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Abstract 

This review is dedicated to the chemistry of stable and isolable species that bear two lone pairs at the 

same C center, i.e. geminal dianions, stabilized by main group elements. Three cases can thus be con-

sidered: the gem dilithio derivative, for which the two substituents at C are neutral, the ylidiide deriva-

tives, for which one substituent is neutral while the other is charged, and finally the geminal bisylides, 

for which the two substituents are positively charged. In this review the syntheses and electronic struc-

tures of the geminal dianions are presented, followed by the studies dedicated to their reactivity toward 

organic substrates and finally to their coordination chemistry and applications. 
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1. Introduction 

Geminal dianionic compounds are species that possess two lone pairs of electrons at a single at-

om. It is most often a C atom, for which the archetypical example is dilithiomethane, CH2Li2, 1, synthe-

sized by Wittig, West and Ziegler in pioneering works more than 70 years ago.
1
-
3
 CH2Li2 is highly reac-

tive toward oxygen and moisture as well as unstable and poorly soluble in organic solvents, which com-

plicated its structural characterization as well as its reactivity. Klumpp has developed an easy synthesis 

of unstabilized aliphatic geminal-dilithium derivatives based on low temperature Li-halogen exchange 

in the late 80s.
4
 The in situ generated dilithium species could then be subsequently trapped by various 
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electrophiles, showing their potential in synthesis. Modulation of the substituents at C allows a fine tun-

ing of the acidity of the two H atoms as well as provides means of stabilization of the resulting geminal-

dianionic species. This review is dedicated to the chemistry of stable and isolable species that bear two 

lone pairs at the same C center, i.e. geminal dianions, stabilized by main group elements. Depending on 

the nature of the stabilizing moieties, three cases can be envisioned (Scheme 1). First, the two moieties 

can be neutral, which imply the compensation of the two charges by metal centers (I, scheme 1), such as 

the first isolated stable geminal dilithio derivative (SiMe3)C(Li)2(SO2Ph) 2cLi2 synthesized in 1985 and 

crystallized in 1988.
5
,
6
 Secondly, when only one metal center is used for charge compensation, two dif-

ferent stabilizing groups have to be used: a cationic and a neutral one. These compounds belong to the 

class of yldiides (II, scheme 1). Finally, when two cationic stabilizing groups are present, the overall 

species is neutral (III, scheme 1), the most emblematic example of such geminal dianions being the car-

bodiphosphorane Ph3P=C=PPh3. This review is thus separated in three parts treating independently 

these cases. In each part, we have chosen to present first the synthesis of the geminal dianions and their 

electronic structure, followed by the studies dedicated to their reactivity toward organic substrates and 

finally to their coordination chemistry and applications.   

Scheme 1: Geminal dianions  
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2. Geminal dianions of type I (A and B: neutral fragments) 

2.1.  Synthesis of geminal dianions of type I  

The use of α-stabilized carbanions in organic chemistry is more than a century old, and the un-

derstanding of the aggregation and bonding in organolithium derivatives has largely relied on their 

study. The second deprotonation of various α-stabilized carbanions was studied in the 1970s.
7
,
8
 Starting 

from PhCH2Y (where Y = CN, SO2Ph, SOPh, SO2NMe and NO2) or from FcCH2Y (Fc = ferrocene, Y = 

CN, POPh2, PO(OEt)2 and SO2Ph), species proposed to be geminal-dianions RCLi2Y (R = Ph or Fc) 

were obtained by addition of excesses of bases. Indeed, these species reacted with various electrophiles 

(E-X) to form the expected geminal C-E bonds. However, in 1985, Gais and coworkers studied the low 

temperature second deprotonation of allyl or benzyl phenylsulfones anions RCHLiSO2Ph, 2HLi, in 



7 

 

 

 

THF.
9
 Instead of the expected formation of the geminal-dilithio derivatives, selective lithiation at the 

phenyl ring was observed (scheme 2). However, warming to 50°C resulted in the formation of the ther-

modynamically preferred α,α-dilithio species. Deuteration with DCl/D2O/THF formed the [1,1-D2] 2a in 

82% yield with ≥98% incorporation of D.  

Scheme 2: Dianions of phenylsulfones 

 

In parallel, Meth-Cohn proved by 
13

C NMR that deprotonation of PhCH2CN with an excess of 

LiHMDS (lithium hexamethyldisilazide) did not form the α,α-dianion but rather a heterodimer, called a 

“QUAsi-DiAnion Complex” or “QUADAC”, with a proposed PhCHCN.Li2.HMDS structure (scheme 

3).
10

 Boche and coworkers presented in 1989 the first X-ray diffraction of such species.
11

  

Scheme 3: Double deprotonation of PhCH2CN, formation of QUAsi-DiAnion Complex 
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Meanwhile, Gais reported in 1988 that with the trimethylsilyl phenyl sulfone 2cH2, the α,α-

dilithio species was formed directly, without prior ortho-metalation of the Ph ring. This species, soluble 

and stable in THF, could be crystallized. In fact, two different structures were obtained. In the presence 

of Li2O, sparingly soluble crystals form for which the X-ray analysis shows a hexamer with six THF 

molecules and assembled around the Li2O: [(SiMe3)CLi2SO2Ph.Li2O.(THF)6]  2cLi2.
6
 In the absence of 

Li2O, readily soluble octahedral crystals (X-ray structure not reported) formed which further allowed 

NMR investigation of the structure and aggregation state in solution. Low temperature 
6
Li and 

13
C NMR 

spectroscopy proved that the α,α-dilithio structure prevails in solution (scheme 4).  

Scheme 4: Double deprotonation of SiMe3CH2SO2Ph; 1
st
 X-ray structure of a “type I” 

geminal dianion 
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Also in 1989, Boche and co-workers reported the double deprotonation of (TMS)CH2(CN) by ei-

ther LDA or BuLi (in excess) in mixtures of ether/hexanes to form the expected (TMS)C(CN)Li2 spe-

cies.
12

 An aggregate of the twelve molecules of dianions, six molecules of Et2O and a single hexane 

[{Li2(SiMe3CCN)}12(Et2O)6(C6H14)] crystallized from the mixture. The X-ray structure showed three 

groups of dianions which differ in the number of their NLi and CLi contacts. Unfortunately, the yield of 

the crystallized product was not given.   

Further studies on the PhCH2CN system by Castellà-Ventura and co-workers showed that the 

heterodimer can evolve to the dianion only when excess of n-BuLi was used.
13

 Indeed, a mixture of het-

erodimer and dianion was observed with 2.2 eq. of n-BuLi, whereas quantitative formation of the dian-

ions was observed with 2.7 eq. of n-BuLi. The same authors later showed that the efficiency of both 

alkylation and deuteriation strongly depended on the excess of base. Indeed, the larger excess of BuLi 

the lower the yield of di-alkylation indicating the formation of other species.
14

 These seminal results 

highlight the difficulty to generate efficiently the geminal-dimetallic species. Spectroscopic techniques 

(NMR, IR) as well as X-ray diffraction are needed to definitely prove the nature of the dianionic spe-

cies. Moreover, for further use, pure geminal-dianionic species, i.e. free of excess of base, are required. 

As will be shown below, this can be achieved if the double deprotonation is stoichiometric in base 

and/or if the dianion can be separated from excess of base, typically by crystallization. Early studies by 

Gais and Boche pointed that two strongly electron accepting substituents at C indeed allow for the quan-

titative double deprotonation under stoichiometric conditions, which clearly lead the way. All the 

known geminal dilitho compounds are presented in the two following schemes (schemes 5 and 6).  

Scheme 5: “type I” geminal dianions for which X-ray structure is known (1985-2012) 
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Scheme 6: “type I” geminal dianions for which X-ray structure is known (2012-2018) 
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The next report of crystallized geminal dianions was done ten years later, when Müller presented 

the synthesis of the sulfoximine compound 4Li2, the first chiral substituted dilithiomethane derivative. 

Again, an excess of n-BuLi (2.5 eq.) was used to favor double deprotonation. The presence of Li2O, 

generated in situ by hydrolysis of H2O added on purpose, allowed crystallization and thus separation of 

the dianion from excess base, although in poor yield (17%).
15

 Chiral geminal-dianions could lead to 

interesting developments in organic synthesis. Indeed, the two Li atoms are diastereotopic and selective 

reactivity at C could lead to the generation of a stereogenic C center. Such developments are yet to be 

reported. Phosphonate moieties were used for the first time by Müller, together with SiMe3 to stabilize 

the geminal-dianion 5Li2.
16

 In this case also the authors used an excess of n-BuLi (2.5 equiv.), together 

with TMEDA. The latter is partly decomposed in the course of the reaction into dimethylamido. Both 

TMEDA and dimethylamido, incorporated in the crystal, allowed isolation of the dianion in a very good 
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67% yield, but did not preclude decomposition even in the solid state under inert atmosphere within 24h 

(scheme 7).  

Scheme 7: double deprotonation of 5H2 

 

Two most significant reports were made in 1999 by the groups of Cavell and Stephan. Indeed, 

dianion 6aLi2 featuring two strongly accepting PPh2NTMS moieties was synthesized as the sole species 

(as shown by 
31

P NMR) under stoichiometric conditions (either 2 eq. of MeLi or PhLi in toluene or ben-

zene). It could moreover be crystallized in 68% yield.
17

,
18

 The molecular structure reveals a dimeric 

nature in which the two C and four Li atoms form a distorted octahedron. The two [Li2C(PPh2NTMS)2] 

fragments are arranged in a “head-to-head” fashion (scheme 8).  

Scheme 8: double deprotonation of 6aH2 
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The N-P-C-P-N units are nearly planar. Unlike previous structures of geminal-dianions, Li cati-

ons do not need to be coordinated by “external” ligand or solvent molecules. Here, the PN moieties 

complete the coordination sphere of the Li cations. The important metrical features are the PN (av. 

1.630 Å) and CP (av 1.694 Å) bond distances which are respectively elongated and significantly short-

ened compared to the neutral species. These features are explained by the electronic structure (vide in-

fra) of the geminal-dianions. In the following ten years, researchers mostly expanded on this discovery 

that two neutral P(V) moieties could efficiently stabilize two charges at the same C center. In the mean-

time, Henderson reported in 2002 the successful synthesis of sulfonyl/nitrile stabilized geminal dianions 

7a-bLi2.
19

 The Phenyl and t-Bu sulfonyl derivatives were obtained in excellent 84 and 74% yield re-

spectively because of a fast precipitation from the reaction medium (slow addition of MeLi in THF at 

ambient temperature). The absence of methylene signal in the 
1
H spectrum (D6-DMSO) confirmed the 

formation of geminated dilithio derivative rather than the possible QUADAC species. In 2004, the bis 

PPh2S geminal-dianion 8Li2 was reported by LeFloch and co-workers to be generated quantitatively and 

used in situ.
20

 Two X-ray structures of 8Li2 were disclosed in 2006 (scheme 9).
21

 If crystals are grown 

from diffusion of hexanes into toluene/Et2O mixture of dianions, a symmetrical dimer is formed 

8Li2.(Et2O)2; whereas when a Et2O solution of the dianions is slowly evaporated an unsymmetrical di-

mer is obtained 8Li2.(Et2O)3.  

Scheme 9: double deprotonation of 8H2 
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In the structure 8Li2.(Et2O)2 each C coordinates two Li centers, which coordination sphere is 

completed by two S atoms of the P=S moieties. The two other Li centers are only tricoordinated (trigo-

nal planar geometry), by two P=S moieties and a single molecule of Et2O. In the second dimeric struc-

ture, 8Li2.(Et2O)3, each monomeric fragment possesses similar bond distances, also similar to the ones 

of the symmetrical dimer. Each monomeric fragment however differs markedly by the respective orien-

tation of the P-S bonds relative to the PCP planes. Moreover, four different environments are found for 

the four Li cations. A variable temperature 
31

P and 
7
Li NMR study of the dianion 8Li2 was performed 

(toluene/Et2O 5/1 mixture) to probe the nature of the species in solution. Below -50°C, four signals of 

1.0:1.0:1.0:1.0 intensities are found in the 
31

P, and at least four different signals are seen at -90°C in the 

7
Li spectrum, pointing several species in 1:1 equilibrium or a single species with different Li/P envi-

ronments (as in the unsymmetrical dimer). This study showed nonetheless that the crystallized symmet-

rical form is not retained in solution. The synthesis of the bis phosphonate dianion 9Li2 was presented in 
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the same article. The kinetics of the second deprotonation varied tremendously between the bis-PS and 

bis-PO systems. Indeed, if the first deprotonation of bis-PO derivative 9 occurs almost instantaneously, 

the second deprotonation required more than ten days at room temperature (with MeLi as base), vs few 

hours for the bis PS system. Addition of TMEDA (2 equiv. per MeLi) accelerated the reaction, which 

was complete after 3 days. Compound 9Li2, isolated in 94% yield, is highly insoluble, most likely pol-

ymeric, and TMEDA is not incorporated in the solid as proved by hydrolysis studies. In 2006, 2010, 

2011 and 2014 novel examples of dianions of bis-iminophosphorane 6b-dLi2,
22

 6e-fLi2
23,24

 and 6g-

hLi2
25

 were reported by Le Floch and co-workers, Liddle and co-workers and Gessner and co-workers 

respectively. The neutral derivatives 6b-d were conveniently synthesized using the Kirsanov reaction. 

This opened the way to bis-iminophosphorane dianions featuring substituents at N for which the azide is 

not readily available (required for the Staudinger reaction). In particular, alkyl as well as a chiral sub-

stituent at N were introduced ((S)-MeCH(i-Pr)) and the dianion 6dLi2 crystallized. Derivatives 6e-hLi2 

were devised to increase the steric bulk at N. The neutral derivatives 6e-h were obtained via the 

Staudinger reaction. The double deprotonation leading to the 6d-hLi2 derivatives in excellent isolated 

yields was readily achieved following synthetic procedures derived from the one leading to 6aLi2. Apart 

from 6fLi2 (vide infra) they all presented the same head-to-head dimer arrangement as in 6aLi2: planar 

Li4 and planar C2Li2 ring, arranged perpendicularly. Compound 6f featuring very bulky substituent 

(Dipp: 2,6-diisopropyl-phenyl) at the N center was synthesized in order to test the possibility of achiev-

ing planar geometry at the C center in the corresponding dianion 6fLi2. Indeed, theoretical calculations 

by von Ragué Schleyer in 1976 predicted that replacing H by alkali metals results in increased stabiliza-

tion of the planar tetracoordinate arrangements (cis-R
1
R

2
CLi2).

26
 Twenty years later, Stalke, von Ragué 

Schleyer and co-workers showed that lithiated cyclopropenes bearing either anionic O or NR fragments 
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in vinylic position formed dimers in which the desired cis-planar geometry was almost achieved. In fact 

in the amide derivative the twist angle between the LiCLi and cyclopropenyl ring plane is measured at 

17.4° in one monomeric unit and 29.7° in the second, thanks to the coordination of the amide moiety to 

the Li centers (scheme 10).
27

  

Scheme 10: Attempts and successes in the synthesis of geminal dianions with planar envi-

ronment at C.  
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Instead, Liddle and co-workers obtained the first trans-planar tetracoordinate R
1
R

2
CLi2 mono-

meric compound 6fLi2 upon cristallization.
24

 Notably, double deprotonation was achieved only when 

TMEDA was used in conjunction to the two equivalents of t-BuLi in toluene. The 
7
Li NMR spectrum 

exhibited two broad signals at 1.95 and 2.37 ppm suggesting two different environments, confirmed by 

the X-ray structure. Indeed, one Li cation is bound to the C center and the two PN moieties, whereas the 

second is bound to the C center and the two N of the TMEDA. In the solid state the LiCLi angle is 
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161.41(12)°, slightly distorted from linearity to allow the close fit of the Li(TMEDA) moiety in the 

pocket formed by the four P-Ph rings. This also accounts for the small displacement of the C atom from 

the Li2P2 plane.  

In 2012, Gessner and co-workers probed the effect of thiophosphinoyl/sulfone moieties on the 

planarity at C of the corresponding CLi2 species.
28

 The desired dianion 11Li2 was obtained in 73% yield 

via the stoichiometric double deprotonation (THF/Et2O mixture, -50°C to rt). An unusual X-ray struc-

ture was revealed, consisting of four methanediide and six THF molecules without regular Li polyhe-

dron. Two different geometries were found for methanediide carbon atoms. The first exhibits an approx-

imately planar C-P-S-Li unit from which the second Li atom coordinates almost perpendicularly (Li-C-

P-Li of 97.8(2)°). The second geometry contains three Li atoms. A plane consisting of Li3-C13-P-S-Li1 

can be defined (short Li3-C13 contact at 2.138(7)Å; long Li1-C13 contact at 3.309(6)Å), on top of 

which Li2 is coordinated (Li2-C13 contact 2.332(7)Å) (see scheme 10 for representation of the two en-

vironments) . A variable temperature multinuclear NMR study was carried out to probe the nature of the 

species in solution. In the X-ray structure, four and two different Li and P environments are seen. How-

ever, the 
31

P{
1
H} spectrum only exhibited a single resonance from room temperature to -80°C, whereas 

two sharp singlets appear in the 
7
Li spectrum below 0°C. The NMR data indicated either fast exchanges 

processes even at low temperature within the cluster, or breaking of the aggregate in solution to mono-

meric species.     

Mixed dianionic species containing at least one PPh2S moiety were reported from 2009. Indeed, 

the first example of unsymmetrical geminal dianion, 10Li2 featuring P=S and P=N moieties, was devel-

oped by So,
29

 followed in 2012 by the P=S/SO2R derivative (11Li2)
28

 mentioned above and mixed P=S 

and P=O, (12Li2, in 2012) by Mézailles.
30

 In 2013, So, Mézailles and coworkers studied the possibility 
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to obtain geminal dianions with derivatives containing one strongly electron witdrawing substituent 

such as PPh2O or PPh2S and a weaker electron withdrawing substituents, such as SiMe3 and 

PPh2BH3.
31

 The stepwise deprotonation of PPh2(X)CH2PPh2BH3 (X = O, 13’, S, 13) and 

PPh2(S)CH2SiMe3 (14) was thus studied. If the monoanions were all obtained as expected (13Li,
32,33

), 

the second deprotonation step was more problematic as only 13Li2 could be synthesized efficiently. 

Indeed, the low temperature deprotonation in toluene with 2 equiv. of BuLi resulted in near quantitative 

precipitation of the desired compound, which was crystallized from DME. The X-ray structure is highly 

unusual as it is monomeric, with DME completing the coordination sphere of the Li cations, together 

with one H atom of the BH3 moiety. Similar procedure was used for the double deprotonation of 

Ph2P(O)CH2PPh2BH3. After 12h at room temperature, a mixture of 13’Li2/13’Li (70/30) was ob-

served by 
31

P NMR and confirmed by deuteration experiment. After one day, in addition to these spe-

cies several compounds start to appear which again highlights the importance of a fast second deproto-

nation to avoid side reactions. The attempted double deprotonation of 14 followed a similar path, i.e. 

fast formation of 14Li at room temperature and slow formation of a mixture of compounds from which 

crystals of 14Li2 deposited.
34

 Notably, Me3SiOLi, resulting from the reaction between the base and sili-

con grease, is incorporated in the structure. However, no yield of isolated product was given in this case. 

In 2013 also, Gessner reported the synthesis of the unsymmetrical Ph2PS/Cy2PS derivative 15Li2 

in excellent 89% isolated yield (double deprotonation with 2.0 equiv. of MeLi in Et2O).
35

 Surprisingly, 

15Li2 precipitated from solution whereas the tetraphenyl derivative 8Li2 is fully soluble in the same 

conditions. In the crystal structure the phenyl and cyclohexyl moieties are disordered with 50% occu-

pancy for both positions. Apart from this feature, the central C2Li2 core adopted the same geometry as in 



20 

 

 

 

8Li2. Compound 15Li2 was developed to probe the influence of electronic modification at the P substit-

uents on the properties of metal complexes.  

The use of mixed PPh2S/SO2Ph dianion 11Li2 in “ligand/metal cooperative catalysis” (vide in-

fra) prompted the group of Gessner to synthesize in 2016 the related chiral mixed PPh2S-S(O)(NMe)Ph 

sulfoximine compound 16Li2.
36

 Starting from the (S) and (R)-thioanisole, a multistep procedure was 

followed to get the neutral (S) and (R)-16 species. Careful optimization of the conditions of deprotona-

tion was done. In fact, the successful conditions for the synthesis of 11Li2 (2 equiv. MeLi or n-BuLi in 

THF) showed only incomplete formation of 16Li2. The use of excess of base did not allow full conver-

sion but favored crystallization of the dianion together with one equivalent of SiMe3OLi. A more con-

venient and efficient synthesis relied on the use of stoichiometric amounts of t-BuLi/PMDTA in tolu-

ene/hexane mixtures or t-BuLi in THF/hexane. If the former allowed isolation of the highly air and 

moisture sensitive (S)-16Li2(PMDTA)2 species in 52% yield, the latter method was preferred for subse-

quent coordination. The (S)-16Li2(PMDTA)2 species is characterized by two signals in the 
7
Li NMR 

spectrum (at 0.60 and 1.28 ppm). Still in 2016, Gessner and co-worker reported the synthesis of the 

PPh2(NSiMe3)/SO2Ph mixed derivative and the efficient isolation of the corresponding dianion 17Li2 in 

78%.
37

 

The synthesis of heavier analogues of geminal dilithio derivatives has been studied thoroughly 

by Henderson with the bis iminophosphorane derivative 6aH2. Compound 6aNa2 required the use of the 

very strong base n-BuNa and 6aLiNa was obtained via sequential deprotonations with sodium hexame-

thyldisilazide (NaHMDS) followed by t-BuLi.
38

 Interestingly, reversing the order of addition of the base 

only yielded the 6aHLi derivative, presumably because of the lower basicity of the Na amide. Com-
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pound 6aLiNa can also be synthesized by mixing equimolar amounts of 6aNa2 and 6aLi2 in arene sol-

vent (scheme 11). 

Scheme 11: Heavier analogues of 6aLi2: mixed LiNa derivatives 

 

 The syntheses of the K analogues were then studied following similar strategies, as well as 

transmetalation using t-BuOK, yielding the mixed species 6aLiK, 6aNaK and 6aNa3/2K1/2.
39

 Interest-
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ingly, the crystal structures of the whole family of geminal dianions were obtained. All form dimers of 

the ligands NPCPN (W-shaped) in staggered conformation, in which the four metals form a plane. In the 

structures, relatively close contacts between the lighter metals and C are observed, while the heavier 

ones are pushed outward to the point that they are hardly bound to the central carbon. The stronger in-

teractions between the inner two metals and the C centers result in a facile transmetalation of only two 

of the four metals of the dimers (scheme 12).  

Scheme 12: Heavier analogues of 6aLi2: C-M bond distances 
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A thorough NMR study (
1
H, 

13
C, 

7
Li, 

31
P and 

29
Si) was conducted on these compounds. Together with 

cryoscopic measurements, they revealed that the dimeric form remained in solution. Previous reports on 

the dilithio species pointed that the 
13

C signal for the carbanionic center could not be located, rational-

ized as a consequence of signal broadening because of Li. In accord, this signal could be located for 

6aNa2, 6aLiK and 6aNaK but not for the 6aLi2 and 6aLiNa. Quite surprisingly, the chemical shifts 

(41.0, 33.5 and 38.0 ppm) are similar to the one of the neutral ligand (37.8 ppm) and downfield shifted 

compared to the monometalated compounds 6aHLi, 6aHNa and 6aHK (22.9, 27.5 and 22.1ppm respec-

tively). The formation of heterometallic complexes via mixing the homometallic ones was conveniently 

followed by NMR, and showed a slow dynamic exchange (hours to days to reach equilibrium).    

Henderson et al. also performed calculations to determine the relative energies of the homo- and heter-

ometallic complexes (see electronic structure). The reactions involving Li and Na appeared almost 

thermoneutral, with the most favorable LiNa derivative being 3.2 kcal/mol lower than the Li2 and Na2 

derivatives (Li3/2Na1/2: -1.8 kcal/mol, Li1/2Na3/2: -2.4 kcal/mol), in accord with NMR investigations 

which showed the co-existence of all combinations. Formation of 6aLi/K and 6aNa/K is predicted more 

exothermic (-8.9 and -11.4 kcal/mol respectively), again confirmed by NMR in which only the hetero-

metallic species is seen. Shortly thereafter, formation of the heavier Rb and Cs analogues was studied by 

Harder et al.. DFT calculations were used to predict the extent for the exchange of Li in 6aLi2 by M 

(from M-OR; M = Na, K, Rb, Cs).
40

 The authors also found that if the first exchange is favorable for 

any element, the second Li cation is not readily displaced (almost thermoneutral for Na). An alternative 

strategy, relying on the use of the benzyl-M (M=K, Rb, Cs) had to be developed to synthesize 6aK2, 

6aRb2 and 6aCs2. The crystal structures of 6aK2 and 6aRb2 were obtained, and showed a highly sym-

metric dimeric aggregate, in which the four cations bridge the dianionic ligands. However, the central 
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carbon is connected only to two M+ ions. Indeed, the C-K distances are 2.910(3) Å (bond) and 3.927(5) 

Å (no bond), and the C-Rb distances are 3.047(3) Å (bond) and 4.197(5) Å (no bond). The dimers are 

held together by N-M interactions (M = K, Rb). Unfortunately, the structure of 6aCs2 was not obtained, 

but a related dicesiated methandiide species 19Cs2 was crystallized from the “superbase method”: 2 

CsOCMe2Et + 6aLi2. 19Cs2 is a cyclic decomposition product of 6Li2. The authors proposed a mecha-

nism (Scheme 13) involving the desired 6aCs2 as a first intermediate. Intramolecular orthometalation of 

one PPh2 group then occurs because of the large size of Cs
+
, followed by intramolecular nucleophilic 

attack at the opposite PPh2NTMS generating the cyclic structure. Elimination of the basic PhCs leads to 

final deprotonation of the central C center. 

Scheme 13: Toward Cs analogue of 6aLi2; formation of 19Cs2 

 

Such mechanism highlights a possible competitive path to the desired double deprotonation in 

geminal position. Indeed, the strongly electron withdrawing substituents that are needed to stabilize the 

final product are prone to nucleophilic attacks (either intramolecular or intermolecular). It thus rational-
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izes the fact that there are only few known geminal dianions. In 2014, the deprotonation at one Ph ring 

was evidenced by Stasch and co-worker in a thorough study using derivative 6fH2.
41

 They probed the 

effect of base stoichiometry and solvent/additive on the outcome of reaction, and crystallized both the 

dianionic 6fLi2 and tri-anionic 18Li3 species. Impressively, several crystal structures were obtained for 

each of the species depending on the nature of the solvent (scheme 14).   

Scheme 14: Deprotonation of 6fH2; Solvent effects, formation dianions and trianion 
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In conclusion, seminal reports dealing with the synthesis of geminal dianions appeared in the 

1980s. They proved that formation of the desired species could be in competition with the QUADAC 

species. They pointed that the geminal dianions would form only if two strongly electron withdrawing 

substituents are present at the C center. A major achievement was reached in 1999 by Cavell and Steph-

an, who used P(V) stabilizing moieties, which allowed the very efficient synthesis of the corresponding 

dianions under stoichiometric conditions. Not only crystallization in good yields, but also subsequent 

reactivity without isolation of the highly reactive dianions, was possible. The presence of NMR probes 

(
31

P, 
7
Li) is a great asset for careful optimizations (nature of base, solvent) of the experimental condi-

tions for the “quantitative” synthesis of the desired geminal-dianion, which explains why the vast major-

ity of the known geminal dianions possess at least one P(V) stabilizing substituent.  

2.2. Electronic structure of the geminal-dianions 

The electronic nature of several of the dianions has been probed by calculations. The results are 

gathered in the following table (table 1). NBO analysis was carried out mainly with simplified model 

compounds which allows a comparison of the results (scheme 15). The results pertaining to 6’aLi2 are 

difficult to compare to the others since the atomic charges were not calculated with the same method. 

There is a large charge change between 6’aLi2 monomer and dimer. The authors rationalize this obser-

vation by an accumulation of the electron density towards the “Li4” moiety in the dimer, thereby reduc-

ing the charges in the ligand backbone. The changes are not so important with the NPA charges given 

by NBO (7’Li2 monomer vs dimer). Most importantly, the charges at C are strongly negative (-1.51 in 

11’Li2 to -2.01 in 9’Li2), in accord with the two lone pairs at C. The charges vary to a large extent obvi-

ously because of the nature of the neighboring moiety. The charges at Li are 0.82-0.93, and the C-Li and 

X-Li (X = S, O or N) Wiberg bond indexes lower than 0.1, indicative of an almost pure electrostatic 
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interaction between charged ions. The NBO analysis also showed single bonds between P-C and P-X 

bonds (Wiberg bond indexes of 1.13 to 1.24 for P-C and from 1.01 to 1.16 for P-X and ca 1.0 for S-O 

and P-B).  

Table 1: NBO analysis of geminal-dilithio derivatives. * MKS Merz-Kollman-Singh charges 

Compound 

(or model of 

compound) 

qC qP qX qLi  nP-C nP-X 
nS-O 

or nP-B 

Lone pair at 

C: hybridiza-

tion 

NPA charges  Moiety Wiberg Bond index LP1 LP2 

6’aLi2  

Monomer* 

-1.79 1.18 

qN 

-1.09 

0.82        

6’aLi2  

Dimer* 

-1.25 0.90 

qN 

-0.86 

0.59        

7’Li2  

monomer 

-1.77 0.91 

qS 

-0.80 

0.82 

av. 
  1.19 1.10  sp

2.17
 p

1.00
 

7’Li2  

dimer 

-1.88 0.88 

qS 

-0.76 

0.86   1.13 1.16  sp
2.11

 p
1.00

 

9’Li2 -2.01 2.37 

qO 

-1.23 

0.93   1.15 1.03  sp
3.74

 p
1.00

 

6fLi2 -1.60 1.56 

qN 

-1.14 

0.89 

av. 
  1.24 1.01  sp

3.21
 sp

70.3
 

11’Li2 -1.51 1.37 

qS 

-0.79 

 
qS 

2.05 

qO  

-1.07 

av. 

1.16 1.12 

nS-O 

1.03 

av. 

sp
1.99

 sp
99.9

 

13’Li2 -1.76 1.41 

qS 

-0.8 

0.87 

av. 

qP 

1.35 

qB  

-0.7 

1.21 

av. 
1.12 

NP-B 

0.96 

sp
2.75

 p
1.00
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15Li2 -1.69 
qPPh

1.42 

qS  

-0.79 

0.84 

av. 

qPCy 

1.42 

qS  

-0.82 

1.24 

av. 

PPhS1

.05 

nP-S PCy 

1.06 

  

Scheme 15: Models of dianions used in calculations 

 

The Kohn-Sham orbitals describing the two lone pairs at C provided further information. In each 

case the HOMO described an almost pure p lone pair at C (LP2 in table 1), whereas the second lone pair 

(LP1), a sp
n
 hybrid was lower in energy, as expected. Overall, these data pointed to a Lewis structure 
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which involves two lone pairs at C strongly stabilized by the low lying empty orbitals at the neighboring 

hypervalent atom (P or S), i.e. σ* orbitals. In the case of R2PX moieties, these orbitals are respectively 

σ*(P-R) and σ*(P-X), and in the case of SO2R the σ*(S-O) and σ*(S-R). The best Lewis representation 

of the geminal-dilithio derivatives was thus proposed to involve charged atoms (scheme 16). 

Scheme 16: Stabilization of the two lone pairs and “best Lewis representation” of type I 

geminal dianions 

 

2.3. Reactivity of geminal-dilithio derivatives 

The vast majority of group 1 geminal dianions have been obtained with Li, and only their reac-

tivity in organic chemistry has been studied. In this section, these developments are presented. In fact, 

the existence of the two lone pairs at C was initially probed by the reaction with alkylating agents and 

proton sources. The formation of two new C-R bonds and C-H bonds was taken as a proof of efficient 

double deprotonation until the same reactivity was observed with QUADAC systems. These two reac-

tions are nonetheless very efficient with geminal dilithio derivatives because of the high charge at the C 

center. Reactivity with C=O electrophiles was also tested with the aim of synthesizing the correspond-

ing alkene derivative. Unlike what is observed with the metal-carbene complexes generated from the 
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dilithio derivatives (vide infra), reaction of the geminal dianions with benzophenone does not occur, 

likely because the concomitant formation of Li2O is not a strong enough driving force. Reactivity to-

ward the stronger electrophile CS2 was observed with both 8Li2 and 9Li2. The kinetics were however 

drastically different. Indeed, if the reaction occurs within 12h at room temperature between 8Li2 and a 

stoichiometric amount of CS2, it required 10 equiv. of CS2 and 10 days under reflux in toluene to react 

with 9Li2. The corresponding dianionic alkenes (19Li2 and 20Li2) were formed in excellent yields (95 

and 87% resp.) and subsequently trapped to form electron rich alkenes 21 and 22 quantitatively (scheme 

17).
21

  

Scheme 17: Reativity of 8Li2 and 9Li2 with CS2 

 

Being intrinsically electron rich, the geminal dianions were envisaged initially by Le Floch and co-

workers to be precursors of stable carbene species (scheme 18). In fact, oxidation with C2Cl6 of 8Li2 

resulted in the formation of the first room temperature stable carbenoid derivative 23.
42

  In 2008, oxida-

tion of the same dianion by iodine was performed by Chivers et al., who observed the formation of two 

compounds in 3:1 ratio: a dimer of the iodo-carbenoid 24 as well as product 25 that results from the 

decomposition of the transient carbene compound.
43

 With these studies, it became apparent that a) the 

stability of the carbenoid species 23 and 24 relied on the separation of LiX; and b) the initially desired 

carbene species is too electrophilic to be stable and abstracts an S atom from PPh2S moiety.     
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Scheme 18: Oxidation of type I geminal dianions 8Li2 and 13Li2 to carbenoid derivatives 

 

In a following study, in 2013, Mézailles and coworkers attempted the stabilization of a carbenoid start-

ing from dianion 13Li2 featuring PPh2S/PPh2BH3 substituents. The latter substituent did not prove as 

efficient as PPh2S to coordinate the Li
+
, and the carbenoid 26 was only stable below -30°C and above, a 

clean insertion into a BH bond of BH3 was observed, in line with the strong electrophilic character of 



32 

 

 

 

the carbene, leading to compound 27 which then dimerized. Similar reactivity was seen with carbenoid 

23, and the mechanism probed by DFT calculations. The first step involves the nucleophilic character of 

the carbenoid, which leads to BH3 coordination at the C center. This coordination results in pyramidali-

zation at C, favoring LiCl elimination simultaneous to insertion of the electrophilic moiety into the BH 

bond to form compound 28 (which also dimerized).
44

 Carbenoid 23 was also envisaged as a “carbene 

transfer agent” to transition metals (vide infra).
42

 It is to be noted here that a related electrophilic carbe-

noid, although not obtained from the corresponding dianion but rather via a sequence “deprotonation-

C2Cl6 oxidation-deprotonation”, was shown to react with BH3 to form a lithium borate compound.
45

  

In 2014, Gessner and coworkers reported the similar oxidation of the thiophosphinoyl/sulfone derivative 

11Li2 (scheme 19).
46

 In this case, the carbenoid 29 is also stable at room temperature. It features a cen-

tral structural motif (S-O-Li-O)2 eight membered ring which connects two carbenoid molecules. In this 

case, the Li atoms are only bound to the O centers. The same compound can be obtained via the “depro-

tonation-oxidation with C2Cl6-deprotonation” sequence mentioned above, giving the possibility to ob-

tain carbenoid compounds for which the corresponding geminal dianion are not stable.
47

 

The formation of related carbenoids from several stable dianions of bis-iminophosphoranes was at-

tempted. With the bulky alkyl adamantyl group, the carbenoid is not stable.
46

 A formal nitrene transfer 

occurs to generate the imine derivative 30 from 6gLi2 likely via the generation of the unstable carbene 

species. In the case of p-tolyl derivative 6hLi2, oxidation leads to the expected carbenoid 31 which is 

stable in the solid state. The compound however evolves over days in solution to a mixture of com-

pounds. Finally, with the more bulky Mes substituent, the carbenoid 32 becomes stable in solution 

(scheme 19).    
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Scheme 19: Oxidation of type I geminal dianions 6Li2 and 11Li2 to carbenoid derivatives 

 

Finally, in 2010, Chivers and coworkers reported the oxidation of 8Li2 by sulfur and selenium (scheme 

20).
48

 It lead to the formation of novel dianionic species 33 and 34 in excellent isolated yields which 

have been used subsequently as tridentate “SSS
2-

” and “SSeS
2-

” ligands.  

Scheme 20: Oxidation of type I geminal dianions 8Li2 with S or Se 
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2.4. Coordination of Type II geminal dianions  

The most developed use of “type I” geminal dianions concerns their coordination chemistry. In 

fact, these ligands are formally related to ligands found in Schrock type carbene complexes (scheme 

21). Indeed, in such complexes, the carbene ligand, also termed alkylidene because the C center is 

only substituted by H or alkyl moieties, is a formal X2 type ligand, i.e. a dianionic CR2
2-

 ligand. The 

early works dealing with coordination chemistry of geminal dilitho derivatives were thus dedicated 

to the synthesis of carbene complexes. The following part will be organized by the group to which 

belongs the metal center.    

Scheme 21: Strategies to Schrock type carbene complexes  

 

2.4.1. Group 2: Alkaline-earth metal dianions 

In transition metal carbene complexes, Schrock type (nucleophilic) and Fischer type (electro-

philic), a metal-carbon double bond is implied, which requires overlap between d orbitals at the metal 
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and orbitals at the carbene fragment. When the energies of valence orbitals at the metal become very 

high (i.e. for highly electropositive metals), which is the case for group 2 metal centers, orbital overlap 

is bound to be weak. Two questions were thus addressed using group 2 metal centers: a) can the “car-

bene complex” be made, i.e. are they stable?; and b) what would be the nature of the metal-carbon inter-

action, i.e. can they still be named “carbene complexes”? 

2.4.1.1. Synthesis 

Synthesis of a complex featuring an alkaline-earth (AE) metal/carbon formal double bond is no trivial 

matter since “AE=CH2” species are likely polymeric. The first synthesis of such a molecular complex 

was reported by Harder and coworkers in 2006.
49

 Very few examples have been reported since then. All 

of them feature a C center stabilized by two hypervalent P centers. Although all but one of the corre-

sponding geminal dilithio derivatives are stable (6aLi2, 6fLi2, 8Li2, 10Li2) the synthetic strategy did not 

rely on the salt metathesis route “Li to group 2 metal”. A route that relied on the deprotonation of the 

neutral ligand in the coordination sphere of the metal was preferred.  

Scheme 22: Group 2 complexes  
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It resulted in the successful isolation of a few complexes of magnesium,
31

,
50

,
51

 calcium
49

,
52

,
53

 and even 

barium,
54

 but to date no example of related complexes of strontium or beryllium are known (scheme 

22). In the first report, Harder et al. showed that the use of [Ca(N(TMS)2)2] did not allow a double 

deprotonation of 6H2, but stopped at the mono-deprotonated stage. The more basic p-tertbutylbenzyl 

ligand was required for a successful two-fold deprotonation to yield [(6a)Ca]2, in excellent 84%.
49

 The 

same precursor was subsequently used to obtain complex 35 in more than 95% yield featuring the dian-

ionic bis-(phosphinoboranyl)methanediide ligand for which the geminal-dilithio derivative is 

unknown.
52 

Scheme 23: Group 2 complexes, monomer vs dimer formation  
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Interestingly, the complexes [(6a)Ca]2 [(6a)Ba(THF)]2 and 35 are obtained as dimeric structures with 

two dianionic carbon bridging two different metallic centers, because of a poor steric hindrance of 

NTMS and BH3 moieties. In the case of the larger Ba center, an addition molecule of solvent is coordi-

nated to the metal center. Ph
…

Ba interactions are moreover observed. With an aim at obtaining mono-

meric Ca and Ba complexes, and therefore potentially favor σ+π interaction rather than two σ interac-

tions, the same authors used the much more bulky substituent 2,6-diisopropylphenyl at N. As expected, 

the monomeric complexes [(6f)Ca] and [(6f)Ba(THF)] were obtained, again in excellent isolated yields 

(ca 90%). NMR studies showed that the dimeric forms [(6a)Ca]2 and [(6a)Ba(THF)]2 are in equilibrium 

with monomeric forms [(6a)Ca] and [(6a)Ba] in coordinating solvents.  

Scheme 24: Mg complexes  
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In 2010, the groups of So and Leung reported the first Mg complexes, in moderate to good yields (44 to 

65%) starting from the same bis-n-butylmagnesium precursor (Scheme 24).
31

,
50

 From a structural point 

of view, this alkaline-earth features the most varied coordination scheme, which does not seem to de-

pend on the size of the substituents at P. Indeed, neutral ligand 6aH2 lead to a complex analogous to the 

Ca and Ba derivatives, i.e. the bridging dimer [Mg(6a)]2. On the other hand, ligand 7aH2 resulted in the 

formation of a head to tail dimer. In this complex, the C center does not act as bridging ligand, and the 

two S atoms of one moiety are bound to the Mg center of the other molecular unit. Finally, the only 

monomeric Mg complex of the series, [(14)Mg(THF)3], was reported by So, Mézailles et al. with mixed 

PPh2S/PPh2BH3 ligand 14H2.
31

 The BH3 moiety is not bound to the Mg center which coordination 

sphere is completed by three THF molecules, unlike in the Ca complex. A bridging dimer could have 

been expected from this ligand, because of limited steric constraint of the P substituents. The M-C bond 
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lengths in complexes [(7)Mg(THF)]2 and [(14)Mg(THF)3]  at 2.156(5)Å and 2.113(4)Å resp. are as ex-

pectedly significantly shorter than the ones measured in the dimers [(6a)Mg]2 and [(10)Mg]2 at 

2.225(2)Å (av.) and 2.267(3)Å (av.).  

2.4.1.2.  Electronic structure 

The question of the nature of the bond between the AE metal and C was addressed. Harder et al. 

performed a DFT study first on models of [(6a)Ca]2 and [(6f)Ca] where H atoms were considered in 

place of the real phenyl groups at P and groups (SiMe3 and Ar resp.) at N.
49

 In the case of the monomer-

ic complex [(6f)Ca], the solvent molecules were not taken into account. Not surprising in light of the 

difference of electronegativity of the elements, the charge at C varied between -1.623 (monomer) and -

1.847 (dimer) whereas charge at Ca varied between +1.760 (monomer) and +1.821 (dimer). The Ca-C 

bond was thus described as highly ionic. The calculations with the full dimeric system were carried out, 

and a slightly reduced charge was calculated at C (-1.778). The NPA charges were also compared to the 

ones in neutral 6aH2 and the [Ca(6aH)2] complex. Expectedly the charge at C goes from -1.079 to -

1.409 to -1.778 (in 6aH2, [Ca(6aH)2], [Ca(6a)]2 resp.). The charge at N also increases (-1.474 to -1.580 

to -1.665 resp.) upon deprotonation at C. Conversely, the charge at P varies but to a small extent 

(+1.747 to +1.727 to +1.716 resp.). These differences in charges underscore the importance of the dipo-

lar resonance form P
+
N

-
. The authors thus proposed a Lewis structure in accord with the one proposed 

for the geminal-dilithio compounds. They propose however that the stabilization of the high negative 

charge on the central carbon proceeds via electrostatic interactions with the Ph2P
+
 moieties.  

 

2.4.1.3. Reactivity of AE complexes 
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The bonding situation described above point to a high nucleophilic character, and the prototypi-

cal reactions involving polar C=X (X = O, N) bonds in [2+2] reactions to form the corresponding alkene 

were attempted. The calcium dimer [Ca(6a)]2 did not react at room temperature with AdCN or benzo-

phenone but formed stable adducts. Under more forcing conditions (at 60°C), in the coordinating sol-

vent THF, a very slow reaction with benzophenone lead to several unidentified compounds from which 

the alcohol Ph2C(OH)CH(PPh2NTMS)2 was identified upon hydrolysis.
49

 This product results from the 

expected [2+2] reactivity yet did not yield the alkene via CaO elimination. [Ca(6f)] did not prove more 

reactive despite being monomeric. Stronger electrophiles were thus tested. Complex [Ca(6f)] appeared 

to be a catalyst in a trimerization process of cyclohexyl-isocyanate.
52

,
53

 The stepwise reactivity allowed 

the isolation and X-ray diffraction analysis of the complex resulting from the double insertion of the 

isocyanate reagent (scheme 25). 

Scheme 25: Reactivity of Ca complexes toward electrophiles 
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The general trend of reactivity down the group was observed with the complexes: Mg<Ca<Ba. Accord-

ingly, the Mg complexes did not react, while the Ba complex [Ba(6f)(THF)3] did also react with cyclo-

hexyl-isocyanate. In this case, the mono insertion product was isolated.
54
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Scheme 26: Reactivity of Ba complex toward CyNCO 

 

2.4.2. Rare earths elements: group 3 and lanthanides 

We have gathered here the results for group 3 metals and lanthanides following a common usage. 

This is justified by the similarities of the main characteristics relevant to their coordination chemistry, 

i.e. relatively important ionic radius that evolves smoothly amongst the group, quasi-exclusive preva-

lence of (+III) oxidation state. In addition, the valence orbitals are poorly accessible for metal-ligand 

interactions because of high energy level or shielding by 4d electrons in the case of lanthanides. For all 

rare earth elements, interactions with any ligands are supposed to be mostly ionic in nature, even if the 

involvement of 5d orbitals
55

 and of 4f orbitals
56

 in some cases has been highlighted. In agreement with 

this, the structurally characterized methylidene complexes of rare-earth all feature a bridging CH2
2-

 lig-

and between at least two rare earth ions or main-group metals.
57

,
58

,
59

,
60

 The isolation and characteriza-

tion of rare earth metal complexes of geminal dianions were thus of interest to further probe the exist-

ence and pertinent description of any multiple interactions between rare earth metals and a carbon.  

2.4.2.1. Synthesis  

Cavell et al. reported the first rare earth metal complex featuring the geminal dianion 6a as ancil-

lary ligand in 2000.
61

 Although they had shown that 6aLi2 is stable a year before, they used an alterna-
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tive route starting with bis(trimethylsilyliminophosphoranyl)methane 6aH2 as ligand precursor and 

[Sm(NCy2)3]. The monometallic complex of samarium (III) [Sm(6a)(NCy2)(THF)] was obtained. The 

structure presents two nearly planar, fused four membered rings forming an open book (dihedral angle 

37.7°). Most importantly, the Sm-C bond distance, at 2.467(4)Å, is considerably shorter than average 

Sm-C bonds (av. 2.743 Å) indicating a multiple bond character. This complex was hence formulated as 

a carbene.   

After this ground-breaking example, the use of geminal dianion in coordination chemistry of rare 

earth metals has seen major developments. Several reviews have been published on this topic.
62–65

 In the 

vast majority two synthetic routes have been used. With the PPh2S/PPh2S ligand, the 

bis(thiophosphinoyl)methanediide geminal dianion 8Li2 has been exclusively used (route A), while for 

the PPh2NR/PPh2NR ligands (6H2), double deprotonation by strongly basic ligands of the RE metal was 

preferred (route B) (scheme 27).  

Scheme 27: Strategies to rare earth carbene complexes  

 

In two cases, deprotonation from coordinated monoanion was reported (scheme 28).
66,67 



44 

 

 

 

Scheme 28: Rare earth carbene complexes via deprotonation in the coordination sphere  

 

Following one route or the other, numerous complexes have been synthesized which feature dif-

ferent structures: a) monometallic mono-carbenic structure (Scheme 29); b) dimeric in which each me-

tallic centre bears one carbene ligand; c) bis-carbenic, anionic, monometallic structure (Scheme 30). The 

monometallic, mono-carbenic complexes feature an additional X type ligand (halogen or alkyl), which 

can be further substituted (vide infra). For example, a complex featuring a rare donor acceptor Y-Ga 

interaction can be synthesized from the reaction between [Y(6a)I(THF)2] and KGa{(NArCH)2}. The 

latter species is valence isoelectronic to NHC ligand.
68

 Other complexes, such as the alkoxide-

coordinated yttrium complex [Y(6)(OCPh2CH2Ph)] can be obtained by transformation of the coordina-

tion sphere of these primary complexes. 

