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Preface

Ylide chemistry has quite a long history. However, despite their age, ylides have
never gone out of fashion. Historically, first studies on ylidic compounds were
already reported at the end of the nineteenth century by Michaelis [1] as well as
Staudinger, who reported the first isolation and reactions toward C=X bonds [2].
The full potential of this reaction, however, was only recognized years later by
Wittig in the 1950s [3]. His well-known olefination reaction coined “ylide chem-
istry” for many years and — without doubt — ranks among the most outstanding
achievements in synthetic chemistry of the twentieth century, rightly recognized by
the Nobel Prize in 1979 [4]. Many variations of the original Wittig reaction were
reported since then, thus uncovering the utility of ylidic compounds in organic
synthesis. The impact of the Wittig and related reactions is impressively demon-
strated by many protocols for the synthesis of pharmaceutically or biologically
active substances, natural products, or flavors, which rely on ylide-based olefination
reactions.

But where does ylide chemistry stand today? Despite this intimate relationship
between ylides and Wittig-type reactions, ylide chemistry is by far not restricted to
olefin formation reactions. In contrast, ylidic compounds are the subject of vivid
research activities in most diverse fields of chemistry and have been part of
countless fascinating experimental as well as theoretical studies. Particularly recent
years have uncovered new applications of ylidic compounds such as in coordination
chemistry and homogeneous catalysis by also focusing on ylide systems that have
long been neglected particularly compared with classical phosphorus ylides. The
numerous examples reported over the years demonstrate the exciting properties of
ylidic compounds as well as their versatility as important reagents in organic
synthesis and as highly potent donor ligands.

The continuous developments in ylide chemistry and the special properties of
this class of compounds are clearly reflected by their unique electronic structure.
The question about the “best” description of the bonding situation has been the
subject of perseverative controversial discussions that are ongoing even today.
Initial debates argued on the competing contributions of the double bonded ylene
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structure A’ and the ylidic ionic structure A but have ended in favor of the ylide
description due to the unfavorable energy of the d-orbitals of the main group
elements. However, recent debates incited by publications based on detailed com-
putational studies centered around a predominant contribution of a dative bonding
situation to the electronic structure of ylidic compounds as depicted by structure
A”. While phosphorus ylides can thus be viewed as phosphine coordinated
carbenes, bisylidic compounds such as carbodiphosphoranes B can be regarded as
coordination compounds of carbon with carbon being in the oxidation state of zero.
This picture has led to their denotation as carbones B” [5]. The captodative bonding
mode in carbones (indicated by an arrow between the two atoms bound to each
other) is comparable to the well-known Dewar—Chatt—Duncanson model which is
routinely used to describe ligand metal interactions in transition metal chemistry.
Consequently, this has led to the conclusion that the carbon atom in ylidic com-
pounds can also serve as the “central atom” comparable to a metal center in a
complex [6].
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R A R A R A"
ylene ylide carbene complex
R R R R R
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B' B B"
cumulene bisylide carbone

The dative description of ylidic compounds has resulted in most controversial
discussions within the chemistry community and revived fundamental debates
about differences between dative and polar covalent bonding situations [7-9].
Furthermore — and probably most importantly — it has also led to a “rethinking”
of the nature of ylidic compounds and thus stimulated increased research activities
particularly with focus on the coordination chemistry of ylides [10]. Regardless of
the question of the correct description of the electronic structure, the discussion
impressively reflects the unique properties and reactivities of ylidic compounds and
demonstrates the vivid and exciting nature of this research.

This volume focuses on recent trends in ylide chemistry. Thus, it brings together
ylidic compounds with unique electronic properties and reactivities that have
received particular interest in the past decade. While simple phosphorus ylides
without doubt still belong to the most important and frequently used reagents in
organic synthesis, this volume deliberately neglects the chemistry of simple phos-
phorus ylides which have been the subject of many other review articles and book
chapters. In contrast, this book concentrates on ylidic compounds, which are less
elaborated but have attracted increased research interest in recent years, thus
already revealing their huge synthetic potential. Hence, the chemistry of bisylides,
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carbodicarbenes, yldiides, and sulfur ylides is summarized in this book with special
focus on unusual structures and bonding situations as well as advanced synthetic
applications such as the development of new versatile reagents for organic synthe-
sis and catalytic transformations with ylide compounds acting as reagents as well as
supporting ligands for metal catalysts.

The first chapter provided by A. K. Phukan picks up recent computational
studies on ylide chemistry particularly focusing on two different areas: As such,
the first part deals with carbon(0) compounds, i.e., the bonding situation, electronic
structure, and properties of bisylidic compounds, especially summarizing those
studies which gave way to the disputed description of these compounds as carbones.
The second part discusses the impact of ylide functionalization of carbenes, thus
demonstrating the utility of ylide moieties in electronic manipulation of molecules.
This chapter is followed by a summary of the experimental work on
carbodiphosphoranes and related compounds by M. Alcarazo. The compound
class of carbodiphosphoranes is a prime example for compounds which have
been synthesized early and known for several years, but whose exciting and unique
chemistry — above all their excellent ligand properties for the coordination of
unusual main group element species — has only been appreciated in recent times.
Here, the synthesis and properties as well as the coordination chemistry toward
main group elements and transition metals are highlighted. The third and fourth
chapters are then concerned with catalytic applications of ylidic compounds. At first
T.-G. Ong and W.-C. Chen provide an overview on the use of carbodicarbenes — a
particularly interesting subclass of bisylidic compounds — as ligands to support
catalytically active transition metal catalysts, while N. Maulide highlights the
synthetic value of sulfur-based ylides as powerful reagents in transition metal-
catalyzed reactions. The last chapter finally picks up the chemistry of a-metallated
ylides, which can be regarded as the anionic congeners of bisylides. Their structure,
unique reactivity, and applications in organic synthesis as well as main group
element and transition metal chemistry are summarized together with the use of
ylide functionalization to manipulate the electronic properties of reactive species.

The diversity of the compounds discussed in this volume demonstrates the
multifariousness of ylide chemistry and its breadth of applications. Continuously,
novel types of compounds have been discovered or rediscovered and their utility
broadened in most different fields of chemistry. The examples selected in this
volume prove the dynamic nature of ylide chemistry that will ensure the discovery
of many more fascinating properties and reactivities in the future.

Bochum, Germany Viktoria H. Gessner
December, 2017
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Structure and Reactivity of Carbones )
and Ylide Stabilized Carbenes: Gkt
Contributions from Theory

Bitupon Borthakur and Ashwini K. Phukan

Abstract This chapter presents the results of theoretical studies on divalent
C(0) bases as well as on ylide stabilized carbenes. The primary difference between
C(0) and C(II) compounds is the presence of two lone pairs at the central carbon
atom of the former, unlike one in the latter. Theoretical studies reveal that the first
and especially second proton affinity values can be used to distinguish carbenes
from carbones. Further, the difference in reactivity of C(0) and C(II) compounds
towards electrophiles such as H", BH; and AuCl is also found to be effective in
distinguishing these two classes of compounds. Moreover, the >*C NMR chemical
shifts of the central carbon atom as well as reactivity towards nucleophiles
such as CNMe provide another criteria for distinguishing not only C(0) and C(I)
compounds but also those having hidden C(0) characters. In addition, this chapter
also deals with the recent studies carried out on ylide stabilized carbenes which
possess excellent electron donation abilities. However, the ylide substituted carbenes
are found to be ineffective towards activation of small molecules like H, and NH;
due to the absence of a suitable low-lying m-acceptor orbital at the carbene centre.

Keywords '>C NMR - Carbenes - Carbones - Proton affinity - Ylide
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1 Introduction

The tetravalent nature of carbon in most of the organic compounds where it uses all
the four valence electrons in bonding is a common knowledge. However, there exists
an unusual situation where the central divalent carbon atom possesses a pair of
non-bonding electrons (A, Scheme 1) which may reside either in a single orbital with
anti-parallel spin (singlet carbenes) or in two mutually perpendicular orbitals with
parallel spins (triplet carbenes). Even though the first stable singlet carbene was
synthesized by Bertrand et al. in 1988 [1], the chemistry of divalent carbon com-
pounds came to the fore when Arduengo et al. isolated the first bottleable cyclic
carbene known as NHC (N-heterocyclic carbene) in 1991 [2]. Before that, carbenes
were considered as reactive reaction intermediates [3—6]. Following the discovery of
NHC, a number of their skeletally substituted derivatives were also isolated which
possess varying degree of electronic properties [7-14]. NHCs are popular as
very good electron donors even better than the classical o-donors like phosphines
and amines and later, both experimental and theoretical studies reported their
non-negligible m-accepting abilities as well ([15-24], and references therein). In
2005, Bertrand and co-workers isolated a saturated version of NHC where one of the
a-nitrogen atoms was replaced by a quaternary carbon atom known as cyclic (alkyl)
(amino)carbene (CAAC) [9]. CAAC possesses significantly enhanced electron
donation and acceptance ability compared to typical NHCs [11]. Owing to such
enhanced electronic properties, CAAC was found to be advantageous for many
catalytic processes [25, 26] and can be compared to a transition metal complex
because of its ability to activate small molecules like H,, NH; and Py, etc. [27-
30]. On the other hand, both theoretical [31, 32] and experimental [33-36] studies
confirm the strong electron donation abilities of ylide substituted NHCs. It is
believed that by virtue of the significant n-stabilization ability, installation of ylide
moieties may even help in the isolation of hitherto unknown free remote NHCs [32].

There is another class of divalent carbon compounds but unlike carbenes, they
possess two non-bonding electron pairs at the central carbon atom (B, Scheme 1)

X0 NN I

/( /’[ D 'M'// .kl"'}" Ph I;‘/ \"m’h.
R 0 I O I - n ‘
A B C

Scheme 1 Schematic representations of carbene (A), carbone (B) and bonding situation in
carbodiphosphorane (CDP) (C)
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Scheme 2 Qualitative molecular orbital diagrams of (a) N-heterocyclic carbene (NHC) and
(b) carbone

[37, 38] popularly known as carbones [39]. The first molecule of this kind,
carbodiphosphorane (CDP) was isolated as early as in 1961 [40] but it came to
prominence only after the description of its bonding situation by Frenking et al. in
terms of donor—acceptor bonds between the phosphine ligands and the central
carbon atom (structure C II, Scheme 1) [41]. It should be noted that in this case
none of the valence electrons of the central carbon atom is involved in bonding and
hence it is thought to possess a formal oxidation state of zero, i.e. C(0) unlike C(II) in
carbenes. Further, the central carbon atom in carbones possesses an electron octet
with one 6- and one t-symmetric lone pairs while it is a sextet for carbenes with only
one lone pair of electrons residing in an in-plane o-symmetric orbital. An inspection
of the qualitative molecular orbital diagrams for NHC and carbone (Scheme 2)
shows that in case of NHC, the interactions between the nitrogen lone pairs with
the carbon out-of-plane vacant p-orbital result in the formation of a singlet carbene
with a lone pair of electron concentrated at the carbon atom. In contrast, the
formation of carbones results from interaction of the lone pairs of Lewis donor
groups with the formally vacant p orbitals of an excited singlet carbon atom thereby
stabilizing two carbon-based lone pair orbitals. In the next sections, we will discuss
different types of carbones as well as ylide substituted carbenes with special empha-
sis on the respective theoretical studies carried out till date.

2 Carbodiphosphoranes

In 1961, Ramirez et al. synthesized the first CDP (1¢, Scheme 3) [40]. Later in 2006,
theoretical studies by Frenking et al. showed that the bonding interaction in CDP is
mainly dative in nature where the phosphorus lone pairs are being donated to the
empty valence orbitals on carbon thereby generating two lone pairs at the central
carbon atom (C,) having n- and o-symmetry, respectively (Fig. 1) [41]. The calcu-
lated NBO (Natural Bond Orbital) atomic partial charge at the C, atom was found to
be significantly negative (—1.43e) which is in accordance with the presence of two
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Scheme 3 Schematic representation of all the CDPs (1 and 3) and NHCs (2) discussed in this
section

Fig. 1 HOMO (left) and HOMO-1 (right) of C(PPh;), (1¢) [41]

non-bonding pairs of electrons at Cy. DFT calculations were also carried out on the
smaller congeners of CDPs with L = PH; (1a) and PMe; (1b) [41, 42]. All these
three CDPs (1a—c) were found to be significantly bent with P-C-P bond angles in
the range 125°-137°. However, the energy difference between the equilibrium and
linear geometry (i.e. with ~P-C-P = 180°) is very small (2.0, 0.9 and 3.1 kcal mol ™'
for 1a, 1b and 1c, respectively) and interestingly, very recently Parkin et al. were
able to synthesize and isolate the linear isomer of C(PPh;), [43]. The four electron
donor ability (i.e. the presence of two lone pairs at the central carbon atom) in
CDPs was supported by the calculated first and second proton affinity (PA) values
[44]. Frenking and co-workers reported that CDPs not only have very high first PA
values but also large second PA values (Table 1). However, carbenes (2a—e) possess
much smaller second PA values compared to the CDPs. Thus, it was proposed that
PA values can be used to distinguish carbones from carbenes. However, the PA
values for the halophosphine compounds 1d and 1e were reported to be compara-
tively lower than the PAs for la—c. The difference between the C(0) and C(II)
compounds also comes from the calculated atomic partial charges at the central
carbon atom of the parent molecule as well as of the corresponding singly and
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Table 1 Calculated Molecule |PA-1 |PA2 [q(C) 4O, | 9O
(MP2/TZVPP//BP86/SVP) 1a 255.7 114.4 —1.32 —1.26 —1.01
first and second proton
affinities (PA-1 and PA-2in 1P 2784 1562 |—147 | —136 |—1.07
kcal mol’l) and NBO partial 1c 280.0 185.6 —1.43 —1.33 —1.07
charges (BP86/TZVPP// 1d 209.3 70.6 —1.69 —1.53 —1.30
BP86/SVP) at the central le 2279 |1164 |[-135 |[-136 |-1.13
carbon atom [q(C)] for 1-3 as 2a 2542 477 0.04 020 014
well as in their protonated : : : : :
derivatives [41, 44] 2b 2623 | 718 | 004 | 021 | 0.2
2c 264.7 100.1 0.08 0.21 —0.10
2d 228.9 38.9 0.04 0.12 —0.17
2e 2443 57.6 0.07 0.18 —-0.13
3a 251.5 110.5 —1.26 —1.26 —1.04
3b 270.8 143.3 —1.34 —1.32 —1.08
3c 271.4 138.1 —1.38 —1.36 —1.15
3d 284.2 188.3 —1.49 —1.40 —1.18
3e 284.5 179.0 —1.44 —1.39 —1.19

Table 2 Calculated (RI-MP2/TZVPP//RI-BP86/SVP) bond dissociation energies (BDEs, kcal mol ™ 1)
of CDP complexes with various Lewis acids (LA) [41]

R,P. R,P.
LA - C *LA . A* LA

R,P RyP

Molecule R BH; BCl; AlCI; BH; BCl; AlCl;
la H 29.3 339 44.0 25.5 14.8 23.1
1b Me 34.0 36.4 51.0 28.4 9.6 27.0
1c Ph 27.5 359 50.9 15.8 —32.7 -39

doubly protonated species. Table 1 clearly shows that for the CDPs, the central
carbon centre carries a negative charge not only in the neutral molecule but also in
the respective singly and doubly protonated species while this is not the case with
carbenes. For carbenes 2a—e, the atomic partial charge on C(II) is almost close to
zero which becomes slightly positive in the singly protonated species. But the
doubly protonated carbenes have a central carbon atom with slightly negative atomic
partial charge which is due to the change in bonding situation in the doubly
protonated species. The C(0) character of CDPs were also revealed by the presence
of two (3,+3) critical points (CP) in 1a as evident from the molecular electrostatic
potential (MESP) analysis [45]. In contrast, 2a exhibits only one (3,+3) CP thereby
indicating the presence of only one lone pair at the central carbon atom.

The calculated values of bond dissociation energies (BDEs, Table 2) indicate that
CDPs with smaller PR3 groups (1a-b) can easily bind two Lewis acids other than H*
[41]. The BDE values for the donor—acceptor complexes of 1a and 1b with one/two
molecules of BH3, BCl; and AICl; are significantly positive. Later, this theoretical
prediction was confirmed by the successful isolation of a dicoordinated adduct
of 1c¢ where it binds two BH3 molecules [46]. However, CDP with bulky phenyl
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groups (1c¢) can bind with only one molecule of BCl; and AICI; as the calculated
BDE values for the respective adducts of 1¢ with two molecules of BCl; and AICl5
are found to be negative.

In 2006, the group of Baceiredo reported the isolation of cyclic five-membered
CDPs (3d—e, Scheme 3) which were found to exhibit unusual stability [47]. Calcu-
lations were also carried out on cyclic CDPs having different substituents on the ring
framework [41, 44] and the results are summarized in Table 1. The calculated first
and second PA values for the cyclic CDPs are akin to the acyclic CDPs (1). Further,
the atomic partial charges on the central carbon atom of 3a—e are also significantly
negative in the neutral molecule as well as in the singly and doubly protonated
species which indicates the presence of divalent C(0) character in these cyclic CDPs
as well.

3 Carbodicarbenes

Following the bonding description of CDP [41], it was envisaged that NHC could be
a suitable replacement for phosphine towards stabilization of the C(0) species
(4a, Scheme 4) [48]. Similar to the CDPs, the central Cyyc-Co-Cnyc angle was
found to be acute (125.8°) in the equilibrium geometry 4a with a torsion angle of
81.6° between the NHC planes. An analysis of the frontier molecular orbitals of 4a
shows the resemblance of the two highest occupied molecular orbitals HOMO and
HOMO-1 with those of CDPs. The shapes of HOMO and HOMO-1 indicate that
both are lone pair orbitals and thus the bonding situation in carbodicarbenes (CDCs)
can be described in terms of L — C donor—acceptor interactions. The experimental
verification of CDC came soon after when Bertrand et al. synthesized and structur-
ally characterized a benzannulated derivative of 4a in a two-step process [49] which
was followed by the synthesis of another CDC by Fiirstner and co-workers [50].
As explained in the case of CDPs, the first and especially second proton affinity
values can be used as a decisive indicator for the presence of C(0) character in a
particular ligand. The theoretically predicted values of both first and second PAs for
4a (292.3 and 155.3 kcal mol !, respectively) and 4b (294.3 and 168.4 kcal mol !,
respectively) were found to be significantly higher and comparable to those of CDPs
(Table 1) thereby supporting the C(0) character of CDCs. However, unlike in CDPs,
MESP analysis of 4a indicated the presence of only one (3,+3) CP which is ascribed

Scheme 4 Schematic

. .C‘.
representation of R R 4a,R=H
carbodicarbenes (CDCs) \ / 4b, R = Me
with different substituents at N ¢ v—N 4¢c, R=NH,

the heteroatoms of NHCs Q Q 4d, R = OH
N _N 4e, R=Cl
N\ R R / 4 R=F
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to the greater extent of delocalization of the n-type lone pair in 4a compared to that in
1a [45]. The strong donation ability of CDCs was further tested by their complex-
ation with Lewis acids other than proton (H") [51]. The dissociation energies of the
donor—acceptor complexes of both 4a and 4b with one and two BH; molecules are
significantly higher. In addition, the changes in Gibb’s free energies indicate that
both 4a and 4b can easily bind two molecules of BHj; thereby further confirming the
double donor ability of CDCs. Interestingly, in 2008, Frenking et al. predicted
that the use of carbones as ligands in Grubbs’ catalysts will show better activity
[52] which has recently been confirmed in experimental studies by Grubbs and
co-workers [53]. In addition, recent studies have also shown that not only the
transition metal complexes of CDCs [54-57] but also metal free CDCs [58, 59]
exhibit high efficiency in catalytic transformations including small molecule
activations.

In 2012, we predicted the stabilization of cyclic and acyclic carbon(0) compounds
by differential coordination of heterocyclic carbenes (Scheme 5) [60]. Except 6, all
other CDCs possess a bent central C.-Cy-C,. angle (C. = carbenic carbon atom). The
stronger interaction between the central Cy atom and the C. of remote NHCs in
6 resulted in a linear geometry. Even though NBO analysis did not show any
L — C <« L type donor—acceptor interactions in the equilibrium geometries, the
calculated natural charges at the central carbon atom were found to be negative
which indicate the presence of C(0) character in these compounds. However, the
slight positive charge at the central carbon atom of 6 arises from a high degree of
electron delocalization from the central carbon atom to the vacant p, orbital of the
adjacent C, atoms. Further, the frontier occupied orbitals (HOMO and HOMO-1) of
all these CDCs were found to be largely localized at the central Cy atom implying
that these molecules possess double donor character. The calculated first and second
PAs were also very high (Table 3) and comparable to that of CDPs and interestingly,
the Cg atom of 5-10 has significant negative charge even after first protonation thus
supporting the description of donor—acceptor interaction L — C « L. Further, we
obtained a nice correlation between the orbital energies and the computed PA

M

B —c'/ 'C;\"C—N/Me / c/C\C AN J C.'/;C.;\"C—N/Me
AN O OO O O,
I\I/Ie 1\|/[e Me Me M¢ I\I/Ie

5 6 7

M e/

v ,/;C"\.-—N/Me . /C\ . ./;C-;\..’—N/Me
A0 -0 O
I | Me” Me i .

8 9 10

Scheme 5 Schematic representations of acyclic (5-7) and cyclic (8-10) CDCs [60]
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Table 3 Calculated (BP86/TZVP) first and second proton affinities (in kcal mol '), BDEs (in kcal
mol™!) and energies including thermal and vibrational corrections (BDE**® in kcal mol™ ')
calculated using reaction (1) [60]

Molecule PA-1 PA-2 BDE BDE,>*®
5 311.9 183.6 221.2 220.6
6 290.6 162.9 285.9 284.2
7 306.7 170.6 250.9 248.7
8 313.4 168.3 193.6 186.4
9 312.0 150.3 255.4 246.5
10 311.5 158.7 228.7 220.2
a b 1 2
315 R2 = 0.88 b R2=0.98
~ 310 £ 180
g a5 217 .
S 300 § 16 .
< =~ 160
- 295 I 155
< 150 .
a 290 o 145
285 . . . 140 . . . . .
27 -3.1 -33 -85 -37 6.7 72 -7.7 -8.2 -8.7
E_p(0) (eV) Epomo (€V)

Fig. 2 Correlation plot between (a) first proton affinity and energy of the c-symmetric lone pair
orbital, and (b) second proton affinities and energies of the m-symmetric HOMO of the first
protonated derivatives of 5-10 [60]

values (Fig. 2). The second PAs for the acyclic CDCs (5-7) are slightly larger than
those computed for their cyclic derivatives (8—10) which was reasoned to the lower
energies of the m-symmetric lone pair orbital (HOMO) of the first protonated
derivatives of 8-10. Further, the calculated BDEs (Table 3) of the carbon-ligand
donor-acceptor bonds using Eq. (1) indicated that the acyclic CDCs follow the trend
5 <7 < 6. The BDE trend was found to be similar for the cyclic counterparts as well
(i.e. 8 < 10 < 9). Further, the calculated AG values for the formation of all these
CDCs (5-10) are found to be significantly negative implying their high thermody-
namic stability.

CL'L*> - C(’P) + L' +L? (1)

In another study, we found that the substituents present at the nitrogen atoms of
the NHCs in CDCs govern not only the structures but also the electron donation
ability of CDCs [61]. Calculations showed that NHCs having substituents like F (4e)
and Cl (4f) at the heteroatoms (Scheme 4) give rise to CDCs with a quasi-linear
geometry which “mask” their C(0) character. Further, the QTAIM (quantum theory
of atoms in molecules) [62, 63] analysis of 4a indicates that the bond between
carbenic carbon and the central carbon has significant covalent character as evident
from large negative value of both the Laplacian and local electronic energy density
H(r) (Fig. 3) [64].
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v2p(bep) = -0.809
H(r) = -0.352

Fig. 3 Laplacian of electron density [V>p(bep)] in the C.—Co—C, plane for 4a. Solid green lines
represent charge depletion [V2p(bcp) > 0], while dashed red lines represent charge concentration
[V2p(bep) < 0]. Reddish brown dots represent bond critical points. The values of Laplacian [V?
p(bep)] and local energy density H(r) are in atomic units [61]

4 Compounds with Hidden C(0) Character

Theoretical studies were also available for CDCs with acyclic carbenes (11, Scheme 6)
[42, 48, 65] and these compounds were previously known as tetraaminoallenes
(TAAs). The fact that TAAs can exhibit the property of typical carbones such as
CDP or CDC is supported by the experimental observation of donor—acceptor com-
plexes between CO, and TAA as well as isolation of a diprotonated species.

There is another intriguing class of compound known as “bent allenes” which
were first synthesized by Bertrand and co-workers [66]. As clear from its name,
unlike TAAs, in bent allenes, the central C=C=C moiety is not linear (Scheme 6).
Here, the divalent central carbon atom is stabilized by a “push—push” substitution
pattern of a bidentate diaminocarbene (12a) or oxoaminocarbene (12b) ligand.
Further, in 2009 Bertrand et al. reported the synthesis of an extremely bent allene
(«£C-C-C = 85°) which possesses all carbon four-membered ring [67]. The bonding
analysis of 12b had shown that both o- and m-symmetric lone pair orbitals are
strongly localized on the central carbon atom thereby indicating the presence of
C(0) character in these bent allenes.

The calculated first PA values for these allenes (Table 4) suggest that all of them
can be considered as super bases (PA > 239 kcal mol™'). More importantly, the
second PA values were also found to be significantly high and comparable to those
reported for CDPs/CDCs thereby providing unequivocal confirmation of the pres-
ence of C(0) character in these compounds. Similar to the case with CDPs, all these
TAAs and bent allenes carry partial negative charge at the central carbon atom which
remains even after second protonation. In addition, the calculated dissociation
energies (Table 5) for the mono BH; adducts with all these allenes are significantly
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Scheme 6 Schematic representation of linear and bent allenes

Table 4 Calculated (MP2/TZVPP//BP86/SVP) first and second proton affinities (in kcal mol")
and NBO partial charges at the central carbon atom (qC) of 11-12 as well as in their protonated
derivatives [39, 51]

Molecule PA-1 PA-2 q(C) 9Oy q(C)opny
11a 282.5 151.6 —0.21 —-0.47 —0.51
11b 268.2 175.8 —0.22 —0.47 —-0.57
12a 296.5 158.7 —0.48 —0.42 —0.52
12b 284.3 133.3 —0.48 —0.44 —0.61

Table 5 Calculated (MP2/TZVPP//BP86/SVP) dissociation energies (D,, in kcal mol’l) and
changes in Gibb’s free energies (—AG, in kcal mol™") of one and two BH3 molecules for some
selected allenes [A] [51]

[A] — BH; — [A] + BH, H;B — [A] - BH; — [A] — BH; + BH;,
[A] D, —AG D, —AG
11a 39.8 234 17.4 0.2
12a 58.4 427 20.0 5.8
12b 53.0 38.2 9.5 —45

higher and the changes in Gibb’s free energies indicate that they can easily bind two
molecules of BH5;. However, the coordination of the second equivalent of BH; was
found to be thermodynamically unfavourable for 12b. Therefore, all the calculated
parameters, viz., geometric parameters, shapes of frontier occupied molecular
orbitals, reactivity towards different electrophiles and the calculated atomic partial
charges confirmed the presence of hidden C(0) character in these allenes.

Another interesting candidate of this category is 2,2'-bipyridyl carbene
(13, Scheme 7) which was synthesized by Weiss et al. [68] in 1998. Earlier, based
on ab initio calculations, this compound was assigned as a carbene. However, due to
the availability of a geminal diprotonated derivative of 13, our group reinvestigated
its electronic nature as well as reactivity towards electrophiles [69]. Interestingly,
NBO analysis showed that the HOMO and HOMO-1 of 13 are akin to those
observed for 4b. Further, the calculated values of both first and second PAs (261.0
and 133.8 kcal mol ', respectively) are significantly higher than those reported for
other carbenes and almost comparable to those of C(0) compounds indicating the
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Scheme 7 Possible resonance forms of 2,2'-bipyridyl carbene (13) [69]

presence of hidden C(0) character in 13 thereby highlighting the importance of the
resonance form 13b (Scheme 7). Further support for the presence of C(0) character
in 13 came from the significant values of BDEs calculated for gem-dimetallation
(37.1 and 33.1 kcal mol ! for complexation with AuCl and Ni(CO),, respectively).
It should be noted that the computed BDEs for gem-dimetallation of normal NHC
(2b) was also found to be significant (35.0 and 31.3 kcal mol ™" for complexation
with AuCl and Ni(CO),, respectively) and comparable to that of 13 thereby indicat-
ing the possibility of hidden C(0) character even in Arduengo type NHCs [68].

