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Abstract Transition-metal-catalyzed cross-coupling reactions through
metal carbene migratory insertion have emerged as powerful method-
ology for carbon-carbon bond constructions. Typically, diazo com-
pounds (or in situ generated diazo compounds from N-tosylhydrazones)
have been employed as the metal carbene precursors for this type of
cross-coupling reactions. Recently, cross-coupling reactions employing
non-diazo carbene precursors, such as conjugated ene-yne-ketones, al-
lenyl ketones, alkynes, cyclopropenes, and Cr(0) Fischer carbenes, have
been developed. This account will summarize our efforts in the develop-
ment of transition-metal-catalyzed cross-coupling reactions with these
non-diazo carbene precursors.
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1 Introduction

Metal carbene species are versatile intermediates or re-
agents in organometallics and in organic synthesis.! In ad-
dition to the traditional metal carbene transformations, the
combination of metal carbenes and transition-metal-cata-
lyzed cross-coupling has recently been recognized as pow-
erful methodology for the construction of carbon-carbon
and carbon-heteroatom bonds.? In general, the transition-
metal-catalyzed cross-coupling reactions involving metal
carbenes present two features (Scheme 1): first, metal car-
bene precursors are employed as the cross-coupling part-
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ners; second, in the reaction mechanism a metal carbene
migratory insertion process is considered as the key C-C
bond-forming process.

The metal carbene species are typically generated from
the interaction of metal catalysts and carbene precursors.
Diazo compounds or N-tosylhydrazones (the precursors for
in situ generated diazo compounds) are the most conve-
nient and widely used carbene precursors.?3 Mechanistical-
ly, the cross-coupling transformation involving a metal car-
bene follows the catalytic pathway shown in Scheme 1. The
organometallic species A is generated from classic cross-
coupling steps, such as oxidative addition, transmetalation,
and C-H bond activation, which is followed by the reaction
with diazo substrate to generate metal carbene intermedi-
ate B. The intermediate B then undergoes migratory inser-
tion of the R group from the metal center to the unsaturat-
ed carbenic carbon, generating a C-C bond. The migratory
insertion thus generates a new organometallic species C,
which undergoes further transformations to produce the fi-
nal cross-coupling products.

Although diazo compounds are very useful precursors
to generate metal carbene species, they suffer some appar-
ent drawbacks such as instability, explosiveness, and toxici-
ty. Thus, significant efforts have been devoted to investigat-
ing alternative carbene precursors, and various carbene
precursors have been developed in the past few years.*
Some of these alternative carbene precursors have also
been explored in carbene-based cross-coupling reactions. It
has now been established that a range of non-diazo carbene
precursors also generate metal carbene intermediates to
participate in the cross-coupling reaction. These reactions
do not only provide products with diverse structural fea-
tures, but also validate the generality of the cross-coupling
based on metal carbene migratory insertion. In this ac-
count, we will provide the overview of our own efforts in
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the development of transition-metal-catalyzed cross-cou-
pling reactions of non-diazo carbene precursors.
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Scheme 1 Cross-coupling reactions based on metal carbene migratory
insertion

2 Cross-Coupling with Ene-yne-ketones,
Allenyl Ketones, and Alkynes

Transition-metal catalysts can activate alkynes to trig-
ger an inter- or intramolecular nucleophilic attack to gener-
ate metal carbene species.’ In particular, conjugated ene-
yne-ketones have been reported to produce metal carbene
intermediates at the alkyne moiety by transition-metal-
catalyzed cycloisomerization. The 5-exo-dig cyclization of
conjugated ene-yne-ketone generates metal carbene spe-
cies, which can undergo various metal carbene transforma-
tions (Scheme 2).°* We thus conceived that the conjugated
ene-yne-ketone could serve as an effective carbene precur-
sor in the cross-coupling reactions based on migratory in-
sertion.
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Scheme 2 Generation of a metal carbene from ene-yne-ketone

Along this line, we developed a Pd-catalyzed cross-cou-
pling reaction employing an ene-yne-ketone as the carbene
precursor, that afforded 2-vinyl-substituted furan rings in
good yields (Scheme 3).” A series of benzyl, allyl, and aryl
halides (2, 3, and 7) were tolerated as the cross-coupling
partners. When the alkyne moiety was connected with a
bulky group such as a tert-butyl or triisopropylsilyl group,
the Z/E isomer selectivity of product 4 could be improved.
The coupling reaction gave furyl-containing 1,3-diene
products 5 when allyl bromides were used as the coupling
partners.