Scheme 29: Rare earth carbene complexes featuring ligand 6  
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Scheme 30: Rare earth carbene complexes featuring ligand 8  
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Table 2: Rare earth complexes featuring ligands 6 and 8. 

Name Ln X Ref. 

[Sm(6a)(NCy2)(THF)] Sm Cy2N
-
 

61
 

[Y(6a)(CH2SiMe3)(THF)] Y Me3SiCH2
-
 

69
 

[Y(6a)(CH2Ph)(THF)] Y PhCH2
-
 

70
 

[Y(6a)(OCPh2CH2Ph) (THF)] Y (PhCH2)Ph2CO
-
 

70
 

[Y(6a)I(THF)2] Y I
-
 

71
 

[Y(6a)(Ga{(NDippCH)2})(THF)2] Y [Ga{(NDippCH)2}]
-
 

68
 

[Y2(6a)2(OCPh2CH2Ph)2] Y (CH2Ph)Ph2CO
-
 

70
 

[Ce(6a)I(DME)] Ce I 
72

 

[Ce(6a)(ODipp)(THF)] Ce ODipp 
72

 

[Ce(6a)(ODipp)2K(THF)] Ce(III) ODipp 
72

 

[Ce(6a)(ODipp)2] Ce(IV) ODipp 
72
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[Er(6a)I(THF)2] Er I
-
 

71
 

[Er(6a)(CH2Ph)(THF)] Er PhCH2
-
 

73
 

[Dy(6a)(CH2Ph)(THF)] Dy PhCH2
-
 

73
 

[La(6a)(6aH)] La 6aH
-
 

73
 

[Ce(6a)(6aH)] Ce 6aH
-
 

73
 

[Pr(6a)(6aH)] Pr 6aH
-
 

73
 

[Nd(6a)(6aH)] Nd 6aH
-
 

73
 

[Sm(6a)(6aH)] Sm 6aH
-
 

73
 

[Gd(6a)(6aH)] Gd 6aH
-
 

73
 

[Dy(6a)(6aH)] Dy 6aH
-
 

73
 

[La(6e)(6eH)] La 6aH
-
 

74
 

[Ce(6e)(6eH)] Ce 6aH
-
 

74
 

[Pr(6e)(6eH)] Pr 6aH
-
 

74
 

[Gd(6e)(6eH)] Gd 6aH
-
 

74
 

[Nd(6c)(6cH)] Nd 6cH
-
 

66
 

[Dy(6a)2]
-
 [K

+
(18C6)(THF)2] Dy 6aH

-
 

75
 

[Y(6a)2]
-
[K

+
(18C6)(THF)2] Y 6aH

-
 

75
 

[Y(6a)(N(Si’)2(THF)] Y N(Si’)2 
76

 

[La(6e)I(THF)3] La I
-
 

67
 

[La2(6e)I2(THF)][LiI(THF)2]2 La 2 I
-
 

67
 

[Sm(8)I(THF)]2 Sm I
-
 

77
 

[Sm(8)2]
-
 Sm -- 

77
 

[Tm(8)I(THF)]2 Tm I
-
 

78
 

[Tm(8)2]
-
 Tm -- 

78
 

[Sc(8)(Cl)(Py)2] Sc Cl
-
 

79
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[Sc(8)(P(TMS)2)(Py)2] Sc PTMS2
-
 

80
 

[Sc(8)(N(TMS)2)(THF)] Sc NTMS2
-
 

80
 

 

The series of complexes of ligand 6a synthesized from the tris-benzyl rare earth metal shows that 

the structure depends on the ionic radius of the metal. For the bigger ions, complex [M(6a)(6aH)], (M= 

La, Ce, Pr, Nd, Sm, Gd) is obtained despite using a 1:1 stoichiometry between ligand and metal precur-

sors.73
 On the other hand, with erbium, yttrium70 and dysprosium, the benzyl-methanediide complex 

[M(6a)(CH2Ph)(THF)] was formed.  

The complexes shown in table 2 have been structurally characterized which allowed trends to be 

observed. Thus, the coordination of the dianionic carbon is influenced by the nature of the anionic lig-

and in [M(6a)(X)] complexes. Indeed, an increase of the dianionic carbon-metal bond length is meas-

ured when a halogen ligand is changed to an alkyl one. In parallel, the MNPCPN ring changes from a 

flat geometry to a boat configuration in line with a decrease of the PCP angle (table 3). An exception to 

this trend is however found with benzyl ligand, which presents an η
2

 coordination to yttrium in complex 

[Y(6a)(CH2Ph)(THF)].
70

 Liddle and coworkers have used the stable carbene-Ce(III) complex to gener-

ate the first carbene complex of Ce(IV) via single electron oxidation.72 In this diamagnetic complex, the 

carbene nature is confirmed by the low field chemical shift (324.6 ppm). The molecular structure re-

vealed one of the shortest Ce-C bond distance (2.441(5)Å). DFT analysis of the nature this bond was 

done (vide infra). 

The anionic bis carbene complexes [M(8)2]
-
 (M = Sm, Tm)

77,78
 presented two different X-ray 

structures depending on the temperature; the low temperature structure revealed two different confor-

mations for the coordination of the ligand 8, one being bent while the other is flat. The higher tempera-

ture structure presents intermediate geometry of the two both with bond length similar to the one ob-



49 

 

 

 

served in the halide complex [RE(8)I(THF)2]2. Displacement of the Cl- in [Sc(8)(Cl)(solv)2] by NTMS2
-
 

and PTMS2
-
 provided strikingly different structures for the complexes [Sc(8)(NTMS2)(THF)] and 

[Sc(8)(PTMS2)(Py)2].
80 Indeed, in the former the carbene moiety is strongly bent while it is flat in the 

latter. DFT calculations linked these differences in geometry at C to the amount of coordinated solvent 

molecules at the RE center. Indeed, the hypothetical [Sc(8)(PTMS2)(THF)] complex was calculated to 

possess similarly bent C center. Most interestingly, the NBO analysis showed that the magnitude of the 

σ+π donation to the RE center is non-sensitive of the geometry at C, although individual σ and π dona-

tions change.      

Table 3: Bond lengths and angles for a set of yttrium complexes bearing ligand 6a and various 

complexes of thulium and samarium bearing ligand 8. 

Complex 
[Y(6a)(CH2SiMe3)] [Y(6a)(OCPh2CH

2Ph)] 

[Y(6a)(CH2P

h)] 
[Y(6a)(Ga{(NDipp

CH2)2})] 
[Y(6a)I] 6aLi2 

C-M bond (Å) 2.406(3) 2.393 2.357(3) 2.348(3) 2.356(3) -- 

P-N bond (Å) 
1.627(3) 

1.629(3) 

1,626(2) 

1,632(2) 

1.627(2) 

 

1.629(2) 

1.630(2) 

1.620(3) 

1.623(3) 

1.630(3) 

(av) 

P-C bond (Å) 
1.672(3) 

1.662(3) 

1.671(2) 

1.660(2) 

1.6521(12) 

 

1.637(3) 

1.643(3) 

1.641(3) 

1.640(3) 

1.687(3) 

1.694(3) 

P-C-P angle (°) 138.4(2) 137.58(16) 147.6(2) 171.2(2) 172.5(2) 132.3(2) 

Complex [Sm(8)I]2 [Sm(8)2] [Tm(8)I]2 [Tm(8)2] [Sc(8)Cl(py)2] 8Li2 

C-M bond (Å) 
2.371(6) 

2.352(6) 

2.491(5) 

2.507(5) 

2.325(5) 

 

2.378(9) 

2.423(9) 

2.2072(1) -- 

P-S bond (Å)  
2.042(2) 

2.034(2) 
  

2.046(1) 

2.052(1) 

2.037(1) 

2.040(1) 

P-C bond (Å) 
1.675(2) 

1.667(2) 

1.660(6) 

1.635(6) 

1.652(5)1.668

(4) 
 

1.660(3) 

1.657(3) 

1.672(3) 

1.678(3) 

P-C-P angle (°) 146.2(4) 156.4(4) 150.8(3) 158.0(6) 159.3(2) 131.6(2) 
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145.4(4) 136.5(4)  134.6(6)  

 

Scheme 31: Bridging dianion or carbene complexes featuring ligand 6a  

 

Only two examples of RE complexes featuring a bridging geminal dianion are known, with lig-

and 6a. It is interesting to note that the first was obtained in a poor 15% yield from the reaction of the 

dilithio derivative 6aLi2 with [LaI3(THF)4]. The authors showed that to obtain the corresponding car-

bene complex, the deprotonation of the coordinated ligand 6aH had to be done.
67

 The second example 

(no yield given) resulted from a thermal rearrangement favoring THF evolution (scheme 31).
70
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The group of Chen has recently developed a new platform at Sc to generate carbene complexes of 

Sc featuring mixed PS/SiR’3 moieties. As presented above, the corresponding geminal dilithio deriva-

tive 14aLi2 is known but its synthesis not efficient. The authors thus relied on the in situ deprotonation 

of 14a-bH coordinated to the Sc center by a methyl group. This route appeared very efficient and isolat-

ed yields between 58 and 87% are reported.
81

 Electronic structure and reactivity of these complexes was 

studied (vide infra). Although the geminal dianion (PPh2CTMS)
2-

 is not known, it was generated in a 

similar manner in the coordination sphere of Sc.
82

 Mild heating was necessary in this case (scheme 32).  

Scheme 32: Sc carbene complexes: generation of the Sc=C bond in the coordination sphere 

 

2.4.2.2. M=C (M = Rare earth metal) bonding scheme 

Initial theoretical studies have been performed on yttrium and lanthanum complexes with 

bis(iminophosphoranyl)methanediide ligand 6a and a scandium complex featuring the 
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bis(thiophosphinoyl)methanediide ligand 8. These rare-earths ions possess closed-shell configuration 

which renders their modelling more straightforward. However, direct comparison between these differ-

ent studies is not possible due to inhomogeneity of methods, bases and different choices of bonding or 

charge distribution models.  

Stabilization of the double charge at carbon is known to occur by negative hyperconjugation in 

geminal dilithio compounds 6Li2 and 8Li2. Mézailles et al. have performed theoretical studies on the 

complexes [Sc(8)(X)(Py)2] (X = Cl, NTMS2, PTMS2).
80 Second order perturbation analysis was used to 

quantify and compare the way electron density (the two lone pairs) at C is stabilized, i.e. hyperconjuga-

tion vs. donation toward the metallic center. In complex [Sc(8)Cl(Py)2], donation towards the metal cen-

ter is about twice as strong as the stabilization via hyperconjugation into the PPh2S moiety (98.4 

kcal/mol vs. 56.4 kcal/mol) for the σ symmetry orbital. For the π symmetry orbital, both interactions are 

of the same order (39.2 kcal/mol vs. 55.4 kcal/mol) yet the stabilization by hyperconjugation is stronger 

than donation to the Sc center. The scandium-carbon interaction is highly polar, as shown by the moder-

ate C-M bond order of 0.6.79
 The same analysis was later done with the imido and phosphido complexes 

(scheme 33).80 It is interesting to note that the sigma donation is barely affected by the ligand in trans 

position (stabilization via hyperconjugation of ca 54 kcal/mol and donation to Sc of 42 kcal/mol). On 

the other hand, π donation of C to Sc is stronger in the phosphido complex. It thus appears that the dian-

ion is able to adapt its π donation to the trans ligand.  

Scheme 33: Sc carbene complexes [Sc(8)(X)(Py)2] (X = NTMS2, PTMS2): bonding scheme 
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Liddle and co-workers have performed an NBO analysis on a series of Y complexes featuring 

ligand 6a, ([Y(6a)(CH2SiMe3)(THF)],69 [Y(6a)I],71 [Y(6a)(Ga{(NDippCH2)2})], 

[Y(6a)(CH2Ph)(THF)]68), and compared them with the dianion 6aLi2. The Kohn-Sham orbitals of the 

complexes reflect a strong reminiscence of the dianionic ligand. Indeed, in general, the HOMO presents 

an almost pure p orbital whereas the HOMO-1 shows an sp
n
 hybrid orbital character, and thus feature 

important contributions from carbon. In the complex [Y(6a)(CH2Ph)(THF)] the main contribution to the 

HOMO comes from the C atom of the benzyl moiety  and the two orbitals developed on the C of the 

carbene moiety are thus found as the HOMO-1 and HOMO-2 respectively. In the gallium-yttrium com-

plex, the HOMO-1 also describes the π lone pair at C while the sigma lone pair at carbon is involved in 

a four electron, three centers interaction with yttrium and gallium. Important contributions at C (sigma 

symmetry) are found in two occupied molecular orbitals (HOMO-2 and HOMO-4). Reactivity studies 
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with complexes [Y(6a)(CH2SiMe3)] and [Y(6a)(Ga{(NDippCH2)2})] were then found in accord with 

this ordering of the frontier orbitals (see below).  

The NBO charge distribution within these complexes highlight the dipolar resonance form of the 

bis(iminophosphoranyl)methanediide, already found in the free ligand. The NPCPN charges are even 

moderately increased upon coordination at the Y (cf Table 4). The bond orders within the ligand vary 

modestly also, and depend on the nature of the other X type ligand coordinated at Y (Table 5). A de-

crease of the involvement of the phosphorus in carbon-centered Kohn-Sham orbitals (above mentioned 

HOMOs) from dianion 6aLi2 to the Y complexes can also be noted. Stabilization by negative hypercon-

jugation seems thus to be diminished upon coordination to Y in favor of an increase in ionic interac-

tions.  

Table 5: NBO charges, Wiberg bond indices. 

Complex qC qP qN WBI(PC) WBI(PN) WBI(CM) 

[Y(6a)(CH2SiMe3)(THF)] -1.49 +1.59 -1.61 1.31-1.24 1.07-1.08 0.6 

[Y(6a)(Ga{(NDippCH2)2}) -1.58 +1.58 -1.56 1.19 0.99 0.29 

[Y(6a)I(THF)2] -1.58 +1.58 -1.56 1.19 0.99 0.30 

6aLi2 -1.37 +1.61 -1.48 1.29 1.04 -- 

   

The ground state electronic nature of the Ce(IV) complex [Ce(6a)(ODipp)2] was computed.72 The 

overlap population density of states suggests that the Ce-C interaction is predominantly electrostatic and 

covalent interactions contribute only modestly. Charges of +1.91 and -1.47 at Ce and C were calculated. 

The Nalewajski-Mrozek bond order of 1.1 is higher than in the more ionic Y carbene complexes of 6a, 

and compares with more covalent “U(6a)” carbene complexes (1.2-1.5, vide infra). The NBO analysis 

confirmed the large character at C (87% in σ, 88% in π) and small character at Ce (13% in σ, 12% in π). 

Further analysis using Bader’s “atoms in molecules” support the predominantly ionic bonding picture 
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with a minor covalent component. Nonetheless, the non-zero bond critical path ellipticity supports the 

double bond formulations for the M=C interactions. Finally, an absorption band in the visible spectra 

resulting from LMCT from C=Ce to 4f orbitals was also observed. 

Recently, a NBO analysis was performed by Maron and Chen on complex 37.
81

 At the first order, 

a strongly polarized Sc-C σ bond is evidenced, while at the second order the pi lone pair at C interacts 

strongly with an empty 3d orbital at Sc in a π fashion (82.1 kcal/mol). 

In conclusion, DFT calculations showed that both sigma and pi interactions are found between 

the C center and the RE metal. The corresponding orbitals are strongly polarized toward the C center, 

which clearly point toward a pronounced nucleophilic character of the carbene complexes. 

2.4.2.3. Reactivity 

In light of the bonding scheme presented above, the reactivity of the RE carbene complexes of 

geminal dianions with unsaturated, polarized bonds was thus tested. Benzophenone was used as the pro-

totypical reagent, for its unambiguous electrophilic character. Addition of benzophenone to complexes 

[Sm(8)I]2,
77

 [Tm(8)I]2,
78

 [Sm(8)2]
-
 and [Tm(8)2]

-
 afforded the Wittig-like product Ph2C=C(PPh2(S))2 as 

single product (scheme 34). In the reaction of the bis-carbene anionic complexes an intermediate in the 

metala-Wittig process corresponding to the product of [2+2] cycloaddition of two molecules of benzo-

phenone to the two C=M bond was isolated. When dissolved in toluene, these complexes form the ex-

pected alkene. 

Scheme 34: Reactivity of bis carbene complex [M(8)2]
-
. 
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Although slower, a similar reactivity the monocarbene scandium complex [Sc(8)Cl(Py)2],
79

 was 

observed. In this case, Mézailles and co-workers could isolate another intermediate, corresponding to 

the trapping of two equivalents of “ScOCl
”
 produced along with the alkene, by two equivalents of the 

starting complex [Sc(8)Cl(Py)2] (scheme 35). It appears that [Sc(8)Cl(Py)2] is not only nucleophilic via 

the C center, but also strongly electrophilic at Sc. Further heating the “Sc4(8)2” intermediate with two 

additional equivalents of Ph2CO lead to full transformation to the alkene.  

Scheme 35: Reactivity of carbene complex [Sc(8)Cl(Py)2] with ketone. 

 

The reactivity of the yttrium complexes of the kind “Y(6a)(X)”, where the ligand X is an alkyl
70

 

or an halogen,
83

 toward benzophenone provided radically different outcomes (Scheme 36). In line with a 

higher energy orbital, an alkyl moiety behaving as a nucleophile will react preferentially to the carbene 

in a first stage, leading to an alkoxy derivative. In a subsequent step, the carbene moiety acting as a base 

will deprotonate the aryl in ortho-position followed by subsequent nucleophilic attack of the newly 
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formed carbanion on another equivalent of benzophenone. On the contrary, when the pendant ligand is a 

halogen, the dianionic carbon behaves either as a base or as a nucleophile, depending on the substrate. 

Scheme 36: Reactivity of Y carbene complexes with carbonyl derivatives: ketones and 

PhCOF. 

  

With acyl fluoride or ester derivatives, elimination of Y-F or Y-OR was observed, prior to the coupling 

with the carbene moiety. Reactivity with thiocyanate or carbodiimide stopped at the [2+2] addition, 

while the more reactive isothiocyanate formed the keteneimine species following the metala-Wittig pro-

cess (scheme 37).
84

 When this reagent is added to the alkyl complex [Y(6a)(CH2Ph)(THF)],
85

 a dimeric 
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yttrium complex is formed in which the two metallic centers are linked by a tridentate ligand resulting 

from the addition of a sulphide on the isothiocyanate moiety. 

Scheme 37: Reactivity of Y carbene complexes with RNCS, RNCO and RN3.   

 

 

Liddle and coworkers showed that the enhanced covalent character of the C=Ce bond in the 

Ce(IV) complex [Ce(6a)(ODipp)2] allowed a switch from the C-H activations to the metala-Wittig reac-
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tion. Indeed, the use of RCOH (R = Ph or anthracene) lead to the synthesis of RC(H)=C(PPh2NTMS)2 

derivatives.72 

Scheme 38: Reactivity of Sc carbene complex 36.   

 

  

Chen, Maron and co-workers have recently studied the reactivity of the Sc carbene complex 36 

(scheme 38). Cycloadditions [2+1] and [2+2] are reported to occur very efficiently, as well as the depro-
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tonation of phenylacetylene by the carbene moiety.
81

 Insertion of the carbene in PhCN was also evi-

denced. It eventually results in modification of the NNN ligand to an imido moiety. The mechanism of 

this transformation was corroborated by DFT calculations.
86

  

The weak and strongly polarized C=Sc bond found in Scandium carbene complex [Sc(8)Cl(Py)2] 

has been used as a formal dianionic ligand transfer reagent by Mézailles in 2012.
87

 Indeed, transmeta-

lation from Sc to several late transition metal centers has been evidenced (Ru, Pd, Co). Notably, the 

dimetallic iron complex [Fe(8)]2 featuring two bridging methanediide ligands 8 was obtained, while its 

direct synthesis from 8Li2 is not reported (Scheme 39). In 2018, a related transfer of the dianionic ligand 

14 from the Sc complex 36 to Cu was reported by Chen and Maron. Interestingly, at room temperature, 

the heterobimetallic species featuring 14 as bridging ligand was isolated. Upon heating, with additional 

CuI, full transfer to the Cu center was achieved, leading to a “Cu8” cluster.
88a

They also reported the 

formation of heterobimetallic Sc-Rh and Sc-Au complexes from the related Sc complex 38.
88b 

Scheme 39: Reactivity of Sc carbene complexes: transmetallations.  
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These carbene complexes have been rarely utilized in catalytic processes and it is worth noting 

that the Nd complex [Nd(6c)(6cH)] showed some activity in ring-opening polymerization of rac-

lactide.
66

  

2.4.3. Actinide complexes 

2.4.3.1. Synthesis 

The fact that actinides possess several accessible oxidation states, increased covalent character of 

the metal-ligand bond compared to rare earth elements as well as possible involvement of f orbitals, has 

prompted several groups to investigate the synthesis and reactivity of carbene complexes of these ele-

ments. The first example of U carbene complex [Cp3U=CHP(R)Me2] was reported by Gilje in 1981.
89

 

The geminal dilithio derivative Li2CHP(R)Me2 (R = Me and Ph) cannot be synthesized and they had to 

rely on the anionic ylids (CH2)P(Me)(R)(CH2)Li (R = Me and Ph) as precursors. Upon reaction with 

[Cp3UCl], a proton migration to the second CH2 moiety, thereby forming the corresponding 

[Cp3U=CHP(R)Me2] complexes. The access to geminal dilithio derivatives appeared to the groups of 

Cavell, Liddle and Mézailles as very promising to expand this chemistry. In 2009, Mézailles, Ephri-

tikhine and co-workers reported the reaction between U(BH4)4 precursor and 8Li2 to yield a trimetallic 

arrangement featuring a dianionic tris-carbene complexes of U(IV) central fragment stabilized by two 

cationic U(BH4)3.
90

 When only 1/3 equiv. of U(BH4)4 is used, the same central fragment is stabilized by 

Li+. Dissolution of the tris-U complex in THF resulted in a major rearrangement to the mono-carbene 

complex [U(8)(BH4)2(THF)2]. The coordination chemistry of 8Li2 was also performed from the more 

readily available UCl4 precursor. In this case, both the neutral monocarbene [U(8)Cl2(THF)2] and bis 

carbene [U(8)2(THF)2] U(IV) complexes could be obtained.
91 

Scheme 40: Synthesis of U(IV) carbene complexes of ligand 8.  
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Use of uranium(IV) amide complex [U(Net2)4] allowed synthesis of mixed carbene/amide com-

plexes via in situ double deprotonation of the neutral ligand.
92

 In 2010, Liddle et al. reported the first bis 

carbene of U(IV) from the reaction of UI3(THF)4 with the dianion 6eLi2 via an oxidation of the U(III) 

precursor.
23

 On the other hand, reaction of 6aLi2 with the tetrachloride yielded the monocarbene U ate 

complex [U(6a)Cl](µ-Cl)2Li(THF)2 (scheme 4-2). The group of Cavell also developed the chemistry of 

ligand 6aLi2 toward actinides. In addition to the similar U(IV) [U(6a)Cl2] complex, the Th(IV) analogue 

carbene complex was synthesized. The Cl ligands in these complexes can be readily substituted by Cp , 

tris-pyrazolylborate ligands.
93 

Scheme 41: Synthesis of U(IV) carbene complexes of ligands 6.  
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 In 2011, the possibility to use the geminal dianions to stabilize carbene complexes of U in high 

oxidation states was studied. Coordination of 8Li2 to uranyl ion proved successful and no redox process 

was observed, unlike classical reactivity of uranyl with alkyl nucleophiles.
94

 Alternatively, the complex 

[U(8)(O)2(py)2] could be synthesized using the neutral 8H2 and the appropriate bis amido complex 

[U(O)2(NTMS2)(THF)2].  

Scheme 42: Synthesis of higher oxidation U carbene complexes of ligands 6a and 8.  
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A second strategy relying on controlled oxidation of the U(IV) ate complex [U(6a)Cl](µ-Cl)2Li(THF)2 

was pursued by Liddle et al. (scheme 42). Most impressively, they could obtain both U(V) and U(VI) 

carbene complexes.
95

 Indeed, oxidation with I2 provided the first example of a U(V) carbene complex 

[U(6a)Cl2I] as proven by magnetic measurements as well as electronic absorption spectra (UV/Vis/NIR) 

and corroborated by DFT calculations (vide infra). The kinetics of the oxidation with several “O” atom 

donor compounds proved crucial to the success. When Me3NO, PyNO or TEMPO were used, an un-

wanted protonation at the carbene center occurred leading to the known uranyl complex of monoanion 

6aH.
96

 On the other hand, the reaction with 4-morpholine-N-oxide resulted in the clean oxidation and 

formation of C=U=O arrangement, analogous to the ubiquitous O=U=O arrangement found in U(VI) 
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chemistry.
97

 In a subsequent study, Liddle and coworkers studied the possibility to stabilize reduced 

U(III) carbene complexes. Starting from the chloro bridged dimer [U(6a)Cl(THF)(µ-Cl)]2, the corre-

sponding iodo bridged, obtained quantitatively after reaction with TMSI, was reduced by KC8 in tolu-

ene. The resulting complex is a dimer featuring a mono protonated ligand 6aH as well as a bridging 

toluene molecule. Although not being a carbene complex of U any longer, this complex possesses unu-

sual properties as evidenced in the UV/VIS/NIR spectrum. DFT analysis is consistent with complex 30 

being formulated as two U(III) center linked by an arene
2-

 moiety through covalent δ backbonding. Fi-

nally, the complex possesses a “Single Molecule Magnet” (SMM) behavior (scheme 43).
98

 Few years 

later, in 2018, they performed a similar reduction using this time an excess of KC8, which resulted in the 

formation of an unprecedented hexauranium ring [{U(6a)}6(μ-I)3(μ-η
6
:η

6
-C7H8)3]. The rings formally 

contain uranium(III)- and uranium(IV)-6a fragments supported by alternating iodide and toluene bridg-

es.
natcomm18-2097

 Remarkably, the three toluene ligands could be replaced by benzene. These complexes 

are the only known complexes of low oxidation state U(III) stabilized by the strongly donor dianions. In 

2014, the same group reported the synthesis of a carbene-imido-oxo complex. First, the imido moiety 

was installed at the U(IV) oxidation state, followed by oxidation to the U(VI) using TEMPO. X-ray 

structure analysis proved the trans arrangement of the N and O atoms, rationalized by the “inverse trans 

influence” observed in actinides.
99,100

 Bonding analysis and reactivity of this complex was reported in 

the same article (vide infra).
101

 It is interesting to note that the synthesis of the uranyl derivative 

“U(6a)(O)2”, analogue of the U(8)(O)2, could not be obtained directly from the 6aLi2 precursor. Com-

plex [U(6a)(O)2(DMAP)2] was successfully synthesized from the selective metathesis reaction between 

[U(6a)(NMes)(O)(DMAP)2] and tBuN=C=O. In 2016, the “missing piece” C=U=NR was reported, in 

which the U center is in mid-valence U(IV). In two consecutive studies, Liddle provided examples in 
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which the imido moiety can be either cis or trans to the carbene moiety. If the trans arrangement is clas-

sical, and explained by the ITI, the cis geometry found in [U(6a)(NCPh3)(BIPY)] (angle C=U=N 

111.28(18)°) is most intriguing.
102,103

 Notably, the cis geometry is also favored when N and C are bound 

to an additional cation in [U(6a)(NCPh3)(NHCPh3)]
-
M

+
 (M

+
=Li

+
 or K

+
). 

Scheme 43: Reduction of U(IV) carbene complex and cis vs trans C=U=X (X = N, O) in high oxida-

tion U carbene complexes of ligand 6a.  
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In 2017 the same group reported the synthesis of bis carbene complexes of U, Th and Ce(IV) featuring 

the stabilized dianion 6a,
104

 to further probe the ITI. Indeed, in these complexes the two carbene ligands 

are trans to one another and the M=C bonds are short, with the Ce-C one of the shortest. The characteri-

zation data and theoretical data suggest a trend in the covalency of the bond Ce~U>Th, and that the ITI 

concept may extend beyond high oxidation state 5f metals to encompass 4f lanthanides and mid-range 

oxidation 5f actinides. In 2018, they also presented the “mixed” bis carbene complexes with 6a and the 

formal coordinated dianion (C(SiMe3)(PPh2)).
105

 The latter dianion cannot be synthesized as a free gem-

inal dianion, the fragment was constructed in the coordination sphere of the U-carbene complex. It re-

lied on the coordination of the corresponding anion and deprotonation by the carefully optimized basic 

CHPh(SiMe3) ligand. Three complexes featuring the motif “U(6a){C(PPh2)(TMS)}” have been ob-

tained which allowed a comparison in the bonding situation for the two kinds of carbene moieties (vide 

infra). It appears that in these complexes the U=Ccarbene is the structure-dictating unit (scheme 44).  

Scheme 44: Synthesis of a mixed bis carbene complex of U(IV) featuring ligand 6a.  

 

The coordination chemistry of the more bulky ligand 6f with U has been less studied (scheme 45). The 

U(IV) complex [U(6f)](µ-Cl)4Li(OEt2)(TMEDA), synthesized in a straightforward manner, allowed an 

entry into the higher U(VI) oxidation state [U(6f)(OtBu)3I].
106

 In this complex, only one of the bulky PN 

moieties is bound to the U center, because of large steric requirements of the three OtBu ligands. 
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Scheme 45: Synthesis of U(VI) carbene complex featuring ligand 6f.    

 

Finally, the U and Th(IV) analogues [M(6a)(ODiPP)2] of the Ce complex have been reported with an 

aim at describing/comparing the nature of the bonding in this series (vide infra) (scheme 45).
107

   

2.4.3.2. M=C (M = actinides) bonding scheme 

As shown above, the stable geminal-dianions of bis-iminophosphorane or bis-thiphosphinoyl 

6aLi2 and 8Li2 allowed a very rich synthetic chemistry of U carbene complexes of various oxidation 

states (IV, V and VI). It is to be noted that the efficiency of these ligands to stabilize various different 

oxidation states of a single metal has not been observed so far for any other metal center. Probing the 

nature of the interaction between the carbon center and the U center was central to the early works with 

these ligands. This characterization was done by different experimental techniques (X-ray, UV/Vis/NIR, 

magnetism) as well as by DFT calculations. The U=C bond distances vary to a great extent in the re-

ported complexes, linked to the steric requirements of the ligands, the coordination numbers at U as well 

as its oxidation state. Similar bond distances were measured in U(IV) monomeric complexes of ligand 

6a (2.310(4) Å in [U(6a)Cl](µ-Cl)2Li(THF)2 and 2.351(2) Å for [U(6a)Cp2]) and in U(IV) complexes of 

ligand 8 (2.327(3) Å in [U(8)(BH4)2(THF)2] to 2.396(4) Å in [U(8)Cp*2]). Interestingly, these U-C bond 

distances are similar despite a strong geometrical difference within the ligand in the complexes. Indeed, 

in general the NCN ligand adopts an “open book” conformation whereas the SCS ligand is planar in the 
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complexes due to both significant bond distances differences P-N vs P-S (ca 1.6 Å vs 2.0 respectively) 

as well as U-N vs U-S (ca 2.45 Å vs 3.05 Å). The C-U bond distances in carbene complexes are shorter 

than the σ alkyl-U bond distances in U(IV) complexes (2.4 to 2.6 Å). As mentioned above, greater co-

ordination number can result in increased U=C bond distance, such as in the tris-carbene complexes 

featuring “U(8)3
2-

” fragment (2.46(2) Å (av.). On the other hand, one electron oxidation of [U(6a)Cl2] to 

[U(6a)Cl2I] by Liddle showed that the U=C bond was almost not affected (2.268(10) Å in the U(V) vs 

2.310(4) Å in the U(IV) complex), reflecting that an electron of essentially nonbonding f character was 

removed upon oxidation. In the U(VI) carbene complex [U(6a)(O)Cl2], in which the carbene is trans to 

the oxo, the bond distance is shortened very significantly to 2.183(3) Å, ascribed to the inverse trans 

influence (ITI). On the other hand, in the U(VI) complex [U(8)(O)2(Py)2], the U-C bond distance is in-

creased to 2.430(6) Å, despite a smaller ionic radius of U(VI) than U(IV) (ca 0.2 Å). This was attributed 

to repulsion between the negatively charged oxo ligands and the dianionic SCS ligand, also evidenced 

by the strong bending of the O=U=O trans arrangement (angle of 171.8(2)°).  

In the mixed bis-carbene complexes of U(IV) featuring the “U(6a){C(PPh2)(TMS)}” central 

core, the U=Ccarbene distances are invariant and short (2.28Å av.) compared to the U=C6a moiety (be-

tween 2.405(9) and 2.459(2) Å). The latter bond lengths are up to 0.1 Å longer than in the other 

U(IV)(6a) complexes. A similar bond lengthening was measured in the U(6a)(imido) complexes 

(2.491(6) Å and 2.500(6)Å). Most surprisingly, the same bond length is measure despite the cis and 

trans geometries of the C=U=N arrangements. Finally, in the carbene-imido-oxo complex 

[U(6a)(NMes)(O)(DMAP)2] the imido and oxo ligands are mutually trans. It is explained by the more 

energetically favorable arrangement of the two stronger donor ligands oxo and imido. The U=C bond 
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distance in this U(VI) complex at 2.400(3) Å is 0.22 Å longer than in the U(VI) oxo complex with trans 

arrangement [U(6a)(O)(Cl)2].    

DFT calculations were performed mainly to obtain precise information on the nature of the 

bonding between C and U in these complexes (Table 4). The first calculations, reported in 2009, were 

done on the U(IV) complex [U(8)(BH4)2(THF)2].
90

  The uranium center possesses 2.15 unpaired elec-

trons consistent with a U
IV

 metal center (high spin 6d
0
 5f

2
 configuration). The HOMO and HOMO-1 are 

almost pure 5f AOs (%5f > 78%), with a small antibonding interaction with the S atoms, while the pi 

interactions are found in the HOMO-2 and less so in the HOMO-5 orbitals. Because of the symmetry of 

the ligand in the complex, strong mixing of the contributions of C and S lone pairs are seen in the MOs. 

The σ and the π U-C interactions were analyzed by NBO. They are mainly developed on the C atom (σ 

symmetry: 80.7% C and 19.3% U; π interaction: 82.9% C and 17.1% U). In both cases, the U contribu-

tion is done via hybrid 5f/6d orbitals, with a major contribution of 5f vs 6d (52.6% 5f, 37.0% 6d in the σ 

bond; 59.0% 5f, 40.9% 6d in the π bond). The NBO charges at C, -1.52, and U, 0.98, finally concur to a 

bonding scheme featuring a U=C double bond polarized toward the carbon atom. DFT calculations on 

the U(IV) complexes featuring ligands 6 were performed by the groups of Liddle and Cavell.
93

,
95

 The 

bonding situation in terms of U=C bond, is very similar to the one in [U(8)(BH4)2(THF)2]. Indeed, the 

NBO analysis performed on complex [(6a)UCl2], reveals strongly polarized U=C bonds with almost 

identical involvement of C and U (σ bond: 82.4% C, 17.6% U; π bond : 82.2% C, 17.8% U). These re-

sults have to be compared to DFT calculations performed on [U{=CH(PPh3)(NR2)3}] and 

[U{=CHPMe2Ph}Cp3] complexes. In these two cases, the formal dianionic C center in “CH(PR3)
-
” is an 

unstable yldiide compound. The Mulliken population analysis of the [(NR2)3U=CH(PPh3)] complex 

showed that the σ and π interactions (HOMO-6 and HOMO respectively) are also mostly C centered. 
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Furthermore, the π interaction possesses 22% U character, slightly more than in the above mentioned 

complexes. The NBO analysis revealed that the U-C σ bond is made of 88% C and 12% U character 

(40% 5f vs 35% for 6d) while the U-C π bond is made of 92% C and only 8% U character (17% 5f vs 

54% for 6d). A very similar picture was obtained for Gilge’s complex [Cp3U=CHPMe2Ph], i.e. U-C σ 

bond made of 88% C, 12% U and π bond made of 93% C and 7% U characters. Thus, the NBO analysis 

pointed also in these cases a strongly polarized U-C with a modest π character. It is interesting to high-

light that despite a more efficient stabilization of the two charges in the methanediides by PPh2N or 

PPh2S moieties (in ligands 6a and 8) compared to the yldiide “CH(PPh3)
-
” moiety, the π donation to the 

metal center is more efficient with the methanediide ligands.
106

  

A comparison between the U(IV) [(6a)UCl2] and the U(V) complex [(6a)UCl2I] synthesized by 

Liddle et al., was made.
95

  The oxidation results in the presence of a single electron localized in an 

essentially pure f-orbital (HOMO) of the U(V) complex. The U-C Nalewajski-Mrozek bond index 

increased upon oxidation (1.54 vs 1.43). The NBO analysis points a increased participation of U in both 

the σ and π bonds (ca 25% vs ca 18% in U(IV) and identical involvement of C and U in the polarized 

U=C bonds (σ bond: 74.2% C, 25.8% U;  π bond 74.3% C, 25.7% U). Strikingly, the involvement of the 

5f orbitals is much more important than the 6d orbitals (ca 90:10) in [(6a)UCl2I], compared to the U(IV) 

complex (ca 60:40).  

Further oxidation results in U(VI) carbene complexes, featuring oxo and/or imido ligands which 

were also studied by means of DFT. They presented differences dependent on the position of the O/N 

atoms (cis or trans to C) (table). It is however clear that the general picture of the U=C interaction re-

mains that of an ionic bond with modest covalent character. Indeed, both the U-C σ and π bonds present 

mostly C character (ca 80%) and U hybrid orbital (ca 20%, with predominance of the 5f over the 6d). 
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Finally, complexes featuring two different carbene moieties “U(6a){C(SiMe3)(PPh2)}” reported in 2018 

allowed a direct comparison of the two U=C interactions.
105

 For all three complexes, the HOMO and 

HOMO-1 are singly occupied and essentially pure 5f character, in accord with U(IV). HOMO-2 and 

HOMO-3 are the U=Ccarb π and σ bonds respectively, while the U=C6a π and σ bonds are found slightly 

lower in energy, as the HOMO-4 and HOMO-8 respectively. Mixing of orbital contributions of 

U=Ccarb and U=C6a is however present in these molecular orbital, and NBO analysis was thus per-

formed to get a more localized description. The U character in U=Ccarb is always larger (4-9%) than in 

U=C6a for both the σ and π interactions. The Nalewajski-Mrozek bond index corroborate a higher bond 

order for U=Ccarb (1.78 for the neutral complexes) than for UC6a (1.25 for the same complexes). It is to 

be noted that the UC6a bond order is lower than in other U(IV) complexes featuring 6a (ca 1.5) which 

underscores the strongly donating nature of the carbene group. QTAIM analysis further refined the 

understanding of the U=C bonds. Both of them present double bond interactions with polarized covalent 

U-C chemical bonds.           

Table 4: Bonding scheme in carbene complexes of U analyzed by DFT calculations. a: Wiberg 

bond index. b: Nalewajski-Mrozek bond index. c : NBO charge. d : MDQ charge 

complex 

bond indi-

ces 
Atomic charges U=C σ-component U=C π-component 

ref 

BI qU qC C% U% 
U 

6d:5f 
C% U% 

U 

6d:5f 

 

U(8)(BH4)2  1.52
c
 0.98

c
 80.7 19.3 37:53 82.9 17.1 

40.9:5

9.0 

90
 

U(6a)(Cp)2 0.66
a
      88.0 12.0  

93
 

U(6a)Cl2 1.43
b
 2.53

d
 -2.00

d
 82.4 17.6 20:79 82.2 17.8 

15.8:8

4.2 

95
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U(CHPR3)Cp3    88 12  93 7  
106

 

U(CHPR3)(NR2)3    88 12 35:40 92 8 54:17 
106

 

U(6a)(ODipp)2    84 16 12:87 86 14 22:77 
107

 

Th(6a)(ODipp)2     <5   <5  
107

 

Ce(6a)(ODipp)2    87 13 21:76 87 13 19:80 
72

 

U(6a)Cl2I 1.54
b
 2.53

d
 -1.85

d
 74 26 10:89 74.3 25.7 10:90 

95
 

U(6a)OCl2 1.50
b
 3.64

d
 -2.01

d
 68 32 5:95 75.8 24.2 8:92 

97
 

U(8)O2 0.91
a
 0.91

c
 -1.46

c
 81 19 24:30 87.3 12.7 23:68 

94
 

U(6a)(NMes)(O)(DMA

P)2 
   85 15 20:80 82 18 5:94 

95
 

U(6a)(NCPh3)(Bipy)    84 16 20:80 85 15 20:80 
103

 

U(6a)(NCPh3)(DMAP)2    86 14 20:80 90 10 20:80 
103

 

U(6a)(CSiMe3PPh2)( µ-

Cl)Li(TMEDA)(NR3) 

U-C6a 1.26 2.87
d
 -2.0

d
 86 14 32:67 89 11 33:67 

105
  

U-C 1.78  -1.88
d
 81 19 53:44 80 20 19:81 

U(6a)(CSiMe3PPh2)
-
 

U-C6a 1.13 2.69
d
 -1.95

d
 89 11 54:45 92 8 21:79 105

  

U-C 1.71  -1.79
d
 85 15 38:62 87 13 31:67 

U(6a){C(SiMe3)(PPh2)}

(DMAP)2 

U-C6a 1.25 3.10
d
 -2.02

d
 85 15 42:58 87 13 35:65 105

  

U-C 1.78  -1.84
d
 81 19 30:70 79 21 36:64 

Table 4: a: Wiberg bond index. b: Nalewajski-Mrozek bond index. c : NBO charge. d : MDQ charge 

Overall, although differences can be found for the two ligands 6a and 8, calculations all point 

strongly polarized U=C double bond with significant covalent character. As such, these complexes are 

predicted to be nucleophilic, which is confirmed by reactivity. 

2.4.3.3. Reactivity of Actinide complexes 
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The results presented above highlight that the main interest in the chemistry of geminal dianionic 

ligands toward actinides (mostly U) resided more in the synthesis of carbene complexes of actinides in 

different oxidation states than in studying their reactivity. The U-carbene complexes of ligand 8 react in 

a similar fashion as the rare earth metal complexes toward ketones and aldehydes, leading to the ex-

pected Wittig-type alkene compounds in excellent yields (scheme 46).
90

,
94

 Similarly, U-carbene com-

plexes (U(IV) to U(VI)) of ligand 6a provide the alkene coupling product with aldehydes and benzo-

phenone, whereas the adduct was observed with the more sterically demanding tBuCOPh.
97

 It is inter-

esting to note that this reactivity differs sharply with the one of related Y(6a), in line with the more co-

valent character of the U=C bond. Cavell studied the reactivity with nitriles and showed that despite the 

use of an excess, the expected [2+2] reaction with the U=C bond stopped at 50 % conversion (scheme 

46), likely because of coordination of the nitrile with two U centers preventing further coordination of 

other nitrile.
93 

Scheme 46: Reactivity of U carbene complexes toward electrophiles.    
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These examples clearly prove the nucleophilic carbene character of the U complexes. It is worth 

mentioning that complexes featuring the more bulky complexes ligand 6f did not show reactivity at the 

carbene center. 
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Scheme 47: Divergent reactivities of U carbene complexes featuring ligand 6a.    

 

In 2018, Liddle provided the first example of divergent carbene and phosphine reactivities with 

their bis carbene U(IV) complexes.
105

 With aldehydes, the classical Wittig type chemistry of the U=C 

bond was observed to form the two expected alkene derivatives (in an unselective manner), whereas the 

reaction with diphenyl-acetylene yields a complex featuring a metalacycle in which the U=Ccarb moiety 

is intact (scheme 47).  

 

2.4.4. Group 4 complexes  

The group 4 carbene complexes featuring stable geminal dianions, synthesized by Cavell and co-

workers in 1999, were the first M-carbene complexes obtained with these ligands. Their seminal works 

have inspired many groups and truly allowed this chemistry to develop.   

2.4.4.1. Synthesis 
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In their first report, they used the simple metathetical reaction between 6aLi2 and MCl4.THF2 

salts (M = Ti, Zr).
108

 They subsequently showed that the alternative route via double deprotonation from 

strongly basic ligands of the metal could advantageously lead to either the monocarbene [M(6a)X2] (X 

= Cl or CH2Ph) complexes. Interestingly, the related bis-carbene [Zr(6’a)2] complex could only be ob-

tained with the dimethylphosphino derivative, for which the dianion is not known (scheme 48).
109

-
111

 

Roesky and coworkers reported the isolation of the carbene complex [CpZr(6a)Cl]. It resulted from the 

extrusion of a cyclopentadiene due to the high steric demand of the trimethylsilyl substituted anionic 

ligand.
112

  

Scheme 48: Synthesis of Zr carbene complexes of 6a and 6’a.    



80 

 

 

 

 

First results pertaining to the coordination of phosphonate stabilized dianions appeared in 2001. 

Müller et al. studied the coordination of 5Li2, generated in situ, toward [TiCl(OiPr)3].
113

 A mixed Ti/Li 

cluster 39 was crystallized in 48% yield. Among notable features of the structure, one can note that both 

the P=O and the P-OMe moieties coordinate the Li atoms, the P=O moiety being bridging between one 

Ti and two Li centers (Scheme 49). Also notable is the partial “destruction” of the ligand as a lithiated 

methylphosphonate moiety is present in the crystal (as well as Li2O).  

Scheme 49: Synthesis of Ti carbene complex of 5a.    
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The salt metathesis route from MCl4 salts or Cp2ZrCl2 is the preferred one for the coordination 

of bis PS ligand 8Li2. The Zr complexes were reported in 2006 (Scheme 50).
114

 The reaction goes 

through an intermediate, [Zr(8)Cl2(THF)2], which is converted within 2 h into a chloro bridged dimer if 

pyridine is not added to the medium. Despite the lack of steric bulk at S, homoleptic bis-carbene com-

plexes of Zr or Hf have not been reported. On the other hand, both mono carbene and bis carbene com-

plexes of Ti could be synthesized readily from TiCl4.THF2.
115 

Scheme 50: Synthesis of Zr carbene complexes of ligand 8.    
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It is worth to mention here a related class of carbene complexes developed by Martin-Vaca, 

Bourissou et al.. The first example of indenylidene complexes of Zr were synthesized following in situ 

coordination/deprotonation of the neutral ligand (under forcing conditions) (scheme 51).
116

 In this case 

also, the corresponding isolable dianionic ligands are not accessible.    

Scheme 51: Synthesis of Zr indenylidene complexes.    

 

In 2010, the coordination of the bisphosphonate derivative 9Li2 towards Zr(IV) was studied by 

Mézailles.
117

 A trimetallic complex was obtained as a kinetic product, isolated in a low yield of 20%. In 

this complex, a triscarbene dianionic Zr moiety is found, stabilized by two cationic “ZrCl3” fragments.  

More aggregated “Zr(9)Cl2” fragments are likely formed in the medium as addition of coordinating lig-

and pyridine resulted in major rearrangements leading to a novel bimetallic mono carbene complex 

(scheme 52). Such as geometry is likely obtained because the P=O bond is shorter than the P=NR or 

P=S bonds, and thus prevents coordination of the two P=O moieties to a single Zr center. The coordinat-

ing properties of the phosphonate are likely responsible for the facile kinetic/thermodynamic product 

rearrangement via ligands redistribution at room temperature in non-coordinating solvent.  

Scheme 52: Synthesis of Zr carbene complexes of ligand 9.    
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Finally, in 2014, Gessner and co-workers reported the coordination of dianion 11Li2 toward sev-

eral metal centers, among which Zr (scheme 53).
118

 In the complex, both the PS and the SO moieties are 

bound to the Zr center, leading to the formation of diastereomers. While only the RCRS diastereomer is 

found in the crystal, a fluxional behavior is observed in solution. Coalescence was seen at -26°C for the 

signals of the Cp ligands allowing for an estimation of the rotation barrier, via decoordination, of 52 

kJ/mol. The 
13

C{
1
H} NMR resonance of the carbene carbon atom appearing at 41 ppm indicate a strong 

charge at the carbenic carbon. 

Scheme 53: Synthesis of Zr carbene complex of ligand 11.    

 

2.4.4.2. M=C (M = group 4 metal) bonding scheme  



84 

 

 

 

It can be expected that the orbital overlap, and thus the covalency of the M=C bond, would be 

stronger with group 4 metals than with metals of earlier groups. Müller et al. have studied the rotation 

barrier about the P-C bond in the mixed Ti/Li silyl-phosphonate system. A comparison with the one 

found in phosphoryl stabilized carbanions revealed a very similar barrier of rotation, showing that the Ti 

center did not enhance the configurational stability at the C center.
113

  

Scheme 54: Bonding scheme in Zr carbene complexes of type I ligands. 