S Carbodiylides

Frenking et al. carried out the theoretical investigations on a series of compounds
(CL, = 14-18, Scheme 8) where they have used diyl ligands (L. = ECp*, E=B — TI)
as substituents on a divalent carbon atom [70]. The choice of diyl ligands to
stabilize the central carbon atom was based on the strong c-donation and weaker
n-acceptance ability of these ligands than CO. It was found that except for the boron
compound 14, all others possess significantly bent structures and the bending angles
(£E-C-E) were found to be smaller than those reported for CDPs and CDCs. The
two Cp* groups in 14 are coordinated to the boron atom in n' fashion and rotated
with respect to each other by almost 90° about the C-B-C axis. However, in case of
the higher analogue 15, all the Al-C bonds to the carbon atoms of Cp* were
calculated to be almost identical (2.259-2.272 A) implying n° mode of coordination
between Al and the two Cp* rings. For the remaining homologues (i.e. 16—18), the
bonding between the group 13 element (E) and the Cp* groups was characterized as
intermediate between 1° and n' as suggested by the calculated E-Ccp+ bond lengths.
For example, the calculated GaD-CCp* bonds were found to be in three differoent ranges
with one having short (2.063 A), two moderately long (2.479 and 2.558 A) and the
remaining two with very long (3.003 and 3.047 A) Ga-C bonds and this situation
holds true for 17 and 18 as well. Analysis of the frontier molecular orbitals indicates
the presence of two lone pairs (except in 14), one having n-symmetry (HOMO) and
the other one with c-symmetry (HOMO-1) in these carbodiylides thereby demon-
strating their double donor character. However, for 14, both HOMO and HOMO-1
were found to be delocalized over the entire molecule which is in accordance with its
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E =B(14), Al(15), Ga(16), In(17), T1(18)
Scheme 8 Schematic representation of the carbodiylides 14-18
Table 6 Calculated (MP2/TZVPP//BP86/SVP) values of first and second proton affinities (in kcal

molfl), BDE:s (in kcal molfl) and natural charges (BP86/TZVPP//BP86/SVP) at the central carbon
atom for 14-18 [70]

Molecule PA-1 PA-2 BDE L — C('D) q(C)

14 288.1 197.0 216.2 122.7 —1.29
15 287.8 191.6 125.2 717.2 —1.81
16 292.8 195.2 83.4 56.3 —1.57
17 279.0 190.0 53.7 41.4 —1.47
18 270.7 184.9 26.1 27.6 —1.35

almost linear geometry (£B-C-B = 178.9°). Further, the calculated first and second
PAs for all the carbodiylides are very high (Table 6). It should be noted that for most
of the C(ECp*), compounds, the second PAs are even higher than those reported for
CDPs and CDCs. Therefore, the highly bent geometries as well as the very high
second PA values clearly confirm the C(0) character of the heavier carbodiylides
(15-18). However, even though 14 possesses an almost linear geometry, based on
the high second PA value it can be thought to possess hidden C(0) character like
TAAs. The Cy-E bond strength becomes weaker with the increase in size of the
group 13 element in the order B < Al < Ga < In < Tl as evident from the calculated
BDEs for the reaction C(ECp*), — CCP) + 2ECp*. In addition, the calculated
donor—acceptor bond strength (L — C('D)) suggests that the thallium compound
possesses much stronger donor—acceptor interaction between Cy and TICp* com-
pared to those in majority of the typical Lewis donor—acceptor complexes of main
group elements. Further support for the donor—acceptor interaction present in
C(ECp*), compounds came from the fact that in all the molecules, the central carbon
atom carries significantly negative partial charge which is comparable to CDPs.

6 Distinction of Different Carbon Bases

As discussed earlier, the very high value of first and especially second PA values
of C(0) compounds can be used as a measure to distinguish them from C(II)
compounds. In addition, complexation with Lewis acidic groups other than protons
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(such as BH3) also suggests their double donor character. In this context, Frenking
et al. proposed that different divalent carbon bases can be further distinguished by
their complexation to one or two molecules of AuCl [71]. Recently, we have also
proposed two new approaches to distinguish different carbon bases which are
discussed in the next subsections.

6.1 Complexation to AuCl

Theoretical calculations carried out on a number of mono- and diaurated complexes
of different divalent carbon bases revealed that there is a difference in the coordina-
tion mode for all the ligands [72]. While carbones were found to bind to AuCl groups
in n' mode, allenes bind them in 1? form. It should be noted that the diaurated
complex of the CDP C(PPhs), is also experimentally known [73]. Complexation of
carbon suboxide (C30,) to one molecule of AuCl prefers the nl coordination mode
while the optimized equilibrium structures for the diaurated complexes possess
comparable energies for both ' and n? coordination modes. Divalent carbon bases
with hidden carbon(0) character can coordinate in more than one way where the
dominant coordination mode indicates the extent of C(0) or allene character. Calcu-
lations were also carried out for complexation of AuCl with NHC and the computed
BDE for dissociation of one AuCl molecule is very high. Interestingly, NHC was
also found to coordinate with two molecules of AuCl exhibiting the presence of an
aurophilic interaction between the two 1' bonded AuCl groups. However, the BDE
for dissociation of the second AuCl from [NHC(AuCl),] is smaller than those
obtained for similar reactions in case of typical carbones. Therefore, this difference
in BDEs for the dissociation of the second AuCl moiety can be used to distinguish
C(D) ligands from C(0) ones.

6.2 Reactivity Towards Nucleophiles

Theoretical calculations indicate that the ylide substituted carbenes (19 and 20,
Scheme 9a) possess a high energy lone pair orbital at the carbenic centre as well

PMe; PMe @PR, DPR; ®PR, PRy
&}

> O

/ 9

N
\ PMes @PR, ®PR, PRy PRy
19 20 A B Cc D
@ (b)

Scheme 9 Schematic representation of (a) ylide substituted carbenes, (b) different resonance forms
of bis-ylide carbene [74]
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Table 7 Computed (BP86/TZVP, SDD (Au)) natural charge at the central carbon atom (qc),
occupancies of the lone pair orbitals, first and second PAs (in kcal mol ') and BDEs (in keal mol ')
for the dissociation of one molecule of AuCl from L-AuCl and L-(AuCl), [74]

Molecule qc Occ(o) Occ(m) PA-1 PA-2 BDE-1 BDE-2
19 —0.160 1.377 0.735 290.2 124.9 89.5 41.8
20 —0.368 1.436 0.799 310.5 161.8 98.5 48.4
1b —1.419 1.442 1.163 279.5 160.4 72.0 62.3
4b —0.499 1.347 1.146 287.4 169.8 72.2 50.8

as a 3c-2e n-donor orbital [31, 74]. The bis-ylide substituted carbene exhibit different
resonance forms (Scheme 9b) out of which A and C better describe the n-donating
ability of the central carbon atom. Further, the calculated natural charges at the
carbenic carbon indicate an increase in electron density at C. as a result of ylide
substitution and these values are found to be comparable to CDCs (Table 7). While
the occupancies of the o-symmetric lone pair orbital of both C(II) and C(0) com-
pounds are comparable, those for the t-symmetric molecular orbital (MO) are found
to be lower in carbenes than in carbones. This can be explained by the fact that the
occupied n-symmetric MO of carbones represents a lone pair while it represents the
3c-2e delocalized MO for carbenes. Interestingly, the calculated first and second PAs
as well as BDEs for gem-dimetallation of these ylide substituted carbenes are very
high and comparable to those for typical carbones like 1b and 4b, etc. Therefore,
both carbones and carbenes with strong n-donating substituents may show similar
reactivity towards electrophiles such as H" and AuCl. However, unlike carbones,
carbenes were found to be more prone to nucleophilic attack due to the presence of a
suitable low-lying ©* orbital. Interestingly, reactions of 19 and 20 with a nucleophile
(CNMe) were found to be exergonic while the same turned out to be significantly
endergonic for C(NHC),. Indeed, addition of the nucleophile CNMe to C(PMej3),
leads to a broken geometry undergoing P-C bond cleavage giving rise to a
phosphinocarbene adduct and a free PMe; molecule. Further, in order to determine
the difference in energy barrier for the formation of nucleophilic adduct of C(0) and
C(I) compounds, we located the transition states for some typical carbenes like normal
NHC (TSI, Fig. 4) and abnormal NHC (TS2) as well as for CDCs (TS3 and TS4).
Interestingly, the energy barriers are found to be smaller for carbenes compared to those
for carbones (Fig. 4). Thus, the presence or absence of a low-lying n-acceptor orbital is
akey electronic feature which may distinguish a carbene from carbone. The presence or
absence of © accepting ability has an implication on their reactivity towards nucleo-
philes. Although both carbenes and carbones may show similar reactivity towards
electrophiles, they behave differently when subjected to nucleophilic attack.

6.3 '3C NMR Spectroscopy

In addition to the above mentioned reactivity parameter, we have recently proposed
the use of '>C NMR spectroscopy as a tool to distinguish different divalent carbon
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TS1(24.7) TS2 (24.6)

TS3 (30.5) TS4 (36.5)

Fig. 4 Optimized (BP86/TZVP) geometries of the transition states for the addition of CH3CN to
NHC (TS1), abnormal NHC (TS2) and CDCs (TS3 and TS4). Bond lengths and angles are in A and
degrees, respectively. The respective activation energies (E in kcal mol™") are given within
parenthesis [74]

bases (Scheme 10) [75]. As we know, carbones possess an extra lone pair of electron
than carbenes and accordingly, there is a larger concentration of electron density
at the central carbon atom of carbone than at carbenes. As a result, the 13C NMR
chemical shifts (5'*C) of carbenes are expected to be more downfield compared to
those of carbones. The calculated values of 8'°C are in reasonable agreement with
the available experimental data (Table 8). As expected, the 8'°C values for the
C(II) compounds are computed to be larger than those for C(0) ones (Table 8).
However, the §'°C values for the carbon bases with hidden carbon(0) character
(e.g. ylide substituted carbenes) fall between those of typical carbenes and carbones.
Interestingly, the calculated 8'°C value for 30 which may be thought to show
the properties of C(0) compounds is found to be significantly larger compared to
other C(0) compounds. This discrepancy can be explained by the dominant contri-
bution of the resonance form 30A (Scheme 11) in describing its reactivity thereby
clearly establishing its carbene characteristics. Thus, the calculated '>C NMR shift
values of these divalent carbon bases can be used to distinguish these two classes of
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Scheme 10 Schematic representation of different C(II) and C(0) bases [75]

Table 8 Calculated (PBE0/6-311++G*//PBE0/6-31+G*) values of '*C chemical shifts (5'°C) of
different carbenes and carbones

Molecule e Molecule 8"*C

1b 18.1 25 231.9 (242.7)
2b 214.9 (215.2) 26a 72.7

3b 20.5 26b 40.1

4b 107.3 (110.2) 26¢ 13.3

11a 163.0 (136.0) 26d —-34

19 2184 26e 29.8

20 208.9 27 21.9

21 236.1 (239.8) 28 14.5

22 196.4 29 124.4

23 314.5 (304.2) 30 197.4 (198.8)
24 200.3 (196.4)

Experimental values are given within parenthesis [75]

e oo

C oCo
r”” /N

30A 30B

Scheme 11 Resonance forms of 30 showing the carbene (30A) and carbone (30B) characteristics [75]

compounds. Further, the 8'°C values follow a similar trend for the protonated
derivatives as well. As shown in Scheme 12, carbene has a single lone pair of
electrons at C. which after donation to a proton becomes electron deficient. How-
ever, the central carbon atom of carbone still has a non-bonding pair of electrons
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Scheme 12 Bonding situation in the protonated derivatives of carbenes and carbones [75]
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Fig. 5 Correlation plot between 8'3C and out-of-plane p, occupancy at the central carbon atom of
the protonated derivatives [75]

even after single protonation and accordingly, the *C shifts are significantly upfield
for carbones than carbenes. Similar to the case with parent molecules, the C. of the
protonated forms of the hidden C(0) compounds also experiences a lesser downfield
shift than the C(II) ones. Indeed, we obtained an excellent correlation between the
out-of-plane p, occupancy at the central carbon atom and 8'>C values (Fig. 5). Thus,
this spectroscopic approach can be considered as an effective tool to distinguish
different carbon bases.

7 Ylide Stabilized Carbenes

In addition to the above discussed divalent C(0) compounds, ylide moieties were
found to stabilize divalent C(II) compounds too [33-36]. Inspired by the seminal
works of Kawashima [33] and Fiirstner [35], in 2015, we carried out a systematic
theoretical study towards designing a number of mono- and bis-ylide substituted
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carbenes (31-46, Scheme 13) [31]. Interestingly, majority of the ylide substituted
cyclic carbenes possess comparable thermodynamic stabilities with those of the
experimentally known ones as evident from the calculated singlet—triplet separation
and stabilization energy values. Further, evaluation of the energies of the
o-symmetric donor orbitals suggested that ylide substitution significantly enhances
the electron donation ability and this effect is found to be additive in nature (i.e. the
bis-ylide substituted carbenes are better donors than the mono-ylidic ones; Table 9).
The stability of the ylide substituted carbenes can be attributed to effective
n-donation from the ylide carbanion to the adjacent carbene centre while the
enhanced o-donation ability results from a smaller inductive effect of the ylide
groups relative to the amino group present in normal NHCs. The better electron
donation ability of the ylide substituted carbenes was further corroborated by the
calculated proton affinities (PAs) as well as the average carbonyl stretching frequen-
cies (vcp) in the respective metal complexes. Interestingly, the calculated PAs for the
bis-ylide substituted carbenes were found to be significantly high (>300 kcal mol ")
which is in agreement with their excellent electron donation abilities. In fact, we
obtained good correlation between the energies of the o-donor orbitals (E,) and PAs
as well as E; vs. vco values (Fig. 6). Recently, it was proposed that the basicity of a
carbene ligand may be correlated with the degree of gallium pyramidalization (6g,;
0. = 360° — 2(CI-Ga-Cl)) in the corresponding GaCl; adducts [76]. Gratifyingly,
the extent of gallium pyramidalization (fg,) for all these ylide stabilized carbenes
(31-46) was found to correlate well with the respective nucleophilicity index (V)
values. Furthermore, we obtained a nice correlation between the Ga-C. BDEs and
bond lengths (Fig. 7). With an intent to understand the ability of ylide stabilized
carbenes towards small molecule activation, very recently we designed a variety of
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31; X=CH,, Y=C(CHs), 35, X=CH,, Y=C(CH;), 38, X =CH,, Y=C(CHy),
32, X=Y=CH 36, X=Y=CH 39, X=Y=CH
33; X=N, Y=CH 37, X=N, Y=CH 40, X=N, Y=CH
34, X=CH, Y=N
PMe; PMe; MezN\ PMe;
Me,N
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B /B
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Scheme 13 Schematic representation of ylide substituted carbenes 31-46
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Table 9 Calculated (PBE0/6-31+G*, SDD (Rh)) values of energies of the c-donor orbitals
(E,, in eV), proton affinities (PA, in kcal mol™') and average carbonyl stretching frequencies
(vco, in cmfl) in L-Rh(CO),Cl (L: 31-46) complexes [31]

Molecule Es PA vco
31 —4.8 291.8 2,120
32 -5.0 292.9 2,125
33 —-5.2 287.4 2,129
34 -53 284 2,131
35 —4.5 295 2,122
36 —4.6 294.5 2,123
37 —4.9 285.9 2,129
38 —4.1 308.3 2,112
39 —4.0 313.1 2,112
40 —4.2 308.4 2,112
41 —4.4 297.9 2,122
42 -35 311.2 2,110
43 —4.3 293.2 2,122
44 -39 309.4 2,110
45 —4.3 294.7 2,120
46 -3.8 307.8 2,101
a

3201
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-55 -5 -45 -4 -35 -3 — -5 -45 -4 -35 -3
Es(eV) E,(eV)

Fig. 6 Correlation plots between the energies of the o-donor orbitals (E,) and (a) proton affinities
and (b) carbonyl stretching frequencies (vco) for 31-46 [31]

cyclic carbenes where ylide substitution was combined with boron or silicon centres
(47-55, Scheme 14) [77]. As expected, here also, ylide substitution leads to increase
in stability as well as substantial enhancement of ¢-donation abilities which may be
attributed to the reasons explained earlier. The calculated PA and the nucleophilicity
index values (Table 10) were found to be in excellent agreement with the respective
electron donation ability of the carbenes. Further support for the increased
o-donation ability of the ylide substituted carbenes came from the degree of gallium
pyramidalization (6g,) as well as the BDEs of the Ga-C. bonds in the corresponding
GaCl; adducts which were found to correlate well with the energies of the 5-donor
orbitals. It may be noted that while ylide substitution significantly enhances the
o-donation ability of a particular carbene, at the same time it decreases the
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Fig. 7 Correlation plot between the Ga-C. bond dissociation energies (BDEs, in kcal molfl) and
the Ga-C, bond lengths (in A) of the GaCly adducts of 31-46 [31]

/Ph PMes
X ~N X
I : L
Y Y
PMe;
47, X=C(CH;),, Y =CH, 52, X=Y =C(CH;),
48, X=C(CHy)», Y = B(NMe,) 53; X=C(CHs),, Y = Si(CHs),
49; X=B(NMe,), Y = CH, 54; X=B(NMe,), Y = C(CHz),
50, X=C(CHs),, Y = Si(CHz), 55, X = Si(CHs),, Y = C(CHa),

51: X= SI(CHS)Z, Y= CH2

Scheme 14 Schematic representation of ylide substituted carbenes 47-55

n-acceptance ability of the same as evident from the calculated higher energies of the
n-accepting orbitals of 47-55 (Table 10). However, in order to activate enthalpically
strong bonds such as H-H, C-H, N-H, etc., a given carbene should not only possess
strong electron donation ability but it should also have substantial m-accepting ability
[27]. Accordingly, 47-55 were found to be ineffective towards activation of small
molecules like H, and NHj. Interestingly, it was found that the transition states
characterized for the activation of H, by considering 47, 52 and 53 as representative
molecules were quite different from those using ambiphilic carbenes such as CAAC
(Fig. 8a). It is clear from Fig. 8a that while the positively polarized hydrogen atom
(H®") of dihydrogen interacts effectively with the lone pair orbital of C., the hydridic
one (H®") was found to be far away from the formally vacant p,, orbital of C, in case
of 47, 52 and 53. The inability of H®~ to interact efficiently with C. is attributed to
the absence of a suitable low-lying p,-acceptor orbital at C.. In addition, the
reaction free energies for splitting of H, by 47, 52 and 53 (—20.45, —34.52 and
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Table 10 Calculated (M06/Def2-TZVP) energies of o-symmetric lone pair orbital (E; in eV) and
n-symmetric unoccupied orbital (E,« in €V), proton affinities (PA in kcal mol™"), nucleophilicity
indices (& in eV), degree of pyramidalization at the gallium atom (6, in degree) and BDEs of the
Ga-C. Bond (kcal mol™!) of 47-55 [77]

Molecule E; E- PA N 0Ga BDE
47 —4.91 0.26 289.1 4.79 32.53 65.00
48 —4.66 0.20 291.6 5.04 33.76 62.63
49 —4.78 0.41 292.9 4.92 34.54 64.44
50 —4.68 0.21 288.8 5.02 35.72 60.25
51 —4.90 0.22 289.0 4.80 34.75 60.15
52 —4.69 0.42 290.9 5.01 36.40 67.03
53 —4.70 0.02 2817.5 5.00 33.76 64.90
54 —4.43 0.21 294.6 5.27 35.06 67.54
55 —4.44 0.21 292.7 5.26 35.86 65.85

CAAC-H:-TS 52-H:TS

CAAC-NH:-TS AT-NHy-TS 52-NHy-TS 53-NHy-TS
(b)

Fig. 8 Optimized (M06/Def2-TZVP) geometries of the transition states for activation of
dihydrogen and ammonia by CAAC and 47, 52 and 53 [77]

—32.22 keal mol ™', respectively) were also found to be significantly less exergonic
compared to those using the ambiphilic ones (e.g. —44.2 kcal mol ™' for CAAC).
Similar results were obtained for the activation of NH; using 47, 52 and 53 where the
interaction between the NH,®~ fragment and C. (Fig. 8b) is not strong enough to
cleave the N-H bond due to the absence of a low-lying m-acceptor orbital at C..
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8 Summary

This chapter provides a comprehensive overview of the theoretical works on
carbones as well as on ylide stabilized carbenes. The primary difference between
C(I) and C(0) comes from the difference in bonding between the central carbon
atom and the a-substituents, as a result of which carbones possess an extra lone pair
of electrons than carbenes. Theoretical studies reveal that the calculated first and
second proton affinity values as well as complexation with AuCl may be used to
distinguish carbenes from carbones. In addition, carbene and carbones can also
be distinguished by considering their reactivity towards nucleophiles as well as their
'3C NMR chemical shifts. This chapter also deals with the recent studies carried out
on ylide stabilized carbenes which possess excellent electron donation abilities.
However, the ylide substituted carbenes are found to be ineffective towards activa-
tion of small molecules like H, and NH; due to the absence of a suitable low-lying
m-acceptor orbital at the carbene centre.
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Abstract The unique electronic distribution in carbodiphosphoranes has attracted
the attention of chemists early since their first isolation. These molecules can be seen
as two simultaneous ylide functionalities localized at the same carbon atom; thus,
their central carbon possesses two perpendicular electron pairs available for coordi-
nation. Recent theoretical studies point that the bonding situation in these compounds
is best described using a captodative model; that means, in terms of donor acceptor
interactions L—C«—L. Hence, carbodiphosphoranes can be seen as C(0) atoms
stabilized by two flanking phosphines. Although not always free of controversy, the
fact is that this analysis is extremely useful to predict and understand the reactivity of
carbodiphosphoranes of different structure as well as that of analogous molecules
such as carbodicarbenes, carbon suboxide, and mixed systems. This chapter reviews
theoretical and experimental research on carbodiphosphoranes C(PR3), and related
compounds of formula C(L), as both, free molecules and ligands in transition metal or
main group coordination complexes. Special emphasis will be given to highlight the
unique reactivity derived from localizing two electron pairs at the same carbon atom.

Keywords Carbodicarbenes - Carbodiphosphorane - Catalysis - Coordination
chemistry - Ligand design - Main group chemistry
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1 Introduction: The Electronic Structure
of Carbodiphosphoranes and Related Species

In 1961, Ramirez succeeded in synthesizing the first ever isolated carbodiphosphorane
(Ph3P),C (1) as a yellow crystalline solid, which is indefinitely stable when kept under
Ar atmosphere [1]. In this seminal paper Ramirez and coworkers described the bonding
situation in this compound as a resonance hybrid between structures 1A (cumulene) and
1B (bisylide) (Scheme 1). The detailed analysis of resonance structure 1B is especially
instructive; two electron pairs are localized at the central carbon atom. As first recog-
nized by Kaska, this leads to an alternative and very unique description of 1 as a
coordinatively unsaturated carbon-based complex 1B’, in which the carbon atom is in
the formal oxidation state of zero and the two flanking phosphine ligands donate electron
density to this atom as they would do it to metal centers [2].

This analysis, in conjunction with other unexpected observations such as the
strongly bent P-C—P bond angle determined by X-ray (140°) [3], or the observed
triboluminescence of 1 [4], immediately attracted the attention of many research
groups, who studied their reactivity towards organic reagents and metallic frag-
ments, as well as the influence of structural changes on their electronic properties and
reactivity [5—12]. Probably, the most crucial report published in these early times of
carbodiphosphorane chemistry was the one of Schmidbaur, in which the first gem-
dimetallated derivative of a carbodiphosphorane was characterized [7]. The synthe-
sis of 2 was only possible by the intelligent selection of AuCl as a linear, sterically
non-demanding metal fragment. Importantly, the isolation of that compound

PhyPs PPy =—= PPl JPPhy = PP o PP1s

o
1A 1B 1B’

Scheme 1 (Top) Conceivable resonance structures of 1. Compound 1 can also be described using
a captodative model. Thus, 1 is also a biphosphine carbon(0) complex. (Bottom) Molecular
structure of 1



Synthesis, Structure, and Reactivity of Carbodiphosphoranes. . . 27

highlighted for the first time the weight of resonance form 1B on the electronic
structure of carbodiphosphoranes, since it is the only resonance structure able to
adequately explain this reactivity. In 2002, Vicente and coworkers were able to
obtain the first X-ray structure of a gem-diaurated derivative of 1, compound
3 (Fig. 1) [13].

The next breakthrough in carbodiphosphorane chemistry came from the Frenking
group shortly after Vicente’s publication. In a series of papers orientated to unveil the
true electronic distribution in 1, they carried out in-depth computational analyses, in
which Kaska’s original hypothesis was validated [14—16]. Frenking and coworkers
concluded from these studies that carbodiphosphoranes should be better described as
consisting of two phosphine ancillary ligands coordinated to a central zero-valent carbon
atom. Two orthogonal lone pairs available for coordination, one of 6-symmetry and the
other depicting a strong n-character correspond to the HOMO-1 and HOMO orbitals,
being both mainly localized at the zero-valent carbon atom (Fig. 2). This analysis
explains the cumulus of experimental evidences collected to date; namely, the already
mentioned highly bent structure of carbodiphosphoranes, their excellent donor proper-
ties and their ability to bind up to two transition metals at the central carbon. Moreover,
through the calculation of the first and second proton affinity, these authors offered for
the first time a tool to quantify the C(0) character of different species, which is
fundamental to compare and predict their reactivities.

Soon after these theoretical studies were published, carbodiphosphorane chem-
istry underwent a renaissance. Keeping in mind the captodative formalism already
described, it was only a small step to recognize that the substitution of the flanking
phosphines by other commonly used ligands such as carbon monoxide, isonitriles, or
N-heterocyclic carbenes should lead to new types of “carbon complexes” (carbones
following the nomenclature proposed by Frenking). The answer to this query incited
the reinvestigation of several already known compounds and the synthesis of new
ones. For example, Fiirstner revisited cumulenes 4-6 and demonstrated that 6 could
be diaurated and therefore it has C(0) character; however in 4 and 5, the n-acceptor
character of the flanking CO or isonitrile ligands favors the delocalization of the
original n-electron pair at carbon onto these groups and hampers the coordination of
a second metal center. Remarkably, the divergent reactivity of the cumulenes
studied, which puts clear borders to what can be considered a C(0) compound,
could still be interpreted using a captodative bonding model (Scheme 2) [17].

Fig. 1 (Left) Diaurated MesP __PMe,
complexes 2 and 3 and G
(right) X-ray structure of 3 Au-Au

Me Me

2
PhsP< __PPh

3T 3 pe
M

Alu-Au

Cl Cl
3
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Fig. 2 Frontier molecular orbitals in hexaphenylcarbodiphosphorane 1 (HOMO, left; HOMO-1,
right)

Simultaneously to this study one or even both flanking phosphines were formally
exchanged by prototypical poor n-acceptor ligands that were not available at the time
the first carbodiphosphorane was prepared: N-heterocyclic carbenes (NHC). Thus,
the concept was extended to “carbophosphinocarbenes” 10 and “carbodicarbenes”
11-12, demonstrating the scope of the bonding model developed (Scheme 3) [18—
23]. It is worth mentioning that dimetallation of carbodicarbenes has proved to be a
difficult task, probably due to the steric requirements imposed by the short C(0)-C
(NHC) bond (double protonation of these species is much easier); however, the
differences between carbodicarbenes and typical allenes are obvious already after
monometallation: carbodicarbenes bind the metal in 711 fashion, whereas allenes
prefer to coordinate metals along the n-system in a ° mode [24, 25].

Taken together all experimental evidence accumulated during the past years, the
defining characteristics of carbon(0) species can be resumed as follows:

— All these compounds show strongly bent L-C-L angle which deviates substan-
tially from 180°, the one expected for typical allenes.

— Moreover, their valence electrons are teamed up in the form of two electron pairs
mainly localized at the carbon(0) atom, which depict strong Lewis base charac-
ter. Both pairs should be available for coordination or at least for protonation.
This can be verified theoretically by high first and second proton affinities (PAs).

Along this chapter a general perspective of the research done in the area will be
presented, making a special emphasis on the description of situations in which the
particular electronic distribution of the C(0)-center is essential to either isolate
elusive species or to explain the reactivity (and catalytic activity) of the resulting
system. The detailed theoretical study of the electronic distribution in these com-
pounds and their heavier analogues is not within the scope of this chapter; it has
been already discussed along a previous chapter in this same volume ([26—30], in
addition, see [13]).
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Scheme 2 Influence of the “internal ligand” nature on the coordination properties of cumulenes
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Scheme 3 Selected examples of “carbophosphinocarbenes” and “carbodicarbenes”
2 Synthesis of Carbodiphosphoranes and Carbodicarbenes

Since the publication of the synthesis of 1 a relatively high number of carbodi-
phosphoranes depicting different substitution patterns have been prepared and some
of them even structurally characterized by X-ray diffraction. These compounds can be
classified into acyclic and cyclic ones. Acyclic carbodiphosphoranes 13-19, 21-22 and
carbodiarsenane 20 have been mainly prepared following three general methods. In the
case of symmetric per-aromatic substituted compounds, Ramirez’ synthesis is the most
adequate: reaction of dibromo—/diiodomethane with two equivalents of the desired
phosphine followed by double deprotonation of the intermediate diphosphonium salt. If
the desired carbodiphosphorane is asymmetric such as 14-17 or 22, the first phosphine
can be made to react with excess of CH,Br, to obtain an intermediate bromomethyl-
phosphonium salt that later can be condensed with a second phosphine. Finally, alkyl
substituted carbodiphosphoranes are more adequately obtained by double alkylation of
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methylene-bridged diphosphines and subsequent deprotonation with appropriate bases
such as NaNH, (Fig. 3) [31-37].

Several cyclic carbodiphosphoranes have also been synthesized by Schmidbaur and
coworkers 23-25. Compound 23 was prepared following Ramirez methodology by reaction
of 1,2-bis(diphenylphosphanyl)benzene with CH,Br, followed by deprotonation. Aliphatic
derivatives 24 and 25 were prepared by reaction of methylenebis(diphenyl)phosphine with
the corresponding 1,n-dibromoalkanes (n = 2-4) affording the corresponding cyclic
diphosphonium salts, which were deprotonated with strong bases (normally (CH;3);P=CH,)
to produce the desired carbodiphosphoranes [38—41]. Embedding the carbodiphosphorane
moiety into a six- or seven-membered cyclic scaffold does not disturb the natural P-C-P
bond angle, making the isolation of these species uncomplicated. However, in five-
membered rings the strain introduced in the P-C—P angle is much higher. This is probably
the reason why 23 shows considerable thermal lability towards isomerization already at
room temperature.

It was not until Baceiredo formally substituted all alkyl/aryl substituents by
dialkylamino groups that thermally robust cyclic carbodiphosphorane 29 was
isolated and its coordination chemistry studied [42]. The same group has recently
extended the concept from P- to S-ylides, being able to isolate and structurally
characterize the first C(0) moiety supported by a P,S-bisylide scaffold 32
[43, 44]. Carbon(0) species stabilized by S(II), Se(Il), and S(IV) such as 36 have
also been recently isolated by Fujii and coworkers (Scheme 4) [45].