Regarding the reaction mechanism, it has been pro-
posed that the reaction is initiated by oxidative addition of
organic halides to palladium(0) species 9 to form an or-
ganopalladium(Il) species 10, which then triggers the 5-
exo-dig cyclization by coordinating to the alkyne moiety to
generate the furyl palladium(Il) carbene intermediate 11.
The migratory insertion process of 11 occurs to give a new
organopalladium(Il) intermediate 12, which undergoes -
hydride elimination to afford the alkene product and repro-
duce the Pd(0) catalytic species (Scheme 4). DFT calculation
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Scheme 3 Palladium-catalyzed cross-coupling of conjugated ene-yne-
ketones with benzyl or allyl halides

reveals that the palladium carbene formation is the rate-
limiting step and the Pd(Il) carbene migratory insertion
step occurs readily with a very low energy barrier of less
than 5 kcal/mol.
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Scheme 4 Proposed mechanism of palladium-catalyzed cross-cou-
pling of conjugated ene-yne-ketones with halides

Encouraged by this work, we further explored the palla-
dium-catalyzed oxidative coupling of conjugated ene-yne-
ketones 13 with aryl and vinyl boronic acids 14 or 15
(Scheme 5).8 This reaction also showed excellent functional
group tolerance towards various substituted aryl and alke-
nyl boronic acids. Conjugated ene-yne-ketones bearing var-
ious substituents, such as an ester and a sulfonyl group,
were also compatible. Compared with the poor E/Z selectiv-
ity that was obtained when aryl halides were employed as
the coupling partners,” decent E-isomer selectivity was ob-
served in this oxidative coupling reaction in almost all the
cases.
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Scheme 5 Palladium-catalyzed oxidative coupling reaction of conju-
gated ene-yne-ketones with organoboronic acids

We have proposed a similar reaction mechanism. Thus,
the oxidative coupling reaction is initiated by the oxidation
of palladium(0) species 18 by 1,4-benzoquinone oxidant.
The formed palladium(Il) catalytic species 19 undergoes
transmetalation with organoboronic acid to produce the or-
ganopalladium intermediate 20, which then activates the
ene-yne-ketone substrate to trigger cyclization to produce
the furyl palladium carbene intermediate 21. Migratory in-
sertion of 21 affords intermediate 22, which further under-
goes B-H elimination to give the alkene products. The disas-
sociated Pd(II) species is converted to Pd(0) catalytic species
18 to enter the next catalytic cycle.

Then, we extended this oxidative coupling strategy to a
palladium-catalyzed alkyne-alkyne coupling (Scheme 6).
We reasoned that the alkyne substrates would form alkynyl
palladium species which could activate the ene-yne-ketone
to generate the furyl palladium carbene species.® Migratory
insertion of the Pd carbene gives the propynyl palladium
intermediate, followed by B-hydride elimination to afford
furyl-substituted 1,3-enyne product. Indeed, the alkyne-
alkyne cross-coupling between various terminal alkyne
substrates 24 and differently substituted ene-yne-ketones
occurred readily to give the expected 1,3-enyne products
25. The coupling reaction tolerates a range of aryl-, alkyl-,
or silyl-substituted alkyne substrates.
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Scheme 6 Palladium-catalyzed oxidative coupling of ene-yne-ketones
with terminal alkynes

It is worth mentioning that, for the same alkyne sub-
strates and ene-yne-ketone carbene precursors, different
transition-metal catalysts may result in different transfor-
mations and give different products. Thus, with copper io-
dide as the catalyst, the cross-coupling between alkynes
and ene-yne-ketones gave furyl-substituted allene as the
products (Scheme 7).1° This reaction exhibited a good sub-
strate scope; a series of aryl and heteroaryl-substituted ter-
minal alkynes 24 as well as primary, secondary, and tertiary
alkyl-substituted terminal alkynes were all tolerated to give
various trisubstituted allenes 26. The reaction also pro-
ceeded smoothly in a gram-scale experiment under the
standard conditions. We also extended this methodology to
the synthesis of tetrasubstituted allenes 28 by introducing
allyl bromides as the electrophiles to trap the nucleophilic
alkyl copper intermediate.!’ The three-component reaction
of alkyne, ene-yne-ketone, and allyl bromide 27 proceeded
effectively with good functional group compatibility.
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Scheme 7 Cu(l)-catalyzed coupling of ene-yne-ketones with terminal
alkynes