 

An NBO analysis was performed on several Zr carbene complexes (scheme 54). Notably, the 

charge calculated at C is greatly reduced compared to the corresponding geminal dilithio derivatives, 

which translates to a significant electronic donation to the Zr center. The nature of the Zr-Carbene inter-

action was then further probed using AOMIX. In this method, the complex is decomposed into two 

fragments and the MO diagram describing the π-interaction was built from the fragment orbitals of the 

same symmetry. The emerging picture for all complexes is that a significant electron density remains on 

the carbon center, consistent with the NBO charge. Thus, in these group 4 metal carbene complexes, the 

orbital overlap increases compared to group 1, 2 and 3 metals and the metal/carbon interaction gains in 

covalency, although the bond stays strongly polarized.  

A different picture emerged for the indenylidene complexes (scheme 51). In fact, no significant 

π interaction between C and Zr was identified,
116

 and the π lone pair at C is delocalized towards the car-

bon backbone of the indenyl.  
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2.4.4.3. Reactivity of Group 4 metal complexes 

Starting from 2000, the reactivity of these group 4 metal complexes has been studied along dif-

ferent directions by Cavell and co-workers. Starting from complex [M(6a)Cl2] (M = Zr, Hf), the classi-

cal Cl
-
 substitution was observed with nucleophiles such as alkyllithium (Scheme 55).

110
 The reactions 

with strong electrophiles such as isocyanates, carbon dioxide or carbodiimide did result in the [2+2] 

cycloaddition. Obvious basicity of the C center was evidenced by reactions with aromatic amines, or 

aliphatic alcohols while nucleophilic character was shown by CC bond formation with methyl iodide, 

leading to the 1,2 addition product. 

Scheme 55: Reactivity of group 4 carbene complexes of ligand 6a. 

 

Mézailles and co-workers have studied the reactivity of Zr carbene complexes featuring ligand 8 

and 9 in 2006 and 2010 respectively. Complex [Cp2Zr(8)] proved to be unreactive because of its elec-

tronic saturation, while the dichloro derivatives [Zr(8)Cl2(THF)]2 and [Zr(8)Cl2(Py)2] appeared more 
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reactive than the related bis PN complexes.
114

 Reaction with weaker electrophiles (aldehydes and ke-

tones) afforded the corresponding geminal bis(diphenylthiophosphinoyl)olefins (scheme 56). Zr com-

plexes featuring the bis-phosphonate ligand 9 were reported to react with aldehydes but not with ke-

tones.
117

  

Scheme 56: Reactivity of Zr carbene complexes of ligand 8. 

 

In 2014, the reactivity of [Ti(8)Cl2(THF)] toward carbodiimide was studied (scheme 57). Unlike what 

was observed with [Ti(6a)Cl2(THF)2], the [2+2] adduct is not the final product.
115

 The keteneimine re-

sulting from the subsequent C-N bond breaking and C=C bond forming was indeed isolated. The Ti 

imido intermediate I formed during this process was trapped by an excess of dicyclo-carbodiimide and 

TiCl4, yielding complex 40 which was crystallized.   

Scheme 57: Reactivity of [Ti(8)Cl2(THF)] toward CyN=C=NCy. 
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Finally, Zr carbene complex [Zr(8)Cl2(THF)]2 was tested as a carbene transfer agent toward late 

transition metals. Transmetalation was efficient to generate carbene complexes of Ru(II), Co(II) and 

Pd(II), but it was not successful to obtain the Fe complex that could be synthesized from the 

[Sc(8)Cl(Py)2] complex following the same strategy. It was rationalized by the stronger Zr=C bond than 

the related Sc=C bond.
87

  

2.4.5. Group 6 complexes 

There is so far no example of complexes of group 5 with geminal dianions, and only few com-

plexes have been obtained with group 6. The outcome of the reaction between 6aLi2 and CrCl2(THF)2 

provided the first example in which the ligand acts as a bridging ligand rather than a carbene. It thus 

appears that the double sigma donation to two metals is preferred to σ + π donation to one.
119

 Two dif-

ferent complexes were isolated. In a 1:1 metal to ligand ratio, the dimeric complex [Cr(6a)]2 was ob-

tained. The room temperature magnetic moment of this species is too low to account for the total un-

paired electrons for Cr(II) which points interaction between the Cr centers. The central core of the com-

plex features four planar four membered rings Cr-N-P-C. A dihedral angle of 45.8° av. is measured be-
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tween the two planar rings of each ligand. A tetra chromium complex was synthesized when only 0.5 

equiv. of 6aLi2 were used. In this case, two different Cr centers are found (scheme 58). 

Scheme 58: Synthesis of bridging Cr complexes from 6aLi2. 

 

Leung and coworkers did not use the geminal dilithio derivative 6aLi2, but a bisgermavinylidene (vide 

infra) complex as transmetalating reagent. Its reaction with M(CO)5(THF) (M = Cr, Mo, W) formed the 

“metallagermacyclopropane” heterobimetallic complexes in moderate yields (M = W, 37%, M = Cr, 

43%), with 6a being the bridging ligand (scheme 59).
120

 In the case of molybdenum, the reaction re-

quired 3 days and the major product (48%) was the carbene complex [Mo(6a)(CO)3] as a mixture of fac 

and mer isomers in solution. Only the fac derivative crystallized and was characterized by X-ray crystal-

lography. 

Scheme 59: Synthesis of Mo complexes by transmetallation from Ge. 
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2.4.6. Group 8 complexes: Syntheses and reactivity 

The first examples of ruthenium carbene complexes featuring bis(iminophosphoranyl) ligands 

were described by the group of Gimeno and Cadierno in 2004. Although the geminal dilithio derivative 

of the ligands CH2(PPh2NR)2 (R= P(OR’)X : R’ = Ph, Et, X = S, O) used cannot be obtained, as stated 

by the authors, the corresponding carbene fragment was generated in the coordination sphere of the Ru 

center by deprotonation using external base (scheme 60).
121

,
122

 Thus, reaction between phosphorylated 

and thiophosphorylated bis(iminophosphoranyl)methanide anions to [Ru(p-cymene)Cl2]2 followed by 

anion exchange yielded cationic complexes, in which tridentate coordination via N,C and X was evi-

denced. The cationic complexes were easily deprotonated using excess of sodium hydride to give the 

desired ruthenium carbene. In this case, only one of the PN arm coordinated to the metal center.  

Scheme 60: early examples of Ru carbene complexes of type I ligands via in situ deprotona-

tion. 
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As expected, the carbene moiety retains a basic character and protonation regenerates the intermediate 

cationic complex. More interestingly, the reaction of phosphorylated carbene complexes with an excess 

of terminal alkynes resulted in the chemo- and stereoselective formation of complexes 41. Overall, the 

reaction involves CC coupling, phenyl orthometalation and H migration. (Scheme 61).
123

 Deuteration 

experiments clearly indicate the formation of η
2
-alkene complex. When reacted with stoichiometric 

amount of isocyanide CNR, complexes X resulting from the [2+1] addition on the Ru=C bond  are 

formed.
124

,
125

,
126

 Upon addition of excess of isocyanide, full insertion in the Ru=C bond was observed 

to form the ketenimine derivative, which remains bound to the Ru center. 

Scheme 61: Reactivity of Ru carbene complexes toward alkynes and CNR. 

 



91 

 

 

 

 

Le Floch, Mézailles and co-workers synthesized the first pincer ruthenium carbene complex by the reac-

tion of 8Li2 with the [RuCl2(PPh3)4] precursor (Scheme 62).
127

 Complex [Ru(8)(PPh3)2] proved to be 

very resistant and did not react with water, methanol, methyllithium or methyliodide. On the other hand, 

thermally induced insertion into one Ph ring of the PPh2S moiety was observed. The final complex re-

sults from the protonation of the carbene center. The mechanism was studied by DFT calculations and 

the rate-determining step consisted in the decoordination of one thiophosphine arm. Oxidative addition 

of a C-H bond proceeds smoothly from the unsaturated intermediate, followed by a αhydride migration 

and final coordination of the P=S arm to form complex 42. With the mixed PS/PO geminal dianion 

12Li2, the CH bond insertion occurred not only at much lower temperature, but also selectively into the 
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PPh2O group. It was rationalized by the fact that P=O bond is shorter than P=S, resulting in weaker R-O 

bond than Ru-S, thereby favoring PO decoordination. Interestingly, this complex, 43, is the kinetic 

complex, as if the temperature is raised to boiling toluene the product resulting from the Ph ring of the 

PPh2S is obtained selectively, which was also corroborated by DFT calculations.     

Scheme 62: Reactivity of Ru carbene complexes: intramolecular CH insertion. 

 

Related chemistry was developed by Gessner in 2014 using dianion 11Li2. In this case, the 

[Ru(11Li2)(PPh3)2] is unstable even at low temperature and undergoes cyclometalation selectively in the 
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SO2Ph moiety.
128

 Replacing the two PPh3 ligands by cymene did result in the isolation of the desired 

carbene complex [Ru(11)(cymene)]. Similar results were reported in 2018 by the same group for the 

mixed PN/SO2 dianion 17Li2 in the synthesis of the [Ru(17)(cymene)] complex (scheme 63). Alterna-

tively, the complex can be obtained from the monoanion coordination followed by deprotonation in the 

coordination sphere of Ru.
129

  

Scheme 63: Synthesis of Ru carbene complexes of ligands 11 and 17. 

 

Complexes [Ru(11)(cymene)] and [Ru(17)(cymene)] present a rich chemistry. Both complexes possess 

similar electronics of the Ru-C, as shown by almost identical bond lengths (1.955(2) Å vs 1965(2) Å 

respectively), identical 
13

C NMR shifts of the carbonic carbon (140.8 ppm), as well as DFT calculations. 

The HOMO and LUMO best describe the bonding and antibonding pi Ru-C interactions. The Ru-C 

bond indexes of 1.22 (PN system) vs 1.17 (PS system) and the charge at C (-0.88 and -0.92 in PN and 

PS systems resp.) are very similar in both complexes. The only small difference lies in the charge at Ru, 
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due to the coordination of N or S, as expected. As a consequence the Ru=C bond in [Ru(17)(cymene)] is 

slightly more polar than in the “PS” complex [Ru(11)(cymene)]. 

The reactivity of complex [Ru(11)(cymene)] has been extensively studied (scheme 64). Due to the poor-

ly polarized Ru=C bond, the addition of ArO-H is almost thermally neutral. With electron poor Ar, the 

addition is quantitative, whereas for Ph or more electron rich Ar, an equilibrium is observed. This is of 

major importance since it showed that the addition of O-H bond across the Ru=C proceeded via a low 

energy transition state. The same reactivity was studied with [Ru(17)(cymene)].
129

 If the first addition of 

ArOH on the Ru=C bond led to analogous reactivity as for [Ru(11)(cymene)], the complex further 

evolved via N-Si bond splitting with additional ArOH. Reaction between complex [Ru(11)(cymene)] 

and iso-propanol did not result in the alcoholato complex, but rather in the formation of the Ru-H spe-

cies. The [Ru(11H)(H)(cymene)] complex could also be made via the reaction with polar HCOOH or 

directly via the activation of non-polar dihydrogen. In the latter case, the addition is fast and irreversi-

ble, as corroborated by DFT calculations. Indeed, although a barrier for formal H2 addition of 27 

kcal/mol is computed, there is a strong thermodynamic preference for the RuH-CH complex (by 12 

kcal/mol) over the “carbene + H2”.
128

 Nonetheless, the formation of [Ru(11H)(H)(cymene)] from alco-

hol opened the way for the first catalyzed dehydrogenation of alcohols process with carbene complexes 

featuring ligands obtained from stable geminal dianions.
130

       

Scheme 64: Reversible ROH addition on Ru=C bond: catalytic hydrogenation of ketone. 
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Less polar substrates, such as phosphines, also react in formal 1,2 addition across the Ru=C bond of 

[Ru(11)(cymene)].
131

 Although several complexes have been observed and characterized, the reaction is 

not selective and side products resulting mainly from cymene displacement by phosphines are always 

present. On the other hand, secondary phosphine oxides lead cleanly to the desired products in good to 
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excellent yields. These 1,2 addition reactions generate chiral C and Ru centers and it was demonstrated 

by Gessner that a chiral sulfoximine Ru complex [Ru(16)(cymene)] could lead to the first diastereose-

lective S-H bond addition (scheme 65).
36

   

Scheme 65: PH and SH additions on Ru=C bond. 

 

Finally, addition of hydridic E-H bonds to Ru=C was studied. In this case the polarity of the Ru=C bond 

should lead to Ru-H formation.
132

 However, addition of silanes selectively formed the Ru-Si and C-H 

bond in a diastereoselective manner (Si and H are in cis position). In the case of Et3SiH an equilibrium 

was observed. This regioselectivity was rationalized by DFT calculations. Interestingly, using Me sub-

stituted model, the oxidative addition at Ru was computed as a low energy process (ca 19 kcal/mol), 
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whereas the concerted 1,2-addition across the Ru=C bond could not be found. The second transition 

state, leading to products thus controlled the selectivity of the process (scheme 66). It is ca 5 kcal/mol 

lower for the H migration than for the Si migration. Moreover, even if the migration could be reversible, 

the Ru-Si complex is thermodynamically more stable than the Ru-H complex. Overall, despite the initial 

polarity of the Ru=C bond, the ligand enables Si-H bond activation by its electronic flexibility.     

Scheme 66: BH and SiH additions on Ru=C bond. 
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The outcomes of the reaction with boranes depended on the nature of the borane itself but also on the 

phosphoryl moiety. Indeed, with the [Ru(11)(cymene)], the opposite addition of the BH bond is seen 

with CatBH and PinBH. Moreover, with PinBH, the reaction further evolves to formal reduction of the 

PS moiety, and formation of SBPin. The diverging reactivity was rationalized by DFT calculations. In 

fact, it results from a kinetic preference for C-Bcat formation over Ru-BCat (ca 7.5 kcal/mol). The pic-

ture is more complex in the case of PinBH.
133

 Indeed, a negligible difference in the energies of the TS is 

seen for C(BPin)-RuH vs C(H)-Ru(BPin) formation. The reaction is further driven by the boryl migra-

tion to the S atom with concomitant PS bond cleavage.    

Finally, the reactivity of the Ru=C bond of [Ru(11)(cymene)] in [2+2] processes has been studied 

(scheme 67). In line with the strong metal carbon interaction and the pronounced double bond character, 

no reaction was observed with ketones even upon prolonged heating. Reaction with more electrophilic 

substrates, such as cyanates and thiocyanates, lead to the expected CC bond formation. The regioselec-

tivity of the addition was guided by the HSAB principle, with the softer atom of the heterocumulene 

binding to the soft Ru center.
134

  

Scheme 67: Reactivity of Ru=C bond toward RNCO and RNCS. 
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Compared to the chemistry of Ru, the one pertaining to Fe is very limited. In fact, the only example of a 

Fe complex bearing a geminal dianion has not been made from the corresponding dilithio derivative. 

Indeed, it appears that redox processes compete with the coordination to Fe(II), and the complex could 

only be obtained via a transmetalation process from the Sc carbene complex [Sc(8)Cl(Py)2] (scheme 

38).79 In this complex, the dianion acts as bridging ligand with two Fe-C sigma bonds rather than the 

more often encountered M=C double bond. In terms of reactivity, this complex was rather deceptive as 

it did not react with various electrophiles such as Ph2CO or MeI, or with the Lewis base CH3CN.   

2.4.7. Group 9 complexes 

Much like the example of Fe presented above, the coordination chemistry of geminal dianion 

toward the Rh(I) precursor [Rh(COD)Cl]2 (COD : cyclooctadiene) did not yield a complex featuring a 

Rh=C interaction. Rather, Cavell and coworkers showed that 6aLi2 reacted with [Rh(COD)Cl]2 to yield 

spirocyclic bridging-heterobimetallic Rh-Li complex 44, also called bridging carbene (Scheme 68). This 
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complex is stable up to -20°C, but evolves slowly at higher temperature to the orthometalated complex 

45.
135

 Under CO atmosphere, COD was displaced followed by CO insertion into the Rh-C bond, leading 

to CC bond formation. The final complex, 46, features a rare bridging ketene ligand. In a subsequent 

study, the authors showed that the Rh-Li heterobimetallic complex 44 could be used to form Rh-Rh ho-

mo or Rh-Pd hetero-bimetallic complexes 47 and 48 respectively.
136

  

Scheme 68: Synthesis of Rh complexes featuring ligand 6a. 
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In 2017, Gessner reported the synthesis of the Ir(III) carbene complex [Ir(11)(Cp*)]. Like for the related 

Ru(Cymene) complex, the carbene ligand is only bound via the thiophosphoryl moiety. This complex 

reacts slowly with H2 at room temperature to form the CH-IrH addition product, as evidenced by the 

hydride shift in the 
1
H NMR spectrum (scheme 69). This complex cannot be isolated as it reacted fur-

ther via H2 elimination to form complex 49. The same complex could be obtained by reaction with 
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iPrOH at 75°C. It is interesting to note that direct CH bond insertion did not occur, even upon heating 

up to 110°C. A similar reactivity was observed with various silanes, for which the CH-IrSiR3 intermedi-

ate was evidenced prior to R3SiH elimination to form complex 49.
137

 DFT calculations were carried out 

to understand the mechanism of formation of complex 49, using a model in which the Cp* was replaced 

by Cp. Briefly, the H2 oxidative addition on complex [Ir(11)(Cp)] does generate the [Ir(11)(H)2(Cp)] 

intermediate followed by a proton transfer to the methanediide C leading to [Ir(11H)(H)(Cp)]. This 

pathway is preferred over the direct 1,2 addition across the Ir=C bond. A second oxidative addition then 

occurs into a CH bond of a Ph ring, followed by reductive elimination of H2 forming complex 49.  

Scheme 69: Synthesis and reactivity of Ir=C complex featuring ligand 11. 

 

2.4.8. Group 10 Complexes 
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The first example of a group 10 complex featuring a formal stabilized dianion was obtained by 

Dixon and coworkers in 1989, with ligand 8, more than a decade prior to the isolation of 8Li2.
138

 In fact, 

the authors have studied the coordination of 8H2 toward the Pt(II) precursor [Pt(µ-Cl)(MeOcod)]2 

(MeOcod = 8-methoxy-cyclooct-4-ene-l-yl), and observed a first deprotonation (although without using 

a base) leading to coordinated 8H to Pt(II) (scheme 70). Crystals of a bimetallic Pt(II) complex featur-

ing bridging ligand 8 were obtained after several days, but no yield or NMR characterization of the 

complex are provided given.    

Scheme 70: Synthesis of bridging Pt complex featuring ligand 8. 

 

Starting in 2003, Cavell and coworkers reported the coordination 6aLi2 toward late transition 

metals. The first study focused on Pt centers.
139

 Reaction with [PtCl2(COD)] lead to complex 

[Pt(COD)(κC,κN-6a)] in fair yield (50%) (scheme 71). In this complex, ligand 6a is coordinated only 

via the carbene and one of the PN moiety. Further proof that COD is a strong ligand was given by the 

lack of reactivity toward phosphines or pyridine. As expected, the strongly nucleophilic iminophospho-

rane did react with CO2 followed by silyl migration to the O atom. Most interestingly, complex 

[Pt(COD)(κC,κN-6a)] did  react with CO to yield complex 50 which features three carbene ligands.
140

 

Mechanistically, the reaction is proposed to involve CO coordination at the Pt center, followed by in-

tramolecular attack of the electrophilic C center by the free PN moiety, and silyl migration from N to 
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terminal O atom. In the complex, the three Pt-C distances (Pt-C(1) 2.002(5)Å, Pt-C(2) 2.059(6)Å, Pt-

C(3) 2.048(6)Å) are all shorter than the classical Pt-C(alkyl) single bonds (2.07-2.15 Å). The reactivity 

of the carbene center in [Pt(COD)(κC,κN-6a)] was evidenced upon thermal treatment at 100°C for 20h. 

It was proposed that the second PN moiety would decoordinate from the Pt center, allowing intramolec-

ular CH insertion into one of the Ph rings of the PPh2NSiMe3 moiety to yield an ortho-metalated com-

plex 51. Hydride migration from Pt to the carbenic carbon is then favorable.  

Scheme 71: Synthesis of Pt carbene complex featuring ligand 6a. 

 

 

In 2004, Le Floch and coworkers reported the second example of group 10 carbene complexes using 

ligand 8Li2.
141

 Tridentate coordination of ligand 8 at Pd could be achieved in [Pd(8)(PPh3)] starting with 
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[PdCl2(PPh3)2] from which one PPh3 is readily displaced, unlike COD at Pt (scheme 72). The crystal 

structure revealed two interesting features. Firstly, a rather long Pd-C distance (2.113(2) Å) was meas-

ured, consistent with a single bond, compared to more classical Pd-C double bond (2.005 Å) (Scheme 

29). Secondly, the angle between the Pd-C bond and the plane of the PCP ligand of 102.0° shows that 

the metal center sits almost perpendicularly to the carbene fragment. Theoretical calculations readily 

explained the bonding situation in [Pd(8)(PPh3)]. Indeed, unlike in “classical” carbene complexes, in 

which the M=C double bond is constructed from two electrons from the M center and two from the lig-

and. A vacant orbital at C is needed to accept electron density from the M center. To obtain the present 

Pd complex [Pd(8)(PPh3)], compound 8Li2 is reacted with a Pd(II) center, and an additional pair of elec-

trons needs to be accommodated (4 from the ligand and 2 from the Pd center). Not surprisingly then, the 

HOMO of the complex involves a π* interaction between C and Pd. It is interesting to note that the 

same complex could be obtained from the reactivity of carbenoid species 8LiCl and the Pd(0) source 

[Pd(PPh3)4].
42

 In this case, the overall six electrons of the σ
2
-π

2
-π*

2
 interaction are brought by the ligand 

(2 electrons) and the metal (4 electrons). This strategy relying on the existence of carbenoid species 

opened a new synthetic pathway to carbene complexes for which the dianion is not stable (vide infra). 

The mechanism revealed coordination of the carbenoid to the Pd(0) center via the S centers, followed by 

intramolecular nucleophilic substitution at the C center, leading to Cl
-
 elimination. This pathway is ki-

netically strongly favored over the oxidative addition in the C-Cl bond of the carbenoid 8LiCl. The 

HOMO of complex [Pd(8)(PPh3)] being mostly developed at the carbene C atom, a nucleophilic reactiv-

ity was predicted and verified by reaction with MeI which lead to C-C bond formation (complex 52). 

Scheme 72: Synthesis of Pd carbene complex featuring ligand 8 from dianion or carbenoid pre-

cursors; bonding situation. 
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Gessner followed this synthetic strategy in 2011 to obtain Pd carbene complex of ligand 14 for which 

the dianion 14Li2 is not readily obtained. Thus, the carbenoid 14LiCl species being unstable above -

30°C, it was generated in situ and trapped by [Pd(PPh3)4].
32

 The outcome of the reaction was unex-

pected, as the carbene complex was not obtained but rather the thioketone complex, that can be seen as 

coordination of the (PPh2)(SiMe3)C=S ligand to the Pd(PPh3)2 center via the C=S bond (scheme 73). 

This reactivity was rationalized by DFT calculations. Indeed, the unstable intermediate was computed 

(on models with PH3 in place of PPh3) 22 kcal/mol higher than the final thioketone complex. Moreover, 

in the HOMO of the intermediate (mainly π* C-Pd), a large coefficient at C is seen, which favors intra-

molecular nucleophilic attack at S and P-S bond breaking.  

Scheme 73: Synthesis of Pd carbene complex featuring ligand 14 from carbenoid precursor. 
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2.4.9. Group 11 Complexes 

 Up until 2017, the only example of group 11 metal carbene featuring a geminal dianion had been 

reported by Roesky.
142

 It was obtained from the reaction of two equivalents of [AuCl(PPh3)] with two 

equivalents of the bis(iminophosphoranyl)methanide anion 6aHLi.  The complex is a dinuclear gold 

complex 53 in which the carbene ligand is bridging (Scheme 74). Mechanistically, it was proposed that 

a first equivalent of 6aHK reacted with one gold precursor to generate [Au(6aH)(PPh3)] in which the 

acidity of the CH is enhanced upon coordination. The second equivalent of 6aHK then serves as a base 

to deprotonate the intermediate mononuclear gold complex, form an anionic [Au(6a)(PPh3)]
-
 complex 

that further reacts with the remaining gold precursor to yield the observed dinuclear compound 53. This 

compound exhibits a strong violet emission at 432 nm. 

Scheme 74: Synthesis of bimetallic Au(I) complex featuring bridging ligand 6a. 
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In 2017, Mézailles and co-workers reported the first Au(III) carbene complex.
143

 The successful synthe-

sis relied on the use of a carefully designed Au(III) precursor together with the geminal dilithio deriva-

tive 8Li2 (scheme 75). A fluxional process renders the two PS moieties equivalent by 
31

P NMR at room 

temperature, but inequivalence was seen below -60°C. X-ray structure analysis showed the expected 

trigonal planar at C and square planar geometry at Au. DFT calculations rationalize the long Au-C bond. 

Indeed, the HOMO of the complex is described as the antibonding interaction of the nπ lone pair at C 

and dxy at Au. This orbital being mainly developed at the C center, a nucleophilic character was predict-

ed. The NBO analysis confirmed the qualitative picture, showing that the Au-C bond is polarized to-

ward the carbene center (72.7% C, 27.3% at Au). At the second order perturbation level, the p lone pair 

at C is shown to interact with low lying orbitals. The result is a strong stabilization of the lone pair by 

the P substituents (total of 53 kcal/mol) and weak stabilization by the Au center (6 kcal/mol). The inter-

action is therefore not a formal Au=C double bond, but rather a polarized bond with a high lying 

HOMO mainly developed at the C center. Despite this, the complex only reacted with activated electro-

philes, such as phenylisothiocyanate or CS2, at 80°C overnight. The latter results in formal CS2 insertion 

into the AuC bond, while the former forms the expected ketenimine together with a highly reactive pu-

tative (PC)Au=S complex II. This complex dimerizes readily to form complexes 55 and 55’ unless an 

excess of PhN=C=S is present in the medium. In that case, it is efficiently trapped to form complexes 54 

and 54’ with corresponding dithiocarbamate ligand.     

Scheme 75: Synthesis and reactivity of Au(III) complex featuring ligand 8. 
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This study thus presented the first Schrock type carbene reactivity of any gold carbene complex. 

2.4.10. Group 12 complexes 

 As for group 11, very few examples of carbene complexes involving group 12 metals have been 

reported. In 2003, Westerhausen et al. reported the synthesis of a trinuclear zinc complex.
144

 Metathesis 

reaction of bis(iminophosphoranyl)methanediide dianion and zinc chloride gave complex 56 (Scheme 

76).  
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Scheme 76: Group 12 complex with ligand 6a. 

 

2.4.11. Group 13 complexes: synthesis and reactivity 

Characterized methylidene-bridged bis-aluminum species have been known for about 30 

years,
145

 yet group 13 complexes featuring stabilized methanediide moiety are scarce. Three synthetic 

pathways have been devised for their synthesis. The first complexes have been reported by Robinson in 

1988 with aluminum, and the most common strategy relies on the C-H/Al-Me bond cleavage.
146

 Elimi-

nation of methane is a strong driving force and they obtained the dimeric complex 

[Al(CH3)][Ph2P(O)CP(O)Ph2]2[A1(CH3)2],
146

 (57, Scheme 77) from the addition of an excess of tri-

methylaluminium to the neutral bidentate ligand  bis(diphenylphosphinoyl)methane 

Ph2P(O)CH2P(O)Ph2 in chlorobenzene at 100°C. It is to be noted that the geminal dianion of the ligand 

has not been reported so far.  The crystallographic structure reveals an unsymmetrical arrangement for 

the ligand. Indeed, it features two AlMe2 moieties bridging two oxygen atoms of the two ligands, and 

one central AlMe moiety linked to the two central carbons and the two remaining oxygen of each lig-

and. The high temperature (160°C) reaction between ligand 8H2 and 2.5 equivalent of di(iso-

butyl)aluminium hydride in a mixture of toluene and hexane afforded a complex featuring four Al cen-

ters per dianionic ligand, 58. In the process, the ligand has been partially reduced, and S
2-

 acts as bridg-

ing ligand between three Al. Double deprotonation of the CH2 moiety results in alkane elimination.
147

  

Scheme 77: Al complexes featuring type I geminal dianions 
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In 2000, roughly at the same time they reported the synthesis of 6aLi2, Cavell and coworkers re-

ported the complex [AlMe2]µ-(6a), 59.
148

 In this case also, methane elimination ensuing deprotonation 

was chosen as the synthetic strategy. An intermediate can be obtained quantitatively at room tempera-

ture while using only one equivalent of trimethylaluminium. It was then further deprotonated at 100°C 

to obtain the final product. In 2010, the unsymmetrical ligand 10H2 has been used to obtain the first 

carbene aluminum complex with a formal C=Al bond.
149

 Here also refluxed toluene was needed to 

achieve the second deprotonation at C to afforded complex [AlMe(10)]2, complex 60. This complex is 
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dimeric through coordination of the PS moiety to the second aluminum atom. Comparing with the relat-

ed spiro complex [AlMe2]µ-(6a), 59 Al-N bond distances are shortened from 1.933(3) Å to 1.915(1) Å, 

and very significantly, Al-C bond distances from 2.121(3) Å to 1.976(1) Å in [AlMe2]µ-(6a) and [Al-

Me(10)]2 respectively. The bonding situation in this complex was probed by DFT calculations on a 

model [AlH{C(PH2=NH)(PH2=S)}]2 . The NBO analysis showed that the Al-C σ and π bonds are main-

ly developed on the C center (85.7% in σ and 98.2 in π interactions), pointing a highly polar interaction 

(16.2% covalent, 83.8% ionic character). This is corroborated by the small WBI of 0.474. Further analy-

sis using Bader’s QTAIM (quantum theory of atoms in molecules) confirmed that the Al-C bond is po-

lar and covalent, and similar to Al-C bonds in [H3C-Al(CH3)(SH)] and [H2C=Al-CH3] models. 

In terms of reactivity, Cavell reported the stoichiometric reaction between the spirocyclic dimetallic 

bis(diphenyliminophosphoranyl)methanediide complexes [(6a)(AlMe2)2] 59 and heteroallenes 

AdN=C=O and CyN=C=NCy to afford the bimetallic bicyclic compounds 61 and 62 (scheme 78).
150

  

Scheme 78: Reactivity of bridging Al complex of ligand 6a. 

 

 In 2002, they also reported that complexes [(6aH)AlR2] and [(6a)(AlR2)2], R=Me, 
i-
Pr are also 

efficient as ethylene polymerization catalysts, with the bimetallic [(6a)(AlR2)2] species featuring higher 

activities.
151

 Comparison between Me and 
i-
Pr bis-aluminum methanediide showed that the bulkier the 
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substituent, the higher the molecular weight and the lower the activity. Spirocyclic complex 

[(6a)(AlMe2)2] could also be used in the co-polymerization of ethylene and 1-octene. 

A milder route toward methanediide aluminum complexes has been reported in 2010 by Leung 

et al..
51

 They reacted two equivalents of the monoanionic 8HLi precursor with MCl3 (M=Al, Ga, In) 

and obtained a set of homologous group 13 complexes (scheme 79). The second equivalent of the 

monoanion acts as a base for the deprotonation of the coordinated monoanion, leading to the desired 

C=M bond.  

Scheme 79: Synthesis of group 13 carbene complexes of ligand 8. 

 

All three complexes are isostructural and the measured values of the P-C-P angles (116.8(1)° for 

[Al(8)]2, 117.8(3)° for [Ga(8)]2, 121.1(2)° for [In(8)]2) are in agreement with a sp
2
-hybridized me-

thanediide carbon. Similarly elongated P-S (between 2.051(2) Å and 2.062(1) Å) and shortened P-C 

bond lengths (1.710(5) Å and 1.724(2) Å) compared with the neutral ligand (S=PPh2)2CH2 (P-S 1.95 Å 

and P-C 1.83 Å), suggest a similar delocalization of the electronic density from the carbon to the stabi-

lizing Ph2P=S moieties. The In-C bond distance of 2.173(3) Ǻ is much more important in the indium 

complex than in the very similar gallium and aluminum one (respectively 1.972(4) and 1.975(2) Ǻ), as 

would be anticipated going down a column. It is worth mentioning that these complexes are the first and 

only indium and gallium methanediide complexes.  
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In 2016, Mézailles reported the reactivity between BH3 and geminal dilithio derivative 8Li2 

(scheme 80).
152

 Unlike the analogous reactivity with PPh3CPPh3, The mono adduct is not stable and 

evolves by hydride abstraction to form the species 8BH2Li. The 
11

B NMR shift of 49.5ppm is consistent 

with a stabilized borenium derivative “BR2
+
”. The C-B bond is shorter than the analogue borenium sta-

bilized by PPh3CPPh3.
153

 Both the C and the B atoms adopt trigonal planar geometry that favors π inter-

action between the lone pair at C and the vacant orbital at B. This compound can be seen as the stabili-

zation of parent BH2
+
 by the geminal dianion via σ and π donation. 

Scheme 80: Synthesis of B complex of ligand 8. 

 

The nature of the C-B bond was further evaluated by NBO analysis. The charge at C in 8BH2Li 

is almost identical as in 8HLi (-1.46 vs -1.47), and slightly higher than in PCPBH2
+
 (-1.39). The charge 

at B is identical in 8BH2Li and PCPBH2+ (0.26 vs 0.25) despite a higher charge at P in the latter (1.74 
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vs 1.53). This analysis corroborates both NMR and metrical data that highlight a very strong analogy 

between these two species. 

In terms of reactivity, 8BH2Li expectedly behaved as an ambiphilic species, making adducts with the 

Lewis base DMAP, and the Lewis acid BH3. The latter compound 8B2H5Li features a rare B2H5
+
 frag-

ment stabilized by the geminal dianion 8. Both 8BH2Li and 8B2H5Li appeared as excellent catalysts for 

the CO2 reduction into methanol derivatives by BH3.SMe2. Indeed, a maximum TOF of 150s
-1

 was 

measured with 0.5% mol of catalyst, and maximum TON of ca 2800 was obtained upon heating at 80°C 

in THF for 22h.  

2.4.12. Group 14 complexes:  

2.4.12.1. Synthesis 

The first isolation of a silene derivative in 1981 led the way for the synthesis and study of species con-

taining a carbon-heavier group 14 element double bonds.
154

 Their peculiar electronic structure confers 

them a very rich chemistry.
155

,
156

,
157

 Among them, the terminal group 14 metallavinylidene R2C=M: are 

even more challenging to synthesize because of both decreased steric protection around the group 14 

atom and lowered electronic stabilization. Among the strategies envisioned, the use of hypervalent 

phosphorus-stabilized methanediides proved especially efficient. Although the geminal dilithio deriva-

tives 6aLi2 and 8Li2 are known, most compounds of tin 
158

 and lead 
159

 in their (+II) oxidation state are 

usually synthesized either starting from the reaction between the neutral derivative and the correspond-

ing metal-amide precursor or from the mono anion. With the symmetrical ligands, the products are di-

meric, cyclic dimetalacyclobutanes (scheme 81).  

Scheme 81: Synthesis of low oxidation states group 14 complexes featuring type I geminal 

dianions. 
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In the case of Ge, Leung showed that the structure did not imply ligand 6a as bridging, but rather com-

plex [Ge(6)]2 is obtained via a head to head dimerization of two germavinylidenes.
158

,
160

 The Ge-Ge 

bonding was described as a donor-acceptor interaction. The two carbon-germanium bonds in the two 

subunits are identical at 1.908(7) Å and shorter than usual germanium-alkyl or aryl bonds. NMR spec-

troscopy showed only one single signal for each nucleus at room temperature, suggesting a fluxional 

coordination of amido groups to the two germanium centers.  
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On the other hand, So and coworkers reported in 2010 that using the dissymmetric (thiophos-

phinoyl)(iminophosphoranyl)methane 10H2 CH2(Ph2P=S)(Ph2P=N-SiMe3) as precursor the first stable 

monomeric stannavinylidene could be obtained.
161

 Although monomeric in solution, as shown by 
119

Sn 

NMR spectroscopy, the species is found as a dimer in the solid state, via coordination of the PS arm to 

the second Sn center. In this structure, the carbon-tin bond length of 2.2094(9) Å is much shorter than in 

the corresponding complex [Sn(10H)(N(SiMe3)2)] featuring the monoanionic ligand (2.384(4) Å), 

which suggests an increased C-Sn bond order. It is also shorter than in the spirocyclic complex 

[Sn(6a)]2 (Sn-C of 2.376 Å in average).  

When it comes to higher oxidation state of group 14 complexes, the use of 8Li2 proved efficient for iso-

lation of the first 2-germaallene complex [Ge(8)2], by So and coworkers in 2009, starting from the high-

valent GeCl4 precursor (scheme 82).
162 

Scheme 82: Synthesis of high oxidation state group 14 complexes featuring ligand 8. 
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31
P NMR characterization of [Ge(8)2] showed a single signal for phosphorus in solution even at low 

temperature, and two signals obtained in the solid state by 
31

P CP/MAS-NMR. These observations sug-

gest a very low energy process for the dynamic coordination of the sulfur atoms to the germanium cen-

ter in solution. The higher oxidation state of germanium is reflected in the Ge-C bond lengths of 

1.882(2) Å, slightly shorter than in the in Ge(II) complex [Ge(6a)]2 (1.908(7) Å) mentioned above. 

In 2011, Leung reported the analogue tin(IV) derivative [Sn(8)2], yet the synthesis relied on transmetal-

lation from magnesium to tin (scheme 82). 
163

 In contrast to complex [Ge(8)2], the crystal structure of 

[Sn(8)2] showed a coordination of all of four sulfur atoms to the metal center. However, a fluxional be-

havior of the PS coordination was evidenced by 
31

P NMR spectroscopy, as for complex [Ge(8)2].  

It is important to stress here that several related derivatives of group 14 complexes have been obtained 

with ligands that feature at least one high valent P moiety, although the corresponding dianions are not 

known to be stable, or known not to be stable. Their syntheses relied either on the use of the stable 

monoanion or the double deprotonation using the bis amide precursor. Interestingly, in all but one ex-

ample, [(PhosN)Ge]3, the dimetalacyclobutane-type structure is found. Representative examples are 

given in scheme 83. 
164

-
169

  

Scheme 83: Synthesis of related derivatives of group 14 complexes. 
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2.4.12.2. MC (M = group 14) bonding scheme 

In general, the bonding situation between the carbon and the metal is evaluated from the evolution of 

bond lengths in 3D structures and comparison with previously described complexes. In [Ge(8)2],
162

 the 

carbon-germanium bond distance of 1.882(2) Å is significantly longer compared to other Ge(IV) ger-
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mavinylidene (ca 1.81 Å). The corresponding values of C-P an P-S being unusual, a π-electron delocali-

zation within the Ge-C-P-S ring by conjugation of P=S and C=Ge bonds was proposed, resulting in a 

decrease of the bond order between carbon and germanium. It was confirmed by theoretical calcula-

tions.
162

 The NBO analysis sustained the description of a polar germanium-carbon bond (71% on C, 

29% on Ge) consisting of an interaction between a sp
2.2

 hybridized carbon centered orbital and a sp
1.8

-

hybridized germanium-centered orbital. The influence of the S coordination to Ge on the overall stabil-

ity and evolution of carbon-germanium bond length was then probed on a simplified model. It was 

showed that when the S-Ge interaction was removed, the carbon-germanium bond lengths shortens to 

1.789 Å and became close to the one predicted for the putative H2C=Ge=CH2 system (1.745 Å).
170

 

However, it also resulted in a destabilization of ca 54 kcal/mol compared to the system which presents 

two coordinated sulfur atoms. Finally, a topological analysis of the electronic density using Bader’s 

QTAIM allowed the description of the carbon-germanium bond in [Ge(8)2] as being intermediate be-

tween an alkyl-germanium bond and a 2-germaallene. A similar analysis was done for the tin complex 

[Sn(8)2].
163

 In the Tin(II) complexes, an increase in the C-Sn computed bond order is linked to the 

shortening of the bond distance going from the stannacyclobutane [Sn(6a)]2 to the stannavinylidene 

[Sn(10)]2.
159

 A NBO analysis was done on a simplified model (all substituent at phosphorus and nitro-

gen modeled by H) for the stannavinylidene [Sn(10)]2 .
161

 The C-Sn bond was described as resulting 

from σ and π interactions. The σ interaction (85% C character) is made of an almost pure p, Sn centered 

orbital (s
0.25

p
2.00

-hybridised) and a sp
2.00

-hybridized carbon-centered orbital, whereas the π interaction 

(97% C character) is constructed with two pure p, carbon and tin centered orbitals. The overall interac-

tion is again consistent with a highly polarized bond toward carbon. The second-order stabilizing inter-

actions were quantified, i.e. donation from N and S moieties to the Sn center. Second order stabilization 
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energy by donation in the carbon-tin π* orbital by N is ca twice as strong as the S (80 vs 42 kcal/mol). A 

topological analysis of the carbon-tin bond points a covalent but polar bond which is intermediate be-

tween tin alkyl and tin vinylidene, thus similar to the one obtained for [Ge(8)2].  

2.4.12.3. Reactivity 

The bis-germavinylidene complex [Ge(6a)]2 possesses a very rich chemistry, as proven by Leung and 

co-workers (scheme 84).
171

 In a first instance, the dimer can be readily broken, which results in availa-

bility of lone pair at germanium. Thus, complex [Ge(6a)] can act as a two-electron donor ligand (Ge 

lone pair) towards Ni, Pd, Au, Ag
172

 Mn.
173

 Being in low oxidation state, the Ge center can also be en-

gaged in redox chemistry. Indeed it can oxidize chalcogens (E = S, Se, Te) to generate the bridging E
2-

 

species via the germaketene >C=Ge=E intermediate.
174

 Alternatively, it can behave as a germene pre-

cursor.
171

 The reactivity of the formal C=Ge bond can be highlighted in the [2+2]-cycloaddition, 1,2 

addition
175

 and [2+3] cycloaddition
176

 reactions. Finally, the weak C=Ge pi bond can be used to gener-

ate heterobimetallic complexes of Rh,
173

 iron and manganese,
176

 or even to fully transfer the carbene 

fragment to Mo, which are both C centered reactions.
120 

Scheme 84: Reactivity of Ge complex [Ge(6a)]2. 
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The chemistry of the related tin complex [Sn(10)]2 was studied by So and co-workers (scheme 85). 

They evidenced the [2+2] reactivity with various isocyanides consistent with the polarized C=Sn bond. 

Here also, C centered reactivity to form Sn-Rh heterobimetallic complex was shown.
177

 From the reac-

tion with elemental sulfur a low yield (29%) of a mixed valence complex was isolated.
178

 In this species, 

three complexes of tin(IV) sulfide condensed to form a metallacyclohexane structure that stabilize a 

tin(II) center. Elimination of 0.5 equivalents of the neutral 10H2 ligand is observed in the course of the 

reaction. 

Scheme 85: Reactivity of Sn complex [Sn(10)]2. 
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In sharp contrast with the above rich chemistry, the Sn and Pb dimers of ligand 8, showed only limited 

reactivity. Indeed, the reaction of the Pb derivative [Pb(8)]2 with S or Se resulted in the chalcogen inser-

tion into the C-Pb bond. Monomeric species 63 and 64 are isolated in poor yield (14 and 25%, with S 

and Se respectively). They present a three coordinate Pb center with a stereochemically active lone pair. 

The overall geometry of the PbS2P2C metallacycle adopts a boat conformation.
159

 

 



124 

 

 

 

Finally, the chemistry of Sn(II) derivative 65 should be presented here (schemes 86 and 87). As men-

tioned above, the geminal dilithio derivative is not known so far, but Harder has reported the synthesis 

of a related diCs derivative of the bis-PN system, 16Cs2. It bears strong geometrical resemblance to 

complex [Sn(8)]2. Thus, So and coworkers reported its reactivity toward group 12, 13 and 14 Lewis 

acids.
169

 With Al derivatives, major rearrangements were observed. Indeed, reaction of the dimer with 

AlCl3 (2 equivalents) resulted in dimer splitting and formation of the heterobimetallic zwitterionic Al/Sn 

complex 66 in 63% yield. With one equivalent of AlCl3, a trimetallic “AlSn2” complex 67 is formed in 

56% yield. A likely common intermediate is proposed. With AlMe3, a sequence of two AlMe 

transmetallations to Sn was evidenced, with concomitant SnMe2 elimination, to yield the dimeric zwit-

terionic aluminum complex 68.  

Scheme 86: Reactivity of Sn complex 65 toward Lewis acids AlCl3, GaCl3. 
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The related heterobimetallic zwitterionic Ga/Sn complex 69 was obtained in 71% yield from the reac-

tion with GaCl3 in place of AlCl3 (scheme 87).
179

 Interestingly, the monomer and the dimer co-

crystallized from the crude mixture. With GeCl4, a chloride transfer from Ge to Sn was observed (com-

plex 70). The reactivity toward ZnEt2 proved quite sluggish, and heating to toluene reflux overnight was 

necessary. A very poor yield (16%) of complex 71 was crystallized from the mixture. Overall, partial 

desulfuration of a sacrificial ligand occurred, leading to a Zn2S2 central core to which are bound two 

“LigandSn(Et)2” moieties via the S of the P=S.  

Scheme 87: Reactivity of Sn complex 65 toward Lewis acids AlMe3, ZnEt2 and GeCl4. 

 

3. Geminal dianions of type II (A neutral fragment, B cationic fragment) 
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Amongst the species featuring two lone pairs at carbon, yldiide represent a specific group. The two 

lone pairs at C are stabilized on the one hand by a cationic fragment, in all cases by a phosphonium 

moiety, and on the other hand by a neutral stabilizing group (Scheme 88). Following the common usage 

in the domain, we will represent the yldiides with a double bond between the charged moiety and the C 

center, thus R3P=C, and a C-M bond. After early developments in the 1970’s, these structures gained 

renewed interest
180

 with the isolation of stable specimens in the 1990’s.  

Scheme 88 : From geminal dianion to stabilized geminal dianion of type II : yldiides. 

 

3.1. Synthesis of geminal dianions of type II 

The quest for metallated ylides, i.e. yldiide, was strongly related to the need to enhance the reac-

tivity of ylides,
181

 or increase the selectivity for a C-centered reactivity in stabilized ylides.
182

 First evi-

dences of the possibility of such a structure was presented by Schlosser as early as in 1966, during his 

study of nucleophilic substitution at phosphorus.
183

 After addition of an excess of butyllithium to a solu-

tion of pentaphenylphosphine, the products of the reaction were trapped by DBr, affording up to 14% of 
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([1,1-D2]-butyl)-triphenylphosphonium bromide (scheme 89). The presence of this product suggests the 

formation of yldiide 72. Later, Corey showed that deprotonation of methylenetriphenylphosphorane by 

an alkyllithium reagent increased its reactivity toward hindered ketones
181,184

 (vide infra). However, in 

the absence of any stabilizing group at carbon in addition to the phosphenium moiety, the deprotonated 

ylide 73 was not isolated and its structure mostly deducted from its subsequent reactivity.
185

 The reac-

tion proved to be quite versatile, deprotonation of the ortho-phenyl position being also observed,
186

 as 

well as decomposition products over time (scheme 90). Alternatively, the lithium-halogen exchange 

proved to be a more robust route to obtain the targeted end products with good yields (63%-78%, 

scheme 89).
183,185

 Finally, a phenyl-substituted compound was mentioned briefly in 1990, with no clear 

characterization or quantification.
187 

Scheme 89 : Early synthesis of non-isolated yldiides. 