As already mentioned in the introduction, an obvious extension to this chemistry consists
of the substitution of one or both phosphine termini by NHCs. However, the synthetic routes
leading to the preparation of carbodicarbenes and carbophosphinocarbenes differ substan-
tially from those used for carbodiphosphoranes. For example, to avoid side reactions derived

+ +
MeyP?__PMe, PhsPL__PR, P(o-Tol);MeX__P(o-Tol),Me
13 R = Me, 14 18
Et, 15
Pr, 16
: N
Bu, 17 !
N —
PR + * + * + o+
MePh,P__PPh,Me  PhyAs__AsPh, (MeaN)sP_P(NMe);  PhsP< _R-Ph
== =< == == Ph
19 20 21 22
Ph -~ Ph
N Ph Ph
+P” +P_ Ph _ - A,
Ph Ph U o - e &
Ph” Ph
23 24 25

Fig. 3 Prototypical acyclic 13-22 and cyclic 22-26 carbodiphosphoranes and mixed P,S- and S,
S-bisylides 27 and 28
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from the higher basicity of N-heterocyclic carbenes when compared with phosphines,
Bertrand found it more convenient to first prepare the parent methylene-bridged
bisimidazole skeleton 37, which after N-alkylation followed by deprotonation afforded the
desired carbodicarbene 11 (Scheme 5a) [19]. An alternative and more general route to
carbodicarbenes, which also avoids the use of free carbenes, has been subsequently reported
by Ong and coworkers. The key step of this synthesis consists of the reaction of a methylthio
(imidazolium) salt 39 with either a Wittig ylide or an N-heterocyclic olefin to afford the
protonated carbone precursor. Simple deprotonation with excess of KN(SiMes), produces
the desired carbophosphinocarbene 40 or carbodicarbene 41 species (Scheme 5b) [21, 22].

Bearing in mind the precedents regarding cyclic carbodiphosphoranes and the
experimental C=C=C angle in 11 (134.8°), Bertrand and coworkers also attempted
with success the synthesis of cyclic carbodicarbenes, which they named bent
allenes 44 and 47. The route used to prepare the first member of this family of
compounds is shown in Scheme 6a [46]. Of special interest when analyzing the
bonding situation in these compounds are resonance structures 44B and 47B, which
suggest that bent allenes are potentially four-electron donors. In fact, double
protonation of these species at the central carbon is possible [47]. It must be
mentioned however that the description of compounds 44, 47 and analogue as
bent allenes has generated controversy; some authors have pointed that the ground
state of 44 and related molecules is better described by zwitterionic structure 44C
where the allenic character is residual if any [48, 49].

A similar synthetic route to the one used for the preparation of 44 has been
applied with success to obtain the corresponding four-membered analogue structure
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Scheme 4 Prototypical acyclic carbon(0)-containing molecules stabilized by mixed P,P-, P,S-,
and S,S-bisylides 29, 32 and 36
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Scheme 6 Synthesis of bent allenes 44 and 47

47, which could be isolated as a surprisingly thermally stable crystalline material
(Scheme 6b) [50].

Very recently, a new breakthrough in carbodicarbene chemistry has been
reported through a joint effort of the Bertrand and Stephan groups. These authors
designed a carbodicyclopropenylidene system, 49, which is just a hydrocarbon; yet,
its central carbon atom can be protonated twice and forms #'-complexes with Lewis
acids, both typical characteristics of a carbon(0) center [51]. An X-ray structure of
49 is still not available; its geometry, however, has been calculated to be almost
linear (Scheme 7).

3 Donor Properties of Carbodiphosphoranes

Although the comparison of the electronic properties among ligands of very
different structure and bonding properties using only a single parameter is not
always adequate [52], the Tolman electronic parameter (TEP) still remains as the
most common method used to compare donor/acceptor abilities [53]. Note,
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Scheme 7 Synthesis of Ph Ph
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however, that in the case of C(0)-based ligands the situation is even more complex
since there are, a priori, two electron pairs that could be used for donation to the
metal center. Thus, the TEPs measured will reflect the result of the complete
bonding interaction but the discrimination between the relative contributions of
the o- and n- components to the net donation will not be possible. In addition, the
available data have been collected using Ni, Mo, and Rh scales, and the IR spectra
were not always recorded under identical conditions, making the direct comparison
of the data available not always straightforward.

Figure 4 compiles the values for selected [RhCI(CO),L] complexes, by far the
largest experimentally available data set. It also includes a series of selected amino
(ylide)carbenes 50 and NHCs 51-55 for comparison purposes [54—57]. The obvious
conclusion from this figure is that carbodiphosphoranes and carbodicarbenes share
the area of the Tolman stereoelectronic map reserved for the strongest donors. They
clearly surpass all other known neutral ligands in this regard. Bent allenes are only
slightly weaker donor ligands and occupy the second position in the rank followed
by NHCs and phosphines (not shown). It is worth also mentioning that the TEP
values for carbodiphosphoranes, carbodicarbenes, and many other typical ligands
have been theoretically calculated. The values obtained, although different in
absolute magnitude to the experimental ones, lead to identical rankings [52, 58].

An alternative methodology to determine the global electron density donated by the
ligand has been proposed by Gandon and coworkers employing X-ray diffraction data of
LGaCl; complexes instead of spectroscopic ones. They argue that according to Bent’s
rule, the atomic s character in main group elements tends to concentrate in orbitals
directed towards electropositive groups, while the p character concentrates in orbitals
directed towards electronegative atoms [60—62]. Hence, in the model Ga complexes the
stronger the donor ligand is, the higher p character of the Ga orbitals pointing to the
chlorides will be. As a result, for strong donor ligands the pyramidalization of the Ga
atom should increase, or what is the same, the sum of the Cl-Ga-Cl angles (X¢j.Ga-c1)
should decrease [63]. As can be seen by comparison of Figs. 4 and 5, the data obtained
by Gandon’s method and those based on IR spectroscopy afford very similar rankings of
ligands. The small discrepancies observed are probably due to the influence of crystal
packing forces on the conformation of these relatively flexible molecules.
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4 Applications of Carbodiphosphoranes
and Carbodicarbenes in Main-Group-Element
Chemistry

The use of C(0) species in the area of main group chemistry is not new; however, it
was only recently recognized that the double donation (c- and n-) of these ancillary
ligands could be used to stabilize otherwise elusive, low coordinated main-group-
based compounds. In this regard the isolation of the first dihydrido borenium cation
61 by hydride abstraction form adduct 60 was essential, as it probed the validity of
this strategy for the preparation of unconventional electrophilic species (Scheme
8) [64].

That seminal work was continued by Petz and coworkers, who were able to
isolate the dicationic olefin 63 by alkoxide abstraction from 62 [65], and also by
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Ong and coworkers, who prepared the first ever characterized dicationic borohy-
dride 65 employing the less sterically demanding carbodicarbene 64, as ancillary
ligand (Scheme 9) [66].

The possibility of simultaneous ¢- and w-donation from carbodiphosphoranes to the
same Lewis acidic center is not limited to second row elements. Vidovi¢ and coworkers
have demonstrated that carbodiphosphoranes are also useful ancillary ligands for the
stabilization of two-coordinated P(II) di- and trications. For example, in compound 67,
which was prepared by chloride abstraction from cationic 66, the central phosphorus
atom accepts n-electron density from the carbodiphosphorane as manifested by the P—
C-P-N torsion angle of only 9° and the shortening of the C—P bond distance if compared
with 66 (Scheme 10). Interestingly, when the less sterically demanding carbodicarbene
11 is used as ancillary ligand, even the tricationic dicoordinated P species 69 could be
isolated and structurally characterized [67—69].

Independently, Alcarazo extended the range of application of this double inter-
action to elements of the fourth row such as Ge(Il) centers, being able to isolate the
dicoordinated cation 71 by chloride abstraction from adduct 70 [70]. Here again, the
P—C-Ge-Cl torsion angle of 8° suggests efficient overlap between the C and Ge
n-orbitals, as was later confirmed by DFT calculations (Scheme 11, right side).
Because the efficiency of the orbital overlap between the n-systems of the carbon

n donor

Ph3P>> Ph,P \@@ [> Phsp@ O

—|®

Ph,P: / Ph;P \H
PhsP 3
¥ csdonor O O
lMezs-BHg
PhsP PhsR
)—BH, B(CeFo)s +)>~BH2 )> ~BH, | HB(CF o),

1eq.

Ph,P q

60 61

Scheme 8 (Top) Synthesis of the dihydroborenio cation 61; (Bottom) X-ray structure of its
cationic part, and HOMO of the molecule showing the stabilizing interaction between the
n-systems of the C and B atoms
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Scheme 9 (Top) Synthesis of the dicationic borohydride 65 and (bottom) ORTEP representation
of its cationic part

(0) atom and that of the element directly attached diminishes for heavier atoms, the
stabilization provided by the & dative C — E bond gets also reduced in these cases.
This seems to be the reason why during the attempts to synthesize the Sn
(IT) analogue of 71, dimeric species 73 is isolated instead. In this case the stabili-
zation energy provided by a plausible n1(C—Sn) bond is relatively weak and for this
reason it is overridden by dimerization of the transient Sn-cations with concomitant
formation of two chloride bridges between the Sn atoms.

In this regard it is worth to mention the very unique situation of beryllium dichloride
complex 74. A priori, it would be expected from BeCl,, a second row-based fragment
having two vacant valence orbitals, to participate in tC — Be-donation. However, the
P2-C1-Bel1-CI2 torsion of 41.4°, which is probably caused by the steric interaction
between the chlorides and the phenyl substituents, makes the p-orbital overlap quite
unfavorable. On the other hand, the short C1-Bel bond distance (1.742(9) A) combined
with the size of the carbodiphosphorane moiety prevents the formation of putative
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Cl-bridged dimeric structures (Scheme 12) [71]. Hence, 74 remains as a monomer
although it cannot substantially benefit from simultaneous c- and n-donation.

Also very informative is the analysis of the structure of carbodiphosphorane-
halonium complexes 7578, which is included in Fig. 6 [72]. Comparison of the
Cl-halogen bond length with those of NHC derivatives 79-82 reveals a significant
elongation of this bond in carbodiphosphorane derivatives, probably as a conse-
quence of the repulsion between the filled p-orbitals of the halogen and the carbon
atom. In NHC derivatives this destabilizing interaction is not present making the
bond length shorter [73—78]. The same effect, although less pronounced in magni-
tude, can be observed when comparing [1-SAr]* and [NHC-SAr]* cations (Ar=p-
tol) [79, 80].

Along the preceding pages, only examples in which the C(0) ligand donates two
electron pairs to the same main-group Lewis acid have been reviewed. Given the
electronic structure of carbones, the coordination of these ligands to up to two main
group-based Lewis acids should be expected as well, in the same way that it
happens with some transition metals. However, to date only one complex depicting
this coordination mode has been reported 83 [81]. Probably, the steric demand of
tridimensional ER,, groups is determinant to hinder the attachment of two of these
fragments at the same carbon atom. In 83 this problem is solved by the formation of
a hydride bridge, which ties together the two boron atoms, thus reducing their steric
demand (Scheme 13).

This section about the coordination of carbones to main group elements will not be
complete without an analysis of the structure of compound 84 [82, 83]. This Fe-complex
was prepared by reaction of carbon disulfide with Fe(II) tetrafluoroborate in the presence
of etriphos 85. As can be seen in Scheme 14, a carbodiphosphorane moiety bonded to
two sulfur atoms can be identified as a fragment in the coordination sphere from iron
(shown in red). No mechanism for the formation of this compound is proposed by the
authors; however, consecutive attack of two phosphines to the central carbon atom of a
Fe-activated carbon sulfide seems to be a plausible pathway. Free ligand 86 or any other
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3 —
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Scheme 12 Synthesis and X-ray structure of 74
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chalcogen analogue has never been isolated; the typical products obtained by reaction of
carbones with elemental sulfur being thioketones such as 87 [84].

5 Carbodiphosphorane- and Carbodicarbene-Transition
Metal Complexes

As in the case of coordination to main group elements, three possible coordination
modes can be envisaged for carbone-transition metal complexes; all them having
been experimentally confirmed: (1) the central carbon atom donates only two
electrons and therefore it behaves as a strong c-donor ligand; (2) both electron
pairs serve to bind the same metal center through simultaneous ¢- and nt-donation,
or (3) the electron pairs localized at the C(0) center are used to coordinate an
electrophile each, affording geminally dimetallated complexes. Most of the known
complexes of carbodiphosphoranes and carbodicarbenes belong to the first group
described; relevant examples 8899 are shown in Fig. 7. It is not within the scope of
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Scheme 14 Synthesis and X-ray structure of 84 and synthesis of 87
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this chapter to discuss in detail all these complexes because the mode of coordina-
tion that they exhibit is not specific of C(0) species [85-90]. An exception will be
made however, if the extraordinary c-donation from the ligand influences the
catalytic activity of the resulting complex. These cases will be discussed along
the next section of this chapter.

Regarding the second mode of coordination, it could be argued that some wt-interaction
should be present in any carbodiphosphorane/carbodicarbene metal complex. However,
this C — M m-donation is usually marginal. Even in the coordinatively unsaturated Ni
complex 100, the carbodiphosphorane ligand has been calculated to act as a nearly
exclusive c-donor [59]. Rhenium compound 101 is one of the few exceptions in which
double o- and n-donation from the carbodiphosphorane unit to the metal is documented
[91]. No calculations are available to support the m-interaction; however, a comparative
analysis of the X-ray structures of 101 and the isolobal rhenium carbene 102 clearly
suggests its presence. In 102 the Re1-C1 and Re1-C2 bond distances are 1.869(9) A and
2.114(9) A, respectively, while in 101 the Rel-C1 bond length was determined to be
1.991(7) A [92]. Taking together, this value, which is intermediate between a single and
double C—Re bond, and the highly oxidized nature of the Re(VII) center, the authors
concluded that a significant Re=C double bond character should be present in 101 (Fig. 8).

Arguably, the most unique coordination mode of carbones is that in which each
from both electron pairs at the formal C(0) atom coordinate a metal center. Several
structures of this type are known employing mainly low sterically demanding linear
AuCl fragments and were commented earlier along this chapter [7, 13, 17, 93]. In
fact, it was the possibility to isolate these gem-dimetallated complexes that first
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Fig. 7 Representative examples of carbodiphosphorane- and carbodicarbene-transition metal
complexes in which the C(0) atom mainly acts as o-donor ligand
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attracted the attention of many researchers on this field. On the other hand, the use
of carbones as platforms for the synthesis of heterobimetallic species is even more
provocative. These complexes might be interesting from a structural point of view
since they possess a new architecture to study metal-metal interactions; moreover,
their applications in the area of cooperative bimetallic catalysis can be envisaged.

The first heterobimetallic complex derived from a carbodiphosphorane, complex
103, was not reported until 2009. To achieve such an architecture, the authors
designed a carbodiphosphorane ligand containing two pendant phosphines, which
were first used to trap a Pd(Il) center affording chelate 104. In the second step 104
was made to react with one equivalent of AuCl obtaining the desired bimetallic
complex 103 [94]. The X-ray structure of this compound confirms the coordination
of the central carbon atom to both metal centers, being the Au atom nearly
perpendicular to the Pd coordination plane (Aul-C1-Pdl angle of 86.80(11)°).
Additionally, the Pd-Au separation of only 2.8900(3) A, shorter than the sum of
both van der Waals radii (3.29 A), indicates a d®~d'? interaction between the two
metals (Scheme 15).

A similar strategy was followed by Fiirstner and coworkers to prepare dimetallated
carbodiphosphoranes containing Au and Cu centers [37]. Firstly these authors synthe-
sized ligand 22 containing a pendant pyridine moiety and subsequently, they made it
react with Ph;PAuCI in the presence of NaSbFg to give complex 105 in which the Au
atom coordinates the C(0) center. This complex was able to intercept CuCl affording
106 (Scheme 14). In 106 the Cu atom is tightly bound to the central carbon of the ligand,
the Cu(1)—C(1) bond length of 1.981(5) A being only slightly longer than the one found
in closely related complexes 90 and 91. In addition, the Cu atom also coordinates the
nitrogen of the pyridyl rest, and there is a weak metallophilic interaction between Cu and
Au, with a Cul-Aul bond distance of 2.8483(10) A (Scheme 16).

Kubo and Mizuta have also exploited a similar strategy to the one already described
to obtain carbon(0)-bridged Pt,Ag, clusters. In this case a pincer carbodiphosphorane
framework was constructed by successive cyclometalation reaction of 1 with a half
equivalent of [Me,Pt[p-SMe,]], in the presence of PEt; to produce complex 107, with
subsequent release of methane (Scheme 15). Reaction of 107 with an equimolar amount
of AgOTf afforded 108 in which, apart from the expected Pt «— C(0) — Ag dative
bonds, Pt(II)-Ag(I) and Ag(I)-Ag(I) interactions are observed [95]. Cluster 108 is quite
labile and rapidly reacts with phosphines causing the cleavage of the tetranuclear core
and formation of dinuclear species such as 109, in which the phosphane coordinates the
vacancy available at silver (Scheme 17).
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Fig. 8 Simultaneous o- and z-interaction in carbodiphosphorane-transition metal complexes
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6 Application of Carbon(0) Compounds on the Activation
of Small Molecules

Given the exceptional nucleophilicity of carbon(0) species, which surpasses the
values reported for amines, phosphines or even N-heterocyclic carbenes, and the
possibility to modulate their steric demand, these compounds are well qualified to
act as based in the framework of frustrated Lewis pairs chemistry. In fact, the
combination of 1 and B(C¢Fs); at low temperature generates a quite reactive
frustrated Lewis pair able to activate H-H, Si—H, C-O, and even C-F bonds
(Scheme 18) [96]. It worth to mention that the first cleavage of C-F bonds
employing the concept of frustrated Lewis pair chemistry was achieved using
carbodiphosphorane 1 as base.

Quite interesting is also the report of Stephan about the reduction of CO, to CO
employing Et;P as stoichiometric reductant [97]. As can be observed in the proposed
catalytic cycle reproduced in Scheme 19, an in situ generated carbodiphosphorane
species acts as catalysts. After optimization a TON of 24.8 could be achieved.
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7 Application of Carbone Ligands in Transition Metal
Catalysis

The opportunities offered by carbones in catalysis arise from their ability to increase the
electron richness of the metal they coordinate. Thus, if in a hypothetical catalytic cycle
the step that determines the rate is facilitated by an increase of the electron density at the
metal, then an acceleration of the whole process is expected by their use as ancillary
ligand. Interestingly, this situation is relatively often found; common elementary steps
such as oxidative addition belong to this category and are thus fostered by electron rich
metal centers. Apart from this, the use of strongly donating ligands can also be
determinant for the stabilization of the catalytic active species along the whole cycle.
This increase of catalyst robustness should not be underestimated; in fact, it might be
decisive for the design of a catalyst with practical utility.

A case where this last influence is determinant is the Cu-catalyzed Michael addition
of anilines to acrylonitrile, which is one of the seminal catalytic applications of a
carbodiphosphorane-containing metal complexes (Scheme 20). Most probably com-
pound 116 improves the catalytic performance over NHC-Cu(I) analogues by providing
a more efficiently stabilization of the catalytically relevant species 117 [84].

The electron richness of carbodiphosphoranes can also be employed to influence the
product outcome of a catalytic cycle. Scheme 21 shows how the cycloisomerization of
eneallene 118 can provide different ratios of mixtures containing the [2 + 2] and the
[3 + 2] cycloadducts 119 and 120a/b, respectively. Interestingly, an increase in the ratio
of 119 was observed as the metal becomes more electron rich [98]. This can be
explained as follows. An electron rich gold template, such as the one provided by
precatalyst 121, could make the carbon adjacent to Au from the vinyl rest more electron
rich and therefore, it favors the direct vinylation/demetallation via pathway I. In
contrast, the catalyst derived from Ph;PAuCl is more electron deficient; thus, it prefer-
entially induces the attack of the carbon atom bearing the two methyl group substituents

Ph3P
PPy me r Hé<ceF5)3
110P“3P HB(CeFs); \
PPh,
1+ B(C6F5)3_P>hsP O_(Cst)a
* ol ),
PPh, X PhyR
phsp)\/\x B(CeFs)s ohge CsHi1 FB(CFs)s

114;X =0
115; X = (Me),C

Scheme 18 Reactivity of the frustrated Lewis pair form by mixtures of 1 and B(C¢Fs)3
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217 ZnX%
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HPEt, |
+ O+
Et;P{_ PEt; co,
T 15
co
Et,PL__PEt,
N
ZnX,
PEt,
Et;P=0

EgP%O
R ¢

Scheme 19 Reduction of CO, to CO promoted by carbodiphosphoranes
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Scheme 20 Seminal application of carbodiphosphorane ligands in catalysis

via IL In this case cyclopentenes 120a/b are delivered by a formal [3 + 2] cycloaddition
followed by migration of a methyl group [99]. The picture is certainly more complex
when diaurated carbodiphosphoranes are used as catalysts since dual activation mech-
anism could be also operative [98].

Finally, the strong c-donation of carbodicarbenes has been employed even more
efficiently to prepare interesting catalysts. In this regard it needs to be mentioned
the work of Stephan in hydrogenation [100], the one of Ong in cross-coupling
chemistry [21], and the one of Meek in hydroarylation reactions [101-103]. This
research is compiled in another chapter of this book and therefore will not be
discussed here.
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Scheme 21 Ligand influence over the cycloisomerization of enallene 118

8 Conclusions and Outlook

The presence of two electron pairs around the central carbon atom in carbodicarbenes
and carbodiphosphoranes makes them unique ligands in coordination chemistry. Due to
this characteristic, these species can formally display three coordination modes, namely
o-donation (using only one electron pair), 6- and n-donation (to the same metal/Lewis
acid) and double 6-donation to two different acceptors, which can be identical or not.
This versatility multiplies the range of possible applications of these compounds.

However, up to now carbodicarbenes and carbodiphosphoranes have been mainly
employed for the stabilization of coordinately unsaturated species, and to some exten-
sion for the synthesis of a series of metal complexes, whose catalytic activities may
overcome those of NHC-analogues. Hence, most of the potential of C(0)-based ligands
remains unexploited. The synthetic applications of dimetallated carbodiphosphoranes
are completely underdeveloped, and the cooperative effect invoked by the presence of
two (different) metal centers in close proximity has never been exploited in catalysis. In
addition, the synthesis of enantiomerically pure carbodicarbenes/carbodiphosphoranes
and their subsequent use in asymmetric catalysis would be desirable. It is therefore not
adventurous to say that the most interesting applications of carbone chemistry are still
to come.
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Abstract Carbodicarbenes are a special class of bisylidic CL, compounds, the
so-called carbones. Carbones are divalent carbon compounds, in which a four-
electron carbon atom in the oxidation state of zero is bound by two o-donor ligands
L via donor-acceptor interactions, resulting in the formulation L—C(0)«L. In
carbodicarbenes (CDCs), the L ligand is a N-heterocyclic carbene (NHC) or any
other singlet carbene species. Comparable to “classical” bisylides, CDCs possess
two lone pairs of electrons at the central carbon atom, thus making them stronger
o-donors than conventional carbenes like NHCs. These unusual donor properties
make CDCs unique and highly potent ligands for transition metals and catalysis.
This chapter summarizes the exciting developments of the last 10 years in CDC
chemistry. A concise overview of this new class of carbone compounds is given by
summarizing the synthesis of different CDC frameworks as well as their application
in transition metal chemistry and homogenous catalysis.
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1 Introduction

The search for interesting electronic and bonding configurations in carbonic species
has always been an important theme in organic chemistry. The best-known examples
of carbonic species are carbenes, where the carbon atom contains a free electron pair.
The most Common members of this class of divalent carbon compounds are cyclic
(alkyl)(amino)carbenes (CAACSs) and N-heterocyclic carbenes (NHCs) (Scheme 1a).
The distinct electronic structure of singlet carbenes engenders them with a strong o-
donating ability, which has allowed them to play a key role in the field of coordination

(a) Different Types of Carbogenic Compounds
A B

I m carbon (1l N m carbon (0)
R/ \R m one lone pair L/ L ®two lone pairs
carbene carbone
RANNR RN e
\=/ NHC” “NHC
NHC CAAC carbodicarbene (CDC)

(b) Resonance Structures for Carbone Species

B, B, B;
R R R R R
SNa~_~nR < L, o N S N AR
R/C_C_C‘R <—>R/C\%)_/C~R - ,(QD'}C\.C./C*@R HR/C&CjC‘R
P 60 .C.

Electronic 'Push-Push' situation from the
carbenes leads to polarization.

Scheme 1 (a) Carbene A versus carbone B. (b) Resonance Lewis structures of carbone
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chemistry and catalysis [1-3]. Seminal efforts in developing NHCs and other strong
carbon ligands have led to the generation of another remarkable class of nonconven-
tional carbon bases, the carbones CL, consisting of a bent dicoordinated carbon atom
[4-8]. In general, carbones can be viewed as compounds with a divalent carbon atom
in an oxidation state of zero. Here, the central carbon atom possesses four electrons and
is flanked by two neutral donor ligands L that supply the remaining electrons to fulfill
the octet rule.

Carbodicarbenes (CDCs) are one of the main carbone subgroups. Therein, the
coordinated ligand units (L) in their respective scaffolds are NHCs or other common
carbene ligands. Scheme 1a illustrates the atom connectivity in CDCs in comparison
to carbenes. The Lewis resonance description of carbodicarbene can be written in
several forms (By, B, and B3 formalism). In By formalism, the CDC could be strictly
regarded as a traditional allene with an sp. hybridized central carbon containing two
orthogonal n-bonds. However, in reality, CDCs have a nonlinear C—-C—C skeleton
with electron configuration more closely resembling B, and B3 formalisms. This is
due to an electronic polarization resulting from the push-push substitution from
both flanked units. In an extreme form of B3, the CDC behaves like a dicarbanionic
resonance form and manifests a feature more like a captodative bonding model of
transition metals, a departure from the classical Lewis electron sharing description. In
this case, the central carbon accepts a dative o-donation from its flanking carbon units
rather than covalently sharing electrons in the bonding. Thus, the flanking carbon units
can be formally treated as a singlet carbene subunit, datively donating its lone pair to
the central carbon atom. It should be noted that this dative model description of
carbodicarbenes has its share of controversy and criticism, which was brought up by
Himmel, Krossing, and Schnepf [9-11]. Also the “classical” covalent ylidic bonding
situation of Bj is valid to describe the chemical character of CDCs particularly their
bent structure and the presence of two lone pairs of electrons at the central carbon
atom. The latter is probably the most striking feature of CDCs, which promises a new
coordination behavior and complementary reactivity with respect to ubiquitous NHCs.
The aim of this “chapter” is to highlight several recent advances in the development of
CDCs and similar species. In addition, this article also describes several attempts to
make known CDCs and their implication in both main-group chemistry and catalysis.

2 Preparation and Properties of Carbodicarbenes

The term “carbodicarbene” was firstly proposed by Frenking and Tonner in 2007
in their theoretical studies, predicting that these divalent carbon(0) compounds
flanked by two NHC fragments should be stable enough for being synthesized and
isolated [5]. These calculations indicated that free stable carbodicarbene (CDC) could
be isolated based on the two simple computational model systems, 1-Hy and 1-Mey
(Scheme 2). Interestingly, the energetically most stable geometry of 1-H,4 was proposed
to exhibit — in contrast to parent allene H,C=C=CH, — a nonlinear C—-C—C angle of
125.8° with bond lengths of 1.359 A and two NHC planes with a torsion angle of 81.6°.
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Scheme 2 (Left) Predicted Las9A
C(NHCQ), structures of 1-Hy H \ H .
and 1-Mey at the BP86/ l\\l\cz/f/\c,l\/]
TZ2P level of theory. Q/N/\ e ,\N\/>
(Right) HOMO and H H
HOMO-1 of 1-Hy, lone pair 1Ha HOMO (x type)
orbitals (some pictures =
adapted from [5]) HaC CH, f‘
\N\C"/'\C/\'C”\/l
N 7 (g
"CH3H,C” HOMO-1 (o type)
1-Me,

Orbitals representing the two lone pairs at
the central carbon atom of 1-H,

Analogously, the 1-Me,4 form with methyl substituents should feature a C—C—C angle of
131.8° with bond distances of 1.358 A. The loss of classical sp. hybridization in 1-H,
and 1-Me, resulted in molecular orbitals of - (HOMO-1) and n-symmetry (HOMO)
localized at the central carbon, which indicates the presence of two electron lone pairs.
The existence of two lone pairs at the carbon atom in carbodicarbenes was evidenced
by high first (292.3 kcal/mol) and second proton affinities (168.4 kcal/mol). This
theoretical prediction by Frenking and Tonner has inspired many research groups and
served as foundation for the developments in the preparation of CDCs in the following
years. Apart from the synthetic challenge, CDCs also promised a high potential as
auxiliary ligands for metal complexes, potentially rivaling their NHC counterparts for
distinct reactivities where the strong o-donating feature of CDCs could prove advanta-
geous. Additionally, the prospect of geminally coordinating two metal centers has broad
implication to many fields of organometallic chemistry and catalysis and thus led to
special research interest.

2.1 The First Free Carbodicarbenes

The groups of Bertrand and Fiirstner first undertook the synthetic challenge to
replicate the theoretical prediction of Frenking and Tonner and prepare a stable
free carbodicarbene (Scheme 3) [12, 13]. Bertrand prepared the corresponding CDC
4 containing benzimidazoline-2-ylidene as the donating ligands. The synthetic route
for CDC 4 started from methylene-bridged benzimidazole 2. N-alkylated reaction
of 2 could be performed with 2 equivalents of MeOTT to afford conjugate acid 3.
Twofold deprotonation of conjugate acid 3 by strong potassium base afforded free
CDC 4 (32% yield) (Scheme 3) [12]. The structure of 4 was confirmed by single
crystal X-ray diffraction analysis and showed a highly nonlinear C—-C—C moiety,
which clearly confirmed to the electronic structure of B3 (see Scheme 1). The bond
distance of 1.343(2) A with an angle of 134.8(2)° along the C—C—C moiety was in
agreement with the computational values by Frenking and Tonner. The structural
parameters clearly showed that carbodicarbene are uniquely different from normal
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Scheme 3 First known stable carbodicarbenes and complexes thereof

allenes. In this work, Bertrand also defined compound 4 as a “bent allene” although
its reactivity was found to be significantly different from the reactivity behavior
of normal organic allenes. For example, in the Rh complex 5, the metal binds
to CDC 4 in an ;'-mode, while a conventional allene would coordinate to the
metal in »” manner via the C=C n-bond. The low IR carbonyl stretching frequency
of 5 (2,052 and 1,976 cm ') indicated a stronger donor ability of 4 compared to
most known NHCs. In the same year, Fiirstner and coworkers also studied the long-
known tetradimethylaminoallene 6. Compound 6 is a moisture-sensitive compound
and readily reacted with Ph;PAuCl/NaSbFg to furnish gold complex 7. Again,
complex 6 displays an 7'-binding mode of the ligand to the metal, indicating its
unique nature compared to traditional allenes [13]. It should be noted that allenes
typically coordinate to a metal via a n? coordination mode which thus distinguishes
them from CDC ligands.

