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Transition-metal-catalysed carbene insertion reaction is a straightforward and efficient protocol for the

construction of carbon–carbon or carbon–heteroatom bonds. Compared to the intensively studied and

well-established “common” carbene insertion reactions, including carbene insertion into C–H, Si–H, N–

H, O–H, and S–H bonds, several “uncommon” carbene insertion reactions, including carbene insertion

into B–H, Sn–H, Ge–H, P–H, F–H, C–C, and M–M bonds, have been neglected for a long time.

However, more and more studies on uncommon carbene insertion reactions have been disclosed

recently, and clearly demonstrate the great synthetic potential of these reactions. The current

perspective reviews the history and the newest advances of uncommon carbene insertion reactions,

discusses their potential applications and challenges, and also presents an outlook of this promising field.
Introduction

Carbene or carbenoid is an important active intermediate in
organic reactions. Among them, free carbene and Fischer-type1,2

carbene species are electrophilic and can undergo insertion
reactions with various s-bonds. These carbene insertion reac-
tions, especially those promoted by transition metal catalysts,
are a straightforward and efficient method for the construction
of carbon–carbon or carbon–heteroatom bonds. In the past few
decades, the C–H bond and various ubiquitous X–H (X ¼ Si, N,
O, S) bonds were generally used as “common” traps for carbene
insertion reactions, which marvellously promoted the develop-
ment of carbene chemistry. There are quite some excellent and
elegant reviews covering these areas.3–8 However, compared to
those that are well established, some “uncommon” carbene
insertion reactions, including carbene insertion into B–H, Sn–
H, Ge–H, P–H, F–H, C–C, and M–M bonds, which also displayed
great synthetic potential have been neglected for a long time.
There may be two main reasons for this situation. On the one
hand, because the polarity of these chemical bonds is very large
(e.g., B–H, Sn–H, Ge–H, P–H, and F–H) or very small (e.g., C–C
andM–M), special catalysts or conditions are required to enable
the corresponding insertion reactions with carbenes. On the
other hand, only a few types of carbenes have been applied in
these uncommon insertion reactions, which leads to poor
structural diversity of the insertion products and makes the
reactions difficult to use in synthesis. Fortunately, recent
increasing studies on uncommon carbene insertion reactions
have clearly demonstrated their great synthetic potential.
Herein, we set our sights on uncommon carbene insertion
reactions, especially the inadequately investigated X–H (X ¼ B,
tter, State Key Laboratory and Institute of

Chemistry, Nankai University, Tianjin

n

5801
Ge, Sn, P, F) bond, C–C s bond and metal–metal bond insertion
reactions. It's noteworthy that the homologation reaction
between organoborons and organolithium reagents with an a-
leaving group9,10 or diazo compounds11–14 is a formal C–B bond
insertion reaction with signicant synthetic potential, but this
reaction undergoes a carbene-free mechanism and will not be
discussed here.
Carbene insertion into X–H (X ¼ B, Ge,
Sn) bonds

Since B, Ge, and Sn are the diagonal or congener elements of Si,
B–H, Ge–H, and Sn–H bonds are also suitable s-bonds to
capture carbene intermediates to form corresponding organo-
boron, organogermanium, and organotin compounds. Mecha-
nistically, the above X–H bonds don't have lone pairs on their
heteroatoms and exhibit a similar insertion mechanism to that
of the Si–H bond.
B–H bond insertion

The B–H bond insertion is a reaction that provides a straight-
forward approach to construct the C–B bond and bridges car-
bene chemistry with organoboron synthesis. Generally
speaking, the electron decient B–H bond is inert to electro-
philic carbene species, but aer forming an adduct with phos-
phine, amine or N-heterocyclic carbene (NHC), the electron
density of the B–H bond is increased and thus the insertion of
the B–H bond becomes possible.

As early as 1983, Jones et al.15 reported that the carbethox-
ylcarbene generated from ethyl diazoacetate could insert into
the B–H bond of carborane under irradiation, heat or in the
presence of CuCl (Scheme 1a). Although the site selectivity of
the reaction is poor, this reaction represents the pioneering
attempt in the B–H bond insertion reaction. Later in 1990s and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Early reports on B–H bond insertion reactions.
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2000s, classical dichlorocarbene,16,17 and methylene–carbene18

species were found to be efficient to react with borane amine or
phosphine adducts, affording various methyl borane derivatives
(Scheme 1b). In 2003, Sierra et al.19 reported the reaction of
alkynyl alkoxy pentacarbonyl chromium carbene toward the
B–H bond of NaCNBH3, which unambiguously proved that
Fischer-type metal carbene is reactive in the B–H bond insertion
reaction (Scheme 1c).

