transfer mechanism. Interestingly, Yu and
co-workers have reported Rh(l)-catalyzed three-component
coupling reaction of arylboronates, diazoesters, and alkyl
halides. The reaction involves an aryl migratory insertion of
Rh(l) carbene A to form oxa-z-alkylrhodium species B, which
undergoes transmetalation and alkylation with alkyl halides.
This reaction is an interesting approach toward the construc-
tion of a quaternary carbon center (Scheme 23).%°

Ni- and Co-Catalyzed Reaction. In Cu(l)-catalyzed direct
alkylation of 1,3-azoles, the coupling reaction only works
with benzylation and allylation (Scheme 22).3° Recently
Hirano and Miura have extended this type of 1,3-azole direct
C—H bond functionalization to more general alkyl groups
by using Ni(ll) or Co(ll) catalysts (eqs 7 and 8).*' These



transformations demonstrate that similar migratory inser-
tion also occurs with Ni(ll) or Co(ll) carbene species.

o~ O 0

1,4-dioxane 86%
100°C, 8 h

NNHTs

Me\©:2\>_H . é

NiBra/phen  Me
10 mol%)

NNHTs

Ph/gﬁ\H * é

Summary

In conclusion, we have demonstrated in this Account that
metal carbene and cross-coupling reactions can be merged
resulting in various novel transformations. The carbene
migratory insertion, which leads to C—C bond formation,
seems to play a key role in these transformations. Migratory
insertion is one of the most important elementary steps in
organometallic chemistry, particularly in Pd-catalyzed trans-
formations (Scheme 24). The alkene insertion into a Pd—C
bond, the key step in Heck—Mizoroki reaction, is the inser-
tion of a two-carbon unit, while carbonylation with CO
involves a one-carbon unit insertion. The carbene insertion
is comparable to CO insertion, which is also a one-carbon
insertion. Because CO insertion has been widely exploited as
powerful tool for introducing one-carbon fragments, the
analogous carbene insertion may prove to be another
general and useful approach to introduce one-carbon
fragments.**

From the perspective of synthetic applications, the intro-
duction of N-tosylhydrazones as the cross-coupling partners
makes this type of C—C bond forming reaction practically
useful. For example, when one considers the cross-coupling
starting with ketones or aldehydes, the classic way is to first
convert the carbonyl functionality into triflates, then to carry
out the coupling reaction (Scheme 25). Now the same
transformation can be realized in an alternative way
through N-tosylhydrazone. The advantage of the Ilatter
approach is the easy formation and handling of the bench-
stable N-tosylhydrazones.

It is also interesting to compare the Pd-catalyzed cross-
coupling of N-tosylhydrazones with the widely applied Sha-
piro reaction (Scheme 26).*> In the case of Shapiro reaction,
the N-tosylhydrazone is converted to a vinyl anion by a
strong base, typically butyllithium. The vinyl anion then
reacts with an electrophile (E), usually a proton or a carbonyl

CoBr,/phen
(10 mol%

Luo’Bu /(/KQ ®)

1,4-dioxane 71%
120°C,7h
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SCHEME 24. Comparison of Migratory Insertions

Heck-Mizoroki reaction (alkene insertion):

LnPd==R
LnPd—R + — —>» (i) — and\ ,R
Carbonylation (CO insertion):
[ LnPd=—R
) %
LnPd—R + :C=0 —» (l‘T — LnPd—C\
L O R
Carbene insertion:
LnPd=R |
LnPd=R + :C/ — \g) —» LnPd—C—
\ /N 13

SCHEME 25. Cross-Coupling with Carbonyl: Triflate Approach versus N-
Tosylhydrazone Approach

R' cat. Pd®
ArM

N
¢ "

R R

0
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SCHEME 26. Alkene Synthesis from N-Tosylhydrazone: Shapiro Reac-
tion versus Pd-Catalyzed Cross-Coupling

>j —» >_<
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- H@, >:0
LiO'Bu
or Cs,CO53

S L0

Pd“—E R”  pgl

R " n Bu Li

E = Ar, vinvl, alkynvl, allvl...

group. The most important application of Shapiro reaction in
organic synthesis is to convert carbonyl functionality to C=C
double bond.

In the Pd-catalyzed reaction, a diazo compound is gener-
ated from N-tosylhydrazone, which is dediazonized by the
Pd catalyst to form a Pd carbene. Migratory insertion, fol-
lowed by g-hydrogen elimination, affords the alkene prod-
uct. As in the Shapiro reaction, the C=C double bond is
generated in Pd-catalyzed reaction. However, the difference
between Shapiro reaction and Pd-catalyzed reaction is that
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SCHEME 27. Deoxygenative Transformation of Carbonyl Group into
C=Cor C-CBonds

R" R
H R /H: or Jl\
/ R' R R

o NNHTs
t. Cu(
R [ e ] \
Ar
ArH
R/I\R'

in the latter case, the E group can be aryl, vinyl, alkynyl, and
so on, while in the Shapiro reaction, the E group can only be
H or RCH(OH). In this sense, it can be considered that the Pd-
catalyzed reaction is complementary to the classic Shapiro
reaction in the alkene synthesis from N-tosylhydrazones.
Finally, it has also been demonstrated in this Account that
Cu- and some other transition-metal-catalyzed coupling
reactions of N-tosylhydrazones undergo a similar metal
carbene migratory insertion process. Unlike the Pd-cata-
lyzed reactions, the alkyl metal species generated from
carbene migratory insertion does not have the propensity
to undergo p-hydrogen elimination in these cases, and
instead the reactions lead to the formation of protonated
products. This type of reactions can be considered as effi-
cient deoxygenative cross-coupling, which converts carbo-
nyl functionality of aldehyde or ketone to allenyl, aryl, or
ethynyl groups into C—C or C=C bonds (Scheme 27).
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