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Abstract

Early and late transition metal-carbon multiple bonds that have been widely used for
many catalytic processes, organic transformations, and olefin metathesis reactions are
described. Especially, the development of Schrock and Fischer type olefin metathesis
catalysts aided by computational studies is discussed, focusing on work that aims at
improving the reactivity, stability, and regioselectivity. The intriguing electronic feature
and reactivity of a titanium alkylidyne, which leads to many unique transformations of
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organic molecules, are summarized. The development of Fischer type olefin metathesis
catalysts to control the regioselectivity in cyclopolymerization of diynes with RuII-
alkylidene catalysts employing quantum chemical studies is summarized.

1. Introduction

Transition metal carbene complexes play a pivotal role in organic and

inorganic chemistry, where they act as catalysts or key intermediates in var-

ious organic transformations, metathesis reactions, asymmetric syntheses,

and many catalytic processes.1,2 The first transition metal carbene complex

was introduced by Fischer3, and it was found that the carbene moiety in

these complexes is electrophilic and generally prefers late transition metals

in low oxidation states. Named after the original discoverer, the Fischer

carbenes often carry stabilizing π-donor substituents such as alkoxy(-OR)

or amido(-NR2) groups. Taken together, all these observations suggest that

the carbene moiety in Fischer carbenes should be thought of as a neutral

ligand that acts as an σ-donor and a π-acceptor. For a little over a decade,
this electronic demand was assumed to be generally necessary for carbene

functionalities to bind to transition metals. It was therefore a surprise, when

Richard R. Schrock prepared a tantalum-based methylene complex4, in

which the carbene proved to be nucleophilic and is bound to high-valent

early transition metals. In this case, the carbene is most appropriately thought

of as being a dianionic ligand that can act as an σ- and π-donor. These
carbenes are now known as the Schrock-carbenes, complementing the

Fischer-carbenes. Both classes of carbenes have been investigated intensively

over the last five decades and were shown to be highly valuable and versatile

for a number of applications. Most notably, transition metal carbene catalysts

were shown to promote olefin metathesis reactions, the importance of

which was recognized by the Nobel Prize being awarded to Grubbs,

Schrock and Chauvin for their pioneering work on olefin metathesis.5–8

The electronic structure of metal-carbene fragments is best understood

by a donor-acceptor model within the context of the familiar Dewar-Chatt-

Duncanson model9,10 and a schematic representation is shown in Fig. 1A

and B. Schrock carbenes have two major orbital interactions between

metal and carbene fragments: (i) σ-donation of sp2-orbital of the carbene car-

bon and (ii) π-donation of p-orbital of the carbene fragment. Since the carbon

fragment can be described as a dianionic ligand, it acts as a nucleophile toward
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other electrophilic reagents. The carbene fragment is donating two electron

pairs, and thus the metal fragment of a Schrock carbene is usually high-valent

and electron deficient, possessing empty d-orbitals. In contrast, a Fischer

carbene displays a different electronic demand, as described in Fig. 1B:

(i) σ-donation of the carbene ligand to the metal center and (ii) π-
backdonation from a filled d-orbital to an empty p-orbital of the carbene frag-

ment. Since the carbon of Fischer carbene is holding six valence electrons

only, it can be stabilized by electron-rich transitionmetals via π-backdonation.
Typical routes to preparing Fischer and Schrock type carbenes are shown

in Fig. 1C and D. For example, a high-valent Ta(V)Cl2 complex can

react with two equivalents of neopentyl lithium to first afford a Ta(IV)-

dineophentyl complex, which can liberate neopentane by transferring a

proton from one neopentyl to another to give the Schrock type

neopentylidene complex Np3Ta]CH(tBu).11 This deprotonation of the

α-proton from one neopentyl ligand by another demonstrates that Schrock

carbenes are significantly stabilized by the π-donation from the carbene frag-

ment to the metal as illustrated in Fig. 1A. This finding is also consistent with

the general observation that early transition metals with high oxidation

states, generally containing 0 to 2 d-electrons, are preferred to form Schrock

Fig. 1 (A and B) Bonding scheme of Schrock and Fischer type carbene complexes.
(C and D) General preparation schemes of each type of carbene species. (Np, neopentyl).
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carbenes. Fischer carbenes are typically prepared differently. As depicted in

Fig. 1D, Fischer carbenes can be prepared from a metal carbonyl compounds,

for example, by reacting Cr(CO)6 with MeLi to initially form a zwitterionic

complex, which has a resonance structure that contains a Cr]C bond.12

Treating the adduct with MeI readily affords the Fischer carbene, where

the metal-to-ligand π-backdonation plays a key role in stabilizing the

electron-deficient carbene fragment. Since metal centers in Fischer-carbene

complexes require electrons that can be donated, low oxidation states electron

counts close to 18 are preferred.

Over the last two decades, both Fischer- and Schrock-carbenes have

been studied by computational methods, which have significantly enriched

the fundamental understanding of these important classes of molecules. These

quantum chemical studies have been enlightening, since the isolation and

characterization of alkylidene complexes proved difficult in many instances.

Quantum chemical calculations have been used to elucidate the electronic

properties of various intermediates that are thought to be formed during var-

ious reactions. Recently, much progress was made in experimentally probing

the electronic structure of the metal-carbene bond and understanding their

chemical reactivity. These studies will also be highlighted below.

1.1 Early transition metal alkylidenes
The existence of a titanium methylidene as a reactive intermediate was

first recognized by Frederick Tebbe in connection with the complex

Cp2Ti(μ2�CH2)(μ2�Cl)Al(CH3)2. Nowwidely known as Tebbe’s reagent,

this masked Ti(IV)-methylidene was reported for the first time in 197813,

but was studied in 197414 and is prepared in good yield by addition of excess

amounts of AlMe3 to Cp2TiCl2 in toluene. In the presence of a mild Lewis

base such as pyridine, complex 1 can be activated to give the reactive inter-

mediate, presumably the titanocene-methylidene complex 2 as shown

inScheme 1. Tebbe’s reagent facilitates methylene group transfer reactions

and can engage in α-hydrogen abstraction. The complex 2 cannot be

isolated as a pure compound, but it can be studied and observed in other

forms in solution using different types of phosphines to generate complex

Cp2Ti]CH2(PR3), at low temperature.15–18

The Schrock-carbene complexes attracted notable attention from the

quantum chemical modeling community and several computational studies

were reported as early as 1984. Employing Hartree-Fock level of theory,
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Taylor and Hall suggested that the Schrock-carbene complexes

CpCl2NbCH2 and CpCl2NbCH(OH) exhibit nonclassical behavior dis-

tinct from Fischer-carbenes because of the nature of the metal center and

not because of any fundamental difference of the carbene ligand.19 Goddard

and coworker analyzed the Fischer and Schrock carbenes employing the

generalized valence bond (GVB) method20 and offered one of the earliest

descriptions of the electronic structure of these complexes. The reaction

mechanism leading to the formation of the carbenes was also modeled as

a decomposition of tetraalkyl titanium, Ti(CH3)4, to form the product com-

plex Ti(CH3)2]CH2. It was found that a bimolecular α-hydrogen abstrac-

tion was most likely and preferable over the alternative unimolecular

pathway involving an α-hydrogen abstraction by a methyl group to afford

methane and the Ti-methylidene.21 More recent work has made clear

that the mechanism of carbene formation is quite complicated and can

proceed through different reaction channels. Recent experimental work

even implicates a radical coupling pathway22 that was previously not exten-

sively considered. Interestingly, a well characterized mononuclear titanium

methylidene, (PN)2Ti]CH2 [PN� ¼ (N-(2-(diisopropylphosphino)-4-

methylphenyl)-2,4,6-trimethylanilide)], which is a structural analog of

the important Tebbe’s reagent was successfully prepared, isolated and struc-

turally characterized. The electronic andmolecular structure of the titanium

methylidene complex was studied in detail using modern computational

methods.23 The Wiberg bond order24 between the Ti and C was 1.70

and NBO25 analysis assigned �0.74 charge to the α-carbon, confirming

the general conceptual characterization of the Schrock-carbene in these

Scheme 1 Synthesis of the titanocene-methylidene complex using Tebbe’s reagent.
(A) Synthesis of Tebbe’s reagent. (B) Observation of titanocene-methylidene aided by
phosphines or THF.
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modern calculations. The molecular orbital diagram confirms that there are

two important electronic interactions, namely, the TidC σ-bond interac-
tion (HOMO-11) between the sp-hybridized donor orbital on the

[CH2]
2� fragment and the dy2–z2 orbital of the metal, and the TidC π-

bonding (HOMO-1) between the lone-pair p-orbital of the [CH2]
2�

ligand and a π-acidic dyz orbital of the metal, as illustrated in Fig. 2.

The first example of a zirconium methylidene complex, Cp2Zr]
CH2(PPh2Me), was reported by Schwartz over 30 years ago. The unstable

nature of the complex made precise structural characterization difficult26,

but recently, several stabilized methylidene complexes of Ti and Zr have

been isolated and structurally characterized.27,28 Notably, few examples of

Zr and Hf alkylidene complexes including structural details were reported

by Fryzuk.29–32 The Mindiola group33 has successfully prepared the

Fig. 2 DFT-calculated qualitative FMO diagram of Ti-methylidene.23
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dimethyl alkoxide complex of Zr and Hf, (PNP)M(CH3)2(OAr) (M¼Zr or

Hf ), which can give access to the methylidene complex, (PNP)M]
CH2(OAr) by photolytically induced α-hydrogen abstraction.

