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1.1 Introduction

The selective and efficient construction of complex molecules is one of the most
challenging goals in organic synthesis. To access such intriguing molecules, inno-
vative methodologies in bond formation are required compared to traditional
functional group transformations. It is for this reason that selective functional-
ization of the ubiquitous but inert C—H bond is of great interest to the chemical
community [1-4].

A challenging aspect in organic chemistry for decades has been the stereose-
lective carbon—carbon bond formation by activation of a C(sp®)—H bond in the
synthesis of pharmaceuticals, natural products, and other industrially relevant
targets. A powerful approach to achieve such useful C—H functionalization is
via C(sp?)—H insertion by metal carbenoids [5-8]. Generation of the metal car-
benoid can occur through a number of precursors such as diazo compounds,
ylide derivatives, hydrazones, and, more recently, triazoles. In this chapter, we will
exclusively discuss metal carbenoids derived from a-diazocarbonyl compounds.

In order to take advantage of metal carbenoid-induced C-H insertion, one
must consider the reactivity of the electrophilic metal carbenoid. The synthetic
utility of the free carbenes is limited by low selectivity in most reactions. In con-
trast, when nitrogen extrusion is facilitated by a transition metal, the resulting
metal carbenoid retains the reaction scope of a free carbene while allowing highly
selective transformations to occur (Figure 1.1).

Historically, copper was used as the transition metal source, but few examples
of efficient and selective C—H insertion were reported. The key development
in C-H insertion was the discovery by the Teyssié group that dirhodium(II)
carboxylates catalyzed the intermolecular C—H insertion reaction of ethyl
diazoacetate with alkanes [9]. Following this, Wenkert et al. [10] and Taber and
Petty [11] highlighted the potential of intramolecular C-H insertion reactions
of a-diazocarbonyl compounds to lead to cyclopentanone derivatives. Impor-
tantly, it was demonstrated that C—H insertion takes place with retention of
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configuration at the reacting C—H bond [12]. These early studies triggered four
decades of intensive development of selective C—H insertion.

This chapter will explore how the complex relationship between the catalyst
and the substrate affects the chemo-, regio-, diastereo-, and enantioselectivity of
C—C bond formation through C(sp*)—H bond insertion by metal carbenoids.

1.2 Diazo Compounds

Diazoalkanes such as diazomethane and diazoethane are challenging to synthe-
size, inherently unstable, and even explosive in their pure form. Analogs such as
phenyldiazomethane exhibit increased stability due to conjugation with the aro-
matic ring, but still cannot be stored for long periods of time. The presence of a
carbonyl group adjacent to the diazo group confers much greater stability, and
several diazocarbonyl compounds are stable enough to be stored, and some are
commercially available (Figure 1.2).

The reactivity and selectivity of metal carbenoids are affected by the sub-
stituents that flank the metal carbene. Diazo carbene precursors are generally
classified into three groups according to the nature of their substituents
(Figure 1.3).

The terms “acceptor” and “donor” refer to electron-withdrawing and
electron-donating character principally through resonance effects. Due to the
buildup of positive charge on the carbene carbon during the formation of
the carbenoid, ideal substituents will act to stabilize this buildup of positive
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Figure 1.2 Relative reactivity of diazo compounds.
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Figure 1.3 Types of diazo compounds.



1.3 Mechanistic Understanding

charge without altering its reactivity. Acceptor groups do little to stabilize the
electrophilic carbene center. This leads to limited site selectivity; therefore these
compounds are better suited to intramolecular C(sp®)~H insertion than inter-
molecular C(sp?)—H insertion. Conversely, the presence of an electron-donating
group confers a degree of stability to the metal carbenoid. Aryldiazoac-
etate derivatives are the most commonly used donor/acceptor-substituted
a-diazocarbonyl precursors for intermolecular C—H insertion.

1.3 Mechanistic Understanding

The mechanism of transition metal C—H insertion has been thoroughly inves-
tigated by several research teams [13-17], and a simplified catalytic cycle is
shown in Figure 1.4. The metal ligated catalyst (ML,) coordinates with the
diazo compound leading to nitrogen extrusion and formation of a metal car-
benoid. This metal carbenoid then undergoes C-H insertion to form the new
carbon—carbon bond.

For C-H insertion reactions to be synthetically useful, high chemo-, regio-,
diastereo-, and enantioselectivity are necessary. To be able to achieve such
control, a more detailed understanding of the mechanism is required. Several
hypotheses on the mechanism have been proposed for the rhodium-catalyzed
C—H insertion [13, 18—20]. Doyle suggested a three-centered concerted mech-
anism, which was advanced by Nakamura’s theoretical studies [15]; however
intermolecular density functional theory (DFT) computational studies carried
out by Davies have disputed this hypothesis in certain cases [17].

Initially, the metal carbenoid intermediate (Figure 1.5) is generated through
(i) the o-bonding from the carbene carbon to the metal atom and (ii) the
n-backdonation from the filled metal d-orbitals to the carbene carbon that
possesses a vacant p-orbital. This vacant 2p orbital leads to the formation of a
highly electrophilic metal carbenoid [21].

The ligands coordinated to the metal can alter the electrophilicity of the metal
carbenoid. A more reactive carbenoid is observed when electron-withdrawing
ligands are present on the metal due to reduced backbonding to the vacant
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Figure 1.4 Simplified catalytic cycle of C(sp*)-H insertion via metal carbenoid formation.
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Figure 1.5 Bonding in a metal
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carbene p-orbital. Alternatively, a less reactive carbenoid is generated with the
use of electron-donating groups. There is a balance that needs to be struck
between reactivity and selectivity of the carbenoid.

Once the carbenoid is formed, it undergoes C—H insertion through the over-
lap of the empty p-orbital of the metal carbenoid with the c-orbital of the C—H
bond. This involves two steps: (i) hydride transfer and (ii) carbon—carbon bond
formation. It is believed that these steps can occur in an asynchronous concerted
three-centered transition state (TS-I; Scheme 1.1) or with considerable hydride
transfer character, which is likely to be followed by rapid carbon—carbon bond
formation (Scheme 1.2) [17].
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Scheme 1.1 Less activated C(sp®)—H bonds proceed via an asynchronous concerted
three-centered transition state.
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Scheme 1.2 More activated C(sp®)—H bonds proceed with a hydride transfer characteristic
and a more asynchronous mechanism.



1.4 Catalysts

Computational studies by Davies and coworkers suggest that reactions of
donor/acceptor carbenoids with less activated C—H bonds (e.g. cyclopentane)
more closely resemble to the concerted asynchronous mechanism, while more
activated C—H bonds (e.g. cyclopentadiene) show an appreciable degree of
hydride transfer in a somewhat earlier transition state (TS-II; Scheme 1.2). For
a donor/acceptor-substituted a-diazocarbonyl compound, C-H insertion is
believed to be the rate-limiting step as a higher activation energy is calculated
for C—H insertion over nitrogen extrusion [15]; however, DFT calculations have
shown for acceptor-substituted diazo compounds that the nitrogen extrusion
is the rate-limiting step for secondary C-H insertion [17]. Although these
computational studies have modeled intermolecular experiments, the same
hypothesis has been applied to the understanding of intramolecular C—H
insertion reactions.

While rhodium(II) catalysts have been the most widely researched transition
metal complexes for C—H insertion, in recent years, attention has also turned
to the prospect of efficient and selective catalysts from other metals including
copper, iridium, ruthenium, iron, and gold, for which a similar C—H insertion
mechanistic pathway is anticipated [22].

1.4 Catalysts

Efficient and selective C—H insertion requires a carbenoid intermediate of appro-
priate reactivity and electrophilicity. Judicious choice of metal-ligand combi-
nation is essential to strike the right balance between reactivity and selectivity.
While carbenoids can be generated with a number of transition metals, some like
the coinage metals (gold, silver) are too reactive, thus rendering selectivity diffi-
cult to achieve [23]. Others such as ruthenium are too stable to undergo C—H
insertion. Typically, copper and rhodium are the transition metals of choice for
C-H insertion reactions.

1.4.1 Copper

Before the advent of dirhodium tetraacetate, virtually all of the early literature
relating to metal-catalyzed carbenoid reactions reports the use of copper
complexes [24—26]. Synthetic utility of these copper-based catalysts was limited
to geometrically rigid systems, and yields were moderate at best [24]. Since
the first reported copper-catalyzed enantioselective C—H insertion reactions
by Sulikowski and coworker [27], this area of metal catalysis has seen renewed
interest.

1.4.1.1 Bisoxazoline and Schiff Base

The most widely studied copper-based ligands are the C,-symmetric bisoxazo-
lines. The success of such ligands can be attributed to the symmetry about the
C, axis, which reduces the number of possible transition states for a given reac-
tion. In addition, they also possess a conformationally constrained metal chelate
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Figure 1.6 A selection of commercially available bisoxazoline ligands (4-15) and a Schiff base
ligand (16).

structure where the stereocenter that affects enantiocontrol resides on the car-
bon adjacent to the metal-coordinating nitrogen of the oxazoline ring, thereby
directly influencing the stereochemical outcome of the reaction.

Much of the extensive range of bisoxazoline ligands synthesized to date has
been covered by Desimoni et al. [28]; a selection of the most commonly used and
commercially available ligands is presented in Figure 1.6.

The ligands are usually reacted iz situ with a copper source such as copper chlo-
ride or copper triflate. Bisoxazoline complexes have been employed in both intra-
and intermolecular C-H insertion with enantioinduction of up to 98% ee being
achieved in the synthesis of cyclopentanones 18 and thiopyrans 19 (Scheme 1.3)
[29, 30].
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Scheme 1.3 Cyclopentanone and thiopyran formation using a copper-bisoxazoline catalytic
system.

A further example of copper-catalyzed asymmetric C—H insertion involves the
C,-symmetric Schiff base copper complex 16, which has shown moderate success
in the enantioselective synthesis of D-t/ireo-methylphenidate [31].

1.4.2 Rhodium

Since the introduction of dirhodium tetraacetate in the early 1980s [9], rhodium
has been the transition metal of choice for a wide range of carbene-mediated
transformations and specifically for asymmetric C—H insertion due to its supe-
rior selectivity and efficiency compared with other metals. Key to the success



1.4 Catalysts

of dirhodium complexes is their highly symmetrical paddlewheel conformation
[32]. Within this framework, the dirhodium-bridged cage forms a “lantern”
structure. Only one of the two rhodium atoms serves as a binding site for the
diazo-generated carbene. The second rhodium atom acts as an electron sink,
thereby increasing electrophilicity of the carbene and facilitating cleavage of the
rhodium carbene bond upon reaction completion.