However, the lack of effective catalytic protocols in B–H bond
insertion reactions resulted in a limited choice of carbene
precursors, low efficiency and poor selectivity. These drawbacks
dramatically restricted the synthetic utilities of the B–H bond
insertion reaction. In 2013, Curran et al.20 reported a Rh-
catalysed B–H bond insertion reaction of a-diazocarbonyls
and NHC borane adducts (Scheme 2a). Almost at the same time,
Zhu and Zhou et al.21 independently reported a Cu-catalysed
B–H bond insertion reaction between a-diazoesters and phos-
phine borane adducts or amine borane adducts along with its
Scheme 2 Rh or Cu-catalysed B–H bond insertion of diazocarbonyls.

© 2021 The Author(s). Published by the Royal Society of Chemistry
enantioselective version by using a chiral spirobisoxazoline
ligand (Ra,S,S)-2, providing an efficient approach for chiral
organoboranes with enantioselectivity up to 94% ee (Scheme
2b). The ester moiety of the diazoesters plays crucial roles in
chiral induction. A concerted mechanism was proposed for the
Cu-catalysed B–H bond insertion reaction: copper complex
catalyses the decomposition of the diazo group to form a copper
carbene, which then undergoes a concerted B–H bond insertion
through a 3-member-ring transition state to afford the insertion
product (Scheme 2c). A negligible KIE was observed and sug-
gested that the H transfer step was not involved in the rate-
determining step, which indicated that the former step, the
diazo-decomposition, was probably the rate-determining step.
These pioneering studies opened up the door for transition-
metal-catalysed B–H bond insertions with various carbene
precursors.

Xu et al.22 reported a highly enantioselective B–H bond
insertion reaction of a-aryl-a-diazoesters and a-aryl-a-diazo-
ketones under the catalysis of C1-symmetric chiral diene-ligated
Rh(I) complexes, affording various a-boryl esters and ketones
with satisfactory yields and enantioselectivities (up to 99% ee)
(Scheme 3a). Almost at the same time, Zhu et al.23 disclosed
a Cu/chiral spiroxazoline catalysed B–H bond insertion reaction
of a-aryl-a-diazoketones and a-methyl-a-diazoketones with
good enantioselectivities (up to 83% ee) (Scheme 3b). The ortho-
substituents of a-aryl of diazoketones are helpful for getting
higher enantioselectivity. Iwasa et al.24 developed a series of
Ru(II)-phenyloxazoline complexes, which displayed excellent
performance in the asymmetric B–H bond insertion reaction of
dinaphthylenyl diazopropionate with various borane adducts
(Scheme 3c). The bulky ester group is indispensable for satis-
factory enantioselectivity. Vilotijevic et al.25 further expanded
the scope to the a-alkenyl-diazocarbonyls, providing an efficient
approach to allylboranes, which were versatile reagents in
Scheme 3 Transition-metal-catalysed B–H bond insertion of
diazocarbonyls.

Chem. Sci., 2021, 12, 15790–15801 | 15791
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Scheme 5 Rh-catalysed B–H bond insertion of N-tosylhydrazones.
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organic synthesis (Scheme 3d). Unfortunately, the preliminary
attempt of the asymmetric version of the reaction of Scheme 3d
only afforded very modest enantioselectivity (30% ee).

Gouverneur et al.26 reported an example of asymmetric B–H
bond insertion of a-CF3–a-aryl diazomethanes and achieved
good enantioselectivity (81% ee) (Scheme 4a). Arnold et al.27

realized a biocatalytic B–H bond insertion of a-diazo propio-
nates and a-CF3–a-phenyl diazomethane with the NHC borane
adduct. The Escherichia coli cells harbouring engineered vari-
ants of wildtype cytochrome c from Rhodothermus marinus (Rma
cyt c) were found to exhibit excellent activity (providing up to
15 300 turnovers, a turnover frequency of 6100 h�1) as well as
selectivity (a 99 : 1 enantiomeric ratio and 100% chemo-
selectivity) in this B–H bond insertion reaction (Scheme 4b).
This biocatalytic system is suitable for gram-scale biosynthesis
and either enantiomer of the organoborane products could be
obtained through tuning the biocatalyst. Using a similar
directed evolution strategy, Arnold and Houk et al.28 success-
fully expanded the scope to a-alkyl-a-CF3 diazomethanes,
establishing a biocatalytic platform for the synthesis of a-tri-
uoromethylated organoborons (Scheme 4c).