Ozerov34 reported that the methylidene ligand can be installed on metals

utilizing a methyl precursor, (PNP)M(CH3)3 (M¼Zr, Hf; PNP� ¼N[2-P

(CHMe2)2-4-methylphenyl]2). Computational studies clearly showed that

the plane defined by the atoms in the [CH2]
2� ligand in zirconium alkylidene

is perpendicular to the P–Zr–P axis. As shown in Fig. 3, the HOMO derives

from the interaction of the filled pz orbital of the methylidene ligand with the

lowest unoccupied dyz orbital of the [(PNP)Zr(OAr)]2+ fragment. On the

other hand, rotating the [CH2]
2� ligand by 90° would enable the interaction

of π-bond between px and hybridized dxy + pxorbital of the [(PNP)Zr(OAr)]2+

fragment, shown on the left hand side of Fig. 3. Although hybridization of

dxy and py orbital in [(PNP)Zr(OAr)]2+ stabilizes this molecular orbital, the

antibonding combination with the nitrogen of PNP and oxygen of alkoxide

Fig. 3 Molecular orbital diagram for the two plausible conformers of Awith a differently
oriented methylidene unit.33
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increases the overall energy, hence leading to a HOMO (Zr]C π-bond)
that is much higher in energy and a Zr]C π*-orbital that is also higher

in energy. This conceptual MO-diagram offers an intuitively understand-

able reason for the orientation of the carbene ligand.

In 1989, Teuben and coworkers prepared the first example of a

vanadium(III)-alkylidene complex, CpV(CHtBu)(dmpe) [dmpe¼bis

(dimethylphosphino)ethane] (4) from the dialkyl precursor 3 by α-hydrogen
abstraction as shown in Scheme 2.35 Later, the first high-valent vanadium(V)-

alkylidene complex 6, CpV(NAr)(CHPh)(PMe3) (Ar¼ 2,6-(CHMe2)2C6H3)

was reported36, which was prepared from the PMe3-coordinated

vanadium(III)-imido complex 5, CpV(N-2,6-iPr2C6H3)(PMe3)2, by treating

it with Ph3P]CHPh via a benzylidene transfer. Recently, Mindiola dem-

onstrated that the series of vanadium(V)-alkylidene complexes can be pre-

pared from vanadium(III) complexes employing π-acids or two-electron
oxidants.37–39 Similarly, four-coordinated cationic vanadium-alkylidene

complex 8, [(nacnac)V(CHtBu)(THF)][BPh4] (nacnac
� ¼{(2,6-iPr2C6H3)-

N-C(CH3)}2CH
�), was synthesized froma vanadium(III)-dialkyl complex7,

(nacnac)V(CH2
tBu)2, by reacting with AgBPh4. Further treatment with

MgI2 or I2 gave the neutral alkylidene complex 9 and subsequent alkylation

with LiCH2SiMe3 generated the vanadium(IV)-alkyl, alkylidene complex

10, (nacnac)V(CHtBu)(CH2SiMe3).
40,41

Schrock reported the niobium alkylidene Cp2Nb(CHCMe3)Cl, which

was prepared by treatment of Nb(CH2CMe3)2Cl3 with 2 equiv. of thallium

cyclopentadienide, CpTl. McCamley and coworkers reported the synthesis

of the niobium alkylidene by a redox route, in which the one-electron

oxidation of Nb(IV)-(η5-C5H4
tBu)2(CH2Ph)2 (11) along with AgBPh4 pro-

duced an unstable benzylidene salt, [Nb(V)(η5-C5H4
tBu)2(CHPh)][BPh4]

(12), which performed CdH activation to generate the cyclometalated

product 13 (Scheme 3).42 Similarly, Otero and coworkers found that

oxidizing niobium alkyne complexes can generate a bimetallic vinylidene

complex 16.43 The synthesis of bimetallic ethylene hydride complexes

was also reported.44 Recently, Mindola and coworkers prepared a rare

example of Nb(V)-methylidene complexes, Nb(CH2)(CH3)(CH2PPh3)

(OAr00)2 (18), by treating NbCl(CH3)2Cl(OAr00)2 with 2 equiv. of NaOAr00

and H2C]PPh3. Thermolysis at 80 °C for 5 days afforded the bridged

complex 19, (Ar00O)2Nb]2(μ2-Cl)2(μ2-CH2).
45 Another route to this bridg-

ing complex was disclosed to be photoirradiation in benzene using a Xenon

lamp. Further reduction gives the methylidyne complex 20, via α-H
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Scheme 2 Selected examples of vanadium alkylidenes through (A) α-H elimination, (B) alkylidene transfer, and (C) oxidatively induced α-H
abstraction.



Scheme 3 Synthesis of niobium complexes. (A) Synthesis and reactivity of unstable
benzylidene salt 12. (B) Oxidation of niobium alkyne complex 14 to generate a bime-
tallic vinylidene complex 16. (C) Preparation of a rare example of Nb(V)-methylidene
complex 18, and methylidyne complex 20. (D) Synthesis of Nb(IV) alkylidene 22 and
the mononuclear methylidyne complex 27.



elimination in presence of 2 equiv. of KC8.
46,47 These advances in preparing

these unique complexes are useful and offer a rich foundation for better

understanding the structure and bonding of Schrock carbenes.

Pincer type (PNP, ONO) ligands have also been shown to be very useful

in stabilizingmetal-carbenes. The first paramagneticNb(IV) alkylidene 22was

prepared fromNb(IV), (PNP)NbCl3 (21) with LiCH2SiMe3. The reaction of

21withNaOAr0 gives the (PNP)NbCl2(OAr0) (23) complex, followed by the

reaction with the 2 equiv. of CH3MgCl that gave the dimethyl complex 24,

(PNP)Nb(CH3)2(OAr0). This complex can be further oxidized with [FeCp2]

[OTf] and treatment with an phosphorus ylide (H2C]PPh3) produced the

mononuclear methylidyne complex 27, (PNP)Nb(CH)(OAr0). The neutral
Nb(V)-nitride, (PNP)Nb(N) and terminal alkyne were formed by cross

metathesis between the methylidyne complex and RCN (R¼ tBu or

1-adamantyl). Recently, (imido)niobium(V)-alkylidenes, Nb(CHSiMe3)

(NR)[OC(CF3)3], containing trianionic ONO ligand was prepared from

niobium dialkyl complexes by α-hydrogen elimination, as shown in

Scheme 3.48

In 1975, Schrock reported the methylidene methyl complex

Cp2Ta¼CH2(CH3), which was prepared by using [Cp2Ta(CH3)2][BF4]

and the ylide H2CP(CH3)3.
4 The other few examples of tantalum-based sys-

tems are reported by Rothwell and coworkers, containing the low-

coordinate and metastable complex (ArO)2Ta¼CH2(CH3) (Ar¼
(2,6-tBu2)-4-X-C6H2, X¼–H, �OMe).49,50 The most common approach

for forming tantalum methylidene complexes is to use a strong base with the

correspondingmethyl precursor that is starting with themethyl complex and

deprotonating. Rothwell49,50, Fryzuk51, Ozerov52 and Bercaw53 reported

that tantalum methylidene can be accessed by thermally or photolytically

promoting α-hydrogen abstraction from the methyl precursors. In the case

of Cp*2TaCl(THF) or Cp*2Ta(CH3) the phosphorus ylide H2CP(CH3)3
was employed to generate Cp*2Ta¼CH2(Cl) or Cp*2Ta¼CH2(CH3)

via a methylidene transfer, along with the free trimethylphosphine.54,55

Recently, Mindiola successfully prepared the terminal tantalum met-

hylidene chloride complex 29 (Ar0O)2Ta¼CH2(Cl)(H2CPPh3) by addition

of 2 equiv. of HOAr0 to TaCl2(CH3)3 to first form the bis-aryloxide methyl

derivative (Ar0O)2Ta(CH3)Cl2 (28) followed by addition of excess amounts

of the ylide H2CPPh3 (Scheme 4).56

Carbonyl chromium(0) carbene complex, (CO)5Cr]C(OR)R0, was the
famous original Fischer type carbene discovered a long time ago as discussed in

395Schrock vs Fischer carbenes



Scheme 4 Synthetic route to tantalum methylidene.



Section 157, whereas the first stable high oxidation chromium(VI) alkylidene

complex was prepared via the α-hydrogen abstraction and the stabilization

by phosphine ligand58 as described in Scheme 5A. One of the Fischer type

carbene complexes, (CO)5Cr¼C(OR)R0, has been widely used as a carbene
precursor for Pd-catalyzed annulation via a cycloaddition, which is known as

the D€otz reaction59–61, allowing for constructing highly substituted aromatic

rings. In addition,Wang extensively studied the reaction using a chromium(0)

Fischer carbene complex that was inspired by palladium-catalyzed self-

dimerization of chromium(0) carbene reported by Sierra and coworkers62,

and one of the reactions is described in Scheme 5A.63,64

One of the first transition metal carbene complex that was prepared was

the tungsten carbonyl carbene, (CO)5W¼C(OR)R0 by Fischer and, as

described above, the carbene ligand was considered a neutral ligand acting

as a σ-donor and π-acceptor. Interestingly, the electronic features of the

carbene ligand became notably different compared to previously observed

Fischer type carbenes depending on the other ligands, and molybdenum

and tungsten carbene complexes that are now thought of being Schrock type

M]C bond have been developed extensively, especially for olefin metath-

esis catalysis. Molybdenum or tungsten imido alkylidene complexes of the

type M(CHR)(NR0)(OR00)2 (M¼Mo, W) are generally prepared via the

sequence of reactions shown in Scheme 5B.65 Because of the intense interest

in the olefin metathesis reaction for constructing carbon–carbon bonds, the-
oretical studies of Mo- and W-carbene catalysts have been carried out as

early as 1992 and have continued to attract much attention.66–69 The key

results are summarized below in greater detail.