1.4.2.1 Rhodium(ll) Carboxylates

Following the success of rhodium tetraacetate, a wide range of rhodium(II) car-
boxylates were investigated. Rhodium carboxylates are particularly effective in
carbene transfer reactions due to their electron-deficient character. Since the first
use of a chiral rhodium(II) catalyst, Rh,(S-BSP), (20), by McKervey and cowork-
ers [33], the design and synthesis of novel rhodium(II) carboxylate catalysts has
been the subject of intensive research. Only a limited number of chiral templates
have produced consistently high enantioselectivities, and a selection of these will
be discussed here.

Davies has reported excellent results with chiral dirhodium tetraprolinates
and donor/acceptor-substituted carbenoids at —78 °C [34]. The tetraprolinates
were shown to have enhanced enantioselectivity in nonpolar solvents, thought
to be the result of solvent-induced orientation of the prolinate ligands, leading
to a complex with overall D, symmetry [34, 35]. This led to the development
of hydrocarbon-soluble Rh,(S-TBSP), (21) and Rh,(S-DOSP), (22) catalysts
(Figure 1.7).

Rh,(S-DOSP), in particular has been a valuable asset in achieving high
enantioinduction in the challenging field of intermolecular C—H insertion [36].
A second generation of more finely tuned catalysts included Rh,(S-biTISP),
(24) and Rh,(S-biDOSP), (25), which possess a rigid bridge structure locked in
a D,-symmetric conformation [37]. A further class of catalysts was developed
with cyclopropanecarboxylate ligands (26-28), which have shown excellent
selectivity and asymmetric induction in intermolecular C—H insertion [38, 39].

Hashimoto and Ikegami developed rhodium(II) carboxylate catalysts built
around N-phthaloyl-(S)-amino acid templates, the most successful of which
has been Rh,(S-PTTL), (31), and later a second generation of catalysts that
extended the phthalimide moiety by an additional benzene ring [40, 41]. Davies
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O’A\Q 7 O/;\P
| \ |
A A
Ar
20 Ph Rh,(S-BSP), Ar
21 4-+-BuCgH, Rh,(S-TBSP), Ar 26 CgHs Rh,(R-TPCP),
22 4-(CyoHy5)CeH, Rhy(S-DOSP), 24 2,4,6-ri-PrCgH, Rhy(S-biTISP), 27 p-BrC4H, Rh,(R-BTPCP),
23 2-Naphthyl Rhy(S-NSP), 25 4-(C;,Ha5)CeHs Rh,(S-biDOSP), 28 p-PhCgH, Rh,(R-BPCP),

Figure 1.7 Commonly used prolinate- and cyclopropane-derived rhodium(ll) carboxylate
catalysts.
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Figure 1.8 Commonly used phthaloyl-derived rhodium(ll) carboxylate catalysts.

has reported high levels of asymmetric induction using the phthaloyl catalyst
with the adamantylglycine-derived Rh,(S-PTAD), (35) [42]. Recently a third
generation of phthaloyl catalysts has been introduced, Rh,(S-TFPTTL), (38) and
Rh,(S-TCPTTL), (39), incorporating halogens on the phthalimide ring. These
have shown excellent enantioselectivity and reactivity, high turnovers, and low
catalyst loadings [43—46] (Figure 1.8).

1.4.2.2 Rhodium(ll) Carboxamidates

First described by Dennis et al. [47], chiral rhodium(II) carboxamidates are con-
structed from lactams derived from amino acids and possess four carboxamidate
ligands around the dirhodium core with two oxygen and two nitrogen donor
atoms. Four different isomers are possible due to the unsymmetrical bonding
of the carboxamidate ligands to the rhodium core. The most dominant isomer
formed after ligand exchange with rhodium acetate is the 2,2-cis configuration
(85%) [48].

In general, rhodium(Il) carboxamidates are less reactive toward a-diazo-
carbonyl compounds than rhodium(II) carboxylates; thus higher selectivity is
possible. This is especially true for acceptor-substituted carbenoids derived from
a-diazoesters and a-diazoacetamides.

A wide range of carboxamide catalysts have been described by Doyle and
coworkers, including the complexes 41-48 shown in Figure 1.9. These catalysts
have proven very effective in cyclizations of specific substrate types.

X CO,R R
X
/L’>\‘H 41 CH, Rh,(5S-MEPY), o//éy 45 Me Rh,(55-MEAZ),
07 CO,Me 42 o Rh,(45- MEOX)4 T 46 j-Bu Rh,(4S-1BAZ),
R‘h/ R‘h/ 43 NCOCH, Rh,(4S-MACIM), _Rh—Rh 47 Bn Rho(4S-BNAZ),
17 44 NCOCH,Ph Rh,(4S-MPPIM), T 48 |-Menthyl Rh(4S,R-MenthAZ)

Figure 1.9 Commonly used rhodium(ll) carboxamidate catalysts.
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Figure 1.10 Ortho-metalated rhodium(ll) catalysts utilized in C-H insertion.

1.4.2.3 Ortho-metalated Complexes

Unusually these dirhodium catalysts, which were first reported by Cotton
et al. [49], do not derive chirality from stereogenic ligands but instead possess
backbone chirality. They are made up of two ortho-metalated arylphosphines
and two carboxylate ligands arranged in a cis confirmation (Figure 1.10). They
have had reasonable success in the cyclizations of a-diazoketones via C—H
insertion (up to 74% ee) [50].

1.4.3 Iridium and Ruthenium

In 2009, Suematsu and Katsuki described the first example of iridium-catalyzed
asymmetric C—H insertion with excellent enantioselectivities of up to 97% ee
using complex 57 [51]. Iridium bisoxazoline 58 [52] and iridium porphyrin
complex 59 [53, 54] have also found use in intermolecular C—H insertion
allowing excellent yields and enantioselectivities (up to 99% ee) to be achieved
(Figure 1.11).

Ruthenium complexes 61-64 have been used to catalyze intramolecular
C-H insertion of alkyl diazomethanes with excellent diastereoselectivity. Few
examples of ruthenium-catalyzed enantioselective C—H insertion reactions are
reported, but Che and coworkers have published an intermolecular C(sp®)-H
insertion catalyzed by 60, delivering a chiral product with 92% ee [55]. This
group has also shown that diastereoselective synthesis of p-lactams can be
carried out via [RuCl,(p-cymene)],-catalyzed cyclization of a-diazoacetamides
in good to excellent yields and asymmetric induction of up to 55% ee has
been achieved with the use of pyridine bisoxazoline 15 together with this
catalyst [56].

1.5 Intramolecular C(sp3)—H Bond Insertion

Intramolecular C-H insertion was not regarded as an efficient transformation
until Wenkert et al. [10] and Taber and Petty [11] almost simultaneously, but

11
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Figure 1.11 Iridium and ruthenium catalysts utilized in C-H insertion.

independently, reported the rhodium-catalyzed cyclization of a-diazoketones,
65 and 67, respectively, in the early 1980s. This work, which was preceded by
the use of dirhodium tetracarboxylates in intermolecular C-H insertion by
Teyssié, allowed intramolecular C—H insertion to emerge as a powerful synthetic
pathway for the construction of five-membered rings. Taber recognized the
potential for asymmetric induction in this transformation by introducing chiral
auxiliaries to the a-diazoketone precursors [57], followed by McKervey and
coworkers who reported the first use of chiral dirhodium catalysts in asymmetric
intramolecular C-H insertion to provide cyclopentanone 70 with a modest 12%
ee (Scheme 1.4) [33].



1.5 Intramolecular C(sp?)—H Bond Insertion

Q o)
CO,Me
_ Rhy(OAc), é,COZMe SOPh _An,BSP), é,soz%
N, T CHCL N, T ChCl, /
R
67 70

12% ee

Scheme 1.4 Seminal work in intramolecular C-H insertion by Wenkert, Taber, and McKervey.

Since these seminal reports, the field of metal-catalyzed asymmetric
intramolecular insertion into C—H bonds has seen major advances and become
a reliable methodology for C—C bond formation. For clarity, this chapter will
be organized in terms of chemo-, regio-, stereo-, and enantioselectivity with
rhodium-catalyzed C—H insertion dominating the literature in this field.

1.5.1 Chemoselectivity

1.5.1.1 Catalyst Effects

The preference of carbenoids to undergo C—H insertion over other carbene-
based transformations is of great interest to synthetic chemists. In rhodium-
catalyzed carbene-mediated transformations, selectivity for C—H insertion has
been found to be dependent on the catalyst, specifically the electronic properties
of the ligands. This was demonstrated by Padwa, Doyle, and coworkers in a
series of intramolecular competition experiments [58, 59]. The a-diazoketone
71 has the potential to undergo cyclopropanation or C(sp®)—H insertion; it was
found that C—H insertion was the only reaction pathway observed when using
the highly electrophilic carbenoid derived from Rh,(pfb), (74). In contrast,
the more electron-rich carbenoid derived from Rh,(cap), (75) led to a switch
in chemoselectivity, favoring cyclopropanation completely. The electronic
properties of Rh,(OAc), (76) fall somewhere between the other two catalysts, so
very little chemoselectivity was observed (Figure 1.12 and Scheme 1.5).

CF,CF,CF; CHs
0”730 2 0”730
O~ ~N

AR /17 A A
7 A1 7
74 Rh,(pfb), 75 Rhy(cap), 76 Rhy(OAc),

Figure 1.12 Achiral rhodium catalysts.
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Scheme 1.5 Ligand-dependent chemoselectivity between cyclopropanation and C-H

insertion.

Another example of ligand-dependent chemoselectivity was observed when
a-diazoacetamide 77, which possesses sites for C—H insertion and aromatic
addition, was subjected to rhodium catalysis. In this experiment, C—H insertion
was the preferred reaction pathway when using Rh,(cap),, while Rh,(pfb),
produces mainly the aromatic addition product. No insertion into the tert-butyl
group was observed (Scheme 1.6). Although only two examples are shown here,
an extensive series of these competition experiments were conducted, which
highlighted reactivity trends based on catalyst selection (Figures 1.13 and 1.14)

C—H insertion

[60].
H tBu
— l\ll FihQL4
T "o N-ra
2 CH2C|2 t-Bu t-Bu
(0]
77 78
Entry Catalyst Ratio 78 : 79
2 Rh,(OAc), 68 : 32
3 Rhy(cap)4 3:97

Scheme 1.6 Ligand-dependent chemoselectivity between aromatic addition and C-H

insertion.