Diazo compounds have long been regarded as efficient and
convenient precursors in carbene transfer reactions. However,
the explosive and toxic nature restricts their applications in B–H
bond insertion reactions, and most importantly, the need of
stabilizing the electron-withdrawing group greatly limits the
structural diversity of organoborane products. To overcome
these barriers, various carbene precursors were developed in the
B–H bond insertion reaction.

Zhu et al.29 reported a Rh-catalysed B–H bond insertion
reaction of unstabilized diazo compounds generated in situ
from N-tosylhydrazones. By using chiral dirhodium catalysts 7
or 8, the reaction exhibited good yields and high enantiose-
lectivities (up to 96% ee) (Scheme 5a). The protocol also
exhibited good functional group tolerance and enabled one-pot
transformation of a carbonyl group to a boryl group enantio-
selectively. This catalytic system is sensitive to the steric prop-
erty of the diazo compounds, and the bulkier substituents of the
diazo compounds resulted in lower yields and
Scheme 4 B–H bond insertion of diazocarbonyls and a-CF3 diazo
compounds.

15792 | Chem. Sci., 2021, 12, 15790–15801
enantioselectivities. The B–H bond insertion products could be
easily converted into chiral alcohols and other widely used
organoboron reagents without the loss of optical purity. Quite
recently, the same group developed a Rh-catalysed asymmetric
B–H bond insertion reaction of borane adducts and diaryl
diazomethanes as a straightforward protocol for various gem-
diarylmethine borane compounds with high yield, excellent
enantioselectivity, and good functional group tolerance
(Scheme 5b).30 The borane compounds synthesized by this
method could be efficiently transformed into synthetically
important diaryl methanol, diaryl methyl amine, and triaryl
methane derivatives with good stereospecicity. Hammett
analysis indicated that the enantioselectivity depended strongly
on electronic differences between the two aryl groups of
diazomethane.

Sulfoxonium ylides can form metal carbene intermediates
smoothly through releasing dimethyl sulfoxide. Wang, Wu
et al.31 reported an iridium-catalysed B–H bond insertion
between borane adducts and a-carbonyl activated sulfoxonium
Scheme 6 Ir-catalysed B–H bond insertion of sulfoxonium ylides.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ylides (Scheme 6a). In addition, analogues of sulfoxonium
ylides, such as sulfonium salts and sulfonium ylides could also
be amenable to the reaction. Zhang S., Zhang L et al.32 inde-
pendently reported a similar transformation and realized the
B–H bond insertion of bulkier a-ester disubstituted sulfoxo-
nium ylides (Scheme 6b). This reaction featured a broad
substrate scope and high functional group compatibility and
could be applied in late-stage modication of structurally
complex drug compounds.

Compared with diazo compounds, alkynes are safe and
easily available carbene precursors. Zhu, Zhou et al.33 developed
a B–H bond insertion reaction using conjugated alkynes as
carbene precursors in the presence of CuCl as a catalyst
(Scheme 7a). By using chiral dirhodium catalysts, a highly
enantioselective transformation was rendered feasible (with up
to 96% ee). The reaction exhibits excellent atom-economy and
efficiency (up to 99% yield). Chiral organoboranes could be
conveniently transformed to various versatile borates and diaryl
methanol compounds with well retained enantiopurity, which
demonstrates its potential utility in organic synthesis. This
reaction is triggered by Cu(I) catalysed 5-exo-dig cyclization to
form an a-furyl carbene intermediate, which undergoes
concerted B–H bond insertion to afford the corresponding
product. Mechanistic studies indicated that the cyclization
process was probably the rate-determining step.

In addition to functionalized alkynes, terminal alkynes could
also serve as potential carbene precursors for B–H bond inser-
tion reactions. Zhu, Zhou et al.34 reported an Au-catalysed
oxidative coupling of terminal alkynes and borane adducts for
the synthesis of an a-boryl carbonyl compound (Scheme 7b).
High efficiency and specic regioselectivity were observed in
this reaction, and excellent functional group tolerance made
this protocol effective in late-stage modication. The reaction is
initiated by Au-promoted oxidation of the alkyne by the N-oxide,
Scheme 7 B–H bond insertion reactions using alkynes as precursors.

© 2021 The Author(s). Published by the Royal Society of Chemistry
which generates a highly active gold carbene intermediate.
Insertion of this gold carbene intermediate into the electron-
rich B–H bond of the borane adduct via a 3-member-ring tran-
sition state gives the product and regenerates the catalyst. The
result of the kinetic isotopic effect experiment indicates that
B–H bond insertion is a fast process, and quinoline dissociation
may be involved in the rate-limiting step.