2.2 CDC with Symmetrical Supporting L Units: Scaffold’s
Variety

Despite of the potential of CDCs as effective o-donating auxiliary ligands for metal
complexes, the use of CDC for such purposes was not seen for many years after
the first isolation in 2008 (CDC 4). This was also due to the fact that compound 4
and its metal complexes have very poor solubility in organic solvents, which
frustrated subsequent experimental efforts. More importantly, there was a notable
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lack of variability to the framework of CDCs that is essential for modulating the
catalytic activity and selectivity of the catalyst.

Ong and coworkers’ work represents the first attempt to expand the collection of
acyclic CDC’s beyond methyl pendant arms since the isolation of the first CDC. The
Ong group devised a synthetic strategy based on modification of the pendant group
at nitrogen to both increase solubility and broaden the scaffold diversity of CDCs
[14, 15] (Scheme 4). The work has focused on the development of CDC scaffolds
derived from a bis(benzimidazole-2-yl)methane bearing isopropyl (12a) and
cyclohexyl (12b) pendant arms [14]. The synthesis begins with nitroaniline pre-
cursors 8a and 8b to make diamine 9a (isopropyl) and 9b (cyclohexyl), respectively.
Subsequently, reaction of the diamino substrates with diethyl malonate afford bis
(benzimidazole-2-yl)methanes 10a and 10b which are then transformed to the CDC
precursor salts 11a,b via areaction with either CH3I or MeOTTf. The deprotonation of
11 afforded the moisture-sensitive CDCs 12a and 12b in good yields. Fortunately,
the solubility of CDCs 12 was greatly improved in organic solvents.

The molecular structure of 12a was elucidated by single crystal X-ray diffraction
analysis studies. It also displayed a bent C—C—C moiety with a bond angle of 136.6
(5)° and short bond lengths of 1.335(5) A. The structural parameters of 12a are
comparable to the first CDC isolated by Bertrand, illustrating that sterically demand-
ing isopropyl pendant arms on the framework did not make any significant change
to the CDC structure. The two benzimidazoyl planes in 12a are twisted by 71° from
the typical perpendicular arrangement found for normal allenes. The coordination
ability of carbodicarbene 12 toward metal complexes was also examined by means
of rhodium carbonyl palladium allyl complexes 13 and 14a (Scheme 5) [14]. The
molecular structures of the metal complexes have been determined: the metal-
carbone bond distances were 2.109(2) and 2.123(2) A in Rh complexes 13a and
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8a (97%) 8b (80%)
R R
R R CH,(COOE) N N
2! 2
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—_— —_—
EtOH or toluene 2,6-dichlorotoluene
NO, RT NH; reflux
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R 2TfO R R R
1 1 \ .o )
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MeOTf KHMDS 7 5
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Scheme 4 Synthetic routes for CDC 12
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Scheme 5 Coordinated CDC Pd and Rh complexes

13b, respectively, and 2.101(4) A in the Pd complex 14a. These metal-carbon bond
distances are slightly longer, which could be attributed to steric hindrance invoked
by CDC.

2.3 Preparation of Unsymmetrical CDCs

Ong and Chen continued to construct carbodicarbene scaffolds with the goal of
generating a carbone center bearing two unsymmetrical ligand units. The introduc-
tion of modular scaffolds to the CDC framework would greatly advance the tun-
ability and, as a result, the potential use of these ligands in catalysis. The synthetic
strategy outlined in Scheme 6 utilized an Sy2 route to construct unsymmetrical
CDCs [15]. To this end, the N-heterocyclic olefin (NHO) 17 was selected as a
nucleophile, together with the thioether containing 19 as the electrophile (the
thioether is considered a good leaving group). Compound 17 and 19 reacted very
smoothly to afford the unsymmetrical CDC precursor 20 in good yield (56%). The
free CDC 21 was eventually obtained in satisfactory yield (73%). A series of CDC
frameworks (22-25) could thus be prepared modularly and with ease via this Sy2
route.

In this work, the diversity of CDC structures expanded beyond benzimidazole-
related NHC to comprise an Arduengo NHC (24) and PPh; (25) in the framework.
Structure analysis of CDC 24 bearing the IPr carbene unit revealed unequal C—C bond
distances of 1.318(3) and 1.344(3) A. The shorter bond is located to the benzimid-
azole fragment, thus indicating a more effective n-interaction. The C—C—C bond angle
(146.11(19)°) is less bent than that found in other CDCs because of less electronic
repulsion from the two electron lone pairs. The molecular structure of 25 with
an PPh; ligand showed a P—C bond length of 1.6435(12) A, which is shorter
than normal P-C single bonds (1.8 A). This is in agreement with the carbodip-
hosphorane structure reported by the groups of Alcarazo and Fiirstner (P-C bond
length = 1.6398-1.6416 A) [16].
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Scheme 6 Synthetic strategy based on Sy2 route for preparing the unsymmetrical CDCs 21-25.
(a) Sy2 strategy, (b) Library of CDCs

2.4 Cyclic Carbodicarbenes

Incorporating a C=C=C moiety into a five-membered cycloalkane ring presents a
synthetic challenge due to unfavorably high-energy ring strain resulting from the
large C—C—C angle. Bertrand postulated that electronic push-push substitution to
favor the CDC structure over the allene structure within the system could reduce the
ring strain by inducing deviations from the classical allene geometry [17]. To test
this hypothesis, the synthetically easily available 3,5-diaminopyrazolium salt 27
was examined as a possible precursor to generate a five-membered cyclic CDC or
bent allene 28 (Scheme 7). The four amino groups within cyclic CDC 28 could
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Scheme 7 Cyclic carbodicarbenes based on five-membered ring

potentially provide effective n-donor conjugation to offset the ring strain. Indeed,
deprotonation of the precursor 27 using n-butyl lithium base yielded 28-Li adduct,
but free cyclic CDC 28 could not be obtained without the use of Li. In contrast,
cyclic CDC 30 was successfully isolated by exchanging the exocyclic pendant groups
to aryloxy moieties, i.e., to weaker n-donors than the amino analogues. CDC 30
contained an extremely acute C—C—C angle of 97.5° with longer C—C bond distances
of 1.370 and 1.386 A (Scheme 7) [17]. Interestingly, the two nitrogen and two oxygen
centers in 30 were found to be coplanar with the C—C—C allenic fragment. The
n-donation from lone pairs at oxygen of compound 30 played a key role, as evidenced
by the very short O-C bond distances (1.358 and 1.347 A). Computational analysis
rationalized that exocyclic delocalization by the 3,5-substituted donor enhanced the
stability of cyclic CDCs. The aromaticity stabilization of endo-nitrogen atoms within
pyrazolium played a lesser role [18]. Nonetheless, Christl and Engels have argued
against the bent allene formalism in 30 as the most stable ground state but stated
that the ground-state structure should contain aromatic conjugation stabilization
[19]. The group proposed that the cyclic CDC should be described as a “zwitterion
derived from pyrazole” as depicted by Lewis structure 30'. However, Bertrand and
coworkers defended their formalism as an intuitive nomenclature classification of the
compound to avoid any further confusion in the chemical community [20].
Subsequently, Bertrand, Melaimi, and Frenking continued to prepare a more
strained four-membered cyclic CDC 32 in the absence of aromatic stabilization within
the ring (Scheme 8) [21]. The '*C NMR signals for the central and terminal carbon
atoms in allene moiety appeared at & = 151 and 185 ppm, respectively. The unstable
nature of CDC 32 prevented any further structural analysis. Computational studies
on the BP86/def-SVP level of theory found that the energy-optimized geometry of 32
features a very acute C—C—C bond angle of 85.0° and co-planarity of the ring carbon
atoms and two nitrogen centers. The reaction of [Rh(cod)Cl], or [Ir(cod)Cl], with 32
afforded the corresponding solid 5'-complexes 33 and 34, respectively, thus providing
evidence of a less allenic nature of 32 but its CDC character. The average IR stretching
frequency of iridium carbonyl complex 36 was found to be about 2,002 cm ™', which
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Scheme 8 Cyclic carbodicarbene based on a four-membered ring

was at the lower end of the range of strong donors such as abnormal carbenes
(1,999-2,020 cm™ ). The molecular orbital analysis also disclosed that the central
carbon atom exhibited the largest coefficients of HOMO and HOMO-1 at the central
carbon atom, literally implicating the existence of two lone pairs of electrons at the
central carbon atom which were 6- and m-symmetric, respectively. The theoretical
analysis and the CDC character were further supported by a successful double proto-
nation of cyclic 32 via addition of tetrafluoroboric acid.

2.5 Pincer-Type Carbodicarbenes

To extend CDCs to multidentate systems, Meek and coworkers developed the
tridentate P-C—P carbodicarbene ligands 39, which unfortunately could not be isolated
in free form. The corresponding CDC precursors 38, 1,4-diazepenium salts, were
obtained in good yields via phosphination of substrate 37 with PR,Cl in the presence of
Et3N. The salts 38 could directly be converted to the square-planar Rh complexes 40
using [Rh(cod)Cl], and NaOMe as base (Scheme 9) [22]. Addition of AgBF, to
complex 40 afforded cationic compounds 41, which were used for crystal structure
analysis. The Rh-CDC bond distance is around 2.043 A, but the Rh-NCMe bond
length of 2.029 A is slightly longer than literature-reported values, showing a strong
trans influence induced by the CDC.

Ong and coworkers also reported pincer CDC ligands with bis(pyridine) units
covalently linked to the pendant arms of the CDC. The synthetic work derived from
their previous work [14, 15] on CDC was employed to prepare the N-C—N scaffold.
The synthesis of the dicationic salt 46 (pincer-type carbodicarbene precursor) started
with a commercially available 1-iodo-2-nitrobenzene (42) (Scheme 10) [23], which
was aminated with 2-aminopyridine in the presence of a palladium catalyst followed
by a hydrogenation step to furnish diamine 44 in good yields (92%). The diamine 44
could subsequently be easily converted to the dicationic salt 46 in two steps, which
eventually afforded the stable free pincer CDC 47 after deprotonation. The allenic
moiety in 47 featured bond lengths of 1.333(2) and 1.324(2) A, which were similar
to those of monodentate CDC (see above). In contrast, the C—C—C bond angle was
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Scheme 10 Synthesis of pincer carbodicarbene 47 with N-C-N coordination sites

found to be rather large (143.6°) with an almost orthogonal torsion angle between
the NHC planes (84°), which suggested some allenic character in 47. Computational
studies using the TopMod program were performed to understand this phenomenon.
“TopMod” is a computational program used to study the electron density of bonding
and lone pairs by performing the electron localization function (ELF) analysis of a
molecular structure. The valence basin near this central atom of 47 was found to
contain an electronic population with a value of 1.54 e, displaying a pronounced
CDC character at the central C atom of the pincer CDC. However, it also behaved
more like an allene with less significant electronic population. This is likely due to
the electron-withdrawing pyridine potentially diminishing the carbone character in
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the CDC framework. Pd complex 48 supported by the pincer CDC ligand could be
obtained by the reaction of PdCI, with the dicationic salt 46 in the presence of K,CO;
with heating. The structure of 48 consisted of a cationic palladium center with a
square-planar environment of tridentate NCN and chloride coordination. The
Pd-CDC bond distance of 1.973(3) A is shorter than in the non-pincer CDC-Pd
complex 14a (2.101(4) A).

2.6 Acyclic Carbodicarbenes Supported by Benzoxazol-2-
Ylidene

In addition to the NHC-based CDCs, Bertrand and Ruiz examined the more
n-accepting benzoxazol-2-ylidene moieties as supporting ligand units for possible
CDC preparation. The synthetic route of CDC precursor 50 is depicted in Scheme 11
[24], which has similarities to the acyclic CDC 4 (see above). The strong metal base
potassium bis(trimethylsilyl)amide (KHMDS) was used to deprotonate compound
50 to afford dimer 52 at room temperature, but no product related to expected
free CDC 51 was observed. Free CDC 51 was only seen at —40°C by 'H NMR
spectroscopy, which then quickly dimerized to compound 52 at temperatures above
—20°C. The dimerization is exothermically favorable with —99.0 kJ/mol based on
theoretical analysis. The electronegativity of the oxygen atom in the benzoxazol-2-
ylidene fragment unit has actually made the carbone center more electrophilic for
the dimerization process. As a consequence, this allowed the intermolecular attack
by another CDC molecule. The proposed hypothesis is consistent with the
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Scheme 11 Synthesis and reactivity of carbodicarbene 51 based on benzoxazol-2-ylidene subunit
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experimental evidence that potassium fert-butoxide reacted with the cationic pre-
cursor 50 to give 53. Nonetheless, the highly reactive 51 could be trapped by
complexation of [Ir(cod)Cl], to afford complex 54, which was further transformed
into 55 by treatment with carbon monoxide. The average carbonyl stretching
frequency was about 2,009 cm ™' and corresponded to a Tolman electronic param-
eter (TEP) of 2,037 cm™!, which is a weaker donor than normal CDC but is still
stronger than typical NHCs (2,040-2,055 cm ™ ').

2.7 Nontraditional Carbodicarbenes

Stephan and coworkers have prepared a nontraditional CDC supported by flanking
cyclopropenylidene units. Starting from compound bis(1,2-diphenylcyclopropen-3-
ylmethane 56, they could effectively produce a conjugate acid of CDC precursor 57 in
76% yield by using two equivalents of trityl tetrafluoroborate (Scheme 12) [25]. The
molecular structure of 57 indicated that both three membered rings are canted with
each other by an angle of 16.5° arising from steric restrictions imposed by axial phenyl
groups. The distances of the central carbon atom to the adjacent rings are 1.378(3) A
and 1.381(3) A, respectively, supporting the presence of a 3-center 2-electron (3c-2e)
n-bond. The free CDC 59 can be obtained by deprotonation of 57 using a strong metal
base. Unfortunately, CDC 59 was only stable at low temperature thus only allowing
NMR characterization. Stephan and Frenking calculated the structure of 59 based on
DEFT at the M06-2X/Def2-SVP level and found that the central carbon is in an almost
linear environment (179.98°) with short C—C distances of 1.308 A. The natural bond
analysis pointed out that the HOMO and HOMO-1 orbitals are delocalized on the
central carbon with double bond character along C—C—C moiety, thus suggesting an
allenic character. Experimentally however, the conjugate acid 57 can be further
protonated at the central carbon using an excess HOTT to form the methylene bridged
dicyclopropenium salt 58, confirming the CDC character of 59. The synthesis of ;'-
Lewis acid-base adducts of B(C¢Fs); 60 and GaCl; 61 confirmed its strong binding

Ph Ph [Ph.CI[BF,] H BF, Wy 2TO
M (2.0eq) PhV)T\V _Hott W
— >
o/ HH p,  -HBF,, 2 PhyCH
Ph Ph
56 57
KHMDSlEtZO -45°C
lle3 BCGF 60
only stable at low temperature GaCl; 61

Scheme 12 Carbodicarbene 59 flanked with cyclopropenylidene subunits
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ability for Lewis acid components. Both complexes have C—C bond distances of
~1.39 A observed between the flanking carbon and the central carbon, signifying a
more CDC type than allenic character. The molecular structure of the GaCl; adduct 61
featured a pyramidalization of the gallium center (£ ClGaCl) of ~320.7°, which
correlated with a Tolman electronic parameter (TEP) of 2,044.5 cm™ ! This indicated
that CDC 59 is a stronger donor than both NHCs and CAACs but weaker than other
CDC:s (see above).

As outlined by the different CDCs described in this section variation of their
structures allows for the controlled manipulation of their electronic structure and
donor properties. Overall, CDCs are extremely strong donor ligands which surpass
even NHCs and other singlet carbenes. For comparison, some of these features and
parameters of various carbodicarbenes and selected carbenes are again highlighted
in Table 1, thus underlining the unique properties of CDCs.

Table 1 Comparison of spectroscopic properties of CDCs and NHCs
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CDC 109.8-119.1 2,009-2,024 1.318-1.346 134.8-146.1
24 109.9 2,009 1.344, 1.318 146.1
25 64.4 - 1.338 143.0
30 115.5 2,027 1.370, 1.386 97.5
32 151.6 2,025 - -
51 105.5 2,037 - -
59 133.4 2,045 - -
I 220.6 2,045 - -
1I 224.9 2,045 - -

I 3344 2,045 - -
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3 Carbodicarbenes in Catalysis

Homogeneous catalysis using transition metal complexes supported by N-heterocyclic
carbenes is a common and mature field. Interestingly, endeavors involving CDC-based
catalysts have long been neglected since the first isolation of CDC in 2008. The groups
of Meek and Ong have been the first who employed CDCs as supporting ligands in
catalysis and thus applied the particularly strong ¢-donor properties of CDCs in this
direction. This section highlights the success in this chemistry thus demonstrating the
huge potential of this class of ligands.

3.1 Alkene Hydroamination and Hydroheteroarylation

The Meek group has demonstrated that pincer CDC Rh(I) complex 40 effectively
promotes intermolecular hydroamination of 1,3-diene substrates with various aryl
and alkyl amines with good regioselectivity (Scheme 13) [22]. As such, complex 40
(1-5 mol% loading) in the presence of AgBF, for halide abstraction was found
to catalyzed the hydroamination of phenyl 1,3-butadiene (S1-a) with p-CF; or p-
methoxy-substituted anilines (S2) to afford allylic amines (S4) with >98% y-selectivity
in high yield. Alkyl amines (S3) were also successfully applied in the hydroamination
process; however, higher temperatures (80°C) than for aryl amines (50-60°C) were
required to obtain good yields. Complex 40 also catalyzed the hydroamination of alkyl
diene substrates to deliver allylic amine products bearing di- or tri-substituted olefins
(up to >98% y-selectivity, S1-b, S1-c, S1-e). In addition, numerous functional groups

2 1-5 mol % 40 S4 (80-90 %
SN, S2 1-5 mol % AgBF, ( )
________________________
24-48 h RZ\N’RB
2
S1-a R Q.
N
NH | y 80 °C
R3
s3
S5 (70-90 %)
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o]
XX
A S N EtO XX
S1-d S1-e

$1-b S1-c

Scheme 13 Hydroamination of diene with amines using CDC-Rh complex 40
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are also tolerated with this protocol, as demonstrated by representative substrate
containing ester (S1-d).

In a remarkable study, Meek and coworkers utilized Lewis acids to improve
the catalyst reactivity by secondary binding to the carbon(0) ligand in a transition
metal complex thus making use of both lone pairs of electrons at the central carbon
atom. Rhodium complex 62 and its activated congener 63 were used to provide proof
to this concept (Scheme 14) [26]. Interestingly, the activity of the CDC-Rh pincer
complex 62 in the hydroheteroarylation reaction of dienes with indole and
heteroarenes could be considerably accelerated by adding LiBF, or other Lewis acid
salts. The reaction is highly selective with excellent yields (up to 98% yield and >98:2
v:a) for hydroheteroarylation of indoles and pyrroles (S6—S7). Mechanistic investi-
gation revealed that the Lewis acid reversibly binds in secondary fashion to the central
carbon atom of the coordinated CDC in the metal complex. This phenomenon of
secondary binding effect could be evidenced by reaction of complex 64 with HBF,.
The resulting protonation at C(0) center in complex 65 increased the IR stretching
frequency of the carbonyl ligand (2,016 cm™'), indicating a significant decrease in
n-back-donation and decrease in electron density at Rh. Such a secondary binding
feature has not been reported for other traditional ligands so far. The binding of the
Lewis acid creates a more electron-deficient Rh center in 63 and subsequently invokes
a more positive charge at the bound alkene thus resulting in a further activation. This
methodology was compatible with a variety of terminal and internal dienes containing
ester, alkyl halide, as well as boronate ester functional groups.

Lewis acid Activated CDC Concept
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Scheme 14 Hydroheteroarylation of diene with amines
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3.2 Carbon-Carbon Cross-Coupling Reaction

Ong and Hsu have examined carbodicarbene to explore the catalytic activity of the pincer
palladium complex 48 for the Mizoroki-Heck cross-coupling reaction (Scheme 15)
[23]. The coupling stilbene product S11 with different functional groups could be obtained
with aryl bromides or chlorides (S9) and styrene (S10) in high yields. The loading of
palladium catalyst was very low (0.5 mol%), and catalysis could be performed under
organic solvent-free conditions using aqueous media with ammonium salts. The flexibility
of catalyst 48 was also demonstrated in the Suzuki-Miyaura cross-coupling reaction
between boronic acids (S12) and aryl bromides (S13). In general, the yields for various
scopes of aryl bromide and phenyl boronic acid with electron withdrawing and donating
functionalities were excellent. In addition, the relatively hindered 2-bromo-1,3,5-trimethyl
benzene was also found to be a capable coupling partner with different boronic reagents.

3.3 Olefin Hydrogenation

Stephan’s group has probed cyclic CDC 30’s role in catalytic hydrogenation processes.
They postulated that strongly o- and zm-basic ligands would make the ruthenium
complex a highly active catalyst. Equimolar combinations of complex RuHCI(CO)
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Scheme 15 Carbon-carbon cross-coupling reactions based on Pd complex 48
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(CDC)(SIMes) (67) and Me;SiOSO,CF; gave Ru complex 68, which acts as a catalyst
for olefin hydrogenation (Scheme 16) [27]. It was further postulated that hydrogena-
tion activity could be increased if the halide ligand of the complex could be substituted
with a weakly coordinating anion, which could more easily generate an empty site
for effective binding. By doing so, quantitative hydrogenation of 1-hexene could be
achieved in 15 min with 0.01 mol% catalyst loading of 68 under 20 bar of H, pressure
at 25°C. Even unreactive alkenes like cyclohexene or the tertiary olefin 2-methyl-2-
butene were also completely hydrogenated within an hour. However, the methodology
employing 68 is not suitable for those tetra-substituted olefinic 2,3-dimethyl-2-
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Scheme 16 Olefin hydrogenation using carbodicarbene Ru complex 68
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butenes. To date, the hydrogenation reactivity of 68 is superior to that of other known
[NHC]-Ru and phosphine complexes like Ru(PCy3),(CO)HCI, Ru(SIMes)(PPhs)
(CO)HCI, and Wilkinson’s catalyst, RhCl(PPh3);. Several functional olefins (S15)
and styrene derivatives (S10) are also suitable for this reaction.

3.4 CO, Activation via Metal-Free Carbodicarbene Catalysis

The first application of CDCs in organocatalysis was reported by Ong and Chen
by means of the methylation of amines with CO, as C1 source [15]. The reaction
was performed in THF solution with diphenylamine (S17) and 9-borabicyclo[3.3.1]
nonane (9-BBN) under 1 atmosphere of CO, using 10 mol% CDC 24 catalyst to
afford N-methyldiphenylamine S19 in excellent yields of 90%. The substrate
library was extended to many secondary and primary aryl amines, all affording
the products in good yields. In addition, cyclic alkylamine such as piperidine
(S17b), morpholine (S17¢), and sterically hindered primary anilines (S18a) were
also readily methylated using metal-free CDC catalyst 24. The proposed mecha-
nism is illustrated in Scheme 17. Adduct 69 was found to be the crucial intermediate

RL _H Rl .C
N N
R? R?
8§17 B, 24 (10 mol%) s19

""" TN wmmeser L

toluene (0.5 m

RS _H RS _C
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Scheme 17 Methylation of amine via CO, fixation process catalyzed by carbodicarbene 24
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along the reaction pathway. Its formation could be evidenced by the stoichiometric
reaction of 24 with 9-BBN giving way to the 1,2 addition of the B-H bond across
one of the C—C bonds in the allenic moiety. 69 was thought to be a hydride
transporter in this process to reduce CO, to methyl. In short, this work impressively
showed for the first time the potential utility of CDCs also as organic catalysts for
the synthesis of valuable platform chemicals from renewable carbon feedstocks.

4 Conclusions and Outlook

Carbodicarbenes are a unique subclass of carbone ligands consisting of a divalent
carbon(0) center with two lone pairs of electrons coordinated by two o-donor
NHC/carbene ligands, which stabilize the otherwise electronic deficient carbon
center. The captodative bonding situation between the central carbon atom and
the flanking carbene ligands results in a unique chemical character of CDCs that
distinguishes them from classical allenes. Instead CDCs possess unusual electronic
properties, which lead to new reactivity patterns and a special coordination behavior
which also substantially differs from conventional NHCs. Thereby, the most prom-
inent feature of carbodicarbenes concerns their strong o-donor capacity. This makes
them even more electron-rich and thus stronger donors than NHCs and other
carbenes in general, which has impressively been demonstrated by the application
of CDCs in homogenous catalysis. Several key developments in carbodicarbene
chemistry have been made in the last 10 years, which provide foundation for more
interesting chemistry to come. This includes innovations in synthetic routes to allow
for a greater diversity in the framework of carbodicarbenes as well as the develop-
ment of applications in organocatalysis and as supporting ligands for transition
metal complexes and catalysts.

Despite these advancements in CDC chemistry, there is still room for improve-
ment in many directions, above all in the development of further (also stereoselective)
catalytic applications. Also, the electronic structure remains subject of controversial
discussions. While the electronic structure of carbodicarbenes described by a dative
model has proven useful to rationalize many chemical phenomena in carbodicarbene
chemistry, the covalent ylidic Lewis structure brought up by Himmel, Krossing, and
Schnepf [9, 11] also explains the special reactivity of CDCs. Thus, it remains a critical
task for many theoreticians and experimentalists to put more efforts in providing
more insights into the bonding of carbodicarbenes. Another challenge that remains
for both, the experimental and synthetic community, is the use of the second latent
lone pair at the central carbon in carbodicarbenes for synthetic applications. So far,
most applications only rely on the strong o-donation of CDCs, while the n-basicity
remains unused. The realization of processes employing the - as well as nt-basicity of
carbones would broaden their application in coordination with chemistry such as by
introducing cooperative effects invoked by bimetallic interactions.
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Sulfur Ylides in Organic Synthesis )
and Transition Metal Catalysis ot

Rik Oost, James D. Neuhaus, Jérémy Merad, and Nuno Maulide

Abstract Sulfur-based ylides have long been used for a number of classical trans-
formations, in particular for the synthesis of small ring systems and various
rearrangement reactions. By combining the unorthodox reactivity of such ylides
with the strength and flexibility of transition-metal catalysis, a growing number of
groups have in recent years looked to expand their application in organic synthesis.
This chapter aims to summarise recent developments in transition-metal-catalysed
sulfonium/sulfoxonium ylide reactions as well as to offer historical perspective. In
overviewing the successes in this area, the authors hope to encourage others into
this growing field.

Keywords Asymmetric catalysis ¢ One-carbon synthon ¢ Sulfonium ylides ¢
Sulfoxonium ylides * Transition-metal catalysis
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1 Introduction

Sulfonium and sulfoxonium ylides are versatile precursors for a diverse range of
chemical transformations. They are, for example, widely used as methylene synthons
in the formation of small rings such as cyclopropanes, epoxides and aziridines.
Sulfonium/sulfoxonium ylides can be visualised as carbanions, stabilised by an
adjacent positively charged sulfur atom. Their stability and reactivity are largely
governed by the nature of substituents adjacent to the carbanion; thus, electron-
withdrawing groups (such as ester, keto or amide groups) stabilise sulfonium/
sulfoxonium ylides and lead to more practical, bench-stable reagents. This additional
stabilisation is, however, accompanied by a marked reduction of reactivity. Recently,
sulfur ylides have been reported as versatile substrates in transition-metal catalysis, a
combination that vastly expands the potential of such ylides in organic synthesis. In
this chapter, recent advances in the field of transition-metal-catalysed reactions of
sulfonium and sulfoxonium ylides are highlighted, grouped into three broad sections:
carbene-free processes, reactions that employ sulfonium ylides as carbene precur-
sors, or reactions that form sulfonium ylides in situ from metal carbenoids for
cascade reactions.

2 Metal-Ylide Complexes

Sulfonium ylides are known to react with a variety of electrophilic substrates, in
particular electron-poor olefins. Simple olefins, however, are not attacked by even
the most nucleophilic ylides. Activation of these olefins by complexation with a
transition metal is a good strategy to increase their electrophilicity. However,
stoichiometric studies on such activation employing Pd(II) salts only afforded
metal-ylide complexes [1].

Sulfonium ylides can behave as ligands, due to the ability of the carbanion to
donate electron density to a transition metal. In the case of a-keto-stabilised ylides,
various binding modes have been reported, due to their ambidentate character
[2]. The coordination chemistry of these compounds has been intensively studied.
The more frequently observed carbanion coordination mode can be found in
complexes with Pd(Il) [1], Pt(ID) [1, 3], Hg(Il) [4], Cd{I) [5] and Ag(I) [6], whilst
enolate oxygen coordination is limited to a small number of complexes with hard
oxophilic metals such as W(0) [7].
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Although the coordination chemistry of sulfonium ylides to transition metals has
been extensively studied, to date, very few applications of these complexes to
synthesis have been reported. Pd(I) complexes with sulfonium ylide ligands can
serve as catalysts in Suzuki-Miyaura coupling of aryl bromides or chlorides with
aryl boronic acids [8—10] (Scheme 1). The same catalyst was also employed in the
Mizoroki-Heck coupling of aryl halides [11]. These complexes are efficient cata-
lysts and can be used in catalyst loadings as low as 0.05 mol%. Moreover, their
stability under aerobic conditions and ease of preparation makes them interesting
replacements for phosphine ligands. However significant development is necessary
before these ligands can be routinely employed.

3 Non-carbene-Based Transition-Metal-Mediated
Reactions of Sulfur Ylides

3.1 Sulfur Ylides as Single-Carbon Synthons in Formal
(n + 1) Cycloadditions

The first publication detailing the combination of sulfur ylides and transition metals
for the purpose of synthesis came in 1976 from the group of Norman Holy [12]. The
preparation of the cyclopropane derived from B-nitrostyrene 1 was unsuccessful
using palladium and diazomethane, and so investigations moved on to look at
achieving a Corey-Chaykovsky style cyclopropanation. When exposed to
sulfoxonium ylide 2, the B-nitrostyrene (1) was fully consumed, and only an amor-
phous solid was obtained. Although this solid could not be characterised, Holy et al.
decided to temper the reactivity of the sulfoxonium ylide through treatment with
stoichiometric copper iodide. This time when the B-nitrostyrene was introduced to a
solution containing the preformed Cu-sulfoxonium species, a smooth reaction
proceeded, without affording any of the amorphous precipitate. What was observed
following workup and purification, however, was not the expected (2 + 1)-Corey-
Chaykovsky cyclopropanation, but a five-membered 2-isoxazoline N-oxide 3,
resulting from a formal (4 + 1) process (Scheme 2). Following the Michael addition

MeZS+
o (R e
T
=
~-Br/C O/,
R{j/ + or 1 mol% or
%
DMF, 130 °C R
R R—()/\/

Scheme 1 Sulfonium ylides as ligands in cross-coupling chemistry
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1 2 3
1.0 equiv. 1.2 equiv. R=H 71%
R=Me, 64%

Scheme 2 The first Cu-promoted formal (4 + 1) cycloaddition

of the sulfoxonium ylide, 3-exo-tet, C-based ring closure to the cyclopropane was
less favourable than a 5-exo-tet, O-based ring closure.