1.5.1.2 Substrate Effects

Another factor that impacts selectivity for C-H insertion over other reaction
pathways is the substitution pattern of the a-diazocarbonyl substrate. Typically
acceptor-substituted compounds (bearing only one electron withdrawing group
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Figure 1.13 Reactivity trends for highly electrophilic carbenoids such as those derived from
Rh, (pfb),.
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Figure 1.14 Reactivity trends for more electron-rich carbenoids such as those derived from
Rh,(cap),.

[EWG] a to the diazo moiety) lead to more reactive carbenoid intermediates.
This may allow homocoupling to compete as a side reaction. This homocou-
pling side reaction is strongly disfavored for less reactive acceptor/acceptor or
donor/acceptor a-diazocarbonyl compounds (Scheme 1.7).

o}
O
H Rh/Cu R
Rt
N2
o
Acceptor substituted Homocoupling

a-diazocarbonyl
R = alkyl, aryl, OR, NR'R?

Scheme 1.7 Homocoupling may occur between acceptor-substituted a-diazocarbonyl
compounds.

Interestingly, Padwa and Moody showed that if a hydroxyl group is
present within the substrate, O—H insertion will dominate over any other
carbenoid-mediated transformation, regardless of the dirhodium catalyst
employed (Scheme 1.8). While yields varied, O—H insertion was the sole product
obtained with no evidence for cyclopropanation, aromatic addition, or aliphatic
or aromatic C—H insertion [61].

Wee and coworkers designed a study made up of 11 a-diazoanilides 82 with
varying N-substituents to investigate alkyl vs. aryl C—H insertion (Scheme 1.9).
In all cases, alkyl C-H insertion was the only pathway observed (e.g. 83). In
contrast, when the o-diazoester moiety was changed to a phenylsulfone or a
methyl ketone, formal aromatic C—H insertion was observed exclusively (one
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Scheme 1.8 O-H insertion is the dominant carbenoid-mediated reaction pathway when a
hydroxy group is present in a molecule.

MeO,C, Ph
i
R=Ph, R'=CO,Me O
o MR
R1
R/\N)J\H/ OMe
N Rh,(OAC), 83
2 —
SO,Ph
MeO
OMe R=Bu, R'=SO,Ph o)
N
82 by
84

Scheme 1.9 Alkyl vs. aryl C-H insertion depending on the electronic properties of the group o
to the diazo moiety.

example, 84). This can be rationalized as the more electron-withdrawing acetyl
or phenylsulfonyl group leads to a more electrophilic carbenoid when compared
with an ester-derived carbenoid [62]. It should be noted that while this reaction
pathway is frequently referred to as “aromatic C—H insertion,” strictly speaking
it should not be, as the mechanism is aromatic substitution rather than C-H
insertion.

It has also been shown that the electronic properties of the aryl ring play a
role in the chemoselectivity of a carbenoid reaction, with the strongly electron-
withdrawing nitro substituent disfavoring aromatic addition and promoting C—H
insertion as the dominant reaction pathway (Scheme 1.10) [59].

1.5.2 Regioselectivity

Following Taber’s investigations [11, 12, 63], it was well established that
intramolecular C-H insertion occurs to preferentially form five-membered
ring compounds. This fact has been exploited to construct cyclopentanones,
dihydrofurans, y-lactones, and y-lactams among other five-membered carbo-
and heterocyclic ring systems.
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- Ar,
i,Bu Rh,(OAG) Ar o
\"/§N e N—igy + N +
2 R ~t-Bu
o o]
R o o)

85 86 87 88
Entry 85 R Ratio 86 : 87 : 88
1 a OMe 76:24:0
2 b NO, 8:77:15

Scheme 1.10 Electronic properties of the aryl ring play a role in chemoselectivity.

Although 1,5 C-H insertion is the favored reaction pathway due to entropic
factors, steric or electronic factors can override this preference to form larger
or smaller ring sizes. In general, 1,4 C-H insertion can occur if the C—H bond
is activated by a neighboring heteroatom, usually nitrogen or oxygen, while 1,6
C-H insertion has been observed for more structurally rigid systems. Even 1,3
C-H insertion has been reported for -tosyl a-diazocarbonyl compounds.

1.5.2.1 Formation of Three-Membered Rings

While three-membered rings can be constructed through C-H insertion in geo-
metrically rigid structures, only one example of three-membered ring formation
in a freely rotating system has been reported to date. Wang and coworkers found
that a-diazocarbonyl compounds with a B-tosyl functionality undergo C—H inser-
tion to give a cyclopropane ring with excellent diastereoselectivity (Scheme 1.11)
[64]. When the reaction is performed under strict oxygen-free conditions to pre-
vent formation of oxidation product 91, 1,3 C—H insertion is the major reac-
tion pathway observed in all but one case. Interestingly, a-diazocarbonyl com-
pound 89e has the potential to undergo 1,3 C—H insertion or 1,5 C-H inser-
tion. Using Rh,(OAc), as the catalyst, an equal distribution of insertion products
is observed, but if a catalyst with more electron-withdrawing ligands such as
Rh,(tfa), is employed, 1,3 C—H insertion is favored. This study demonstrates the
dramatic effect of neighboring groups and catalyst selection on regioselectivity.
At the time of writing, 1,3 C—H insertion has only been reported with achiral
catalysts.

Ts O Rha(OAC) Ts O
2 C)sg
Benzene .
N, R" COR! o)
89a R =CHj R'=OFEt 90a—e 91a—e

89b R =CHsCH,, R' = OEt
89c R =CH,, R'=CH,

89d R=CHg, R'=Ph

89 R = CHy(CH,),, R' = OEt

Scheme 1.11 1,3 C-H insertion is possible in freely rotating a-diazocarbonyl compounds with
a B-tosyl functionality.
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1.5.2.2 Formation of Four-Membered Rings

The most common four-membered rings formed through C-H insertion are
B-lactones and fp-lactams. The selective synthesis of these structural motifs is
of great interest as they are found in many and biologically active compounds.
The main barrier to the formation of four-membered rings from C-H insertion
reactions is the preference for 1,5 C—H insertion when both sites of insertion are
available. It is thus necessary to restrict access to the 5-C—H insertion site either
electronically or sterically in order to force 1,4-insertion.

Attempts to synthesize fB-lactones have been challenging, as y-lactones are
almost always the exclusive reaction products in C-H insertion reactions
of a-diazoacetates. A notable exception to this trend was reported by Doyle
when he showed the cyclization of alkyl phenyldiazoacetates, which produce
B-lactones as the major reaction product (Scheme 1.12). In the examples shown
here, Rh,(S-DOSP), is employed to produce f-lactones 93 and 95 in good yields
and modest enantioselectivity with only trace amounts of the y-lactone product
detected [65].

O
ha (S-DOSP), ha (S-DOSP),
Y Pentane, A \O Pentane, A

95
78%, 41% ee 69%, 63% ee

Scheme 1.12 p-Lactone synthesis from alkyl phenyldiazoacetates.

This regioselectivity can be suppressed when a highly activated y C—H bond
is available for insertion. In Scheme 1.13, no fB-lactone is formed; instead the
y-lactone 98 is formed in 94% yield and excellent enantioselectivity.

o] 0
)H( \)\ Rh,(4S-MAEZ), 0 Bh
+ 0
Ph

96
0% 94%, 90% ee

Scheme 1.13 p-Lactone synthesis is suppressed when a highly activated y C—H bond is
available.

This work has been expanded further by Davies and coworkers [46] and Bach
and coworker [66] to show that it is not only the substitution at the ester site that
influences the regioselectivity but also the substitution on the a-aryl ring. Both
groups observed that an ortho substituent on the aryldiazoacetate promoted
1,4-insertion, while Davies reported that the ortho substituent is essential to
achieve any f-lactone product when performing methyl C-H insertion and
enantioselectivity is enhanced in the presence of a methoxy group on the aryl
ring (Scheme 1.14).
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N, Q
Rh,(S-TCPTAD)
R O\ 2 4 R 0
5 CH,Cl,, 40°C

X X
99 100

Entry 99 R X %Yield 100 %ee 100
1 a H H — —
2 b H Br 53 61
3 c OMe | 67 92

Scheme 1.14 Ortho-substitution on the aryl ring is essential for f-lactone synthesis when
inserting into a methyl C—H bond.

The p-lactam ring is arguably one of the most pharmaceutically important hete-
rocycles in modern medicine due to its presence in the essential broad-spectrum
antibiotics such as penicillins and cephalosporins. Intramolecular C—H insertion
of a-diazoacetamides can be exploited to generate p-lactams as the amide nitro-
gen activates the adjacent C—H bond toward insertion by a carbenoid.

The first report of P-lactam formation through C-H insertion came from
Corey and Felix [67], but the first enantioselective p-lactam synthesis by C-H
insertion was published by Doyle et al. [68]. In this report, the efficiency of
B-lactam formation was dependent on the substituents on the N-alkyl chain of
the a-diazoacetamide precursor, never reaching over 25% yield with any chiral
catalyst and moderate enantioselectivity of up to 80% ee in the case of 103a
using Rh,(4S-MEOX), (Scheme 1.15).

R J<
~N Rh2(4S MEOX), Wq/% >< N/\/R
N +
o O

o T chol,
N
101 102 103 104
%Yield %ee %Yield %ee %Yield %ee
Entry | 101 R 102 101 103 103 104 104
1 a Et 91 71 9 80 0 —
2 b i-Pr 82 69 18 65 0 —
3 c OEt 100 78 0 — 0 —

Scheme 1.15 First report of enantioselective p-lactam synthesis.