Transition-metal-catalysed ring-opening of cyclopropenes
generates vinyl metal carbenes, which could be captured by
borane adducts to produce allylboranes. Quit recently, Zhu
et al.35 presented a Cu(I)-catalysed ring-opening/borylation
reaction of cyclopropenes, delivering g,g-disubstituted allyl-
boranes with moderate to good yields and regioselectivities
(Scheme 8a). Interestingly, the regioselectivity arises from the
steric bias between the two substituents installed at the 3,3-
position of cyclopropenes in the ring-opening step, and for 3-
alkyl-3-aryl cyclopropenes, the regioselectivity can be further
regulated because the Z-carbene tends to undergo intra-
molecular C–H bond insertion, leaving the E-type products only
(Scheme 8b). The allylborane product could react with an
aldehyde in the presence of water, affording corresponding
homoallylic alcohols with good yield and specic stereo-
selectivity. Mechanistic studies revealed that the ring-opening
process is probably the rate-determining step (RDS).

In general, the electron decient B–H bond of non-ligated
boranes (i.e. HBpin) is inactive towards electrophilic carbene,
but it could serve as a suitable trapper for some special nucle-
ophilic carbene species. Glorius et al.36 reported a visible-light-
induced B–H bond insertion of HBpin with acylsilanes
(Scheme 9). Under the irradiation of visible light, nucleophilic
a-siloxycarbenes were generated from acylsilane through 1,2-
Brook rearrangement, and then directly insert into the B–H
bond of electron decient HBpin to access valuable a-alkox-
yorganoboronate esters with almost quantitative yields. This
metal-free and operationally simple protocol features a broad
substrate scope, excellent functional group tolerance and good
scalability.
Scheme 8 Cu-catalysed B–H bond insertion of cyclopropenes.

Chem. Sci., 2021, 12, 15790–15801 | 15793
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Scheme 9 Visible-light-induced B–H bond insertion of acylsilanes
with HBpin.
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The carbene intermediates mentioned above are all satu-
rated carbenes (that is, disubstituted carbene), actually, unsat-
urated carbenes can also be utilized in the B–H bond insertion
reaction to afford alkenyl boranes. Zhu, Zhou et al.37 developed
a protocol of the B–H bond insertion of alkylidene carbenes,
enabling construction of the C(sp2)–B bond (Scheme 10).
Starting from readily available alkenyl triates, free alkylidene
carbene was formed through base triggered 1,1-elimination,
which then undergoes the B–H bond insertion process,
producing alkenyl boranes with acceptable yields. The intra-
molecular insertion provides an efficient approach for the
construction of B–N heterocycles, meanwhile avoiding the
potential regioselective issues. Notably, not only the trans-
formation of alkenyl boranes to valuable alkenyl borates was
convenient, but the borane products themselves served as an
effective partner in the Pd-catalysed C–C or Cu-catalysed C–N
coupling reactions.
Sn–H and Ge–H bond insertion

Similar to B–H bond insertion reactions, dihalocarbene,38,39 and
methylcarbene40 species were rst utilized in the Ge–H and Sn–H
bond insertion reaction. Although transition-metal-catalysed Si–
H bond insertion of diazo compounds was intensively investi-
gated in the past few decades, the Ge–H and Sn–H bond inser-
tion reactions received rare concern, which was probably due to
the inevitable demetallization process of the resulting a-EWG
(electron-withdrawing group) substituted products in work up
procedures.41 However, the development of novel carbene
Scheme 10 B–H bond insertion of alkylidene carbenes.

15794 | Chem. Sci., 2021, 12, 15790–15801
intermediates and catalytic methodologies have attracted
increasing attention for these reactions in recent years.

Wang et al.42 reported a metal-free coupling reaction of N-
tosylhydrazones with Bu3SnH in the presence of base and phase
transfer catalysts, affording a series of functionalized benzyl-
and alkyltributylstannanes in moderate to good yields (up to
85% yield) (Scheme 11a). The steric hindrance of the diazo
compounds exhibited a negative effect on the yields. The ben-
zyltributylstannanes could be subjected to Stille cross-coupling
without purication and afford diarylmethane derivatives in
good yields (up to 75% yield). Mechanistic experiments sug-
gested that a free-carbene-process is likely involved in the
stannylation transformation. Almost at the same time, Bi et al.43

realized an Ag-catalysed Sn–H and Ge–H bond insertion reac-
tion of in situ generated benzylic carbenes from N-nosylhy-
drazones with Bu3SnH and Bu3GeH at lower temperature
(Scheme 11b). Xu, Che et al.44 reported an Fe(TPP)Cl-prompted
insertion reaction of carbene species generated from N-tosyl-
hydrazones into the Ge–H or Sn–H bond (Scheme 11c). N-
Tosylhydrazones derived from aldehydes afforded better results
than N-tosylhydrazones derived from ketones.