Exploration of this process found that similar Michael acceptors did not behave
analogously, either resulting in polymerisation (cinnamonitrile and diethyl
benzylidenemalonate), cyclopropanation (chalcone), or the recovery of the majority
of the starting material (ethyl cinnamate and cyclohexenone).

A number of similar formal (4 + 1)-cycloadditions involving sulfoxonium and
sulfonium ylides have been reported over the following decades. They generally
involved the use of simple Lewis acidic or hydrogen-bonding catalysts to activate
systems for the initial conjugate addition event, often in an enantioselective
manner [13].

In 2012, the group of Bolm published a report involving a formal (4 + 1)
cycloaddition of a sulfonium ylide, catalysed by a chiral copper complex (Fig. 1)
[14]. By treating a-halo hydrazones (4) with a weak base, a simple elimination
reaction afforded highly reactive azoalkenes, which had been previously shown to
undergo conjugate addition reactions [15]. Bidentate coordination with a chiral
Cu-BINAP complex facilitated a controlled (4 + 1)-type process, which resulted in
the formation of enantioenriched dihydropyrazoles (5). The enantioselectivity of
the process ranged from good to excellent, over a wide range of substrates (Scheme
3). Furthermore the reaction was successful on a gram scale, reflecting the robust
nature of this chemistry.

In 2014, a conceptually distinct process emerged from the group of Xiao [16]. In
this report, the generation of a suitable coupling partner for the sulfonium ylide was
achieved through an asymmetric, decarboxylative Tsuji-Trost-like allylic
functionalisation. A range of enantioenriched 2-acyl, 3-vinyl indoles was
synthesised in this manner, tolerating electron-withdrawing, electron-donating
and halide functionality on the aromatic backbone and a broad scope of mono-
stabilised sulfonium ylides (Scheme 4).

The postulated mechanism for this transformation is relatively straightforward
(Fig. 2). Following oxidative addition of the Pd(0) species into the allylic C—O
bond, decarboxylation affords zwitterionic intermediate 6. Electrostatic interac-
tions then control the addition of the stabilised sulfonium ylide, affording the AAA
(asymmetric allylic alkylation) product chelated to the metal complex.
Decomplexation must occur to allow for bond rotations required to achieve the
stereoelectronic requirements for the ring-closing Sy?2 attack.

2014 saw the application of nucleophilic iron complexes to the decarboxylative
(4 + 1)-cycloaddition reaction by the same group (Scheme 5) [17]. Although the
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Scheme 4 Palladium-catalysed decarboxylative (4 + 1) cycloaddition for the asymmetric syn-
thesis of indoles

reaction was no longer asymmetric, high yields were achieved for a wide range of
substrates, and the excellent diastereoselectivity was maintained. The high abun-
dance and low price of iron catalysts, coupled with their low biological and
environmental impact, make them highly applicable for practical systems, which
have been reflected in a recent renaissance in Fe-catalysis [18].
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Scheme 5 Iron-catalysed decarboxylative formal (4 + 1) cycloadditions

Swiftly following the aforementioned publication was a Cu-based report, in
which instead of an asymmetric allylic alkylation, the propargylic variant was
accomplished (Scheme 6). The combination of copper triflate and a PyBOX ligand
achieved excellent yields and good to excellent enantioselectivity over a wide range
of substrates. Unlike the previous reports, it was found that generation of the
sulfonium ylide in situ from the readily available and bench-stable sulfonium salt
with Hiinig’s base afforded higher enantioselectivity [19]. Although the authors do
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Scheme 6 Cu-catalysed decarboxylative formal (4 + 1) cycloadditions

not propose a rationale for this observation, mechanistic work by van Maarseveen
has suggested that Hiinig’s base can play a key role in promoting the formation of
the active enantioselective multinuclear complex [20].

The mechanism (see Fig. 3) of this process is similar to the previously discussed
reports. However, the mode of activation by the transition-metal catalyst is subtly
different. Deprotonation of the Cu-complexed terminal alkyne affords copper
acetylide 7. Decarboxylation of this intermediate generates a copper-allenylidene
species, an intermediate exploited in a number of catalytic processes involving Ru
and Cu over the past decade [21].

In 2017 Doyle and co-workers demonstrated that sulfonium ylide cycloaddition
chemistry was not limited to just the examples described so far in this section. By
utilising enoldiazo compounds as three carbon synthons [22], they successfully
demonstrated the first transition-metal-mediated formal (3 + 1)-cycloaddition of
stabilised sulfonium ylides (Scheme 7) [23]. By employing a bulky BOX-ligand,
excellent enantio- and diastereoselectivities were observed.

Based on previous observations on the reactivity of enoldiazo compounds, the
authors proposed the mechanism outlined in Fig. 4. An active metal-carbenoid
species, generated from the enoldiazo precursor, is attacked at the vinylogous
carbon by the sulfonium ylide, followed by an intramolecular SN2 to generate a
Cu-cyclobutyl complex. The key copper-carbenoid 8 can also be generated from the
donor-acceptor cyclopropene 9, in identical enantioselectivity and yield as with the
enoldiazo precursor.

3.2 Transition Metals as n-Acid Catalysts

Both the Holy [12] and Bolm [14] methods detailed previously involve the addition
of nucleophilic sulfur-based ylides to electron-poor n-bonds in Michael-type reac-
tivity. Based on this encouraging precedent, a number of groups have investigated
the potential of using an external -acid to activate otherwise unreactive m-systems
to nucleophilic attack.
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OTIPS 2.5 mol% (CuOTf),.PhMe TIPSO CO,R?
Rl CO,R? + l]\/ 1 6 mol% L’
N, Ry ~F S CH,Cly, RT, 24 h R 0
1.2 equiv. 1.0 equiv. 12 examples
Selected examples:

TIPSO; CO,Me TIPSO COzMe TIPSO coeru 5 +Bu Q O tBu

me? =0 o) o)
| \

5 SR,

Ph Ph

Br L*
(74%, 97% ee, (86%, 96% ee, (73%, 73% ee)
>20:1 dr) 15:1 dr)

Scheme 7 Doyle’s Cu-catalysed asymmetric formal (3 + 1) cycloaddition

In 2012 two publications were released within months of each other from the
groups of Skrydstrup and Maulide, each detailing the synthesis of furans through
the combination of stabilised sulfonium ylides and unactivated alkynes. The first of
these, from the Skrydstrup group, used a cationic Au' complex to couple simple
terminal alkynes with mono-stabilised sulfonium ylides in an intermolecular pro-
cess, yielding 2,4-disubstituted furans (Scheme 8) [24].

The second involved the intramolecular cyclisation of doubly stabilised sulfo-
nium ylides, synthesised through an ylide transfer reaction [25], to generate a
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Scheme 9 Maulide’s intramolecular furan synthesis
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lactone-fused furan ring [26]. A similar catalyst was used to effect the transforma-
tion, and a number of different tethers were evaluated (Scheme 9).

The mechanisms proposed in these papers differ in the key cyclisation step
(Fig. 5). Following the activation of the alkynes to nucleophilic attack by the
n-acidic gold catalyst, and subsequent reaction with the nucleophilic sulfonium
ylide, a vinyl-gold species is generated (10 and 13, respectively). The Skrydstrup
group then proposed an initial expulsion of phenylmethylsulfide to generate gold-
carbenoid species 11, which can then be trapped in an intramolecular fashion to
form the five-membered ring (12), which then can easily undergo deauration to
afford the furan product. In contrast the mechanism favoured by the Maulide group
involves a rearrangement of the vinyl-gold species via a [3,3]-sigmatropic shift to
form intermediate 14, which can then undergo a 5-exo-trig cyclisation, expelling
the diphenylsulfide as part of the ring-forming step (affording 15), as opposed to a
preceding step, as proposed by Skrydstrup et al. Computational modelling carried
out by the Maulide group could not identify an energy minimum corresponding to
the free carbene, analogous to intermediate 11.

In the same publication, Maulide et al. showed that doubly stabilised ylides were
suitable starting materials for the synthesis of 2,3,4-trisubstituted furans via the
intermolecular Skrydstrup-based procedure (Scheme 10). However, higher temper-
atures were now required due to the reduced nucleophilicity of the ylide. Addition-
ally it was found that when the electron-withdrawing stabilisation was provided by
an allyl ester, the final products were able to rearrange via a [3,3] shift to furanone
derivatives (Scheme 11). The strength of the C=0 bond is seemingly sufficient to
counter the loss of pseudo-aromaticity in the process.

Whilst investigating these allyl-ester-based substrates, it was found that a com-
peting process involving activation of the olefin moiety was also operative. When
the external alkyne was removed from the reaction, the n-acidic Au-catalyst was
found to promote an intramolecular cyclopropanation reaction. In addition to
achieving good to excellent yields over a wide range of substrates, excellent
diastereoselectivities were observed when more highly substituted allyl-groups

Me R? R2 R2
L+
Ph/sx_, o} -SPhMe o] N+
Skrydstrup D) ——— | ‘} _— | "o
R N R! (| R'
+
[Au(L)] [Au(L)] [Au(L)]
10 1 12
O Me
Ph 0 Me o R o
Maulide 9] -SPh
RE = Jp =
(supported by DFT) 4 )
Au(L [Au(L)] L)Au
[Au(L)] sph (L) [(L)AU]
13 14 15

Fig. 5 Proposed mechanisms for furan formation
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Scheme 12 Maulide’s Au-promoted intramolecular cyclopropanation

were employed. With these substrates it also appeared that when X = O, both of the
starting materials represented in Scheme 12 afforded the same product, in similar
yields and near-identical diastereoselectivities. This observation was to have sig-
nificant mechanistic implications (vide infra).

Whilst diastereoselectivities were extremely high for these substrates, the prod-
ucts were necessarily produced as racemates. Following extensive mechanistic
studies [27], it was found that the use of cationic gold, complexed by a dimeric
chiral TADDOL-based phosphoramidite, could achieve the cyclopropanation in an
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enantioselective manner [28]. Starting from both the ‘linear’ and ‘branched’ iso-
mers, it was possible to synthesise the lactone-fused cyclopropanes in good to
excellent yields, near-perfect diastereoselectivities, and good to excellent
enantioselectivities (Scheme 13).

The proposed mechanism for this remarkable process (Fig. 6) relies heavily on the
aforementioned mechanistic paper [27] and consists of a domino deracemisation-
cyclopropanation sequence. As previously observed, the cyclopropanation of the
branched substrates (i.e. the mono-substituted alkenes) occurs more favourably than
that of the disubstituted ‘linear’ substrates. By exposing allylic p-keto esters to
Au-based m-acidic catalysts, equilibration of the ‘linear’ and ‘branched’ isomers
was observed by 'H-NMR. The mechanism for this interconversion involves the
formation of a six-membered intermediate (16), via attack of the ester carbonyl on
the Au-activated olefin. The consequent elimination (i.e. the reverse process) can
afford either the ‘linear’ or ‘branched’ isomer, the latter of which can be formed as
either enantiomer. The reversible attack of the carbonyl onto the olefin appears to be
the faster process. When the carbon-based attack occurs, the generated alkyl-gold
intermediate 17 can undergo a nucleophilic substitution to generate the cyclopropane
with simultaneous expulsion of the diphenylsulfide leaving group. The gold catalyst
selectively activates one enantiomer of the branched isomer, on just one face of the
olefin, and it is in this key step that the stereochemistry of each centre is set, in an
elegant dynamic kinetic resolution (DKR). As a result, the single chiral gold catalyst
is responsible for the formation of each of the stereocentres, through catalyst-
controlled deracemisation, enantioselective recognition and diastereoselective
cyclopropane formation.

Whilst, in these highly selective examples, the process is only applicable to
intramolecular cyclopropanation, the Maulide group has shown that certain highly
activated unsaturated partners can undergo intermolecular cyclopropanation
[29]. The coordinating effect of the enamide moiety in terminal allenamides allows
for successful cyclopropanation of the terminal double bond (Scheme 14). Evidence

O O
R1J]\n/u\o/\/"lﬂ R2 o
_S. 2.5 mol% [L*(AuCl),] R O
Ph™""Ph or 5 mol% AgNTf, \
",
o o R PhMe, 75 °C, 1-123 h X
R1 (0] > HZ
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Ph”"~Ph >99:1d.r.
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R M A
n| O © 2 o | O
H H H o Yeu
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Scheme 13 Domino deracemisation-cyclopropanation of sulfonium ylides
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Fig. 6 Mechanistic rationale behind the deracemisation-cyclopropanation cascade

Jus)

in support of this extra interaction was again provided in the form of computational
studies. Such a process provides an alternative to the use of diazo compounds for
the generation of similar structures.

In each of the previous examples, the sulfide acts as a leaving group, and
therefore the identity of the groups on the departing sulfide was of little conse-
quence (with the exception of the involvement of the phenyl group in the key
[3,3] sigmatropic rearrangement en route to furans [26]). The addition of suitable
nucleophiles to vinylic sulfonium salts has been used by the Aggarwal group as a
method of generating sulfonium ylides in situ for various onward reactions [30-
33]. In contrast, stabilised vinylic sulfonium ylides can be induced to transfer the
vinyl substituent from § to O, in a Smiles-type rearrangement (Scheme 15).
Reported by Maulide et al. [34], this process can occur either thermally or through
the use of a gold catalyst, although the E/Z selectivity is much lower in the thermal
variant. The mechanism proposed for this process involves nucleophilic attack
through the carbonyl substituent in a 5-exo-trig manner, followed by intramolecular
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Scheme 15 Au-catalysed [1, 4] vinyl migration

elimination of the sulfide. Deuterium labelling experiments were used to disprove a
6-endo-trig alternative. The enol ether products were subsequently subjected to
photocatalytic conditions and a number of onward reactions reported.

3.3 Sulfonium Ylides as C-S Activation Precursors

As mentioned in Sect. 2, the coordination chemistry of sulfonium ylides with
transition-metal centres has been extensively investigated. In the overwhelming
majority of cases, however, this analysis was restricted to structural elucidation
with no onward reactions investigated. In 2013, Maulide et al. demonstrated that the
coordination of stabilised ylides (generated through ylide transfer) to a number of
Pd(II) salts could promote the reductive cleavage of the S-Ph non-ylidic bond to
generate simple sulfide products [35]. Whilst the activation of the ylidic C—S bond
through carbene transfer to metals such as copper, rhodium and iridium (to be
discussed in Sect. 4) is well documented, this report represented the first selective
cleavage of a non-ylidic S—C bond. A number of ylides were cleanly converted into
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3-sulfenyl-indoles, 2-sulfenyl-pyrroles or a-sulfenyl-p-diketones, as depicted in
Scheme 16. Whilst the exact mechanism for this process remains unclear, mecha-
nistic experiments showed that the H-atom introduced into the indole ring does not
originate from the silane but more likely the acetic acid additive. X-ray crystallo-
graphic analysis revealed that coordination to Pd(I) significantly affected the
nature of both the ylidic and neighbouring bonds.

This concept of non-ylidic C—S bond activation has been further developed by
the group of Li [36]. By utilising simple mono-stabilised dimethylsulfide-derived
sulfonium ylides, an alkyne methylation reaction could be promoted by a Pd
(IT) catalyst. A wide range of terminal alkynes were methylated (Scheme 17), and
the authors also showed that a number of sulfonium ylides were suitable as coupling
partners, although only a methyl group could be transferred. In this paper a possible
mechanism involving oxidative addition into the S-Me bond was postulated. Nev-
ertheless beyond proving that a trideuteromethyl group was transferred without loss
of deuteration in a crossover experiment — discounting a Pd-carbene intermediate —
there is no concrete evidence in support of the proposed mechanism.

Despite the uncertainty as to the pathway by which the reaction proceeds, it
remains a highly interesting transformation as a simple S-alkyl bond has been
activated by Pd. Even simple S-Ar bonds are notoriously difficult to activate via
transition-metal catalysis without resorting to oxidation to sulfonyl chlorides [37],
transformation into a sulfonium salt [38] or use of directing group strategies
[39]. Sulfonium salts are increasingly being used as stable alkyl halide equivalents,
and this report suggests that a similar strategy is feasible with sulfonium ylides,
which, depending on the substitution pattern, can be simpler to prepare.

3.4 Photocatalysis Involving Sulfonium Ylides

In recent years there has been an explosion in the number of reports of reactions
promoted by photoactive catalysts, either by simple energy transfer to the reactants
or through photoredox catalysis [40, 41]. The nature of these photoredox catalytic
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=2 S—ph 10 equiv. AcOH N )
[’ PhMe,SiH Sl + Ph,SiMe,
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N A H detected b
1, iv. 2. iv. 1 I etected by
0 equiv 0 equiv. 3 examples GO-MS
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o L T B
CO,Et
P~ S>Ph

(81 %) (95%) (90%) (76%)

Scheme 16 Pd-catalysed sulfur-to-silicon group transfer
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Scheme 17 C-S activation for the methylation of terminal alkynes

cycles enables transformations that are completely unknown using classical chem-
istry or even conventional transition-metal catalysis. The range of these transfor-
mations, the relatively mild reaction conditions often employed and the high
functional group tolerance of such reactions are amongst the reasons behind this
surge.

To date, there has only been one report looking to combine the use of photo-
catalysts and stabilised sulfonium ylides, which takes advantage of the high stabil-
ity of the ylides in their ground state due to delocalisation of the formal anion. In
2016, Xiao et al. reported that, in the presence of a photoactive iridium complex,
sulfonium ylides of the general structure shown in Scheme 18 could be cyclised to
oxindoles through a formal C-H insertion reaction [42].

In contrast to previous studies involving the direct photochemical activation of
sulfonium ylides with UV light to generate free carbenes [43], the excitation of the
photocatalyst by blue LEDs generates an excited iridium species (termed [Ir]* in
Fig. 7, however in reality a cationic complex). This excited complex is thought to
then oxidise the sulfonium ylide to a highly reactive radical cation 18, which
rapidly reacts with the aryl ring to form five-membered-ring-containing intermedi-
ate 19. The following steps, involving elimination of dimethyl sulfide and reduction
to close the photoredox cycle, could feasibly follow either path a or path b.

4 Sulfonium and Sulfoxonium Ylides as Metal-Carbene
Precursors

Sulfonium and sulfoxonium ylides have been further used as carbene precursors in
transition-metal-catalysed reactions [44]. They are promising alternatives to diazo
compounds and may offer a more stable and safer alternative. The chemistry of
metal carbenoids, generated from diazo compounds, has found numerous applica-
tions in the field of organic synthesis. In particular, cyclopropanation and insertion
into C-H and X-H (X = N, O, S, P, Se) bonds have been extensively studied [45—
49]. The same chemistry can conceivably be accessed with metal carbenoids
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Fig. 7 Mechanism of the photocatalysed C-H insertion

derived from sulfonium and sulfoxonium ylides. However, the generation of metal
carbenoids from these compounds is much more challenging, especially because
the reverse reaction, i.e. the formation of sulfonium ylides from the combination of
metal-carbenoid species with sulfides, is both well studied and facile.



90 R. Oost et al.
4.1 Cyclopropanation Reactions

The first example of a metal-catalysed cyclopropanation using sulfonium ylides
was described by Trost in 1966 (Scheme 19a) [43]. The cyclopropane 21 derived
from cyclohexene and ylide 20 was obtained in only 5% yield. The major product
isolated was in fact 22, formed by cyclopropanation of a dimerised intermediate.
Following this report, Cohen et al. also demonstrated Cu(Il)-catalysed
cyclopropanation of olefins with diphenylsulfonium methylide [50]. The yields
are only moderate at 31-48%, although a significant improvement compared to
the work of Trost. No cyclopropanation of a dimerised intermediate was reported.
Later, in 1991, Julia reported improved yields of this reaction as a result of changing
the ligand on the copper from acac to pentacac (Scheme 19b) [51]. This allowed the
catalyst loading to be lowered from 44 to 15 mol%. The improved yield was most
significant when cyclohexene was employed as the olefin substrate, whilst for other
olefins only a slight yield enhancement was observed.

In 1999, Miiller reported the first example of an asymmetric metal-catalysed
cyclopropanation using sulfonium ylides (Scheme 20) [52]. Both Cu(I) and Rh(II)-
catalysts could be employed in the generation of the metal carbenoid from sulfonium
ylide 23. Only moderate yields were obtained when using the diphenylsulfonium
ylides however. When the dimethyl counterpart was used instead, generation of the
expected cyclopropanes was not observed. This pioneering report also provides a
direct comparison between diazo compounds and sulfonium ylides as metal carbene
precursors. In all cases, the reactivity of the diazo compounds is much higher,
leading to higher yields, but the same diastereo- and enantioselectivity is obtained
for each olefin, suggesting that a similar mechanism takes place.

Recently, the group of Gu reported a Fe-catalysed cyclopropanation of olefins
with trifluoroethylidenesulfonium ylide 24 (Scheme 21) [53]. Previously reported
catalysts such as Cu(acac), achieved only a 16% yield, whilst others like CuSO,4 and

o e Cuso,, O PhOC
Trost - > (}—COPh + COPh (a)
Ph)j\7é‘|v|e

PhOC

20 21 22
44 mol% Cu(acac),
Ph o
1 + . _R? 15 mol% Cu(pentacac), 4/,;2
1 1
H,C*~Ph R R

(} Me~~< Mo~~~ Me

Cohen: 35% yield Cohen: 39% yield Cohen: 48% yield
Julia: 86% yield Julia: 41% yield Julia: 58% yield

Scheme 19 Initial investigations towards the use of sulfonium ylides as diazo surrogates
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Scheme 21 Iron-catalysed carbenoid transfer to generate CF3-substituted cyclopropanes

Rh,(OAc), were not able to promote the reaction at all. A porphyrin-based (TPP)
FeCl catalyst was found to give the best results, and a wide range of styrenes could be
transformed into the CF3-cyclopropanes in good trans-diastereoselectivity. Unfor-
tunately, no alkyl substituted alkenes or 1,2-disubstituted alkenes could undergo this
cyclopropanation reaction.

The same group has recently extended the scope to the synthesis of
difluoromethyl cyclopropanes [54]. The same catalyst was used, but the reaction
conditions were slightly modified. In particular 20 mol% of Zn dust was introduced.
This additive is believed to reduce the Fe(IIl) to Fe(Il), which is the active
cyclopropanation catalyst.

4.2 Insertion Reactions into X—H Bonds

Insertion into polar X—H bonds represents another common transformation of metal
carbenoids. A number of sulfoxoniums have been used as precursors for this process,
although to date no sulfonium ylide has been successfully employed. The first
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example of such a reaction was described in 1993 by Baldwin and co-workers
[55]. They demonstrated that ring opening of lactams with dimethylsulfoxonium
methylide led to p-keto sulfoxonium ylides of type 25. Treatment of this ylide with
5 mol% Rh,(TFA), led to the desired 4-oxopyrrolidinone in 77% yield (Scheme
22a). However, the use of the same copper catalysts described previously by Trost,
Cohen and Julia did not furnish the N-H insertion product. The extension of this
method to y-lactams was also evaluated, and 5-oxopipecolic acid was produced in a
51% yield.

In 2009, Mangion and co-workers at Merck investigated a more general meth-
odology for the intermolecular N-H insertion of o-keto sulfoxonium ylides
(Scheme 22b) [56]. Treatment of a sulfoxonium ylide of type 26 in the presence
of aniline and 5 mol% Rh,(TFA),4 only gave 22% yield of the desired product. The
authors stated that the catalyst was deactivated by DMSO, which is released after
decomposition of the sulfoxonium ylide, a conclusion supported by a control
reaction involving the addition of DMSO prior to the reaction, in which the
previous reactivity was supressed. Much better results were obtained with ruthe-
nium- and iridium-based catalysts, especially [Ir(COD)Cl],. Under the optimised
reaction conditions, a range of primary and secondary amines, alcohols and thiols
could be applied to afford the insertion product in good yields (63-93%). In
addition, a range of intramolecular N-H insertion reactions related to the prior
Baldwin report could also be achieved with this catalyst in good yields (Scheme
22a).

In 2010, Mangion et al. extended this study to other catalytic systems, including
gold and platinum salts [57]. The reaction was even more efficient with AuCl
(SMe,) as catalyst, providing the X—H insertion products in a 94% yield. Alterna-
tive catalysts such as Pt(COD)Cl, and AuCl; afforded yields of around 80%.
Whilst, in reactions that employed [Ir(COD)CIl], as catalyst, the metal-carbenoid
intermediate could be observed by NMR spectroscopy, no direct evidence was
provided for a gold carbene intermediate. The authors proposed that the gold-
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Scheme 22 Rh- and Ir-catalysed X—H bond insertion reactions



Sulfur Ylides in Organic Synthesis and Transition Metal Catalysis 93

catalysed reaction follows the same pathway as the iridium-catalysed, rather than
via a simple Lewis acid activation.

An interesting application of the N-H insertion of sulfoxonium ylides was
disclosed by Merck in 2012 (Scheme 23a). The synthesis of MK-7246, a selective
CRTH2 antagonist with potential in the treatment of respiratory disease could be
achieved in eight steps [58]. The key step of the synthesis is the Ir-catalysed
intramolecular N-H insertion reaction of 27, which could be achieved in 83%
isolated yield to afford six-membered ring 28. The synthesis requires no chromato-
graphic purification and was scaled up to more than a ton scale in a pilot plant.

Also developed by Merck was the synthesis of MK-7655, a pB-lactamase inhib-
itor, again through N-H insertion of a sulfoxonium ylide (Scheme 23b) [59]. The
authors found once more that iridium catalysts are the most suitable for this
transformation and the N-H insertion product 29 was obtained in 87% yield.

Recently, the group of Shekhar reported the Ir-catalysed insertion of
sulfoxonium ylides into the N-H bond of 2-aminopyridine derivatives (Scheme
24) [60]. When [Ir(COD)Cl], was employed as the catalytic species, N-H insertion
to yield the PB-keto amine 30 was the favoured reaction pathway. When 1,10-
phenantroline was employed as ligand in the presence of NaOTf to generate a
cationic active catalyst, the major reaction product was now azole 31 which the
authors propose is formed through preferential reaction of the metal carbenoid at
the pyridine nitrogen, rather than with the free NH,.
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Scheme 23 Ir-catalysed N-H insertion in the synthesis of biologically relevant targets
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Scheme 24 Ligand effects in X—H insertion reactions

Similarly, the group of Hopmann reported the N—-H insertion of sulfoxonium
ylides into anilines, followed by one-pot acid-catalysed cyclisation to afford indoles
[61]. Reactions with aniline derivatives proceed through a cascade of carbenoid
formation, N-H insertion, imine formation, substitution and aromatisation to gen-
erate a range of indoles (Scheme 25).

4.3 Insertion Reactions into C—H Bonds

Whilst the insertion of metal carbenes generated from diazo compounds into C—H
bonds has been extensively described, only a limited number of examples of C—H
insertion employing sulfonium/sulfoxonium ylides have been published. To date,
the only report describing the successful use of sulfonium ylides for such a process
details the reaction of ylide 32 under rhodium catalysis (Scheme 26a) [52]. Only 9%
of lactone 33 was isolated whilst the majority of the starting material dimerised.
The same problem was observed by Mangion et al., when they subjected 34 to
iridium catalysis [56]. Cycloheptanone 35, which is the major product isolated from
when the diazo-analogue of 34 is used as the starting material was not found;
instead only dimerisation product 36 was isolated in 94% yield (Scheme 26b).

The group of Hopmann notably showed that enamines are suitable substrates for
C-H insertion with iridium carbenoids, derived from sulfoxonium ylides (Scheme
27) [61]. Combined with concomitant acid-catalysed cyclisation, the reaction
afforded a range of substituted pyrroles. The applicability of this method was also
demonstrated by the synthesis of the pyrrole subunit (37) of atorvastatin (Lipitor), a
cholesterol-lowering drug.

From this short section, it becomes apparent that C—H insertion is the poor
relation of N—H insertion and cyclopropanation when sulfur-based ylides are
employed. The key challenge here lies in the fact that sulfur ylides are more
nucleophilic than diazo compounds and will attack the metal-carbenoid complex.
This side reaction is much faster than a C—H insertion reaction and needs to be
overcome in order to develop a more general C—H insertion reaction employing
sulfur ylides.
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4.4 Miscellaneous Sulfonium-Derived Metal-Carbenoid
Reactions

Milstein and co-workers described the synthesis of metal-carbenoid complexes
employing sulfonium ylides as carbenoid donors [62, 63]. The method was applied
to various metals, such as rhodium, iridium, ruthenium and osmium as well as a
number of alkylidene units. These reactions were initially carried out using sulfo-
nium ylides in solution, but later polymer-supported sulfonium ylides were devel-
oped, allowing for the recycling of the sulfide. In both cases, diaryl sulfides were
used as leaving groups and gave good yields. Using this method, the first generation
Grubbs’ catalyst and Werner’s carbene could be prepared.

The use of sulfonium ylides in polymerisation reactions, via metal-carbenoid
intermediates, was demonstrated by de Bruin and co-workers [64]. When exposed
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to rhodium catalysis, dimethylsulfoxonium methylide was found to polymerise to
produce polymethylene in yields of 15-80%. The co-polymerisation of sulfonium
ylides with diazo compounds was also reported using the same catalyst.