 

Decomposition was also observed by Bestmann during the deprotonation of ethoxycarbonyl- stabilized 

methylenetriphenlyphosphorane by various lithiated bases.
188

 Instead of the desired metallated ylide 74, 

they obtained a cumulene-stabilized ylide by loss of lithium ethanolate. Ligand exchange at phosphorus 
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was also observed. Any attempt to trap the postulated yldiide intermediate by addition of methyliodide 

resulted in the isolation of [1-methyl-2,4-dioxo-3-(phosphoranylidene)cyclobutyl]-phosphonium with 

various substitution schemes at phosphorus, which in fact is the result of the reaction of methyliodide 

with the cumulene-stabilized ylide, highlighting the short lifetime of the postulated yldiide. Decomposi-

tion was even more selective toward the ketenylidene-triphenylphosphorane product with a methox-

ycarbonyl as stabilizing group and sodium N,N-bis-(trimethylsilyl)amide as base.
189 

Scheme 90 : Undesired side reaction and decomposition mechanism during the preparation of 

yldiides 73 , 74 and 75. 

 

A decade later, Bestmann used a cyano group to increase the stability of the yldiide.
190

 If the metallated 

species 76 could not be isolated, it proved to be more robust and trapping experiment with various 

halogenoalkanes confirmed a deprotonation of the methylene carbon (scheme 91). Both IR and NMR 
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spectroscopy study however suggested a strong conjugation of the charge through the carbonitrile moie-

ty. In the absence of any X-ray structure or more detailed NMR studies, the preferential site of coordina-

tion of the cation is still to be deciphered. 

Scheme 91 : Synthesis and in situ reactivity of yldiide 76. 

 

A major breakthrough was made by Niecke who introduced two decisive parameters:191 a) stabilization 

of the charges at C by π-conjugation, thanks to the introduction of iminophosphoranyl or methyli-

denephosphoranyl moieties, and b) steric bulkiness around the yldiide carbon by a judicious choice of 

substituents. With these parameters, two metallated ylides could be isolated in 78% (iminophospho-

ranyl-substitued 77) and 81% (methylenephosphoranlyl-stubstituted 78) crystalline yield (scheme 92).  
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Scheme 92 : Synthesis of yldiides 77 and 78. 

 

A second strategy, envisaged as early as 1972 (sulfoxide),
192

 successfully applied by Bertrand193 and 

pursued by Gessner194 and Baceiredo,
195

 consists in the substitution of phosphonium-ylides by a second 

charge-stabilizing heteroelement. Apart from Bertrand’s α-lithiomethylenephosphorane 79, obtained by 

formal 1,2-addition of n-butyllithium to an in-situ generated trimethylsilyl-phosphanylcarbene (scheme 

93),
196

 all of them are obtained following the previous strategy, i.e. deprotonation of an ylide by n-

butyllithium
195

 or variously metallated amides.194 In the latter cases, X-ray diffraction studies showed 

the coordination of the alkali metal by both the carbon and one oxygen from the sulfoxide (in 80) or 

sulfone (in 81) stabilizing moiety.  
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Scheme 93 : Synthesis of yldiides 79 to 81. 

  

3.2. Structural properties 

As shown above, the handling and isolation of yldiides required specific design highlighting the 

very peculiar character of the electronic configuration in these species, i.e. the presence of two lone 

pairs of electron at a same unsaturated carbon. This specificity echoes this of geminal dianions of type I 

presented above. We will thus try to highlight the eventual differences between these groups along with 

their common properties. 

It appears to be logical to start this analysis by the most completely described yldiides, i.e. those that 

have been structurally characterized. If the stability of ylide is well described, mostly in terms of elec-

trostatic interactions as well as negative hyperconjugation, the appearance of a second lone pair at car-
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bon, altogether with a negative global charge – and a counter cation – will certainly disturb this depic-

tion. The related ylide will thus be taken as a reference as far as it has been described itself. 

3.2.1. X-ray diffraction 

Figure 1: Structure of yldiide 79, 80K and 81 as determined by X-ray diffraction. 

 

Table 6: Bond distances and angles in yldiides 

Species d C-P (Å)  d C-X 

(Å) 

d C-M 

(Å) 

d CR-P 

(Å) 

d Y-P 

(Å) 

α (P-C-X) ° α (P-C-

M) ° 

α (X-C-

M) ° 

77H
197

 1.612(3)   1.803(2)     

77 1.632(5)  2.085(11) 1.826(5)   140.0(4)  

78 1.624(5)  2.081(12) 1.811(6)   143.3(5)  

79 1.64(2) 1.77(1) 2.06(2) 1.87(1)  139.0(7) 123.7(8) 97.1(8) 

80H 1.705(3) 1.681(2)  1.794(3)

-

1.815(3) 

 124.1(2)   

80M 1.646(2) 1.626(2) 3.154(2) 1.835(3)  124.3(1) 126.5(1) 85.49(7) 

81H 1.677(2) 1.736(2)  1.811(2) 1.816(2) 120.8(1)   

81 1.649(3) 1.682(3)

-

1.693(3) 

2.158(6)- 
2.139(7) 

1.823(3)

-

1.826(4) 

1.832(4)

-

1.833(3) 

117.5(2)-

115.5(2) 

142.3(3)

- 
142.8(3) 

85.6(2)- 
86.0(2) 

The most immediate change in X-ray diffraction structures upon metalation of the ylide is a shortening 

of the bond distances between the yldiic carbon and its stabilizing (Table 6), hypervalent neighbors of 

about 0.02 Å from 77H to 77 and from 81H to 81. This decrease reaches 0.04 Å from 80H to 80M. In all 
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cases, it can be attributed to an increase of the coulombic interaction between C and its substituents, and 

thus an increase of the charge density at C. Concomitantly, the bond distances between the heteroatom 

and its substituents follow an increasing trend, suggesting the population of the σ* orbitals of the P-R or 

S-R bonds by negative hyperconjugation of the lone pairs at carbon. Not surprisingly, C-P bond distanc-

es are homogeneous amongst similar substitution pattern, with 1.624(5) Å and 1.632(5) Å in 78 and 77; 

and 1.64(2) Å and 1.649(3) Å in 79 and 81. C-Li bond distance between 2.06 Å and 2.16 Å are also 

relatively short for organolithium species,
197

 which is in agreement with an increased charge at C. P-C, 

P-CR and C-Li bond distances in 78 and 79 are consistent with those measured for 77 and 81, suggesting 

similar stabilization process. The larger C-Li bond distance for 81 can be understood by the competitive 

coordination of an oxygen from the sulfoxide substituent.
195

 However, the C-K bond distance is in the 

normal range for organo-potassium species.
198

 Deprotonation of the ylide does not affect significantly 

the P-C-X bond angle, which remains characteristic of a sp
2
 hybridization at carbon for sulfone and sul-

foxide-stabilized yldiide 80 and 81. The short S-C-M bond angle (85.49(7)° and 85.6(2)° to 86.0(2)° for 

80K and 81 , respectively) can be attributed to the coordination of M to the S=O moiety. Only in the case 

of 79, a significant deviation from sp
2
 hybridization is observed, with a P-C-Si angle of 139.0(7)°. This 

time, no additional coordination of the metal by a substituent of the yldiidic carbon is observed; the Si-

C-Li angle of 97.1° is thus the result of the interaction between the charge at C and Li, forcing an in-

crease of the p character of the lone pair involved, and thus an increase of the s character of the P-C 

bond. The geometry around C remains planar, with a sum of angle of 359°. It is here important to re-

mind that these angles, and thus the carbon hybridization, might vary in solution, since calculation have 

shown a quite flat energy surface for the bending of the PCS and PCSi angles in model compounds of 

80 and 79 in the absence of a counter cation (3.8 kcal/mol and 1.8 kcal/mol respectively to reach an an-



134 

 

 

 

gle of 150°; see below).
199

 NMR spectroscopy is a tool of choice for a better understanding of the elec-

tronic structure in solution. 

3.2.2. NMR Spectroscopy 

Due to the paucity of examples and of the novelty of the subject, yldiides for which a complete NMR 

characterization (
31

P, 
1
H, 

13
C, 

6
Li for the lithiated species) is available are scarce. Even more scarce are 

the examples for which a comparison with the NMR characteristics with the ylidic precursor is possible. 

Some trends can be extracted from the available data. In 
31

P NMR, lithiation resulted in a shielding of 

the 
31

P signal, with similar amplitude for all described structures (Δ(δ) between -20.7 ppm and -30.8 

ppm). It is worth to notice here that independently to their substitution patterns, all of the concerned 

phosphorus atoms are in a tetrahedral geometry, 77 and 78 being excluded from this set. On the contra-

ry, two groups can be depicted in 
13

C NMR. If lithiation results in a deshileding of the yldiidic carbon in 

all cases, this effect is quite moderate when phosphonium are used as stabilizing moieties (Δ(δ) between 

+3.2 ppm and +9 ppm); whereas it reaches +58.4 ppm for 77 (+48.7 ppm for 78). These last shift values 

are consistent with what was observed in vinyllithium compounds.
191

 Concerning the evolution of 
1
JPC 

coupling constants upon lithiation, a strong decrease is observed in all cases, independently from the 

hybridization of the phosphorus atom (ΔJ from -85.3 Hz to -98.4 Hz). This was attributed to a decrease 

of the involvement of C s orbitals in the P-C bond, and thus an increase of the s character of other C-

centered orbitals
191

, and potentially an increased stabilization of the lone pairs at C. 
1
H NMR of com-

pound 77 and 78 also showed a downfield shift of the proton directly bond to the yldiidic carbon of 1.28 

ppm to 2.26 ppm, consistent with an increase of the electronic density on the bounded carbon. Finally, 

6
Li NMR coupling pattern at -70°C were found to be similar to those observed in lithiated vinyl species 

in compounds 77 and 78, with 
1
JLiC and 

2
JPLi of 5.1 Hz and 12.6 Hz (respectively 7.5 Hz and 13.2 Hz). 
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Finally, on the ground of a 
1
JCH coupling constant of 108.0 Hz, a planar structure for the yldiidic carbon 

was postulated for 73. 

Table 7: NMR data for yldiides. δ are in ppm, coupling constants in Hz. a) at -70°C; coalescence at 

-30°C b) With 18-C-6. c) in C6D6 d) in [D8]-THF e) in CD2Cl2 f) in CDCl3 g) at -40°C. 

Species δ
 31

P Δ (ppm) δ
 13

C Δ (ppm)
 1

JPC Δ (Hz) 

73 
g
 9.5  5.3  14.2  

76H 23.2      

76 2.5 -20.7 6.60  94.6  

77H 
c
   72.4  126.6  

77 
a,d

  148.3  130.8 + 58.4 28.2 -98.4 

78H 
c
   73.6  148.0  

78 
a,d

 63.4  122.3 +48.7 50.0 -98.0 

79H 
c
  63.5  8.0  125.7  

79 41/(47;32)
a
 -22.5     

80H 
e
 14.2  34.5  123.3  

80Na
 d
 -11.0 -25.2 41.2 +6.7 38.0 -85.3 

80K
 c
  -12.3 

-16.6
b
 

-27.7 

-30.8
 b
 

43.5 +9 n.a.  

81H 
f
 46.8  45.1  151.3  

81 
d
 17.9 -28.9 48.3 +3.2 30.6 -120.7 

 

3.2.3. Ab initio and DFT modeling 

The instability of the first examples of yldiides and the difficulties encountered to characterize 

them were responsible for an early interest in their modelling. Calculations were thus performed to an-

swer mostly three questions: what geometry at carbon do they adopt – for those that were not character-

ized by X-ray diffraction – ; to what extent could their reactivity differ from this of ylides (mostly an-

swered by a depiction of the charge distributions and geometrical parameters), and by which processes 

is the large charge at C stabilized.  
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The first ab-initio- Molecular orbital study was made on a simplified model of yldiide 73, for which the 

phenyl groups are replaced by hydrogen atoms, and at the 3-21+G+ level.
200

 A CH fragment population 

of 8.78 e was found when the lithium cation is modelled with the yldiide, and 8.82 e without the cation. 

This corresponds to a charge at C of -1.78 and -1.82, respectively. The C-H bond was found to be co-

planar with one of the P-H bond, which in addition to the important charge at C is favorable for an at-

tack on hindered ketones following the Dunitz trajectory. Comments on bond lengths and angles, and 

their interpretation in terms of sp
2
 hybridization of the yldiidic carbon and hyperconjugation through 

phosphorus substituents as main stabilization modes for the electronic density at C were made later
201

 

on the same model and at the same level of theory. Stabilization through negative hyperconjugation was 

estimated to reach 15.6 kcal/mol in the model of compound 73.  

Table 8: calculated bond distances and angles for model of 79. Rip : substituent on phosphorus 

located in the plane formed by P-C and C-X bonds; Rop: substituent located out of the plane 

formed by P-C and C-X bonds. 

Model d C-P 

(Å) 

d Rip-P 

(Å)  

d Rop-P 

(Å) 

d C-M 

(Å) 

d C-X 

(Å) 

α (P-C-X) 

° 

α (P-C-M) 

° 

79(with

Li)
200

 

1.67 1.40 1.42 1.92 1.09 114.0 131.2 

79
-
 1.64 1.40 1.46  1.09 119.9  

First calculations at the DFT level of theory were performed thirty years later for a depiction of the elec-

tronic structure in compound 80 and for a comparison with PPh3CPPh3 (scheme 94) and the geminal 

dilithio derivative 11Li2.
194

 A plot of the two highest occupied Kohn-Sham orbitals of 80
-
 (the model of 

80 with no cation) shows a strong and almost exclusive development of the density on carbon, thus sus-

taining the presence of two lone pairs at carbon of σ and π symmetries with respect to the PCS plane. 

NBO analysis, which aims at proposing the most accurate Lewis structure of a molecule, depicts two 

orthogonal lone pairs at carbon as well. One of these is of pure p character while the second is close to 

sp
2

 hybridization (sp
2.1

). The NBO charge at C is found to be -1.33. This scheme is globally unchanged 
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when sodium or potassium are modelled as well, in agreement with the ionic nature of the C-M interac-

tion. Interestingly, comparison with parent structures PPh3CPPh3 and 11Li2 showed higher charges at C, 

-1.50 and -1.40 respectively, which was attributed to the difference in the substituents ability to stabilize 

negative charges. Hybridization of the σ lone pair in PPh3CPPh3 is close to sp
3
 (sp

2.9
) in contrast with 

80
-
 and 11Li2 (sp

1.2
 for this last). First and second proton affinities for 80

-
 appeared to be intermediate 

between these of PPh3CPPh3 and 11Li2, in increasing order.  

Scheme 94 : Model compounds used for the discussion on the electronic structure of yldiides in 

the frame of NBO analysis.
194

 

 

A quite similar situation was described for species 81.
195

 The two highest Kohn-Sham orbital of model 

anionic species 81
-
 (without taking into account the Li cation) are also of σ and π symmetry with respect 

to the PCS plane, with most of the density developed on carbon. The charge at C was calculated to be -

1.36. When lithium cation is considered, two coordination sites for Li were found, one at C and one at 

O, the first one being favored by 5.9 kcal/mol in free energy.  

In 2017, Gessner and Frenking initiated a systematic DFT study on the influence of the nature of the 

stabilizing moieties at carbon (anion stabilizing vs electron acceptor, presence of a global charge) on the 

bonding situation and charge at carbon in yldiide, and the comparison with the situation in carbodiphos-

phoranes.
199

 This work was summed up in a following publication the same year.
202

 The initial postulate 

of this work was that the contribution of dative Ph3PC
0
 bonds to the electronic structure in carbodi-

phosphoranes is significant. 
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Table 9: List of L moieties included in the study; charge at C and P.  

 

 

species 82 

P-based σ donor Other σ donor σ donor / π acceptor 

L : Neutral 

(M+ cation)  
 

 

 

 

 

a c d  g  

Charge at C -1.43 -1.39 -1.13  -0.96  

Charge at P 1.68 1.55 2.07  0.33  

L : Charged 
 

 

 

 

 
 

b  e f h i 

Charge at C -1.42  -1.29 -1.50 -0.97 -0.99 

Charge at X 1.70  2.07 1.60 0.26 0.18 

The structural similarities between carbodiphosphoranes and yldiide 80 (short P-C bonds, two lone pairs 

at carbon, broad but bent angle around the central carbon) posed the question of a dative bond to de-

scribe the bonding situation in metalated ylides. An extensive description of the bonding scheme in var-

ious hypothetical yldiide (Table 9) and the related neutral bisylide was proposed to decipher the impact 

of the charge and the nature of the substituents at C on the nature of bonds around C. From this study, it 

appears that introduction of a negative charge leads to a more pronounced ylidic character of the C-X 

bond (X=C, P, S, Si), independently of the initial situation in the parent neutral compound. It was also 

suggested that the P-C-L bond angle is not an appropriate parameter to estimate the bonding scheme 

around C, since the bending potential surface was found to be mostly flat, and only slightly deepened by 
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the introduction of a negative charge. NBO analysis as well as examination of the Kohn-Sham orbitals 

confirmed the presence of two lone pairs at carbon in all cases, except for π-acceptor substituents for 

which a C=C double bond was evidenced. The charge at C is not significantly impacted by the change 

in global charge; which seems to be reported on the “ligand” backbone, and particularly on the more 

electronegative atom (nitrogen when present). Altogether, for Si, S and P stabilized lone pairs (species 

82a,b,d-f), the large absolute values of the charge on C and X (X= Si; S, P) pledge for an ylidic struc-

ture as well. The Ph3P-C Wiberg bond index (WBI) was found to vary between 1.23 and 1.58 depending 

on the nature of the ligand L, and increase with the appearance of a charge. σ bonds around C are virtu-

ally unaffected by the global charge. Variations in σ C-X bond polarization mostly depends on the na-

ture of the X atom: polarization of the Ph3P-C σ bond was found to be poorly affected by either the 

change of substituent at C or global charge, and the C-X bond polarization appeared to be in agreement 

with the electronegativity of the X atom. The s-character at C was also found to be unaffected. As a 

conclusion, the all-dative configuration has some relevance for carbodiphosphorane only, and introduc-

tion of a charge lead to a predominance of a mixed dative-ylidic bond, the dative part concerning exclu-

sively the phosphonium moiety. It is predicted that donor properties can be modulated by the choice of 

the substituent, and the position of the charge relatively to the central carbon.  

3.3.  Reactivity of yldiides 

Due to the limited number of characterized or isolated yldiide, their applications in organic reaction or 

main group chemistry are still limited, yet quite promising. Some variations in their reactivity have been 

observed depending on the stabilizing moieties at carbon. If metalated yldiides can obviously perform 

Wittig reactions even on sterically hindered ketones, their most interesting feature is certainly their 

strong nucleophilicity. They can thus perform quite readily a nucleophilic addition to a variety of sub-
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strates, resulting in the formation of functionalized ylides (Scheme 95, Path A). These last can be en-

gaged either in a second nucleophilic addition (Scheme 95, Eq (2))
185

 or in a “classical” Wittig reaction 

to give original functionalized alkenes (Scheme 95, Eq. (3)).
181

 The whole process is reminiscent of a 

SCOOPY reaction
203

 (Scheme 95; Eq. (1)), performed without a lithiated base and in one pot, the elec-

trophile being introduced first. When the first electrophilic function engaged in a reaction with a meta-

lated yldiide is a non-enolisable carbonyl (Scheme 95, Path B), the reaction goes through an oxidoylide 

structure reminiscent of the intermediate species in Wittig reaction under Schlosser modification, selec-

tive of the trans product (alkene E) (Scheme 95, Path B, Eq. (5)). When a second equivalent of carbonyl 

derivative is present, an allylic alcohol is finally obtained (Scheme 95, Path B, Eq. (4)). Trans homoal-

lylic alcohols have been obtained when the first electrophile to be introduced prior to carbonylated sub-

strate is an epoxide (scheme 95, Path A, Eq. (3)). The presence of the metallic cation of the metalated 

ylide is believed to facilitate the ring-opening process in addition to the nucleophilic character of the 

yldiide.
204
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Scheme 95 : The reactivity of yldiides 73 and 76. 

 

Table 10 : Products obtained from compound 73 

Electrophile R3SiCl MeI PhCOCl 

Path A A.(2) A.(3) 

Product 

   
Electrophile Epoxide 

Path A.(3) 

Product 
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Electrophile RCHO Ketone  

Path B.(4) B.(5)  

Product 

 
 

 

 

More recently, 73 was used for the conversion of a cyclic enolester into a cyclopentenone by a tandem 

Aldol-Wittig reaction in 46% yield.
205

 In main group chemistry, addition of two equivalent of 73 to 

phenyldichloroborane afforded phenyl[bis(triphenylphosphanemethylenido)]-borane 86 in 68% yield, 

which was used as a boron containing analogue of allyl ligand for late (Pd) as well as early (Zr) transi-

tion metals.
206

 Finally, 73 was used in the synthesis of triphenylphosphinomethylenyl-methanaminato-

diphenylsulfur cation, which is further deprotonated to afford iminosulfane stabilized carbophosphorane 

87.
207 
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Scheme 96: Reactivity of yldiide 73 toward a cyclic enolester, dichlorophenylborane and fluoro-

methanaminatodiphenylsulfur tetrafluoroborate. 

 

 

With sodium cyanotriphenylphosphoranylidenemethanide 76, much efforts were made to develop the 

synthetic potential of its twofold reactivity.
190

 Thus, in addition to the synthesis of a variety of substitut-

ed ylides (88-94), strategies to obtain cyclic α,β-unsaturated nitriles or 2-cyano-1,3-dienes were pro-

posed. In the first case, nucleophilic substitution of 76 on various acetal-containing halogenoalkanes is 

followed by hydrolysis of the acetal group to obtain the corresponding aldehyde. Intramolecular Wittig 

reaction formed the desired cyclic product 95 and 96. When the first nucleophile to be introduced is an 

aliphatic aldehyde, followed by treatment with trimethylsilyle chloride, elimination of trimethylsilanol 

afforded the corresponding β,γ-unsaturated ylid that can be further engaged in a Wittig reaction with 

aldehyde to give 2-cyano-1,3-dienes 97 and 98. When the first nucleophile to be introduced is a carbox-
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ylic acid, an intramolecular Wittig reaction on the carbonyl function in α position to the ylidic carbon 

afforded cyanoacetylene 99-101 in moderate to good yield.  

Table 11 : product obtained from 76. 

Electrophile RX 

Path A 

Product 

  
 

Yield 74% 72% 
R= Me, 93% 

R=n-Bu, 78% 

Electrophile RX 

Path A 

Product 

   
Yield 73% 86% 85% 

Electrophile RCHO Ketone 

Path B.(4) B.(5) 

Product 

   

Yield Not specified Not specified 
R= n-Pr, 48% 

R=cyclohex-3-enyl, 72% 

Electrophile RCO2H  

Path A.(3)  

Product 

 
 

 

Yield 
R= Ph, 84 % 

R= (CH2)8CHCH2, 21% 
26%  
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Further efforts were devoted to the valorization of the nitrile function in 76 (scheme 97).
208

 Nucleophilic 

addition of yldiide 76 on epoxide, followed by hydrolysis of the nitrile function to carboxylic acid al-

lowed for the synthesis of various cyclic esters. Alternatively, the alcoolate generated upon opening of 

the epoxide cycle can be protected by silylation, and the resulting ylide engaged in a Wittig reaction 

with paraformaldehyde. Hydrolysis under basic conditions of the resulting α-methylene-γ-

trimethylsilyloxybutanenitrile followed by intramolecular esterification afforded the corresponding α-

methylene-γ-butyrolactones. When the hydrolysis step is made using p-toluenesulfonic acid, cyclisation 

occurred as well going through the corresponding α-methyleneiminolactone, which further evolved to 

the lactone by elimination of p-toluenesulfonamide. 

Scheme 97 : Reativity of yldiide 76 toward epoxides and subsequent nitrile-based reactivity. 
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By contrast with species 73 and 76, yldiide 80Na did not undergo a Wittig reaction in the presence of 

benzaldehyde or pentafluorobenzaldehyde (scheme 98). Instead, β-ketoylides were obtained after elimi-

nation of sodium hydride or sodium pentaflorobenzyle respectively. The formal elimination of an hy-

dride from benzaldehyde is reminiscent of what was observed with a (P,S)bis-ylide by Baceiredo et 

al.
209

 This specific reactivity was attributed to the strong π-donor ability of the yldiide 80Na. In the case 

of benzaldehyde, traces of the Wittig product were found along with the β-ketoylides. Nucleophilicity of 

species 80M (M=Na, K) was also probed using various main-group phosphorus and boron electrophiles. 

It was shown to perform nucleophilic addition on diphenylphosphine chloride, affording a phosphanyl-

substituted ylide. Addition of 80Na on borane-tetrahydrofuran adduct resulted in a double addition of 

yldiide on borane and elimination of sodium borohydride to afford a doubly ylide-substituted borane. Π-

donation of the lone pair of one of the ylide toward the boron atom was evidenced by a shorter B-C 

bond lengths (1.513(4) Å) as determined by X-ray diffraction, as well as DFT calculations. Elongation 

of the corresponding C-P bond (1.743(2) Å vs 1.731(2) Å in the second, non π-interacting ylide and 

1.646(2) Å in free 80K) was also present, suggesting a lowering of the charge stabilization through hyper-

conjugation. Abstraction of an hydride from this borane using Ph3C+ or B(C6F5)3 allowed for the syn-

thesis of a bis-(ylide)-stabilized borenium with various counter-anions; only with hexafluorophospho-

nate could the borenium be isolated and an X-ray diffraction structure obtained. B-C bond were found to 

be even shorter (1.481(7) Å and .510(9) Å) than in the ylid-stabilized borane, and P-C bond are elongat-

ed in comparison with 80K (1.676(8) Å and 1.781(8) Å), highlighting again a decrease of hyperconjuga-

tion. 
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Scheme 98 : Reactivities of yldiides 80M, M=Na, K. 

 

Species 81 reacts with idodomethane (nucleophilic addition to generate the corresponding ylid, scheme 

95, Path A) or trifluoroacetophenone (Wittig reaction to form the corresponding cis-vinylsulfoxide, 

scheme 95, Path B., eq. (5)), although this last reaction occurs at particularly low temperature due to the 

assistance of Li cation (scheme 99).
195

 Most interestingly, it was shown that 81 is a catalyst for the hy-

droacylation of benzaldehyde. Nucleophilic addition of 81 to benzaldehyde was supposed to allow for 

the transfer of a hydride to another equivalent of benzaldehyde, which further reacted with the α-

carbonylated ylide to regenerate yldiide 81. Such a reactivity was also observed with the related bisyl-

ide.
209 
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Scheme 99 : Reactivity of yldiide 81. 

 

The reactivity of yldiides appears to be particularly rich, thanks to the numerous opportunities offered 

by the two lone pairs as well as the variety of substitution patterns at carbon. In cyano-stabilized yldiide, 

the cyano group can be itself the ground for further reactivity. Moving to hypervalent-sulfur stabilizing 

groups, some new reactions allowed by the strong donor character of yldiides, which are able to induce 

the elimination of a living group (like a hydride or a stabilized carbanion) from the species generated 

upon nucleophilic addition on aldehydes or borane. Furthermore, exploration of the reactivity of such 

species toward main group elements is at its early stage.  

3.4. Coordination chemistry of type II geminal dianions 

The coordination chemistry of yldiide derivatives is quite rich. In fact, the situation is compara-

ble to the chemistry of carbenes, for which carbene complexes were easily obtained far before the isola-

tion of free, stable carbenes. Yldiides can indeed been generated in the coordination sphere of a metal, 

following various synthetic paths (Scheme 100). Salt metathesis (route 1) which is widely used in the 
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case of type I geminal dianions, is also possible with yldiide but less frequently used. Route B corre-

sponds to the deprotonation of the parent ylide in the coordination sphere of the metal by a basic ligand, 

and is also seen with type I geminal dianions. The related route C uses the parent ylide itself as a base, 

the acidity of its proton being increased by initial coordination of the ylide to the metal, and the precipi-

tation of the phosphonium salt participating to the driving force. Route D consists in the addition of a 

phosphine to a pre-formed, electrophilic, metal-supported carbon atom. 

Scheme 100: Four main paths for the preparation of yldiide complexes. 

  

An unusual route (route E) is presented scheme 101. Route E
210

 can be formally seen as a nucleophilic 

addition of an organotin ylide to a coordinated carbonyl ligand to generate a ketene ylide, subsequent 

oxidative addition into an aromatic C-H bond of the triphenylphosphonium moiety, and migration of the 

generated hydride to the ketene. A dimetallic iron complex was thus fortuitously generated, where the 

bridging carbon atom can be seen as a formyl-stabilized yldiide.  

Scheme 101: Unusual synthetic path of a gem-dimetallic yldiide from an organotin ylide. 
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The two lone pairs at carbon can form either two σ bonds with two metal centers, or an interaction with 

a unique metal center. In this last case, and depending on the substitution pattern of the yldiidic carbon, 

two different coordination schemes are expected: a phosphora-alkenyl – like or phosphonium-alkylidene 

– like interaction (scheme 100). Reactivity as well as theoretical studies are often necessary to determine 

which structure is predominant. 

 

3.4.1. Group 3 and Rare Earths 

The privileged synthetic route for the rare examples of yldiide complexes of the rare earth metals 

is route A (scheme 100). However, this route can be in competition with ortho-metalation because of the 

high reactivity of M-B bonds (where B is a basic ligand).
211

 Only in 2006 could Rufanov and Spannen-

berg isolate the first example of lutetium and yttrium complexes upon deprotonation of an ylidic posi-

tion, using the [(2-methoxyphenyl)-methylene]-triphenylphosphorane as a ligand precursor.
212

 However, 

in addition to the desired reactivity, ortho-metalation was observed. They obtained a dimetallic com-

plex, 102, two phenyl of the phosphorene moiety being deprotonated and bound to two different yttrium 

centers (scheme 102). The yldiidic carbon is bridging between the two metallic centers. A similar com-

plex was obtained with lutetium, but the crystal structure was not obtained in that case.  

Scheme 102 Synthesis of gem-dimetallic yldiide yttrium complex by protonolysis (path B). 
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A second example was reported in 2017 with scandium (complex 103) and lutetium (complex 104, 

scheme 103).
213

 Upon heating, activation of isopropyl C-H bonds as well as ortho-metalation was ob-

served. In the Sc complex 103, the methyl ligand was exchanged for iodide or triflate anion, opening the 

way to further substitution. Ortho-metalation was also seen for the lutetium complex 104 at room tem-

perature. Interestingly, protonation occurs at the methylidene carbon and not at the alkyl ligand. In a 

similar way, reactivity toward the electrophile benzylidenemethanamine is made by the yldiide ligand 

and not the alkyl one. Finally, DFT study highlighted the presence of a three center, π bond between P, 

C and the metal in both cases. 

Scheme 103: Synthesis of scandium and yttrium complexes of yldiide 73. 
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3.4.2. Complexes of uranium 

The first example of a structurally characterized uranium yldiide was given by Gilje as early as 1978.
214

 

Using the bisylide Ph2P(CH2)2Li with [Cp3UCl], and after an unexpected transilydation reaction, they 

obtained complex 105, a dimeric structure where two uranium (IV) atoms were bound by two yldiidic 

carbon atoms (scheme 104). Very few comments were made on the yldiide structure at this time, focus 

being made on the unusual coordination number at uranium in this structure. Shortening the reaction 

time and changing the stoichiometry of the reaction , terminal yldiide complexes 106 could be obtained 

with various substitution scheme around phosphorus by intramolecular transylidation.
215

  

Scheme 104: Synthesis of uranium complexes of yldiide 73 following route A. 

 

The chemistry of these species was developed quickly enough to be the subject of a short review as ear-

ly as 1985.
216

 The U-C bond lengths being amongst the shortest known at this time (2.29 Å), the multi-

plicity of the U-C bond in theses monometallic structures was questioned. Early calculation comparing 

the bonding scheme in Cp3U-CH3 and Cp3U-CHPMePhR showed higher bond order for the latter, with 

the presence of a small π component in the overlap population. These complexes were thus described as 

phosphonium-alkylidene. Their reactivity was extensively studied, as shown in scheme 105. 
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Scheme 105: Reactivity of uranium yldiide complex 106. 

 

Walensky et al. followed route C to obtain uranium and thorium complexes featuring tri-

phenylphosphinomethylene ligand 73.
217,218

 Starting from [Cp*2Th(Me)2], a competitive methylene-

phenyl exchange at phosphorus was observed as a side reaction (scheme 106).
217

 U-C bond lengths were 

found to be the shortest reported to date (2.2428(2) Å, X=Cl; 2.252(4) Å, X=Br; and 2.2454(2) Å, X=I). 

In the case of thorium complexes, it was deduced from 
13

C NMR data that the Th-C bond had more π 

bond character than the thorium complex featuring a methanediide ligand (vide supra). In the case of 

paramagnetic uranium, DFT calculation with NBO analysis and QTAIM analysis were the tools used to 

get insight into the U-C bond structure. It was described as having a σ and a π component with non neg-

ligible contribution from uranium (20% and 15%, respectively), and a low occupancy (0.9) highlighting 
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some delocalization process. Strong donation toward σ*P-CPh bonds was found at second order. QTAIM 

calculation highlighted a weak covalency.  

Scheme 106: synthesis of uranium and thorium compelxes of yldiide 73 follwing route B. 

 

Hayton et al. opened a new synthetic route, starting from Uranium (III) trisamido complex in the pres-

ence of methylenetripheniphosphorane 73H (scheme 107).
219

 After preliminary coordination of the ylide 

at low temperature, increasing the reaction temperature to ambient lead to the one-electron oxidation of 

uranium (III) to uranium (IV) and generation of a hydrogen radical, which is trapped by an ylide precur-

sor liberating PPh3 and a methyl radical. This methyl radical then reacts with U
III

 to generate the com-

plex of uranium (IV). The resulting uranium phosphonium alkylidene complex 107 enters in an equilib-

rium by deprotonation of a methyl substituent on the bis(trimethylsilyl)amido ligand. The nature of the 

U-C bond was examined computationally. The HOMO Kohn-Sham orbital is found to be C-U bonding 

and of π symmetry, whereas the σ C-U bond is found in HOMO-6. NBO analysis showed a strong po-

larization toward carbon, with 22% and 13% of contribution from uranium in π and σ U-C bonds, re-

spectively. 
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Scheme 107: Synthesis of uranium and thorium complexes of yldiide 73 by intramolecular proto-

nolysis (route B). 

 

Using an analogous Th(IV) metallacycle complex 108 resulting from the C-H activation of a 

bis(trimethylsilyl)amido ligand as a precursor, they obtained an amido-supported phosphonium alkyli-

dene by deprotonation of methylenetriphenylphosphorane.
220

 The cyclometalated form and the phos-

phonium alkylidene are in equilibrium in solution, this one being in the favor of the alkylidene form. 

3.4.3. Group 4 metal complexes 

Examples of structurally characterized group 4 yldiide complexes are extremely rare. The only 

structures (complexes 109 and 110) were obtained with zirconocene and hafnocene fragments in 1980, 

following route C (scheme 108).
221

 An excess of ylide 73H is necessary for the reaction with zirconium 

to proceed, whereas a 1:2 stoichiometry is enough for hafnium. Using [Cp*2ZrCl2], the reaction does not 
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proceed for steric reasons. A sp
2
 hybridization of the yldiidic carbon in the zirconium complex is sup-

posed based on X-ray structure data as well as 
1
JCH coupling constant of 153 Hz. A rotational barrier of 

9.3 kcal/mol and 8.2 kcal/mol were found by variable temperature NMR study for the rotation around 

the M-C bond for Zr and Hf, respectively.  

Scheme 107: Synthesis of uranium and thorium complexes of yldiide 73 by intramolecular proto-

nolysis (route B). 

 

Scheme 108: Synthesis of zirconium and hafnium complexes of yldiide 73 following path C. 

3.4.4. Group 5 

Churchill and Schrock presented the synthesis of a di-tantalum yldiide complex following route D.
222

 In 

this reaction, a tantalum hydride was added first to carbon monoxide to generate a supposed bridging 

formyl ligand; trimethylphosphine was then added, which perform nucleophilic attack on the formyl 

ligand and induce a C-O bond cleavage, generating complex [Ta2(η
5
-C5Me4Et)2Cl4(μ-O)(μ-CHPMe3)] 

111 (scheme 109). The P-C(l) distance of 1.750(18) Å is still in the range of ylidic P-C bonds. Position 

of the hydride was debated elsewhere.
223
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Scheme 109: Synthesis of tantalum gem-dimetallic complex of a trimethylphosphonium substitut-

ed yldiide. 

 

Transylidation route E was also followed to obtain terminal yldiidic complexes of niobium and tantalum 

with an imido ligand.
224

 It was shown that the reaction can proceed with the two chloride ligands in a 

presence of an excess of 73H; however the mono-chlorinated complex 112 and the bis-yldiidic one 113 

are in equilibrium in solution (scheme 110). A phosphonium-alkylidene like structure was assessed from 

X-ray diffraction study and NMR data.  

Scheme 110: Synthesis of niobium complexes of yldiide 73 following route C. 

 

Again by transylildation of methylenetriphenylphosphorane, and starting from [CpTaCl4], Sundermeyer 

et al. could obtain various structures, depending on the amount of added ylide 73H (scheme 111). When 

one equivalent is added, coordination of the ylide at tantalum occurs with no significant transylidation 

(59% isolated yield). When five equivalents were added, complex 114 was obtained. It contains a me-

thylidyne fragment formed after double deprotonation of a coordinated ylide ligand as well as a methyl-

idene ligand generated by a single deprotonation of the ylide ligand. Two more equivalent of ylide can 
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be added, to generate an additional methylidene ligand, forming complex 115. Here again, a phosphoni-

um-alkylidene like structure was claimed on the grounds of X-ray diffraction analysis.  

Scheme 111: Synthesis of tantalium terminal complexes of yldiide 73 following route C. 

 

3.4.5. Group 6 

If the possibility of the synthesis of group 6 complexes featuring a phosphorus-stabilized yldiide 

ligand was studied as early as 1975 by Kreissl
225

 on monometallic chromium carbonyl complexes fol-

lowing route E, the first structure to be determined by X-ray diffraction was obtained only in 1981 with 

a heterobimetalic core.
226

 Addition of trimethylphosphine to [Re(CO)5-W(CO)4(C-ptol)] featuring an 

electrophilic alkylidyne ligand lead to the displacement of one equivalent of carbon monoxide and the 

formation of an yldiide ligand, in a bridging position in place of the expected terminal one (complex 

116, scheme 112). A similar reaction with chromium was performed, leading to a similar species ac-

cording to mass, IR and NMR spectroscopies. A sp
3
 hybridization is proposed for the bridging carbon. 
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Scheme 112: Synthesis of a gem-heterobimetallic tungsten and renium complex of a p-tolyl-

substituted yldiide following route D. 

 

Terminal α-phosphinoalkylidenes were obtained with imino complexes of molybdenum and tungsten by 

Sundermeyer et al. following route D. By stepwise addition of methylenetriphenylphosphorane 73H, 

they could obtain structures containing one or two α-phosphinoalkylidenes ligands (scheme 113).
227

 

Only the doubly substituted tungsten compound 118 could be structurally characterized. Both yldiidic 

carbons were found to be trigonal planar, and significant W-C double bond character was assessed on 

the basis of W-C bond distance and the staggered geometry of the yldiidic ligand. Competition between 

π donation toward the metal and hyperconjugation was evidenced by the short P-C bond lengths 

(1.682(3) Å and 1.676(3) Å) and long P-CAr bond lengths (1.824 Å av.). Enhanced nucleophilic reactivi-

ty compared to Shrock-type carbene complexes was claimed. More details on this reactivity were pub-

lished later, together with the structure of an analogous mono- α-phosphinoalkylidenes chromium com-

plex.
228

 Nucleophilic addition of the yldiidic carbon on unsaturated, polar molecules such as CO and 

CNR resulted in the formation of 3 membered metallacyclic structure, in which the ylidic P-C bond is 

still present. When reacted with diphenylketene, a four-membered metallacycle is formed; the ylidic 

carbon is not coordinated to the metal. Instead, the carbon bearing the two phenyl groups is bound to the 

metal; the second carbon of the metalacycle is planar, which support delocalization of the positive 

charge of the phosphonium moiety through the C=C double bond.  
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Scheme 113: Synthesis of tungsten, molybden and chromium terminal complexes of yldiide 73 and 

their reactivity. 

 

The same group published the synthesis and structure of another high-valent tungsten complex with 

Hydrotris(3,5-dimethyl-1-pyrazoly1) borate as a supporting ligand, once again by transylidation from 

methylenetriisopropyl- and methylenetriphenylphosphorane (scheme 114).
229

 On the basis of 
13

C and 
1
H 

NMR, a phosphora-alkenyl like structure depiction of these complexes was given.  
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Scheme 114: Synthesis of a tris-pyrazolyl tungsten complex of yldiide 73. 

 

Following route D, Fillipou et al. provided another example of a chromium complex featuring terminal 

yldiidic ligand.
230

 Addition of PMe3 to a cyclopentadienyl-stabilized carbyne chromium complex af-

forded, depending on the substitution pattern at cyclopentadienyl, either an α-phosphinocarbene com-

plex 119 by addition of the phosphine to the carbyne (non-substituted Cp ligand), or a three-membered 

metalacycle, complex 120, by coupling between the carbyne and a carbonyle ligand (pentamethylcyclo-

pentadinenyl). Considering both NMR data and X-ray diffraction pattern, the phosphonium-alkylidene 

structure was preferred to describe the resulting complex (scheme 115). 

Scheme 115: Synthesis of chromium yldiide complexes following route D. 

 

Finally, a last example of an imido-stabilized tungsten complex 121 featuring both phosphorus-

stabilized methylidene and methylidyne was reported by Sundermeyer (scheme 116).
231

 Based on 
31

P 
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NMR data, and more specifically on the value of 
2
JPW coupling constants, the metal-yldiide interactions 

were described as σ bonds with additional π bonding character – and double bond with triple bond char-

acter for the metal-methylidyne interaction. The phosphora-alkenyl structure was still preferred, notably 

considering that the shorter the W-C bond length is, the longer the C-P bond length, as a result of effec-

tive donation toward the metal center. 

Scheme 116: Synthesis of terminal tungsten compleses of yldiide 73 following route C. 

 Degradation of a metathesis-competent molybdenum carbene complex containing methyldiphe-

nylphosphine as a ligand in the presence of bipyridine, by reaction with cis-dichloroethylene afforded a 

phosphoniomethylidene complex 122 of molybdenum by a formal chloride/phosphine exchange at the 

chlorocarbene generated by olefin metathesis between the alkylidene ligand and cis-dichloroethylene 

(scheme 117).
232

 This process is reminiscent of what can be observed with a 2
nd

 generation Grubbs cata-

lysts (vide infra). 

Scheme 117: Synthesis of a terminal yldiide imino complex of molybdenum by intramolecular 

chloride/phosphine exchange. 
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3.4.6. Group 7 

In addition to the dimetallic tungsten-rhenium complex
226

 cited above, and even if some syntheses are 

reported,
226,227,233,234

 structurally characterized examples of group 7 yldiide complexes are scarce. Cy-

clopentadienyl-rhenium and manganese complexes were synthesized as early as 1977 following route 

E,
235

 and the rhenium complex was structurally characterized shortly after.
236

 The structure at the yldi-

idic carbon is compatible with a sp
2
 hybridization, the short Re-C bond distance (1.97(1) Å) as well as 

13
C NMR data are consistent with a phosphora-alkenyl like structure. Furthermore, a quite long P-C 

bond distance was measured (1.79(1) Å), comparable to the P-CMe bond lengths (1.76(2) Å to 1.80(2). 

Å), showing an absence of hyperconjugation of the electronic density at C toward the phosphonium 

moiety (scheme 118). 

Scheme 118: Synthesis of terminal yldiide complexes of manganeses and renium following route 

D. 

 

Various heterodimetallic complexes of rhenium and manganese with platinum
237

 were also obtained 

following route E, i.e. by addition of a phosphine on a bridging alkylidyne ligand (scheme 119). Only 

for manganese could the X-ray diffraction structure be solved. The substituents at the bridging carbon 

are in a plane orthogonal to the Pt-C-Mn plane; however a very sharp Pt-C-Mn angle (78.4(2)°) does not 

sustain a sp
3
 hybridization. P-Cyldiide bond lengths was measured to be 1.791(5) Å, slightly shorter than 

P-CMe bond lengths (1.803(6) Å to 1.829(7) Å).  Addition of a thiolate to a phosphine-coordinated man-

ganese, alkylidyne-bridged complex also lead to migration of one phosphine ligand to the electrophilic 
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carbon, the thiolate being coordinated to platinum. The same reaction performed with the rhenium het-

erobimetallic complex lead to the expected addition of the thiolate onto the alkylidyne ligand.  

Scheme 119: Synthesis of gem-heterobimetallic complexes of p-tolyl substituted yldiides following 

route D. 

 

3.4.7. Group 8 

Diiron structures could be obtained with various substitution scheme and in good yield, from the 

nucleophilic addition of triphenylphosphine or tris-(n-butyl)phosphine on a methylidyne or ethylidyne 

bridging between two CpFeCO moieties (Route D) (scheme 120).
238

 Only when BF4
-
 counteranion was 

replace by PF6
-
 could the structure of the α,α-diferric methylenetriphenylphosphorane complex be con-

firmed by X-ray diffraction.
239

 The P-Cyldiide bond lengths (1.781(6) Å) is quite long and in fact compa-

rable to P-CAr bond lengths (1.799(7) Å to 1.805(7) Å). Addition of sodium methoxide resulted in the 

displacement of the phosphine to produce the corresponding bridging carbene.  
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Scheme 120: Synthesis of gem-dimetallated complexes of iron following route D, and subsequent 

reactivity. 

 

A similar complex, obtained by adding trimethylphosphine instead of triphenylphosphine was synthe-

sized shortly after. X-ray diffraction showed a similar structure, and again, P-Cyldiide bond lengths of the 

same amplitude as P-Me bond lengths (1.760(15) Å vs 1.747(16) Å to 1.775(18) Å).
240

 

Rearrangement of the bis(diphenylphosphino)methane ligand at a dimetallacyclopentenone iron com-

plex, namely [Fe2(CO)5{μ-σ:η
3
-C(O)CHCH}-(μ-dppm)] upon thermolysis afforded a structure reminis-

cent of an yldiide (complex 123, scheme 121).
241

 P(P-Cyldiide 1.790(2) Å is only slightly shorter than P-

CPh and P-CH2 (1,813(2) Å to 1,821(2) Å). 

Scheme 121: Intramolecular formation of a phosphure/yldiide ligand in the coordination sphrere 

of a diiron carbonyl complex. 
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A renewal in group 8 metal yldiidic complexes was brought in 2004 by Piers,
242

 who proposed the gen-

eration of a ruthenium phosphonium alkylidene complex following route E as a way to circumvent the 

initiation step in Grubbs catalysts for olefin metathesis. The generated complex is found to have in-

creased stability and an activity comparable to this of Schrock catalysts, and to have functional-group 

tolerance comparable to this of Grubbs catalysts. 

Scheme 122: Synthesis of a ruthenium terminal complex of yldiide 73 following route D. 

 

Other complexes with phosphines in place of the carbene ligand were synthesized but not structurally 

characterized, and their reactivity was not explored further. The yldiide ligand feature a rather long P-C 

bond of 1.805(2) Å; it has been described as a “dicarbanionic ylid”, a description reminiscent of phos-

phonium-alkylidene like structure. Complex 124 showed remarkable activity at room temperature in 

ring-closing olefin metathesis for five (0;1% catalyst loading), six (1% catalyst loading and seven mem-

bered-rings (5% catalyst loading), as well as with trisubstituted olefins (1% catalyst loading). Other 

structure with various counter anions were also published and showed similar activities.
243

 Extensive 

study of the influence of the phosphine substitution pattern was also presented shortly after.
244

 It was 

shown that triisopropylphosphine presents the best balance between steric bulkiness (to avoid dimeriza-

tion of the cationic catalyst by sharing of chloride ligands) and a small cone angle (to allow for initiation 

by ethylene cross metathesis). When the carbene ligand was replaced by a second phosphine ligand, 
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dimerization of the generated phosphonium-alkylidene ruthenium complex was observed (scheme 123). 

Catalytic activity was still observed at 135°C, with limited double bond isomerization products.
245

 

By contrast, when a 2
nd

 generation Grubbs catalyst was reacted with vinylchloride, formation of a neu-

tral phosphoniomethylidene complex was observed along with a ruthenium carbide complex in a 2-3 to 

1 ratio.
246

 Formation of these two complexes in the course of catalysis was hold responsible for the fail-

ure of cross-metathesis reactions using vinyl chlorides.   

Scheme 123: Dimerization of a phosphonium-alkylidene ruthenium complex upon protonation 

resulting in the formation of an yldiide ligand (top); generation of a ruthenium yldiide species af-

ter carbene metathesis with vinyl chlorides (bottom).  