We have proposed the following mechanism as shown
in Scheme 8. The copper acetylide 30 is generated from the
alkyne substrate and Cu(I) species 29 with the assistance of
a base. The ene-yne-ketone then undergoes cyclization to
form Cu(I) carbene intermediate 31 by the activation by
copper species 30. After that, copper carbene 31 undergoes
migratory insertion to form the propynyl copper interme-

diate 32. Regioselective protonation occurs at the triple
bond carbon atom to give the trisubstituted allene product.
When the nucleophilic propynyl copper intermediate 32 is
trapped by allyl bromide, the tetrasubstituted allene prod-
uct is obtained.
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Scheme 8 Proposed reaction mechanism for Cu(l)-catalyzed cross-
coupling of an ene-yne-ketone with an alkyne

Because we and other groups have demonstrated that
Rh(I) catalysts are also efficient in carbene-involved cross-
coupling, we presumed that the conjugated ene-yne-ketones
should also undergo a similar cross-coupling reaction under
Rh(I) catalysis. Indeed, we further developed the Rh(I)-cata-
lyzed cross-coupling of ene-yne-ketone and organic boron-
ic acid (Scheme 9).1> Mechanistically, a similar Rh(I) carbe-
ne formation and a subsequent metal carbene migratory in-
sertion process are involved in the catalytic cycle.
Compared with the Pd(II)-catalyzed coupling of ene-yne-
ketone and boronic acid which gives furyl-substituted
alkene product with B-hydride elimination as the terminat-
ing step, the Rh(I)-catalyzed transformation affords furan-
containing triarylmethane product 33 with protonation as
the terminating step.
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Scheme 9 Rh(l)-catalyzed cross-coupling of an ene-yne-ketone with
arylboronic aud
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In addition to the conjugated ene-yne-ketone, which
undergoes intramolecular cyclization to generate the palla-
dium carbene species, an alkyne moiety alone can also be
utilized as metal carbene precursor with the assistance of
an intermolecular nucleophile (Scheme 10).'3 Typically, un-
der gold catalysis the alkyne undergoes carbene transfor-
mations, such as ylide formation, X-H insertion and cyclo-
propanation, through the in situ generated a-oxo gold car-
benes."* The «-oxo carbene is formed through the
activation of the triple bond by the gold catalyst, which
triggers the nucleophilic attack followed by the oxidation of
alkynes by the N-O bond oxidants.

®
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(O—LG /j o
-LG
= R2 ——— PR — R —
R'—==—R R R!
Au) A:) Au
©

Scheme 10 Generation of a-oxo gold carbene from alkyne

In contrast to the versatile transformations achieved
with gold catalysts, the corresponding palladium-catalyzed
carbene formations from alkynes are rare, presumably due
to the relatively weak 7t acidity of the Pd(II) complexes as
compared with Au(I) complexes. Recently, we developed a
Pd(II)-catalyzed oxygenative cross-coupling of alkynes 34
with benzyl bromides, which is proposed to follow the in-
termolecular oxidation and Pd(II) carbene migratory inser-
tion reaction sequence (Scheme 11).1>

The ynamide substrates 34, which contain a polarized
carbon-carbon triple bond, were utilized as carbene pre-
cursors with the assistance of quinoline N-oxide 36. This
coupling reaction proceeded smoothly with a range of sub-
stituted benzyl bromides and ynamides. A control experi-
ment showed that with a-diazoamide as the carbene pre-
cursor similar ynamide products could be obtained, which
supports the Pd(Il)-carbene migratory insertion mecha-
nism. We have proposed that benzyl palladium species 37,
generated by oxidative addition of benzyl bromide and the
Pd(0) catalyst, activates the ynamide triple bond to give
keteniminium ion 38. The following nucleophilic addition
by N-oxide affords the intermediate 39, which then gener-
ates the a-oxo palladium carbene 40 through y-elimination
by expelling the quinoline part. The Pd(II) carbene 40 then
undergoes migratory insertion and subsequent B-hydride
elimination to give the coupling product 42.