In group 7, rhenium carbenes have received much attention as an olefin

metathesis catalyst, whereas Mn- or Tc-carbene complexes have received

Scheme 5 Synthesis of Schrock type (A) chromium(VI) alkylidene complex and
(B) molybdenum(VI) alkylidene complex.
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less attention. Conventionally, the rhenium carbene motif was accessed by

the photolysis of ReO2(CH2
tBu)3, that gave ReO2(CH

tBu)(CH2
tBu) in

high yield.70 Even though both of Re(V) and Re(VII) alkylidene could

be prepared, Re(VII)-alkylidene was found to be a particularly active catalyst

for olefin metathesis. Generally, the bisalkoxy or alkyl functionalized

alkylidyne/alkylidene complexes of rhenium, Re(CtBu)(CHtBu)(OR)2
are employed as highly active olefin polymerization catalysts and these

compounds display pseudo-tetrahedral geometry.71 Interestingly, when

the rhenium catalysts were immobilized on silica, they showed promising

high activity for olefin metathesis compared to the Mo- and W-based

homogeneous catalysts.72–74

Eisenstein conducted a number of theoretical studies for understanding

structural and dynamic properties of Re(CR)(CHR)(X)(Y) (R¼ alkyl,

X¼Y¼ alkyl; X¼ alkyl, Y¼ siloxy; X¼Y¼ alkoxy).75 Specifically, they

focused on delineating the relationship between the two possible syn and

anti stereoisomers, outlined in Fig. 4A, where the presence of an α-agostic
interaction between the CdH and the metal stabilizes the syn isomer, as

previously suggested by characteristic changes in the νC–H stretching

frequencies, JC–H NMR coupling constants, and geometrical features,

which could all be reproduced reliably. The carbene rotation and hydrogen

exchange processes were evaluated computationally, and it was revealed that

the syn isomer was preferred with ancillary ligands that are pure σ-donors,
whereas the anti isomer becomes increasingly preferred with π-donor
ligands. The α-agostic interaction was found to play a key role in high-valent
metal carbenes offering an effective mechanism of stabilizing the strongly

Lewis acidic metal site, while activating the lengthening of the CdH bond.

Interestingly, the α-agostic interaction was only present in the syn isomer,

and increasing the number of OR groups directly bound to the metal center

reduced the strength of the agostic interaction. This observation could not

be rationalized by considering an increase in negative charge at the metal

center as a result of the alkoxides, thus lowering the Lewis acidity, since

the alkoxides are not simply added, but were exchanged for alkyl ligands that

were at the coordination site before ligand exchange. To better understand

this fundamental issue, the structures and electronic interactions were

studied carefully, and it was found that C1–Re–C2 angles for the syn and

anti isomers were less than what is expected for ideal Td geometry, and

the proposed Walsh diagram shown in Fig. 4B was in good agreement with

the computed geometries. In the syn isomer, the decrease of the C1–Re–C2
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angle stabilized the 5dx2–y2 orbital because the out-of-phase interaction

between Re and the two ligands decreases making accessible empty orbitals

that can engage in Lewis acidic interactions, and promoting the α-C–H
agostic interaction. In the anti isomer, the CdH bond no longer is correctly

oriented to find an accessible empty metal d orbital.

Fig. 4 (A) Two possible isomers for the rhenium carbene complex. (B) Walsh diagram for
the metal d orbitals of a tetrahedral complex as a function of the angle between the
alkylidene and alkylidyne ligands. The energy scale is qualitative.75
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1.2 Late transition metal alkylidenes
Transition metals in d8-configuration are well known to form carbene

complexes and they have been successfully isolated and characterized for

decades. Most notably, Green characterized the first iron carbene complexes

in 196776 and developed robust and useful synthetic methods for ruthenium

and osmium carbene derivatives.77 Iron N-heterocyclic carbenes were

widely investigated and characterized, and several reports show their cata-

lytic applications78 in CdC bond formation79,80, polymerization81 and

reduction.82 From the extensive efforts made in olefin metathesis catalysis,

ruthenium carbenes have become one of the representative and most thor-

oughly studied carbene complexes today. The development of Grubbs cat-

alyst is described below in greater detail. Osmium carbenes are also utilized

in olefin metathesis and polymerizations, just like the ruthenium carbenes.83

Cobalt carbenes were mostly used for cyclization to prepare aromatic

compounds and furans with moderate reactivity and selectivity84,85, and

most recently found utility as catalysts for homocoupling86 and CdH

activation.87 Generally, cobalt carbenes are formed as intermediates during

catalytic cycles with several carbenoid reagents such as diazo compounds.

Dirhodium carbene and nitrene intermediates that possess three-center/

four-electron bonds were shown to be special and exhibit superelectrophilic

character. Dirhodium tetraacetate and its derivatives have been widely used

to catalyze a host of important chemical transformations, involving the trans-

fer of a carbene or a nitrene moiety to organic substrates as illustrated in

Fig. 5A.89–92 Unfortunately, little is known about their chemical and

physical properties in general, since they are too unstable to be isolated,

but their superelectrophilicity is readily recognized from the chemical reactions

that they catalyze. In the absence of experimental data, a number of com-

putational studies have been conducted to gain some fundamental insights

into the catalytic reactivity.88,93,94 Very early studies on the electronic struc-

ture of rhodium carbene complexes were based on the convention put forth

by Cotton for metal-metal multiple bonding95, and Fig. 5B describes the

frontier orbital interactions between the dirhodium core and the carbene

fragment. The HOMO of the carbene fragment is the σ-donor sp2 hybrid
orbital on the carbene, which donates into the RhdRh σ* LUMO,

whereas the empty p-orbital of the carbene fragment accepts electron density

from one of the occupied high-energy RhdRh π* orbitals to constitute the
π-backbonding interaction. This bonding scheme is in good agreement with

the general bonding paradigm established for Fischer type transition metal
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carbene complexes as discussed above. Whereas the exact reason for the

superelectrophilicity is not fully understood, the formal disproportionation of

the Rh(II)–Rh(II) fragment to formally afford a Rh(I)–Rh(III) moiety is

thought to play an important role.

Terminal carbenes of d10-transition metals are rare and are limited to

cis-PdCl2{cycloC(CNMe2)2}(P-n-Bu3)
101, (R3P)2Pd¼CC12H8

102, (CO)3Ni

{cycloCN(R)CH2CH2NR}103 and Ni{cycloCN(Mes)CH¼CHNMes}2.
104

These palladium or nickel alkylidenes have been typically implicated as key

intermediates during Pd- orNi-catalyzed reactions in carbene insertion processes.

One representative reaction is the Pd-catalyzed cross-coupling reactions using

diazo compounds as an additive that leads to a migratory insertion step after

forming a Pd-carbene intermediate during the reaction as described in Fig. 6

(2).105–107

In addition, Hillhouse extensively studied the reactivities of Ni-carbene

complexes. A three-coordinate nickel-carbene, (dtbpe)Ni]CPh2 (dtbpe¼
1,2-bis(di-tert-butylphosphino)-ethane; cod¼ 1,5-cyclooctadiene), was syn-

thesized, characterized, and tested for a variety of different possible reac-

tions.108 Unusual group transfer reactions of Ni-carbene were achieved

with nitrous oxide (N2O) and organoazides (N3R) to form new C]N,

C]O and N]N bonds109, or ethylene to form cyclopropane.110 More

recently, exploration of accessibility to noninteger NidC bond order in

Fig. 5 (A) Catalytic cycle for carbene transfer chemistry using dirhodium complex.88

(B) Frontier orbital interactions between the dirhodium complex core and the carbene
fragment.
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the (dtbpe)Ni¼CPh2 manifold was conducted. The oxidation of (dtbpe)

Ni]CH(dmp) (dmp¼ 2,6-dimesitylphenyl) led to internal rearrangement

to form a Ni(I) system, whereas the oxidation of (dippn)Ni¼CH(dmp)

allowed the formation of the Ni(III) carbene complex that has similar elec-

tronic configuration compared to the cationic Ni(III) imide system.111

Bourissou isolated a π-backdonation enhanced Au(I)-alkylidene96 using

a newly designed bisphosphine ligand tethered on a carborane cage that was

attached it to a gold(I) metal center to increase the π-backbonding ability

(Scheme 6). With a gold bistriflide precursor, a reaction with a diazo reagent

gives a Au(I)-alkylidene complex. DFT calculations suggested that this com-

plex is a Fischer type carbene, as highlighted in Fig. 7. Both HOMO and

NLMO plot show clear π-backbonding from the gold metal center to a

vacant p-orbital of an NHC ligand. Widenhoefer prepared a gold carbenoid

complex that does not contain a heteroatom for π-conjugation.97 Instead,
the metal-carbene bond was stabilized by attaching a cycloheptatriene

group. After hydride detachment, the aromatized cycloheptatrienyl cation

is produced, which can be stabilized by a π-backbonding. In 2015, the anal-
ogous gold vinylidene complexes were reported by hydride abstraction

followed by cyclization.98

Interestingly, there are some examples of gold carbene complexes show-

ing electronic demands that are reminiscent of Schrock carbenes, namely,

the carbene moiety of the metal complex shows a nucleophilic demand.

Intrigued by previous work that highlighted strategies for controlling the

electronic demands, Meailles first synthesized a nucleophilic Au(III)-

carbene complex.100 A geminal dianion stabilized by electron-withdrawing

Fig. 6 Transition-metal-catalyzed cross-couplings via carbene migratory insertion (L,
neutral innocent ligands; X, halide; R, aryl or alkyl groups).
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Scheme 6 Synthesis of Au(I)-alkylidene or vinylidene. (A) Synthesis of Fischer-like
Au(I) alkylidene. (B) Synthesis of Fischer-like Au(I)-alkylidene or vinylidene without
p-conjugated heteroatoms. (C) Synthesis of Schrock-like Au(III)-alkylidene.96–100

Fig. 7 (A) HOMO and (B) NLMO plot accounting for the π-backbonding from the gold
metal center to a vacant p-orbital of an NHC ligand. Adapted from M. Joost, L. Est�evez,
S. Mallet-Ladeira, K. Miqueu, A. Amgoune, D. Bourissou, Angew. Chem., Int. Ed. 53 (2014)
14512–14516. Copyright 2014, John Wiley and Sons.
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P(V) substituents were employed in combination with a Au(III) precursor

and subsequent ligand exchange enabled the synthesis of a Schrock type

carbene of a Au(III) complex. DFT calculations supported the nucleophilic

nature of the Au(III)-carbenoid, as theHOMOof the complex shows a large

orbital coefficient on the carbene carbon atom (Fig. 8), thus challenging the

traditional paradigm that Schrock type carbenes require early, high-valent

metals.