López, Vicente et al.45 reported a zinc-catalysed coupling
reaction between cyclopropenes and triethylgermane. The
reaction starts from zinc-catalysed ring-opening of cyclo-
propenes to form alkenyl zinc carbenes, which then inserts into
the Ge–H bond, forming allylgermanes with moderate to good
yields (up to 82% yield) (Scheme 11d).

P–H bond insertion

Organophosphorus compounds are widely used in organic
synthesis, catalysis, biochemistry, and materials chemistry.
Transition-metal-catalysed P–H bond insertion reaction was
a promising protocol for constructing the C–P bond. Notably,
Scheme 11 Ge–H and Sn–H bond insertion reactions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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pentavalent H-phosphonates or H-phosphine oxides rather
than trivalent phosphines with a lone pair were generally used
as P–H donors to avoid poisoning of the metal catalysts in this
reaction. Arbuzov et al.46 and Polozov et al.47 veried the feasi-
bility of P–H bond insertion of a-diazoesters, a-diazoketones
and diaryldiazomethane compounds with dialkyl H-
phosphonates in the presence of copper salts, enabling the
facile synthesis of dialkyl phosphonates in moderate yields
(Scheme 12a). Wu et al.48 and Tang et al.49 independently re-
ported a Cu-promoted P–H bond insertion reaction of alkyl- and
benzyl carbenes generated in situ from N-sulfonylhydrazones
with dialkoxyl-H-phosphonates and diaryl-phosphine oxides
(Scheme 12b and c). In these reactions, Cu(I) decomposes the
diazo compound generated from N-tosylhydrazone under basic
and thermal conditions to form a Cu carbene. This carbene
intermediate is then attacked by a nucleophilic phosphoryl
anion at the carbene carbon to produce a Cu carbanion, which
is protonated to afford the phosphate product.

Jiang et al.50 realized a highly efficient P–H bond insertion of
a-imino copper carbene into H-phosphine oxides, leading to 3-
phosphinoylindoles with broad substrate diversity and good
chemoselectivity (Scheme 12d). Interestingly, chiral 3-phos-
phoindoles could be obtained with high stereoselectivities by
using P-stereogenic H-phosphine oxides. This unique C(sp2)–P
bond construction methodology proceeds through insertion
Scheme 12 Cu-catalysed P–H bond insertion reaction of diazo
compounds.

© 2021 The Author(s). Published by the Royal Society of Chemistry
into the P–H bond followed by tautomerization to afford the
products.

By using carbonyl-ene-ynes as carbene precursors, Wu, Jiang
et al.51 realized a Cu-catalysed P–H bond insertion of a-furyl
carbene and H-phosphonates, affording various phosphory-
lated furans in good yields (Scheme 13).

F–H bond insertion

Organouorine compounds display broad utility as valuable
pharmaceuticals, agrochemicals, materials and tracers for
positron emission tomography (PET). Treatment of diazo-
carbonyls with HF52 or HBF4 (ref. 53) rapidly produced a-uoro-
carbonyl compounds through an acid-promoted protonation/
uoride substitution process without involving the carbene
intermediate. To avoid direct employment of intensively toxic
and corrosive HF and improve the efficiency and selectivity,
various “HF” surrogates and catalytic protocols were developed
for F–H bond insertion reactions.

Davies et al.54 reported an Ag-catalysed vinylogous uorina-
tion of vinyl diazoacetates using Et3N–3HF as the F–H donor
and synthesized a series of secondary and tertiary allylic uo-
rides. This reaction nished within 5 minutes and was poten-
tially useful for 18F labelling (Scheme 14a).

Doyle et al.55 reported a Cu/bisoxazoline prompted H–F
insertion reaction of a-diazocarbonyl compounds and the “H–

F” source generated in situ from KF and strong protic additive
hexauoroisopropanol (HFIP) (Scheme 14b). Albeit with
moderate enantioselectivities (up to 31% ee), this protocol
enabled fast C–F/18F construction under mild conditions and
was readily acceptable for direct, late-stage radio uorination
using available [18F]KF and Kryptox 2.2.2 (K222) as the “18F”
source. Under similar conditions, Fürstner et al.56 reported Cu/
indane-based bisoxazoline catalysed asymmetric F–H bond
insertion with a-aryl-diazoesters (Scheme 14c). DFT calculations
revealed an F� transfer/protonation mechanism of the H–F
insertion process: the F� nucleophilic attack takes place at the
Cu-center rather the electrophilic carbene C-atom, forming a F�

coordinated Cu carbene intermediate, and subsequent selective
[1,2]-F� transfer produces a Cu carbanion, which undergoes
HFIP-assisted protonation to give an insertion product with an
inverse conguration (Scheme 14d).