5 Cascade Reactions Involving Transition-Metal-
Catalysed Ylide Formation

For a long time, the deprotonation of sulfonium/sulfoxonium salts was the only
method to efficiently access sulfonium/sulfoxonium ylides. This approach,
although convenient on some levels, suffers serious limitations resulting from the
use of a base to generate the carbanionic species. Indeed, such conditions appear
incompatible with a broad range of base-sensitive functional groups, and the
selected bases have to be poor nucleophiles to avoid the dealkylation of the
electrophilic sulfonium. Additionally, serious chemoselectivity issues are observed
if the substrate contains several acidic positions. As a result of these considerations,
the range of sulfonium ylides routinely studied tends to consist of ylides stabilised
by either one or two electron-withdrawing groups. However, considerable steps to
address these limitations have been made with the development of alternative
strategies consisting of the formation of the desired ylide by reaction between a
sulfide and an electron-poor carbene intermediate [44, 65]. This reactivity was
reported for the first time by Diekmann, in 1965, with the formation of sulfo-
nium/sulfoxonium ylides by photochemical decomposition of bis(phenylsulfonyl)
diazomethane in sulfur-containing solvents like dimethylsulfide, dibutylsulfide and
dimethylsulfoxide [66]. Thereafter, Ando demonstrated that the presence of copper
sulfate allowed the reaction to occur without requiring UV irradiation [67, 68]. This
major contribution significantly improved the synthetic value of this transforma-
tion, which tolerates a broad range of substrates including cyclic sulfides or diaryl
sulfides. Through a systematic comparison with the photochemical activation, they
highlighted the higher efficiency of this copper-triggered ylide formation (Scheme
28). In 1978, Porter achieved a breakthrough by using rhodium acetate in the
synthesis of sulfonium ylides [69]. Due to the high efficiency of rhodium salts in
the promotion of these reactions, only 0.12 mol% of catalyst was necessary to
deliver the desired thiophenium ylide in 95% yield.

From a mechanistic point of view, this ylide synthesis can be described as a
double umpolung of the carbenic carbon atom (Fig. 8). Indeed, the nucleophilic
diazo compound 38 is decomposed in the presence of a metal salt to form a metal
carbene complex 39. In this intermediate, the carbon atom becomes electrophilic by
electron donation to the metal and can undergo nucleophilic attacks from sulfides to
form the desired ylide 40. In practice, this transformation is highly attractive as it
proceeds under mild reaction conditions and displays good chemoselectivity. Dur-
ing recent decades, this approach has been extensively used for the in situ gener-
ation of sulfonium ylides in cascade reactions. Depending on their structure, these
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ylides can undergo a number of transformations, which are the topic of several
reviews [70-72]: [2,3]-sigmatropic rearrangements, 1,2-migrations and Corey-
Chaykovsky-type reactions represent the major families of onward reactions.
Hence, the purpose of this section is to offer an overview of metal-catalysed
sequences involving sulfonium ylides as reaction intermediates through significant
and recent examples.

5.1 [2,3]-Rearrangement of Sulfonium Ylides

[2,3]-sigmatropic rearrangements constitute powerful tools for the formation of C—
C bonds. Classically, the migrations of 6-bonds are significantly accelerated if one
or several bonds of the system are polarised, the fastest reactions occurring when an
atom bears a formal charge. Therefore, sulfonium ylides constitute valuable sub-
strates in such transformations. Given the classical requirement for preparation and
deprotonation of complex sulfonium salts, the in situ formation of sulfonium ylides
from simple starting materials followed by their subsequent rearrangement rapidly
emerged as a synthetically appealing approach. The combined sequence of diazo
decomposition in the presence of an appropriate catalyst and an allylic or
propargylic sulfide, followed by spontaneous [2,3]-rearrangement of the zwitter-
ionic intermediate, is known as the Doyle-Kirmse reaction (Fig. 9) [73, 74]. This
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transformation is the most studied domino reaction based on sulfonium ylide
intermediates and offers a unique access to S-substituted quaternary centres.

Due to their high efficiency in the decomposition of diazo derivatives, copper
and rhodium complexes constitute the most extensively used catalysts in Doyle-
Kirmse reactions. However, a broad range of metals can promote the same type of
transformation including Co [75], Ag [76], Pd [77], Ru [78-80] and Fe [81-
84]. This multiplicity of reaction conditions results in a plethora of applications
and a broad diversity of substrates. This transformation allows the one-step forma-
tion of sophisticated sulfur-containing molecules. Typically, allyl sulfides and
propargylsulfides are converted to homoallyl and homoallenyl sulfides, respec-
tively, as demonstrated by the iron porphyrin-catalysed process in Scheme 29
[85]. Because of the lower costs associated with iron catalysts, their application
has attracted considerable interest in recent years. When employed for the decom-
position of ethyl diazoacetate in the presence of sulfides 41 and 42, only 0.2 mol%
of catalyst 45 was required to afford rearranged compounds 43 and 44 in excellent
yields at room temperature in very short reaction times. Another interesting aspect
of the Doyle-Kirmse reaction is its noteworthy chemoselectivity. The functional
group tolerance is particularly high using TBAFe as a catalyst and includes
boronates, allyl ethers, secondary anilines, disulfides and free alcohols (Scheme
30) [86]. Interestingly, the metal complex used in this reaction is electron-rich and
decomposes the diazo compound via a nucleophilic attack.

When the n-system involved in a [2,3]-sigmatropic rearrangement is embedded
in an aromatic ring, the reaction is known as the Sommelet-Hauser rearrangement.
Wang reported the first rhodium-catalysed thia-Sommelet-Hauser reaction between
diazo(aryl)acetates and aryl sulfides (Scheme 31) [87]. The mechanism involves an
unusual ylide transposition. The intermediate arising from the initial reaction
between the sulfide and the metal carbene complex underwent reversible proton
transfer to form a second sulfonium ylide, itself stabilised by an additional electron-
withdrawing group. It is this second species that participates in the [2,3]
sigmatropic rearrangement. That the reaction proceeds smoothly at room temper-
ature despite requiring a dearomatisation step is particularly noteworthy. The
reaction represents a selective ortho-substitution and delivers di- and trisubstituted
arenes that are otherwise difficult to prepare. Electron-rich and electron-poor
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aromatic substituents were well tolerated, affording the rearranged products in
moderate to excellent yields.

In 2011, Wang extended this approach to report a modification of Gassman’s
oxindole synthesis triggered by Rh-catalysed decomposition of diazo compounds in
the presence of sulfonamides [88]. In this way, oxindoles with a quaternary centre
in position 3 are obtained in one step in moderate to good yields (Scheme 32).

[2,3]-Sigmatropic rearrangements of ylides generally result in the formation of
chiral molecules. The development of an enantioselective variant of this transfor-
mation is highly appealing, as it would allow the stereocontrolled formation of a
C-S and a C—C bond on the same carbon atom. Over the last two decades, many
efforts were made to achieve this goal based on the use of chiral metal complexes.
However, until recently, only moderate enantioselectivities have been achieved in
pure catalyst-controlled transformations. The main challenge is the requirement to
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control the stereoselectivity over the entire sequential process. Additionally, the
reaction mechanism remains unclear concerning the role of the metal catalyst at the
different steps of the reaction, and contradictory observations have been reported.

In 1995, Uemura demonstrated the concept by reporting the first enantioselective
Doyle-Kirmse reaction between ethyl diazoacetate and (E)-cinnamyl phenyl sulfide
in the presence of Cu(I)/bisoxazoline and Rh,(5S-MEPY), [89]. Regardless of the
nature of the chiral complex, homoallyl sulfides were obtained with poor enantio-
and diastereoselectivities (Scheme 33). Due to the complexity of the reaction
mechanism, the low degrees of enantiocontrol could have several explanations
(Fig. 10). Indeed, the global enantioselectivity of the reaction could be traced to
the discrimination between the two enantiotopic lone pairs of the sulfur atom during
the initial attack of the chiral metal carbene. However, good stereocontrol at this
step could be partially or totally negated by a fast racemisation process. The
configurational stability of sulfonium ylides proved to be high in the absence of
transition-metal complexes but remains unclear for metal-catalysed Doyle-Kirmse
reactions. Additionally, [2,3]-sigmatropic rearrangements of enantiopure sulfonium
ylides have shown perfect chirality transfer under metal-free conditions, but possi-
ble coordination by the metal complex in this case could result in important
matched/mismatched effects.

This last question was investigated by Katsuki and co-workers who compared, in
a similar reaction, the diastereoselectivities obtained using various Co-salen cata-
lysts (Scheme 34) [75]. In each case, unchanged levels of diastereocontrol were
observed, whilst the enantiomeric ratios appeared catalyst-dependent. This result
suggests that the configuration of the sulfonium ylide intermediate is under catalyst
control but that the ylide is not coordinated to the catalyst in the course of the
rearrangement step. Thus, the final diastereomeric ratio is a result of the difference
in the potential energy in the two envelope transition states A and B.

Thereafter, Hashimoto [90] reached the same conclusions, whilst Aggarwal
observed a strong correlation between the ligand and the diastereoselectivity in
Doyle-Kirmse reactions involving allyl sulfides and trimethylsilyl diazomethane
[91]. Additional mechanistic studies undertaken by Wang support a metal-free
rearrangement step. Although the combination of Cu(MeCN),PF, and ligand 46
delivered rearranged sulfides with moderate enantioselectivities, no stereocontrol
was observed starting from the symmetric substrate 47 (Scheme 35) [92].

This observation is inconsistent with a rearrangement under catalyst control, the
intermediate ylide being achiral. On the other hand, the same author demonstrated,
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Fig. 10 Plausible reaction pathways in enantioselective metal-catalysed Doyle-Kirmse reactions

predominantly by IR spectroscopy, a strong affinity between the copper catalyst and
the sulfonium ylide (Fig. 11) [93]. Such results suggest that the installed equilib-
rium is displaced towards the formation of the metal-ylide complex but that only the
free ylide undergoes the sigmatropic rearrangement. Other experiments undertaken
by Trost proved that this final rearrangement step is much faster than the
racemisation of free sulfonium ylides in the reaction conditions [94]. Taking all
these observations into account, the enantioselectivity of the whole sequence
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Fig. 11 Evidence of the strong affinity of sulfonium ylides for electrophilic copper complexes

appears to only reflect the degree of enantiodiscrimination obtained during the
formation of the chiral ylide intermediate.

For many years, the best yields and enantioselectivity were to be found in the use
of double asymmetric induction, developed by Wang, and involving the combined
actions of an enantiopure copper catalyst and Oppolzer’s chiral auxiliary (Scheme
36) [93]. Because the reaction is primarily under substrate control, uniformly good
to excellent enantiomeric excesses were observed. The reaction is highly versatile
and allyl- and propargylsulfides as well as aryl-, methyl-, cinnamoyl- and
propenyldiazoacetamides are well tolerated. Following the reaction, the auxiliary
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is easily removed by reduction of the amide bond in the presence of LiAlH4. Whilst
representing the most practical procedure to carry out this transformation, the need
for both a chiral catalyst and a chiral auxiliary does detract from the process.

Shortly before the publication of this chapter, the Wang group achieved similar
levels of enantioinduction without the use of a chiral auxiliary in a publication
dedicated to the formation of enantioenriched trifluoromethylthio-substituted com-
pounds (Scheme 37) [95]. The combined effect of new ligand sets and the highly
electron-poor trifluoromethyl sulfides afforded extremely high enantiocontrol over
an unprecedented range of diazonium salts, including aryl-, alkenyl- and hetero-
aryl- substituted diazoacetate derivatives. When internal olefins were employed,
low diastereoselectivities were observed, and similar to the previous reports
discussed, these new catalysts imparted negligible enantiocontrol when diallyl
sulfide was employed (as in Scheme 35). These observations are in accordance
with the active species prior to [2,3]-rearrangement being decomplexed from the
chiral TM-catalyst.

Diazo compounds constitute the prototypical metal carbene precursors, and their
decomposition in the presence of transition-metal salts offers good chemoselectivity
and requires soft conditions. However, diazo derivatives suffer major drawbacks
including toxicity and explosive properties. Moreover, their preparation is limited to
stabilised compounds bearing one or two electron-withdrawing groups. During
recent decades, many efforts have been made to develop new alternatives to the
direct use of diazo compounds as carbenoids precursors to extend the scope and the
efficiency of the Doyle-Kirmse reaction. These improvements included the in situ
generation of diazo intermediates or the direct formation of metal carbenes from
unsaturated C—C bonds in the presence of n-acid complexes.

In this framework, tosylhydrazones represent valuable precursors of unstabilised
diazo compounds through the so-called Bamford-Stevens reaction. Under basic
conditions, in the presence of Rh,(OAc), and suitable sulfides, tosylhydrazones are
converted to sulfonium ylides able to undergo [2,3]-rearrangement [96]. In compar-
ison with previously reported methodologies, this approach allows the formation of
rearranged products without the electron-withdrawing groups usually necessary for
the stability of the diazo starting materials. More recently, the ability of 1-sulfonyl-
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1,2,3-triazoles to tautomerise to diazoimines was also interestingly exploited.
Murakami and co-workers were the first to exploit the reactivity of triazoles in the
[2,3]-rearrangement of allylsulfonium ylides [97]. The authors proposed a cascade
reaction involving a copper-catalysed (3 + 2)-cycloaddition from easily available
alkynes and tosylazides (Scheme 38). Diazoimine tautomers are then converted to
rhodium carbene complexes by decomposition in the presence of Rh,(O,Ct-Bu), asa
second catalyst. The attack by an allyl sulfide moiety followed by a [2,3]-sigmatropic
rearrangement delivered the desired sulfenylated imines that can be hydrolysed
under acidic conditions or reduced to the corresponding tosylamines through the
final addition of LiAlH,. In view of the sequence complexity, the yields are surpris-
ingly high and demonstrated a remarkable chemoselectivity in this dual-catalysed
process. Shortly after, a similar strategy was used by Anbarasan in the rhodium-
catalysed denitrogenative synthesis of a-sulfenylated imines [98].

In tandem with strategies relying on the in situ generation of diazo compounds,
alternative approaches to forming metal carbenoids, not requiring the intermediacy
of diazo compounds, have been established. In 2002, Ohe and Uemura developed a
method to synthesise (2-furyl)carbenoids in situ via cyclisation of ene-yne-carbonyl
compounds 48 in the presence of rhodium acetate [99]. By combining this approach
with the Rh-catalysed Doyle-Kirmse reaction, they subsequently developed a high-
yielding procedure (Scheme 39) [100]. When diallyl sulfide 47 was employed, the
product was able to undergo a further thermal [4 + 2] Diels-Alder process in the
same pot to form polycyclic heterocycles of type 49.

Alternative rearrangement strategies have been successful, including a number
employing simple alkynes as masked carbenoids. In a pioneering work, Davies
described the gold-catalysed formation of sulfonium ylides from propargylic car-
boxylates and allyl sulfides (Scheme 40) [101]. The products of this reaction were
not the products of the expected [2,3]-shift, but rearranged products 50, probably
the result of a Cope-rearrangement of the expected Doyle-Kirmse products.

In 2009, the same author investigated a similar strategy in the synthesis of cyclic
sulfides [102]. Based on the works of Toste [103] and Zhang [104], alkyne
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oxidation was triggered by the intramolecular addition of a sulfoxide moiety
(Scheme 41). The subsequent cleavage of the S—O bond released both a metal
carbene and a sulfide that, in turn, react chemoselectively to form ylide 52. A final
[2,3]-rearrangement provided the heterocyclic products. Optimisation of the reac-
tion conditions revealed PtCl, to be the best catalyst to promote the reaction with
terminal alkynes. Internal alkynes, on the other hand, required the action of dichloro
(pyridine-2-carboxylato)gold(IIT) 51 to be transformed efficiently into the cyclic
sulfide bearing a quaternary centre. Propargyl and aryl esters were well tolerated,
whilst the presence of 1,2-disubstituted olefins resulted in poor diastereoselectivity.

More recently, methodologies involving the intermolecular oxidation of C—C
triple bonds in the presence of stoichiometric amounts of amine N-oxides were
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Scheme 40 Alkynes as masked ylides in Doyle-Kirmse chemistry
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Scheme 41 Synthesis of sulfur heterocycles from alkynyl sulfoxides

reported. Such transformations have the advantage that they rely on simple sub-
strates but could theoretically suffer regioselectivity issues. Therefore, polarised
alkynes like ynamides were used as substrates in the oxidative synthesis of 2-(thio)
amides bearing a o-quaternary centre [105].

However, the narrow scope of
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ynamides belied the difficult control of the chemoselectivity due to the presence of
alternative external nucleophiles that would be able to react with the gold carbene
intermediate. In an independent publication, Zhang addressed this competition
issue in the three-component synthesis of a-aryl(alkyl)thio-y,d-unsaturated ketones
directly starting from terminal alkynes [106]. To achieve this reaction efficiently,
the oxidising agent was added with a syringe pump, and, most importantly, P,S-
bidentate ligands were used to decrease the electrophilicity of the a-oxo gold
carbene complex.

The most recent developments for the diazo-free Doyle-Kirmse sequence relied
on the cyclic strain displayed by cyclopropenes [107]. In the presence of Rhy(OAc),
catalyst, cycloprop-2-ene-1,1-diyldibenzene 53 spontaneously ring opened to form
the corresponding rhodium carbene 54 (Scheme 42). This intermediate can be
trapped by allyl(phenyl)sulfide leading to the formation of a sulfonium ylide, with
this approach, reported by Wang, revealed to be quite general allowing the synthesis
of sulfur-containing alkenes and allenes in good yields. However, attempts to deliver
an enantioselective version resulted in low enantiomeric excesses.

5.2 1,2-Migration of Sulfonium Ylides

In certain cases the presence of allyl, propargyl or benzyl substituents is not
necessary to trigger rearrangements of ylides. The direct 1,2-migration of an
alkyl substituent from the heteroatom to the carbanionic centre of an ylide is
known as the Stevens rearrangement. Although well described with oxonium and
ammonium ylides, the Stevens rearrangement of sulfonium ylides remains rela-
tively underutilised. However, combined with the ability of sulfides to convert
diazo compounds to ylides in the presence of appropriate metal complexes, this
reaction has proved to be a powerful tool in C—C (and C-N bond [108]) formation
and the synthesis of quaternary centres. Specifically, it has mainly been used for the
preparation of sulfur-containing heterocycles by ring expansion. A significant
example was reported by Diver with the formation of macrocycles via a rhodium-
catalysed double-Stevens rearrangement [109]. The decomposition of diethyl
diazomalonate in the presence of Rhy(OAc), (2 mol%) and disulfide 55 results in
the formation the bisylide 56 that spontaneously rearranges when the reaction is
performed in refluxing xylenes (Scheme 43). This intermediate can, however, be
isolated when generated at low temperature. The regioselectivity of the reaction

via:

0.5 mol% _S P~ Ph._Ph
Ph. Ph Rh,(OAc), Ph |
K LIS NN > ~_Ph
THF, 50 °C, 18 h |
Ph [Rh]
53 (99%) 54

Scheme 42 Doyle-Kirmse reaction from cyclopropenes
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suggested a radical pathway for the 1,2-migration. Interestingly, sulfur extrusion
and a new C—C bond formation can be triggered by UV irradiation in the presence
of P(OEt); to give the corresponding [3]-heterophanes.

Rhodium-catalysed expansions of four-membered thietanes into tetra-
hydrothiophenes were also explored [110] and were used by Zakarian to propose
a synthesis of the Nuphar thioalkaloids thiolane core (Scheme 44) [111].

More recently, West achieved the formal synthesis of (+)-Laurencin, the key
step of which involves the 1,2-migration of a monothioacetal-derived ylide
[112]. The Cu(hfacac),-catalysed formation of a cyclic ylide and the subsequent
Stevens rearrangement delivered a medium-sized thioether 57 in a 60% yield under
optimised conditions (Scheme 45). Interestingly, the 1,2-shift occurred with perfect
retention of configuration of the a-stereogenic centre rendering this strategy syn-
thetically useful. If the Stevens rearrangement indeed proceeds with high levels of
fidelity, the potential for developing an enantioselective version of this reaction is
highly attractive.

In 2009, Tang described the copper-catalysed sequence of sulfonium ylide
formation/asymmetric Stevens rearrangement starting from diazomalonates and
racemic 1,3-oxathiolanes (Scheme 46) [113]. The optimisation of the reaction
conditions revealed the mixture of Cu(OTf), and chiral bisoxazoline 58 as the
best combination to furnish rearranged products in good yields and promising
enantiopurities. However, more electron-rich substrates require the use of ligand
59, and the enantioselectivity was decreased. It is interesting to note that in cases in
which the Doyle-Kirmse reaction could occur, only the Stevens rearrangement
product was observed. In subsequent studies, the discrimination between these
two competing transformations has been shown to be strongly dependent on the
reaction conditions and the electronic properties of the substrates.

Indeed, whilst studying the hemin-catalysed formation and rearrangement of
benzyl sulfonium ylides (Scheme 47) [114], Pan and co-workers determined that
the outcome of the reaction was modulated by the nature of the solvent and
moreover by the presence of electron-withdrawing substituents of the benzylic
aromatic ring. They established that the [2,3]-Sommelet-Hauser rearrangement

N~ I\ N

Ny N — EtOZC)j\COZEt EtO,G 4/~ NN\, COEt | 1,2-migration
S o 2 2 mol% _><i) © CS_<_
Riy(OAC), Et0,C \\Q// CO,Et
55 xylenes, A 56

NN hv, P(OEt), N:N
. \g/ S ———>  EtOC \g’ CO,Et
EtOZC‘W'COZEt EtO,C CO,Et
EtO,C CO,Et

51% 46%

Scheme 43 Macrocycle ring expansion by double-Stevens rearrangement
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65% all 4 tetrahydrothiophene

diastereomers accesible

Scheme 44 Proposed synthesis of Nuphar thioalkaloids through ring expansion of thietanes
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Scheme 45 Stevens rearrangement as a key step in the formal synthesis of (+)-laurencin

10 mol%

N CO,R!
)ji R E R2 Cu(OTf)2/58 or 59 [ C02R1
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Cl CF,
with 58 with 58 with 58 with 59 with 59
(94%, 78% ee) (97%, 88% ee) (98%, 89% ee) (85%, 52% ee) (90%, 38% ee)

Scheme 46 Copper-catalysed enantioselective 1,2-migration of dithioacetals

(leading to 60) was favoured by performing the reaction in protic solvents and with
electron-poor benzylic substituents. On the other hand, electron-rich substrates
formed an ylide that underwent a Stevens rearrangement (leading to 61).

5.3 Epoxidation, Aziridination and Cyclopropanation

In addition to simple rearrangement reactions, the concept of in situ generated
sulfonium ylides is theoretically applicable to any classical reaction in which one
would usually preform the ylide. This concept has been employed in the synthesis
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Ph/s CO,Et Ph/S CO,Et
R H_CO,Et  2.5mol% hemin "
S + \n/ E— + e
Ph” N2
R R
[1,2]-Stevens Sommelet-Hauser
60 61

THF, 80 °C, 8 h, R = Me: 60a = 71%, 61a= 0%
H,0, 40 °C, 4 h, R =NO,: 60b = 0%, 61b= 94%

Scheme 47 Chemoselectivity between 1,2-migration and Sommelet-Hauser rearrangement

of small rings via the Corey-Chaykovsky reaction, itself a topic rich with precedent
for highly diastereo- and enantioselective reaction pathways. The reader is referred
to several in-depth reviews and book chapters on this topic for further information
[115, 116].

5.3.1 Epoxidation

Epoxides are important functional groups due to their biological properties,
although more often they serve as reactive intermediates in organic synthesis.
More interesting are enantiomerically pure epoxides, as they can be used for the
preparation of chiral bifunctional compounds after stereoselective ring opening by a
nucleophile. Although many catalytic enantioselective methods for the synthesis of
epoxides have been developed, most of these methods concern the oxidation of an
alkene. Direct epoxidations from carbonyl compounds can also be achieved in an
enantioselective manner by using a chiral sulfonium ylide. First stoichiometric, but
later also catalytic, amounts of chiral sulfide have been reported by alkylation,
deprotonation and epoxidation steps. The main disadvantages of this reaction are
the basic conditions and the low reactivity of sulfides and alkyl halides that limit the
substrate scope.

In 1994, Aggarwal exploited the previously discussed transition-metal-catalysed
sulfonium ylide synthesis to generate transient chiral ylides capable of achieving
epoxidation chemistry [117]. Such a procedure was catalytic in both transition
metal and chiral sulfide 62. Slow-addition of the diazo compound as well as dilution
of the reaction mixture was crucial for obtaining good yields. Both Cu(acac), and
Rh,(OAc), were effective in the formation and transfer of the carbene to the sulfide.
A number of follow-up studies were undertaken, including the use of chiral sulfides
(Scheme 48a) [118—120]. A major drawback to this method, however, is the
requirement to handle stoichiometric quantities of diazo compounds, which are
hazardous and potentially explosive.

Therefore, a modified procedure was introduced, where tosylhydrazones were
used as source of diazo compounds (Scheme 48b) [121, 122]. Sodium
tosylhydrazone salts decomposed to give diazo compounds in acetonitrile at
30-40°C in the presence of phase-transfer catalysts (520 mol%). Sulfide loadings
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Scheme 48 Diazo-based and diazo-free sulfide-mediated epoxidation of aldehydes

as low as 5 mol% could be employed, albeit with an accompanying extension of the
reaction time (up to 48 h). A wide range of aromatic, aliphatic and «,f-unsaturated
aldehydes could be epoxidised in moderate to good yields and high diastereo- and
enantioselectivities using camphor-derived sulfide 63 (Fig. 12). The scope of
tosylhydrazone salts showed that electron-rich aryl-substituted examples gave the
best yields and enantioselectivities. Electron-poor, heteroaromatic and o,-
B-unsaturated tosylhydrazone salts gave more varied results.

5.3.2 Aziridination

Analogously to epoxides, aziridines are useful synthetic building blocks, and many
methods have been developed for their asymmetric synthesis. In 1996, Aggarwal
showed that his previously reported epoxidation procedure could also be applied for
the synthesis of aziridines, by replacing the aldehyde with an imine [123]. A
complication in this process is that metal carbenoids can react directly with imines
to give the aziridine. This was overcome by placing electron-withdrawing groups
on the imine nitrogen, thus making the n-system less reactive towards the metal
carbenoid and more reactive towards sulfonium ylides. As in the epoxidation
reactions, the diazo compound could be generated in situ from the corresponding
tosylhydrazone salt [124, 125]. This in situ process gave in many cases better yields
and enantioselectivities than when diazo compounds were used directly. However,
the diastereoselectivities were only moderate (2:1 to 8:1). The scope of imines
could be expanded to ketimines and alkyl aldimines, without reduction in yield.

5.3.3 Cyclopropanation

Cyclopropanation reactions can be carried out using the same strategy [126].
Similarly to the epoxidations and aziridinations, a sulfonium ylide was generated
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Fig. 12 Camphor-derived
chiral sulfides for S s
epoxidation, aziridination
and cyclopropanation O 0
63 64

in situ from the sulfide and diazo compound, in the presence of a transition-metal
catalyst. This sulfonium ylide could then react with Michael acceptors to afford the
cyclopropane in moderate yield but with excellent enantioselectivities. The reaction
could also be carried out with tosylhydrazones salts as diazo precursors [124]. How-
ever, sulfide 63, which was effective for the epoxidations and aziridination, gave
only low yields for the cyclopropanation. It was later shown that sulfide 64 (Fig. 12)
is a more effective catalyst, leading to higher yields of the cyclopropane
product [30].

6 Outlook

We have seen in each of the previous sections how the unconventional reactivity of
sulfonium and sulfoxonium ylides can be paired with the strength and flexibility of
transition-metal catalysis to achieve interesting new transformations. Sulfonium
ylides, predominantly representing carbene synthons, traditionally react as nucleo-
philes, restricting their application to a handful of key reactions. However, when
paired with transition-metal catalysts, a considerable breadth of reactivity can be
accessed. Many of the aforementioned studies utilise chiral transition-metal catal-
ysis to achieve enantioselective transformations, often through the asymmetric
synthesis of sulfonium ylides for further transformations. Be it through carbene
transfer, oxidative addition pathways or Lewis acid activation, the use of transition-
metal catalysts in combination with sulfur ylides represents an underexplored and
underutilised area of synthetic organic chemistry, where further exciting develop-
ments can be anticipated in coming years.
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Reactivity and Applications of a-Metalated m)
Ylides ety

Viktoria H. Gessner

Abstract a-Metalated ylides, the so-called yldiides, represent a unique class of
carbon-centered donor ligands. With two lone pairs of electrons at the central ylidic
carbon atom, they are closely related to important organometallic ligand systems,
above all bisylides and methandiides, and thus have attracted considerable research
interest both from experimental and theoretical points of view. Although the number
of isolated and structurally characterized yldiides is still limited, reactivity studies
have demonstrated their exciting chemistry. Nowadays applications range from their
use as powerful, highly nucleophilic reagents in organic synthesis such as in cascade
reactions to their use as strong o- and n-donor ligands in main group element and
transition metal chemistry. The unique reactivity and donor capacity of a-metalated
ylides is thereby strongly connected with the availability of the two lone pairs at the
ylidic carbon atom, which makes yldiides to a special class of ylidic compounds.
This review summarizes the chemistry of yldiides, particularly highlighting recent
developments in their isolation and applications, also emphasizing structural and
electronic properties of these compounds.