2. Computational studies on Schrock carbene: Olefin
metathesis and C–X activation

2.1 Representative reactions in olefin metathesis
The metal-carbene complexes have found utility as versatile catalysts that

can facilitate the transfer of various CR2 (R: H, alkyl, aryl, amino, alkoxy)

groups in olefin metathesis and other reactions. The well known examples

are ring-opening metathesis polymerization (ROMP), ring-closing metath-

esis (RCM), cross metathesis (CM), and acyclic diene metathesis (ADMET),

as shown in Fig. 10A.1,114,115 The reaction mechanism that was initially pro-

posed, Chauvin introduced the idea that the metal-carbene can engage the

olefin substrate via a [2+2] cycloaddition resulting in a four-membered

metallacyclobutane intermediate8,116, as outlined in Fig. 9. The olefin

metathesis leading to a novel olefin is accomplished by a reverse cycloaddi-

tion. On first sight, this proposal is difficult to accept, as the analogous [2+2]

cycloaddition with standard organic olefins is symmetry-forbidden

according to the Woodward-Hoffmann rules and requires photochemical

conditions.117 Over the years, support for this mechanism grew and it

S1

P1

P2

S2

P3

Au1
C1

C2

Fig. 8 Single-crystal X-ray structure (left) and representation of its HOMO as calculated
by DFT (right).100 Adapted from A. Pujol, M. Lafage, F. Rekhroukh, N. Saffon-Merceron, A.
Amgoune, D. Bourissou, N. Nebra, M. Fustier-Boutignon, N. M�ezailles, Angew. Chem., Int. Ed.
56 (2017) 12264–12267. Copyright 2017, John Wiley and Sons.
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was recognized that the role of the metal-center is to distort the shape of the

π-orbital to an extent that the [2+2] cycloaddition becomes non-

synchronous and by forming the CdC andMdC bonds in a stepwise man-

ner, the orbital-symmetry forbidden reaction can be accomplished.

Chauvin’s mechanism is now generally accepted and the four-membered

metallacyclobutane intermediate has been thoroughly investigated both

experimentally118–128 and computationally.129–139 The insights derived

from these studies proved valuable for improving the performance and util-

ity of the catalyst. One of the earliest computational studies employed

extended H€uckel calculations to identify the electronic features of the inter-
mediate metallacycle.140

Although the initial studies were motivated by olefin metathesis as a

means for preparing polymers and extending the carbon chain length by

starting with twomedium sized olefins to access one olefin with a much lon-

ger carbon chain and another with a much shorter carbon chain as a side

product, olefin metathesis has gained tremendous popularity as a generic

method for selective CdC bond formation. Especially, the catalysts

pioneered by Grubbs have become indispensable tools in synthesis including

the preparation of natural products. Two representative cases of a total syn-

thesis of complex natural product, where olefin metathesis played a key role,

are shown in Fig. 10B. Specifically, the (Z)-selective ring-closing metathesis

is the key step required for the efficient synthesis of nakadomarin A. In a

different example, a metal-carbene catalyst was employed112 to facilitate a

cross metathesis step that combined two olefin components together to suc-

cessfully prepare neopeltolide, an anti-tumor agent.113

Most widely used among the olefin metathesis catalysts are Grubbs first

and second generation catalysts. First described in 1992, this first example of

an alkylidene complex of ruthenium used triphenylphosphine as an ancillary

ligand.83 In addition to much experimental work, these systems have also

inspired many computational studies. It was revealed that a main challenge

in the first generation Grubbs catalyst lies in the fact that the threefold sym-

metric phosphine ligand must be rotated for the catalyst to become active,

which caused a notably higher barrier than for the second generation

Fig. 9 Mechanism for olefin metathesis proposed by Chauvin.

405Schrock vs Fischer carbenes



catalyst, where the NHC ligand shows a twofold symmetry and the neces-

sary rotation barrier is absent.136

Even though directly joining two olefins with M]C double bond has

been recognized as an important and ubiquitous strategy in organic synthe-

sis, several issues needed to be solved in order for olefin metathesis to

become an universally useful methodology. First, catalyst stability was a

major concern, as the early catalyst systems easily decomposed during the

reaction, whereas the reactivity needed to be increased to give fast and clean

reactions. Lastly, the first generation lacked stereoselectivity affording syn-

thetically less useful mixtures of products. Developing catalytic olefin

metathesis reactions that are (Z)-selective is particularly difficult because

(Z)-alkenes are often energetically disfavored over their (E)-analogs. The

emergence of olefin metathesis as a standard method in the tool of synthetic

organic chemists is in part the result of some remarkable progress that was

achieved in the past in developing new catalysts that showed high levels

of stability, reactivity and selectivity141, including the aforementioned E/

Z-selectivity.142 Computational studies played an important role in over-

coming the initial problems143 and contributed to both understanding

experimentally observed properties and establishing principles of catalyst

design for performance improvement.

Fig. 10 (A) Representative reaction in olefin metathesis (RCM, ring-closing metathesis;
CM, cross metathesis; ROMP, ring-opening metathesis polymerization; ADMET, acyclic
diene metathesis). (B) Recent application of olefin metathesis reactions to synthesis
of natural products such as nakadomarin A and neopeltolide.112,113
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2.2 Olefin metathesis using Schrock type catalysts
Following the paradigm of early transition metals in high oxidation states,

many Schrock type metal alkylidene or alkylidyne complexes have been

prepared and tested as olefin metathesis catalysts, some notable examples

of which are represented in Fig. 11. Earlier work focused on molybdenum

and tungsten, and alkoxy ligands were particularly successful in stabilizing

the catalyst, while enhancing the reactivity at the same time. In addition,

isopropyl (iPr) or tertiary butyl (tBu) functional groups were used for creat-

ing a sterically hindered environment to prevent decomposition of catalysts

through interaction between two reactive alkylidene complexes and dimer-

izations that involve metal-metal bond formations. Early catalysts, such as 30

or 32, were modified with different alkoxy or imido ligand to give new

systems, such as 31 and 33. Chiral bidentate O-based ligands were also used

to prepare catalysts like 34 and 35 that found utility in asymmetric synthesis.

And recently, unsymmetrical catalysts (36, 37) with two different mono-

dentate ligands have been used for increasing the reactivity. In Fig. 11 only

one stream of representative development is given to offer a historical

perspective, and similar developments can be seen in tungsten and rhenium

catalysts.75,151,152

Although a rough conceptual sketch of the mechanism was provided by

Chauvin, many details remained unclear and many experimental studies faced

limitations that did not allow for providing all the details needed to construct a

precise and atomistically detailed mechanism. Computational studies have

made significant contributions143, and several mechanistic features were

Fig. 11 Schrock catalyst at the early stage of development (30233) and Schrock cat-
alyst improved through various theoretical rationalization (34–37).144–150
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revealed as illustrated in Fig. 12: (i) The CdC σ-bonds forms after the olefin

first engages the metal to first form an olefin-adduct. (ii) Olefin binds at the

trans position of X (side attack, 12B-side) rather than at the trans position

of E (bottom attack, 12B-bottom) in 12A! 12B step. This detail was rev-

ealed later to be important for controlling the selectivities of this class of cat-

alysts. (iii) The coordination of olefin is accompanied by a structural distortion

from tetrahedral to trigonal bipyramidal. (iv) There are two possible isomers in

the four-membered metallacyclobutane intermediate having trigonal bipyra-

midal (12C-TBP) and square pyramidal (12C-SP) geometry. (v) There

maybe no direct pathway traversing from 12B to 12C-SP.

Computational studies on molybdenum carbenes and their catalytic

activity in olefin metathesis were carried out by Ziegler in the 1990s.129 Ini-

tial focus concerned the structure of the metallacyclobutane, where two pos-

sible intermediate geometries, the trigonal bipyramidal and square pyramidal

coordination structures were considered in a model system L2Mo(X)CH2

(L¼Cl, OCH3 and OCF3; X¼O and NH). Inspecting the frontier orbitals

of the free carbene, square pyramidal and trigonal bipyramidal framework, it

was suggested that the decomposition of the square-pyramidal intermediate

occurred without traversing a trigonal-pyramidal structure. The alkene

addition through a side-on attack was examined in detail by Peng using

severely simplified models, namely, Mo(NH)(CHR)(OR’)2 (R¼H, Me;

R’¼CH3, CF3).
131 There is a significant preference for ethene to attack

the CNO face over the COO face of the catalyst, which was computed

to be 12.3 and 18.8 kcal/mol for R’¼CH3 and CF3, respectively. Structural

change to distorted trigonal bipyramidal geometry has been calculated to be

an important feature when ethene attacks at the CNO face. The

Fig. 12 Generally accepted mechanism for olefin metathesis reaction (M¼Mo and W;
E¼N; M¼Re, E¼C).
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disadvantage of bottom attack can be also rationalized with a rotation of the

[CH2]
2� ligand, which energetically is somewhat demanding but is neces-

sary to form the metallacyclobutane intermediate due to the initially mis-

matched symmetry of π-orbitals. In addition, the molybdacyclobutane

significantly favors a square pyramidal geometry when R’¼CH3, but has

a slight preference for a trigonal bipyramidal geometry when R’¼CF3. This

study offered some clue that the catalytic activity could be enhanced if

electron-withdrawing O-based ligands were employed for the Schrock type

catalyst (31, 33) to prevent decomposition of catalyst through remaining as

square pyramidal metallacyclobutane intermediate.

Studies aimed at constructing a full reaction pathway using

[(MeO)2Mo(CH2)NH] as a model system were conducted153 and one of

the main questions was whether [2+2] cycloaddition takes place in an

one-step process or requires several steps that include initial coordination

of the metal and olefin that can thenmove on to form the metallacyclobutane

in a two-step process. Calculations showed that structural distortion of the

molybdenum carbene from tetrahedral to square pyramidal geometry is

required to accommodate the side-on coordination of incoming ethylene,

which is associated with a small barrier for the near isothermic generation

of the ethylene adduct. The CdC σ-bonds are still far from their equilibrium

distance in the transition state of [2+2] cycloaddition. These results indicate

that ethylene adduct formation before cyclization is likely pointing to a

two-step reaction mechanism.