Carbene insertion into the C–C s bond

The selective C–C s bond cleavage and subsequent functional-
ization are of pivotal signicance in organic chemistry.
Scheme 13 Cu-catalysed P–H bond insertion reaction of carbonyl-
ene-ynes.
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Scheme 14 Transition-metal-catalysed F–H bond insertion reactions.

Scheme 15 Formal carbene insertion into the C–C s bonds of 1,3-
carbonyls.
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Energetic carbene intermediates are promising species that
may formally insert into the C–C s bond to produce homo-
logues plus one carbon. Notably, base or acid promoted
homologation reaction of ketones with diazo compounds,
which proceeds via a carbene-free process, has been intensively
explored and comprehensively reviewed.57 In this chapter,
metal-carbene or free carbene mediated formal C–C s bond
insertion reaction is emphasized.

Zercher et al.58 reported a zinc-mediated homologation of b-
keto esters, leading to various cyclic and acyclic g-keto esters in
good yields (Scheme 15a). This reaction starts from Simmons–
Smith cyclopropanation of the enolate form of b-keto esters,
followed by ring-opening of the resultant cyclopropane to
produce the chain-extensive organozinc intermediate, which is
quenched by an acid to afford g-keto esters. By using a similar
strategy, they further accomplished the homologation of b-keto
phosphonates (Scheme 15b).59 In addition to the methylene
carbene species, metal carbenes could also selectively insert
into the EWG-activated C–C s bond through an analogous
cyclopropanation/ring-opening mechanism. Bi et al.60 reported
an Ag-catalysed formal C–C bond insertion reaction of 1,3-
diketones with a-aryl-a-diazoesters, a-aryl-a-phosphonates or
diaryl diazo compounds, which provides efficient access to
polycarbonyl compounds with an all-carbon quaternary center
(Scheme 15c). Zhu et al.61 independently realized a similar C–C
bond insertion reaction of a-aryl-a-diazoester under the catal-
ysis of a gold complex (Scheme 15d). Compared with the Bi's Ag-
catalysed system, the Zhu's Au-catalysed system exhibits higher
15796 | Chem. Sci., 2021, 12, 15790–15801
activity and can be extended to alkyl 1,3-ketones. By using N-
nosylhydrazones as diazo surrogates, Bi et al.62 developed
a formal carbene insertion into the unstrained C–C s bonds of
1,3-dicarbonyls, enabling the preparation of various syntheti-
cally useful polysubstituted g-diketones, g-keto esters, and g-
ketoamides in high yields (Scheme 15e).

Transition-metal-catalysed Buchner ring-expansion between
aromatic rings and a-diazoesters is a classical formal C–C s

bond insertion reaction. This reaction serves as an efficient tool
of preparing seven-membered rings via a “one-pot, two-step”
mechanism: cyclopropanation of arenes followed by a ring-
opening process. This reaction has been widely utilized in total
synthesis and well summarized by several reviews.6,63 With the
development of chiral catalysts, typically the chiral dirhodium
carboxylates, signicant advances have been made in the
asymmetric intramolecular Buchner reaction, enabling the
facile construction of chiral fused rings containing
heptatrienes.

Iwasa et al.64 reported a highly enantioselective intra-
molecular Buchner reaction of diazoacetamides by using Ru(II)–
Pheox as a catalyst, which affords various g-lactam fused 5,7-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 16 Rh-catalysed intramolecular Buchner reactions.