Similar to the conjugated ene-yne-ketones, which gen-
erate the palladium carbene at the alkyne moiety, allenyl
ketones can also generate the palladium carbene species at
the allene moiety under palladium catalysis. In this context,
we have reported a Pd(II)-catalyzed oxidative cross-cou-
pling of allenyl ketones 43 with organoboronic acids (14
and 15), which gives furyl derivatives 44 and 45 (Scheme
12).162 In the reaction mechanism, the aryl palladium(II)
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Scheme 11 Palladium-catalyzed oxygenative cross-coupling of ynamide
with benzyl bromide

species generated from arylboronic acid coordinates to the
allene moiety (46) to trigger the cycloisomerization of alle-
nyl ketone, generating palladium carbene intermediate 48.
Subsequently, migratory insertion followed by B-hydride
elimination delivers the furan product. The alternative
pathways involving the formation of r-allyl palladium spe-
cies or furyl palladium species could also be possible.!><

3 Cross-Coupling Involving Ring-Opening of
Cyclopropenes

Cyclopropenes are highly strained unsaturated cyclic
compounds and they have emerged as versatile three-car-
bon units for organic synthesis.!” Under thermal or transi-
tion-metal-catalyzed conditions, cyclopropenes can also
act as carbene precursors through ring-opening. The metal
carbene species generated through the cyclopropene ring-
opening process can participate in typical carbene transfor-
mations, which significantly expanded the application of
cyclopropenes in organic chemistry.

We have conceived that cyclopropenes may serve as
metal carbene precursors in cross-coupling reactions. In
this context, we developed an Rh(III)-catalyzed cross-cou-
pling reaction of N-phenxoyacetamides 50 with cyclopro-
penes 51, in which cyclopropenes were utilized as the vinyl
carbene precursors in connection with Rh(Ill)-catalyzed C-H
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Scheme 12 Palladium-catalyzed oxidative cross-coupling of allenyl ketone with aryl- or vinylboronic acid

activation (Scheme 13).'® This annulation reaction is highly
efficient and can proceed within five minutes at room tem-
perature with a range of different cyclopropenes and N-
phenxoyacetamides, affording the corresponding 2H-
chromene products 52 in good to excellent yields.

Two probable reaction mechanisms have been proposed
to explain this rhodium-catalyzed transannulation reaction
(Scheme 13, paths A and B). They share the same C-H acti-
vation process which gives the rhodacycle intermediate 53.
In path A, the cyclopropene substrate is coordinated to the
rhodium center to generate intermediate 54, which then
undergoes ring-opening to give the vinyl rhodium carbene
intermediate 55. Subsequent migratory insertion and 1,3-

ONHAc

[RhCp*Cly, (2.5 mol%) o. _R®
S R2__R®  CsOPiv (0.25 equiv) N 5
RI— + R'7 R
L MeOH, 25 °C, 5 min PN\F
50 51 52 25 examples
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NAc
(IRA Rh (U]

path B’/
‘NAc
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©: NAc
wm Rh(III
o,

R2

e @w../
v

/| 55

h(illy

R2

Scheme 13 Rh(lll)-catalyzed cross-coupling of cyclopropene with
N-phenxoyacetamide

allyl migration reaction give intermediate 57. Then, the
acid-assisted N-O bond cleavage and C-O bond formation
sequence (through intermediate 58) would produce the 2H-
chromene product. In pathway B, the cyclopropene inserts
into the aryl-rhodium bond to form the seven-membered
rhodacycle 59. The subsequent B-carbon elimination pro-
cess gives the same intermediate 57. Notably, recent DFT
calculation suggests that the aryl-rhodium bond inser-
tion/B-carbon elimination sequence is more likely to be in-
volved in the reaction mechanism.!®

Moreover, we developed the palladium-catalyzed cross-
coupling of cyclopropenes 60 with aryl iodides, affording
conjugated 1,3-butadiene products 61 (Scheme 14).2° The
cyclopropene substrates bearing two identical aliphatic
chains produced E/Z mixtures of 1,3-dienes with almost 1:1
ratio. Other cyclopropene substrates gave the 1,3-diene
products with the E-configured isomers as the only or ma-
jor products. Mechanistically, the aryl palladium species 62
is formed from the oxidative addition step of aryl iodide
with the Pd(0) species. Intermediate 62 forms a vinyl palla-
dium carbene intermediate 63 through a ring-opening re-
action. The subsequent migratory insertion and B-H elimi-
nation then produces the 1,3-diene products. Alternatively,
intermediate 62 can insert into the carbon-carbon double
bond to form the cyclopropyl palladium intermediate 63
which then undergoes B-carbon elimination to form the
same allyl palladium intermediate (65 or 65'). The subse-
quent B-H elimination affords product 61 and releases the
palladium catalyst.