Based on the general mechanism of the olefin metathesis that emerged

from many experimental and computational studies, many researchers

devised strategies for improving catalytic processes. Among the issues in

olefin metathesis, stereoselectivity has been of particular interest. Early

studies indicated that stereoselectivity could be engineered into catalysts

by employing various bulky and chiral ligands114, and one of the early

applications was reported by Crowe and Zhang in 1993.154 Enantioselective

olefin metathesis reaction was also achieved with Mo complexes such as

37155 that were stereogenic at the metal center. As illustrated in Scheme 7,

an enantioselective olefin metathesis reaction was successfully achieved

employing catalyst 34 with biphenolate ligand by Schrock.156 The full

mechanism of the intramolecular asymmetric ring-closing metathesis was

constructed and studied with DFT calculations.153

One of the remarkable advantages of the Schrock type catalysts over the

Fischer type systems is that they are typically much more reactive and need

mild conditions to accomplish olefin metathesis. Eisenstein has studied this
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general observation in a series of studies. Even though the majority of the

research in olefin metathesis has focused on the symmetrical Schrock cata-

lysts, [M(�ER)(¼CHR)L2] (M¼Mo and W; E¼N; M¼Re, E¼C),

meaningful predictions could be made for the unsymmetrical Schrock

catalysts such as, [M(�ER)(¼CHR)(X)(Y)] as well, that were thought to

have much potential to be better catalysts.75,152,157 The full reaction mech-

anism of olefin metathesis catalysis was described using both symmetrical and

unsymmetrical catalysts to compare their catalytic efficiencies in an effort to

identify characteristic differences, as illustrated in Fig. 13, utilizing alkyl,

alkoxy, and siloxy ligands to create the appropriate ligand sets. There were

two key factors that were found to determine the shape of the potential

energy surfaces: (i) the distortion energy of the initial tetrahedral catalyst

to form the olefin-adduct intermediate and (ii) the stability of the metal-

lacycle intermediate. In terms of olefin coordination step (13A-TS), the

structural distortion energy of the catalyst was the most important and deter-

mined the activation barrier, because the olefin and the metal were still far

from each other (>3 Å) at the transition state to give only a small structural

distortion energy upon binding ethene and an equally small metal-olefin

interaction energy. The low barrier of 13A-TS of the unsymmetrical cat-

alyst shown in blue is only 0.8 kcal/mol, but other symmetrical catalysts

marked in black and green have �5 kcal/mol higher activation barrier.

These energies were rationalized using a qualitative MO diagram for the

olefin addition, shown inFig. 14. In the transition state of the olefin coor-

dination, the metal fragment has a trigonal pyramid geometry and the dx2–y2

orbital is destabilized by σ-donor orbitals of the Y ligands. These interactions

increase the energy gap between the empty dx2–y2 orbital and occupied p

orbital of the triply bonded E ligand. Thus, a decrease in dπ-pπ interaction

strength weakens the M�E π interaction and the electron density of the

M�E bond is polarized toward E ligand at the transition state. On the other

hand, the structural distortion energy is decreased when the strong σ-donor
found the most available metal orbital to maximize its bonding interaction,

Scheme 7 Asymmetric ring-closing metathesis (ARCM) using 34.156
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thus, it is located in the trans disposition to the vacant site.152 Combining

these two effects, it was concluded that one poor σ-donor and one good

σ-donor are better for catalyst activity as the olefin-adduct intermediate for-

mation becomes favorable.

Fig. 14 Qualitative molecular orbital diagram in coordination of olefin step.

Fig. 13 Reaction energy profile for the olefin metathesis of C2H4 with Mo(N^CH3)
(]CHCH3)(X)(Y) as a model system.
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Another important factor that determines the shape of a potential

energy surface is the relative stability of 13C-SP shown in Fig. 13. As men-

tioned above, deactivation of catalyst through the square pyramidal

metallacyclobutane has been implicated repeatedly158–161, and a shallow

potential energy surface was deemed a desirable feature that may prevent

decomposition of catalyst and production of side products. The stability of

the metallacyclobutane intermediate is controlled by theM–C bond strength,

which increases with the number of O-based ligands. Combining these two

conclusions, a good compromise was reached by synthesizing unsymmetrical

catalysts that have different X (good σ-donor) and Y (poor σ-donor) ligands.
This general insight derived from calculations was slowly embraced by the

experimental community. The early olefin metathesis reactions employed

symmetric catalysts with two O-based ligands, but gradually began using

asymmetric catalysts, such as monoalkoxide pyrrolide (MAP) complexes

(36, 37), which increased the catalytic efficiency notably149,162, boron-

containing complexes163, and the silica supported systems164,165 have also

been tested and continue to inspire much work.

2.3 CdH activation using Schrock type metal alkylidene
M]C bonds were found to be useful motifs for facilitating a variety of other

reactions, e.g., CdH activation via 1,2-addition.166 Although metal

carbene complexes generally undergo heterolytic CdH bond cleavage

due to the high degree of polarization typically found in M]C bonds, late

metal carbenes often form electron-rich metal centers capable of oxidatively

deprotonating CdH bonds to give metal hydrides167, whereas early metal

carbenes can increase the nucleophilicity of the carbene to a point that

deprotonation of other hydrocarbons becomes feasible. These two reactivity

patterns either on the metal or on the carbene sites have served as a funda-

mental principle, upon which much of the reactive chemistry of metal

alkylidenes could be developed. The intermolecular CdH activation of

hydrocarbon substrates, benzene and p-xylene by titanocene alkylidene

intermediates168 was observed relatively early and has been known for a long

time. These thermal activations of CdHbonds were achieved by transiently

generated Cp*W(NO)(]CHCMe3) complexes that were prepared in situ

from Cp*W(NO)(CH2CMe3)2. Experimentally identifying and studying

these reactive intermediates proved difficult and some success was reported

by using excess amounts of PMe3 to stabilized a neopentylidene intermediate

to form Cp*(NO)W(]CHCMe3)(PMe3).
169 Computational studies on the

activation of substituted arene complexes such as toluene, showed that the C
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(sp3)dH of the methyl group is much more difficult to activate than the C

(sp2)dH bond of arene.170,171 Similarly, benzene and pyridine activation

reactions by a vanadium(III) alkylidene were extensively studied by

Mindiola and Baik.172 Taken together, these studies have shown that early

transition metal alkylidenes constitute a remarkably reactive class of mole-

cules that are capable of carrying out a number of challenging chemical

reactions.

3. Titanium alkylidyne: Super Schrock carbyne
generated from Schrock carbene

An intriguing avenue that was considered even in the early stages of

the exploration of metal carbene chemistry is to employ the metal carbynes

to carry out various reactions, and some notable successes were reported

throughout the last few decades.1 At the time the Fischer carbenes were dis-

covered, only a few examples of metal carbynes were known, but a number

of new complexes containing metal-carbon triple bonds with chromium,

molybdenum, and tungsten centers were discovered in 1973.173 Analogous

to the metal carbene complexes, the metal carbynes can also be divided into

two classes, the Schrock type and Fischer type carbynes. To date, there are

only a handful known examples of Fischer type carbynes174, and most

known examples belong to the Schrock type carbynes.175–179 Various tran-

sition metals having a metal-carbon triple bond were synthesized and fully

characterized40,47,174,180–182, and used as a catalyst for olefin metathesis and

other interesting reactions.183–191 Scheme 8 shows one specific example of

how a metal alkylidyne complex can be prepared.40,47

Scheme 8 Synthesis of early metal alkylidyne complex. (A) Vanadium alkylidyne com-
plex. (B) Niobium alkylidyne complex.
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Considering the conceptual understanding of the electronic structure of

the Schrock carbenes, the prospect of accessing titanium-carbon triple bonds

is exciting. The carbon center on Schrock carbene is already considered

highly nucleophilic and formally negatively charged. As was discussed

above, much of the special characteristics and chemical reactivities are based

on the nucleophilicity of the carbon. In principle, the Schrock carbyne can

be imagined to be the product of deprotonating a Schrock carbene. Thus,

one may speculate that the nucleophilicity of the Schrock carbyne is much

more enhanced when compared to the analogous carbene. Therefore, initial

attempts to access this new class of molecules focused on deprotonating, for

example, titanium alkylidenes as shown in Fig. 15A using a strong Brønsted

base, such as tert-butoxide. Naturally, many of these alkylidynes are expected

to be highly reactive and difficult to isolate and study—thus, computational

methods became a particularly useful and indispensable tool for studying and

understanding these reactive molecules. Generally, alkylidyne complexes are

often derived from alkylidene complexes by α-hydrogen abstraction

reactions. Mindiola and Baik reported the first study that strongly suggested

that titanium alkylidynes exist as transient, reactive intermediates using

both experimental and computational methods in 2005192 and 2007.193

The parent carbene complex, a relatively stable low-coordinate titanium

alkylidene compound with a nacnac ligand (nacnac¼ [Ar]NC(Me)CHC

(Me)N[Ar]�, Ar¼ 2,6-(CHMe2)2C6H3), was often fraught with unde-

sirable side reactions because of the inherent reactivity of the imine

functionality. To avoid these stability obstacles, PNP pincer type ligand

(PNP¼N-[2-P(CHMe2)2-4-methylphenyl]2
�) was considered as a new tri-

dentate ligand framework that may offer higher stabilities. Computational

explorations of the rigidity of the ancillary ligand frameworks clearly

Fig. 15 (A) Bonding scheme of Schrock carbyne complex. (B) Formation of transient tita-
nium alkylidyne through an α-hydrogen abstraction.
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indicated that PNP is much more preferable over nacnac, as PNP allowed

for a “hybrid type” coordination combining both of a hard amide and two

soft phosphine donors, while sterically hindering the tridentate geometry

from distorting its basic coordination geometry pattern. These structural

characteristics made PNP much more suitable for accommodating and sta-

bilizing the titanium alkylidene moiety while avoiding intramolecular cross

metathesis type of reactions that may lead to decomposition.194 Finding such

stable ligand frameworks has been a strong driving force in subsequent stud-

ies and theMindiola-Baik team has established a simple and well-understood

foundation for accessing the titanium-carbon triple bond species, a promi-

nent example of the Schrock-carbyne class of molecules, as illustrated in

Fig. 15B. Despite significant experimental efforts, it has thus far not been

possible to detect and characterize the titanium alkylidyne directly and

most of the structural and chemical properties are derived from computa-

tional studies that are benchmarked and tested indirectly by matching

computations against experimental results.