Due to the preference of freely rotating alkyldiazoacetamides to undergo
1,5 C-H insertion, Doyle investigated enantioselective synthesis of B-lactams
using more conformationally constrained a-diazoacetylazacycloalkanes. While
no success was reported with pyrrolidine-, piperidine-, or morpholine-derived
a-diazoacetamides, the azacycloheptane and azacyclooctane analogs displayed
excellent regioselectivity with >99 : 1, f:y lactam formation, excellent yields,
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O
Rh2(4S MEOX),
N
N, c;chl2

105 106 107
>99%, 98% ee

Scheme 1.16 f-Lactam synthesis from an azacyclooctane-derived a-diazoacetamide.

and very high enantioselectivities (Scheme 1.16) [69]. More examples of chiral
B-lactam generation through C—H insertion exist, but all show a high depen-
dence on the substitution pattern of the a-diazoacetamide as well as catalyst
sensitivity [70].

1.5.2.3 Formation of Five-Membered Rings

The early studies by Taber and coworkers [11, 57, 63] and Doyle et al. [71] have
demonstrated that a carbene will insert into a tertiary C—H bond over a sec-
ondary C—H bond and primary C-H insertion is the least favorable. This is
because a buildup of positive charge occurs on the carbon at the insertion site;
therefore a substitution pattern that can better stabilize the positive charge will
promote the insertion process (Scheme 1.17). This selectivity can also be influ-
enced by the electronic properties of the catalyst [19].

0 o
1° o O
o o e
>4/\/\/ Riety o P
0 Benzene
N, T ,
108 109 110
2° Insertion 1° Insertion

Entry Catalyst Ratio 109 : 110
1 Rhy(pfb), 34 : 66
2 ha(OAC)4 75:25
3 Rhy(cap), 92:8

Scheme 1.17 The preference for insertion to occur into 1° vs. 2° bonds can be influenced by
the ligands on a catalyst.

1.5.2.4 Formation of Six-Membered Rings

The formation of six-membered rings through C—H insertion has been shown
to be strongly dependent on the nature of the a-diazocarbonyl precursor. It was
found that by activating the C—H insertion site with an adjacent heteroatom,
six-membered rings could be constructed. Expanding on earlier work by McK-
ervey and Ye [72], Hashimoto and coworkers have reported the chemo-, stereo-,
and enantioselective synthesis of six-membered oxygen-containing heterocycles
through 1,6 C-H insertion [73]. The tetrahydropyran 112 was synthesized
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COzMe COM X
Rhy(S-PTTL), awMe
N2 —_— + o COZMe

O o W, =
v =
11 112 113
Up to 80% vyield, >99:1 cis Not formed
95% ee

Scheme 1.18 Diastereo- and enantioselective synthesis of a tetrahydropyran through 1,6 C-H
insertion.

in up to 95% ee and complete cis diastereoselectivity using Rh,(S-PTTL),
(Scheme 1.18). When the reaction was carried out in diethyl ether at —60°C,
there was no evidence for the competing B-hydride elimination product 113.

a-Heteroatom activation is not always necessary to induce 1,6 C-H insertion
as has been demonstrated by Novikov and coworkers [74, 75], Taber et al. [76],
and Du Bois and coworkers [77] in the synthesis of six-membered cyclic sulfones,
sultones, and cyclohexanones.

Novikov and Taber have studied the effects on regioselectivity of varying substi-
tution patterns on the a-diazocarbonyl substrate. Novikov and coworkers looked
at changing the substitution on the carbon adjacent to the sulfone moiety and at
the insertion site. Substitution o to the sulfone favored 1,5 C—H insertion, while
a longer chain length promoted thiopyran formation through 1,6 C—H insertion
(Scheme 1.19) [75].

O
R CO,Et Q.0 Q.0
2 N N7
R, g7 R_ s
R \ﬂ/ Rh,(OAc), 1 S CO,Et . 1 CO,Et
CH,Cl, R R
R2 R2
R2
114 115 116
Entry 114 Substituents %Yield 115 %Yield 116
1 a R=H,R'=H, R?=Me 65 9
2 b R=H,R'=H,R°=H 2 25
3 c R =Me, R'=Me, R%= Me 5 75

Scheme 1.19 Varying chain length and substitution o to the sulfone affects 1,5 vs. 1,6 C-H
insertion.

Regioselective sultone formation has also been achieved by Du Bois and
coworkers (Scheme 1.20). The strong preference for 1,6 C—H insertion was
attributed to the similarity of the bond angles in the acyclic sulfonate and the
cyclic sultone. The formation of a five-membered y-sultone is inhibited as 1,5
C-H insertion would require an unfavorable C—S—O bond distortion [77].
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(0]
O\\ P Ay (0A), CO,E
RS OEt
CHQCIZ
N
117

Scheme 1.20 Regioselective sultone formation.

The Taber group have synthesized cyclohexanones from a-diazo-p-aryl
ketones with excellent regioselectivity by choosing electron-withdrawing aryl
substituents o to the diazo moiety and electron donating substituents at the
insertion site. The formation of a six-membered ring was in contrast to Taber’s
seminal work in the area. He rationalized this by illustrating how the electronic
properties of donor/acceptor carbenoid, such as one derived from structure 119,
influences the selectivity for a different C—H bond than a carbenoid derived
from an a-diazo-p-keto ester. Cyclohexanone 120 was synthesized in 99 : 1
selectivity over the corresponding cyclopentanone 121 (Scheme 1.21).

Br
Rhy(esp),

OMe

119 120 :121
99 :1

Scheme 1.21 Regioselective cyclohexanone formation.

Du Bois and coworker have also reported stereoselective cyclohexanone
formation as one of the key steps in their synthesis of the poison tetrodotoxin.
The dirhodium catalyst employed for this transformation was Rh,(HNCOCPh,),
[78].

Maguire and coworkers have demonstrated the regioselective synthesis of cis
thiopyran 124 with excellent enantioselectivity [30]. Interestingly this transfor-
mation is performed using a chiral copper-bisoxazoline catalyst complex. Sur-
prisingly, when rhodium catalysts were applied to the similar substrate 122a,
the maximum asymmetric induction that could be achieved was 50% ee using
Rh,(S-PTTL),. This could be increased to 90% ee when the ester moiety was
replaced by a menthyl chiral auxiliary (Scheme 1.22) [79].

The reaction solvent has also been shown to influence the competition between
1,6 C—H insertion and p-hydride elimination. It has been reported that less polar
solvents such as cyclohexane shift the reaction pathway toward 1,6 C-H inser-
tion, while acetonitrile and tetrahydrofuran completely favor the $-hydride elim-
ination process (Scheme 1.23) [80].
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o, ,0 o_,0 9
Y57 cosEt o AmL, __CuCl, NaBARF _ ‘NaBaRF Y7 L
1/\/\/ oM
g " coho, R T CHGC A O °
122a 122b “’Ph
R'=Me, R = OEt -
123 e, [¢] 122a-b R'= Ph, R = OMe 124

Scheme 1.22 Thiopyran synthesis in up to 98% ee can be achieved with copper-bisoxazoline
catalytic system. Enantioselectivities are lower when rhodium catalysts are applied to similar
a-diazocarbonyl substrates.

CO,Me
m Ay (OAD); CO;Me @(jcogme
2 +
Ok " solvent 0" ph

Ph
125 126 127
Entry Solvent Ratio 126 : 127
1 Cyclohexane 70:30
2 Benzene 54 : 46
3 Toluene 59:41
4 Dichloromethane 23:77
5 Dimethoxyethane 13:87
6 Tetrahydrofuran 0:100
7 Acetonitrile 0:100

Scheme 1.23 Solvent variation influences competition between 1,6 C-H insertion and
B-hydride elimination.

1.5.3 Diastereoselectivity

1.5.3.1 Substrate Effects

Early studies by Taber and Ruckle [63, 81] and Doyle et al. [71] of Rh,(OAc),-
catalyzed cyclizations of disubstituted a-diazocarbonyl compounds noted the
preferential formation of trans cyclopentanones and y-lactones (Scheme 1.24).

0
EWG
XJ\{( Rhy(OAc), x” \.WEWG
R
128a X = CH,, EWG = CO,R 129a,b

128b X = O, EWG = COR

Scheme 1.24 Preferential formation of trans cyclopentanones and y-lactones as noted by
Taber and Doyle.

In the C—H insertion reaction of 130, the favored formation of trans products
can be explained on the basis of a chair-like transition state (TS-III; Scheme 1.25),
with insertion occurring into the C—H, bond to give the trans diastereomer
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Ha coMe | 9
R Ha N, o H,BgMLn CO,Me
_ > — >
R T ~H,

Cone OR1 -

1

5 R R

130 TSI 131

Scheme 1.25 Synthesis of trans cyclopentanones proceeds through a proposed chair-like
transition state.

Ph N, Rh,L, th,an
- .
/\)\/U\COEMe

CO,Me
132 133
t t t t
H CO,Me Ph  CO,Me H CO,Me Ph  CO,Me
H H Me Me,
Rh Rh Rh Rh
Ph H H H Ph H H H
Me Me H H

133a 133b 133c 133d
Favored stereoisomer

Figure 1.15 Four possible transition states of the carbenoid derived from a-diazocarbonyl
compound 132 and the corresponding stereoisomers of cyclopentanone 133.

of cyclopentanone 131. Insertion into C—Hjy bond to give the cis diastereomer
would require R! in the less favorable axial position in the transition state [81].

Taber expanded this work by developing a computational model for pre-
dicting the diastereoselectivity of intramolecular C—H insertion reactions of
a-diazoesters based on the cyclization of 132 (Figure 1.15) [18]. The relative
transition state stabilities of the four possible transition states that would each
lead to a different diastereomer of cyclopentanone 133 were analyzed. This
model was then applied to a-diazo B-keto esters and accurately predicted the
dominant stereoisomer formed. This study, together with another in-depth
theoretical study by Nakamura and coworker [16], showed that the trans confor-
mation is preferred in the cyclizations of a-diazoesters and a-diazo-p-keto esters
due to the alkyl group at the insertion site occupying the equatorial position in
the transition state. In contrast, the cis transition state suffers from 1,3-diaxial
repulsion. The Nakamura calculations highlighted that a vinyl or phenyl group
at the insertion site theoretically made the trans transition state less stable, but
only trans products are observed experimentally.
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1.5.3.2 Catalyst Effects

Doyle later reported excellent cis diastereoselectivity and high enantioinduction
in the synthesis of bicyclic lactone 135 using the chiral rhodium catalyst
Rh,(4S-MACIM),, while Rh,(55-MEOX), gave poor diastereocontrol when
applied to the same system (Scheme 1.26) [82]. These examples are just some
of the many reactions performed that highlighted the significant catalyst
influence on the conformation of the reacting metal carbene and the resulting
stereoselectivity [83-86].