4 Palladium-Catalyzed Cross-Coupling with
Chromium(0) Fischer Carbenes

In the past 50 years, Fischer carbene complexes have
been extensively explored as valuable reagents in organo-
metallics and in organic synthesis.?! Among the various sta-
ble metal carbene complexes, chromium(0) Fischer carbene
complexes have found wide applications because of their
diverse reactivity. A prominent example is the D6tz annula-
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Scheme 14 Palladium-catalyzed cross-coupling of cyclopropene with
aryl iodide

tion of chromium(0) Fischer carbene complexes with
alkynes, which has been extensively applied in the synthe-
sis of densely functionalized arenes.?!2

In addition to the traditional reactions, chromium(0)
Fischer carbene complexes (66) can transfer their carbene
ligands to other transition metals to generate new metal
carbene intermediates 67, which undergo further processes
to afford various products under catalytic conditions
(Scheme 15). The transition metals that have been explored
in this type of carbene transfer include palladium, copper,
nickel, rhodium, and gold.?>?* Transition-metal-catalyzed
self-dimerization, cyclopropanation, and cyclization reac-
tions of chromium(0) carbene complexes have been devel-
oped on the basis of the carbene transfer process.”* Al-
though the catalytic carbene transfer process generates re-
active metal carbene intermediates, the type and scope of
transformations based on such a process are still rather lim-
ited. We reasoned that it would be desirable to explore a
new type of transformations with chromium(0) Fischer car-
bene complexes under catalytic conditions.

Cr(CO)s
R, _OMe
R “OMe I
i
R"" “OMe

self-dimerization

Cr(CO)s

cat. M JMI\ |

R “OMe R' TOMe

R' = vinyl OMe
-—_—
RP—=or /—*"—
R2 R'
cyclization

66 67

M = Pd?, Cu', Ni%, Rh' ...

Scheme 15 Transition-metal-catalyzed carbene transfer reactions of
chromium(0) Fischer carbene complexes

In this context, we have recently initiated a program to
study the possibility of employing stable chromium(0)
Fischer carbene complexes as the sources of reactive metal
carbenes for carbene-based cross-coupling reactions
(Scheme 16). The chromium(0) Fischer carbene complex is
expected to undergo carbene transfer with organometallic
species to generate a new metal carbene intermediate,

which will be followed by migratory insertion. This type of
catalytic transformation should open up new opportunities
for the application of chromium(0) Fischer carbene com-
plexes in organic synthesis.

R2—FG
l cat. M

Cr(CO)s R2—M cross-coupling
——

RC..
(*J'\AJ\) R2><M
e
R “OMe -CrCO)s  R' “OMe R"” “OMe products

Scheme 16 Transition-metal-catalyzed cross-coupling with
chromium(0) Fischer carbene

In the beginning, we studied the palladium-catalyzed
cross-coupling reaction of vinyl-substituted chromium(0)
carbene complexes which were reported to undergo rhodi-
um- or nickel-catalyzed [3+2] cyclization with unsaturated
components such as alkynes and allenes.>* In 2017, we re-
ported the palladium-catalyzed [3+3] annulation reaction
of vinyl chromium(0) carbenes 68 with 2-iodophenols 69
and 2-iodoanilines 71 (Scheme 17).2> When 2-iodophenols
69 were employed as the coupling partners, this annulation
transformation exhibited good functional group compati-
bility to give a series of substituted flavonones 70. 2,4-
Disubstituted quinoline products 72 were obtained when
2-iodoanilines 71 were utilized as the substrates. To
demonstrate the application of this reaction, we could syn-
thesize the natural alkaloid Graveoline in good yields.