One key evidence for the existence of the titanium alkylidyne is offered

by the calculated reaction energy profile for conversion from (PNP)Ti]
CHtBu(CH2

tBu) to (PNP)Ti]CHtBu(C6H5) in benzene as illustrated in

Fig. 16.193 The (PNP)Ti]CHtBu(CH2
tBu) complex first undergoes

α-hydrogen abstraction, traversing the transition state at 27.8 kcal/mol to

form the hypothetical adduct intermediate 16B. Extrusion of neopentane

leads to titanium alkylidyne, and the relative free energy of 4.6 kcal/mol

is only slightly higher than the starting complex, which means that the

proposed titanium alkylidyne may be able to exist as a minor component

of an equilibrium. This titanium alkylidyne species can activate the CdH

bond of benzene to afford (PNP)Ti]CHtBu(C6H5). This energy profile

suggests that the titanium alkylidyne intermediate may be detected directly,

if the benzene activation is sufficiently slow. Initial attempts were not

successful and modifications of the ligands and experimental conditions

may be necessary. This goal is still being pursued in the Mindiola-Baik

laboratories.

Even though the reaction energy profile shown above is reasonable,

some questions can be raised about other plausible mechanistic possibili-

ties. For example, unsaturated M]C linkages that are generated as products

can undergo CdH activation without traversing the putative titanium

alkylidyne intermediate. To preclude this possibility, the transition state

energy of direct CdH activation after forming the six-coordinated

benzene adduct of (PNP)Ti]CHtBu(CH2
tBu) was calculated to show an
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Fig. 16 Computed reaction energy profile for 16A �! 16E conversion in benzene (ε ¼2.284). Relative energies in kcal/mol are given in
parentheses.193



unrealistically high relative free energy of 53.3 kcal/mol. In addition, disso-

ciation of one phosphine arm of the PNP ligand was considered to decrease

the sterical hindrance during CdH activation, but these transformations

were also found to be associated with very high energies. The CdH

activation via the titanium alkylidyne was the most reasonable reaction

pathway in these studies.

There are two possible formal mechanisms by which the CdX bond

activation can take place: (i) homolytic bond cleavage via Ti(III)]C• and

(ii) heterolytic fashion via standard Lewis acid/base binding. The charge

distribution at the titanium alkylidyne moiety during the reaction with

neopentane and benzene was obtained using calculated electrostatic poten-

tials (ESPs). At the alkylidyne carbon, a charge of�1.38 was found, whereas

+1.37 was calculated for titanium, in good agreement with the conceptual

understanding of the bonding in titanium alkylidyne complexes.

The computationally obtained geometry showed that the Ti^C bond

length is 1.749 Å, and this distance is significantly shorter than Ti]C and

TidC that are typically found to be �1.85 and �2.14 Å, respectively. This

short bond length was a strong indicator of the proposed titanium-carbon

triple bond, and molecular orbitals of titanium alkylidyne structure were

also found to support this assignment, as shown in Fig. 17. The TidC

σ-bonding was located at HOMO-5, and HOMO and HOMO-1 indicated

two π-bonding orbitals. Furthermore, it was found that the binding of

additional ligands does not affect the electronic structure and geometry

due to the empty coordination site being dominated by the LUMO,

allowing a highly localized binding event for the additional substrate. This

feature was identified as one of the key characteristics of the titanium

alkylidyne complex enabled by the PNP ligand framework that allows for

a highly versatile reactive chemistry to be displayed.

3.1 CdX (X 5 H, O, F, N) activation
The discovery of the reactive titanium alkylidyne complex led to the explo-

ration of various other strong bonds that may be amenable to activation. As

illustrated in Scheme 9, CdO and CdF bond activation195 and

ring-opening of pyridine196,197 were also observed successfully using the

transient titanium alkylidyne. Aliphatic C(sp3)dH activation of linear or

cyclic alkane was found198,199, and finally, the extremely high reactivity

of titanium alkylidyne has been demonstrated by the fact that it can activate

the CdH bond of methane gas at room temperature.200
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Fig. 17 Most important molecular orbitals of titanium alkylidyne (isodensity¼0.05 au).
(A) Ti–C σ-bonding orbital. (B, C) Two Ti–C π-bonding orbitals. (D) LUMO of titanium
alkylidyne.193 Adapted from B.C. Bailey, H. Fan, J.C. Huffman, M.-H. Baik, D.J. Mindiola, J.
Am. Chem. Soc. 129 (2007) 8781–8793. Copyright 2007, American Chemical Society.

Scheme 9 Investigations of the reactivity of titanium alkylidyne. PNP ligand is truncated
for clarity.
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3.2 CdF and CdO activation
In an effort to trap or at least stabilize the titanium alkylidyne intermediate long

enough to obtain spectroscopic evidence of its existence, various solvents,

additive and reaction conditions were tried that were initially designed to

prevent any reactions. For example, the alkylidyne was generated in per-

fluorinated solvents, such as C6F6 and CF3C6F5, with the hope that the lack

of any bonds that could be attacked may allow for directly observing the

alkylidyne. During this process, it was discovered that the titanium alkylidyne

intermediates are capable of activating CdF and CdO bonds following a

similar mechanism as seen previously with CdHbonds, namely, 1,2-addition

across the MdC triple bond.195 In contrast to benzene activation, inter-

molecular activation of CdF and CdO bonds of arene showed that the

α-carbon performed a nucleophilic attack on the carbon site instead of the

fluoride or methoxy group due to different charge separation compared to

benzene. This experimental result was also consistent with the general concept

of highly polarized titanium-carbon triple bond. Electron-deficient carbon

could be coupledwith α-carbon of titanium alkylidyne, whereas electron-rich

fluoride was coupled with titanium.

3.3 C(sp3)–H activation
This titanium alkylidyne could also be reacted with linear or cyclic alkanes,

and ultimately led to dehydrogenated olefin product at room temperature

via C(sp3)dH activation as well as C(sp2)dH bond activation of

benzene as represented in Scheme 10.198,199 Whereas dehydrogenation of

unactivated alkanes is known201, these reactions required precious metals such

as iridium and harsh conditions. Although the catalytic turnover numbers

were low, this example of a titanium alkylidyne complex dehydrogenating

various unactivated alkanes including cyclohexane to afford the corresponding

alkenes is the first report of a base metal carrying out such a reaction under

mild conditions. Mechanistically, DFT-calculations indicated that the dehy-

drogenation takes place without a β-hydride elimination step, which is attrac-

tive, because the migratory insertion of an olefin, which would be the

microscopic reverse reaction, can be avoided. Key to closing the catalytic

cyclewas the use of a phosphorus ylide to regenerate the titaniummethylidene

which immediately gave tautomerized titaniummethyl alkylidene202, offering

a solution to a long standing problem of how to turn the often stoichiometric

reactions of the titanium alkylidyne reagent catalytic, where the key issue has

always been about recovering the catalyst and reforming a catalytically active

species.
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3.4 Ring-opening of pyridine
In addition to intriguing CdX (X¼H, O, F) activation, it was also discov-

ered that the PNP stabilized titanium alkylidyne species can ring-open

N-heterocycles such as pyridine or picoline. This was a remarkable discovery,

since ring-opening pyridine is a difficult reaction that only a handful systems

have been able to achieve203–206, but also because the ring-opening occurred

selectively without the possible CdH activation of N-heteroarenes196 that

should be easier to perform. The ring-opened products were found to

undergo complete removal of nitrogen affording carbon-only products when

an electrophile such as (CH3)3SiCl was added
197, thereby completing a full

denitrogenation cycle. The mechanism of the CdN bond cleavage that

accompanies the pyridine ring-opening was examined in detail, as breaking

such a strong bond is intriguing and there is significant interest in such pro-

cesses for industrial scale hydrodenitrogenation (HDN) for the catalytic

conversion of N-heterocycles present in petroleum or coal-based liquids to

ammonia, which would produce nitrogen-free carbon based petroleum

and coal products of substantial commercial interest.

Fig. 18 summarizes the proposed mechanism of the ring-opening reac-

tion, which proceeds via nucleophilic attack of the Ti^Cmoiety on the C2

of pyridine, instead of CdH bond cleavage mentioned above. After for-

ming the transient titanium alkylidyne intermediate by extruding the

neopentane, the Lewis basic pyridine coordinates to the vacant site of

Scheme 10 Dehydrogenation of linear alkanes through a β-hydrogen abstraction.
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Fig. 18 Proposed mechanism for pyridine ring-opening reaction.



titanium to form the intermediate 18C which is located at �8.7 kcal/mol.

Then, the well-matched charge distribution of Ti^C and N]C leads to

the formation of 18F via bond metathesis with only 12.7 kcal/mol barrier.