Keywords Carbanions ¢ Catalysis ¢« Coordination chemistry ¢ Electronic structure
¢ Ylide chemistry
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1 Introduction

The first preparation of ylides and their application in organic synthesis already
dates back more than 100 years [1]. Since then, these reagents — above all phos-
phorus ylides — have become important reagents that are used in many transforma-
tions such as for the synthesis of natural products or compounds of biological and
pharmacological interest. Likewise, metalated derivatives of ylides have early
attracted considerable research interest particularly due to their increased reactivity
compared to their neutral analogues and their potential as valuable synthetic
building blocks with multiple functionalities and nucleophilic centers [2]. In gen-
eral, treatment of ylides with strong metal bases can result in the formation of
different metalated species depending on the position at which the metalation
occurs in the molecule. This is schematically depicted in Scheme 1. Historically,
diylidic compounds such as A had been the first class of metalated ylides. These
diylides feature two carbanionic centers — mostly both in a-position to the onium
moiety. The first preparation has already been described in the pioneering work by
Wittig and Rieber in the 1940s [3]. Especially phosphorus-based diylides have been
synthesized since then [4—6] and have been employed in selected organic trans-
formations [2, 7-11] and as bidentate ligands in coordination chemistry, above all
for the synthesis of multinuclear gold complexes [12—16]. Nevertheless, applica-
tions remained scarce compared to simple ylides. The same holds true for ortho-
metalated ylides B that have frequently — yet often unintendedly — been observed as
final product of metalation reactions of triphenylphosphonium ylides [17, 18].

o-Metalated ylides, the so-called yldiides C, have only recently started to receive
renewed research interest both from experimental and theoretical points of view
[19]. Although attempts to synthesize and apply yldiides as reactive Wittig reagents
have early been made [20], the first isolation and structural proof was only achieved
years later in 1997 [21]. In contrast to other metalated ylides, yldiides possess
formally two lone pairs of electrons at the central ylidic carbon atom and thus
exhibit a remarkably high charge concentration at a single atomic site. This
property leads to unique donor properties and reactivities, which have been dem-
onstrated by means of many exciting examples over the years.
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Scheme 1 Structures of different types of metalated ylides

In a structural sense, yldiides are also closely related to bisylides, such as carbo-
diphosphoranes D [22-24] and methandiides E (Fig. 1) [25, 26]. Likewise, these
compounds exhibit two lone pairs at the central carbon atom but differ in their total
charge. As such, bisylides are neutral compounds, in which the two negative formal
charges at the carbon atom are equalized by the adjacent positively charged onium
moieties. In contrast, methandiides are dianionic compounds that typically form oligo-
meric structures due to the complexation of the corresponding metal ions. According to
the Green formalism of ligands in organometallic chemistry [27], bisylides can be
regarded as L,-type ligands, while methandiides are typically X,-type ligands. Owing
to these properties, both ligand systems have found broad applications in coordination
and complex chemistry. For example, methandiides have shown to serve as unusual
carbene ligands forming a unique type of carbene complexes with metals covering the
whole periodic table by simple salt metathesis reaction [28-31]. The neutral bisylides on
the other hand show fascinating electronic properties and have thus been used as
versatile ligands such as for the stabilization of unusual bonding situations [24, 32,
33]. The exciting chemistry of bisylidic compounds is summarized in [34, 35].

Overall, yldiides take an intermediate position between these classes of carbon-
based donor ligands. In this book chapter, we summarize the chemistry of
a-metalated ylides also in comparison with other ylidic compounds and carbon
bases. We particularly focus on recent advances in their isolation and the elucida-
tion of their molecular and electronic structure. Furthermore applications in organic
synthesis as well as coordination and complex chemistry are presented, which
highlight the special properties and reactivities of yldiides as versatile reagents.

2 Preparation, Characterization, and Structures
of Metalated Ylides

2.1 Synthesis and Structures of a-Metalated Ylides

Since metalated ylides are the deprotonated version of “normal” ylidic compounds,
the most convenient way of their synthesis includes the deprotonation of ylide
precursors or the direct double deprotonation of phosphonium salts. Thereby, the
CH acidity of the precursor is pivotal for choosing the right base and reaction
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Fig. 1 Comparison between bisylides, yldiides, and methandiides

conditions for successful isolation of the yldiide. Although the deprotonation of
many ylides has early been reported, structural proof of the actual formation of an
yldiide has only been provided for very few examples. This is mostly because of the
lack of sufficient stabilization of the negative charge at the ylidic carbon atom and/or
favorable decomposition pathways (e.g., via metal salt elimination), which result in
low stabilities and/or follow-up reactions. This, for example, holds true for the first
a-metalated ylide reported by Bestmann and coworkers in the 1970s [36]. They
reacted ethoxycarbonyl-methylenetriphenylphosphorane (1) with methyl or
phenyllithium (Scheme 2) to form the desired yldiide 2. However, 2 was found to
be unstable under the reaction conditions and further reacted under loss of lithium
ethoxide to the corresponding ylide 3. The same reactivity was observed for the
methoxy compound using sodium hexamethyldisilazide (NaHMDS) as base [37].

The simplest phosphorus yldiide, a-lithiomethylenetriphenylphosphorane 4, had
been the subject of contradicting studies. Corey and coworkers reported the facile
synthesis of 4 by treatment of methylenetriphenylphosphorane (5) with different
organolithium bases (Scheme 3) [20]. 4 was successfully applied as “activated”
ylide capable of performing Wittig-type reactions with difficult substances such as
sterically hindered ketones, which — in contrast — showed no reaction with the
corresponding ylide, methylenetriphenylphosphorane (5). Although these results
were again later confirmed by the same authors [38], it contrasts reports by
Schlosser and coworkers, who showed that treatment of ylide 5 with alkyllithium
bases also leads to the formation of considerable amounts of further metalated
species, in particular the ortho-metalated compound 6 [39]. Despite these contra-
dictions, yldiide 4 was later reported to be more conveniently accessible via metal/
halogen exchange using (bromomethyl)phosphonium bromide 8 (Scheme 3)
[38, 40], a method which is often used in alkali and alkaline earth metal chemistry
but scarcely in the preparation of yldiides.

Despite these early reports on the in situ preparation and application of yldiides,
the first isolation was only achieved in the late 1980s by Bestmann and coworkers
[41]. The cyano-functionalized yldiide 9 was prepared by a straightforward
metalation procedure from the corresponding ylide 9-H using NaHMDS as base
(Scheme 4). Thus, 9 was obtained as yellow and air- and moisture-sensitive solid
and characterized by IR as well as NMR spectroscopy. Interestingly, the nitrile
band in 9 was found to appear at smaller wave numbers (v = 2,000 cm ') compared
to the ylide precursor (v = 2,130 cm '), thus suggesting a decrease in the C-N bond
order. Based on these observations, the authors concluded that resonance structure
9’ with a C=N double bond strongly contributes to the electron distribution in 9.



Reactivity and Applications of a-Metalated Ylides 121

(0] (6]
® . ®
Ph.P PhLi ® P
3 \@)koa PhsP 0ot —~ phgp
! — CeHs f — EtOLi =
1 2 3

Scheme 2 First attempt to isolate a-metalated ylide 2

metallation b
©) . ©) Ph!® Ph
PhsP @ H R PRPOH | R XY,
| - R
H RH Li @iu H H
5 4 6 7

halogen/metal 2 RLi
exchange

O

Php _H B

3\ﬁ
B
Hr
8

Scheme 3 Preparation of a-lithiomethylenetriphenylphosphorane 4 via metalation and halogen/
metal exhange

® . ® . Oy | Na
Ph3PYCN NaN(SiMe;), phsp\E/C,/N Ph3§\ //C//N
H - HN(SIMG3)2 O~ Q@
9-H 9 9

Scheme 4 Preparation and resonance structures of the metalated ylide 9

However, owing to its reactivity also resonance structure 9 with two pairs of
electrons at the ylidic carbon atom was suggested (see below).

Apart from yldiide 9, four further metalated ylides have been isolated and
additionally structurally authenticated to date. The first structural proof was pro-
vided by Niecke with lithium phosphoranylidene ylides 10 [21] (Scheme 5). These
compounds were prepared by deprotonation of the protonated precursor with
butyllithium and isolated as yellow, crystalline solids. It is noteworthy that the
ylides 10a and 10b can also be regarded as lithiated phosphalkenes with the
negative charge residing on the X substituent. However, since the formula depicted
in Scheme 5 may also contribute to the electronic structure of the compound, 10 has
also to be regarded as metalated ylide. This is also supported by the molecular
structure of 10a and 10b in which the lithium ion directly binds to the ylidic carbon
atom. The coordination sphere of the metal is completed by the coordination of
three molecules of THF. An interesting structural feature are the short P-C dis-
tances of 1.632(5) and 1.624(5) A which corroborate with a partial double bond
character or increased Coulombic interactions within the P®*—C® linkage.
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In contrast to all other metalated ylides, the silyl-substituted system 12 was not
prepared via deprotonation or halogen/metal exchange but by a unique 1,2 addition
reaction of butyllithium to carbene 11 (Scheme 5) [42]. Comparable to the molec-
ular structures of 10, yldiide 12 features a direct contact between the ylidic carbon
atom and the metal ion, which is further coordinated by solvent molecules (Fig. 2).
The carbon atom features a planar geometry with short P—C (1.636(11) A) and Si—C
distances (1.755(10) A) corroborating with increased electrostatic interactions or
strong 6-donation from and n-backbonding to the phosphine ligand (see below for a
detailed discussion on the bonding situation in metalated ylides). Although 10 and
12 had been isolated and structurally authenticated, applications and detailed
studies on their reactivity are missing.

The first metalated ylide, which is conveniently accessible and isolable also in
gram scale, has only recently been reported by Gessner and coworkers [43]. The
sulfonyl-substituted yldiide 13-M can be prepared by stepwise deprotonation of the
corresponding phosphonium salt 13-H, (Scheme 6). Depending on the metal base
used in the second deprotonation step, the lithium, sodium, and potassium com-
pound, respectively, are available and have been characterized in solution as well as
in solid state. The molecular structure of 13-M was determined with sodium and
potassium as counterions (Fig. 3a, b). In the latter case, complexation by 18-crown-
6 was used to ease crystallization. While the sodium compound features a dimeric
structure with two (NaO), cubes connected via one common face, the potassium
analogue forms a monomer, in which the coordination sphere of the metal is
completed by the crown ether. Despite forming different aggregates, both com-
pounds feature a similar coordination behavior of the yldiide toward the metal. As
such, the metal is coordinated by the oxygen atoms of the sulfonyl moiety as well as
by the ylidic carbon atom. Consistently, similar bond lengths and angles have been
found in both structures. Similar to the metalated ylides 10 and 12, 13-M also
exhibits considerably shortened P—C distances. This bond shortening nicely reflects
the increased negative partial charge at the central carbon atom. Thus, a continuous
bond shortening is observed in the compound series 13-H,, 13-H, and 13-M. While
the P—C bond in the phosphonium salt amounts to 1.808(3) A, it shortens to 1.700
3)Ain ylide 13-H and even to 1.646(2) in the potassium salt 13-K. The same trend
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Fig. 2 Molecular structure
of the silyl-substituted
yldiide 12

was observed for the S—C bond, thus reflecting the increased electrostatic attraction
within the whole P-C-S linkage. It is noteworthy that the short P-C distances
reported for the metalated ylides 10, 12, and 13-K are comparable to that found in
the molecular structure of hexaphenylcarbodiphosphorane (CDP) (1.635(5) A)
[44]. The same holds true for the sulfoxide system 15-Li reported by Maerten,
Baceiredo, and coworkers [45] (Scheme 6). 15-Li forms a dimeric structure incor-
porating a Li,O, core due to coordination of two molecules of THF (Fig. 3c). The
yldiide also features contact between the lithium atom and the sulfoxide oxygen
atom comparable to 13-M.

Concerning the identification and characterization of a-metalated ylides, >'P
NMR spectroscopy has proven to be particularly helpful. In general, a distinct high-
field shift of the *'P NMR signal relative to the ylide precursor or the phosphonium
salt is observed upon metalation. This has been demonstrated for the series of
compounds 13-H,, 13-H, and 13-M [43] but also for other yldiides. A selection of
NMR data for isolated yldiides is given in Table 1. The *'P NMR shift also seems to
depend on the nature of the metal and how strongly it is bound to the ylidic carbon
atom. As such, a further high-field shift is observed by replacing sodium by
potassium in yldiide 13-M and by addition of the crown ether. Another NMR
value indicative for successful yldiide formation is the 'Jpc coupling constant. In
general, a decrease in the coupling constant was observed upon metalation, for
example, by AJ = 40 Hz in case of the cyano-functionalized yldiide 9 [41] or by
even AJ = 121 Hz in case of sulfoxide 15-Li [45]. This decrease was attributed to a
higher p character in the P—C linkage and an increase of s-electron density at the
ylidic carbon atom which also results in the stabilization of the lone pair at the
carbon atom [21].

Although a couple of metalated ylides have been isolated and unambiguously
been identified, the number of conveniently accessible representatives is still
extremely limited. So far, only yldiides with an additional anion-stabilizing group
(e.g., CN in 9 or SiMe; in 12) have been isolated. For broad applications, a
broadening of the scope will be necessary in the future. However, owing to the



124 V.H. Gessner

® 9 o} © NaH ® 9 0 base o o]
1P A
PhsP__S7 — = PhP ST ——— ¥ (O
><H Tol - Nal Y Tol 76.88% T35 T
H1 H 90% H  base = MeLi, LiHvDs, 13
3-H, 13-H  KHMDS, NaHMDS
M =Li, Na, K
Q@
®
N/R Cl R n R L
. Cl 0 | /
[ PO+ 2eq. LDA N\%/@S//o muli_ —N® 99 o
N@ Ph M _S._ 66% > R ‘ — P\ S
\ e Tipp ° N Ph . 70% N Ph T
R \ Tipp \ Tipp
R R
14 15-H 15-Li
Tipp = triisopropylphenyl
R = iso-propyl

Scheme 6 Preparation of yldiides 13-M (fop) and 15-Li (bottom) by deprotonation of the
corresponding ylides

high electron density at the ylidic carbon atom in yldiides, the isolation of less or
non-stabilized systems will be particularly challenging.

2.2 Computational Studies on the Electronic Structure
of Yldiides

First computational studies on metalated ylides were already performed by Streitwieser
in 1984 on the model system (a-lithiomethylene)phosphorane, H;PC(H)Li [46]. They
particularly focused on the increased reactivity of yldiides compared to their
corresponding ylides as had been reported by Corey and coworkers [20]. The performed
ab initio SCF-MO calculations indicated that the high reactivity of H;PC(H)Li is mostly
due to its high charge concentration and its existence as contact ion pair, whose
chemistry is similar to that of the corresponding free anion and thus shows low steric
hindrance. Density functional theory calculations on the metalated ylide 13-M also
showed an increased negative partial charge at the ylidic carbon atom in 13-M
(gc = —1.33) compared to 13-H (gc = —1.05) [43]. This increase of electron density
is well in line with the reduced bond distances in the P-C-S linkage found in the
molecular structure of 13-M (see above). Calculations of the molecular orbitals showed
that the two highest occupied molecular orbitals (HOMO and HOMO-1, Fig. 4) mostly
resemble lone pairs of electrons at the ylidic carbon atom, one of 6- (HOMO-1) and one
of t-symmetry (HOMO), thus suggesting that the yldiide should potentially act as strong
o- and n-donor ligand. Accordingly, high proton affinities (PA) were calculated for
13-M. These PAs are higher than those found for CDPs but smaller than those of similar
methandiide ligands.

The bonding situation in metalated ylides was only recently addressed. These studies
were particularly motivated by continuous controversial discussions on the electronic
structure of bisylides such as carbodiphosphoranes [47-49]. While it has early been
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Fig. 3 Solid-state molecular structures of yldiide 13-M with sodium (a) and potassium (b) as
counterions and (c¢) drawing of the molecular structure of 15-Li

shown that bisylides — due to the energetically high-lying d-orbitals of phosphorus [50] —
cannot be described as heterocumulenes such as D1 (Fig. 5), the bisylidic structure D2
with electrostatic interactions in the P*—C™ linkage has long been considered as the best
description of the bonding situations. However, based on theoretical studies, Frenking
and coworkers recently suggested that the structure D3 with donor-acceptor interactions
between the phosphine ligand and the central carbon atom better describes the electron-
ics and reactivity of bisylides [51-54]. Here, the bonding is described by a captodative
formalism, that is, o-donation from the ligands (L) to the central carbon atom and
n-back-donation of the lone pairs of carbon(0) to L. In contrast to the ylidic bonding
situation in D2, the carbon atom in D3 formally exhibits an oxidation state of zero,
which led to the denotation of bisylides as carbones. Because of the similarity of this
bonding situation to the Dewar-Chatt-Duncanson model [55, 56] used to describe
ligand-metal interactions in transition metal chemistry, Fiirstner and colleagues con-
cluded in their studies that “carbon is capable of serving as the central atom of a
complex — just as a metal can do” [22, 57]. This bonding situation and metal-like
behavior of carbon or other main group elements was found to be suitable not only for
the description of carbodiphosphoranes but also for other bisylidic compounds such as
carbodicarbenes [58, 59] or heavier main group element compounds [60].

For elucidation of the bonding situation in metalated ylides, natural bond orbital
(NBO) analyses in combination with energy decomposition analyses (EDA) and
calculations of the molecular orbitals were performed [61]. Real systems, such as
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Table 1 Comparison of the *'P NMR data of metalated ylides and their protonated precursors

Compound Sp (ppm) Upc (Hz) Compound | dp (ppm) Upc (Hz)
13-H, 16.8 45.9 12-H 63.5 125.7

13-H 14.2 1233 12 41 Broad signals
13-Na —11.0 38.0 9-H 23.2 135

13-K —12.3 Broad signals |9 2.5 94.6

13-K (with 18-crown-6) | —16.6 Broad signals | 10a-H n.d. 126.6

15-H 46.8 151.3 10a 148.3 28.2

15-Li 18.0 30.6

49

(o]

Fig. 4 HOMO (left) and HOMO-1 (right) of the metalated ylide 13-M
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Fig. 5 Possible canonical structures of carbodiphosphoranes

the isolated compounds 9 and 13-M, as well as further model systems of the general
constitution Ph;P-C—L were addressed in order to study the impact of the substi-
tuent L on the bonding situation. Additionally, neutral bisylidic analogues of some
of the yldiides were examined in order to shed light on the influence of the total
charge of the molecule on the electronics of the compound. Due to the unsymmet-
rical substitution pattern in metalated ylides, also unsymmetrical bonding situations
(i.e., combinations of the resonance structures depicted in Fig. 5) were considered.
An interesting outcome of these studies concerned the negative charge located at
the ylidic carbon atom in metalated ylides compared to that in related bisylidic
compounds. Despite the negative total charge, yldiides were found to show similar
negative charges than their neutral analogues. For example, the isoelectronic
compound pair 9 and 16 (Fig. 6) exhibit comparable charges at the central carbon
atom (gc = —0.99 vs. —0.96) and at phosphorus, despite the fact that nitrile 9 is an
anionic compound while 16 is a neutral species. Overall, the charge at the carbon
atom is more affected by the nature of the substituent than by the total charge of the
molecule. Anion-stabilizing groups such as sulfonyl or phosphoryl groups lead to
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high charge concentrations (e.g., gc = —1.29 in the phenyl-substituted analogue of

13), while substituents capable for charge delocalization minimize the charge
density (e.g., gc = —0.99 in 9).

With respect to a carbone-like character of metalated ylides, the energy decom-
position analyses (as well as the NBO analyses) provided no clear-cut picture
[61]. Instead, for most of the yldiides calculated, several fragmentation patterns
were found to be equal in energies and thus equally valid. In general, ylidic bonds
(P*-C™ and L-C") and dative interactions (P — C and C « L7) as well as
combinations of both showed similar energies. For example, for the phenyl-
substituted analogue of 13, the two structures shown in Fig. 10 were calculated to
be the best fragmentation pattern of this system. Interestingly, introduction of a
positive charge into the molecular backbone resulted in an increased importance of
the donor-acceptor bond for the description of the interaction of the ligand L with
the central carbon atom. Thus, the neutral compound 17 also exhibited a low-energy
structure with an ylidic bond to the phosphine ligand and a dative bond to the
sulfonyl substituent (see structure 17" in Fig. 7), which was not found to be suitable
for the description of its anionic congener 13p;. Overall, both bonding schemes
(ylidic and dative) are suitable for the description of metalated ylides. Thus, they
can also be viewed as anionic carbone derivatives. Independent of the exact
bonding situation, all fragmentation patterns reflect the presence of two pairs of
electrons located at the central carbon atom, which are in line with the molecular
orbitals (cf. Fig. 4) and the reactivity of these compounds (see below).

3 Applications of Metalated Ylides in Organic Synthesis

The reactivity of metalated ylides is dominated by the two lone pairs of electrons at the
ylidic carbon atom. These electron pairs give rise to high electron density and thus to
high basicity and a strong nucleophilic character. Thus, yldiides can be used to
functionalize ylides by simple treatment with various electrophilic species. Even though
—due to the lack of readily isolable systems —most of the reactions reported made use of
in situ generated yldiides, applications are not limited to simple trapping reactions. With
the increasing number of isolated metalated ylides in recent years, new applications
have been discovered, and many more can be expected in the next years. In this chapter,
we discuss the use of metalated ylides in synthetic chemistry. We first focus on
applications in organic synthesis for the preparation of functionalized compounds.
While the applications discussed here already demonstrate the unique reactivity of
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Fig. 7 Most favored structures for 13py, and its neutral congener 17 according to the EDA

yldiides connected with the two lone pairs at carbon, the subsequent chapters concen-
trate on their ligand properties and their use in main group and transition metal
chemistry.

3.1 Reactivity Toward Carbonyl Compounds and Epoxides

The synthetic value of “simple” ylidic compounds is strongly connected with their use in
Wittig-type reactions. While the Wittig reactivity of simple ylides has been studied
intensively over many years [62—-64], the reactivity of metalated ylides toward carbonyl
compounds is by far less explored. Nonetheless, the first experiments on Wittig-type
reactions with metalated ylides were already reported in the 1980s. Corey and coworkers
demonstrated an increased reactivity of a-lithiomethylenetriphenylphosphorane (4) com-
pared to its protonated ylide analogue (methylenetriphenylphosphorane) in Wittig reac-
tions with sterically demanding ketones [20, 38]. As such, 4 reacted with fenchone (18) to
the corresponding exo-methylene derivative 19, while methylenetriphenylphosphorane
showed no conversion (Scheme 7a). The synthetic utility was also demonstrated by the
reactions of 4 with 2 equiv. benzaldehyde or hexanal, which were both converted to the
trans-allylic alcohols 20 and 21, respectively (Scheme 7b). In this reaction, the metalated
ylide showed two distinct reactivities: at first, it acted as a typical organolithium species
undergoing a 1,2-addition to the carbonyl group, while it subsequently performed a
classical Wittig olefination reaction. This already demonstrated the applicability of
metalated ylides in cascade reactions, which was later also applied for other types of
reactions (see Sect. 3.2).

In contrast to the Wittig reactivity observed by Corey, a different behavior toward
aldehydes was reported by Gessner and coworkers using the isolated sodium yldiides
9 and 13-Na [43]. Instead of forming trans-allylic alcohols as found for yldiide
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4 (Scheme 7b), 9 and 13-Na reacted with benzaldehyde and pentafluorobenzaldehyde to
the novel carbonyl compounds 22-24 as main products (Scheme 8). Mechanistically,
this reaction presumably also proceeds at first via a 1,2-addition of the metalated ylide to
the carbonyl group. However, the formed intermediate sodium alcoholate is a highly
stabilized ylide which thus does not (or only slowly) undergo Wittig olefination. Instead,
the high electron density leads to the formal elimination of a 3-substituent. Thus, in case
of benzaldehyde sodium, hydride is formally eliminated, while in case of the fluorinated
compound, pentafluorophenyl sodium is lost. This reaction impressively demonstrates
the tunability of the reactivity of metalated ylides. Hence, the a-substituents are
important not only for the stabilization of these compounds but also for tailoring their
reactivity.

The synthetic utility of metalated ylides was also demonstrated by means of their
reactivity toward epoxides. Several examples were reported in which yldiides
cleanly reacted with epoxides in a ring-opening reaction and formation of alcohols
after hydrolysis, among a-lithiomethylenetriphenylphosphorane (4) [20] and the
Bestmann’s yldiide 9. Due to the cyano-functionalization, 9 also gave way to
interesting further reaction products after hydrolysis of the alcoholate 25 initially
formed after epoxide opening (Scheme 9) [65]. As such, acidic workup first leads to
protonation and formation of the intermediates 26-Int, which subsequently hydro-
lyze via phosphine oxide elimination to y-hydroxynitriles 26 in overall yields of
63-72%. In contrast, hydrolysis of 25 under basic conditions results in the addi-
tional hydrolysis of the nitrile group. The thus formed carboxylates 27-Int then
furnishes lactones 27 after protonation and cyclization in overall yields between
60 and 77%. Hence, the metalated ylide 9 proved to be a particularly versatile
reagent, due to the additional reactivity of the cyano group.
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3.2 Cascade Reactions

Because of the two lone pairs at the ylidic carbon atom, metalated ylides can both
react as highly nucleophilic carbon bases but also as ylidic compounds. This makes
yldiides particularly interesting reagents for cascade reactions, using both types of
reactivities. This has first been demonstrated by the reaction of the metalated ylide
4 with two equivalents of aldehyde, resulting in a 1,2-addition reaction followed by
a Wittig olefination to yield trans-allylic alcohols (Scheme 7) [20]. However, also
two different reaction partners can be employed to introduce different groups and
functionalities and to address different reaction pathways. Bestmann and coworkers
used this approach for a series of cascade reactions starting from the cyano system
9 [41]. Until today, 9 remains the metalated ylide, which has most intensively been
studied in cascade reactions. This can probably be referred to its convenient
preparation and stability, thus suggesting that the isolation of further yldiides may
be attractive for the development of new domino reactions.

A selection of cascade reactions performed with yldiide 9 is shown in Scheme 10.
Starting with simple substitution reactions using acetale functionalized halogen
compounds, Bestmann and coworkers accomplished elegant cyclization reactions
to monocyclic and bicyclic compounds. After substitution, subsequent cleavage of
the acetale to the aldehyde and intramolecular Wittig reaction yielded the o,-
B-unsaturated nitriles 28 and 29. Also, dienes were found to be accessible from
9 employing different aldehydes [41]. Here, the first step involves the 1,2-addition of
the metalated ylide to n-pentanal followed by treatment with trimethylchlorosilane
to yield the a,B-unsaturated cyano ylide 30-Int via loss of trimethylsilanol
(Me5SiOH) from the intermediate silyl ether. 30-Int subsequently reacts with a
further equivalent of aldehyde in a Wittig reaction to form the corresponding dienes
30a and 30b in moderate to good yields (48—72%). Cyanoacetylenes 31a and 31b
were also found to be accessible from 9 by its reaction with carboxylic esters. The
initially obtained acyl cyano ylides 31-Int undergo thermolysis to the corresponding
alkyne carbonitriles by elimination of triphenylphosphine oxide (Scheme 10).

4 Ylide Functionalization in Main Group Element
Chemistry

The two lone pairs at the ylidic carbon atom and the resulting high donor capacity of
metalated ylides suggest that these compounds may serve as potent donor ligands to
support electron-deficient and/or low valent main group element compounds. Due
to the so far extremely limited number of readily isolable yldiides, this chemistry is
still in its infancy. However, the examples reported and summarized in the follow-
ing chapter already demonstrate the utility of metalated ylides to stabilize and
electronically manipulate main group element species.
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Scheme 10 Cascade reactions with yldiide 9
4.1 Ylide-Stabilized Carbenes and Silylenes

Singlet carbenes have experienced a remarkable renaissance over the past three
decades. With the development of stable, isolable, and even bottable systems, these
compounds have turned from laboratory curiosities into versatile reagents with a
myriad of applications [66—70]. For example, singlet carbenes have been recog-
nized as powerful ligands in transition metal catalysis [71-74] and main group
element chemistry [75], as organocatalysts [76, 77] or as reactive species in bond
activation reactions [78—81]. Decisive factor in this chemistry has been the stabi-
lization of these low-valent carbon compounds to facilitate their handling and
isolation. In most of the cases, stabilization is achieved by a-nitrogen substituents
[e.g., in diaminocarbenes, above all N-heterocyclic carbenes (NHC), or cyclic alkyl
(amino)carbenes (cAAC), Fig. 8]. These substituents stabilize the singlet ground
state through n-interaction, i.e., the lone pair of the heteroelement interacts with the
vacant p, orbital of the carbene. Similar stabilizing abilities can be envisioned for
ylide substituents, which thus may be used for the stabilization of singlet carbenes
and the manipulation of their electron-donating properties. Since the a-carbon atom
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in ylide-substituted carbenes is less electronegative than the nitrogen in NHCs but
capable of n-donation, ylide-functionalized carbenes are expected to be strongly
o-donating ligands with pronounced electron-releasing capacities and thus attrac-
tive ancillary ligands for applications in homogenous catalysis. Due to these
promising features, ylide-substituted carbenes (as well as silylenes) have been
subject of experimental as well as theoretical investigations over the past 10 years.

4.1.1 Synthesis and Properties

Transition metal complexes of cyclic amino(ylide)carbene (cAYC) (Fig. 9) had early
been reported [82—86] but had only little impact compared with NHC complexes.
These cAYC complexes were synthesized through intramolecular cyclization from
the corresponding transition metal isocyanide complexes bearing a phosphorus ylide
at the ortho position and not from the corresponding isolated carbenes. In contrast,
free cAYCs have only recently been synthesized. In 2008, Kawashima and Fiirstner
independently reported of the preparation and properties of the phosphorus- and
sulfur ylide-functionalized carbenes 32—35 depicted in Fig. 12 [§7-89]. Although the
ylide moiety in these systems was not introduced by using isolated metalated ylides,
the synthesized AYCs impressively demonstrated the unique donor properties of
such carbene ligands as result of ylide functionalization.

The preparation of cAYCs 32-35 was accomplished by deprotonation of the
protonated precursors comparable to diaminocarbenes. In a typical protocol, metal
bases such as mesityllithium (MesLi) or potassium hexamethyldisilazide (KHMDS)
were added to solutions of the onium salts at low reaction temperatures. Scheme 11
exemplarily depicts the synthesis of 32 reported by Kawashima [87]. Despite the
facile synthesis of the carbenes 32-35, their isolation at room temperature failed due
to the higher reactivity of these species compared to NHCs. For example, 32 was
shown to undergo transfer of one of the phosphonium-bound phenyl groups to the
carbenic carbon atom to give phosphine 36 [87]. However, chemical evidence for the
carbene character of 33-35 was unambiguously provided by the reaction with
elemental sulfur to yield the corresponding thioamides.

The donor property of AYCs was assessed by the preparation of the cis-[RhCI(CO),L]
complexes of 32-35. The carbonyl stretching frequencies in these complexes are recog-
nized as an index of the electron-donating properties of L-type ligands such as carbenes
[90, 91]. In all cases, lower frequencies compared to analogous diaminocarbenes were
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observed. For example, the thodium complex 37 of AYC 35 showed a frequency no less
than 44 cm™' lower than that of the corresponding triazolyl-2-ylidene complex 38
(Fig. 10) [89]. This indicates that introduction of an ylide substituent has a tremendous
effect on the electronics of a given carbene system. In general, the electron-releasing
property of AYCs surpasses that of traditional NHCs. Despite of these features, applica-
tions of AYCs 32-35 in catalysis remain scarce until today. The only example was
provided with AYC 32, which was applied in a Buchwald-Hartwig-type C—N coupling
reaction [82].