1) Pd(OAc)> (5 mol%)
P(OPh)g (10 mol%)

Cr(CO)s NaBArF, (10 mol%) o R?
OH  k,co i Z
X 2CO3 (1 equiv) R2— |
OMe 4 R2+r R —— N
| 2N DCE/H,0 = 50:1, 40 °C
R! 2) TsOH (aq), 0.5 h o
68 69 Ar = 3,5-diCF3-CgH3 70
25 examples
39-88% yield
Cr(CO)s Pd(OACc), (5 mol%) N R
]\ NH, P(OPh)3 (10 mol%) N | S
N K>COs (1 equiv R°—
| OMe - 2CO;3 (1 equiv) . P
R ZN|  DCE/M,0 =50:1, 60 °C
OMe
68 71 72
5 examples
O, 45-64% yield
| N\ Z 0
=
OMe Graveoline

Scheme 17 Palladium-catalyzed [3+3] annulations of vinyl chromi-
um(0) carbenes with 2-iodophenols and 2-iodoanilines

Mechanistically, 2-iodophenol (or 2-iodoaniline) first
undergoes oxidative addition to a Pd(0)-catalytic species to
yield aryl palladium(II) intermediate 74 (Scheme 18). Inter-
mediate 74 then undergoes carbene transfer with a vinyl
chromium(0) carbene complex to give vinyl Pd(Il) carbene
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intermediate 75. The migratory insertion of palladium car-
bene 75 generates allyl palladium(II) species 77 which is
trapped intramolecularly by the nucleophilic hydroxyl
group (or amido group) to produce six-membered-ring
product 78.

69 or 71

X R Pd(0)
SO N
=
XH
<X
78
7q A0

(XH = OH or NHy) 68
XH Cr(CO)s

) Pd(ll)

\4 XH
MeO R @
” Pd(ll)

\ XH kaMe
Pd(ll) / R 75

MeO “ "R
76

Scheme 18 Proposed mechanism for palladium-catalyzed [3+3] annu-
lation of vinyl chromium(0) Fischer carbenes

In order to extend this type of transformation with
chromium(0) carbenes, we further performed experimen-
tal and mechanistic studies on the palladium-catalyzed re-
ductive cross-coupling of aryl halides with aryl chromi-
um(0) carbenes.?® With hydrosilanes as the hydrogen
sources and reductants, the coupling products 80 could be
obtained through reductive coupling with various substi-
tuted aryl chromium(0) carbenes 79 and aryl iodides
(Scheme 19). We reasoned that the formation of palladi-
um(II) carbene and its migratory insertion step might be in-
volved in the reaction pathway (path A). However, an alter-
native mechanism which involves nucleophilic attack of the
hydride source to the electrophilic carbenic carbon of chro-
mium(0) carbene followed by transmetalation and reduc-
tive elimination cannot be ruled out (path B).

A mechanistic experiment employing stoichiometric
benzyl palladium species 81 as the coupling partner sup-
ports the palladium carbene pathway, as only a palladium
carbene migratory insertion process can lead to the ob-
served vinyl ether products 82 (Scheme 19). Moreover, a
Hammett linear free energy correlation study afforded a
substantially large negative reaction constant (p = -2.93),
implicating that an electron-donating group on the aryl
group of the chromium(0) carbene can promote the cou-
pling reaction. This result also supports the palladium car-
bene pathway. Since the carbene ligand is transferred from
a zero-valued chromium(0) center to a positively charged
palladium(II) center in the carbene formation process, the
carbenic carbon thus becomes more electron-deficient.
Therefore, electron-donating groups promote the carbene
transfer process.

Pd(PPhs)4 (5 mol%) OMe

Cr(CO)s iy MeZBnN 2 equiy) N yZ
Rw@)}\OMe . ’\Arz\ | MePh,SiH (2 equiv) R‘—:A; Qrz:—Rz
> = DCE, 70 °C 80
[ 27 examples

42-90% yield

possible reaction pathway

path A AR
I
~Pd(Il)l Ar2 Pd(in) H A2 Pd(IH
Ar2—=Pd(Il)l — &J\J() — RG_S"*, () —> 80
Ar'” “OMe Ar! OMe Ar'” NoMe
path B
Cr(CO’ ) Ar?.
1(CO)s Cr(CO)s Ar2=Pd(in1 " TPd(ID!