O
134 135a 135b
Entry RhyL, %Yield 135a | %ee 135a | %Yield 135b | %ee 135b
1 Rh,(OAc), 40 — 60 —
2 Rh,(4S-MEOX), 55 96 45 95
3 Rhy(5S-MEPY), 86 >99 14 93
4 Rh,(4S-MACIM), 99 97 1 65

Scheme 1.26 Ligands on the carboxamidate catalysts affect diastereocontrol.

1.5.4 Enantioselectivity

Recognizing the potential for asymmetric induction in intramolecular C-H
insertion, Taber employed chiral auxiliaries to preferentially direct insertion into
one face of the carbene. This was followed by the introduction of chiral ligands
on the dirhodium scaffold leading to the first report of catalytic asymmetric
C-H insertion of a-diazocarbonyl compounds by the McKervey group. To date,
numerous studies have been reported investigating the influence of various chiral
ligands and also substrate structure on the enantioselectivity of intramolecular
C—-H insertion reactions [1, 5, 6, 8].

Symmetry is a major factor in chiral catalysis as it reduces the number of tran-
sition states available during the stereodifferentiating step. The dirhodium pad-
dlewheel structure achieves high symmetry through four identical ligands of low
symmetry that surround a highly symmetric dirhodium core. Taking rhodium
carboxylates as an example, the O—Rh—O plane can be viewed as a disc with an
upper and a lower face, arbitrarily « and p (Figure 1.16). To induce asymmetry in
a C—H insertion reaction, the ligands attached to the rhodium need to restrict the
space above or below the O—Rh—-O plane so that only one enantiotopic transition
state is favored during the reaction, leading primarily to one enantiomer.

Depending on the orientation of these ligands toward the upper face or lower
face of the O—Rh-O plane, dirhodium carboxylates can adopt multiple confor-
mations. The symmetry of the complex is also affected by the inherent symmetry
of the ligand. If ligands are C; symmetric, the most effective conformations for
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a a Figure 1.16 Viewing O-Rh-O plane as

ﬂ U a disc with an aand p face.
0) )
RN\, )/R

O/Rh\O _—
o\l /0 =
RJ Rh

R
o~ H 0 H
p p
a0, o008 o0, 0,00 o, 0,01 Blocking
group
A B C D

Figure 1.17 Four possible conformations of C;-symmetric ligands.

asymmetric catalysis are structures A (giving overall C, symmetry to the com-
plex) and B (giving overall D, symmetry to the complex) as both faces of the
plane are equivalent (Figure 1.17) [32]. Strong experimental evidence has also
emerged for Rh,(S-PTTL), and related catalysts (29-40) engaging in asymmet-
ric cyclopropanation when ligands are in conformation C, the “all up” or crown
conformation even though it had previously been dismissed as unable to catalyze
reactions enantioselectively [87, 88]. While difficult to model experimentally, the
catalyst ligands are thought to have more flexibility than once thought; this ligand
flexibility is borne out by reports that describe enhancement of enantioselectivity
with a change in solvent to a nonpolar solvent such as hexane or pentane [35].
If the carboxylate ligands possess C, symmetry, the overall symmetry of
the catalyst can reach up to D,, which is the optimal symmetry for these
chiral dirhodium complexes as both faces of the O—Rh—O plane are equivalent
(conformation E). D, symmetry can be achieved with two bridged C,-symmetric
ligands, such as bridged prolinates, providing a more rigid analog of the a,f,0,p
conformation adopted by C,-symmetric ligands (conformation F) (Figure 1.18).
The structures of chiral rhodium carboxamidates are more rigid in comparison
and are limited to complexes of C, symmetry due to their preferred cis (2,2)

Figure 1.18 Possible conformations of
C,-symmetric ligands.
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conformation. They adopt the o,a,p,8 conformation A. Although electron-dense
carboxamidate ligands are less reactive than carboxylate ligands, they can be
more selective in carbenoid-mediated reactions.

To explore the effect of changing the ligand orientation in space, two sets
of diastereomeric catalysts, 136/137 and 138/139, were used to cyclize the
a-diazoacetate 134 (Scheme 1.26). Catalysts 136 and 138 led to excellent
enantioselectivities, but there is a drop-off in asymmetric induction when the
other isomers of the catalysts (137, 139) are used. The different orientations of
the ligands of different isomers lead to a conformation that is either “matched”
or “mismatched” with the substrate structure [89] (Figure 1.19).

Bisoxazoline ligands have become some of the most widely used ligands in
asymmetric catalysis due to the C,-symmetric complexes that result when the
ligands are coordinated to a metal such as copper. This C, symmetry results in
equivalent structures upon rotation of the catalyst by 180°, meaning a reduction
in the number of possible transition states and substrate approach trajectories
during the reaction [90].

While catalyst symmetry is an important element in producing C—H insertion
products with good enantiocontrol, so too is the electronic and steric nature
of the ligands. Ligand-dependent enantioselectivity has been demonstrated in
copper-bisoxazoline systems in studies reported by the Maguire group. Substrate
140 is just one example in a recent report of copper-catalyzed C—H insertion
of a-diazocarbonyl compounds that were cyclized with five different commer-
cially available bisoxazoline ligands. A wide variation in enantioselectivity was
observed between the different ligands employed; the best asymmetric induction
(87%) was achieved with the indane-derived bisoxazoline ligand (Scheme 1.27)
[91].

2 Qe L, CuCI2 NaBARF
Ph\/\)H‘/S \©\
CH20|2
N OMe
140
T Y,
* 0 0 o 0 N
L \)<r \?<r Ph &m\r Ph &ﬁj
P ﬁ Bn Ph Ph  tBU %Bu

% ee 141 45 77 52

Scheme 1.27 Ligand-dependent enantioselectivity in copper-bisoxazoline-catalyzed C-H
insertion.

In addition to catalyst effects on enantioselectivity, the substitution pattern of
the a-diazocarbonyl substrate also has an important role to play. The Maguire
group has also demonstrated how variation of both the substituent at the inser-
tion site and the a-diazo substituent can have a dramatic effect on enantiocontrol
of copper-catalyzed asymmetric C—H insertion.

To investigate substitution at the insertion site, a series of a-diazocarbonyl
compounds were prepared and cyclized in the presence of a catalytic
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system made up of a bisoxazoline ligand, CuCl,, and an additive, sodium
tetrakis(3,5-bis-(trifluoromethyl)phenyl)borate (NaBARF). It was found that,
depending on the bisoxazoline ligand employed, variation of the electronic and
steric properties at the insertion site could have a profound effect on enantiose-
lectivity. In one example shown here (Scheme 1.28) using the diphenyl bisoxazo-
line ligand 13, there was no enantioinduction with a methyl group at the insertion
site, but moderate enantioinduction could be achieved with a phenyl group. This
enantioselectivity dropped off again with a benzyl group. These experiments
showed how substituents at the insertion site are very influential on the enantios-
electivity of the reaction with a phenyl group proving optimal in this instance [29].

0] L*13 Q
R SO2Ph CUC|, NaBARF SOZPh
CH,Cl,
N .,
2 R
142 143
Entry 142 R %Yield 143 %ee 143

1 a Me 75 0

2 b Ph 82 58

3 c Bn 46 0

Scheme 1.28 Varying the substitution pattern at the insertion site affects enantioselectivity.

Altering the substitution pattern o to the diazo moiety was also investi-
gated. Initially various electron-withdrawing groups (sulfone, ester, ketone,
phosphine oxide, and phosphonate) were examined for their impact on enan-
tioselectivity (Scheme 1.29, Entries 1-5). The sulfone functionality is by far

o (0]

L
Ph \/\)J\m R CuCl, NaBARF é’R
CH,Cl,
N,
Ph
144a-g 145a-g
Entry | 144 L* R %Yield 145 %ee 145
1 a 13 SO,Ph 53 89
2 b 13 CO,CH(i-Pr), 89 65
3 c 13 COPh 19 62
4 d 13 PO(Ph), 8 53
5 e 13 PO(OMe), 77 32
6 f 9 SO,Me 49 8
7 a 9 SO,Ph 69 50
8 g 9 SO,1-Np 54 81

Scheme 1.29 Varying the electron-withdrawing group « to the diazo moiety affects
enantioselectivity.
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the superior electron-withdrawing group at the a-diazo site. The decreasing
electron-withdrawing character of the other groups leads to reduced selectivity
and longer reaction times [91, 92].

The steric and electronic impact at the a-diazo motif was also investigated
with a series of alkyl and aryl sulfonyl substituents. A selection of results here
(Scheme 1.29, Entries 6—8) highlights how the enantioselectivity increases with
increasing steric bulk adjacent to the diazo. It was noted in this study that elec-
tronic effects had very little impact on the asymmetric induction [91]. In addi-
tion, different levels of asymmetric induction are observed when using two dif-
ferent ligands with the same substrate (Scheme 1.29, Entries 1 and 7). In this
instance, the diphenyl bisoxazoline ligand affords excellent enantioselectivity in
the cyclopentanone product, once again highlighting that when good enantio-
control is desired as a key component of a chemical transformation, choosing
the optimal catalyst and substrate structure for enantioselective C—H insertion
requires careful consideration. Nonetheless, intramolecular C-H insertion has
proven itself useful as a key step in the synthesis of numerous pharmaceutically
relevant molecules, a few of which are noted here (Figure 1.20) [93-96].

1.6 Intermolecular C(sp3>)—H Bond Insertion

An intermolecular C-H insertion reaction consists of three components: a
diazo compound, a substrate that may contain a range of functional groups,
and a transition metal catalyst (Figure 1.21). This methodology has facilitated
insertion into allylic, benzylic, and C(sp®)—H bonds « to a heteroatom, as well
as simple alkane substrates [97, 98]. The selectivity of intermolecular C-H
insertion reactions is controlled by steric and electronic factors, with the ability
to stabilize the buildup of positive charge during the transition state being key to
its synthetic utility (Schemes 1.1 and 1.2). Intermolecular rhodium(II)-catalyzed
reactions using acceptor/acceptor and acceptor-carbenoid complexes show
limited selectivity due to the inability to stabilize the highly electrophilic
carbenoid being generated. In order to achieve high levels of intermolecular
selectivity at the desired C(sp?)—H site on the substrate, a donor/acceptor metal
carbenoid is most useful, as the donor group assists in the stabilization of the
electron-deficient carbenoid [99].