Ylide-substituted carbenes were presumably also the active ligands in palladium-
catalyzed coupling reactions with the 1,3-diphosphorus ylide cyclopentadienylium salts
[(CsH3)(PPhs),]I and its tolyl derivative {(CsH3)[P(4-CH3-Ph)s], }1 [92]. Although the
corresponding bis(ylide)-stabilized carbenes 39 were neither isolated nor their formation
unambiguously confirmed by their reactivity (e.g., trapping with elemental sulfur or in
metal complexes), their proposed formation was well in line with the high activity of
these ligands in Buchwald-Hartwig and Suzuki coupling reactions of aryl chlorides at
room temperature (Fig. 11). This was further confirmed by density functional theory
(DFT) studies showing that these purely ylide-functionalized carbenes possess excep-
tionally high donor abilities.

Silylene systems analogous to 39 were reported by Driess and coworkers. Their
synthesis was accomplished by deprotonation of the bisphosphonium salts 40 with
four molar equivalents of potassium hexamethyldisilazide (KHMDS) in the presence
of SiBr,4 followed by reduction of the corresponding dibromo precursors (Fig. 12,
top) [93]. Due to the generally higher stability of silylenes compared to their carbon
congeners [94], 41b could be isolated and characterized in solution. Despite the
absence of any amino substituent, 41a and 41b turned out to be remarkably stable,
showing no significant decomposition reactions in aromatic solvents after 3 months
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at room temperature. The 2*Si NMR signal of the silylenes appeared considerably
downfield shifted (6 = 213.3 and 212.4 ppm) compared to that of reported NHSis
(6 ="78-119 ppm) [94]. Likewise, the ylidic carbon atom also appeared downfield at
6 = 90 ppm, which is atypical for the carbanionic center of a phosphorus ylide. This
change in chemical shift was explained by the generation of a ring current as
illustrated by the silacyclopentadienide-like resonance structures 41A and 41B
shown in Fig. 12 (bottom). The aromatic character was further confirmed by DFT
studies. As such, nucleus-independent chemical shift (NICS) [95, 96] calculations
showed a NICS(1) [97] value of —4.0, and the molecular orbitals showed n-bonding
orbitals delocalized over the whole ring system. Interestingly, the lowest unoccupied
molecular orbital with significant & character on silicon was found to be LUMO+8
(LUMO: lowest unoccupied molecular orbital), thus indicating that the silylene
center in 41 is less electrophilic and more electron-rich compared to that of
N-heterocyclic silylenes (NHSi).

More recently, Kato and coworkers came to the same conclusions by means of
amino(ylide)silylene 42 prepared by reduction of the dichloro precursor with potas-
sium at 80°C (Scheme 12) [98]. Determination of the Tolman electronic parameter
(TEP) [99, 100] to estimate ligand donor properties showed that the electron-donor
ability of 42 (vco = 2051 cm ') is as strong as that of classical NHC ligands and
considerably stronger than that of NHSis. This was also reflected in the high
reactivity of 42. For example, reaction with 2,3-dimethyl-1,3-butadiene gave the
corresponding [4+1]-cycloadduct 43, while treatment with white phosphorus
resulted in the insertion of the silylene into the o-P-P bond to give the SiP, cage
compound 44.

Opverall, the synthesized ylide-functionalized carbenes and silylenes demonstrate the
ability of ylide substituents to stabilize low-valent species and to tailor their electronic
properties. So far, only a limited number of compounds has been synthesized and
isolated. This limitation, however, might be overcome with the development of readily
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accessible metalated ylides for facile ylide functionalization. This will also be beneficial
for further applications of these carbenes, such as in homogenous catalysis.

4.1.2 DFT Calculations

The influence of ylide substitution on the properties and reactivities of carbenes and
silylenes has also been subject to intensive computational studies. Pukhan and coworkers
investigated the impact of ylide groups on the stability and reactivity compared to known
NHCs, cAACs, as well as bisylides and other carbon(0) derivatives (Fig. 13) [101]. Calcu-
lations of the molecular orbitals showed that the smaller —I effect and the larger n-donating
ability of an ylide group relative to a nitrogen substituent result in an increase of the
energies of the 6- and n-donating orbitals. Thus, the amino(ylide)carbene 47 and bis(ylide)
carbene 48 are more basic than NHC 45 and cAAC 46. Interestingly, the 6- and n-donor
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abilities were found to be equal or even higher than those of the carbon(0) compounds 49
and 50. Thus, introduction of ylide moieties adjacent to the carbenic carbon renders the
basicities of these carbenes comparable to that of known carbon(0) compounds. However,
in contrast to carbones, ylide-substituted carbenes still possess moderate to strong
w-acceptor properties. The 6- and n-donating abilities in the range of carbon(0) compounds
are particularly remarkable, since the high basicity associated with carbon(0) compounds
can be referred to the presence of two high-energy lone pair orbitals, while in case of
carbenes, it is related to the presence of only one lone pair orbital at the carbenic center
together with a 3c—2e n-donor orbital. The same tendencies observed for the ¢- and
n-donating abilities of compounds 45-50 were also found for the first and second proton
affinities as well as for the bond dissociation energies of one molecule AuCl from the
mono or diaurated complexes [LAuCl and L(AuCl),] of these ligands. These properties
have been used to distinguish between carbenes and carbones [102—-104]. The calcu-
lations, however, indicate that with introduction of ylide substituents, this distinction
becomes blurred, thus manifesting the unique properties of amino(ylide)carbenes
(AYCs) and bis(ylide)carbene (Y,Cs). This special electronic character of AYCs and
Y,Cs —as well as of cyclic ylide-stabilized silylenes [105] — was also confirmed in further
theoretical studies [106—109]. Kassaee and coworkers additionally examined the influence
of different ylide moieties as well as different backbones (noncyclic vs. cyclic,
saturated vs. unsaturated) on the stability of AYCs. Ammonium ylides were found to
exert the highest stabilizing effect on the carbenic center resulting, for example, in larger
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singlet-triplet energy gaps and broader HOMO-LUMO gaps than in phosphorus or sulfur
ylides [109]. Comparable to aminocarbenes, aromatic cyclic systems are more stable than
their saturated cyclic analogues, which are in turn more stable than their acyclic
counterparts.

Recent studies by Phukan and coworkers also focused on the applicability of
ylide-substituted carbenes in bond activation chemistry. While NHCs are generally
ineffective in direct bond activation reactions, cAACs have shown to activate a series
of element hydrogen bonds [110], among the H-H bond in dihydrogen as well as the
N-H bond of ammonia [78]. This can be referred to the smaller HOMO-LUMO gap
in cAACs and the increased nucleophilicity and electrophilicity. This ambiphilicity
allows for an efficient interaction of the HOMO and LUMO with the o- and o*-
orbitals of the respective bond in the transition state analogous to interactions found
in bond activation reactions with transition metals (Fig. 14, left). Due to the generally
larger HOMO-LUMO gaps in ylide-functionalized carbenes, these systems were
found to be inactive in dihydrogen activation [108]. Interestingly, this lack of activity
can already be seen in the transition states characterized for these carbenes (Fig. 16,
right), which were found to be quite different compared to those of cAACs. While the
positively polarized hydrogen atom of dihydrogen interacts effectively with the lone
pair orbital of the ylide-stabilized carbenes, the hydridic hydrogen is far away from
the formally vacant p, orbital at the carbon atom. This results in a much weaker
carbene-H, interaction and thus in a weaker activation. Hence, the poor n-accepting
property of ylide-functionalized carbenes seems to be responsible for their inability
(or at least low effectiveness) in bond activation reactions (cf. Fig. 13). Nevertheless,
experimental proof of this observation is so far missing.

Overall, all calculations demonstrate that ylide functionalization results in an
efficient stabilization of the single state of a carbene and in large singlet-triplet
separations. Thus, the isolation of AYC and Y,C also at room temperature should
be possible. Such an isolation would be particularly important to further experi-
mentally evaluate the 6- and n-donating properties of these systems and to develop
applications in coordination chemistry and catalysis.

cAAC alkyl(ylide)carbene

Fig. 14 Orbital interactions important for the activation of dihydrogen by cAACs (left) and alkyl
(ylide)carbenes (right); bond lengths correspond to the distances between the carbenic carbon
atom and dihydrogen in the transition state
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4.2 Ylide-Stabilized Cationic Main Group Element
Compounds

As impressively demonstrated by the preparation of ylide-stabilized carbenes and
silylenes, the functionalization of main group element compounds by ylide moieties
can efficiently be used to tune the properties of a given system. Due to the strong
donor properties of the ylide moiety, electron-deficient species are particularly
interesting target molecules. Besides the low-valent group, 14 species also cationic
compounds have been stabilized by means of ylide functionalization.

4.2.1 Boron Compounds

Due to the three valence electrons of boron, boron compounds are inherently
electron-deficient. Hence, their general properties, bonding modes, and reactivities
are dictated by their tendency to overcome this deficiency, such as by adduct
formation or oligomerization. Often amido or aryl groups are applied in boron
chemistry which allow for efficient n-donation to the boron center and electronic
stabilization of the compounds. With their 6- and n-donor properties, metalated
ylides are ideal ligands to stabilize boranes or even boron cations. The first
application of ylide ligands in boron chemistry was reported by Bestmann and
coworkers [111]. They reacted the cyano-functionalized ylide 9-H with BH3-SMe,
to selectively deliver the neutral compound 51 (Scheme 13). In contrast to systems
with non-stabilized ylides, which underwent thermal rearrangement to phosphine-
coordinated boranes [112], 51 revealed to be thermally stable and could be further
converted to lithium borate 52 by addition of n-butyllithium. Although 52 has not
been prepared directly from the metalated ylide 9, it can be regarded as an yldiide
adduct of BH3. The molecular structure of 52 was also determined by single-crystal
X-ray diffraction analysis. In the solid state, the THF-solvated metal solely coor-
dinates to the nitrile moiety and not to the hydrides at boron or the ylidic carbon
center.

The formation of 52 is in contrast to recent results by Gessner and coworkers
with the sulfonyl-stabilized metalated ylide 13-M [43]. Reaction of 13-M with
BHj; THF selectively led to the formation of the bisylide-functionalized borane 53,
instead of a borate analogous to 52 (Scheme 14). This can be explained by the high
donor ability of 15 which renders the initially formed sodium borate 53-Int highly
electron-rich. Thus, it further reacts with a further equivalent of borane THF adduct
under hydride transfer and formation of sodium boron hydride. The thus formed
mono-ylide-substituted borane reacts with a second equivalent of yldiide to a
further borate intermediate which again eliminates a hydride to form 53. Hence,
the different reactivities of 52 and 53-Int reflect the differences in the donor
properties of the corresponding metalated ylides 9 and 13-M. Because 9 can
delocalize the negative charge into the cyano moiety, it is less basic than 15 and
hence borate 51 more stable than 53-Int. Notably, borane 53 is — in contrast to many
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Fig. 15 Molecular orbitals of a methyl-substituted model system of the bis(ylide)-substituted
borane 53

other boranes — monomeric. Dimerization is inhibited due to steric but also elec-
tronic effects due to the n-donation from the ylide ligand. This can be seen from the
molecular orbitals (Fig. 15), which clearly show m-interaction between boron and
the ylide ligand.

The high donor capacity of 13-M was also used to stabilize boron cations. Cationic
boron species are naturally even more reactive than their neutral analogues due to their
higher electron deficiency [113]. Nevertheless, hydride abstraction from 53 was found
to be facile employing different trityl salts with non-coordinating anions (Scheme 15)
[114]. Also, tris(pentafluorophenyl)borane could be used for hydride abstraction thus
already indicating that ylide substitution makes the resulting cationic boron species less
Lewis acidic than B(CgFs); itself. Consistently, the cations were also found to be
thermally robust, showing no decomposition in the solid state up to 200°C.

X-ray crystallographic studies (Fig. 16) of the hexafluorophosphate salt S4e
showed that the boron center in 54 is coordinated not only by the two ylide sub-
stituents but also by one sulfonyl moiety [114]. The B—C distances were found to be
shorter than typical single bonds, thus reflecting the m-donation from the ylide
substituents. This is also in line with the planarity of the whole Y-C-Y moiety
(Y = PCS). Computational studies further confirmed the m-interaction within the
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Fig. 16 (Left) Crystal structure of the cation of 54e and (right) display of the calculated molecular
orbitals of a methyl-substituted model system of 54

central C-B—C linkage. As such, the HOMO represents the two lone pairs at the
carbon atoms, while the HOMO-1 is the bonding n-interaction over the whole C-B—
C linkage and the LUMO its antibonding counterpart (Fig. 16, right). Despite this
n-delocalization, electrostatic interactions were also found to contribute to the
bonding situation in 54. Hence, large negative charges were observed at the ylidic
carbon atoms (¢gc = —1.26 and —1.30) and a large positive charge at the boron center
(gs = 0.90), thus reflecting the special donor properties of the stabilized yldiide 15.
This polar bonding situation also determines the reactivity of the boron cation.
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Treatment with strong Lewis bases such as N,N-dimethylaminopyridine (DMAP)
results in the formation of the expected Lewis base adducts 55 (Scheme 15) with
de-coordination of the sulfonyl group. In contrast, primary and secondary amines
lead to the activation of the N-H bond across the B—C bond, thus furnishing the
corresponding tris(amino)boranes 56 via cleavage of the B—C bond and elimination
of ylide 13-H and phosphonium salt 13-H,.

4.2.2 Phosphorus Compounds

Ylide functionalization of phosphorus compounds was early reported. In general,
three synthetic strategies have been used in this chemistry (Scheme 16): (1) reaction
of ylides with phosphorus halides in the presence of base (Route A) [115, 116],
(2) chlorosilane elimination (trans-silylation) by reaction of silyl-substituted ylides
with phosphorus chlorides (Route B) [117-119], and (3) reaction of metalated
ylides with chlorophosphines (Route C) [42, 43].

The influence of ylide substitution on the electronics of the phosphorus center was
particularly addressed by Schmidpeter and coworkers. They observed that introduction
of an ylide substituent into halogen phosphorus compounds results in a strong polariza-
tion of the P-Hal bond [120, 121]. Depending on the electronics of further substituents at
the phosphorus center in 57, this polarization can even result in the spontaneous
dissociation of the halide from the phosphorus to give the corresponding cations 57’
(Scheme 17). This spontaneous dissociation was observed in bisylide functionalized
systems such as 57g and 57h as well as in compounds 57f with R’ being an amino
substituent [122]. For all other ylide-functionalized halophosphines, elongated P—CI
bonds were observed, and the halide could easily be abstracted by addition of group III
halides such as AICI; or GaCl; to form the corresponding cations [123]. For example,
compound 57d with R = Ph and R’ = Me exhibited the longest P-Cl bond (2.262(1) A)
observed for an acyclic chlorophosphine at that time [124]. The facile phosphenium
cation formation in these systems can be explained by the m-donation of the ylide
substituent and the stabilization of the resulting cation. This is expressed by the

Y-H Y -SiMe;
Route A / Route B
R,PHal, base R,PCI
— HHal Y__R — Me;SiCl
P
R Y =ylide

M = alkali metal

Route C } RoPCl
— MCI

Y-M

Scheme 16 Preparation methods for ylide-functionalized phosphorus compounds
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Scheme 17 Phosphenium ion generation by P—CI bond dissociation in ylide-substituted phos-
phorus compounds

phosphonium ion resonance structure 57” depicted in Scheme 17. Consistently large P—
C—P-R dihedral angles of approx. 180° were found in the crystal structures of these
compounds.

Systematic studies by Schmidpeter on the electronic effects of different ylide
groups showed that ylide substitution results in a P—Hal bond polarization already
in dihalogenphosphines YPHal, (57 wit R’=Hal). Crystallographic studies of these
compounds revealed the full range of compounds from symmetric systems with
equal P-Hal bonds to compounds with one P-Hal bond being extremely elongated
[121]. In these structures, the dichlorophosphine moiety always prefers the confor-
mation, in which one of the P—CI bond stands roughly perpendicular to the plane P—
C—(R)-P plane (Fig. 17, left). This gives rice to an almost parallel orientation of this
bond to the p, orbital at the ylidic carbon atom and thus to effective charge transfer
from the carbon atom to the antibonding orbital of the P—Cl bond. This charge
transfer finally results in the bond lengthening and weakening. Consistently, the
halogen atom perpendicular to the ylide plane is more easily abstracted than the
other one in dihalogenphosphines. This can, for example, be seen in the cation of
57e with R = SiMe; and R’ = Cl formed after chloride abstraction with GaCls
(Fig. 17, right) [124]. The P—Cl bond polarization and ionization of 57 to 57’ were
also traced by NMR spectroscopy in solution. In general, the *'P NMR signals of
acyclic monochlorophosphines can be found at dp < 200 ppm, while those of
phosphenium ions appear at dp > 260 ppm [124]. This spectroscopic difference
between 57 and 57’ was used to determine solvent effects on the dissociation
equilibrium. Thereby, the most pronounced solvent dependency was observed for
the enamine functionalized chlorophosphine 58 (Fig. 18). Here, the equilibrium
shifted almost completely from the covalent to the ionic side within a rather narrow
range of solvent composition (2070 vol% dichloromethane in benzene). Overall,
the studies on the polarization of P—Hal bonds in ylide-substituted halophosphines
clearly demonstrate the tunability of the electronics of the ylide substituent by
variation of the R group (such as in 57) and its impact on the fragments it is
bound to.
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Fig. 18 (Left) Chemical shifts of the phosphorus atoms of enamine 58 (5: phosphonium group,
Sp: phosphenium center) depending on the solvent mixture; (right) resonance structures of 58

5 Yldiides as Ligands in Transition Metal Chemistry

5.1 General Bonding Properties

Due to their capability to act as o- as well as m-donors, a-metalated ylides also
represent interesting ligands for transition metal compounds to form either carbene-
like structures or dimetalated species. Transition metal complexes with various
types of ylides have been known for many years. However, the number of com-
plexes with yldiides as ligands is still limited particularly compared with carbenes.
This is on the one hand due to the lack of readily available yldiides and on the other
hand due to side reactions often occurring in the metalation step, such as ortho-
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metalations, C—P bond activations, or carbene transfer reactions [18]. This has, for
example, been demonstrated by Schuhmann and coworkers by means of luthenium
complex 59. Instead of generating the corresponding yldiide complex 60 when
treated with methylenetriphenylphosphorane (3), the cyclometalated complex 61
was formed after elimination of methane [125]. In contrast, a dinuclear complex
with yldiide ligands is formed using the methoxyphenyl substituted ylide 62. This
ylide gives way to complex 64 with the yldiide ligand adopting a bridging position.
No complex with a terminal coordination mode of the yldiide such as in the
hypothetical carbene-like complex 63 was observed (Scheme 18) [126].

As indicated by means of the two different luthenium complexes 63 and 64,
yldiides can bind to a metal in a bridging mode to coordinate two metals in a p*-type
fashion or in a terminal coordination mode, thus forming either dinuclear com-
plexes such as F or carbene-like complexes (phosphonium alkylidenes) such as
G depicted in Fig. 20. The latter can exhibit different bonding situations between
the metal and the carbon atom. Depending on the electronics of the yldiide ligand
and the metal fragment, the ylide ligand can act as two- or four-electron donor
ligand. Thus, either carbene complexes with a metal carbon double bond or
complexes with ylidic metal carbon interactions can be formed. This is reflected
by the different resonance structures G and G’ (Fig. 19). While in the ylidic
structure the p, lone pair remains at the ylidic carbon atom, it is directly involved
in the metal-carbon interaction in the carbene-like systems. Thus, the latter are
preferentially formed with electron-poor, acidic metal centers. Independent of the
final coordination mode, yldiides should — owing to their negative charge — for-
mally act as X,L-type ligands according to Green’s covalent bond classification
(CBC) method [27]. This substantially distinguishes yldiides from neutral carbenes
and carbodiphosphoranes as well as from dianionic methandiides. However, as

®
S PPh
Lu—CH

Scheme 18 Formation of cyclometalated or dinuclear luthenium complexes with different ylide
ligands
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plexes and (right) carbene-like systems

shown by many complexes synthesized, the actual ligand behavior depends on
various factors including reaction partner and synthesis method (vide infra).

The following two chapters address the two different coordination modes F and
G of yldiides in transition metal chemistry. These chapters are not meant to be
exhaustive but to provide an overview over bonding modes and applications. Further
examples can be found in other review articles [18, 62].

5.2 Ylide Ligands in Gold Complexes

Dimetallic complexes of ylide ligands — including yldiides — have particularly
been prepared with gold as metal [127-132]. In these complexes, the geminal
coordination of both metals by the ylidic carbon atom supports strong aurophilic
interactions, which had been subject of experimental and theoretical investigations
[133]. In contrast to carbodiphosphoranes, which act as neutral L, ligands and
typically replace the L ligand in the reaction with the LAuCl precursor (e.g., 65,
Fig. 20) [134], yldiides should function as anionic L,X ligand. However, coordina-
tion of ylide ligands was shown to be somewhat more complex. As such, studies by
Schmidbaur [135] as well as Alcarazo and Fiirstner [136] also showed that even
neutral carbodiphosphoranes may react as X,L- or even X,-type ligand. For exam-
ple, reaction of carbodiphosphorane (MePh,P),C with [(PPh;)AuBr] lead to the
cationic complex 67 by replacement of the bromo instead of the phosphine ligand,
while reaction of a pyridine-substituted carbodiphosphorane with [(Me,S)AuCl]
allowed the isolation of the mono-cationic complex 66. Gold complexes of yldiides
have, for example, been prepared with the cyano-functionalized system 9, albeit not
directly formed from the metalated ylide 9-H but via the so-called acac method
using [(PPhs)Au(acac)] (acac=acetylacetonate) as gold(I) source [137, 138]. Here,
acac acts as internal base to deprotonate the used ylide precursor to the
corresponding yldiide. In case of 9-H, this synthetic strategy leads to the formation
of complex 68 with the yldiide ligand acting as X, ligand. In contrast to bisylides,
yldiide ligands have so far only acted as anionic X, ligands resulting in cationic
digold complexes such as 68 or 69 and 70 (Fig. 20) [129, 139]. Nonetheless, none of
the complexes has been synthesized from an isolated metalated ylide.

A particularly interesting example of a series of gold complexes of an ylidic
ligand system was reported by Vicente et al. [139]. Starting from the simple
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sulfoxonium salt [Me3;SO]CIO,4 and varying amounts of [(PPhs)Au(acac)], they
obtained the monoaurated complex [Me,S(O)CH,AuPPh;]Cl10, (71), the di- (70),
tri- (72), and even the tetragold complex 73. The latter features a hyperconjugate
carbon atom which in the molecular structure adopts the apex of a square pyramid
with the four gold atoms forming the base (Scheme 19a). In the trigold complex 72,
the ylide likewise coordinates on top of a gold triangle. Such a structural motif had
also been reported by Schmidbaur and coworkers starting from the silylated ylide
74 (Scheme 19b) [135]. The generation of the formally di-anionic ylide ligand in 75
made use of the low stability of the C—Si bond in silyl-substituted ylides — as used
for the syntheses of phosphorus compounds (Scheme 16) — as well as a second
equivalent of 74 serving as base.

5.3 Carbene-Like Complexes Based on Yldiides

Carbene-like complexes based on yldiide ligands can be expected to exhibit unique
electronic properties due to the flexible M—C bonding situation (c.f. G and G’ in Fig. 20)
arising from the fact that yldiides may act as two- or four-electron donor ligands. In cases
that yldiides function as o- and n-donor ligands, carbene complexes can be formed —
analogous to methandiides — via donation of four electrons from the carbon to the metal
center. However, the donation of the ©- lone pair into empty metal d-orbitals is usually
facing a competitive situation with n-bonding into the c*-molecular orbitals of the
triphenylphosphonium substituent (negative hyperconjugation). This typically leads to a
stronger polarization of the metal carbon bond compared with that in classical carbene
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complexes. Hence, the M—C bond is in general less stable and the phosphonium
alkylidenes thus more reactive. The continuous range of different bonding situations
in these complexes is also reflected by the '*C NMR signals of the ylidic carbon atom in
the metal complexes. While the dimetalated complexes in general showed high-field
shifted signals, the carbon atom in phosphonium alkylidenes usually appears upfield
shifted depending on the degree of n-donation (see below).

Detailed studies on triphenylphosphonium methylidene complexes have been
reported by Sundermeyer and coworkers with group V—VII metals [140-143]. These
complexes were synthesized by transylidation using one sacrificial equivalent of ylide
for deprotonation to the yldiide ligand. As such, the molybdenum and tungsten imido
complexes 77a and 77b were obtained from the dichloro precursors, [Mo(N#Bu),Cl,]
and [W(N7Bu),Cl,(py),], with four equivalents of methylenetriphenylphosphorane
(Fig. 21, left) [140]. These complexes were particularly interesting since the
[M=CH-PR;"*] moiety is isoelectronic to [M=CH-SiR5] used in Schrock-type com-
plexes that are active in olefin metathesis catalysis [144]. The formation of the yldiide
ligands proceeds via the intermediate ylide complexes 76-Int. These complexes are
usually formed in transylidation reactions but are not always isolable due to the often
fast deprotonation step. In the solid state, 77b showed short W=C bonds, falling in the
upper range for double bonds. The different degrees of n-donation to the metal center
and double bond character in 76 and 77 can be assumed from their '*C NMR signals. As
such, the mono-alkylidene complexes 76 exhibited significantly more downfield shifted
signals (e.g., 6c = 127.8 ppm for 76a) than the di-alkylidene analogues 77 (e.g.,
O6c = 73.6 ppm for 77a). This can probably be referred to the smaller degree of M=C
double bond character in 77 due to the competing n-donation from the imido and
alkylidene ligands in 76 and particularly in 77. The resulting reactivity of the metal
carbon linkage in phosphonium alkylidenes was, for example, demonstrated by the
facile insertion of carbon monoxide or isonitrile into the M—C bond in 76 thus leading to
a complete break of the metal-ylide interaction [142].
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Fig. 21 Synthesis of molybdenum and tungsten phosphonium alkylidene complexes

A particularly interesting tungsten complex with respect to metal-ylide interac-
tions has also been reported by Sundermeyer and coworkers [145]. Complex 78
with phosphonium alkylidene and alkylidyne ligands was formed by an analogous
transylidation strategy with seven equivalents of ylide (Fig. 21, right). This com-
plex formally features two M=C double bonds as well as a metal carbon triple
bond. Comparable to the yldiide ligand, the phosphonium methylidyne functional-
ity can be described by different resonance structures, [M~=C—PPh;*] or [M=C —
PPh;*]. However, due to the strong n-bond competition of the four n-donor ligands
in 78, only partial n-donation from the ylide ligands can occur. This, for example,
leads to a considerably bent M—C-P linkage with an angle of 154.0(4)°.

While most of the yldiides complexes were so far synthesized via deprotonation
of ylide complexes (see above), Kreissl and coworkers reported on a unique
alternative method via addition of a phosphine to a carbyne complex. This has
first been demonstrated by means of complex 79 and trimethylphosphine which
resulted in the selective formation of the cationic chromium yldiides 80 (Fig. 22,
left) [146]. The '*C NMR signal of the metal-bound carbon atom experiences a
high-field shift upon PMe; addition from 349 ppm in 79 to 307 ppm in 80. A similar
procedure has also been employed for other yldiides complexes [147—-149].

The bonding situation in an yldiide rhodium complex was addressed by Chauvin by
means of computational methods [150]. Deprotonation of a cationic thodium precursor
with a chelating phosphine ligand afforded the yldiide complex 81 (Fig. 22, right). The '?
C NMR signal of the yldiidic carbon atom appeared rather high-field shifted at
41.5 ppm, thus already indicating weak alkylidene character. This was confirmed by
DFT studies. As such, the HOMO of a model system of 81 was shown to represent the
antibonding & interaction of the M—C bond, while electron-localization function (ELF)
analysis yielded the bonding mode with only a M—C single bond as the most important
resonance form. Comparative studies with neutral bisylide ligands showed that the
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overall charge of the yldiide ligand exerts only a very weak influence on the bonding
properties of the ligand.

The only but extremely impressive example of a catalytic application of an yldiide
complex was given by Piers and coworkers by means of ruthenium complexes 83a
and 83b (Fig. 23) [151]. These complexes were synthesized by a unique strategy
based upon the synthetic route to chromium yldiides via phosphine addition to the
corresponding carbyne complexes (see above) [146]: initial protonation of the
carbide complexes 82 with [H(OEt,),][B(CgFs)4] resulted in the subsequent transfer
of the tricyclohexylphosphine ligand from the metal to carbide atom to yield the
yldiide complexes in good yields. Complexes 83a and 83b represent close structural
models for the proposed four-coordinate 14-electron active species in the Grubbs’
catalyst family and were thus applied in olefin metathesis. These studies revealed that
particularly 83b is an extremely fast-initiating catalyst, even surpassing the activity
of the highly reactive Schrock catalyst [144]. The reason for this high activity is the
fact that no ligand dissociation is required in order for the complex to enter the
catalytic cycle. Furthermore, the complexes 83a and 83b also allowed the observa-
tion of ruthenacyclobutanes [152—154], which are supposed to be the relevant
intermediates for the metathesis reaction.

Overall, the selected yldiide complexes demonstrate the unique metal-carbon
interaction in these systems. Here, the yldiide ligand not only does give way to
dinuclear as well as carbene-like (alkylidene) complexes with a range of different
bonding situations but also allows for the stabilization of metal species with unique
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reactivities. Owing to the fact that all complexes synthesized so far have not been
prepared directly from a metalated ylide, the potential of this ligand class is probably
still underdeveloped, and further advancements can be expected with the introduc-
tion of more readily available and isolable yldiides.

6 Conclusions and Outlook

In conclusion, yldiides are a unique type of - and n-donor ligands that have found
applications from organic synthesis to main group metal and transition metal chemistry.
The myriad of applications is especially impressive keeping in mind that only an
extremely limited number of metalated ylides has so far been isolated. Instead, often
detours have been undertaken to realize ylide functionalization or yldiide coordination.
It can thus be expected that the preparation of isolable stabilized metalated ylides will
open new avenues in the chemistry of yldiides. This is indicated by the cyano- and
sulfonyl-stabilized systems 9 and 13-M, which have already demonstrated their versa-
tility in synthesis and coordination chemistry. However, the generation of further
representatives will be important to tailor the structures, electronics, and donor proper-
ties of these ligands and hence their capability for advanced applications such as in the
stabilization of reactive species or support catalytically active complexes.
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