Scheme 17 Rh-catalysed C–C s bond insertion into strained rings.
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bicyclic-heptatriene derivatives in excellent yields and enantio-
selectivities (up to 99% yield and 99% ee) (Scheme 16a). By
using b-cyano a-diazoacetamide, Darses et al.65 realized an
asymmetric intramolecular Buchner reaction, which allowed
the highly stereoselective installation of a quaternary stereo-
genic center in the 5,7- or 6,7-bicyclic skeletons in the presence
of chiral dirhodium catalysts (Scheme 16b). Yamaguchi et al.66

established a highly enantioselective Buchner ring expansion
reaction of a-alkyl-a-diazoesters under the catalysis of chiral
dirhodium carboxylates (Scheme 16c). This protocol could
effectively refrain from b-hydrogen migration and constructed
all-carbon fused 5,7-bicyclic systems under mild conditions.
Hu, Xu et al.67 reported a Rh-catalysed intramolecular Buchner
reaction of alkyne embodied diazoesters and provided a variety
of functionalized 13- to 20-membered cycloalkynes with
moderate to good yields (up to 86% yield) (Scheme 16d). As all
the above asymmetric Buchner reactions are initiated with
electron-decient Fischer-type carbenes, substrates with
electron-rich arenes are required for satisfactory results.

Carbene could also insert into the C–C s bond of strained
rings to form expansive rings. Wang et al.68 reported a selective
ring expansion reaction of benzocyclobutenols with diazoesters
under the catalysis of Rh(I) complexes, obtaining indanol
derivatives bearing an all-carbon quaternary center in the ring
with good yields and stereoselectivities (Scheme 17a). Different
from the cyclopropanation-triggered homologation process
mentioned above, this C–C bond insertion reaction proceeds
through a “cut and saw”mechanism: the h2-coordination of the
arene moiety to the alkoxyl-ligated rhodium center dominates
the cleavage at the C(sp2)-C(sp3) bond through the b-carbon
elimination process, leading to an aryl Rh(I) intermediate
bearing a ketone moiety, which then reacts with diazoesters to
generate the Rh(I) carbene complex; subsequent carbene
migratory insertion followed by an intramolecular aldol reac-
tion provides a ring-expansive alkoxyl Rh(I) species, which is
© 2021 The Author(s). Published by the Royal Society of Chemistry
then pronated to give the product. The diastereoselectivity ari-
ses from the sterically favourable cis-fused chairlike transition
state in the aldol cyclization process. Murakami et al.69 realized
a highly enantioselective C–C bond insertion reaction of cyclo-
butanols and benzyl carbenes generated in situ from N-tosyl-
hydrazone (Scheme 17b). By using Rh(I) catalysts combined
with chiral bisphosphine ligands, a series of cyclopentanols
having two consecutive stereogenic centers were obtained in
moderate yields and excellent enantioselectivities. Notably, the
diastereoselectivities can be regulated to a certain extent by
using ligands with different backbones.

The bicyclo[1.1.1]pentane (BCP) motif has been utilized as
a bioisostere in drug candidates to replace phenyl, tert-butyl,
and alkynyl fragments in order to improve physicochemical
properties. Hirst et al.70 developed a strategy toward the
synthesis of BCP analogues which involves a dichlorocarbene
insertion into bicyclo[1.1.0]butanes, and the resulting gem-
dichloro-bicyclo[1.1.1]pentanes were reduced to BCPs in the
subsequent steps (Scheme 18a). Later, Ma et al.71 realized the
selective synthesis of 2,2-diuorobicyclo[1.1.1]pentane
analogues (BCP–F2) through a formal C–C insertion into bicyclo
[1.1.0]butanes of diuorocarbene (:CF2) generated in situ from
FSO2CF2CO2TMS/NaF mixture (Scheme 18b). Almost at the
same time, Mykhailiuk et al.72 also reported a similar protocol
by using the CF3TMS/NaI mixture to release the diuorocarbene
intermediate (Scheme 18c). Experimental physicochemical
properties, acidity, basicity, lipophilicity and water solubility
were measured for these BCP-F2 compounds, suggesting their
potential to be novel saturated mimics for the benzene ring in
medicinal chemistry projects.
Chem. Sci., 2021, 12, 15790–15801 | 15797
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Scheme 18 Dichloro- or difluorocarbene incorporated formal C–C
bond insertion of strained rings.

Scheme 19 Pt-catalysed B–B bond insertion of diazo compounds.

Scheme 20 Pd-catalysed Si–Si or Sn–Sn bond insertion reactions.
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Carbene insertion into M–M (M ¼ B, Si,
Sn) bonds

Organic gem-dimetallics exhibit multi-functional utilities in
organic synthesis. Among them, B, Si and Sn derived gem-
dimetallics have attracted considerable attention due to their
stability, availability, versatility and unique reactivities. Carbene
insertion reaction of the M–M (M ¼ B, Si, Sn) bond is
undoubtedly a promising approach for the synthesis of these
compounds.