Most research to date conducted in intermolecular C—C bond formation
through C(sp®)—H bond insertion by metal carbenoids is with the use of
rhodium(II) catalysts. Accordingly, the reactivity and selectivity discussed in this
section is primarily based on rhodium(II) catalysts unless otherwise stated.

1.6.1 Chemoselectivity

When carrying out an intramolecular C(sp?)-H insertion, factors affecting
chemoselectivity can be broken down into three sections: (i) diazo compounds,
(ii) catalyst effects, and (iii) substrate functional groups.



"Reab 3yb1| ur parybiyby

P(y3LLd-S)%yd yum
99 %8 ‘PIAIA %08

puoq D—> Mau 3y} Yyum dais A3y e se uolpasul H-D Buisn A3A13d3[9s01uRUD YbIY Ylm pazisayiuks 9q ued 1ey) s3onpold [einjeu jo uonddasy 0z’ L 94nbi4
uedteoouon-(+) @ uedieoouo)-/de-(—)
O O.
HO®I Io\©___..ﬂM©/\/ - waﬁO\@.....ﬂM@/
\ - > ig
Sl Kele)

£00%N
Y(111d9-S)%ud yum

o}
o210
\ =
weidioy-(-)-(d) 9 9 %88 ‘PISIA %PL
oNO O\Q 3O O\Q
c,
5 N°0
Y(INIddIN-H7)2Ud yim

93 %E6 ‘PIBIA %E9

1,

Iy,

Elele)

o)
auojoejoIRUT Y
ETo)

Y(INIddIN-SY)2uYd uim
99 %SG6 ‘PIOIA %18

usjoeg-(—)-(4) 9
fo)
o) 9INO Aqm____—WV
) El\e)
2 2 O,
IOH °HN O°0H o O o
0 © o



32 | 1 Stereoselective C-H Insertions of Carbenoids

New C—C bond
formation
N H Transition metal
2 catalyst EDG R
+ 4\ —> EWG R

EDG)J\ EWG R™IR %_e
R H R

Donor/acceptor Substrat o L '

diazo compound ubstrate C(sp®-H insertion product

Figure 1.21 Intermolecular C-H insertion reaction between a donor/acceptor diazo
compound and a substrate using a transition metal catalyst to form a new carbon-carbon
bond.

1.6.1.1 Diazo Compounds

The need for a donor/acceptor-substituted diazo compound in intermolecu-
lar rhodium(Il) catalytic systems to preferentially undergo C(sp?>)—H bond
insertion over cyclopropanation is demonstrated using cyclohexene (146) and
1,4-cyclohexadiene (150) (Schemes 1.30 and 1.31) [100].

Moderately activated C—H
site by neighboring

r-systems C-H insertion Cyclopropanation

/ ROOC._ _R!
COOR Catalyst COOR
- ; 1
\ R! CH,Cl,, temp R

146 147a—f
Competing 148a—f 149a—f

site for
cyclopropanation

Entry 147 R R! Catalyst 1 4F;a:t|1049 T‘fi’e
1 a Et H Rh,(OAc), 20:80 —
2 b DBMP? H Rh,(OAc), 67:33 —
3 c Me COOMe Rh,(OAc), 38:62 —
4 f Me Ph Rh,(OAc), 75:25 —
5 f Me Ph Rh,(2S-MEPY), 93:7 45
6 f Me Ph Rh,(S-PTPA), 50: 50 53
7 f Me Ph Rh,(4S-DOSP), 80:20 75

4DBMP = 2,6-di-t-butyl-4-methylphenyl.

Scheme 1.30 Competing C-H insertion and cyclopropanation of cyclohexene.

When cyclohexene is reacted with an acceptor substituted diazo compound,
ethyl diazoacetate (147a), catalyzed by rhodium(II) acetate, cyclopropanation
predominates over C—H insertion (80 : 20 ratio 149a : 148a (Scheme 1.30,
Entry 1), and more noticeably when 1,4-cyclohexadiene is subjected to the same
conditions, only the cyclopropanation product (152a) is isolated (Scheme 1.31,
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Highly activated C—H
site by two neighboring
n-systems C-H insertion Cyclopropanation

/ ROOC._ _R'

COOR Catalyst COOR
+ N2:< D —— + 1
R’ CH.CI,, temp R

150 Compe“n; Aract 151a-f 152af 5
cyclo;s)lrtgpfgr:ation \)J\OCH"PrZ
153
Entry | 147 R R Catalyst  [T*TEA| e e
1 a Et H Rh,(OAc), 25 <2:98 —
2 c Me COOMe Rh,(OAc), 25 66:34 | —
3@ | d | COOCHPr,| Me Rhy(S-TFPTTL), 0 7ob. _o| 82
42 | e | COOCHPr,| Et Rhy(S-TFPTTL), ~60 —a._ | —
5 | f Me Ph Rh,(OAc), 25 >98:2 | —
6 f Me Ph Rh,(2S-MEPY), 25 >98: 2 4
7 | f Me Ph Rh,(S-PTPA), 25 >98:2 | 40
8 f Me Ph Rh,(4S-DOSP), 25 >98: 2 65
9 | f Me Ph Ir(lll)-salen (57) 0 >95:5 | 94
10 f Me Ph Ir(l1l)-porphyrin (59) -40 >99:—¢| 95
| f Me Ph Ir(Ill)-bis(oxz) (58) it 299 ¢ | 97

a2 2-Dimethylbutane was the reaction solvent used. ®lsolated yield.
°Cyclopropanation product was not observed in reaction mixture.
9No C-H insertion product was observed but only the 1,2-hydride shift alkene (153).

Scheme 1.31 Competing C-H insertion and cyclopropanation of 1,4-cyclohexadiene.

Entry 1). Improvements in C—H insertion selectivity can be obtained by the use
of a bulky ester, 2,6-di-¢-butyl-4-methylphenyl (DBMP), ester (147b), where
cyclopropanation is suppressed to an extent (Scheme 1.30, Entry 2).

If an acceptor/acceptor-substituted diazo compound, such as dimethyl mal-
onate 147c is used (Scheme 1.30, Entry 3 and Scheme 1.31, Entry 2), poor selec-
tivity for C-H insertion is also achieved. Recently, it has been shown that the
use of an a-alkyl-a-diazoester (147d) with 1,4-cyclohexadiene gives the corre-
sponding C—H insertion product with modest yields and good enantioselectivity
(Scheme 1.31, Entry 3) [101]. However, when the a-alkyl substituent is changed
to ethyl (147e), no C—H insertion product is observed, and only the 1,2-hydride
shift product (153) is isolated (Scheme 1.31, Entry 4). Achiral copper catalysts
were also tested, but resulted only in high levels of cyclopropanation.

Substrate design showed that the donor/acceptor substituted diazo compound
147f delivers selectively 151 regardless of the catalyst used (Scheme 1.31, Entries
5-11).

A second example of a donor/acceptor-substituted diazo compound is vinyl-
diazoacetate (154), which undergoes selective C—H insertion into cyclohexane
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A 155
CO,Me
156
Rh,(S-DOSP
2 a 50%
83% ee
C—H insertion C—H activation/
TBSO oTBS cope rearrangment
J) CO,Me 8BS0 X | CO,Me
+
N B Me Me = Me'
2 157 L
/\)J\ Ph
i coaMe Ratio
154 -0, 2376 158 11 150
o >98% de >98% de
88% ee 89% ee
Heat or microwave T
Cyclopropanation C-H activation/
Me yeloprop cope rearrangment
Me
160 O‘
C \\\ '/,H
Rh,(S-DOSP), e
CO,Me |
MeO,C
161 Ratio 162
98% ee 1:1 98% ee

Scheme 1.32 Donor/acceptor diazo compound, vinyldiazoacetate, undergoes a range of
competing reaction pathways.

(155) using Rh,(S-DOSP),, with moderate yield (50%) and high levels of
enantioselectivity (83% ee) (A, Scheme 1.32) [36]. However, vinyldiazoacetates
are relatively unstable, and their use has been limited due to spontaneous
[1,5]-cyclization to yield pyrazoles [102]. In certain Rh,(S-DOSP), catalyzed
intermolecular C-H insertion reactions where acyclic or cyclic substrates
containing allylic C(sp®)—H bonds were investigated, vinyldiazoacetate (154)
undergoes highly diastereoselective and enantioselective C—H insertion (158),
cyclopropanation (161), and C-H activation/Cope rearrangement (159 and
162), with poor chemoselectivity for C—H insertion observed overall (B and C,
Scheme 1.32) [36, 103, 104].

1.6.1.2 Catalyst Effects

When cyclohexene and the methyl phenyldiazoacetate (147f) are reacted
with a range of rhodium(II) catalysts, moderate to high selectivity toward
allylic C(sp®)-H insertion over cyclopropanation is observed at the moder-
ately activated secondary site (Scheme 1.30, Entries 4-7). The highest level
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of chemoselectivity is observed with a rhodium(II) carboxamidate catalyst,
Rh,(25-MEPY),, although with the lowest level of enantioselectivity (45% ee)
(Scheme 1.30, Entry 5). These catalysts display varying steric and electronic
properties, with a combination of both factors proposed to influence selectivity
at the moderately activated cyclic C(sp®)—H site.

Similarly, chiral iridium complexes can be used to carry out the same
intermolecular C-H insertion reaction with 1,4-cyclohexadiene (150)
(Scheme 1.31, Entries 9-11) [51-53]. Insertion into the C(sp®)—H bond
predominates over cyclopropanation, regardless of the ligands. At low temper-
atures (Entries 9 and 10), high yields and enantioselectivity are observed. The
iridium(I1I)-bis(oxazolinyl)phenyl catalyst (58) appears to be more advanta-
geous, with good yields and the highest level of enantioselectivity even at room
temperature (Scheme 1.31, Entry 11).

The chemoselectivity for C—H insertion over cyclopropanation of an allylic
substrate can be controlled by the catalyst [38, 105]. Rh,(esp), is found to favor
cyclopropanation in the reaction between trans-anethole (163) and aryldiazoac-
etate (164), with Rh,(R-DOSP), achieving moderate levels of C—H insertion
(Scheme 1.33, Entries 1 and 2). Interestingly, when using a more sterically
congested catalyst system such as Rh,(TPA), or Rh,(R-BPCP),, C—H insertion
is predominantly observed (Scheme 1.33, Entries 3 and 4).