Finally, NdC bond cleavage occurs to generate intermediate 18G and 18H

traversing additional rearrangement steps. Another plausible mechanism that

was considered involves CdH activation of pyridine, and whereas the

CdH activation step looks reasonable with transition state energy of

18.7 kcal/mol, the sequential steps were associated with too high energies

to be mechanistically relevant. The η2-(N,C) pyridyl complex 18Dwas pre-

pared experimentally using an independent route via direct transmetalation

of LiNC5H4 with (PNP)Ti]CHtBu(OTf ) at �100 °C to confirm the

computational prediction that the CdH activation of pyridine is not a via-

ble pathway, and thermolysis of η2-(N,C) pyridyl complex did not produce

the desired product 18H (25 °C, 24 h). Despite the remarkable stability of

this complex, addition of (CH3)3SiCl as an electrophile over 72 h at 65 °C
led to denitrogenation of N-heterocycle via several rearrangement steps as

described in Scheme 11.197

3.5 Methane activation
The activation of the CdH bond in methane remains a difficult challenge207

in general, and among the few possible strategies that can be envisioned for

cleaving the CdH bond is designing a masked strong Brønsted base that

can deprotonate methane. The difficulty of this approach stems from the

fact that the pKa of methane is �50 and a classical deprotonation reaction

is not likely to be successful. A more promising approach of utilizing the

deprotonation route is offering a strong Brønsted base that is masked in

Scheme 11 Proposed mechanism for the denitrogenation of N-heterocycles.
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the sense that is revealed to the methane substrate only, while the formally

anionic methyl moiety that is generated upon deprotonation is offered a

strongly Lewis acidic binding partner, such that a significant amount of

the energy that must be invested to cleave the strong CdH bond can be

recovered. It is easy to see why this general strategy is practically impossible

to implement, since the strong Brønsted base, which often tend to be strong

Lewis bases, and the strong Lewis acid that are required within this reaction

design will most likely react with each other, instead of reacting with

methane that is an inert molecule for all practical purposes.

The aforementioned concerns point to a strategy of “masking” the

Brønsted base/Lewis acidic characters in the reactive reagent. The titanium

alkylidyne moiety is an intriguing candidate for this strategy. As we pointed

out above, Schrock alkylidenes are already strong nucleophiles and can

under certain circumstances act as strong Brønsted bases, as adding a proton

to the alkylidene functionality will afford a stabile alkyl group. Similarly, the

alkylidynes can be envisioned to be strong Brønsted bases and bind to a

proton to give the corresponding alkylidene. Thus, several strategic consid-

eration pointed to the titanium alkylidynes possibly being reactive toward

methane. Both computational molecular modeling and experiments showed

that this conceptual proposal is reasonable and the titanium alkylidyne com-

plex was shown to activate methane at room temperature.200 This result

demonstrates the high reactivity of the Schrock carbyne moiety. The lessons

learned from these studies have recently led to a very different, somewhat

unrelated discovery of an unprecedentedly efficient catalytic borylation of

methane using an Ir catalyst under relatively mild conditions.208 Methane

activation reactions remain difficult and often require much more forcing

conditions.209–211

As shown in Fig. 19, the titanium–alkylidene system 19A was obtained

through the deprotonation of methane gas, in a mechanism that is analogous

to what was found previously for the CdH activation of benzene and other

alkane substrates. Fig. 19A shows the heterolytic CdH bond cleavage in

methane by the highly nucleophilic carbon in the titanium alkylidyne com-

plex, and Fig. 19B represents the two most probable reactions that complex

19A may undergo, namely, tautomerization and CdH activation. The

required barrier for the tautomerization was calculated to be 36 kcal/mol

and tautomeric methylidene complex 19B lies about 8 kcal/mol higher

in energy, as shown in red in Fig. 19B. The optimized structures suggested

an extremely weak α-agostic interaction of the methylidene, whereas a

trigonal bipyramidal 19A-TSa displayed an α-agostic interaction, which

is believed to decrease the energy for tautomerization.
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Recently, a unique transformation involving the intermediate 19A was

observed where methane is CdC coupled to ultimately give an olefin at

room temperature212, and a computational study revealed that the addition

of a redox-active ligand such as thioxanthone or bipyridine enabled complex

19A to undergo methyl migration pushing one electron onto the metal

during that process to minimize the filled-filled interaction that would clas-

sically prevent the two Lewis basic fragments [CH3
�] and [CHtBu2�]

from approaching each other. Subsequent to the CdC bond formation,

β-hydrogen abstraction or β-hydride elimination ultimately led to the

olefination of methane.

4. Computational studies on the Fischer type
metathesis catalysts

4.1 Olefin metathesis using Fischer type catalysts
Even though the olefin metathesis using Schrock carbenes was studied in

detail and the performance of catalysts based on Schrock carbenes were

Fig. 19 (A) Methane activation via highly nucleophilic carbon of alkylidyne. (B) The com-
puted energy profile for tautomerization and methane extrusion pathways in 19A rem-
arked as red and black trace, respectively.
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superb, utilizing them as general purpose catalysts proved difficult, because

they tend to be technically challenging to handle due to their being air sen-

sitive, displaying relatively low functional group tolerance or simply being

inconvenient to prepare. The Grubbs catalysts based on ruthenium carbene

catalysts offer a solution to these practical issues and, consequently, they have

been used much more broadly. In 1995, the first Ru-carbene olefin metath-

esis catalyst, [Ru]CHPh(PR3)2Cl2], was prepared.
213,214 These catalysts

displayed significant advantages, such as being stable under air and showing

high functional group tolerance. Unfortunately, the first generation of cat-

alysts showed notably lower reactivities when compared to the Schrock type

catalysts. Interestingly, the reactivity could be increased substantially in the

second generation Grubbs catalysts by replacing the phosphine ligand with

an NHC type ligand.215 Further modifications on the ruthenium carbene

catalysts suggested by Hoveyda enabled facile olefin metathesis reactions

with high turnover numbers.216,217

Whereas the field of olefin metathesis catalysis reached a significant level

of maturity, a few challenges have remained poorly met. The stereoselective

synthesis of olefin products via olefin metathesis is one such challenge.

Traditionally, the olefin metathesis reactions using Grubbs catalysts afforded

minimal E/Z-selectivity due to the lack of steric hindrance between the

NHC ligand and the olefin substrate. In 2011, Young and F€urstner devel-
oped (E)- or (Z)-selective ring-closing metathesis reactions using substrate

control.218,219 But this method limits the scope of substrate to silicon-

containing alkenes, and is only applicable to macrocyclic ring-closing

metathesis. Grubbs made a significant improvement on stereoselective olefin

metathesis reactions, where a newly designed Ru catalyst containing an

adamantyl group and a bidentate acetate ligand shows �90% selectivity

for the (Z)-isomer.220 Additional work provided catalysts with high levels

of (Z)-selectivity221 and the origin of the selectivity was understood by

computational studies.222

These computational studies led to two major conclusions. The first

concerns the orientation of the olefin approaching to the metal center. It

was found that the olefin substrate can bind either to the bottom (trans to

the NHC ligand) or to the side positions. DFT calculations with the simplest

of olefins, ethylene, showed that there is an intrinsic electronic preference

to adopt the side-bound geometry over the bottom-bound analogue. The

initial insertion transition state of the side-bound mechanism shows an

extremely low barrier of 4.1 kcal/mol, where the barrier of the insertion

for the bottom-bound pathway was 16.9 kcal/mol. The strong preference
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for the side-bound mechanism was explained with both steric and electronic

effects. The chelating adamantyl group can cause large steric clashes with the

alkylidene group and the olefin. As highlighted in Fig. 20B, the bottom-

bound transition state shows the horizontal alignment of alkylidene and

crashes with a bulky adamantyl group, whereas the alkylidene in the side-

bound transition state can avoid the steric repulsion. Electronic effects also

support the side-bound pathway. The insertion transition state of the side-

bound pathway can have two distinctive π-backdonations, d ! π* (NHC)

and d ! π* (alkylidene) to stabilize the structure. However, the analogous

π-backdonations for the bottom-bound transition state involve the sameRu

d orbital, which implies that each π-backdonation is weaker, resulting in

smaller orbital interaction energy.

Following the optimized side-bound pathway, the stereoselectivity was

investigated by explicitly considering the (E)- and (Z)-selective pathways.

Fig. 21 illustrates the four different transition state structures of the the olefin

metathesis step, where 32-TS and 33-TS correspond to the (Z)-selective

pathway, while 34-TS and 35-TS show the (E)-selective pathway. As

the NHC ligand contains two bulky substituents, an adamantyl group and

a mesitylene group, their steric repulsions with olefin substrate destabilize

the overall structure. From the optimized geometries, (E)-selective transi-

tion states showed significant steric repulsions between the methyl substit-

uent and the bulky NHC ligand, while such unfavorable interaction is not

present in the (Z)-selective case. This destabilization of 34-TS and 35-TS

results in the prevention of (E)-selective olefin metathesis.

In addition to the Grubbs catalyst design, Hoveyda developed new

catalysts for (Z)-selective olefin metathesis by introducing a bidentate

catecholthiolate ligand.223 The initial catalyst design was inspired by strat-

egies to develop early transition metal catalysts for (Z)-selective olefin

metathesis112,224–226, which includes the control of steric repulsion to deter-

mine where the olefin approaches to the equatorial plane of the catalyst to

afford high levels of (Z)-selectivity. As shown in Fig. 22, a dithiolate ligand

was attached to the ruthenium center, and therefore one of the thiolates

was forced to be positioned in the axial position of the NHC ligand. The

dithiolate ligand was chosen because it can only bind in a syn alignment,

whereas two chloride ligands in conventional Grubbs catalysts align anti ori-

entation to each other. The newly designed (Z)-selective catalyst delivered

high levels of stereoselectivity up to >98:2 in ring-opening metathesis223 as

well as in cross metathesis213.
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Fig. 20 (A) Schematic description for (Z)-selective olefin metathesis. (B and C) Molecular orbital diagram of the side-bound transition state
(left) and the bottom-bound transition state (right) for the olefin insertion step.



Fig. 21 Four different transition state structures of [2+2] cycloaddition step.222 Adapted
from P. Liu, X. Xu, X. Dong, B. Keitz, M.B. Herbert, R.H. Grubbs, K.N. Houk, J. Am. Chem. Soc.
134 (2012) 1464–1467. Copyright 2012, American Chemical Society.