 

Piers et al. showed that a catalytic activity could be recovered from the phosphinomethylidene complex 

by abstraction of a chloride ligand using B(C6F5)3.
244

 

The only characterized complex of osmium with a phosphinomethylidene ligand was reported in 2005 

by Lu. 
247

 A new synthetic path using hydride addition on N-Isocyanoiminetriphenylphosphorane and 

subsequent decomposition by release of N2 was proposed for the synthesis of a bridging α-

phosphinoalkylidenes osmium complex. The phosphinoalkylidene is described as zwitterionic in nature, 
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with a quite long P-C bond lengths of 1.75(1) Å, still shorter than related P-Me ylidic bonds (scheme 

124). 

Scheme 124: Synthesis of an osmium gem-dimetallic yldiide complex. 

 

3.4.8. Group 9. 

In contrast to the abundant literature of geminal dianion coordinated to group 9 elements (vide 

supra), no structurally characterized complex with an yldiide (or metalated ylide) could be found. Such 

a structure was however evocated to explain for the epimerization of a rhodium complex featuring a 

chiral phosphonium ylide ligand in the presence of a base (scheme 125).
248

 The intermediate compound 

was further documented in a later publication,
249

 but the postulated metalated yldiide was not structural-

ly characterized. After stoichiometric deprotonation of the coordinated ylide by sodium hydride, multi-

nuclear NMR spectroscopy showed disappearance of the ylidic proton in 
1
H NMR; the ylidic carbon is 

slightly shifted upon deprotonation (38.4 ppm to 41.5 ppm), and 
1
JCRh coupling constant is increased 

(23.3 Hz to 37.0 Hz). in 
103

Rh NMR spectroscopy, the Rh displacement is shifted at lower field (from 

170 ppm to 259 ppm) which is consistent with increased C-Rh donation. Analysis of the Kohn-Sham 

orbital calculated in the frame of DFT showed however a poor interaction of the second lone pair at car-

bon with rhodium, suggestion a phosphora-alkenyl like structure. 
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Scheme 125: Synthesis of a rhodium yldiide complex. 

 

3.4.9. Group 10 

Only a single structurally characterized yldiide coordinated to a group 10 metal was found. A 

dimetallic nickel complex 125 was synthesized by Dartiguenave, Dartiguenave and Klein
250

 through 

photolysis of a nickel-coordinated diazoalkane and subsequent addition of a phosphine from the coordi-

nation sphere of the nickel to the carbyne generated by loss of dinitrogen (scheme 126). This ylidiide is 

reminiscent of yldiide 79 isolated by Bertrand et al., even if the mechanism for its generation is totally 

different. A sp
2
 hybridization of the carbon is expected from the short Ni-C bond lengths (1.906 (4)Å) 

and P-C-Si bond angle (120.0(4)°). 

Scheme 126: Synthesis of a gem-dimetallated nickel yldiide complex following route D. 

 

3.4.10. Group 11 
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Yldiidic complexes of group 11 metals are usually synthesized following route B (deprotonation of a 

phosphonium or phosphorus ylide by a basic ligand coordinated to the metal) or route C (transylida-

tion).  

Vicente proposed to increase the coordination ability of carbonyl-stabilized ylide by deprotonation of 

the phosphonium in the coordination sphere of the metal (route B). When two equivalents of gold acety-

lacetonate complexe were added to the phosphonium, double deprotonation at the ylidic carbon was 

observed, resulting in the formation of a geminal-diaurated species 126 (scheme 127). Only the ethoxy-

substituted yldiide with triphenylphosphine as co-ligand was structurally characterized. 

Scheme 127: Synthesis of a gem-diaurated yldiide following route B. 

 

The short P-Cyldiide bond distance (1.763(10) Å) as well as the low ν(CO) suggest some ylidic character, 

and a mesomeric form with  an ylidic bond between P and C, together with a closed three-center, two 

electrons interaction between the remaining σ lone pair at carbon and relevant empty orbitals at gold 

was proposed. This corresponds to a phosphora-alkenyl like structure for the ligand. 

The same group extended this strategy to an analogous ketone-stabilized diphosphonium salt. Depend-

ing on the steric hindrance of the phosphine brought by the gold precursor, tri or tetra auration was ob-

served. A closed three centers, two electron interaction is evocated in both cases to explain for the gold 

atom arrangements.
251

 Due to low quality of the crystals, P-C bond are not discussed further. 
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Using a pyridine-substituted phosphonium salt, and following the same strategy, this same group could 

provide an example of Au
I
2Ag

I
1 cluster 127 (Scheme 128), the silver atom being brought in the proximi-

ty of the Au2C core by coordination to the nitrogen atom of the pyridine moiety.
252

 

Scheme 128: Synthesis of tri- or quadrimetallic structures with group 11 elements. 

 

Triple deprotonation of [(diphenylphosphinothioyl) methyl] (2-methoxy-2-oxoethyl) diphenyl-

phosphonium perchlorate by acetylacetonate ligands afforded a triply aurated complex, 128.
253

 An au-

rophilic interaction is present, which is quite common for geminal-diaurated compounds. P-CS and P-C 

bond lengths of 1.802(10) Å and 1.742(10) Å respectively are shorter than average P-C bonds (1.845 Å) 

and the P-C-P bond angle is measured to be 117.1(6)°. Au-C bonds around this yldiidic carbon 

(2.117(11) Å and 2.121(9) Å) are in the range of gold methanide complexes.  
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Finally, synthesis of a geminal-diaurated complex (129, scheme 128) of ligand 73 methylenetri-

phenylphosphorane occurred serendipitously as a by-product of the synthesis of a “protonated tetraauri-

omethane”.
254

 It result from the insertion of a phosphine ligand brought by a gold precursor into a me-

thylidynium (CH+) generated by decomposition of trimethylsilyldiazomethane. Being a byproduct, its 

structure and bonding scheme was not further discussed. 

 

4. Geminal dianions of type III (A and B: cationic fragments) 

4.1. Synthesis of carbodiphosphoranes and other related heteroatom-stabilized bis(ylide)s. 

Hexaphenylcarbodiphosphorane, Ph3P=C=PPh3 (130), was discovered and isolated by Ramirez and 

co-workers in the early 60’s in a three step procedure from tri-phenylphosphine and dibromomethane.
255

 

In their pioneering work, 130 was prepared by reduction of the triphenylphosphonium methylenetri-

phenylphosphorane bromide salt [130-H][Br] with potassium metal at the boil-ing temperature of dry 

diglyme during ca. 20-45 min.  Once the H2 evolution has ceased, the hot reaction mixture is filtrated 

under inert atmosphere (removal of KCl) and yellow crystals of 130 are formed from the filtrate during 

the cooling to room temperature. This simple procedure allows for the isolation of 130 in good yields 

(60-70%) on multigram scale. The yellow crystals isolated by Ramirez and colleagues were character-

ized by elemental analysis, 
31

P NMR (unique signal at +3.5 ppm which is consistent with a symmetrical 

structure having two relatively shielded ylidic phosphorus atoms) and absorption spectra, and initially 

argued in favour of the proposed structure for 130.
256

 In order to prove the nature of the isolated materi-

al, preliminary studies on the reactivity of 130 were conducted. The isolated crystals are insensitive to 

dry oxygen, but highly unstable towards moisture. In fact, 130 completely dissolves in water and be-
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comes protonated to yield the diacidic base [Ph3P=CH-PPh3][OH] as shown by its titration with HCl. 

Even more remarkable, upon prolonged expo-sure to wet N2-atmosphere, 130 becomes hydrolysed to 

yield 131 [Ph3P=CH-PPh2O] quantitatively and benzene. In addition, the oxidation reaction of freshly 

prepared 130 with one equiv. of bromine in methylene chloride yields the bromomethylide-

bis(triphenylphosphonium) bromide salt [130-Br][Br]. As a final confirmation on the structure of 130, 

its reactivity towards HBr leads to the high-yielding recovery of precursor [130-H][Br]. 

Scheme 132.  Synthetic approaches to CDP 130 and first reactivity studies accomplished by 

Ramirez in his original report, and improved synthesis of 130 reported by the Matthews’ group. 

 

While the reduction of [130-H][Br] to reach hexaphenylcarbodiphosphorane (130), along with its 

characterization by both analytical and chemical techniques, was perfectly introduced by Ramirez et 

al.,
255

 the synthesis of the triphenylphosphonium methylenetriphenylphosphorane bromide salt [130-

H][Br] from commercially available triphenylphosphine and dibromomethane was scarcely detailed. 

Three years later, Matthews revisited the synthesis of 130.
257

 They reported the monodeprotonation of 
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[130-H2][Br]2 by n-butyl lithium in dry diethyl ether conducting to the isolation of [130-H][Br] in 65% 

yield. Then, the second deprotonation from [130-H][Br] by a mixture of NaH in mineral oil/diglyme 

was carried out. Carbodiphosphorane (CDP) 130 was isolated in moderate 42% yield. The new proceure 

allows for the isolation of 130 without the need of strong reducing agents (potassium metal), but the 

yield has considerably decreased. In a successive report, Matthews and co-workers reported a slightly 

modified route of access to 130 by using potassium metal allowing to isolate the hexaphenylcarbodi-

phosphorane in 75% yield.
258

  

Further improvement for the synthesis of 130 was accomplished by Zybill and Müller
259

 a decade 

later by straightforward double deprotonation of the triphenylphosphonium methylenetriphenylphospho-

rane bromide salt [130-H][Br] with NaNH2 in dry THF upon mild heating. This very convenient route 

of synthesis allowed the isolation of hexaphenylcarbodiphosphorane in excellent 92% yield. Similar 

procedure was recently reported by Tykwinski and co-workers,
260

 using higher amounts of NaNH2 to 

yield crystalline 130 in 90% from the bis(phosphonium) salt [130-H2][Br]2. The isolated 130 was fully 

characterized by IR, exact mass determination and multinuclear NMR including the identification of the 

central carbon atom in 
13

C NMR resonating as a triplet at 12.9 ppm (
1
JP,C = 125 Hz). In 1983,

261 
Best-

mann and Oechsner reported the one-pot synthesis of 130 by addition of dibromide salt [130-H2][Br]2 to 

a NaNH2 solution in liquid ammonia, that was in situ created from Fe(NO3)3 and Na in liquid ammonia.  

After removal of NH3, 130 was extracted in a Soxhlet apparatus with benzene and crystallized in 82% 

yield upon cooling at room temperature. 

Since the original report by Ramirez et al. the exact nature, along with the most appropriate drawing 

of 130 among all its plausible Lewis representations, depicted an important discussion forum that still 

remains active nowadays. Crystal structure determination of 130 has been obtained in three different 
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crystalline forms.
262–265

 The first structural confirmation of 130 by crystallographic means was accom-

plished in 1971 by Vincent and Wheatley from a well-concentrated solution of Ramirez’s material in 

diglyme.
262,263

 Under these conditions, two crystallographically independent molecules of 130 are pre-

sent in the unit cell, each of them possessing a two-fold axis with very distinct P–C–P angles of 143.8° 

and 130.1°.  A decade after, Zink and co-workers reported a new structure of 130 determined at –160°C, 

giving a P–C–P angle of 131.7(3)° with C–P–P–C torsion angles of 25.0–27.5° vs 5.5–8.3° in the struc-

ture found by Vincent and Wheatley.
264

 These crystallographic data provided a clear picture on the atom 

connectivity, but the bent nature of 130 suggested the presence of lone pairs at the central C-atom, 

thereby throwing fundamental questions regarding the bonding situation of 130 (vide infra in the Elec-

tronic structure of double ylides section). Very recently, Quinlivan and Parkin have demonstrated the 

flexibility of the P–C–P angle in CDPs and found a linear structure for 130
.
(C6H6)2 obtained from a 

benzene solution.
265

 Apart from the linearity observed in 130
.
(C6H6)2 that argued in favor of a flexible 

P–C–P moiety, the new crystal structure exhibits a C–P–P–C torsion angle of 60.0°. DFT calculations 

(B3LYP) were carried out by Parkin and co-worker and the NLMO analysis proved the presence of two 

lone pairs at the central C-atom despite linearity. More interestingly, the modification of the P–C–P an-

gle from 130° to 180.0° did not result in a significant difference in energy, thus indicating high flexibil-

ity on 130. 

Almost 15 years were required to accomplish the synthesis of the analogous hexamethylcarbodi-

phosphorane, Me3P=C=PMe3 (135), which was finally achieved by Schmidbaur and co-workers in 

1975.
266–268

 As mentioned in their first report,
266

 attempts to obtain 135 by similar procedures to the one 

employed in the synthesis of 130 were unfruitful. They succeeded to isolate 135 by heating a benzene 

solution containing Me3PF2 and the ylide Me3P=CH-SiMe3 (133).
269

 Deprotonation of 133 with KH 
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upon thermal treatment gave the hexamethylcarbodiphosphorane 135 in approximately 60%.  An im-

proved yield of 92% could be obtained by deprotoponation with n-butyl lithium (nBuLi) in benzene at –

20°C. 135 was characterized by 
1
H, 

13
C and 

31
P NMR, MS, IR and EA.  Reactivity of 135 vs HX (with 

X being Cl and Br) and [AuMe(PMe3)] proved the proposed structure of 135, giving rise to the phos-

phonium [135-H][X] and diphosphonium [135-H2][Cl]2 salts depending on the stoichiometry of the re-

action, or the gem-diaurated species [135-(AuMe)2].
268 

Scheme 133.  Schmidbaur’s syntheses of hexamethylcarbodiphosphorane (135) starting from 

Me3P. 

 

 

Two years later,
267

 Schmidbaur has finally found a new entry to the CDP 135 starting from PMe3 and 

CH2Br2 in a similar fashion to Ramirez’s approach (Scheme 133). Deprotonation of meth-

ylenebis(trimethylphosphonium) bromide salt [135-H2][Br]2 with n-butyl lithium in diethyl ether, fol-
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lowed by pyrolysis resulted in the isolation of hexamethylcarbodiphosphorane 135 in variable yields 

ranging from 50% to 80%. The same group has used identical strategy to reach the synthesis of 

Me2PhP=C=PPhMe2 (136)
267

 and the cyclic CDP 137 (Scheme 134).
270

 The synthesis of 136 was car-

ried out by deprotonation of the corresponding dibromide salt of type II with NaNH2 in THF, and was 

isolated in the form of highly sensitive yellowish crystals that decompose at 0°C in solid form (yield not 

reported). In the case of the cyclic CDP 137, the 1,2-bis(diphenylphosphino)phenyl 145b is reacted with 

CH2Br2 upon heating at 100°C for 10 days in toluene to yield the cyclic dibromide salt [137-H2][Br]2 in 

65% (Scheme 135). 

Scheme 134.  Synthetic scheme to yield the symmetrical CDPs 136-138 and unsymmetrical CDPs 

139-144 via formation of intermediate I through selective monophosphination of dihalomethane. 

 

A two-step procedure was envisaged by first deprotonation of [137-H2][Br]2 in liquid ammonia to yield 

the semi-ylide phosphonium salt [137-H][Br] in 83%, and subsequent transylidation reaction with 

Et3P=CH2 (see below in Scheme 135). The structure of 137 was definitively confirmed by its NMR, the 
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FD-MS, and elemental analysis (EA). Reactivity of the isolated material vs HBr leads to the phosphoni-

um salt [137-H][Br] or the recovery of the cyclic dibromide salt [137-H2][Br]2 depending on the 

amounts of HBr. 

Interestingly, the analogous CDP 138 bearing MePhP-groups was not accessible by transylidation reac-

tion of the corresponding dibromide salt [138-H2][Br]2 with Et3P=CH2. Instead the bis(ylide) 146 is 

formed by deprotonation of a methyl substituent. Treatment of [138-H2][Br]2 with ammonia (gas) in 

dichloromethane at 0°C allowed for the instantaneous formation of the semi-ylide phosphonium salt 

[138-H][Br], which was isolated as a colourless powder in quantitative yield. The adduct 138
.
LiBr could 

be achieved by deprotonation of the cyclic bromide salt [138-H][Br] with n-butyl lithium in THF at –

78°C. After stirring at this temperature for a day, filtration and evaporation of the solution, 138
.
LiBr was 

isolated as a bright yellow solid.
270

 Interestingly, in the absence of LiBr salts, prototropy equilibrium 

between 138 and 146 takes place preventing isolation of 138. As in the case of 137, the adduct 138
.
LiBr 

reacts with anhydrous HCl to reform the starting cyclic diphosphonium salt. Alternatively, 138
.
LiBr 

reacts with MeI to yield the [138-Me][I] salt that further evolve into dication [(138-H)-Me]
2+

 by proto-

nolysis with HCl. The double protonations performed in cyclic CDPs 137 and 138
.
LiBr, along with the 

synthesis of [(138-H)-Me][X]2 unequivocally proved the presence of the two lone pairs at the central C-

atom. 

Scheme 135. Syntheses of cyclic CDPs 137 and 138
.
LiBr. 



179 

 

 

 

 

This methodology was further extended to the synthesis of unsymmetrical CDPs Ph3P=C=P(CH2R)3 

(139-141; R = Me, nEt, nPr) (Scheme 136),
271

 Ph3P=C=PR’3 (142-143; PR’3 = PMe3, PPhMe2),
272

 and 
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Ph3P=C=PPh2(2-Py) (144)
273

 by the groups of Appel, Schmidbaur and Alcarazo, respectively. Carefully 

chosen reaction conditions allowed for the selective synthesis of the monophosphonium halide salts of 

type I by reacting simple phosphines and CH2CX2. Thus, the monophosphonium halide salts I can react 

with a distinct phosphine to afford an unsymmetrical diphosphonium dihalide salt of type II, that repre-

sents a suitable entry to the non-symmetric CDPs 139-144. Carbodiphosphoranes 139-141 proved un-

stable upon warming at 120°C driving to the formation of monoylides 139’, 140’ and 141’. A mecha-

nism for this unexpected rearrangement involving an initial deprotonation of the CH2-unit by the C-

atom and following phenyl ring migration from the PPh3 motif to the anionic CHR group was proposed 

by the authors (the involved H-atom and Ph-ring are highlighted in bold in Scheme 136). 

Scheme 136. Access to CDPs 139-141. 
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As illustrated in Scheme 137, the bromomethyl triphenylphosphonium bromide resulted a versatile en-

try to the non-symmetrical CDPs 142-144. In 1984, Schmidbaur et al.
272

 reported the synthesis of the 

diphosphonium salts [142-H2][PF6]2 and [143-H2][PF6]2 in moderate yields by reacting the 

[PPh3CH2Br][Br] salt with one equiv. of PMe3 or PPhMe2 in THF followed by Br-to-PF6 anion ex-

change. Deprotonation of salt [142-H2][PF6]2 was attained with excess of NaNH2 in liquid ammonia and 

142 was isolated in high yield. Heated in refluxing THF in presence of an excess of NaNH2, the 

bis(phosphonium) salt [143-H2][PF6]2 yields the air-sensitive CDP 143 in 67%. 

Scheme 137. Schematic syntheses of non-symmetrical carbodiphosphoranes 142-144 starting from 

the phosphonium salt [Ph3PCH2Br][Br]. 

 

Nearly 30 years later, and aiming to illustrate the ability of CDPs in stabilizing homo- and hetero-

bimetallic species (see Coordination chemistry of double ylides section for further details), the CDP 144 

bearing a pyridyl-substituted phosphorus group was designed and prepared by Alcarazo and Fürstner 
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(Scheme 137).
273

 In strong agreement with a highly electron-rich carbon atom, the carbodiphosphorane 

nature of 144 was evidenced by its very diagnostic signal displayed in 
13

C NMR for the central carbon 

that resonates at high-field ( = 11.8 ppm, 
1
JP,C = 122, 119 Hz).  In addition to the NMR data, the atom 

connectivity of 144 was definitively proved by X-ray diffraction analysis of single crystals, and the bent 

geometry in 144 was confirmed according to its measured P–C–P angle of 133.25(10)°, considerably 

deviated from linearity. 

While working in the discovery of non-CDPs bearing PPhnR(3-n) groups (with R = Me and n = 1-3), 

Schmidbaur and co-workers found the synthesis of CDP Ph3P=C=PPhMe2 (150) starting from 1,2-

bis(diphenylphosphino)benzene (Scheme 138).
272

 The quaternization of 1,2-

bis(diphenylphosphino)benzene with methyl trifluoromethylsulfonate and subsequent transylidation 

reaction with Et3P=CHMe in THF at low temperature allowed for the isolation of 150 in modest global 

yield (22%). The synthetic pathway to achieve 150 involves the in situ formation of the bis(ylide) III, 

which rapidly evolves via an unexpected rearrangement. Alternatively, 150 can be prepared by quater-

nization of the diphenylphosphino-substituted ylide 151 with MeI in THF, and deprotonation by NaNH2 

in liquid ammonia of the resulting phosphonium salt [150-H][I]. Despite its apparent simplicity, this 

second synthetic approach drove to the isolation of 150 in lower global yield (15%). 

Scheme 138. Alternative route of access to the dissymmetrical CDP MePh2P=C=PPh3 (150). 
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Quantitative formation of 150 was described more recently by Canac, Chauvin and co-workers starting 

from the bisphosphonium salt [149][OTf]2 and nBuLi (Scheme 139).
274

 As clearly demonstrated in their 

report, the formation of CDP 150 takes place by rearrangement of the ylide 153. The heterocycle 153 

was formed and fully characterized by multinuclear NMR as a mixture of two diastereomers after two 

consecutive deprotonation steps with nBuli at –78°C. Heated at –10°C in a young NMR tube, 153 un-

derwent a quantitative rearrangement to furnish 150. 

Scheme 139. Direct synthesis of CDP 150 from the bis(phosphonium) salt [149][OTf]2. 
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The use of diphosphinomethanes as synthetic intermediates/precursors represents a general and very 

convenient strategy to build symmetrical CDPs. This approach was deeply employed by Schmidbaur 

and co-workers
275

 
276

 
277

 
278

 
279

 
280

 
281

 
282

 
283

 
284

due to the high availability of diphosphinomethanes from 

commercial sources or easily accessible from secondary phosphines and CH2X2 (with X being Cl, Br, I) 

in the presence of a base (Scheme 140). The double alkylation of the diphosphinomethanes with R
1
-X 

leads to the formation of the corresponding diphosphonium salts of type IV, thus providing an ideal 

entry to the desired CDPs 154-162 upon basic treatment. 

Scheme 140. Diphosphinomethanes as synthetic intermediates of symmetrical CDPs 154-162. 
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In the course of their studies on the isomerism carbodiphosphorane/bis(phosphoranes), Wohlleben and 

Schmidbaur reported the synthesis of the CDP 155 through an unexpected rearrangement of diphospho-

nium salt [154-Me2][I]2 in presence of a base.
278,279

 Deprotonation of [154-Me2][I]2 with NaNH2 in THF 

did not result in the formation of the desired double ylide, and crystals of 155 (65% yield) were isolated 

instead. The identity of 155 was evidenced by multinuclear NMR characterization, including the identi-

fication of the double ylide function in 
13

C NMR resonating at high field ( = 1.04 ppm; dd, 
1
JP,C = 122 

and 128 Hz). The authors suggested a mechanistic pathway involving deprotonation of one PMe group 

to give an ylidic carbanion that may initiate the rearrangement via nucleophilic substitution on the sec-

ond phosphorus atom. Thus, the P–CMe2–P bridge would be opened by the high steric demand, and the 

isopropylidene moiety is liberated with concomitant creation of a P–CH2–P bridge (Scheme 141). 

Scheme 141. Synthesis of MePh2P=C=PPh2Me (154) and unexpected rearrangement to reach the 

CDP MePh2P=C=PPh2
i
Pr (155). 
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In light of the small P–C–P angle found for the structure of MePh2P=C=PPh2Me, Schmidbaur and 

Schubert wondered if cyclic CDPs 156-158, expected to have P–C–P angles near to 120°, would be ac-

cessible.
277,280

 Using the strategy outlined in Scheme 142, they isolated these compounds and proved 

their decreasing thermal stability upon diminishing the P–C–P angle.  Remarkably, 157 has shown to be 

thermally unstable and starts to decompose at 35°C. The proposed structure of CDP 157 was verified by 

XRD analysis of single crystals and proved the presence of an exceptionally small P–C–P angle of 

121.8(3)° pointing to the availability of lone pairs at the central.
277

 
281 

Scheme 142. Synthesis of the 6-membered, cyclic carbodiphosphorane 157 carried out by 

Schmidbaur and Schubert. 

 

As commented before, the stability of the CDP increases with the size of the cycle. This fact was clearly 

shown by the observed high stability of 158, which was afforded in 30% global yield. The longer alkyl 

chain in 158 vs 157 provided good solubility in organic solvents and 158 was fully characterized by 

multinuclear NMR, IR, mass spectrum and elemental analysis. The identification of the very distinctive 
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central carbon atom resonating at high field ( = –3.4 ppm; t, 
1
JP,C = 75.7 Hz) in 

13
C NMR definitively 

confirmed the carbodiphosphorane core in 158. On the other hand, 156 was found to be remarkably less 

stable and rapidly decomposes at room temperature. While working in the synthesis of cyclic CDPs, the 

same group found the synthesis of the double CDP 159.
282

 Indeed, the main product obtained from the 

reaction between bis(diphenylphosphino)-methane and 1,4-dibromobutane is the dibromide salt 

[158][Br]2 (53% yield) (Scheme 143). Bis(ylide) 159 has been prepared in a very good yield (84%) 

from a mixture of salts [158-H2][Br]2 and [163][Br]2 (ratio 1:3) by transylidation reaction with 

Me3P=CH2. Finally, the double CDP 159 was then obtained via a classical double alkyla-

tion/deprotonation accomplished by fast deprotonation with stoichiometric amounts of ylide Me3P=CH2 

in benzene at 0°C. The filtration of the reaction mixture, addition of pentane and cooling to 6°C allowed 

for the growing of yellow crystals of 159
.
(C6H6)2 (69% yield). 159 was fully characterized by elemental 

analysis, mass spectrum, and multinuclear NMR experiments (signal attributable to the bis(ylidic) car-

bon not identified). 

 

Scheme 143. Divergent access to the cyclic CDP 158 and the bis(CDP) 159 from 

bis(diphenylphosphino)-methane and 1,4-dibromobutane. 
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Schmidbaur and co-worker extended this methodology to diphosphino-methanes bearing 2-

methylphenyl (ortho-tolyl group) and 2,4,6-timethylphenyl (mesityl group) substituents (represented as 

Mes and o-tol in Scheme 144, respectively).
283

 The quaternization of the diphosphino-methanes in MeI 

requires several days at room temperature to yield the corresponding diphenylphosphonium salt in al-

most quantitative yield in the case of (o-tol)2P–CH2–P(o-tol)2, whereas the reaction yield considerably 

decreases for (Mes)2P–CH2–P(Mes)2.   

The dibromide salts [160-H2][Br]2 and [165][Br]2 were subjected to deprotonation with sodium amide 

(excess) in tetrahydrofuran with significantly different results.  While [160-H2][Br]2 gave the expected 

symmetrical CDP 160 in moderate yield, the deprotonation of salt [165][Br]2 did not resulted in the 

formation of the analogous CDP 166. Instead, the cyclic CDP 161 was isolated as a mixture of two dia-

stereoisomers in 54% via formation of the proposed 2-methylenecyclohexadienylidenephosphorane in-

termediate VIII, that undergoes a rearrangement into 161 with concomitant elimination of mesitylene. 

Scheme 144. Synthesis of the symmetrical CDP 160 and the unexpected cyclic CDP 161. 
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Pursuing in the study of double ylides, Schmidbaur and Pollok designed the diphosphonium salt 

[167][I]2 as an ideal candidate to exclude unwanted deprotonation at distinct position from the PMe 

moieties.
284

 The double methylation of 1,1-bis(diphenylphosphino)cyclopropane was efficiently accom-

plished and the diiodide salt [167][I]2 was isolated in excellent 97% yield (Scheme 145). Deprotonation 

of [167][I]2 by stoichiometric amounts of Et3P=CHMe at –70C surprisingly conducted to the formation 

of the unsymmetrical compound 162, isolated in 65% after recrystallization. The mechanistic pathway 

to achieve the unexpected formation of 162 from [167][I]2 involves a first deprotonation step to give 
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ylide IX that immediately rearranges into X by nucleophilic attack of the carbanion to the adjacent 

phosphorus atom and cleavage of the P-cyclopropyl bond. Then, proton migration occurs to access the 

ylide XI which evolves to CDP 162 upon basic treatment. The structure of 162 was unambiguously at-

tributed by EA and multinuclear NMR, including the observation of the very diagnostic signal belong-

ing to the double ylidic C-atom appearing at high field in 
13

C NMR ( = 3.6 ppm; dd, 
1
JP,C = 109.4 and 

112.3 Hz). 

Scheme 145. Synthesis of the unsymmetrical CDP 162 via cyclopropyl group migration. 
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In 1976, Appel and Wihler described an attractive route of access to [Ph3P=C(Cl)-PPh3][Cl] salt [130-

Cl][Cl] from readily available PPh3 and CCl4 precursors in very high crystalline yields (Scheme 146).
285

 

With [130-Cl][Cl] in hands, the synthesis of hexaphenylcarbodiphosphorane (130) was carried out by 

reacting equimolar amounts of [130-Cl][Cl] and (Me3N)3P.
268

 Compound 130 was isolated in 61% yield 

as crystalline material. Attempts to prepare the analogous hexamethylcarbodiphosphorane 135 from 

[Me3P=C(Cl)-PMe3][Cl] salt
286

 failed. 

Chlorinated CDPs represent an attractive organic synthon that offer structural diversity through reaction 

with the appropriate nucleophiles such as secondary amines. This appealing strategy was introduced by 

Appel in 1979 with the synthesis of the bis(chlorodiphenylphosphoranediyl)methane (PPh2Cl)2C (168) 

in nearly quantitative yield (90%) from an excess of CCl4 and (Ph2P)2CH-SiMe3.
287,288

 Compound 168 

was fully characterized by 
1
H and 

31
P NMR, mass spectrum and its chemical reactivity vs HCl and alco-

hols giving rise to the phosphonium salt [168-H][Cl] and the dioxide (169), respectively (Scheme 146). 

The utility of chlorinated CDPs as organic synthons was then demonstrated by Appel and co-workers in 

1981,
289

 when they reported on the aminolysis reaction of C(=PPh2Cl2)2 (168) with secondary amines 

HNR2 (R = Me, Et, nPr and nBu) leading to the phosphonium salts [(R2N)Ph2P=C(H)-PPh2NR2][Cl] 

([170a-d][Cl] in Scheme 146). A more convenient, high yielding (76-85%), pathway to the same com-

pounds was found by reacting the bis(diphenylphosphino)methane with 3 equiv. of secondary amine 

HNR2 and 3 equiv. of tetrachloromethane. The dehydrochlorination reaction induced by strong bases 

such as sodium hydride or n-butyl lithium in THF affords the corresponding diaminocarbodiphospho-

ranes (171a-d) in very good yields (63-82%). The isolated diaminocarbodiphosphoranes are remarkably 

stable towards thermal treatment, and the P=C=P structures were established in accord with their 
31

P 
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NMR signature, EA, and the characteristic reactivity vs MeI and H2O to yield derivative [171d-Me][I] 

and oxides 172a-d, respectively. 

In 1983,
290

 Appel’s group has found a three-component, high-yielding route of access to hex-

akis(bis(dimethylamino)carbodiphosphorane (173) starting from CCl4, dimethylamine and 

bis[bis(dimethylamino)phosphino]methane. The addition of a solution containing CCl4 and dimethyla-

mine in THF was added to a second flask having the bis[bis(dimethylamino)phosphino]methane dis-

solved in THF at 0°C. After prolonged heating at this temperature, the reaction mixture is warmed to 

room temperature yielding the pentakis[bis(dimethylamino]phosphonium salt [173-H][Cl] after removal 

of solvents.  [173-H][Cl] is then reacted with NaH in big excess in THF at room temperature. After H2-

evolution has ceased, the solution is filtrated and hexakis(bis(dimethylamino)carbodiphosphorane (173) 

is furnished in excellent 86% yield. Its characterization was accomplished by 
31

P NMR, EA, and the 

classical reactivity towards H2O, MeI and CO2 that produced the corresponding dioxide 

[(Me2N)2P(=O)-CH2-(O=)P(NMe2)2] (175) with concomitant elimination of dimethylamine, the ex-

pected C-methylated salt [173-Me][I] and the zwitterion 176. 

The structure of [P(NMe2)3]2C was determined by X-ray diffraction analysis. The P–C distances of 

1.584(1) Å measured in the structure of 173 are remarkably short for a P=C double bond. Also interest-

ing is the perfect linearity observed in the P–C–P angle of 173 which represented the first example of a 

documented linear CDP. This observation was in sharp contrast with previous crystallographically char-

acterized CDPs as reported by Wheatley,
262,263

 Zink,
264

 and Schmidbaur
276,277,280

 having P–C–P angles 

ranging from 143.8(6)°
263

 in 130 to 116.7(7)°
277

 in the case of the 6-membered cyclic CDP 157. Over 

many years, this finding was considered as a rare example in the family of CDPs until the recent discov-

ery made by Parkin and co-worker in 2017,
265

 in which new crystallographic data were collected for 

https://www.google.com/search?client=firefox-b&q=zwitterionic&spell=1&sa=X&ved=0ahUKEwj6xeaT9sfeAhUJI8AKHcX6DDgQkeECCCkoAA
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[PPh3=C=PPh3] (130) demonstrating the high fluxionality around the P=C=P angle in this class of com-

pounds. 

Scheme 146. Schematic synthesis of 130, and the P-chloro and P-amino substituted CDPs 168, 

171a-d and 173 from CCl4. 

 

On the continuation of his research program dealing with the synthesis of P-chlorinated and P-amino 

substituted CDPs made from phosphines and CCl4, Appel and Wihler described the unsymmetrical car-

bodiphosphorane Ph3P=C=PPh2Cl (178 in Scheme 147).
291-293

 Careful temperature control has to be 

done in the synthesis and isolation of 178 due to its thermal sensibility vs the formation of its dimer 

structure 1
5
,3

5
-diphosphacyclobutadiene [179][Cl]2, that is also obtained in high yield (79%) from 

precursor [Ph3P-C(Cl)-PPh2Cl][Cl] by reduction with (Me2N)3P.
292

 The structure of the P-chlorinated 

CDP 178 was confirmed by 
31

P NMR, EA and its chemical reactivity towards HCl and H2O that led to 
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the isolation of chloride salts [180][Cl] and [178-H][Cl] in excellent yields (92% and quantitative re-

spectively; see Scheme 147).
291 

The synthetic utility of the P-chlorinated CDP 178 was demonstrated by the same group by reacting it 

with a variety of secondary amines [HNR2 (181a-e); with R groups being Me, Et, nPr, nBu and –

(CH2)5–].
293

 The corresponding [Ph3P-CH-PPh2(NR2)][Cl] [182a-e-H][Cl] are obtained in high yields, 

and their basic treatment with NaH or nBuLi resulted in the formation of the P-amino functionalized 

carbodiphosphoranes Ph3P=C=PPh2(NR2) (182a-e), in 69-82% yield. The isolated compounds 182a-e 

were characterized by EA, exact mas determination, 
31

P and 
13

C NMR. Again, the double ylidic charac-

ter at the central carbon was proved by chemical reactivity vs H2O, HCl and MeI to afford the expected 

compounds 183, [182b,c-H2][Cl]2 and [182a,e-Me][I] in excellent yields (from 83% to quantitative; see 

Scheme 147). 

Scheme 147. Schematic synthesis of P-chlorinated and P-amino substituted CDPs 178 and 182a-e. 
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The methodology was further extended to the synthesis of P-amino substituted carbodiphosphoranes 

R3P=C=P(R
1
)2(NR

2
) (188a-d and 173; with R, R

1
 and R

2
 being Ph or the NMe2 group, NMe2 or NEt2 

groups and Me or Et, respectively) in good yields by aminolysis of the P-chlorinated carbodiphospho-

ranes R3P=C=P(R
1
)2Cl (185a-c in Scheme 148).

290 

Scheme 148. Synthesis of P-chlorinated CDPs 185a-c and their use as precursors of the analogous 

P-amino derivatives 188a-d and 173. 
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Carbodiphosphorane (NMe2)3P=C=P(NMe2)2(Me) 192 was synthesized in low yield (7%) by the group 

of Fluck in 1988 (Scheme 149).
294

 Reduction of the P-fluorinated ylide (NMe2)2P(F)=CH2 (191) with Li 

in 1,2-dimethoxyethane leads to impure compound 192. 

Scheme 149. Route of access to the CDP 192 by reduction of the P-fluorinated ylide 191. 
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In the same article, the synthesis of difluorinated carbodiphosphoranes (R2F)P=C=P(R2F) 198a,b (R = 

NMe2, Ph) from the corresponding tetrafluorinated precursors 197a,b were also reported.
295,296

 In both 

cases, deprotonation by n-butyl lithium in non-polar solvents (n-pentane and toluene) at low tempera-

tures (–80°C and –55°C) allowed for the synthesis of the difluorinated CDPs 198a,b in 51% and 36% 

yield. The structures of 198a,b were attributed according to the EA, mass spectrometry, IR and multinu-

clear NMR, as well as X-ray diffraction for 198a. The CDP nature in 198a was evidenced by the very 

diagnostic signal resonating at high field in 
13

C NMR for the central carbon ( = 0.5 ppm; t, 
1
JP,C = 

230.2 Hz). 

Scheme 150. Syntheses of P-fluorinated CDPs 198a,b. 



199 

 

 

 

 

The same group further reported the synthesis of CDPs 200 and 207
297

 starting from the P-fluorinated 

phosphaalkene 191 and the difluorinated precursor (Me2N)2P(F)2Me (199,
298,299

 Scheme 151). 

Scheme 151. Synthetic approaches to P-aminated CDPs 192, 200 and 207 starting from the 

difluorinated precursor F2P(CH3)(NMe2)2 (199). 
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The formation of 192 from 191 can be explained by the direct reaction of anion [Li][202] and 191 to 

reach the diphosphete 206 that evolves in a similar fashion to diphosphete 204, thus generating 192. In 

this article, Fluck also reported the synthesis of CDP 199 although in extremely low 1% yield as a high-

ly air sensitive, colorless liquid. The new CDPs 200 and 207 were fully characterized by exact mass 

determination, multinuclear NMR and EA. Remarkable, the double ylide character of the central carbon 

in CDPs 200 and 207 was demonstrated by their shielded signals in 
13

C NMR resonating at 1.7 ppm (dd, 

1
JP,C = 207.9 and 216.9 Hz) and 1.55 ppm (dd, 

1
JP,C = 209.4 and 218.4 Hz), respectively. 

According to the classical reactivity of phosphorus ylides, the discovery of CDPs containing P–H bonds 

represented an important synthetic challenge due to plausible equilibrium with the corresponding al-

kylphosphanes. In 1993 Bertrand and colleagues found the route to these unique class of compounds 

(Scheme 152).
300

 The synthesis relies on a common precursor, 

bis[bis(diisopropylamino)phosphanyl]diazomethane 208.
301,302

 Whereas 210 (isolated as a white powder 

in 70% yield) is remarkably stable in solid state, it does rearrange slowly into its isomeric form 211 at 
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room temperature. The structure of 210 was unequivocally elucidated according to its multinuclear 

NMR pattern, and the double ylide character on the central carbon was clear from its diagnostic signal 

located at 17.9 ppm in 
13

C NMR which resonates as a doublet of doublet of doublets (
1
JP,C = 143.8 and 

195.0 Hz, 
2
JP,F = 24.8 Hz). Alternatively, 210 can be reached directly from diphosphinodiazomethane 

208 and tetrafluoroboric acid. The addition of t-butyl lithium to the phosphanylcarbene [209][OTf] in 

THF at –78°C gave the highly reactive CDP 212 bearing two P–H bonds. Due to its low stability, 212 

was exclusively characterized by 
31

P NMR displaying an AA’XX’M4M4’ system (
1
JP,H = 465, 

3
JP,H = 1, 

2
JP,P = 158 and 

3
JP,H = 15 Hz), thus unequivocally confirming the structure of 212. At room temperature, 

212 undergoes a proton migration to initially afford the phosphaalkene 213 in nearly quantitative yield, 

which subsequently evolves to the diphosphine 214 that was isolated in 85% after crystallization. 

Scheme 152. Isolation of the P–H bond containing CDPs 210 and 212 from 

bis[bis(diisopropylamino)phosphanyl]diazomethane (208). 

 

In 1998, Shevchenko reported the oxidation of bis[bis(dialkylamino)phosphinyl]methanes 215a,b with 

hexafluoroacetone (HFA, Scheme 153) to form CDPs 216a,b that were precipitated from the reaction 

media and thus easily isolated by filtration.
303

 The formation of those compounds formally involves the 
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intermediate formation of mono(ylide)s 217a,b by addition of the tautomeric P–H ylide form of precur-

sors 215a,b to the carbonyl group from HFA. Despite their high sensitivity to solvent evaporation, 

CDPs 216a,b are stable for hours in solution and allowed for their characterization by 
1
H, 

31
P and 

19
F 

NMR.  In line with the strong basic character of CDPs, the reactivity studies performed with 216a,b vs 

Brönsted acids (HCl, Py
.
2HF) and chlorine gas confirmed the double ylide nature of the central carbon 

thereby yielding compounds [216a,b-H][Cl] (HCl), 359a,b-361a,b (Py
.
2HF), and [216b-Cl][Cl] and 

[216-Cl2][Cl]2 (Cl2; see Scheme 187 in the Reactivity of double ylides towards organic compounds sec-

tion). 

In a later report, Shevchenko, Röschenthaler and co-workers used a similar approach to prepare the 

CDPs 218b,c from diphosphines 215b,c and the hexafluorothioacetone dimer (HFTA; Scheme 153).
304

 

Carbodiphosphorane 218b was fully characterized by EA, 
1
H, 

31
P and 

19
F NMR experiments. Interest-

ingly, 
31

P NMR monitoring of the reaction evolution allowed for the confirmation of the mechanistic 

proposal due to the identification of mono(ylide) 219b. 

Scheme 153. Oxidation reactions of bis[bis(dialkylamino)phosphinyl]methanes 215a,b and 

bis[bis(diphenyl)phosphinyl]methane 215c with hexafluoroacetone (HFA) and hexafluorothioace-

tone (HFTA). 
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The structure of 218b was definitively confirmed by XRD analysis of monocrystals. Most remarkable 

insights for the structure of 218b in the solid state are as follow: i) the P–C–P bond angle is considera-

bly bent as illustrated by the measured angle of 139.5°; ii) the phosphorus atoms have a pseudo-

tetrahedral environment having a P–C bond distance of 1.6257Å; and iii) the molecule displays a low 

symmetry with distinct CF3 and ethyl groups, whereas these groups become equivalent in solution as 

indicated by multinuclear NMR due to its fluxional behavior. 
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Similar CDPs 216c and 218c were prepared by oxidation reactions of bis(diphenylphosphine)methane 

with HFA and HFTA, respectively.
305

 216c was cleanly formed in benzene, but its high instability pre-

cluded the isolation in solid state. Nevertheless, carbodiphosphorane 216c is stable in solution for hours 

and was characterized by 
1
H, 

31
P and 

19
F NMR experiments. On the contrary, mixing although CDP 

218c can be formed at –70°C, it rapidly decomposes at –40°C, thus preventing its isolation and full 

characterization. 

Scheme 154. Synthetic scheme of cyclic CDPs 223a,b cis,trans and their interrupted Wittig reac-

tions towards hexafluoroacetone (HFA). 

 

The same year, while working in an elegant approach to reach the seemingly accessible cyclic CDPs 

223a,b, Shevchenko et al. reported on the synthesis of the oxaphosphetanes 224a,b, which are key in-

termediates of the Wittig olefination occurring between 223a,b and the hexafluoroacetone (Scheme 
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154).
306,307

 Interestingly, the ratio between the two isomers cis, trans oxaphosphetanes 224a,b can be 

impacted by the appropriate choice of the reaction solvent (ratio ca 1:1 in Et2O vs cis/trans ratio of 1:9 

in dichloromethane). Oxaphosphetanes 224a-trans and 224b-trans were fully characterized by multinu-

clear NMR and EA, and the atom connectivity of 224b-trans was definitively confirmed by X-ray dif-

fraction analysis of single crystals. In spite of the inability of isolating the cyclic CDPs 223a,b, their in 

situ formation was ascertained by NMR identification and their evolution into bicyclic oxaphosphetanes 

224a,b. 

With exception of Schmidbaur’s work (compounds 137 and 138
.
LiBr,

270
 155-157,

277,280
 and 161),

283
 and 

despite the knowledge accumulated in the construction of linear CDPs since the pioneering work of 

Ramirez in 1961, efficient routes of access to cyclic analogs remained scarcely studied until the work of 

Baceiredo and Kato (Scheme 155).
308

 In 2006, they reported on the synthesis of cyclic CDPs 228a,b 

starting from bis(diisopropylamino)phosphino diazomethane 225 and bis(dialkylamino)phosphenium 

salts 226a,b. Deprotonation of the isolated intermediate salts [228a,b-H][OTf] with stoichiometric 

amount of sodium hexamethyldisilazide in THF at –80°C, and slow warming up to room temperature 

afforded the corresponding cyclic CDPs 228a,b in high yields (86% and 76%, respectively). Both com-

pounds were isolated as crystalline material and were remarkably stable. The identity of cyclic hetero-

cycles 228a,b was confirmed by 
1
H, 

31
P and 

13
C NMR. Interestingly, 

13
C NMR analysis of 228a,b dis-

played significantly downfield shifted signals and remarkably small 
1
JP,C for the central carbon appear-

ing at 21.5 ppm (dd, 
1
JP,C = 10.6 and 25.6 Hz; 228a) and 15.3 ppm (d, 

1
JP,C = 12.1; 228b). 

Scheme 155. Synthesis of cyclic CDPs 228a,b carried out by Kato and Baceiredo. 
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In addition to the confirmation of the atom connectivity in 228b, the XRD analysis revealed the planari-

ty of the central 5-member ring, along with its remarkably small P–C–P angle of 104.8° having the two 

P–C bond distances of 1.64 and 1.66Å (in accord with the existence of a P=C=P central core). 

In spite of the high stability of 228b in both solid state and in solution, when heated at 80°C in C6H6 for 

60 h 228b rearranged into the 1,2λ
5
-azaphosphete 229b and allowed for its isolation as white crystals in 

76% yield (Scheme 156).
309

 The observed regioselectivity in 229b, in which the imine is now directly 

bonded to the P(N
i
Pr2)2 fragment (atom connectivity confirmed by NMR and XRD techniques), argued 

in favor of a [3+2] retrocycloaddition pathway to reach the acyclic diphosphinocarbene 230b and free 

benzonitrile, that can further react with each other through a [2+2] cycloaddition to furnish the four-

membered heterocycle 229b. Altogether, the authors proved very convincingly the intermediacy of the 
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acyclic diphosphinocarbene 230b in the thermal interconversion of the cyclic CDP 228b into heterocy-

cle 229b, a previously unknown reactivity pattern for this class of compounds. 

Scheme 156. Thermal interconversion of the cyclic CDP 228b to 1,2λ
5
-azaphosphete 229b, and the 

trapping of the key intermediate, diphosphinocarbene 230b. 

 

Recently, Weigand reported the 2e
-
 reduction of the cyclotri(phosphonio)methanide [234][OTf]2 that 

resulted in the synthesis of the acyclic CDP 235 in 81% yield via ring opening process.
310

 CDP 235 was 

fully characterized by common techniques (Raman, IR, EA and multinuclear NMR). In particular, the 

diagnostic central carbon of the P=C=P core was significantly downfield shifted [vs δppm = 12.5 and 
1
JCP 
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= 127.2 Hz for the known carbodiphosphorane Ph3P=C=PPh3 (130) in 
13

C NMR and was found at 18.1 

ppm (ddd, 
1
JCP = 135.7 Hz, 

1
JCP = 134.4 Hz and 

4
JCP = 16.3 Hz]. The significant shift observed in 

13
C 

NMR for the central carbon atom was attributed by the authors to the donor-acceptor interaction of one 

lone pair of electrons and the σ*(P–C) orbital. The structure of 235 was definitively confirmed by X-ray 

diffraction of single crystals. In addition, the P–C–P angle of 140.74(8)° is remarkably large in compari-

son with its analogous compound Ph3P=C=PPh3 [130; angle of 131.7(3)°], and the short P–C bonds [dC−

P = 1.636(1) Å and dC−P = 1.642(2) Å] are fully consistent with a double bond character across the P–C–

P core. 