C—H insertion Cyclopropanation

CgHy(p-Br)
CO,Me

N \V/COQMG
> _ /
= ” CeHalp-B1)

MeO,C~ “CgHy(p-Br) E

164 3
+
Catalyst, DCM,
reflux
/O

O O
163 165 166
Entry Catalyst Ratio 165 : 166 % ee 165
1 Rhy(esp), 1:>15 —
2 Rh,(R-DOSP), 5:1 76
3 Rhy(TPA), >15:1 —
4 Rhy(R-BPCP), 16: 1 88

Scheme 1.33 Intermolecular chemoselectivity varies in certain cases with more sterically
congested rhodium(ll) catalysts.

1.6.1.3 Substrate Functional Groups

The chemoselectivity in allylic systems is influenced by steric effects. Mono-
substituted and 1,1-disubstituted alkene substrates lead preferentially to cyclo-
propanation, while enhanced steric demand in trisubstituted alkenes favors C—H
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insertion [105, 106]. Electronic effects of the aryl ring on substituted trans styrene
substrates can also have an effect on the product distribution between insertion
and cyclopropanation. Electron-poor alkenes are highly selective toward C-H
insertion, while electron-rich alkenes predominantly undergo cyclopropanation.

Another factor that may have to be taken into consideration on the substrate
undergoing C—H insertion is the presence of a heteroatom. The Lewis base nature
of compounds such as ethers, sulfides, amines, and carbonyl compounds means
they are prone to ylide formation and subsequent rearrangement, which is very
common with alkyl and aryldiazoacetates. It has been shown that tetrahydrofuran
(167) can undergo selective C(sp®)—H insertion o to oxygen (168a and 168b) in
moderate yields using rhodium and copper (Scheme 1.34, Entries 1-3) [107, 108].
The preference for C(sp®)—H insertion in this reaction is also observed with the
use of iridium-based chiral catalysts at low temperatures (Scheme 1.34, Entries
4-7) [51, 53].

Donor/acceptor 0 GO-Me o CO:Me
0 diazo compound + .,
_— > Ar Ar
Catalyst,
temp
167 168a 168b
Tempe- . .
. Yield Ratio %ee | %ee
Entry | Diazo Catalyst r?fg;e (%) |168a: 168b| 168a |168b
1 147 Rh,(S-DOSP), -50 67 2.8:1 97 —
2 147 Cu(OTf),-L*9 Reflux 482 1.7 :1 59 40
3 147f | Cu(OTf),-immobilised L* 9 | Reflux 592 35:1 88 46
4 147f Ir(lll)-salen (56) -50 75 13:1 95 —
5 147f Ir(111)-porphyrin (59) -40 82 1:10 — 90
6 164 Ir(lll)-salen (56) -50 76 >20: 1 93 —
7 164 Ir(111)-porphyrin (59) -40 96 1:>20 — 97

aConversion to C—H insertion product observed.

Scheme 1.34 Intermolecular C-H insertion of THF.

Further examples of substrates containing heteroatoms include allyl ethers and
silyl allyl ethers, where both the cyclopropanation and C-H insertion product are
formed, in contrast with allyl acetate in which only the cyclopropanation product
is formed [109]. Examples of C—H insertion « to a protected nitrogen are also
known (Figure 1.23 and Scheme 1.39).

1.6.2 Regioselectivity

1.6.2.1 Substrate Effects

There are three types of sites for C(sp®)—H insertion: primary, secondary, and
tertiary (Figure 1.22a). The favorability of a site toward intermolecular function-
alization is dependent on the ability to stabilize the buildup of positive charge
during the transition state, which is more easily achievable at a tertiary site, rather
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Figure 1.22 (a) Primary, secondary, and tertiary C(sp®)-H site. (b) Relative rates of C-H
insertion using aryldiazoacetate.

than a secondary site, and less so for a primary site. However, from the perspec-
tive of accessibility, reactions at the least sterically hindered primary site are often
favored over a secondary or tertiary site. Insertion at secondary C(sp®)—H sites
is commonly seen as a compromise between electronic stabilization and steric
effects [110].

Davies and coworkers investigated the factors affecting intermolecular C-H
insertion regioselectivity using rhodium(II) catalysts [20]. This work highlighted
how electronic and steric effects play an important role in intermolecular
C-H insertion compared with intramolecular C—H insertion, where five- or
six-membered ring formation dominates regioselectivity.

The reactivity of C(sp?>)—H bonds were compared with the C—H bonds
in cyclohexane, which was given a relative reactivity of 1 (Figure 1.22b).
1,4-Cyclohexadiene (Figure 1.22b, i) is found to be 28 000 times more reactive
toward C-H insertion, with C—H sites a to a heteroatom such as oxygen and
nitrogen, 2700 and 1700 times more reactive, respectively (Figure 1.22b, ii and
iii). Electronic effects have a major impact on C-H insertion in the first three
cases (Figure 1.22b, i-iii); however in the second three cases (Figure 1.22b,
iv—vi), steric effects can be seen to play a role. While insertion at a tertiary
bond would be more electronically favored over a secondary bond, in prac-
tice, 2-methylbutane (v) and 2,3-dimethylbutane (vi) are found to undergo C-H
insertion 10 and 100 times more slowly, respectively, than cyclohexane. Similarly,
C(sp®)—H insertion at relatively activated benzylic and acyclic allylic positions is
also favored.

Insertion at a primary C(sp®>)—H bond is challenging except in cases where
it is activated, for example, being « to a nitrogen or oxygen. It is interesting to
note here that C—H bonds f to oxygen have been shown not to undergo C-H
insertion, possibly due to inductively destabilizing the buildup of positive charge
during the transition state (Scheme 1.35) [107].

Rh,(S-DOSP),

% N (1 mol%) CeHa(p-Br)
0 N+ (pBiCeH; COMe  hexane, 07 N"co,Me
169 164 ’ 170

Scheme 1.35 C-H insertion favored at sites o to oxygen but not f.
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Figure 1.23 Steric factors affecting C-H insertion and varying effect of different alcohol
protecting groups on intermolecular C-H insertion with aryldiazoacetate.

The reactivity patterns that would be anticipated by electronic effects are fre-
quently moderated by steric effects. For instance, a secondary benzylic site a to
a heteroatom (171) is a very favorable site for insertion; however, the presence
of a Boc protecting group sterically blocks the electronically favored secondary
position, and C—H insertion occurs at the primary position (Figure 1.23) [111].

An overview of how protecting groups affect C—H insertion electronically is
illustrated by the reactions of protected alcohols [109]. The electron-rich TBS
group is able to stabilize the buildup of positive charge, and as a result, high yield-
ing C—H insertion at a secondary site a to the oxygen is observed (Figure 1.23a).
With an electron-withdrawing acetate protecting group, the « position is deac-
tivated, and minimal C—H insertion is observed at this site, with C—H insertion
occurring predominantly at the alternative allylic position (Figure 1.23b). C—H
insertion across a range of protected alcohols can be seen to occur at the most
electron-rich site (Figure 1.23).

1.6.2.2 Catalyst Effects
It has been shown that site selectivity for the primary C—H bond with benzylic,
methoxy, and allylic C—H bonds can be enhanced by the use of a catalyst with
sterically demanding ligands, Rh,(R-BPCP),, in place of the widely employed
catalyst, Rh,(R-DOSP), (Scheme 1.36) [38]. 4-Isopentyltoluene (172) con-
tains a primary and a secondary benzylic site that undergo C-H insertion
at a comparable extent with aryldiazoacetate 164 using Rh,(R-DOSP), or
Rh,(S-PTAD), (Scheme 1.36, Entries 1 and 2). When the sterically demanding
catalyst Rh,(R-BPCP), is used on the same substrate, regioselectivity predom-
inantly shifts to the primary site (>20 : 1) (Scheme 1.36, Entry 3). The same
high levels of regioselectivity and enantioselectivity are observed with a range of
aromatic substrates. It is interesting to note here that no reaction is observed at
the tertiary C—H site of 4-isopentyltoluene (172).

The selectivity of Rh,(R-BPCP), toward primary C—H insertion also applies
to allylic substrates [38]. Rh,(R-DOSP), favored functionalization at the tertiary
position, which electronically stabilizes the buildup of positive charge, while
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(0-Br)CqHy
“1CO,Me

2° N,

\ )J\ 1° C—H insertion

MeO,C CgHa(p-Br)
164 °

173 n
Catalyst, DMB, CO,Me
172 reflux (p-Br)CGH4
2° C—H insertion
174
Entry Catalyst Ratio 173:174 %Yield? 173 %ee 173
1 Rh,(R-DOSP), 1:1.7 70 77
2 Rh,(S-PTAD), 1.1:1 73 70
3 Rh,(R-BPCP), >20:1 90 94

4The yields of Entries 1 and 2 are the combined yields of 173 and 174.

Scheme 1.36 Impact of rhodium(ll) carboxylate ligands on regioselectivity of C-H insertion.

Rh,(R-BPCP), showed a strong bias for insertion at the easily accessible pri-
mary position. Even though it has been demonstrated that regioselective C—H
insertion at secondary and tertiary sites can be achieved using Rh,(R-DOSP),
and primary sites can be functionalized using Rh,(R-BPCP),, the rationale to
explain these results is not yet fully understood. The bulky nature of the ligands
on rhodium(Il) catalysts facilitating the intermolecular insertion at primary
C-H sites is not the only contributing factor as a new sterically demanding
triarylcyclopropanecarboxylate catalyst, Rh,[R-3,5-di(p-‘BuC,H,)TPCP],, can
exclusively access a secondary position in simple alkane substrates with high
diastereoselectivity and enantioselectivity, instead of the least sterically hindered
primary position available for insertion [98].

1.6.2.3 Diazo Compound Effects

Changing from the methyl aryldiazoacetate to the 2,2,2-trichloroethyl (TCE)
aryldiazoacetate ester affords higher regio- and enantioselectivity in certain
cases [112]. A higher level of regioselectivity is observed at the primary posi-
tion over the secondary benzylic position in 4-ethyltoluene (175) when the
trichloroethyl ester is used as the coupling partner instead of the methyl ester
with Rh,(R-BPCP), (Scheme 1.37).