Fig. 22 Key structural features and elucidation for the design of (Z)-selective Ru
catalysts.223
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Computational studies highlighted the origin of high stereoselectivity of

the Hoveyda (Z)-selective catalyst in the ring-opening metathesis.227 Four

possible approaches of olefin toward the metal center were evaluated by

DFT calculations and the barrier of (Z)-selective pathway was found to

be 3.2 kcal/mol at the insertion step, where it is only half of the barrier

for the (E)-selective pathway. The unfavorable steric repulsion between

the olefin substrate and the mesityl group attached to the NHC ligand is

much more reduced for the (Z)-olefin formation pathway (Fig. 23).

An interesting feature of Hoveyda (Z)-selective catalyst is that it shows

high trans selectivity in cross metathesis reactions through stereoretention,

namely, the (Z)-olefins afford (Z)-olefin products while (E)-olefins convert

to (E)-olefin products.228 The origin for the highly stereoretentive olefin

cross metathesis using a dithiolate catalyst was investigated computation-

ally.229 To test all possibilities, researchers took into account two major sce-

narios, just as was done in the other studies: bottom-bound and side-bound

pathways, stressing that the initial binding location is critical for stereo-

selectivity. Based on the olefin insertion steps, stereoretention and

stereoinversion cases were evaluated. As stated above, electronically, the

side-bound pathway was muchmore preferred than the bottom-bound case,

where the former is about 10 kcal/mol lower in energy than the latter typ-

ically. As illustrated in Fig. 24, steric repulsion between the NHC ligand and

the substituents at α- and α0-positions must be minimized. Following this

rule, the stereoretentive pathway is always favored over the stereoinversive

case, where this rule is applicable to both E/Z-olefin formation.

Fig. 23 Structural model of two transition states of Hoveyda (Z)-selective catalyst.
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4.2 Switching regioselectivity in cyclopolymerization of diynes
using RuII-alkylidene catalysts

Cyclopolymerization of terminal diynes is a powerful technique to

synthesize conjugated polymers and these systems have been extensively

studied using early transition metal catalysts including Ziegler type Ti

catalysts230,231, MoCl5 and WCl6.
232,233 But the first well-defined

cyclopolymerization elucidating the structures of the prepared polymer as

well as the mechanism was reported using Schrock type catalysts. Studies

on cyclopolymerizations using Grubbs type olefin metathesis catalysts,

however, were not known until Buchmeiser reported the first example.234

One of the most important features that is desirable to control in

cyclopolymerization is the regioselectivity, which originates from the orien-

tation of terminal alkynes to the Ru catalyst during the key CdC bond

forming event. As described in Fig. 25, cyclopolymerization of diynes can

produce two different regioisomers: five-membered conjugated rings via

α-addition and six-membered rings by β-addition. These two different

structural isomers are determined at the initial alkyne insertion step, as

highlighted in Fig. 25. In a pioneering work by Schrock and Buchmeiser,

it was shown that the regioselectivity control is possible with the

Schrock type olefin metathesis catalysts. Unfortunately, the reason for the

selectivity was not fully understood and the broad applicability remained

somewhat limited due to the reasons mentioned above and difficulty in

accessing the catalyst in sufficient quantities. Regrettably, stereoselective

cyclopolymerization utilizing the Grubbs type catalysts that are easier to

handle and are more easily accessible was not known.

Fig. 24 Models for stereoretentive metathesis with (Z)-olefins (up) and (E)-olefins
(down).229
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Fig. 25 Generalized illustration of the catalytic mechanisms of the Ru-catalyzed alkyne cyclopolymerization.235



Generally, the mechanism of cyclopolymerization involves the sequen-

tial insertion of the alkyne moiety followed by the ring-opening, as

illustrated in Fig. 25. The diyne substrates can proceed in two distinctively

different reaction channels at the initial stage of the reaction. After the reac-

tant complex 25B is formed, the alkyne substrate can undergo α-insertion to
form the ruthenacyclobutene intermediate 25C, followed by the ring-

opening to give a ruthenium carbene intermediate 25D. This ruthenium

carbene intermediate can undergo a second alkyne insertion to produce

the bicyclic ruthenacyclobutene intermediate 25F. Final ring-opening fur-

nishes the ruthenium complex carrying a carbene ligand that is tethered to

the conjugated five-membered ring, which can reenter the catalytic cycle. If

the initial alkyne insertion step occurs at the β-carbon, a six-membered ring

intermediate is formed.

In 2011, Choi reported a highly α-selective cyclopolymerization of 1,6-

heptadiyne utilizing the third-generationGrubbs catalyst (Ru1 in Fig. 26)236,

and showed in a different example that living cyclopolymerization is also

possible with a fast initiation by utilizing pyridine additives.237 This work

offered a solution for a long standing problem of cyclopolymerizing

diynes in a highly β-selective way using ruthenium based catalysts. Choi

also reported that the cyclopolymerization can be rendered (Z)-selective

with certain Ru-catalysts (Ru2) bearing a sterically demanding adamantyl

group and an NHC ligand, but the observed β-selectivity was limited to a

range of 67–95% with Ru2.238 To better understand the origin of

the regioselectivity, computational studies using DFT calculations were

carried out.235

The computed reaction energy diagrams for the initial insertion step with

Ru1, Ru2 catalysts are summarized in Fig. 26. In the Ru1 system, the

cyclopolymerization starts with the catalyst 26A that subsequently forms

26B, a reactive π-complex with the heptadiyne substrate at 10.4 kcal/mol.

The two transition states, 26B-TS and 26B-TS’ clearly show that the

α-addition is more favorable than the β-addition by 9.2 kcal/mol. The

following ruthenium carbene intermediates 26C and 26D are located at

�15.7 and �8.1 kcal/mol, respectively, and imply that the initial insertion

step is irreversible. On the contrary, the Ru2 based cyclopolymerization

predicts that the β-addition is more preferred over α-addition by

3.7 kcal/mol free energy difference. The insertion barriers of both pathways

are extremely low with 7.6 and 3.9 kcal/mol, which is consistent with the

observation that this reaction can be conducted at the low temperature con-

dition. The full energy diagram of Ru2 also supports the β-selectivity
demand in cyclopolymerization.
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Using the computational data in hand, the origin of regioselectivity in

cyclopolymerization of diynes could be explained. Ruthenium carbene com-

plexes are Fischer carbenes and have two major orbital interactions as we

already discussed. Consequently, the catalyst-substrate alignment to success-

fully carry out α-addition is electronically preferred as the carbene carbon

carries a partial positive charge while the terminal alkyne carbon is negatively

charged, as summarized in Fig. 27A. The alignment to facilitate β-addition is

not favorable because the partial charges of catalyst and substrate are mis-

matched. Steric effects can also be considered, as the Ru2 catalyst prefers

the side-bound mechanism, which is sterically favored for the β-addition
to avoid the bulky mesityl group on the NHC ligand. Thus, both electronic

Fig. 26 (A) A summary from the experimental results and insertion step free energy dia-
gram of the (B) Ru1 system and the (C) Ru2 system. R1 ¼R2 ¼Et for the computational
modeling study (black, α-addition; red, β-addition; plain, favored; dashed, disfavored;
Refer ref. 235 for the detailed experimental conditions for cyclopolymerization).
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and steric effects point in the same energetic direction and add to afford the

increased β-selectivity in Ru2 catalytic system.

There are two slightly different structures for Ru2 that are close enough

in energy to establish a chemically meaningful equilibrium, namely, struc-

tures of pseudo-octahedral and trigonal bipyramidal coordination geometry

due to the presence of the transient RudO bond. As explained in Fig. 27B,

the structural change in ruthenium carbene complex gives rise to a change in

electronic structure. The Ru-dxy orbital energy level of the trigonal bipyra-

midal structure is higher than that of the octahedral geometry. On the other

hand, the Ru-dx2–y2 level in the trigonal bipyramidal structure is lower than

that of the octahedral geometry. Therefore, the trigonal bipyramidal struc-

ture develops a stronger π-backbonding ability compared to the classical

octahedral structure. This increased π-backdonation reduces the electrophi-
licity of the metal carbene complex and should show a different selectivity in

cyclopolymerization as a result.

To test this concept, a new catalystRu3, a (Z)-selective olefin metathesis

catalyst developed by Hoveyda113,223, was tested (Fig. 28). Interestingly,

the Ru3 catalyst contains a rigid trigonal bipyramidal structure as the bid-

entate catecholthiolate ligand is forced to be arranged in a syn orientation

Fig. 27 (A) Intrinsic electronic demand of a typical Ru-Fischer carbene with a 1,6-
heptadiyne substrate. (B) Qualitative molecular orbital diagram of carbene
complexes.235
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to each other. The computer simulation predicted that Ru3 will prefer the

β-addition over the α-addition by 7.0 kcal/mol free energy. Confirming the

computational predictions, the experiments showed that the Ru3 catalyst is

highly β-selective and produced six-membered rings.

5. Conclusions and outlook

In this chapter, we summarized the progress that was made in under-

standing and exploiting the unique features of the Schrock and Fischer

Fig. 28 Insertion step free energy diagram of the Ru3 system and summarized exper-
imental results. Refer ref. 235 for the detailed experimental condition. R1 ¼R2 ¼Et for the
computational modeling study (black, α-addition; red, β-addition; plain, favored;
dashed, disfavored).
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carbenes for a variety of chemical reactions. As the research field has matured

over the last half century, the electronic structure difference of these two

related, yet remarkably different classes of molecules has been delineated

and computational methods played a major role in establishing a solid

foundation of understanding of the electronic demand and the resulting

reactivity. The olefin metathesis catalysis has been most dominating among

catalytic applications and powerful catalysts could be developed using both

Schrock and Fischer alkylidene complexes. The metal alkylidene motif has

proven exceedingly useful for a variety of other challenging reactions,

including CdH bond activation or pyridine ring-opening.

The alliance between computational and experimental work created an

interesting platform of discovery that promises to expedite the development

of new reactions. The alkylidene complexes have already revolutionized

the olefin metathesis field, but the recent developments highlighted in this

chapter show that this class of reactive molecules can be employed for many

other purposes.
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