) L — /k\ o — )V — 80
Ar @H_SIRS A oMe  SiRs Ar 4 OMe
H

Cr(CO)s Ph Pd(PPha)4 (5 mol%)  Ph Ph” T PdL,
) Me2BnN (2 equiv) | )
+ PhgP—Pd—PPhy —————— »
Ph”™ "OMe L DCE,70°C  MeO” “Ph | Ph” “OMe
79 81 82, 68%, Z/E =2.7:1

Scheme 19 Palladium-catalyzed reductive coupling reactions of aryl
chromium(0) Fischer carbenes with aryl iodides

To gain further insights, we also carried out a computa-
tional study on the reaction mechanism. The DFT calcula-
tion reveals that the palladium carbene intermediate IM2 is
formed through the dimetallacyclopropane transition state
TS1. The total energy barrier for the palladium(II) carbene
formation process is 26.7 kcal/mol (Scheme 20). The subse-
quent migratory insertion is a facile process with an energy
barrier of 5.1 kcal/mol. After that, the concerted hydrogen
transfer, depalladation, and Pd-Si bond formation sequence
takes place to release the coupling products, crossing over
the transition state TS2 with an energy barrier of 27.9
kcal/mol. The resulting I-Pd-Si species IM4 undergoes re-
ductive elimination to regenerate the Pd(0) catalytic spe-
cies. Both carbene transfer and hydrogen transfer processes
are the rate-limiting steps in the transformation. Overall,
this reductive coupling provides experimental and theoreti-

L L

MeO, _.t‘\
26.7 kcal/mol Ph)‘_Ed_l MeO,,, __ l
—_— S

X Ph/—F'd——l
= 5 \ —_—
(OC)sCr ©
Ph 1M1 TS1 Ph M2

|

Pf‘ Ph L

H---Si

|I—Pd—L

5.1 kcal/mol

e a—

MeO,
AN Phy,MeSiH Pd—I
Me <—— Ph N

\‘I 27.9 keal/mol
/@AP"\ Ph
M3

TS2

Scheme 20 DFT calculation on the palladium-catalyzed reductive cou-
pling of aryl chromium(0) carbenes with aryl iodides
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cal evidence for the palladium-catalyzed cross-coupling of
the chromium(0) Fischer carbene complex that involves
carbene transfer and migratory insertion.

Furthermore, we explored the oxidative cross-coupling
of alkynes with alkyl-substituted chromium(0) Fischer car-
bene complex (Scheme 21).27 In contrast to the typical
benzannulations between alkyne and alkyl chromium(0)
carbene complex,?® the presence of a palladium catalyst
completely redirected the reaction path toward cross-cou-
pling. A range of substituted terminal alkynes 84 were effi-
cient coupling partners in the palladium-catalyzed cou-
pling reaction with various alkyl chromium(0) carbene
complexes 83. Mechanistic experiments implicate that a
pathway involving a sequential deprotonation and trans-
metalation process is more likely, which is in sharp contrast
with the palladium carbene migratory insertion and B-hy-
dride elimination pathway.

1) Pd(TFA); (5 mol%)
P(2-furyl)s (20 mol%)

Et3N (4 equiv) e}
Cr(CO)s [2,5-diPh BQ] (2.5 equiv) R
R\)J\ + R—=
OMe BusNOTF (20 mol%) . A
83 84 PhMe, 30 °C R 85
2) HCI (2 M), THF, 60 °C 31 examplos
42-88% yield
NEt, . T
A T
S
(§r(C0)s CrCOs° b — pyanx Pd(IX
a) E= B ————
o OMe ~ “OMe  transmetalation Z “OMe
R R R

Scheme 21 Palladium-catalyzed oxidative coupling reaction of alkyl
chromium(0) carbene with terminal alkyne

5 Conclusion

In this account, we have introduced the transformations
that employ a range of non-diazo carbene precursors in
cross-coupling reactions. The conjugated ene-yne-ketones,
allenyl ketones, cyclopropene derivatives along with chro-
mium(0) Fischer carbene complexes have been proved as
effective metal carbene precursors to participate in the
cross-coupling with migratory insertion as the key step. A
range of coupling partners, such as organic halides, boronic
acids, terminal alkynes as well as C-H bond activation sub-
strates, were employed in the cross-coupling reactions with
the transition-metal catalysis of palladium, rhodium, and
copper.

These coupling reactions with non-diazo carbene pre-
cursors not only introduce some new synthetic methodolo-
gies, but also validate the generality of the metal carbene
migratory insertion process. In addition to the cross-cou-
pling transformations described in this account, a series of
cross-couplings employing other metal carbene precursors

have also been developed by other groups.3? It can be ex-
pected that carbene-based cross-coupling with other non-
diazo substrates will continue to emerge in the coming
years.
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