Scheme 157. Weigand’s synthesis of CDP 235 through a 2e
–
 reduction of cyclot-

ri(phosphonio)methanide [234][OTf]2. 
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A particular contribution to the synthesis of CDP derivatives was made by Peringer and co-workers in 

2007.
311

 Indeed, they reported on the template synthesis of the unprecedented CDP-Pd complex 

[238][Cl], which bears two additional phosphine sidearms allowing for the isolation of a palladium 

P,C,P-pincer complex (Scheme 158). Complex [238][Cl] is obtained from a reaction mixture containing 

Pd(II) chloride, bis(diphenylphosphino)methane (dppm) and carbon disulfide in 1:4:8 ratio giving rise to 

the pincer complex in more than 60% yield. [238][Cl] was characterized by 
31

P NMR, and elemental 

analysis. First indication on the bis(ylidic) nature of the ligand in [238][Cl] was provided by its reaction 

with HCl that resulted in the selective protonation at the central C-atom. 

Scheme 158. Synthesis of the palladium P,C,P-pincer complex [238][Cl] bearing a carbodiphos-

phorane framework. 
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In 2007, Baceiredo and colleagues carried out the synthesis and in situ NMR characterization of the first 

persistent mixed P,S
II
-bis(ylide) 241a.

312
 Their strategy relied on the deprotonation of the corresponding 

conjugated acid [241a-H][OTf] that already contains the desired P–C–S skeleton (Scheme 159). Basic 

treatment with KHMDS in C6D6 allowed for the quantitative deprotonation and formation of CDP 241a. 

Due to its high reactivity, 241a was characterized in situ by multinuclear NMR (
31

P NMR: δppm = 44.0; 

13
C NMR: δppm = 36.0, doublet, 

1
JP,C = 86.4 Hz). Confirmation of the identity of 241a was provided by 

its chemical reactivity vs methyl iodide leading to the isolation and full characterization (including XRD 

analysis) of the C-methylated salt [241a-Me][I]. 

Scheme 159. Synthesis of mixed P,S
II

- and P,Si
II

-bis(ylide)s 241a,b and 243a-c, respectively. Condi-

tions: i) stirring a mixture of [241a-H][OTf] and KHMDS in C6D6 at 0°C; ii) mixing [241b-

H][OTf] and KHMDS in THF at –50°C and subsequent warming up to room temperature; iii) 

stirring overnight a mixture of 242c and bis(ylide) 241b in THF at room temperature; and iv) stir-

ring overnight a mixture of 242d,e and bis(ylide) 241b in toluene at room temperature. 
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The same approach was later carried out by Kato and Baceiredo to achieve the synthesis of the mixed 

P,S
II
-bis(ylide) 241b (in good isolated yield 72%) via basic treatment of intermediate [241b-H][OTf].

313
 

Bis(ylide) 241b was characterized by multinuclear NMR (
31

P NMR: δppm = 39.6; 
13

C NMR: δppm = 16.6, 

doublet, 
1
JP,C = 22.0 Hz) as well as by X-ray diffraction analysis of single crystals. Main features on the 

structure of 241b are: i) the P–C–S angle of 109.8° was found to be considerably smaller than the P–C–

S angle in salt [241b-H][OTf] (116.6°). This observation is in contrast with the general trend observed 

in CDPs, in which the P–C–P angle increases upon deprotonation of the corresponding conjugated ac-

ids; ii) the remarkably short P–C–S angle of 109.8° is close to the P–C–P angle of 105° found in the 

cyclic carbodiphosphorane 228b; and iii) the P–C bond distance in 241b (1.667 Å) slightly decreases 

upon deprotonation (dP-C = 1.690 Å for 241b-H).  NBO calculations were carried out and suggested that 

the strongly bent structure found in bis(ylide) 241b may be attributed to the stabilization of the two lone 

pairs located at the central carbon through interactions with σ*(S–C), σ*(P–C) and σ*(P–N) orbitals. 

Even more interesting, bis(ylide) 241b proved to be an excellent precursor to obtain the challenging 

P,Si
II
-bis(ylides) 243c-d via C=SPh2 to C=Si(Cl)(P–N) conversion through a likely cross-metathesis 

step with donor-stabilized silylenes 242c-d
314,315

 (Scheme 159).
316

 The 1-silavinylidene phosphoranes 

243c-e featuring the desired P=C=Si motif were isolated in good yields (62-71%). The P,Si
II
-bis(ylide)s 

243c-d were fully characterized by multinuclear (
1
H, 

31
P, 

29
Si, and 

13
C) NMR. The most significant 

NMR data obtained are: i) the significant high-field signals observed in 
29

Si NMR [δppm = –60.3 (dd, 

1
JSi,P = 162.5 and 

2
JSi,P = 59.1 Hz, 243c); δppm = –59.6 (dd, 

1
JSi,P = 82.0 and 

2
JSi,P = 57.1 Hz, 243d; and 

δppm = –64.7 (dd, 
1
JSi,P = 155.4 and 

2
JSi,P = 62.0 Hz, 243e)] in comparison with the silylene precursors 

242c-e, thereby suggesting strong σ-donation from the Si-fragment to the central carbon atom; and ii) 

the signals for the central carbon in 
13

C NMR resonating at δppm = 27.5 (dd, 
1
JC,P = 97.7 and 

2
JC,P = 51.5 
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Hz, 243c), 28.0 (dd, 
1
JC,P = 98.6 and 

2
JC,P = 59.3 Hz, 243d), and 25.6 (dd, 

1
JC,P = 103.0 and 

2
JC,P = 51.9 

Hz, 243e).  

The structures of the 1-silavinylidene phosphoranes 243c-e were definitively confirmed by X-ray dif-

fraction analysis of single crystals. Interestingly, the structure of the P,Si
II
-bis(ylide)s 243c-e are consid-

erably bent with P–C–Si angles ranging from 128.69(9)° in 243c to 140.07(3)° in 243d, having P–C 

bond distances (1.6226(4) – 1.6279(11) Å) fully consistent with a double P=C bond character. Remark-

ably, very short C–Si bond distances (1.683(1) – 1.6968(10) Å) were found in 243c-e, that are similar to 

the Si≡C bond distance (1.674 Å). This fact, along with the elongated Si–Cl bond distances observed in 

243c-e (2.121(1) – 2.1276(2) Å) vs the classical Si–Cl bond distances (2.06 Å) argued in favor of an 

important negative hyperconjugation of the nσ-lone pair orbital located at the central carbon across the 

σ*(Si–Cl) orbital.  

DFT calculations were carried out for the model compound 243d at the M06-2x/6-31G(d) level of theo-

ry. The NBO analysis have corroborated the strong electron density around the central carbon atom (two 

high lying lone pairs: HOMO and HOMO-1), attributed by the authors to the strong σ-donation of the 

silylene moiety. The HOMO corresponds to the out of plane lone pair orbital (nπC) displaying π-

delocalization to both Si and P atoms. The HOMO-1 corresponds to the in plane σ-lone pair orbital (nσC) 

which spreads to the Si-atom suggesting a π-interaction of the nσC and Si by negative hyperconjugation.  

This observation is in sharp contrast with other bis(ylide)s such as 241b, all of which have the nσC main-

ly located at the central carbon atom. Experimental electron density distribution analysis was performed 

on the P,Si
II
-bis(ylide) 243d and the P,S

II
-bis(ylide) 241b revealing insightful information regarding 

their bonding situation. These measurements clearly provided a proof on the 3-center-2-electron interac-

tion for the pπ-lone pair with Si and P in a similar way to classical CDPs 241b. However, while this 
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analysis has revealed the presence of the σ-lone pair at the central carbon for 241b, in the case of 243d 

the σ-lone pair density is directional toward the adjacent Si-atom, thus illustrating the delocalization of 

nσC between C and Si. In addition, Kato and Baceiredo have attributed the observed strong π-back dona-

tion from the C-atom to Si to the high electron density around the C-atom resulting from the strong σ-

donating character of the Si-fragment, along with enhanced π-accepting properties of donor-stabilized 

silylenes vs phosphines. 

The electron density at the central carbon on the P=C=Si fragment of P,Si
II
-bis(ylide)s 243c-e was ex-

perimentally proved by the reactivity of 243c towards methyl iodide to form the C-methylated salt 

[243c-Me][I] as a mixture of two diastereoisomers. 

The first bis(ylide) exclusively stabilized by S
IV

 moieties (248, Scheme 160) was synthesized and fully 

characterized by Yoshimura in 2002.
317-319

 A multistep, low yield, synthesis of the acidic precursor 

[148][ClO4] was devised. The subsequent deprotonation was accomplished nearly quantitatively to yield 

the targeted carbobis(iminosulfane) 248, exclusively stabilized by S
IV

-based fragments. [248-H][ClO4] 

and 248 were characterized by IR, EA, 
1
H and 

13
C NMR experiments and XRD analysis of single crys-

tals. The S–C–S angle in 248 and [248-H][ClO4] are quite similar (116.8(2)° and 118.0(1)°, respective-

ly). However, the dS(IV)-C of 1.635(4) and 1.632(2) Å in 248 are shorter than the ones found in precursor 

[248-H][ClO4] (1.695(2) and 1.691(2) Å), whereas the measured dS(II)-N of 1.553(10) and 1.550(8) Å in 

248 are longer than those observed in [248-H][ClO4] (1.526(2) and 1.531 Å). All these crystallographic 

data pointed to the double ylidic character along the S–C–S core, with the presence of two lone pair (nσC 

+ nπC) located at the central carbon that are delocalized by orbital interactions with the σ*(S–C) and 

σ*(S–C) orbitals. Natural population analysis (NPA) and natural bond orbital (NBO) analyses were car-

ried out for the analogous bis(ylide) (MeN=)Me2S=C=SMe2(=NMe) (248’) at the B3LYP/6-
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311+G(2d,p) level of theory, and showed that the canonical structure B (Scheme 160) displays the best 

Lewis representation for 248 (see Electronic structure of double ylides section for further details). 

Scheme 160. Route of access to the carbobis(iminosulfane) (MeN=)Ph2S=C=SPh2(=NMe) (248) 

carried out by Yoshimura. 

 

More recently, Fujii’s group used a similar strategy to access the bis(ylide)s 251a,b.
320

  One-pot depro-

tonation of precursors [249a,b][BF4] in presence of the fluorinated iminosulfonium electrophilic salt 

[250][BF4] takes place to reach precursors [251a,b-H][BF4] in moderate to good isolated yields (49-
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70%; Scheme 161). The near quantitative synthesis of carbodichalcogenures 251a,b (97% yields) was 

achieved by subsequent deprotonation of precursors [251a,b-H][BF4] with sodium amide. Carbodichal-

cogenures 251a,b are the first examples of a bis(ylide) exclusively stabilized by two different chalco-

gen-donating groups such as an iminosulfane and an E
II
-bearing moiety (with E

II
 being S

II
 or Se

II
), with 

251b representing the unique Se-stabilized bis(ylide) known to date. 251a,b were characterized by mul-

tinuclear (
1
H, 

13
C and 

77
Se) NMR in CD3CN and C6D6. The XRD analysis provided definitive proof on 

their structures and showed unexpectedly large dE(II)-C of 1.707 and 1.876 Å for 251a and 251b respec-

tively slightly longer than the measured dE(II)-C in precursors [251a-H][BF4] and [251b-H][OTf] (1.672 

and 1.846 Å), along with decreasing of the E
II
–C–S

IV
 angles (106.7° in 251a and 105.5° in 251b. The 

shortening in the dE(II)-C upon deprotonation is in contrast with the general tendencies in carbodiphos-

phoranes and carbobis(iminosulfane)s. This observations pointed to important electronic repulsions be-

tween the lone pair at the S
II
 or Se

II
 atom and the two lone pair (nσC + nπC) at the central carbon in car-

bodichalcogenures 251a,b that impose them to be in antiperiplanar disposition. 

Scheme 161. Synthesis of the E
II

,S
IV

-bis(ylide)s 251a,b, double protonation to afford [251b-

H2][OTF]2 and unexpected entry to bis(ylide) 252 reported by Fujii (a: E = S
II

; b: E = Se
II

). 

 

Cyclic voltammetry was carried out for carbodichalcogenures 251a,b and carbobis(iminosulfane) 248 

proved their irreversible oxidation at –0.73, –0.92 and –0.45 V (vs Fc/Fc
+
), respectively. These experi-
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mental values are translated to their estimated HOMO energy levels of –4.07, –3.88 and –4.36 eV, re-

spectively and clearly illustrates the decreasing order of electron donor capacity as follow: 251b > 251a 

> 248.   

Treatment of carbodichalcogenure 251b with TfOH quantitatively afforded the double protonated dica-

tion [251b-H2][OTf]2, which provides unequivocal proof for the existence of the two lone pairs at the 

central C-atom. 

While exploring the reactivity of the salt [251a-H][BF4] towards TfOH, Fujii and colleagues discovered 

an unexpected deamination reaction to form the previously inaccessible [Ph2S
II
-CH2-S

II
Ph2]

2+
 motif 

[252-H2][OTf]2 that represented an excellent entry to bis(ylide) 252, the first stabilized by two S
II
-

donating groups (Scheme 161).
321

 Carbodisulfane 252 is an air, moisture and thermally sensitive com-

pound and was therefore only characterized by 
1
H and 

13
C NMR [with the bis(ylidic) C-atom resonating 

at δppm = 41.8 (S
II
CS

II
) in THF-d8 vs δppm = 39.5 (S

IV
CS

IV
) and 35.3 (S

II
CS

IV
) for 248 and 251a in THF-

d8, respectively]. However, it was used as ligand toward Au(I) precursor (see the Coordination chemis-

try of double ylides section for further details). 

The low stability of 252 was attributed by the authors to the limited π-acceptor character of the SPh2 

groups as a consequence of the lone pair at the S
II
-atoms. NBO analyses revealed the presence of two 

lone pairs at the central carbon for the HOMO (nσC, –8.49 eV) and HOMO-1 (nπC; –5.02 eV) arguing in 

favor of a strong donor capacity of 252. The second order perturbation analysis confirmed that almost 

no backbonding from the nσC to the σ*(S
II
–CPh) is present in 252 and proved the increase in electron 

density at the central C-atom upon the S
IV

-to-S
II
 substitution in carbodisulfanes resulting in its low sta-

bility. 
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The group of Fujii targeted the isolation of mixed P,S
IV

-bis(ylide)s 255a-c by increasing the C–S bond 

strength through the favoring of the n-σ* interactions compared to the corresponding P,S
II
-

derivatives.
322

 Thus, bis(ylide)s 255a-c were prepared in a two-step procedure from the corresponding 

[MePAr3][X] salts 254a-c (with X being Br
–
 or BF4

–
) and the fluorinated iminosulfonium salt 

[250][BF4] via multiple deprotonations (Scheme 162). Interestingly, whereas bis(ylide) 255a decom-

poses at room temperature in presence of air to give Ph3P(=O) after a day, 255c is more robust (thermal-

ly, air and moisture stable compound for at least three months), and represents the first stable P,S
IV

-

bis(ylide). The remarkably high stability shown by 255c brings new life to the chemistry of bis(ylide)s, 

and may create new research opportunities in related fields such as catalysis development. The isolated 

bis(ylide)s 255a-c were fully characterized by 
1
H, 

31
P and 

13
C NMR experiments, including the signals 

attributed to the bis(ylidic) C-atom in 
13

C NMR resonating at δppm = 23.1 (d, 
1
JC,P = 61.6 Hz, 255a), 23.0 

(d, 
1
JC,P = 57.9 Hz, 255b) and 23.6 (d, 

1
JC,P = 61.9 Hz, 255c). In addition, a comparative study of the 

electron donating ability of these mixed P,S
IV

-bis(ylide)s 255a-c was performed by cyclic voltammetry 

measurements. 255a-c exhibit irreversible oxidation processes with experimentally determined onset 

oxidation potentials (E
onset

ox) of –0.84 (255a), –0.97 (255b) and –1.04 V (255c) (vs Fc/Fc
+
) clearly 

demonstrated the decreasing energy of the HOMOs on the series 255c > 255b > 255a, and the 

E
onset

ox.values of 255b,c are more negative than the ones found for bis(ylide)s 248 (–0.45 V), 251a (–

0.73 V) and 251b (–0.92 V). As illustrated in Scheme 162, the identity of 255c was further investigated 

by chemical reactivity towards methyl iodide and trifluoromethanesulfonic acid (TfOH). Thus, 255c 

reacts with methyl iodide to afford the expected C-methylated salt [255c-Me][I] in nearly quantitative 

yield, and further evolves upon acid treatment to give the vinylphosphonium salt [256][OTf] in 92% 

global yield. Proof of concept for the four-electron donation capacity of bis(ylide)s 255a,c was provided 
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upon coordination to [AuCl(PPh3)] (further details are shown in the Coordination chemistry of double 

ylides to metallic species section). 

The structure of 255c was additionally characterized by EA and definitively confirmed by X-ray diffrac-

tion analysis of single crystals. The measured dP-C of 1.663 Å in 255c is longer than the dP-C of 1.635 Å 

found in hexaphenylcarbodiphosphorane (130),
264

 but close to the dP-C of 1.667 Å reported for the 

mixed P,S
II
-bis(ylide) 241b.

312
 Of special interest was the dS(IV)-C of 1.602 Å found in 255c, being the 

shortest S–C bond distance known in any bis(ylide).  In addition, the P–C–S
IV

 angle of 125.6° in 255c is 

included in between the P–C–P angles observed in acyclic CDPs (from 130.1° to 180°) and the P–C–S
IV

 

angle of 116.8° determined for carbobis(iminosulfane) 248. All these crystallographic data points to the 

efficient stabilization of the electron pair (nσC + nπC) by negative hyperconjugation with the σ*(S–CPh) 

orbitals (n-σ* interaction). 

Scheme 162. Isolation of the mixte P,S
IV

-bis(ylide)s 255a-c and their chemical behavior towards 

methyl iodide, trifluoromethanesulfonic acid and moisture. 
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In 2018, Maerten and Baceiredo have accomplished the two-step synthesis of the mixed P,S
IV

-bis(ylide) 

258 starting from chlorophosphonium salt [240b][Cl] and the methyldiphenylsulfoxonium salt 

[257][OTf].
323

 The ylide [258-H][OTf] was prepared by addition of LDA (2 equiv.) to a mixture of salts 

[240b][Cl] and [257][OTf] and subsequently transformed to bis(ylide) 258 upon deprotonation. After 

isolation (76%), 258 was fully characterized by HRMS analysis and multinuclear NMR experiments. 

Interestingly, the bis(ylidic) C-atom was clearly identified in 
13

C NMR resonating as a doublet signal at 

a very diagnostic upfield chemical shift (δppm = 31.2, d, 
1
JC,P = 84.9 Hz). 

Single-crystals of 258 were grown and the XRD analysis confirmed its atom connectivity. Remarkably, 

the value of 1.5929(14) Å measured for the dS(IV)-C in 258 represents the shorted S–C bond distance re-

ported to date in the family of bis(ylides) (typically ranging from 1.602 to 1.713 Å). In addition, the 

S
IV

–O and the S
IV

–CPh bond distances are slightly increased vs those found in [258-H][OTf] while the 

P–C–S angle remained almost constant {120.74(8)° in 258 vs 120.98(9)° in [258-H][OTf]}. All these 

crystallographic features clearly indicate the delocalization of the two lone pair at the C-atom across the 

sulfoxide moiety. 

Scheme 163. Synthesis of the mixed P,S
IV

-bis(ylide) 258 and its nucleophilic reactivity towards 

methyl iodide. 
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The reactivity of bis(ylide) 258 towards methyl iodide and transition metals was explored and confirmed 

the strong nucleophilicity of the central carbon. Evaluation of the electron-donating ability of the mixed 

P,S
IV

-bis(ylide) 258 toward transition metals was carried out by coordination to the [AuCl(SMe2)] pre-

cursor (proof for the four electron donor capacity), as well as by preparing the complex 

[(258)RhCl(CO)2]. The average CO-stretching frequency of 2016 cm
-1

 measured in complex 

[(258)RhCl(CO)2] was compared to NHCs (2060-2036 cm
-1

), parent bent-allenes and carbodicarbenes 

(2018-2014 cm
-1

) and the cyclic CDP 228b (2001 cm
-1

).
308

 This comparative study proved bis(ylide) 

258 to be higher electron-donating ligand than NHCs, albeit weaker than cyclic carbodiphosphorane 

228b (the coordination chemistry of 258 to Au and Rh precursors will be deeply disseminated in the 

Coordination chemistry of double ylides to metallic species section).  

In 2009, Fürstner prepared a family of phosphacumulenes of the type Ph3P=C=CR2 (260, 262a,b and 

264a,b) to evaluate their chemical behavior and four-electron donor capacity towards [AuCl(SMe2)] and 

GaCl3 Lewis acids (Scheme 164).
324-329

 Compound 260 was obtained in a two-step procedure from PPh3 
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and 9-bromomethylene-9H-fluorene (259). It was found to be highly instable and was characterized by 

low-temperature 
1
H, 

31
P and 

13
C NMR experiments. As reported by Bestmann,

325
 262b can be synthe-

sized in 85% yield from a one–pot reaction between Ph3P=CH2 and 261b, whereas the isolation of 264b 

requires the synthesis of intermediate [264b-H][BF4] and subsequent deprotonation with NaNH2/NH3.  

A similar synthetic scheme was described by Fürstner
324

 for the synthesis of phosphacumulene 264a 

starting from the analogous precursor (dimethylaminocarbonylmethylene)triphenylphosphorane 

(263a).
329

 Phosphacumulenes 262b, 264a and 264b were characterized by multinuclear NMR, accom-

panied by IR and HRMS analysis in the case of 264a. More interesting was the observed reactivity to-

wards the [AuCl(SMe2)] precursor, providing a clear picture of the donation ability of the above-

mentioned phosphacumulenes. Interestingly, it was shown that ligands 260, 262a,b and 264a are able to 

coordinate to one Au(I)-center, whereas phosphallene 264b allowed to reach the geminal diaurated 

complex [264b-(AuCl)2] (the bonding of phosphacumulenes 260, 262a,b and 264a to Lewis metals will 

be discussed below in the Coordination chemistry of double ylides to metallic species section). The 

geminal diaurated complex [264b-(AuCl)2] was characterized by multinuclear NMR, IR, EA and its 

identity was unequivocally proved by XRD analysis of single crystals. The isolation and full characteri-

zation of this geminal diaurated species [264b-(AuCl)2] illustrates the excellent coordination capacity of 

264b, and represents a definitive proof on the presence of two lone pair (nσC + nπC) at the bis(ylide) C-

atom. Bisylure 264b was alternatively described as a C
0
-coordination complex stabilized by the tri-

phenylphosphine and the dialcoxycarbene ligands, thereby having two lone pair located at the C
0
-center 

(i.e. carbone compounds; the particular bonding situation of this class of compounds is disseminated in 

the Electronic structure of double ylides section). 
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Scheme 164. Syntheses of heterocumulenes 260, 262a,b and 264a,b and formation of the geminal 

diaurated compound [264b-(AuCl)2]. Proof of concept for the four-electron donation in phos-

phaallenes. 
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In 1985, Schmidbaur and Nusstein carried out the synthesis of the unique, very sensitive carbodiarsane 

MePh2As=C=AsPh2Me (265; Scheme 165).
330

 In analogy with its analogue carbodiphosphorane 

MePh2P=C=PPh2Me (154; see Scheme 140), the carbodiarsane 265 was prepared in 32% global yield 

following a two-step procedure involving the double quaternization of bis(diphenylarsino)methane with 

methyl fluorosulfate, and its subsequent deprotonation with NaNH2 in liquid ammonia. 

Scheme 165. Synthesis of MePh2As=C=AsPh2Me (265) and its protonolysis to yield salt [265-

H][Cl]. 

 

 

4.2. Electronic strucutre of carbodiphosphoranes and other related heteroatom-stabilized 

bis(ylide)s. 

The electronic structure of carbodiphosphoranes CDPs R3P=C=PR3 was the subject of early interest 

after their synthesis. This discussion was fed by the contemporary considerations on the electronic struc-

ture of phosphorus ylides.
331

 A model that could explain altogether the short P-C bond length, the long 
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P-R bond lengths as well as the nucleophilic reactivity at carbon was to be established. In the case of 

carbodiphosphoranes, the values of the P-C-P angle was an additional point to discuss, with linear P-C-

P bond angle being reminiscent of allenic structure (Scheme 1, left), and acute one of a zwitterionic 

structure (Scheme 1, middle). It was however recognized quite early that the bending potential surface 

of carbodiphosphoranes might be quite flat at least in the case of hexaphenylcarbodiphosphorane, 3, 

since a variety of bond angles were measured in different crystalline forms,
262,264

 one of them featuring 

even two very different bond angles in a same unit cell.
263

 Coming back to the seminal question of the 

electronic structure of ylides: a) the exclusion of the possibility of a C=P double bond via p-d overlap; 

b) the presence of a strong negative charge at C (stabilized by π-accepting substituents) responsible for 

its reactivity and coordinative properties; c) the possibility of negative hyperconjugation in the adjacent 

P-R σ* orbitals, were progressively established and pledged for the predominance of a zwitterionic 

structure.
332

 A more unconventional description of ylides was also proposed, in agreement with the syn-

thesis by addition of a phosphine to a carbene in the 1960’s.
333

 According to this description, phospho-

rus ylides can be envisaged as phosphine-stabilized carbenes, and this description of the P-C bond as a 

dative interaction between a phosphorus and a carbon was extended to carbodiphosphorane
334,335

 

(Scheme 166, right).  

Scheme 166. Mesomeric forms used for the description of the binding situation in carbodiphos-

phoranes.  
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In fact, this last description corresponds to a methodology that was widely used in theoretical chemistry 

in the 1970’s for the building of molecular orbitals; made via fragment orbitals interaction diagram. In 

this frame, the molecular orbitals of ylides and carbodiphosphoranes were initially built through step-

wise combination of the well-known PH3 fragment orbitals with those of a non-hybridized, neutral car-

bon bearing 4 electrons (Scheme 167).
336

 Note that in this description, the bond between phosphorus 

and carbon is considered as covalent, in the same way as interacting two CH3 fragments leads to the 

building of C2H6 with a covalent C-C bond. 

Scheme 167. Building of the molecular orbitals of model compound H3PCPH3 (266) by successive 

interactions between fragment orbitals, on the basis of a linear geometry. 

 

In this model, the presence of two lone pairs at carbon was illustrated by the important coefficients at 

carbon in the two degenerate highest occupied molecular orbitals. The influence of substituents at car-

bon on bending was discussed in the light of the energy level of π donor and π* acceptor orbitals of the 

substituent at C –σπ and σ*π orbitals in the case of carbodiphosphoranes, which refers to negative hyper-

conjugation. Linear structures are predicted to be observed with strong π-accepting substituent, con-
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sistent with the increase of the double bond character of the carbon-substituent interaction, going toward 

an allenic structure. In this model, carbodiphosphoranes should be bent, σ*π orbitals being poor accep-

tors. The author highlight the small energetic cost of the bending of the PCP bond angle to explain the 

large P-C-P bond measured in the solid state.  

A different approach was proposed by Glidewell who considered second-order Jahn-Teller effect to be 

central to the determination of the bond angle in hexasubstituted triatomic structures.
337

 According to 

this model, the difference in bonding energies of the valence electrons of the three atoms is determining 

the equilibrium geometry of the molecule and the amplitude of its bending vibration. This difference in 

bonding energies is conditioning the amplitude of the gap between the frontier orbitals of the triatomic, 

eight valence-electrons system in its linear conformation, i.e. two degenerated and occupied πu orbitals 

and one empty σg orbital (Scheme 168). Note that the two occupied πu orbitals correspond to two lone 

pairs at the central atom. A small gap is expected if the central atom has a higher bonding energy than 

the terminal ones (for example, if it is more electronegative than the two others); a large gap is expected 

in the opposite situation. According to second-order Jahn-Teller effect, if this gap is small, then an effi-

cient overlap between σ orbitals of the terminal atoms and p orbitals of the central atom is created upon 

bending, and the bent conformation is more stable; if this gap is large, then the linear structure is pre-

ferred with a weak amplitude for the bending vibration. If the three atoms have similar bonding ener-

gies, then large amplitude bending vibration occurs and the structure is very fluxional. Carbodiphospho-

ranes belongs to this last category, binding energies of P(3p) and C(2p) being comparable.  
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Scheme 168: Generic electronic configuration for a linear triatomic structure (left) and effect of a 

small energy gap on the equilibrium geometry. 

 

This discussion of the equilibrium geometry in terms of correlation diagram was recently completed in a 

study highlighting the balance between stabilization of the bent geometry through improved overlap 

between σP and pC (or  πu with the previous notation) and destabilization of the adjacent filled P-R σπ 

orbital of the phosphorus substituents by interaction with this same filled pC orbital.
265

 These competing 

interactions result in a very shallow bending potential for hexaphenylcarbodiphophorane 130, which 

appears to be even more shallow than this of the isoelectronic Ph3SiOSiPh3 and Ph3PNPPh3
+
.  

The description of the electronic structure of carbodiphosphoranes was brought up to date in 2006 by 

Frenking with a first paper using Natural Bond Orbital (NBO) analysis to describe the electronic struc-

ture of hexamethylcarbodiphosphorane 135.
338,339

 Two lone pairs at carbon were found, as well as two 

P-C σ-bonding orbitals, which were interpreted as a donor-acceptor interaction between the phosphorus 

lone-pairs (which were not otherwise described amongst the natural orbitals) and the carbon atom, its 

two lone pairs being interpreted as its four valence electrons. This was the ground of the renewal of the 

“divalent Carbon (0)” denomination for the description of the electronic configuration of carbon in car-
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bodiphosphoranes and related molecules. The central carbon was found to retain an important negative 

charge even through successive protonations (from -1.43 e in the neutral molecule to -1.07 e in the dica-

tionic, doubly protonated one). Proton affinities and bond dissociation energies between variously sub-

stituted carbodiphosphoranes and a set of Lewis acids were also calculated, showing a strong first pro-

tonation affinity comparable to this of N-heterocyclic carbenes and predicting the double coordination 

of BH3, BCl3 and AlCl3 to H3PCPH3 (266) and Me3PCPMe3 (135), but only BH3 would make a double 

adduct with Ph3PCPPh3.  

Considering the similarities between phosphine and N-heterocyclic carbenes in coordination chemistry, 

this study was extended to molecules where the Ph3P moiety of hexaphenylcarbodiphosphorane has 

been replaced by proton (267) or methyl (268) substituted N-heterocyclic carbene (Scheme 169) to form 

a “carbodicarbene”.
340

 Here again, the bending potential was found to be very shallow, with little energy 

changes upon bending of the C-C-C angle and twisting the NHCs plane. Both HOMO and HOMO-1 

featured a strong coefficient at the central carbon with σ and π symmetry respectively, in agreement 

with the presence of two lone pairs at carbon. A delocalization of the π lone pair toward the two vacant 

C-centered orbitals of the adjacent carbene fragments is also seen in HOMO-1, as reflected by the al-

lenic structure in Scheme 169, and making this molecule a relative to electron-rich allenes, and more 

specifically to tetraaminoallenes (see below). First and second proton affinities were calculated. First 

proton affinity was found to be higher in carbodicarbenes CDCs than in carbodiphosphoranes CDPs. 

Second proton affinity is sensitive to the nature of substituents but is comparable and slightly lower to 

this of carbodiphosphoranes. Tetraaminoallene 269 was included in this study and was found to have 

similar properties, with a shallow bending potential and first and second proton affinities of intermediate 
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values. From the higher value of the first proton affinity of carbodicarbenes, they were predicted as be-

ing stronger nucleophiles than both carbodiphosphoranes and tetraaminoallenes. 

Scheme 169 : From phosphine to carbene for the building of novel yldiide and relation to electron-

rich allenes. 

 

Shortly after, the same group proposed another approach to this topic, using bond dissociation energies 

and energy decomposition analysis (EDA) in addition to NBO and AIM analysis to support the dative 

bonding scheme in carbodiphosphoranes and carbodicarbenes.
341

 Both NBO and AIM analysis support 

the presence of two lone pairs at carbon for carbodiphosphoranes. A more ambiguous situation was de-

picted by NBO analysis for carbodicarbenes, with strongly polarized C-C double bonds, the π bond be-

ing mostly developed on the central carbon. Charges at C were also found to be greater in the case of 

carbodiphosphorane compared to carbodicarbenes (-1.32 e to -1.43 e compared to -0.50). Bond dissocia-

tion energy of L-C bonds (L being a phosphine, a N-heterocyclic carbene and other related fragment 

relevant to carbon (0) molecules) were compared to this of L-BH3. L-C bond dissociation energy ap-

peared to be twice (L= phosphine) to three times (L= N-Heterocyclic Carbene) greater than for L-BH3 

ranging from 64.9 kcal/mol for PH3 (vs 22.7 kcal/mol for the BH3 adduct) to 99.7 kcal/mol for the me-
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thyl-substituted N-heterocyclic carbene (vs 54.7 kcal/mol for the BH3 adduct) at the SCS-MP2 level of 

theory. To study the carbon-phosphorus interaction through EDA, the C-P bonds are artificially broken 

to give three fragments (two R3P, one C) according to the following procedure. The geometry of each 

fragment is the same as in the final molecule; the electronic configuration of each fragment is at the ap-

preciation of the operator and is to be discussed in the light of the calculation results. Here the authors 

have chosen uncharged fragments obtained by heterolytic cleavage, i.e. attributing four valence elec-

trons to carbon and the two electrons of the P-C bond to the phosphine fragment. Within this frame they 

have restricted their study to closed-shell electronic configurations for all fragments. The molecule is 

then assembled in three steps, each step requiring a certain amount of energy. Schematically, the first 

energy Eelec correspond to the electrostatic interaction between the fragments. The second energy EPauli 

correspond to the anti-symmetrization and renormalization of the global wavefunction including all the 

electrons of all fragments, i.e. the interaction of electrons of all fragments prior to any overlap or charge 

transfer. The third one Eorb is the energy gained through orbital interaction and charge transfer. Bond 

dissociation energy is obtained by adding the energy required to bring each fragment from its ground 

state to the chosen electronic configuration. Comparing the results obtained with different electronic 

configurations of the fragments, the smallest value of Eorb is indicative of the most pertinent fragments 

configuration. The most pertinent description amongst the electronic configurations envisaged was 

found to be s
0
pσ2pπ

2
pπ

0
 for C in carbodiphosphoranes and carbodicarbenes with Eorb between -527.7 

kcal/mol and -600.3 kcal/mol, sustaining the dative bond scheme amongst these molecules. The authors 

however highlight that the orbital energy calculated for a “carbene-like” or divalent carbon (II) configu-

ration of the C fragment, i.e. a s
2
pσ2pπ

0
pπ

0
 configuration, was not much higher than this calculated for a 

carbon (0). They state that “It is important to realize that the two bonding models are qualitative descrip-
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tions which should not be confused with physical reality. The value of the distinction between the two 

bonding models and the classification of the two compounds in different categories lies in the explana-

tion of the chemical behavior and the predictions which can be made.” 

The Lewis base character of carbodiphosphoranes and carbodicarbenes was explored further in a fol-

lowing paper.
342

 Bond dissociation energies of carbodicarbenes-BH3 adducts were found to be higher 

than carbodiphosphoranes adducts (-61.4 kcal/mol for unsubstituted N-heterocyclic carbodicarbenes 267 

vs -34.8 kcal/mol for H3PCPH3 (266)). Addition of a second BH3 was found to be less energetic than the 

first one in the case of carbodicarbenes (28.4 kcal/mol for the less favorable one), and of similar magni-

tude in the case of carbodiphosphoranes. CO2 was found to be added once only, with relatively low 

bond dissociation energies (from 7.8 kcal/mol for the synthetically isolated hexaphenylcarbodiphospho-

rane-CO2 adduct to 17.3 kcal/mol for the methylated N-heterocyclic carbodicarbenes 268). EDA analy-

sis was also performed to investigate the dative interaction between the carbon(0) molecules and BH3 or 

CO2. Eorb was found to range from -93.6 kcal/mol for the model H3PCPH3 (266) to -131.7 kcal/mol for 

methylated N-heterocyclic carbodicarbenes (268), the trend being in agreement with bond dissociation 

energies. Adding a second BH3 molecules roughly double these values. Calculation were also made on 

carbodiphosphoranes and carbodicarbenes coordinated to pentacarbonyl tungsten, triscarbonyl and di-

carbonyl nickel. Bond dissociation energies were found to be similar to those of the BH3 adducts, the 

strongest interactions being found again for unsubstituted N-heterocyclic carbodicarbenes 267 (from 

55.8 kcal/mol in the case of W(CO)5 accepting fragment to 38.6 kcal/mol for Ni(CO)3). Interactions 

with Ni(CO)3 fragment were found to be weaker, and those with Ni(CO)2 of similar magnitude (50.2 

kcal/mol for the same ligand). This trend was observed for all substitution patterns at NHC and for 

H3PCPH3, but substituted carbodiphosphoranes showed higher dissociation energies with Ni(CO)2. In 
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any case, the bond dissociation energies with tetraaminoallene 269 as a ligand was found to be weaker 

of about half of this of carbodicarbenes, but followed the same trend. The weaker interactions in 

Ni(CO)3 compared to Ni(CO)2, correlated with longer C-Ni bond lengths, support the idea that carbodi-

phosphoranes and carbodicarbenes are four electron-donors, leading to a 18 electrons complex in the 

case of Ni(CO)2. In all cases, an important residual charge was found on carbon, ranging from -1.41 e to 

-1.55 e for carbodiphosphoranes and -0.53 to -0.64 for carbodicarbenes. Examination of Eorb divided 

into σ and π contribution revealed an exclusively σ orbital contribution to the bonding in the case of 16 

electrons fragments W(CO)5 and Ni(CO)3, whereas an additionnal strong π contribution was found for 

the 14 electrons fragment Ni(CO)2. Altogether, carbodicarbenes as well as carbodiphosphoranes are 

predicted to be reasonably good σ donor ligands, with the possibility of additional π donation through 

the second lone pair at carbon.  

If this dative description of the bonding situation in carbodiphosphorane and its extrapolation to other 

systems
343

 was subject to controversy amongst the chemists community,
339,344,345

 it has the merit to have 

brought back in the light the family of carbodiphosphoranes and other unconventional structures,
324, 

346,347
 and paved the way to the vivid field of carbodicarbenes

348
 which have found numerous original 

applications in not more than ten years (see below). 

4.3. Reactivity of double ylides towards organic compounds. 

As already mentioned in the previous section of this review, hexaphenylcarbodiphosphorane (130) was 

first isolated by the Ramirez’s group in 1961. However, its atom connectivity was not definitively estab-

lished until 1971 when Vincent and Wheatley reported its X-ray diffraction analysis. During this dec-

ade, amongst other techniques, indirect chemical methods were carried out in order to confirm the pro-
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posed structure for 130 based on its behaviour towards simple organic reagents such as Brönsted acids, 

alkyl (pseudo)halides, organic oxidants (Br2) and moisture (Scheme 170).
349-351 

Scheme 170. Reactivity of CDP 130 vs water, hydrochloric acid, bromine and organic electro-

philes.
 

 

Exposing 130 to moisture in diglyme allows for the releasing of benzene to afford the ylide Ph3P=CH-

P(=O)Ph2 (131).  The synthesis of ylide 131 was revisited in 2010 by Petz and Neumüller, and was fully 

characterized by multinuclear NMR, IR and XRD analysis of single crystals.
349,350

 

As might be expected, addition of equimolar amounts of a Brönsted acid to 130 gives the C-protonated 

salt [130-H][X] whereas an excess of HX leads to bis(phosphonium) salt [130-H2][X]2. Similar results 

are obtained when mixing 130 with organic electrophiles RX leading to the corresponding monoalkylat-

ed salts [270a-k][X] and [270m][X] in moderate to excellent yields (65-95%). 130 does also react quan-

titatively with TMS-OTf and [270l][OTf] was fully characterized by common techniques (EA, Raman, 

NMR, HR-MS). It is to be noted that the double alkylation of the bis(ylidic) C-atom of 130 was never 

achieved even when performing the C-methylation reaction in neat MeI. 
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Over the following decades to the discovery of hexaphenylcarbodiphosphorane (130), Bestmann and 

colleagues have dedicated important efforts to depict its utility in organic synthesis. In 1983,
261

 they 

reported the highly selective synthesis of cyclopropane 273 in 65% yield (Scheme 171). In the same 

article, the authors described the reaction of 130 and isothiocyanatoacetic acid ester (274) to isolate het-

erocycle 275 in 65% yield upon selective crystallization. 

Scheme 171. Reactivity studies of CDP 130 conducting to the isolation of cyclopropane 175 and 

heterocycle 177 reported by Bestmann and Oechsner. 

 

Appel and Veltmann used the strong nucleophilic and basic character 130 to generate derivatives of 

methylenephosphoranes 184a, 253a and 279 (Scheme 172).
352

 It is to be noted that (dichlorometh-

ylene)triphenylphosphorane (184a), is a typically short-lived intermediate whose synthesis was previ-

ously achieved in situ from triphenylphosphine and dichlorocarbene
353,354

 or carbon tetrachloride
355-357

 

but never isolated. Interestingly, the work of Appel and Veltmann brings an excellent entry to this or-

ganic synthon as they succeeded to isolate 184a in 55% yield by carefully choosing an apolar solvent 

(mixture chlorobenzene and toluene) to precipitate the respective salts [130-Cl][Cl] or [130-H][Cl] hap-

pened. 

Scheme 172. Synthesis of triphenylphosphoranes 184a, 279 and 253a starting from CDP 130. 



236 

 

 

 

 

In 1966,
358

 Matthews and co-workers published the adduct formation of 130 with carbon dioxide, car-

bon disulphide and carbonyl sulphide (Scheme 173) to yield the mesomeric phosphonium inner salts 

280, 281 and 282, respectively as highly insoluble species, thus precluding their complete characteriza-

tion by NMR or IR. Chemical reactivity tests starting from the isolated material were thereby revealed 

as crucial experiments in order to discern the structure of 280. The reaction with trifluoroacetic or 

fluoroboric acids produced salt [280-H][X] that undergoes fast decarboxylation reaction to yield [130-

H2][X]2. In contrast, addition of MeI to 280 yielded [280-Me][I].
358 

Scheme 173. Synthesis of mesomeric phosphonium inner salts 182, 183 and 184 and reactivity of 

182 towards MeI and Brönsted acids.  
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Warming the adduct 280 at 145°C in diglyme provided insightful information about its structure since 

Ph3P=O elimination takes place at this temperature achieving triphenylphosphoranylideneketene, 262a 

(Scheme 174).
359

 Full characterization of 262a was accomplished by IR, EA, NMR and XRD of single 

crystals. Interestingly the bond lengths across the phosphacumulene [Ph3P=C=C=O] are remarkably 

short and the P=C=C bond is unexpectedly bent (measured angle of 145.5°), whereas the C=C=O angle 

is almost linear (175.6°). Same procedure allows for the preparation of the mesomeric inner salts 281 

and 282 when using carbon disulphide and carbonyl sulphide instead carbon monoxide.
358

 

In a following article,
360

 the same group has demonstrated the richness and synthetic value of phospha-

cumulene 262a. Treatment with carbon disulphide gave the analogous triphenylphosphoranylidenethio-

ketene (283) which was presumably reached via formation of the four-membered cyclic intermediate 

284, and subsequent O=C=S gas extrusion (Scheme 174).
360

 Alternatively, the inner salt 281 undergoes 
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thermal cleavage to build the phosphacumulene Ph3P=C=C=S (283) by Ph3P=S elimination reac-

tion.
358,360

 On the one hand, the ylidic character of 262a was proved by its reaction with MeI that pro-

duces the salt [285][I] containing the C-methylated four-membered cation bearing the tri-

phenylphosphonium moiety. On the other hand, 262a undergoes Wittig reactions with a family of ke-

tones and aldehydes (286a-f) to generate the transient cumulenes 287a-f. These transient species further 

react with a second equivalent of 262a, and the four-membered rings 288a-f bearing an ylide function 

were thus isolated and fully characterized by NMR, EA and mass spectra. The authors noted that this 

reaction did not proceed when using unactivated ketones such as acetone or fluorenone. Of particular 

interest to argue in favor of the structures proposed for ylides 288a-f was the observed fragmentations in 

mass spectra that are consistently similar to the ones found in the cyclic ylides 290g,h formed from 

262a and ketenes 289g,h (see below in Scheme 174). 

Scheme 174. Synthesis of triphenylphosphoranylideneketene (185) and its synthetic value. 
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The structures of the mesomeric phosphonium inner salts 280 and 281 were not definitively confirmed 

until very recently,
361

 when Petz et al. revisited the synthesis of the inner salt 281, its DFT analysis and 

coordination chemistry towards Group 6 metals to afford complexes of the type 

{(CO)4M[S2CC(PPh3)2]} (M = Cr, Mo, W). They were characterized by X-ray diffraction analysis of 
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single crystals. Their most interesting features are: i) the remarkably short C–C bond distances of 

149.4(3) Å (280) and 146.9(6) Å (281), even shorter than a single C-C bond; and ii) the sp
2
 hybridation 

in both carbon atoms as indicated by the sum of angles of 360°.  

By analogy to the synthesis of the zwitterionic compounds 280-282,
358-360

 Ramirez reported the for-

mation of 292a,b and 295a-d by treatment of hexaphenylcarbodiphosphorane (130) with diarylcar-

bodiimides 291a,b or aryl isocyanates 294a-d in high very yields (85-99%, Scheme 175).
256

 These 

zwitterionic compounds were characterized by melting point, EA and IR and unless X-ray diffraction 

analysis for 292a.
362 

Scheme 175. Synthesis and reactivity of adducts 292a,b, 295a-d and 297a-c by treating hexaphenylcar-

bodiphosphorane (130) with diarylcarbodiimides 291a,b, aryl isocyanates 294a-d and aryl isothiocya-

nates 297a-c. 
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Pyrolysis of ethylene-1,1-bis(triphenylphosphonium)-2,2-bis(phenylamide) (292a) conducted to the 

formation of ethylene-l-(diphenylphosphino)-l-(triphenylphosphonium)-2-(diphenylamino)-2-

(phenylamide) (293a).
363

 The formation of 293a requires the phenyl ring migration from the initial PPh3 
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group to create a NPh2 function. According to the author’s proposal, this unprecedented Ph-ring migra-

tion takes place via cyclic intermediate XV through a nucleophilic aromatic substitution of the amide to 

the triphenylphosphonium group. 

The zwitterions 297a-c were synthesized by Mathews and co-workers in excellent yields, and proved to 

be prone to undergo thermal cleavage yielding the aryl-substituted phosphaketeneimines 

Ph3P=C=C=NAr 298a-c with concomitant elimination of Ph3P=S.
360,364

 Addition of methyl iodide to the 

freshly prepared keteneimines 298a-c allowed for the isolation of the salts [299a-c][I] in moderate 

yields, that gave similar NMR patterns to the 1,3-cyclobutanedione [285][I]. 

The ylide-type reactivity of CDP 130 was also demonstrated through its reactivity towards ketones and 

aromatic acid chlorides (Scheme 176). Matthews and co-workers reported in 1967 the isolation of the 

first stable oxaphosphetane 300 upon reaction with hexafluoroacetone,
365

 instead of the zwitterionic 

noncyclic structure of the type XVI, which was commonly accepted as an intermediate in the Wittig 

reaction, at the time. 

Scheme 176. Reactivity of hexaphenylcarbodiphosphorane (130) vs hexafluoroacetone and benzoyl 

chlorides 302a-c. 
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Oxaphosphetane 300 was isolated in good yield and its structure was elucidated by multinuclear NMR, 

X-ray crystallography,
365,366 

and by its associated reactivity. Interestingly, the involvement of the oxa-

phosphetane 300 in Wittig olefination was demonstrated by thermal treatment, leading to a non-

separable mixture of Ph3P=O and the triphenyl-2,2-bis(trifluoromethyl)vinylidenephosphorane (301). 