1.6.3 Diastereoselectivity

1.6.3.1 Substrate Effects

Controlling diastereoselectivity is one of the most challenging aspects in
intermolecular C(sp®)-H insertion as it is strongly substrate and catalyst
dependent. The mechanism of C(sp*)-H insertion has been examined in recent
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Scheme 1.37 2,2,2-Trichloroethyl aryldiazoacetate achieves higher regio- and
enantioselectivity over methyl aryldiazoacetate.

computational studies; it is assumed that relatively activated C(sp?>)—H bonds
approach perpendicular to the metal carbenoid. It is believed that during
this approach, the substrate substituents are orientated in the least sterically
hindered manner. The directional approach taken by the substrate substituents
to the metal carbenoid is determined by the steric environment of the catalyst.
The hypothesised D, symmetrical Rh,(S-DOSP), consists of a dirhodium
paddlewheel (represented by a disc) and its respective ligands in an o-f-a-f
arrangement (represented by a wedge) (Figure 1.24) [110]. The ester group on
the metal carbenoid is sterically demanding as it is perpendicular to the plane
of the metal carbenoid, and as a result the smallest substituent (S) is positioned
between the ester and the rhodium catalyst ligand, the less sterically crowded
position. The largest substituent (L) positions itself the furthest away from the
rhodium(II) catalyst paddlewheel and the catalyst ligands, pointing upward, with
the second most sterically demanding substituent (M) pointing away from the
catalyst ligands but toward the dirhodium paddlewheel as a result. This model
can therefore be used in an attempt to predict the stereochemical outcome of
intermolecular C-H insertion reactions.

A large body of experimental research in intermolecular C—H insertion sup-
ports the above rationale of diastereocontrol (Figure 1.24) [110]. For example,
when the medium and small substituents are methylene and hydrogen, respec-
tively, the differentiation is small, and as a result, poor diastereoselectivity is
observed (Figure 1.24a). However, high diastereocontrol is observed in cases
where the difference in size is large (Figure 1.24b). A similar result can be
observed when tetrahydrofuran is compared with N-Boc pyrrolidine. On the
tetrahydrofuran group, there is little difference between the ~-CH,— and the —O-
substituents, yielding moderate diastereocontrol (Figure 1.24c); however, with
the N-Boc pyrrolidine ring, there is a significant size differentiation between
the N-Boc protecting group and the —CH,—, affording high levels of stereo-
control (Figure 1.24d). Modest diastereocontrol is observed when using indane
(Figure 1.24e); however, when the ring was changed to tetrahydronaphthalene,
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Figure 1.24 Predicting diastereocontrol by differentiating between the relative size of
substituents. Source: Davies and Morton [110]. Reproduced with permission of John Wiley &
Sons.

poor diastereocontrol resulted (Figure 1.24f). The change between a five- and
six-membered ring in these specific cases leads to decreased diastereocontrol,
but the presence of an electron-donating group improves diastereocontrol
(Figure 1.24g).

Another good example of substituent-dependent diastereocontrol, and how
it can be controlled in a predictable manner, is seen in Scheme 1.38 [113].
When R = H, cyclopropanation dominates over C—H insertion; however, 15%
yield of the C—H insertion product was isolated with poor diastereocontrol
(52 : 48 dr) and 93% ee (Scheme 1.38, Entry 1). The poor stereocontrol observed
is attributable to the marginal differentiation between the medium and large
substituent observed during the substrate approach to the metal carbenoid.
When 1-(trimethylsilyl)cyclohexene is used, an increase in diastereoselectivity
is observed due to the more sterically demanding TMS group, with the catalyst
able to favor one substrate approach over the other (Scheme 1.38, Entry 2).
In order to achieve high levels of diastereoselectivity, the extremely bulky
tert-butyldiphenylsilyl (R = TBDPS) substituent is required, affording the
expected product with 94 : 6 dr, a yield of 64%, and 95% ee (Scheme 1.38,
Entry 3).
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N H H
MeO,C. ZuCeHa(p-Br)  MeO,C_~,CqHa(p-Br)

MeOZC)J\CGH4(p-Br)
164 H H
—_—
R

178 2,2-DMB
23 °C 179a 179b
Entry R %Yield 179a dr 179a:179b %ee 179a
1 H 15 52:48 93
2 T™MS 48 70:30 88
3 TBDPS 64 94:6 95

Scheme 1.38 High levels of diastereocontrol with increased steric hindrance.

1.6.3.2 Catalyst Effects

The catalyst can be seen to have a major impact on diastereocontrol, for example,
as with N-Boc piperidine [31]. In an attempt to increase the diastereoselec-
tivity of C—H insertion into the N-Boc protected piperidine ring, the reaction
was examined with a number of catalysts. A chiral carboxamidate catalyst,
Rh,(5R-MEPY), exhibited the highest degree of diastereoselectivity (97 : 3
dr) with a modest enantioselectivity of 69% ee (Scheme 1.39, Entry 5). The
Rh,(S-DOSP), catalyst that produces a high level of diastereoselectivity for the
pyrrolidine ring (96 : 4 dr) (Figure 1.24d) gave poor selectivity when reacted with
piperidine (50 : 50 dr) (Scheme 1.39, Entry 1). Another rhodium(II) carboxylate
catalyst examined, Rh,(S-biDOSP),, induced higher diastereoselectivity (71 : 29
dr), but the major diastereomer 181a shows a moderate enantiopurity of 86% ee
(Scheme 1.39). A copper Schiff base catalyst (Scheme 1.39, Entry 6) performed

Boc CO,Me CO,Me
N Ny Catalyst

+ — o +

Q Meogc)J\ Ph 'NBoc NBoc
180 147f
181a 181b
Entry Catalyst dr 181a: 181b %ee 181a

1 Rh,(S-DOSP), 50:50 25

2 Rh,(S-biDOSP), 71:29 86

3 Rh,(4S-MPPIM), 55:45 16

4 Rh,(4S-IBAZ), 93:7 26

5 Rh,(5R-MEPY), 97:3 69

6 (CuOTf), - L* 16 70:30 18

Scheme 1.39 Catalyst effect on six-membered N-Boc protected piperidine.



1.6 Intermolecular C(sp?)—H Bond Insertion

poorly on the same system, generating only moderate diastereocontrol (70 : 30)
and poor enantioselectivity (18% ee).

1.6.4 Enantioselectivity

Intermolecular C(sp®)-H insertion of metal carbenoids derived from aryldia-
zoacetates has been shown to be a highly enantioselective process, specifically
with the use of chiral rhodium(II) catalysts and, in recent times, iridium(III)
complexes. Even though there are challenges in controlling chemo-, regio-, and
diastereoselectivity, moderate to high levels of enantiopurity can generally be
achieved.

Many examples of enantiocontrol at primary, secondary, and tertiary
C(sp®)—H bonds have been observed while achieving moderate to high yields
(Figure 1.25a—f) [36, 38, 42, 112-115]. The substrates for which high levels
of enantiopurity can be achieved range from the simple cyclohexane to more
challenging C—-H positions, e.g. allylic or « to a heteroatom. Since the recent
development of the TCE aryldiazoacetates, further improvements in yields
and enantioselectivity of reactions at methyl ether groups have also been
achieved with C—H insertion occurring at the primary position o to the oxygen
(Figure 1.25g,h) [38].

While enantioselectivity with chiral rhodium(II) catalysts can sometimes be
improved at lower temperature and in hydrocarbon solvents, it is interesting to
take note of the chemo- and regioselective outcome by various catalysts on the
reaction. In Scheme 1.36, the highest level of enantiopurity was obtained for the
formation of 173 when catalyst favoring insertion at the primary C—H bond is
used. Similarly, the greatest ee (88%) in the formation of 165 is seen while using
Rh,(R-BPCP), (Scheme 1.33), which is the most selective for C—H insertion over

Ph Ph

= H H
P N CO,Me \<
Ph H
CO,Me

CO,Me
CoHalp-BN)
80% 72% 58% 75%
(@) 95% ee (b) 949 ee © 91% ee (@) 97% ee
Pz CeHa(p-Cl
o )\/’\‘/cozlvua [ > <_”j_| O comy0,0 ) C'sccHzojC\Hj\/
CO,M N ~©
CeMa(p-B) e (P-Br)H4C6)\/ (t-Bu)H,Ce
33%
85:15 dr 64% 83% 61%
©) oot ee () 95% ee @) 91%ee () 99%ee

Figure 1.25 Examples of high enantiopure yielding C-H insertion products using rhodium
catalysts. New C—C bond highlighted in light gray.
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References

cyclopropanation. A highly chemo- and regioselective catalyst is important at
times for optimal enantiopurity levels.

There are few examples of vinyldiazoacetates producing high levels of enan-
tioselectivity during intermolecular C(sp®)-H insertion. However one of the
key applications concerns the synthesis of chiral ligands for dirhodium(II)
carboxylate catalysts. An adamantane tertiary site undergoes C—H insertion
with methyl vinyldiazoacetate furnishing the rhodium(II) catalyst precursor with
91% ee (Figure 1.25c¢). This enabled the synthesis of Rh,(S-PTAD), (35) [116].
The versatility of vinyldiazoacetates in enantioselective synthesis is also palpable
in accessing (—)-a-conidendrin (185) and (+)-imperanene (186; Scheme 1.40)
[117]. Rh,(R-DOSP), was used to access one enantiomer (91% ee) via C—H
insertion on an electron-rich benzylic primary C—H site, while Rh,(S-DOSP),
was used to synthesize the opposite enantiomer (92% ee). This highlights the
importance of the availability of both enantiomers of the catalyst in accessing
natural products (Scheme 1.40).

Other examples of natural product synthesis that have taken advantage of the
high enantioselectivity of intermolecular C—H insertion using both enantiomers
of Rh,(DOSP), catalysts include the antidepressant agent venlafaxine [118] and
the antisickling agent (+)-cetiedil [119].

1.7 Conclusion

Overall, carbenoid-mediated C—H insertion is a very powerful transformation
enabling functionalization of an unactivated C—H bond under mild, neutral con-
ditions. Catalyst developments over the past three decades have enabled regio-,
diastereo-, and enantioselectivity in both intra- and intermolecular processes.
While the most successful catalysts to date are derived from rhodium and cop-
per, iridium catalysts also show promise. C—H insertion remains an active area of
research and further developments are anticipated.
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