Diazo compounds or carbanions with an a-leaving group
generated from dihalides or alcohol derivatives can react with
diboron reagents to form “ate” complexes, which then undergo
an intramolecular 1,2-boryl-migration process to afford dibo-
rated products. This carbene-free reaction is regarded as an
efficient protocol of preparing diboron compounds and
comprehensively reviewed.73,74 Apart from that, transition-
metal-mediated carbene insertion reactions provide an alter-
native approach.

Srebnik et al.75 reported a Pt-catalysed B–B bond insertion
reaction of B2pin2 and diazomethane or aryl-stabilized diazo
compounds under thermal conditions, affording various stable
gem-diborates in good yields (Scheme 19a). Kingsbury et al.76

extended the scope of this reaction to dialkyl-substituted diazo
compounds (Scheme 19b). These reactions were thought to
involve B–B bond activation by oxidative addition of B2pin2 to
the Pt(0) complex to form a bis-(boryl) Pt(II) intermediate, which
reacts with the diazo compounds to form the Pt carbene inter-
mediates, followed by subsequent boryl-migratory insertion and
reductive elimination to produce the gem-diborates (Scheme
19c).

In addition to diborates, cleavage of Si–Si and Sn–Sn bonds
by a transition metal could also trigger disilylation or dis-
tannylation of diazo compounds through a carbene-mediated
15798 | Chem. Sci., 2021, 12, 15790–15801
migratory insertion/reductive elimination sequence. Wang
et al.77 reported a Pd-catalysed Si–Si and Sn–Sn bond insertion
reaction using N-tosylhydrazones as carbene precursors,
affording a large variety of geminal bis(silane) and geminal
© 2021 The Author(s). Published by the Royal Society of Chemistry
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bis(stannane) derivatives (Scheme 20a). Notably, more electro-
philic FMe2SiSiMe2F rather than Me3SiSiMe3 or PhMe2-
SiSiMe2Ph was employed as the Si–Si source to facilitate the
oxidative addition to the Pd center. This protocol also displayed
a broad substrate scope and good efficiency (up to 99% yield),
and the natural product (�)-perillaldehyde could be converted
to corresponding dimetallic compounds in a two-step sequence
in good yields (Scheme 20b).
Summary and outlook

Carbene is a fundamental and important intermediate in
organic chemistry that displays high reactivity, abundant
structural diversities and good scalability with the incorpora-
tion of metal complexes.78 Transition-metal-catalysed carbene
insertion reactions with the C–H bond, and several X–H bonds
(e.g., Si–H, N–H, O–H, S–H) have been extensively studied in the
past decades; however, recent studies on the other uncommon
catalytic carbene insertion reactions described in this paper
provide new growth points for carbene chemistry. Among them,
B–H bond insertion reactions display broad applicability to
a number of carbene precursors including a-EWG stabilized
diazo compounds, N-sulfonylhydrazones, sulfoxonium ylides,
alkynes, cyclopropenes, acylsilanes and alkenyl triates under
the mediation of metal complexes, radiation or bases, building
up a platform for structurally diverse organoborane adducts
with high optical purity. These stable products can be easily
transformed into organoborates, meanwhile themselves are
effective nucleophilic partners in Suzuki cross-coupling reac-
tions. It's envisioned that more and more structurally distinc-
tive organoboranes may spring up with the development of new
catalytic B–H bond insertion reactions with different carbenes
or carbenoids. The structurally diverse and relatively stable
organoboranes prepared through B–H bond insertion probably
could be employed in the preparation of functional polymers
with ligated nitrogen–boron bonds79,80 or be used to nd lead
compounds. Other X–H (X¼ Ge, Sn, P, F) insertion reactions are
sluggishly developed due to various factors, including product
stability, catalyst-compatibility, usage of hazardous reagents,
etc. More studies are highly desired to overcome these draw-
backs and to develop efficient protocols for the enantioselective
version and expand their synthetic utilities in organic synthesis.
EWG-activated 1,3-dicarbonyls, arene rings and restrained rings
were successfully applied in the formal C–C s bond insertion
reactions, and the employment of inactivated C–C s bonds81 in
carbene insertion reactions may lead to the development of new
C–C bond forming reactions. Transition-metal-mediated car-
bene insertion into M–M (M ¼ B, Si, Sn) enabled the straight-
forward synthesis of gem-homodimetallics, while the more
synthetically useful chiral gem-heterodimetallics from asym-
metric M–N bond insertion are certainly appealing. The studies
on “uncommon” carbene insertion reactions not only have
enriched carbene transfer reactions but also open new space for
C–C and C–X bond formation. The development of new carbene
transfer catalysts, new carbene precursors, and new insertion
partners is the key to advance this eld to a mature state.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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