Scheme 177. Reactions of CDP 130 with salicylaldehyde and phthalic anhydride.  
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In 1977, Bestmann and Kloeters described a useful entry to (arylethynyl)triphenylphosphonium salts 

[304a-c][Cl], which are important building blocks, starting from 130 and benzoyl chlorides 302a-c 

(Scheme 179).
367

 The same authors also reported the reaction of 130 with salicylaldehyde under similar 

conditions to get the six-membered, P-containing heterocycle 305 (Scheme 177).
368,369

 One year later, 

they carried out the reaction between 130 and phthalic anhydride promoting the ring opening and yield-

ing the inner salt 306 in 80%. Subsequent transformations of 306 are reported.  

The very rich chemistry of hexaphenylcarbodiphosphorane (130) towards carbonyl compounds shown 

mainly by Mathews and Bestmann has stimulated the group of Soliman to investigate in depth the reac-

tivity of 130 with highly functionalized organic scaffolds. In 2008,
370

 they studied the feasibility of the 

Wittig reaction between 130 and the carbonyl derivatives 310-316 (Scheme 178). 
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Scheme 178. Experiments performed between 130 and carbonyl compounds 310-316 in toluene at 

room temperature (6 h). 

 

In the same article,
370

 Soliman reported the reactivity of 130 with biologically relevant niclosamide de-

rivatives 324a,b and 229a. They could obtain oxaphosphinines 326 and 327 in good yields upon an un-

precedented cyclization reaction (Scheme 179).  

Pyrolysis of 326 and 327 underwent Hoffmann degradations liberating Ph3P and producing the corre-

sponding phosphaheterocycles 328 and 330 in moderate yields. Compounds 326 and 327 were also sub-
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jected to Wittig reaction conditions with 4-nitroacetaldehyde to form the exocyclic olefins 329 and 331 

with identical yield (65%). 

Scheme 179. O-H bond activation of phenols mediated by 130 to build niclosamide-based oxa-

phosphinines 326 and 327, along with their reactivity upon pyrolysis and Wittig reaction condi-

tions. 
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The same group explored the synthetic value of CDP 130 in organic synthesis starting from other bio-

logically active heterocycles such as the 3-acetyl-4-hydroxy-2H-chromen-2-one (332) and 3-
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acetylchromenone 333 (Scheme 180), to form 334 and 335.
371

 In a later report,
372

 Soliman reacted the 

azidocoumarin 336 with 130 resulting in the [3+2] cycloaddition reaction to yield a mixture of tria-

zinone 337 and azetone 338 that were separated and isolated by SiO2-chromatography in 40% and 30% 

yield, respectively. By analogy to the observed reactivity of CDP 130 with the imine 316 bearing a NH 

functional group, Soliman’s group has reported the 1,2-addition of the O-H bond of monoximes 339a-d 

across the P=C bond of 130 rather than the Wittig reaction with the carbonyl moieties (Scheme 180).
372

 

This selective transformation forms ylides 340a-d isolated with 40-80% yields. Noticeably, ylides 340a-

d are remarkably stable and do not promote intramolecular cyclizations via Wittig reactions. 

Scheme 180. 1,2-addition of O-H bonds of monoximes 339a-d to CDP 130 and cyclization reactions 

of 130 with the functionalized chromenone scaffolds 332, 333 and 337. 
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In 2014, Soliman has shown similar reactivity patterns between CDP 130 and the carbonyl derivatives 

341, 342 and 345a,b (Scheme 181).
373-375

 130 was treated with anthracenedione 341 at room tempera-

ture to yield the stable oxaphosphetane 343 in 55% yield, whereas the addition of α-ketoimine 342 to 

130 efficiently afforded the [2+2]-cycloaddition reaction with the imine instead the carbonyl group.  

Reaction with indene-1,3-diones 345a,b favored a [4+2]-cycloaddition reaction that led to the pyran-

ring skeletons 346a,b. Interestingly, the anticancer activity of heterocycles 343, 344 and 347a, possess a 

stronger cytotoxicity than the reference drug Doxorubicin. Pursuing on their research program focusing 

on the synthesis of potentially bioactive P-containing heterocycles, Soliman and co-workers reported the 

formation of the spirocyclic ylides 349a-d and 351a,b from 348a-d and 350a,b (Scheme 181). 

Scheme 181 Treatment of 130 with carbonyl derivatives 341, 342, 345a,b, 348a-d and 350a,b. 
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The spirocyclic ylide 351b was evaluated against colon and liver types of cancer providing comparable 

IC50 values vs the ones given by the reference drug (Doxorubicin).  

Very recently, Alcarazo’s team studied the reactivity of the tetrakis(trifluoromethyl)cyclopentadienone 

(352) towards strong C-based Lewis bases such as the carbodiphosphorane 130, N-heterocyclic carbenes 

(NHCs) and isonitriles.
376

 Wilkinson has demonstrated in 1970 that cyclopentadienone 352 reacts with 

phosphines giving rise to the zwitterionic Lewis adducts of type XX (Scheme 182).
377

 This surprising 

transformation can be attributed to the significant contribution of the canonical representation 352B 

which is favored by the aromatization of the cyclopentadienyl ring and the simultaneous stabilization of 
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the negative charge by the presence of the CF3-substituents (Scheme 182).
377

 Later, Burk et al. revisited 

this chemistry and proved the intermediacy of compounds of the type XIX (kinetic product) that under-

went the phosphine-group migration upon thermal treatment to afford the thermodynamic zwitterion 

XX.
378

 The comparative studies carried out by Alcarazo and co-workers have demonstrated that using 

the more sterically hindered 130 allows for the clean and high yielding entry to the O-bridged Lewis 

adduct 353, whereas less bulkier (NHCs) nucleophiles conducted to the kinetic adducts through nucleo-

philic attack to the C-atom located in α–position to the carbonyl group. Zwitterion 353 was isolated in 

excellent 91% yield and appropriately characterized by multinuclear NMR, IR, HRMS and XRD analy-

sis of single crystals. 

Scheme 182. Adduct formation between CDP 130 and tetrakis(trifluoromethyl)cyclopentadienone 

(352). 
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As presented above for CDP 130, classical reactivity tests towards moisture, Brönsted acids and organic 

electrophiles were commonly selected as additional proof for the bis(ylide) nature of other CDPs. For 

instance, Schmidbaur carried out the synthesis of monophosphonium and diphosphonium salts [135-

H][X] and [135-H2][Cl]2 by selective addition of HCl to hexamethylcarbodiphosphorane (135).
266,267

  

Aqueous treatment initially produced Me3P=O and [Me4P][OH] that is converted into methane and 2 

equiv. of Me3P=O upon addition of a second equivalent of water (Scheme 183). The same group evi-

denced the clean hydrolysis of the symmetric CDP 154 to give ylide 356 and benzene,
266

 and proved the 

nucleophilic character of bis(ylide) 154 versus Cl-SiMe3, reaching the C-substituted salt [154-

SiMe3][Cl].
266 

Scheme 183. Reactivity of P-chloro and P-amino CDPs 135 and 154 towards organic electrophiles 

and moisture.  

 

Similar set of experiments were carried out by Appel and co-workers for the P-chloro and P-amino sub-

stituted carbodiphosphoranes XPh2P=C=PPh2X [with X being Cl (168)
287

 or NR2 (171a-d),
289

 and 
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Ph3P=C=PPh2X [with X being Cl (178)
291

 or NR2 (182a-e)].
293

 Addition of two equivalents of alcohols 

(methanol or ethanol) to bis(ylide) 168 produced the diphenylphosphinomethane dioxide derivative 

(dppmO; 169) and concomitant liberation of R’-Cl (see Scheme 184). The P-amino substituted 171a-d 

have shown clean transformations towards moisture and methyl iodide. As expected, C-methylated salt 

[171d-Me][I] was isolated in 80% yield by reaction of Ph2(
n
Bu2N)P=C=P(N

n
Bu2)Ph2 (171d) and MeI 

(excess). More surprising was the selectivity achieved for the hydrolysis of bis(ylides) 171a-d yielding 

ylides 172a-d through the removal of an amino group (HNR2). 

Scheme 184. Reactivity of P-chloro and P-amino CDPs 186 and 171a-d towards organic electro-

philes and moisture. 

 

Exposed to HCl, a toluene solution containing the analogous bis(ylide) Ph3P=C=PPh2Cl (178) quantita-

tively yielded the corresponding chloride salt [178-H][Cl] that efficiently underwent PMe3 chlorination 
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to give the diphenylphosphinoylide 357 in 93% isolated yield, accompanied by the formation of 

Cl2PMe3 as side-product (Scheme 185). 178 proved sensitive to moisture and gave the chloride salt 

[178-H2][Cl]. Its P-amino derivatives 182a-e were reacted versus HCl, MeI and moisture too. While 

bis(ylide)s 182b,c were protonated twice by HCl providing salts [182b-H2][Cl]2 and [182c-H2][Cl]2 in 

quantitative yields, the addition of methyl iodide conducted to the exclusive formation of the iodide salts 

[182a,e-Me][I] in good yields. As shown above for bis(ylides) 171a-d, hydrolysis of the P-amino sub-

stituted CDPs 182a-e allowed for the quantitative isolation of ylide 183 via amine group releasing. 

Scheme 185. Reactivity of P-chloro and P-amino substituted CDPs 178 and 182a-e towards hydro-

chloric acid, methyl iodide and moisture.  

 

Appel pursued with the reactivity studies of P-amino substituted CDPs 185c, 173 and 189a-d.
290-293

  

The results are summarized in Schemes 186-188. 

Scheme 186. The reactivity of the P-chlorinated CDP 185c vs organic electrophiles, moisture and 

dimethylamine. 
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Scheme 187. The reactivity of CDP 173 towards organic reagents. 
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Scheme 188. The reactivity of CDPs 189a-d towards organic reagents.  

 

The reactivity of cyclic CDPs 137 and 138
.
LiBr towards electrophiles was explored by Schmidbaur.

270
 

The addition of ethereal HBr proved the presence of the two lone pair at the central carbon and quantita-

tively yielded the diphosphonium salt [137-H2][Br]2 (Scheme 189). Identical transformation was ob-

served for 138
.
LiBr leading to the dichloride salt [138-H2][Cl]2. In contrast, its reaction toward an ex-

cess of MeI exclusively led to the formation of the C-methylated salt [138-Me][I], subsequently proto-

nated to [(138-H)-Me][I][Cl]. The same group carried out the reactivity studies on 157,
281

 with similar 

outcomes (Scheme 189). 

Scheme 189. Experimental proof for the double ylide function at the central C-atom in the cyclic 

CDPs 137, 138
.
LiBr and 157. 
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With the aim of proving the ylide-type reactivity on the bis(ylide)s 216a-c and 218b,c, Shevchenko has 

evaluated their reactivity towards Brönsted acids, oxidants, and (thio)carbonyl compounds (see below in 

Schemes 190 and 191). The bis(ylide)s 216a,b were reacted with one equiv. of HCl in ether to deliver 

the remarkably stable chloride salts [216a,b-H][Cl] isolated in 63% and 52%.
303

 In fact, attempts to 

achieve a second protonation at the ylidic carbon in salts [216a,b-H][Cl] with HCl were unfruitful.
303

 

The CDP 216b was exposed to oxidative conditions (chlorine gas) to achieve the tetrachloride deriva-

tive [216-Cl2][Cl]2 at room temperature, thereby testifying for the double ylidic character of 216b.
304

 

Isolation of the C-chlorinated salt [216b-Cl][Cl] was only possible by dechlorination of the dichloride 

salt [216-Cl2][Cl]2 with SnCl2, or more conveniently by its comproportionation reaction with 216b.
304 
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Scheme 190. Reactivity of CDPs 216a-c carried out by Shevchenko and co-workers. 

 

Double protonation at the ylidic C-atom was achieved upon addition of Et3N
.
2HF or HF (2.2 equiv.) in 

hexanes (Scheme 190).
304

 A mixture containing 360a,b and 361a,b was obtained, from which deriva-

tives 360a,b were isolated as light yellow oils due to their complete insolubility in hexanes.
304

 Increas-

ing the amount of Et3N
.
2HF up to 2.5 equiv. drove to the formation of the tetrafluoride derivatives 
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361a,b that were isolated in ca. 30% yield.
304

 The phenyl-substituted CDP 216c was able to react with 

an equiv. of hexafluoroacetone providing a direct entry to the oxaphosphetane derivative 362c isolated 

in 63% yield and fully characterized by multinuclear NMR, EA and X-ray diffraction analysis of single 

crystals.
305

 Heated to 100°C for 5 hours, the oxaphosphetane 362c underwent the Wittig olefination to 

reach the phosphallene 363c with elimination of the corresponding phosphine oxide.
305

 Despite the fact 

that phosphallene 363c proved unstable and evolved into the phosphine oxide 364c upon heating, the 
31

P 

NMR identification of 363c confirmed the intermediacy of the oxaphosphetane 362c in the Wittig reac-

tion. Scheme 191 collects a similar set of experiments carried out by Shevchenko and co-workers with 

the isolated CDPs 218b,c.
305 

Scheme 191. Reactivity of carbodiphosphoranes 218b,c. 
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As already observed in the case of 216a,b, the CDP 218b is only stable in hexane at –20°C and a de-

composition pathway was found upon warming up to room temperature with the tetrafluoride derivative 

361b being identified as the main decomposition product. 218b was also reacted with Brönsted acids 

such as HCl or HBF4 to yield the corresponding cationic mono(ylide)s. The highly reactive CDP 218c 

reacted with hexafluorothioacetone (HFTA) at very low temperature (–70°C) yielding the mono(ylide) 

366c. 

As already mentioned, the nucleophilic character on the mixed bis(ylide)s 241a, 243c, 258 and 255c 

was illustrated by their reactivity towards methyl iodide leading to the respective C-methylated ylides 
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[241a-Me][I],
312

 [243c-Me][I],
316

 [258-Me][I]
323

 and [255c-Me][I]
322

 (Scheme 192). The double ylide 

character on the mixed P,S
IV

-bis(ylide) 255c was proved by the subsequent addition of trifluoro-

methanesulfonic acid to the monomethylated ylide [255c-Me][I] that produced the vinyl-substituted 

phosphonium salt [256c][OTf] (Scheme 192). The formation of [256c][OTf] can be rationalized on the 

basis of a first protonation step of ylide [255c-Me][I] to form the dicationic intermediate XXI followed 

by an intermolecular deprotonation of the methyl group and concomitant elimination of the 

Me2S=NH(Me) fragment.
322

 In the case of the mixed Se
II
,S

IV
-bis(ylide) 251b reported by Fujii,

318
 the 

double ylide function at the central C-atom was demonstrated by protonolysis with of trifluoro-

methanesulfonic acid yielding the dicationic salt [251b-H2][OTf]2. 

Scheme 192. Methylation experiments carried out on the mixed bis(ylide)s 241a (P,S
II

), 243c 

(P,Si
II

) and 258 (P,S
IV

) by the group of Kato, Maerten and Baceiredo, and similar methylation and 

protonolysis reactions explored by Fujii and coworkers on the bis(ylide)s 255c (P, S
IV

) and 251b 

(Se
II

, S
IV

). 
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Kato and Baceiredo studied the reactivity of the mixed P,S
II
-bis(ylide) 241b towards carbonyl deriva-

tives, ie. benzaldehyde and 1,1,1-trifluoroacetophenone (Scheme 193).
313

 The bis(ylide) 241b reacts 

with equimolar amounts of benzaldehyde to yield the oxaphosphetane 367b which slowly evolves in 

presence of additional benzaldehyde to provide benzyl benzoate 368. The unexpected reactivity shown 

by oxaphosphetane 367b versus the benzaldehyde was attributed by the authors as the main reason for 

the absence of Wittig-type reactions involving aldehydes and carbodiphosphoranes. The four-membered 

cycle 367b also reacts with two equivalents of thiophenol at room temperature to yield the α,β-disulfide 

369 in 63% yield. 

Scheme 193. Synthesis of oxaphosphetanes 267b and 370b from bis(ylide) 241b and carbonyl 

compounds along with their further reactivity with carbonyl derivatives, thiols and amides.  Proof 

of concept for the use of bis(ylide)s as an “atomic carbon source” in organic synthesis. 

 

The reactivity of bis(ylide) 241b was decisively impacted by the electronic properties of the carbonyl 

compounds. Treatment of 241b with 1,1,1-trifluoroacetophenone allowed for the efficient stabilization 
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of the oxaphosphetane 370b which was isolated as white crystals (83% yield), and fully characterized 

by NMR and XRD analysis of single crystals. The crystallographic study of oxaphosphetane 370b re-

vealed remarkably short P–C and abnormally long P–O bond distances of 1.758 and 1.837 Å, respec-

tively. These observations were attributed to the increasing negative charge at the ylide carbon atom that 

is efficiently delocalized towards the phosphorane moiety. Oxaphosphetane 370b is highly stable, and 

did not evolve cleanly upon heating. The authors rationalized that the addition of a Lewis acid (CuOTf) 

should decrease the negative charge at the ylide function and would increase the reactivity of oxaphos-

phetane 370b. In fact, the addition of copper triflate in catalytic amounts to 370b at room temperature 

presumably leads to the formation of the corresponding copper vinylidene complex 

[Cu
+
=C=C(Ph)(CF3)] that further evolves via dimerization reaction into the cumulene 372 isolated in ca. 

20% yield as a mixture 1:1 of both Z and E isomers (Scheme 193). Finally, Kato and Baceiredo per-

formed the one-pot reaction between the mixed P,S
II
-bis(ylide) 241b, benzaldehyde and the N-tosyl-γ-

aminoaldehyde [TsNH(CH2)2CHO] and isolated the cis-fused bicyclic epoxide 373 in 33% yield. The 

route of access to bicyclic epoxide 373 encompasses four distinct steps, namely: i) oxaphosphetane 

367b formation; ii) Ph3P=O elimination to afford the sulfonium ylide (Ph)HC=C=SPh2; iii) N–H bond 

addition across the C=C bond; and iv) SPh2 releasing and concomitant formation of epoxide 373. This 

work represented the first reaction of one bis(ylide) behaving as an atomic carbon source, and could 

bring new opportunities for the creation of enantiopure quaternary carbon centers.   

4.4. Coordination chemistry of double ylides to metallic species. 

4.4.1. Coordination to Group 2 Metals. 



265 

 

 

 

Based on an appropriate choice of apolar solvent, Petz et al. succeeded to isolate the zwiterionic com-

plex 130→BeCl2 (278) in high yield (Scheme 194).
379

 The crystallographic data confirmed the structure 

of 374, in which both the ylidic carbon and the Be-atom are in trigonal planar geometry with a C–Be 

bond distance of 1.742(9) Å and a dihedral angle of 44° formed by the CP2 and BeCl2 planes.  Theoreti-

cal studies at the BP86/SVP level indicated the σ lone pair donation from carbon to the Be-center in the 

C→BeCl2 complex 374, as well as a weak π contribution. 

Scheme 194. Coordination of 130 to BeCl2. 

 

4.4.1. Coordination to Actinides: Uranium Complexes 

A cutting edge article has been reported last year by Zhao, Frenking and Zhu covering the coordination 

of in situ prepared CDPs 130, 375 and 376 to UCl4 to afford the corresponding double dative bond ad-

ducts 377-379 with moderate isolated yields (Scheme 195).
380

 Suitable crystals for XRD analysis of the 

U-complexes 377-379 could be achieved and the crystallographic data confirmed the proposed atom 

connectivity. Magnetic measurements, the FT-IR spectra, and the remarkably short measured C–U bond 

distances of 1.411(3) Å (377), 2.461(5) Å (378) and 2.471(7) Å (379) pointed to the presence of a 

C=U
IV

 double bond.
90,92

 The double C=U dative bonds were substantiated by DFT calculations. BDE 

analysis indicated the presence of strong U⇇C double donor bond, with significant improvement of the 

bond strength upon introduction of Py sidearms [De = 70.8 kcal mol
-1

 (377), 82.8 kcal mol
-1

 (378) and 
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91.5 kcal mol
-1

 (379)]. In addition, the EDA-NOCV calculations for complexes 377-379 verified the 

double σ + π lone pairs donation from the C-atom to uranium, and NBO analysis revealed a strong po-

larization of the σ and π bonds towards carbon, with the acceptor orbitals at uranium located mainly at 

the 5f and 6d atomic orbitals. 

Scheme 195. Synthesis of CDP-UCl4 complexes 377-379 from CDPs 130, 375 and 376. 

 

4.4.2. Coordination to Group 4 Metals: Zirconium Complexes 

The unique organometallic complex of a group 4 metal bearing a “PCP” moiety was reported in1993 by 

Karsch et al. starting from the Zr-complex 380 that already contains the [Me2P–CH–PMe2]
-
 motif coor-

dinated to the metal center (Scheme 196).
381

 Deprotonation by tBuLi results in the formation of the Zr-

dimer complex 381 in excellent yield (87%). The structure was established by XRD analysis and con-

firmed the bridging nature of the two Me2P–C
2-

–PMe2 units that become reminiscent of the carbodi-

phosphorane ligands upon phosphine coordination to the Zr
IV

. 

Scheme 196. Synthesis of the Zr-dimer complex 381 decorated with two bridging carbodiphospho-

rane motifs. 
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4.4.3. Coordination to Group 6 Metals: Tungsten Complexes 

The coordination chemistry of CDPs to group 6 metals has been scarcely studied, and only tungsten 

complexes were envisaged. Kaska et al. evidenced in the early 70’s two distinct reactivity patterns 

(paths i) and ii) in Scheme 197).
382

 In the first type of reactivity, 130 behaves as a strong Lewis base 

able to replace a CO ligand. Accordingly, mixing equimolar amounts of 130 and [W(CO)5(thf)] in tetra-

hydrofuran allowed for the isolation of complex 382, which was very sensitive to moisture. In contrast, 

the alternative path ii) took place when reacting 130 and [W(CO)6] in benzene under photolytic condi-

tions. C–P bond splitting was observed, leading to mixtures of complex 383 and Ph3P=O. The formation 

of the phosphonioacetylide W-complex 383 occurs through a Wittig type reactivity initiated by 130 via 

nucleophilic attack to the electrophilic CO. Almost 40 years later, Petz et al. revisited this chemistry and 

isolated complex 383 in crystalline form.
383 

Scheme 197. Reactivity of hexaphenylcarbodiphosphorane (130) vs LW(CO)5 precursors. 
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Alternative and very elegant entry to CDP-tungsten complexes was described by Templeton in 1987 

through the synthesis of the carbodiphosphorane scaffold in the coordination sphere of the W-center 

(see Scheme 198).
384

 Starting from the tungsten carbyne 384, the CDP derivative [385][PF6] was isolat-

ed in excellent 93% yield upon addition of PMe3 in excess. The structure of [385][PF6] was definitively 

established by XRD analysis displaying a short W–C bond distance of 2.11(1) Å which is representative 

of a double W=C bond. The authors proposed a two-step pathway involving the intermediate formation 

of the phosphonium carbyne XXV and the subsequent addition of a second PMe3 to forge the carbodi-

phosporane skeleton. 

Scheme 198. Route of access to the hexamethylcarbodiphosphorane-containing tungsten complex 

[289][PF6]. 
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4.4.4. Coordination to Group 7 Metals: Manganese and Rhenium Complexes 

The coordination of CDP 130 to group 7 metals was also addressed by Kaska and co-workers in 

1974.
385,386

 As in the case of the tungsten complex 383, manganese and rhenium acetylide complexes 

386 and 387 were obtained. Creation of the C≡CPh fragment and the cis-conformation was verified by 

IR and mass spectrometry.
385

 Definitive proof for the structure of 386 was reported by others.
387

 Similar 

experiences by Petz et al. starting from [Mn2(CO)10] demonstrated the easy, unwanted protonation of 

130.
388

 However, when using DME or benzene as solvent small quantities of an unexpected secondary 

compound [388][Mn(CO)5]2 were obtained in crystalline form. XRD analysis proved the structure of 

cation 388 and revealed the presence of two Ph3P=O ligands coordinated in cis-fashion. The complete 

characterization of [388][Mn(CO)5]2 bearing two Ph3P=O and two (Ph3P)2C–CO2
-
 ligands in cation 388 

pointed to the side reactivity of 130 and [Mn2(CO)10] via Wittig olefination. 
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Scheme 199. Reactivity of hexaphenylcarbodiphosphorane (130) vs [M(CO)5Br] precursors (M = 

Mn, Re), [Mn2(CO)10] and [Re2O7]. 

 

Guided by the possible double σ + π donation capacity of 130, Sundermeyer et al. succeeded in synthe-

sizing the organorhenyl perrhenate complex [389][ReO4] in high yield (Scheme 199).
389

 Crystallograph-

ic studies exhibit a tetracoordinated trioxorhenium cation with a C3v symmetry containing the CDP 130 

that shows a trigonal planar geometry around the ylidic carbon. The C–Re bond distance of 1.991(7) Å 

indicates partial π-donation from 130 to the Re-center. 

4.4.5. Coordination to Group 8 Metals: Iron Complexes 
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Since the pioneering discovery of 130 in 1961, a single work has met success in the synthesis of Fe 

complexes.
390

 This 2016 work by Stephan and coworkers includes a novel and safer synthetic approach 

for 130, isolated in ca. 90% yield at gram scale from the corresponding methylene diphosphonium salt 

and KHMDS. Combining 130 and FeCl2 in tetrahydrofuran allowed isolation of a tricoordinate mono-

mer 390 along with its dimeric version (391 in Scheme 200). Crystallographic studies from a 

CH2Cl2/Et2O mixture of solvents showed both compounds in the same asymmetric unit, while replace-

ment of Et2O by pentane allowed for the selective crystallization of dimer 391. These paramagnetic ma-

terials were characterized by 
1
H NMR displaying signals between 10.0 and –1.3 ppm for the phenyl 

rings, and by 
57

Fe Mössbauer spectroscopy that demonstrated the presence of tetracoordinate Fe(II) spe-

cies 391, thereby proving the preference of the dimeric form in solid state. The utility of complexes 

390/391 as an organoiron synthon was evaluated towards BnMgCl to give the tricoordinate dibenzylic 

iron complex 382, whereas two successive chloride replacements were achieved by selective anion me-

tathesis reactions with LiHMDS and TMSOTf to give the Fe(II) complexes 393 and 394. These unprec-

edented Fe(II) complexes were fully characterized, including by XRD analysis for the case of 392 and 

394 that represent two rare examples of Fe(II) centers in rare trigonal planar geometry probably mediat-

ed by the exceptional donor capacity of 130. 

Scheme 200. Synthesis CDP-Fe complexes 390-394 bearing the CDP130 reported by Stephan. 
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Two decades before, Petz and co-worker tested the coordination chemistry of 130 towards different iron 

carbonyl complexes without success.
391

 Instead, the authors observed the Wittig type reactivity to create 

the cumullene [(CO)4Fe=C=C=PPh3] (395) and the iron cluster [Fe3(CO)9(
3
-

2
-C≡CPPh3)] (396) from 

[Fe(CO)5] or [Fe2(CO)9] and 130 (synthetic schemes and structures of complexes 395 and 396 are 

shown in Scheme 201). 

Scheme 201. Reactivity of CDP 130 vs [Fe(CO)5] and [Fe2(CO)9] reported by Petz. 
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4.4.6. Coordination to Group 9 Metals: Rhodium and Iridium Complexes 

Continuing with his pioneering work in transition metal complexes bearing CDP 130, Kaska et al. stud-

ied its coordination to cationic iridium complexes (Scheme 202).
392

 Despite being identified, the isola-

tion of the Ir-complex [397][PF6] in pure form was impossible, due to its high sensitivity.  Formation of 

[397][PF6] was accompanied by the allylic C–H bond activation of the COD ligand to bring the unwant-

ed species 398 and the phosphonium salt [130-H][PF6].  

Very recently, Cavell took advantage of the basic character of 130 to get access to the cyclometallated 

Rh-complex 399 via C–Hortho bond activation of one phenyl ring (Scheme 202).
393

 Based on the identi-

fication of the salt [130-H][Cl], the authors proposed a mechanism involving a first C–H bond activation 

step of the aromatic ring to yield a Cl–Rh(III)–H intermediate that undergoes HCl elimination induced 

by 130. The structure of 399 was determined crystallographically confirming the atom connectivity and 

proving the sp
2
 hybridation of the donating C-atom, as indicated by its trigonal planar geometry. How-

ever, the measured C–Rh bond distance of 2.165(2) Å argued in favor of a single bond. Interestingly, 
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the addition of two equiv. of strong σ-donationg PMe3 ligands mediates the second orthometallation 

reaction and leads to the formation of the C,C,C-pincer Rh(III)–H complex 400. The structure of 400 

was established by XRD analysis as well and confirmed the distorted octahedral geometry retaining the 

sp
2
 hydridation at the ylicic carbon. The C–Rh bond distance of 2.202(3) Å is slightly longer than the 

one found in complex 399, being in accordance with a single C–Rh bond. The electronic structure in 

complex 400 was studied by DFT calculations that indicated the presence of a single σ-bonding contri-

bution, which is described as an efficient orbital overlapping between the sp
2
 hybridized orbital at the 

donating C-atom and a d-orbital from Rh, with the HOMO mainly located at the pz-orbital of the C-

atom. 

Scheme 202. Synthesis of CDP-Ir complex [397][PF6] and double orthometallation of the phenyl 

rings of hexaphenylcarbodiphosphorane (130) to forge the C-only pincer Rh(III) complex 399.
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Measurement of the carbonyl stretching frequencies of the cis-[(L)RhCl(CO)2] complexes are generally 

carried out to rank/compare the donating capacity of ligands L (Scheme 203). This method was applied 

to acquire some insight on the electron donor ability of the P,C-bis(ylide) 264b,
[324]

 and the P,S-

bis(ylide)s 228b
[308]

 and 258.
[323]

 The complexes were synthesized according to two alternative routes. 

As indicated in Scheme 203, the carbonyl rhodium complexes 403, 404 and 405 gave an average CO of 

2001, 2016 and 2007 cm
-1

 respectively, which pointed to the higher donation ability of the cyclic CDP 

228b vs the acyclic homologues 258 and 264b. 

Scheme 203. Two alternative routes for accessing the cis-[(L)RhCl(CO)2] complexes 403-405 bear-

ing the bis(ylide)s 228b, 258 and 264b. 
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4.4.7. Coordination to Group 10 Metals 

First approaches to group 10 metals containing a CDP ligand were done in 1973 by Kaska et al who 

coordinated CDP 130 to precursor [(PPh3)2Pt(C2H4)] in benzene at r.t.
382

 The authors observed the for-

mation of a new compound by NMR, that was characterized by IR, EA and by its decomposition reac-

tion into the phosphonium salt [130-H][Cl] upon protonolysis with hydrogen chloride. Based on these 

data, the authors proposed the isolated material to be 406 (Scheme 204), containing the carbodiphos-

phorane 130 coordinated in 
2
-fashion in place of the ethylene molecule. However, in 2005,

394
 Petz, 
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Neumüller and co-worker demonstrated that no reaction occurs under the conditions reported by Kaska 

et al., and that the isolated compound was most likely the hydrolysis compound Ph3P(O)-CHPPh3 de-

rived from 130. They also proved that 130 does not react with [(PPh3)2Pt(C2H4)] even under refluxing of 

toluene, instead giving the dimer Pt-complex 407 without participation of the CDP. In the same article, 

the authors succeeded to make the orthometallated Pt(II)-complex 408 from 130 and [Pt(COD)I2], 

which was isolated in nearly quantitative yield and requires a sacrificial stoichiometric amount of 130 in 

order to trap the released Brönsted acid (HI). The structure of 408 was determined by XRD analysis and 

revealed the ortho phenyl ring cyclometallation of 130 upon coordination to the Pt-center along with the 


3
-coordination of the C8H11 fragment via a double bond and a σ bond (Scheme 204).

394  

In subsequent articles,
395,396

 Petz et al. studied the reactivity of the orthometallated complex 408.
395

 

Thus the addition of hydrogen chloride to 408 favored COD dissociation and the formation of the 

C,C,C-pincer Pt(IV)-complex 409 through a second C–Hortho bond activation and H migration to the 

ylide carbon. Attempts to achieve the chloride substitution by PPh3 in CHCl3 allowed to crystallize the 

unexpected carbonyl Pt(II) complex 410, whose unexpected formation can be only rationalized by the 

intermediate formation of an electrophilic Pt=CCl2 carbene complex and its subsequent hydrolysis with 

adventitious water to create the CO ligand.
395

 The stirring of a 1:1 mixture of 130 and [Pt(COD)I2], fol-

lowed by recrystallization from a chlorinated solvent allowed for the isolation of the very rare, octahe-

dral Pt(IV)-complex 411 which was isolated in excellent yield.
396

 The crystallographic data for 411 

proved the formation of the (Ph3P)2C–CH2
-
 unit which is 

2
-coordinated to the Pt-atom with C–Pt bond 

distances of 2.12 Å and 2.09 Å via two σ bonds. The bonding situation in 411 was analyzed by DFT 

calculations. The calculated diagram of the Laplacian distribution ∇2ρ(r) of 411 in the Pt–C–CH2 plane 

displayed two areas of charge concentration located at the ylide carbon and the methylenic carbon point-
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ing towards the Pt-atom. This indicates the donation of both electron pairs at the C-atoms to the metal 

center. NBO calculations were carried out as well and showed the presence of negative charge at both 

donor C-atoms and Wiberg bond indexes of 0.40 (Pt–Cylide), 0.56 (Pt–Cmethylenic) and 1.15 (Cylide-

Cmethylenic) that fits nicely with the interpretation of the unprecedented C2-fragment behaving as a four-

electron σ donor ligand. The (Ph3P)2C–CH2
-
 ligand in 411 was presumably formed by in situ reaction of 

the expected intermediate 408 and dichloromethane. However, treatment of the isolated Pt(II)-complex 

408 with pure CH2Cl2 resulted in the formation of the C,C,C-pincer complex 412.
396

   

Similar reactivity was observed by the group of Cavell for the coordination of 130 to precursor 

[Me2Pt(SMe2)2]. The C,C,C-pincer Pt(IV) complex 413 was formed by double orthometallation of two 

phenyl rings of the carbodiphosphorane core with the concomitant releasing of two equiv. of methane 

(Scheme 204).
393 

Kaska studied the coordination chemistry of 130 towards cationic Pt(IV) complexes.
397

 Thus, the rigor-

ous control of the Pt/130 stoichiometry allowed for the selective isolation of the Pt(II)-complex 414 in 

moderate yield, or quantitative formation of complex 415. One should note that most of these reactions 

are dominated by the formation of the sideproduct [130-H][X] which seems to be the driving force for 

the orthometallation reactions observed at Pt-centers. 

Scheme 204. Synthesis of Pt-complexes bearing the hexaphenylcarbodiphosphorane ligand (130). 
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The chloride ligand in P,C,P-pincer Pt(II)-complex 413, was readily displaced by PEt3 to yield quantita-

tively complex 416. XRD analysis of 416 evidenced the pyramidalization of the donating carbon that is 

rationalized by the partial change of the hydridation at the C-atom from sp
2
 to sp

3
, thus enhancing the 

lone pair availability. The P,C,P-pincer complex 416 was thus found to be an excellent organometallic 

synthon to access unprecedented Pt
II
•••Ag

I
 heterobimetallic species 417-419 (Scheme 205).

398
 Indeed, 

416 reacts cleanly with AgOTf to form cluster [417][OTf]2 in very high yield. The full characterization 

of cluster 417 in solution by NMR techniques was precluded owing to the broadening of the NMR sig-

nals indicating fast fluxionality of the tetrametallic species. The solid state structure of [417][OTf]2 
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shows an antiparallel sandwich structure for the tetrametallic unit with a ladder-shaped PtC/AgAg/CPt 

core having Pt–Ag bond distances that are included within the range of analogous Ag2Pt2 clusters being 

consistent with the presence of Pt
II
•••Ag

I
 donor-aceptor interactions. The Ag–Ag bond distance of 

2.7346(7) Å is remarkably short and points to the presence of significant d
10

•••d
10

 closed-shell interac-

tions.  In fact, the formation of the dicationic cluster 417 is proposed to happen through the formation of 

the heterobimetallic intermediate XXVI that quickly undergoes dimerization, the strong argentophilic 

interactions seemingly being the driving force for cluster formation. The key role of these argentophilic 

interactions in the stabilization of the cluster core was further evidenced by the cluster opening and 

forming of heterobimetallic species [418][OTf] and [419][OTf] upon addition of P(OPh)3 or PPh3, re-

spectively.  These two new compound were fully characterized by multinuclear NMR, EA and crystal-

lographic studies structural parameters typical from Pt
II
•••Ag

I
 closed-shell interactions. Alternatively, 

the heterobimetallic species [419][OTf] was obtained in an improved yield by direct reaction of 416 and 

[Ag(PPh3)][OTf]. 

Scheme 205. Synthesis of Pt
II

-Ag
I
 heterobimetallic complexes supported by a CDP framework 

published by Kubo and Mizuta. 
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The first organopalladium complex stabilized by a carbodiphosphorane ligand was reported in 2006 by 

Kato and Baceiredo. (Scheme 206).
308

 The allyl palladium complex 420 was formed upon coordination 

of the cyclic, strongly donor CDP 228b to the [PdCl(allyl)]2 dimer. The solid state structure revealed the 

trigonal planar geometry around the donating C-atom (sp
2
 hybridation at carbon) with C–Pd bond dis-

tance of 2.120(2) Å (indicative of single σ bond), and P–Cylide distances of 1.673(2) Å and 1.694(2) Å 

that are comprised in the range between single and double C–P bond. These structural features pointed 

to a bonding situation having a Pd–C σ interaction with the π lone pair at the donor carbon being delo-

calized though the two phosphonium groups. 
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Scheme 206. Synthesis of the first palladium complex 420 containing a CDP ligand reported by 

Kato and Baceiredo. 

 

As already presented in the Synthesis of carbodiphosphoranes and other related heteroatom-stabilized 

bis(ylide)s section, an original strategy to get access into CDP-Pd complexes was discovered by Per-

inger and co-workers in 2007.
311

 They devised a one-pot formation of the carbodiphosphorane 

(dppm)2C ligand within the coordination sphere of a group 10 metal, forming the M(II) P,C,P-pincer 

complexes [421][Cl], [238][Cl] and [422][Cl] (M = Pt, Pd, Ni, resp.) in 33%, 78% and 92% yield, re-

spectively (Scheme 207).
399

 The new complexes were fully characterized by multinuclear NMR, and 

the Ni(II)-complex [422][Cl] was additionally characterized by cyclic voltammetry that proved both 

quasi-reversible processes namely: the Ni
II
/
III

 oxidation process, and the Ni
II
/Ni

I
 reduction process. The 

P,C,P-Pt(II) and Pd(II) pincer complexes [421][Cl] and [238][Cl] react selectively with hydrochloric 

acid resulting in the protonation at the ylidic carbon atom to give the dicationic complexes [421-H][Cl]2 

and [238-H][Cl]2. This transformation proved reversible upon addition of water and this protona-

tion/deprotonation reversibility might open novel metal-ligand cooperative pathways in catalysis. In 

sharp contrast, the protonolysis of the P,C,P-pincer Ni(II)-complex [422][Cl] and subsequent treatment 

with ammonia resulted in ligand release and protonation at the ylidic position, the salt [423][Cl] being 

isolated in nearly quantitative yield. The synthetic utility of [423][Cl] in organometallic synthesis was 
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demonstrated by the formation of the P,C,P-pincer complexes [421][Cl] and [238][Cl] in quantitative 

yield. 

Scheme 207. Template synthesis of P,C,P-pincer complexes of group 10 metals (Ni, Pd, Pt) bearing 

the carbodiphosphorane ligand (dppm)2C and their original reactivity (Peringer). 

 

The nucleophilic character of the ylidic carbon of the carbodiphosphorane ligand (dppm)2C was verified 

by addition of organometallic Lewis acids such as the Au(I)-precursor [AuCl(tht)] yielding the hetero-

bimetallic complex [424][Cl], the first fully characterized (including XRD studies) species bearing a Pd- 

and a Au-center bonded to the same C-atom.
400

 The CDP-supported, air stable Pd
II
•••Au

I
 complex fea-

turing d
8
•••d

10
 donor-aceptor interactions was isolated in modest yield. The presence of these metallo-

philic interactions was concluded by the authors on the basis of the structural parameters such as the 

remarkably short Pd–Au bond distance of 2.8900(3) Å and a more acute Pd–C–Au angle of 86.80(11)° 

versus the Pd–C–H angle of 102(2)° measured in [238-H][Cl].
311

 

The strong donating capacity of the (dppm)2C ligand platform also supports the preparation and isola-

tion of homobimetallic complexes 425 and 426 (Scheme 207).
401

 The betaine complex 425 was ob-
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tained upon addition of precursor [PdCl2(CH3CN)2] to the P,C,P-pincer complex [238-H][Cl]. Interest-

ingly, double deprotonation was achieved by the washing of 421 with water to yield the new homobime-

tallic Pd
II
•••Pd

II
 species 426. These elegant transformations occurs in high yield, and the structures of 

425 and 426 were established by NMR and definitively confirmed by XRD analysis of single crystals.    

In 2018,
402

 Langer studied the reactivity of the P,C,P-pincer Ni(II)-complex [422][Cl]. The appropriate 

choice of Brönsted acid (HBF4) permitted the selective protonation at the Cylide position of the CDP 

framework in moderate yield (Scheme 208). [422][Cl] reacts with AlMe3 to reach the methyl-

substituted P,C,P-pincer complex [427][AlCl2Me2] in excellent yield via ligand metathesis instead 

deprotonation of the ligand backbone that was observed upon addition of MeLi. Using LiHMDS the 

selectivity completely switched towards deprotonation of the CH2 moiety at the ligand backbone to give 

the neutral P,C,P-pincer platform 428. New deprotonation step with excess LiHMDS enforced the sec-

ond deprotonation at the ligand backbone creating a novel P,C,C-pincer scaffold. The building of the 

novel P,C,C-pincer ligand provoked the phosphine arm dissociation that is trapped by another P,C,C-

pincer Ni(II)-complex giving the Ni-dimer 429 in reasonable yield. Surprisingly, protonolysis of 429 

with hydrochloric acid in diethyl ether did not reverse the reaction. Instead, a distinct Ni-dimer 430 was 

isolated in nearly quantitative yield. Bonding analysis of the CDP-Ni(II) complexes was analyzed by 

computational means (QTAIM, NBO and NPA calculations) and confirmed the negligible π-donation of 

the Cylide to the Ni-center. Proton affinities for the CDP-Ni(II) complex [422][Cl] and the analogous 

species bearing amine-based (P,N,P) and borane-based (P,B,P) pincer ligands were determined compu-

tationally and proved the lowest values for the former case. The authors concluded that these CDP-

Ni(II) complexes have potential in proton relay catalysis thanks to metal-ligand cooperation. 
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Scheme 208. Reactivity of the P,C,P-pincer Ni(II)-complex [422][Cl] bearing the carbodiphospho-

rane ligand (dppm)2C vs Bronsted acids , Bronsted bases, and AlMe3 (Langer). 

 

In 1974, seminal work by Kaska introduced briefly the synthesis of the tricarbonyl Ni(0)-complex 431 

in 93% yield starting from 130 and [Ni(CO)4] in refluxing diethyl ether along with its characterization 

by IR and EA.
385,386

 This work was revisited two decades later by Petz and Frenking.
403

 The authors 

proved the crucial impact of the choice of solvent in the synthesis of 431 vs the crystals formation of the 

dicarbonyl Ni(0) complex 432, which represented two rare examples of stable zero-valent Ni-complexes 

stabilized by a carbodiphosphorane motif. 130 reacts cleanly with [Ni(CO)4] in toluene at room temper-
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ature to yield 431 in good yield (Scheme 209). The use of THF instead of toluene produced 431 but 

accompanied by some crystals of nickel dicarbonyl derivative 432. The high propensity of Ni(0)-

complexes to adopt a trigonal planar geometry to form 16 e
─
 complexes allowed to isolate crystalline 

material of 432, the first reported L→Ni(CO)2 complex, by dissolving the nickel tricarbonyl 431 in THF 

that underwent CO releasing slowly but steadily. The structures of both carbonyl complexes were eluci-

dated by 
31

P NMR, IR, EA, and XRD analysis. Their solid state structures confirmed the presence of 

long Cylide–Ni bond distances, short P–Cylide bond distances and trigonal planar geometry at the donating 

carbon (i.e. sp
2
 hybridation). In accordance with the crystallographic features, bonding analysis was 

carried out by DFT calculations and suggested that there is mainly an σ donating bond from the CDP to 

the Ni-center, with small π back donation from the metal to the C-atom. Nevertheless, the loss of a car-

bonyl ligand going from 431 to 432 increased both the σ donating interaction and the π back bonding 

from the nickel d-orbitals. 

Scheme 209. Synthesis of 130→Ni(CO)n (n = 2, 3) 431 and 432 reported by Petz and Frenking. 

 

4.4.8. Coordination to Group 11 (Coinage) Metals 
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Owing to the isolobal analogy between cationic gold(I) species and the proton,
404

 the coordination 

chemistry of carbodiphosphoranes and related bis(ylide)s to gold(I) cations emerged as the test of choice 

[along with protonolysis experiments of the bis(ylide) itself] to validate the ylidic nature of the central 

donor carbon. Even more relevant, the classical coordination test to gold(I) cations allows to quantify 

the donating capacity of the corresponding bis(ylide) and discern between a unique σ lone pair donation 

vs the four electron donating (σ + π lone pairs) behavior at carbon. The first CDP→Au complex was 

prepared by Schmidbaur in 1976, when CDP 135 was coordinated to [AuMe(PMe3)] affording the gem-

inal diaurated complex [135-(AuMe)2] in nearly quantitative yield (see Scheme 210), thus validating 

their initial hypothesis concerning the two lone pair availabilty at the Cylide.
405

 In 1983, the same group 

proved the coordination ability of 130 towards [(CO)AuCl] that underwent formation of the monomeric 

Au-species 433 and CO releasing.
406

 This chemistry was later explored deeply by Vicente et al. who 

reported a more convenient, high-yielding route of access to 433 starting from 130 the precursor 

[AuCl(tht)].
407

  The synthesis of monoaurated species of the type [bis(ylide)→AuCl] was extended to a 

broad variety of bis(ylides) (260, 262a,b, 264a,b).
321-322

 Vicente demonstrated the synthetic utility of the 

Au(I)-complex 433 as an organometallic synthon which was then applied to obtain the 130→Au(acac) 

complex 439, the first isolated acetylacetonate Au-complex.
407

 The presence of intramolecular base in 

439 allowed the C–H bond breaking of alkynes to generate the alkynyl derivatives 440a-e, in which the 

Au-atom is bonded to two distinct C-based ligands, i.e. the ylidic carbon of 130 and an alkyne (Scheme 

210). The authors achieved the geminal diaurated species 441 as well by adding two equivalents of 

[AuCl(tht)] to 130 upon otherwise identical conditions proved the availability of both σ and π lone pairs 

at carbon. Following similar procedure, the analogous geminal diaurated complexes 442 and [264b-

(AuCl)2] supported by the P,S
IV

-mixed bis(ylide) 258 and the phosphallene 264b were prepared.
[323, 324]
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Similar set of reactions, using an halide abstractor allowed the synthesis of the cationic 

bis(ylide)→AuPPh3 complexes 443-446 with yields ranging from 50% to 97%.
273,321,322

 The strategic 

installation of the pyridine ring in CDP 144 assists the incorporation of a second coinage metal center to 

yield the original geminal bimetallic complexes [448][SbF6] (Au–Au) and [449][SbF6] (Au–Cu). Crystal 

structures of cations 448 and 449 confirmed weak Cu
I
•••Au

I
 closed shell interactions, whereas Py→Au 

and Au
I
•••Au

I
 interactions were absent in 448. 

Scheme 210. Coordination chemistry of bis(ylide)s to Au(I)-precursors: mono- vs geminal-

diauration at carbon. 
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Fujii reported the isolation of the Ph3P-substituted bimetallic dications [450]
2+

-[453]
2+

 by reacting the 

corresponding bis(ylide) with the in situ formed [Au(PPh3)]
+
 cation (Scheme 210).

321-322
 Starting from 

[450][SbF6]2 that contains the symmetrical carbobis(iminosulfane)s 248, an Au4Ag2 cluster could be 

isolated in ca. 20% yield. 
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Inspired by Peringer’s work on CDP-Pd(II) chemistry,
[311, 399-401]

 Hackl and co-workers proposed an 

approach to prepare the only known Au(III)-complexes to date bearing a carbodiphosphorane ligand.
408

 

From the cationic Au(I)-precursor [455][Cl]  halide abstraction with TlOTf allowed the isolation of the 

dication [456]
2+

. From these two precursors, the 2 e
─
 oxidation was carried out with HNO3 or the com-

bination of I2 and TlOTf to efficiently yield complexes [457][NO3]2 and [458][OTf]2 (see Scheme 211). 

Scheme 211. Synthesis of P,C,P-pincer Au(III)-complexes [457][NO3]2 and [458][OTf]2 bearing a 

carbodiphosphorane framework. 

 

Meticulous control of the reaction stoichiometry allowed the access to the mono-, di- and triauration 

products with the potentially 6 electrons donor phosphinocarbodiphosphorane 235 described by 

Weigand.
310

 The respective complexes 459-461 were isolated in excellent yields and appropriately char-

acterized, including by VT NMR and 
31

P – 
31

P EXSY NMR experiments due to fluxionality of the 

polymetallic compounds 460 and 461. 

Scheme 212. Weigand’s synthesis of Au(I)-complexes stabilized by CDP 235. 
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In 2011, Gandon used CDP 130 as ancillary ligand in gold catalysis.
409

 In this thorough study, the au-

thors have performed a comparative study covering the catalytic activity of monometallic Au(I)-

complexes 462-464, 433 and the geminal diaurated compound 441 that are stabilized by a set of ligands 

with very distinct electronic properties [i.e. (ArO)3P, Ph3P, IPr and C(PPh3)2 (130)]. In particular, they 

demonstrated the beneficial effect of the CDP 130 in organic transformations typically mediated by cat-

ionic Au(I)-species (Scheme 213).
409 

Scheme 213. Catalytic processes influenced by the strong donor capacity of 130 in the Au(I)-

complexes 433 and 441. 
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Pioneering work on catalysis using a CDP→M (M = Cu, Au) complex was done by Kato, Peris and 

Baceiredo in 2009.
410

 They reported on the hydroamination and hydroalkoxylation reactions of acryloni-

trile upon mild conditions using [(228b)M(OtBu)] 471-472 (M = Au and Cu, respectively) (Scheme 

214). Catalysts 471 and 472 were prepared in modest yields by one-pot deprotonation of precursor 

[228b-H][OTf] with KOtBu in the presence of the corresponding MCl salt. The strong donating capaci-

ty of CDP 228b was reflected by the high catalytic activity of these two catalysts that overpasses the one 

reported before by NHC→Cu(I) catalysts.
411

   

Scheme 214. Synthesis of Au(I) and Cu(I) complexes 471-473 bearing the cyclic carbodiphospho-

rane 228b and catalytic activity of 471 and 472 for the hydrofuctionalization of acrylonitrile. 
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The first report dealing with carbodiphosphorane containing silver complexes appeared in 1983.
406

 In 

this work, Schmidbaur explored the synthesis of the complex [474]
.
THF upon coordination of CDP 130 

to AgCl in THF (eq. 1 in Scheme 215). The isolated material, postulated to be the neutral species 474 

on the basis of its NMR data and EA, was later used by Zybill to obtain complex 475 in modest yield by 

salt metathesis with LiCp*.
412

 However, Petz et al. were unable to confirm these results.
413

 Instead, and 

despite the addition of a unique equivalent of 130 vs AgCl, direct formation of salts [476][X] (X = Cl or 

BF4) were isolated and fully characterized by 
31

P NMR, IR, EA and XRD analysis.
413

 The crystal struc-

ture of the isolated material undeniably confirmed atom connectivity displaying cation 

[130→Ag←130]
+
.  

Extensive work regarding the selective synthesis of bis(ylide)-stabilized silver complexes was carried by 

Fujii’s group since 2015.
[321,322,414]

 Triflate to chloride anion exchange of bis(ylide) precursors [248-



294 

 

 

 

H][OTf], [251a-H][OTf] and [252-H][OTf] was performed and the subsequent reactivivity towards 

Ag2O in methanol yielded the complexes 477 and 478 or the salt [479][AgCl2] containing the homolep-

tic cation [252→Ag←252]
+
 (see eq. 2 in Scheme 215).

321
 Silver to Au transmetalation was possible 

from these complexes, leading to the geminal diaurated coordination compounds [450][OTf], 

[451][OTf] and [452][OTf].
321

 The P,S
IV

-mixed bis(ylide)s 255a,c were coordinated to AgCl as well to 

form the neutral organometallics 480 and 481 or the homoleptic [255c→Ag←255c]
+
 cation [482]

+
 (see 

eq. 3 below in Scheme 215).
322

 Again, the silver species 480 and 481 underwent the high-yielding 

transmetalations with [AuClPPh3] affording selectively the cations [483]
+
 and [446]

+
, or the geminal 

diaurated dications [484]
2+

 and [453]
2+

 in function of the applied stoichiometry.
322 

Scheme 215. Synthesis and reactivity of silver species bearing of hexaphenylcarbodiphosphorane 

(130) or the bis(ylide)s 248, 251a, 252 and 255a,c. Conditions: i) Filtration through an Amberlite 

IRA-410 ion-exchange resin (chloride form), MeOH, r.t. After filtration and evaporation, Ag2O 

(1.0 equiv.) in CH2Cl2 is added at r.t., 24 h; ii) addition of [AuClPPh3] (1.0 equiv.) and AgSbF6 (1.0 

equiv.) in THF at –78°C and slow warming up to r.t. overnight; iii) addition of [AuClPPh3] (1.0 

equiv.) and AgSbF6 (1.0 equiv.) in THF at –78°C and slow warming up to r.t. overnight. 
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Outstanding work was recently reported by Fujii’s group describing the high-yielding, on demand isola-

tion of bis(ylide)-supported silver complexes with diverse nuclearity.
414

 Taking advantage of the coor-

dinating ability of available Ph2S=NMe sidearms at bis(ylide)s 248 and 251a,b along with the positive 
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impact of argentophilic interactions in the stabilization of polymetallic Ag(I)-species, the authors isolat-

ed and characterized three varied silver platforms namely: i) mono Ag salts [485-487][OTf] containing 

the homoleptic cations [Cylide→Ag←Cylide]
+
; ii) the dimer, dicationic salts [488-490][OTf]2; and the Ag4 

clusters [491-493][OTf]4 (Scheme 216). The crystal structures of these three platforms proved unam-

biguously the proposed nuclearity and atom connectivity. The 4 electron (σ+π lone pairs) donating char-

acter of this particular class of bis(ylide)s was illustrated by the ligation of the Cylide to two different Ag 

cations in clusters 491-493. The remarkably short Ag–Ag bond distances found in the polymetallic cati-

ons 488 and 491-493 revealed the presence of argentophilic interactions in the absence of coordinating 

anions.   

Scheme 216. Strategic synthesis of silver species with varied nuclearity stabilized by bis(ylide)s 

248 and 251a,b. 
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Following the same procedure, Schmidbaur and Zybill explored the coordination chemistry of CDP 130 

to CuCl getting access to the synthesis of the neutral complex [130→CuCl] (494) that was isolated in 

92% yield (Scheme 217).
406

 494 was used to accomplish the synthesis of the 130→Cu(I) species 495a 

and 495b bearing Cp or Cp* ligands, respectively (Scheme 217).
412

 The homoleptic [130→Cu←130]
+
 

cation [486]
+
 was not reported until very recently, when Petz, Neumüller and Frenking reported its se-

lective isolation in crystalline form starting from CuI instead of CuCl (Scheme 217).
415
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In 2007, Baceiredo prepared the fully characterized copper amido complex 497 isolated in modest yield 

(Scheme 217).
312

 Their continuous efforts in synthesizing novel bis(ylide) platforms stabilized by het-

eroatoms and evaluating their reactivity has culminated in the discovery of the unprecedented geminal 

dicuprated species 499 that is supported by the presence of the P,Si
IV

-mixed bis(ylide) 243c. The syn-

thesis of bimetallic 499 requires CuCl in excess (Scheme 217).
316

 Alternatively, 499 can be constructed 

in a two-step procedure involving addition of stoichiometric amounts of CuCl to 243c giving the or-

ganocopper intermediate 498 that evolves upon addition of extra CuCl to form 499 via unexpected Si
IV

-

mediated chloride abstraction and concomitant phosphine-group migration from the Si
IV

-fragment to the 

Cu-atom. The structure of both organocopper entities were crystallographically established exhibiting 

plausible cuprophilic interactions.   

Scheme 217. Coordination of CDP 130 and the bis(ylide)s 241a and 243c to Cu(I)-precursors. 
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4.4.9. Coordination to Group 12 Metals 

The unique investigations dealing with the coordination chemistry of carbodiphosphoranes and related 

species to group 12 metals were done by Petz et al. in 2011.
415,416

 Complexation of CDP 130 to the cor-

responding MI2 salts led to complexes 500, 501 and [502][Hg2I6] exhibiting varied structures depending 

on the metal nature (M = Zn, Cd or Hg; Scheme 218).
415,416

 The formation of the Zn(II)-monomer 500 

and the Cd(II)-dimer 501 takes place exclusively in 1-fluoro-2-bromobenzene preventing undesired pro-

tonolysis of 130.
415

 The different nuclearity in 500 and 501 was attributed to the smaller ionic radius of 

Zn
2+

 compared to Cd
2+

 thus impeding dimerization due to sterics created by the phenyl rings of 130. In 

sharp contrast, the coordination of 130 to HgI2 proceeds in THF but undergoes HgI2 dismutation into the 

homoleptic dication [130→Hg←130]
2+

 and [H2I6]
2-

 that crystallized from the reaction media.
416 

Scheme 218. Coordination of CDP 130 to group 12 metals performed by Petz. 
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Complexes 500, 501 and [502][Hg2I6] were characterized by NMR, IR, XRD and the bonding situation 

in the homoleptic dication [502]
2+

 was analyzed by quantum chemical calculations. The crystallographic 

data provided their solid structures proving the sp
2
 hybridation at the Cylide (trigonal planar geometry in 

500, whereas slight pyramydalization is observed in 501 and 502). The energy decomposition analysis 

performed for dication [502]
2+

 revealed a bonding situation having mainly electrostatic attractions con-

tributing to the metal-ligand bond, with ca. 70% of the global ΔEorb contribution being due to the σ lone 

pair donation from the Cylide to the Hg
2+

. 

4.5. Reactivity of double ylides towards main group elements.  

The strong donating capacity of carbodiphosphoranes and related species encouraged many research 

groups to address the coordination ability of this particular class of compounds towards main group el-

ements due to their Lewis acid character. 

4.5.1. Group 13 

The interest in the preparation of Lewis adducts between CDPs and boranes was shown immediately 

after the seminal work by Ramirez in 1961. Indeed, in 1962 Matthews and co-workers prepared the me-

someric inner salt 503 in modest yield by refluxing of 130 and BPh3 in dry-diglyme (Scheme 219), and 

proved its photochromism (color change from white to orange upon irradiation).
257,417

 In 1981, Schmid-

baur reported the high yielding synthesis of the mesomeric inner salt 504 by addition of BH3
.
THF to the 

6-membered cyclic CDP 157, and the isolated material was characterized by IR and NMR.
281

 The first 

crystallographic data for a Lewis adduct of a carbodiphosphorane and a borane was provided in 2009 

when Petz, Neumüller and Frenking reported on the synthesis, characterization and reactivity of the ad-

duct 505 which was obtained by reaction of 130 and B2H6 in toluene.
261,418

 An improved synthesis, us-
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ing BH3
.
SMe2 was later described by Alcarazo and 505 was isolated in nearly quantitative yield.

419
 In-

terestingly, the chemical behavior of 505 strongly depends of the nature of solvent. Thus, whereas 505 

is hydrolyzed by treatment with THF in the presence of extra B2H6 to form the salt [130-H][B3H8], the 

use of DME in presence of B2H6 led to the formation of salt [506][B2H7].
418

 Of particular importance is 

the fact that the structure found for [506][B2H7] displays the participation of the two lone pair at the 

carbon atom to bind the B2H5 motif, which represents a new coordination mode of a carbodiphospho-

rane to main group elements (distinct from proton or a methyl group). The formation of [506][B2H7] 

was attributed by the authors to the initial formation of the intermediate XXVII formed by addition of a 

second equiv. of BH3 to 505, and the subsequent hydride abstraction from XXVII by the remaining 

B2H6 (see below in Scheme 219).
418

  

Scheme 219. Reactivity of hexaphenylcarbodiphosphorane (130) vs boron derivatives. 
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Alcarazo succeeded in the transformation of 505 into the dihydrido borenium cation [507][HB(C6F5)3] 

by selective hydride abstraction with B(C6F5)3 in CH2Cl2. The cationic borenium motif was fully char-

acterized, including by XRD analysis of monocrystal. Despite the double σ + π donation from 130 to the 

borenium cation, the boron center remains electrophilic enough to be reacted with N-based Lewis bases 

and the corresponding boronium cations [508][HB(C6F5)3] and [509][HB(C6F5)3] were thereby isolated 

in quantitative yields upon addition of p-dimethylaminopyridine (DMAP) or 1-mesitylimidazole, re-
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spectively (Scheme 219). Interestingly, the determined C–B bond distance in 508 is considerably re-

duced upon DMAP coordination to boron [from 1.5030(17) Å to 1.6376(16) Å], thus indicating a signif-

icant decrease in the C–B bond order.
419

 Given the potential σ + π lone pairs donation capacity of CDPs, 

Alcarazo and colleagues demonstrated how helpful hexaphenylcarbodiphosphorane can be when dealing 

with the stabilization of uncommon, highly electrophilic main group species such as the borenium and 

boronium cations [507-509][HB(C6F5)3].   

More recently, Kuzo and co-workers reacted 130 with BF3
.
OEt2 (2 equiv.) in 1-bromo-2-fluorobenzene 

thus resulting in the initial coordination of 130 to BF3 and the following fluoride abstraction to afford 

the salt [510][BF4]. The structure of [510][BF4] displaying the interactions of the fluorine atoms from 

both the BF4 anion and the BF2 unit with the phenyl rings was confirmed by XRD analysis of mono-

crystal.
420

 Advanced NMR analyses were carried out and confirmed the strong ion pairing of the 

fluoroborenium cation and the BF4
-
 anion in solution as well. In addition, computational analysis (Ener-

gy Decomposition Analysis) for the adduct 510 pointed to the double σ + π lone pairs donation from 

130 to the BF2
+
 fragment, which resulted in the highest interaction energy found for a Lewis adduct in-

volving a carbodiphosphorane moiety.  

The coordination ability of 130 was also evaluated against AlBr3 and InMe3 by Petz et al. to afford the 

respective adducts 511 and 512 in excellent yields (Scheme 220).
421 

Scheme 220. Reactivity of CDP 130 vs InMe3 and AlBr3. 
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The Gallium-containing Lewis adducts 513 and 514 were prepared by the Gandon group by reaction the 

corresponding carbodiphosphorane (130 or 157) with GaCl3 (1 equiv.) in THF at room temperature 

(Scheme 221).
422

 Similar adducts containing strongly donor Lewis bases such as the NHCs and CAACs 

ligands were additionally prepared and analyzed. With all the spectroscopic and crystallographic data in 

hand, their relative electronic properties were evaluated and compared. The authors concluded that the 

sum of the Cl–Ga–Cl angles in L→GaCl3 adducts can be used to predict the electronic properties of the 

ligand and allowed to illustrate the significantly higher donation capacity of CDPs (along with their par-

ent compounds carbodicarbenes) vs the well-known strong donor NHCs and CAACs ligands.     

Few years before, Fürstner and co-workers reported the synthesis of the GaCl3-adducts 515 and 516 

from the bisylures 264a,b (Scheme 221).
324

 Careful analysis of the crystallographic data provided in-

sightful information regarding the donation ability of the bisylures 264a,b. In fact, while the diethox-

ycarbene moiety remains almost planar in the structure of 513, the NMe2-group in 515 is significantly 

twisted out of the plane. The authors argued that these conformational changes result in an efficient or-

bital overlap between the lone pairs at the oxygen atom and the carbene center in 516, whereas the dis-

tortion at the NMe2-group in 515 is due to the efficient stabilization of the carbenic center by both OEt 
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and NMe2 groups. In terms of reactivity, this is reflected by a reduced donation capacity of bisylure 

264a vs 264b, as clearly highlighted by the single auration of 264a upon addition of [AuCl(SMe2)] (due 

to the exclusive participation of the σ-lone pair), whilst the reaction of 264b with the same precursor 

delivers the geminal diaurated compound [264b-(AuCl)2] (involving the participation of both σ + π lone 

pairs; vide supra in the Coordination chemistry of double ylides to metallic species section).
324 

Scheme 221. Reactivity of the cyclic CDP 157 and the mixed P,C-bis(ylide)s (264a,b) towards 

GaCl3 reported by Gandon (eq. 1) and (eq. 2) and Fürtsner (eq. 3). 

 

Motivated by the C
0
-description of carbodiphosphoranes popularized by Tonner and Frenking and their 

remarkable strong donor capacity attributed to the presence of two orthogonal lone pairs (see the Elec-

tronic strucutre of carbodiphosphoranes and other related heteroatom-stabilized bis(ylide)s section),
 

Alcarazo and co-workers evaluated the cooperative action of hexaphenylcarbodiphosphorane (130) and 
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B(C6F5)3 to cleave small molecules, thereby the couple 130/B(C6F5)3 behaving as a rare example of a 

Frustrated Lewis Pair (FLP) having a C-based Lewis base (see Scheme 222).
423

   

In fact, 130 reacts with B(C6F5)3 to form the zwitterion 517. In contrast, rigorous control of the reaction 

temperature allowed for the H2-spliting at –78°C induced by 130/B(C6F5)3 to afford the salt [130-H][H-

B(C6H5)3] in excellent 91% yield. Because of the highly reactive nature of 130/B(C6F5)3, ring opening 

reactions resulted upon addition of THF, ethylene carbonate (519a) or 2,2-dimethyl-γ-butyrolactone 

(519b) yielding the zwitterions 518 and 520a-b in 76%, 84% and 71% yield, respectively. Further FLP-

type reactivity of the couple 130/B(C6F5)3 was also evidenced by addition of different substrates. The 

addition of the fluoroalkane formed quantitatively the salt [471][F-B(C6F5)3], which represents the first 

case of C–F bond breaking promoted by a FLP. In the case of phenylacetylene, deprotonation is the ma-

jor pathway, forming the salt [130-H][PhCC-B(C6F5)3] in 78% yield, but the “FLP-type-adduct” 522 is 

also formed in 12% yield. Finally, the synergetic action of 130/B(C6F5)3 was demonstrated for the Si–R 

bond activation of silanes (with R being proton or methyl group) to yield the corresponding salts 

[524a,b][H-B(C6F5)3] and [130-Me][H-B(C6F5)3] in excellent yields (87-93%). 

Scheme 222. Frustrated Lewis Pair reactivity between hexaphenylcarbodiphosphorane (130) and 

tris(pentafluorophenyl)borane (BCF) shown by Alcarazo. 
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4.5.2. Group 14 

The first reactivity attempts of carbodiphosphoranes with heavy group 14 elements were already per-

formed in 1976 by Schmidbaur and co-workers,
275

 when they reacted CDP 154 with Me3SiCl to yield 

the silylated salt [525][Cl], is however highly sensitive and was not isolated in pure form (Scheme 223).  

As previously exposed in the Reactivity of double ylides towards organic compounds section, Kuzu, 

Neümuller and Tonner succeeded to achieve the quantitative isolation of [270l][OTf] by reacting hexa-

phenylcarbodiphosphorane (130) with MeSiOTf in toluene few years ago.
351

 In contrast to [525][Cl], 

compound [270l][OTf] was stable enough to be completely characterized in both solution and solid 

state.  

The access to CDP complexes going down in group 14 was more challenging. Petz reported in 2003 that 

CDP 130 does not react with SnCl2 or Me3SnCl in a productive way, instead conducting to hydrolysis 
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and sidereactions. More recently, outstanding work deciphering the synthesis of coordinatively unsatu-

rated [Sn
II
Cl]

+
 and [Ge

II
Cl]

+
 cationic species conveniently stabilized by 130 via double σ + π lone pairs 

donation to the main group element was accomplished by Alcarazo and colleagues (Scheme 223).
424

 

Thus, 130 reacts with GeCl2
.
dioxane or SnCl2 to form the zwitterions 526 and 527 respectively in quan-

titative yield. The highly insoluble GeCl2-adduct 526 becomes soluble upon addition of an extra equiva-

lent of GeCl2
.
dioxane and gives the bimetallic complex 528 displaying unsupported Ge

II
→Ge

II
 dative 

bonds. The stability of this highly unusual Ge
II
→Ge

II
 donor-acceptor complex 528 is due to the extraor-

dinary donation ability of 130 towards the central Ge-atom as indicated by the shortening of the C–Ge 

bond distance measured in the crystallographic data obtained for 526 (2.063 Å) and 528 (1.960 Å).  

Fast chloride abstraction from 526 with AlCl3 in CH2Cl2 generated the cationic [Ge
II
Cl]

+
-derivative 

[529][AlCl4] in good yield. The [Ge
II
Cl]

+
 derivative is solely stabilized by 130 and a chloride ligand.  

NMR, EI-MS and XRD of single crystals confirmed the geometry of the [130→Ge
II
Cl]

+
 cation having a 

P–C–Ge–Cl torsion angle of only 8.1° along with a short C–Ge bond distance of 1.954 Å. These param-

eters point to an efficient orbital overlapping between the filled π orbital at the central C-atom and the 

empty orbital at Ge. Given the highly acidic character of the [130→Ge
II
Cl]

+
 cation 529, reactivity to-

wards Lewis bases was conducted. In fact, the addition of 4-dimethylaminopyridine (DMAP in Scheme 

223) to the [Ge
II
Cl]

+
 cation 529 enabled the formation of the cation 530 displaying a Ge←DMAP ad-

duct. Interestingly, and according to the particular bonding situation in 529, the coordination of DMAP 

to the [130→Ge
II
Cl]

+
 cation populates the LUMO (π*C-Ge) of 529 and thus prevent the π lone pair dona-

tion from 130 to Ge resulting in the reduction of the measured C–Ge bond distance (2.053 Å) of the 

cation 530. DFT calculations at the BP86/def2-TZVP level of theory were carried out to provide further 

insight to the electronic description of the [130→Ge
II
Cl]

+
 cation 529. In short, the HOMO is a σ lone 
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pair orbital mainly located at Ge, while the HOMO–1 is a π orbital considerably polarized towards the 

carbon atom although retaining some C–Ge π bonding. In addition, Wiberg bond indices (WBIs) were 

computed and showed a higher C–Ge value (0.84) for the [130→Ge
II
Cl]

+
 cation 529 vs the values found 

for both the GeCl2 precursor 526 (0.54) and the DMAP-stabilized [130→Ge
II
Cl]

+
 cation 530 (0.64), 

which clearly illustrate the increased bond strength due to more efficient π orbital overlap in 529.  In 

spite of the partial π lone pair delocalization, efficient oxidation of the [130→Ge
II
Cl]

+
 cation 529 by S8 

was achieved to form dication 531. 

Scheme 223. Reactivity of CDPs 130 and 154 towards heavy (distinct from carbon) group 14 ele-

ments reported by Schmidbaur, Kuzu and Alcarazo. Conditions: i) addition of GeCl2
.
dioxane (1 

equiv.) in toluene at room temperature and stirred overnight (quantitative yield); ii) one solution 

of 130 in toluene was added to a THF solution containing SnCl2 (1 equiv.) at room temperature 

and stirred overnight (quantitative yield). 
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With zwitterion 130→Sn
II
Cl2 (527) in hands, the chemistry was further extended by the same group to 

the synthesis of 130→Sn adducts containing the [Sn
II
Cl]

+
 motif (Scheme 223).

424
 In contrast to the 

germanium chemistry, treatment of the zwitterion 527 with AlCl3 results in the formation of the dimer 
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[532][AlCl4]2 dication with the two Sn atoms connected to each other by bridging chloride ligands.  The 

formation of this dimer structure is due to the weaker nature of the dative 130→Sn
II
 π interaction, which 

is consistent with the less efficient overlapping of the C(2p) and Sn(5p) orbitals. Despite the distinct 

nuclearity found in the structures of the [130→Ge
II
Cl]

+
 cation 530 (monomer) and the [130→Sn

II
Cl]

+
 

cation 532 (dimer), they do behave similarly upon addition Lewis bases such as DMAP.  Accordingly, 

the new [130→Sn
II
Cl]

+
 cation 533 was obtained. 

4.5.3. Group 15 

The use of CDPs in main group chemistry was addressed by Matthews immediately after the discovery 

of CDP 130 in 1961.
417

 Few years later they tackled the issue of isolating cationic phosphines (Scheme 

224).
258

  The heating of 130 and ClPPh2 in dry-diglyme allowed to isolate the adduct [(130)P
III

Ph2]
+
 

(534) in excellent 96% yield.  Despite its cationic nature, 534 underwent easy phosphorus oxidation to 

build the new adduct [(130)P
V
(Cl)Ph2]

2+
 (535).

258
 Distinct P

III
 to P

V
 oxidations were achieved upon mild 

conditions by addition of tBuOOH or S8 to the cation 534 giving adducts [(130)P
V
(O)Ph2]

+
 (538) and 

[(130)P
V
(S)Ph2]

2+
 (539) in 96% and 48% yield, respectively.

258
 Alternatively, the hydrolysis of dication 

535 affords the adduct 538. The nucleophilic character of the PPh2 fragment in 534 was demonstrated 

by adding MeI, BnBr and [PhN2][BF4] to give the corresponding phosphonium derivatives 536, 537 and 

541 in similar yields (ca. 80%), although strong heating (145°C) and large excess of [PhN2][BF4] was 

required in order to reach completion in the case of dications 537 and 541.
258

 The availability of the lone 

pair at the PPh2 unit was also proved by coordination of cation 534 to HgCl2 (2 equiv.) giving access to 

the salt [540][HgCl3]. 
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Almost two decades later, Appel and co-workers proved the ylide character of CDP 188a, towards sev-

eral electrophiles including ClPPh2, forming the cationic adduct [(188a)P
III

Ph2]
+
 (190a) in high yield. 

Fifty years after the original work of Matthews,
258

 the Weigand group revisited the reactivity of CDP 

(130) and ClPPh2 (see Scheme 225).
425

 In fact the reaction of 130 with ClPPh2 in presence of Me3SiOTf 

yielded the more soluble triflate salt [534][OTf] in 90% yield.
425

 Here also the availability of the lone 

pair at phosphorus was proved by the P
III

 to P
V
 oxidation with chlorine

426
 or tBuOOH,

426
 and through 

the phosphorus methylation
426

 and protonation
426

 reactions to yield the cation [(130)P
V
(O)Ph2]

+
 (538), 

and the corresponding dications 535, 536 and 542 in yields ranging from 81% to 97%.
425,426 

Scheme 224. Synthesis of cationic phosphines carried out by the groups of Matthews and Appel 

via nucleophilic substitution of P–Cl bonds effected by carbodiphosphoranes 130 and 188a. 
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The P=O bond in the adduct 538 was further functionalized to give quantitatively the dication 543 upon 

addition of Tf2O in fluorobenzene at room temperature (Scheme 225).
425

 According to the presence of a 

good leaving group directly attached to the PPh2 fragment, this reaction can be reversed by addition of a 

Lewis base such as PPh3 or DMAP. In fact, the lability of the P–OTf bond allowed for the synthesis of 

new tri(phosphonio)methanide derivatives such as the cation 545 bearing DMAP,
425

 or the dications 

546-548 containing inorganic anions attached to phosphorus (F
–
, SCN

–
 and CN

–
).

426
 Interestingly, the 

fluorinated dication 546 can be reached through an alternative pathway involving a first oxidation step 

of 534 with XeF2 to isolate the difluorinated intermediate [(130)P
V
(F)2Ph2]

+
 (549), followed by selective 

fluoride abstraction with Me3SiOTf.
426

  Crystallographic data were collected for the species [543][OTf]2 
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and [549][OTf], thus providing a clear picture of these two cations. A distinct reactivity of dication 543 

was performed upon addition of phenol that breaks the O–Tf bond to give quantitatively the OH-

substituted dication 544 and phenyl triflate.
425

 

In addition the dication 543 underwent intramolecular C–H bond activation of a phenyl ring upon dras-

tic conditions that cyclized into the unprecedented tri(phosphonio)methanide dication 550 in high 

yield.
427

 The 
31

P NMR of dication 550 reflected an AX2 spin system which is consistent with the pro-

posed structure. Definitive proof for the cyclization of 543 into 550 was provided by XRD analysis 

which showed the planarity of the bicyclic dication, having short P–C bond distances as a consequence 

of the negative hyperconjugation of the π lone pair at methanide C-atom across the σ*(P–CPh) orbitals. 

Scheme 225. Synthesis and reactivity of the cationic adducts [(130)P
III,V

Ph2]
+
 130→P

III,V
Ph2 re-

cently reported by Weigand. 
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The pathway to convert 543 into 550 was computed and occurs via an intramolecular electrophilic aro-

matic substitution (SEAr; simplified mechanism is represented in Scheme 225). The cyclization step to 

bring dication 550 takes place through concerted OTf elimination and simultaneous backside attack of 

the arene to reach the Wheland Intermediate XXIX via transition state XXVIII.  Subsequent deprotona-

tion step by the triflate drives to the formation of the tri(phosphonio)methanide dication 550.
427  

The dication 550 reacts with fluoride sources (either KF, AgF or [NBu4][F]) to yield the fluorinated 

cation 551 that is characterized in 
31

P NMR by a AMUX spin system, with only two phosphorus nuclei 

correlating with the fluorine in 
19

F–
31

P{
19

F} HOESY NMR. This NMR pattern suggested the interaction 
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of the fluoride anion with exclusively two of the three phosphorus atoms, this observation being defini-

tively confirmed by the crystallographic data obtained from monocrystalline material of [551][OTf]. 

The selectivity for the fluoride complexation by dication 550 vs other inorganic anions (CN
–
, Cl

–
, I

–
, 

SCN
–
, N

3–
, CO3

2–
) was also demonstrated, along with its high sensitivity towards fluoride complexation.  

Indeed, dication 550 is able to detect at concentrations below 0.1 ppm. The high stability of [551][OTf] 

(both air and moisture stable) prompted the authors to investigate its use as an anhydrous source of fluo-

ride anion.  Thereby, a highly efficient 551-catalyzed trifluoromethylation of aldehydes was developed 

in presence of Ruppert’s silane to reach the α-trifluoromethylated silylalcoholates 553a-g in yields rang-

ing from 76% to 93% (Scheme 226). Compound 551 thus emerged as an excellent agent for the reversi-

ble complexation and release of fluoride anion. 

Scheme 226. Trifluoromethylation of aldehydes catalyzed by the fluorinated cation 551. 

 

Vidović reported the synthesis and characterization of the chlorinated cations [(130)P
III

(Cl)Ph]
+
 (554a) 

and [(130)P
III

(Cl)(4-F-C6H4)]
+
 (555) from 130 and the appropriate Cl2PAr in excess (Scheme 227).

428
 In 

addition to the indicative NMR pattern, the atom connectivity of [555][Cl] was established by XRD 
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analysis. Heating of [554a][Cl] at 100°C overnight in presence of [Na][BAr
F

4] (3 equiv.) produced the 

fluorinated cation 557a in minimal amounts that precluded its isolation. Improved yields (26% and 

55%) were achieved starting from the respective salts [554a][BAr
Cl

4] or [555][BAr
Cl

4] and benzotrifluo-

ride.  Prolonged heating of [554a][BAr
Cl

4] in the presence of KF gave the fluorine-containing cation 

557a in 95% favoring its in situ characterization by NMR techniques and exact mass determination. 

This result confirms the ability of the presumably formed dication [(130)P
III

Ph]
2+

 to cleave C–F bonds 

because of the accessibility of low-lying unoccupied orbitals.  Confirmation of this hypothesis was 

achieved upon coordination of PMe3 that permitted the isolation of [556a][BAr
F

4]2 in 59% yield. 

Scheme 227. Synthesis of cationic adducts [(130)P
III

Cl(Ph)]
+
 and C–F bond cleavage of aromatics 

and benzotrifluoride mediated by an in situ formed dication [(130)P
III

(Ph)]
2+

 (Vidovic ́). 
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The same group extended this chemistry creating molecular diversity by modifying both the nature of 

the CDP (the linear CDP 130 vs the cyclic one 157) and the R’ group at phosphorus (R’ = Ph (a), 4-F-

C6H4 (b), N(iPr)2 (c), NCy2 (d), tBu (e) and N=C(NtBu)2(CH)2 (f); Scheme 228).
429-433

  Reacting 130 or 

157 with 3 equiv. of Cl2PR’ in benzene affords the chlorinated adducts [554a-e][Cl] and [559b][Cl] in 

variable yields (55-90%). Chloride abstraction by addition of AlCl3 or [Na][BAr
F

4] (2 equiv.) gives the 

corresponding dications in modest yields (35-66%).
429,430

   

Given the high oxophilicity of phosphorus and the low lying LUMO in the phosphenium dication 

560c,
430,431

 it spontaneously reacts with water in CH2Cl2 at room temperature leading toto the dication 

562c, whose isolation was however not possible. In contrast, the analogous adduct 
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[(3)P
V
(H)(OMe)N(iPr)2]

2+
 was isolated in ca. 90% upon addition of 1 equiv. of MeOH to 

[(130)P
III

N(iPr)2]
2+

 (560c). Definitive proof for the formation of the dication [(130)P
V
(H)(OH)N(iPr)2]

2+
 

(562c) was given by addition of NEt3 to the reaction mixture and the salt [562c-NEt3][X]2 was isolated 

in 57% yield and fully characterized.
430,431

 

The same group reported the selective P–N bond activation instead of the P–Cl of MeNPCl2 mediated 

by 130, yielding the cation [(130)P
III

Cl2]
+
 (563).

432
 Theoretical investigations were carried out at the 

B3LYP/6-31G(d) level and pointed to the formation of 563 involving a seemingly SN2’ mechanism via 

intermediate XXX (see Scheme 228).  

Hexaphenylcarbodiphosphorane (130) reacted with the dichlorophosphine 564 to afford quantitatively 

the salt [554f][Cl], and the double chloride abstraction with AgSbF6 gave quantitatively the desired di-

cation 565f (Scheme 228).
433

 Careful analysis of the crystallographic data and the computed frontier 

orbitals for dication 565f indicated the dicationic iminophosphane resonance form (A in Scheme 228) to 

contribute the most, with small contribution of the phosphorus mononitride resonance form (B in 

Scheme 228). 

Scheme 228. Synthesis of cationic adducts between CDPs 130 and 157 with P-based fragments. 
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Interesting molecular diversity was created in 1997 by Schmidpeter et al. when they reported similar 

reactivity of 130 towards dichlorophosphines (566a-c) bearing an ylide moiety (Scheme 229).
434

 Thus, 

the reaction of 130 and 566a-c at 0°C gave the dications 567a-c in quantitative amounts. In sharp con-

trast, strict temperature control is required when using the phosphorus ylide 568 having two PCl2-

substituents to selectively produce the cation 569 in modest yield (57%), with the second PCl2 unit re-

maining untouched. 

Scheme 229. Reactivity of 130 and functionalized dichlorophosphines. 
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Alcarazo prepared the cationic phosphonites 571a,b by reaction of 130 and the corresponding chloro-

phosphites (570a,b in Scheme 230).
435

 The subsequent coordination of 571a,b to [AuCl(SMe2)] at –

20°C gave quantitative access to the Au-complexes [571a,b-AuCl][SbF6]. The Au-complex [571a-

AuCl][SbF6] was evaluated for the catalytic enantioselective cyclization of the diyne substrate 572 aim-

ing to isolate the [6]helicene (573). Instead, selective cyclization led to 576, while an analogous cationic 

phosphonite bearing the SIMes group provided an efficient entry to the [6]helicene (573) with excellent 

enantioselectivity (ee = 91%).
435 

Scheme 230. Synthesis of cationic phosphonites 571a,b, coordination to AuCl (A), and unproduc-

tive use of [571a,b-AuCl] as catalysts for the enantioselective synthesis of [6]helicenes (B) reported 

by Alcarazo. Conditions: i) Stirring overnight at r.t. a 1:1 mixture of 130 and 570a. Then, 

[Na][SbF6](3 equiv.) was added in CH3CN to the isolated crude solid and the suspension was 

stirred overnight (Yield = 57%); ii) stirring overnight at r.t. a 0.9:1 mixture of 130 and 570b, fol-

lowed by addition of 0.9 equiv. of 130 and heating at 60°C for additional 4 h.  Then, [Na][SbF6] 
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(2.5 equiv.) was added in CH3CN to the isolated crude solid and the suspension was stirred over-

night (Yield = 32%). 

 

Kato and Baceiredo reported the reactivity of the P,S
II
- bis(ylide) 241b against phosphenium salts 

(Scheme 231).
436

 The bis(ylide) was reacted with the phosphenium cation 577 to form the cationic 

phosphinocarbene [578b]
+
 that was characterized in situ due to high instability. Further proof on the 

carbenic nature of 578b was provided by its reactivity vs tertbutyl isocyanide leading to the cationic 

ketenimine [579b]
+
. In sharp contrast, reacting 241b with 2 equiv. of the cyclic phosphenium cation 580 

conducted to the isolation of the salt [581b][OTf] in 51% yield. Its complete characterization was per-

formed by NMR and XRD analysis, and proved the presence of a 3-membered heterocycle having 4-π 

electrons. 
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Scheme 231. Reactivity of mixed P,S
II

-bis(ylide) 241b vs phosphenium salts. 

 

4.5.4. Group 16 

In 1977, Bestmann reviewed the chemistry of phosphacumulene ylides and reported the reactivity of 

130 with S8 to produce the phosphacumulene 283 by trapping of in situ created CS2 with 130.
437

 Few 

years later, Schmidbaur revisited this chemistry and found the reversible transformation of carbodiphos-

phoranes 130 and 142 into the sulfur derivatives 582 and 583 upon addition of equimolar amounts of S8 

at –50°C.
438,439

 The adducts 582 and 583 were isolated in excellent yield, and the former was further 
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reacted with MeSO3F, benzyl chloride and Me3SnCl to yield the cations 584a-c in 51-87% (Scheme 

232).
438,439 

Scheme 232. Sulfuration of carbodiphosphoranes 130 and 142 to yield sulfides 353-354 and their 

reactions with electrophiles. 

 

The same reactivity towards selenium
438,439 

and tellurium
439

 was explored by the same group (eq.1 and 

eq.2 in Scheme 233, respectively). More intriguing were the results achieved in presence of mild oxi-

dants such as elemental bromine, elemental iodine or FeCl3 that formed the dication 586 through an 

oxidative coupling of two selenolate functions.
439,440

 The X-ray structures of the selenide cation [585]
+
 

and dication [586]
2+

 proved the planarity of the ylidic carbon in both compounds, the dication display-

ing an unusual Se–Se bond distance of 2.492(2) Å. 

Scheme 233. Reactivity of CDP 130 with Se- and Te-reagents. Conditions: i) addition of Br2; ii) 

addition of I2; and iii) addition of FeCl3 in CH2Cl2. 
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In addition, the air oxidation of the mixed P,S
IV

-bis(ylide) 255a has been reported by Fujii, with selec-

tive formation of Ph3P=O in 95% yield (Scheme 162).
322

   

4.5.5. Group 17 

Oxidation reactions of CDP 130 were explored by Petz
441,442

 and Schmidbaur.
439

 The first report cover-

ing the oxidation of 130 by elemental iodine to form 130-I was published by Schmidbaur in 1985 

(Scheme 234). Very recently, Petz reported an alternative way of synthesis for the cation 130-I in pres-

ence of iodine and methyl iodide.  The salt [130-I][I3] was crystallized in 10%, allowing to confirm its 

structure by XRD analysis.
441 
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Scheme 234. Oxidation reactions of CDP 130. Conditions: i) addition of Br2 (Yield = 70%); ii) ad-

dition of CBr4. 

 

In his seminal work detailing the synthesis of 130, Ramirez pointed to the facile oxidation of 130 into 

the salt [130-Br][Br] by simple addition of Br2 (Scheme 234).
255

 45 years later, Petz and co-workers 

revisited the synthesis of the brominated cation [130-Br]
+
 by using CBr4 as bromine source, being une-

quivocally characterized by XRD analysis.
441

 In addition, cation [130-Br]
+
 gets hydrolyzed upon addi-

tion of HCl to afford [130-H2][Cl]2.
441
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4.6. Carbodicarbenes 

In a general perspective, the stability of geminal dianions, yldiides and carbodiphosphoranes can be un-

derstood in terms of negative hyperconjugation into low-lying antibonding (and thus empty) orbitals of 

two heteroatom-based substituents. This concept can be extended to carbon-based substituents, as far as 

an “empty orbital” of appropriate energy is present on an adjacent carbon, thus designing the main char-

acteristic of a new family of neutral compounds bearing two lone pairs at carbon (Scheme 235, left). 

Being based on the (partial) conjugation of two carbon-centered lone pairs and two adjacent, carbon-

centered vacant p orbitals, these species are obviously closely related to allenes, and more specifically to 

“push-push bent allenes”, which feature a strong electronic density at carbon. As exposed in Bertrand’s 

paper presenting the first carbodicarbene based on a NHC moiety,
304

 bending of allenes occurs either by 

a geometrical constraint applied on the C=C=C moiety, or by a weakening of each of the π bond. This 

last option can be done by polarizing each of the two π systems using for example strongly mesomeric 

donor substituents like nitrogen atoms. It also results in an important increase of the electronic density at 

carbon, in both π systems, as shown by the mesomeric forms in Scheme 235, middle. If a heterolytic 

cleavage of the σ bond between the central carbon and its stabilizing neighbor is formally envisioned, 

the electrons of the σ bond being attributed to the stabilizing moiety, the resulting fragment belongs to 

the family of singlet carbenes (Scheme 235; right). For this reason, these species are denominated car-

bodicarbenes by analogy with carbodiphosphoranes, although the logical ground of this kind of hetero-

lytic cleavage is still the subject of numerous discussions amongst the chemist’s community.
291,295,300,301

 

Similarities in electronic configuration between the two groups have been discussed earlier.  
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Scheme 235 : Left: From carbodiphosphorane to carbodicarbene by changing the nature of the 

accepting orbital. Middle: typical push-push allene and a mesomeric form showing two lone pairs 

at carbon. Right: heterolytic cleavage of the C-C bond highlighting the analogy with carbodi-

phosphoranes. 

 

We will limit our scope to isolated molecules for which the C=C=C moiety is not constrained in a cycle, 

as well as those for which the two adjacent groups have been isolated as stable, neutral Lewis bases. The 

only exception to this last criteria will be tetrakis(dimethylamino)allene, which has been extensively 

studied and is presented as being at the frontier between electron-rich allenes and carbodicarbenes.
297

 

The reactivity and properties of mixed species with a phosphorane and a carbene moieties are not in-

cluded in this review, as they have been reviewed recently.
443

 

4.6.1. Synthesis  

Carbodicarbenes are mostly obtained by mono- or double deprotonation of the appropriate precursor, 

i.e. an allyl cation or a bis-iminium or bis-imidazolium salt, respectively. In 1973 was reported a synthe-

sis of two allenetetramine by Lach et al.
444

 by deprotonation of 1,1,3,3-tetrakis(dimethylamino)allyl and 

1,1,3,3-tetrakis(diethylamino)allyl to afford 269-Me and 269-Et, and a 1,3-bis(dimethylamino)-1,3-
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bis(diethoxy)allyl to afford species 588 (Scheme 236). The synthesis of compound 1 was later improved 

changing the counter anion of the allyl cation to tetrafloroborate and the base to sodium amide.
445

 If the 

X-ray structure of these species were not determined, the reactivity of the methylated compound (see 

below) clearly indicates that it should be set in the group of carbodicarbenes. In the case of 3, the depro-

tonation step required the use of sodium amide in liquid ammonia. Compound 269-Me is the only of the 

three for which an NMR characterization is affordable.
445

 Its 
13

C{
1
H} NMR spectra consist in three sig-

nals at 42.1, 142.8, and 157.0 ppm.  

Scheme 236 : Synthesis of carbodicarbene 1, 2 and related species 3. 

 

The publication in 2008 of the first example of a carbodicarbene (for which the substituent at carbon 

were known as stable free carbenes) marked a renewing interest in this field. Carbodicarbene 268-Me 

was obtained by double deprotonation of the corresponding bis-imidazolium salt using potassium hexa-

methyldisilazane (Scheme 237). The central C=C=C carbon was seen at 110.2 ppm in 
13

C{
1
H} NMR, 

whereas the NCN carbons appeared at 144.8 ppm. This is to be compared to 142.8 ppm (central carbon) 
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and 157.0 ppm (NCN) in 269-Me, as well as the chemical shift of the central carbon in H2CCCH2 

(211.4 ppm).
296

  

This species could be crystallized, and showed a relatively small C=C=C bond angle of 134.8(2)° as 

well as a twist angle of 69° between the two planes containing the carbene moieties. These structural 

parameters support a strong deviation from an allene structure, and thus the presence of two lone pairs at 

carbon according to the second mesomeric form represented in Scheme N. The (NCN)-C bond distance 

of 1.343(2) Å is however in the range of regular C=C double bonds and slightly longer than C=C allenic 

bond distances (1.318 Å in average according to CCDC) (Figure 2).   

Scheme 237 : Synthesis of carbodicarbenes 268-R, R=Me,Cy, Py, iPr. 

 



331 

 

 

 

Figure 2: X-ray structure of compound 268-Me represented along its C2 axis, and compound 268-

Py.  

 

 

Carbodicarbene 268-Me was later decorated with isopropyl, cyclohexyl
446

 and pyridine
447

 substituents 

on one nitrogen atom of each imidazolium cycle by Ong et al., affording species 268-iPr, 268-Cy and 

268-Py following the same synthetic protocol as for species 268-Me but changing potassium to sodium 

for the amide counteraction in the case of Py. Available structural parameters are summed up in Table 

12 for comparison with 268-Me. If 268-Me and 268-iPr features similar C=C bond lengths, C=C=C 

bond angle, N-C-C-N torsion angles, and 
13

C-NMR displacement for the C2 allenic carbon are very sim-

ilar, the C=C=C bond angle in 268-Py appears to be broader as well as the N-C-C-N torsion angle, at-

tributed to an increased “allenic character”,
447

 i.e. an increase of the double-bond character of C1-C2 and 

C3-C2 interactions. 
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Table 12 : Characteristic bond lengts, angle, torsion angle and 
13

C NMR displacement for species 268-

R, 589-R and 590. 

Specie C=C bond length (Å) C=C=C bond 

angle (°) 

(N-C-C-N) torsion (°) δ (C2-) (ppm) 

268-Me 1.343(2) 134.8(2) 64.3 110.2 

268-iPr 1.335(5) 136.6(5) 64.9 110.0 

268-Cy n.a. n.a. n.a. 110.2 

268-Py 1.333(2)/1.324(2) 143.61(15) 76.5 Not attributed 

589-iPr 1.3455(16)/1.3401(16) 137.55(12)  Not attributed 

589-NHC 1.318(3)/1.344(3) 146.11(19)  Not attributed 

590 n.a. n.a. n.a. 105.5 

 

Ong et al. also proposed a variety of unsymmetrical carbodicarbene, which were synthesized through a 

simple SN2 reaction between a variety of nucleophilic, N-heterocyclic olefin and electrophilic 1-3-

dimethyl-2-(methylthio)benzoimidazolium (scheme 238).
448

 

Scheme 238 : Synthesis of carbodicarbenes 589-R, R=Py, iPr, MeiPr, NHC. 
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Only compound 589-iPr and 589-NHC were structurally characterized. If the dissymetrization of 589-

iPr has little impact on the C=C=C structure, replacing a benzoimodazolium moiety by the imidazolium 

fragment lead to a shortening of the C-C bond lengths next to the benzioimodazolium and presumably 

an increase of the C=C double bond character, as alleged by the broad C=C=C angle (see Table 12). 

Replacing one of the nitrogen atom of each imidazolium salt by an oxygen atom resulted in a decrease 

of the stability of the carbodicarbene.
449

 In fact, this change in the structure of the carbenic moieties lead 

to an increased electrophilicity of terminal carbons C1 and C3, which favored dimerization above -20°C. 

Stepwise methylation of bis(2-benzoxazolyl)methane lead to the formation of 3-methyl-2-[(3-methyl-

2(3H)-benzoxazolylidene) methyl]-benzoxazolylium triflate, which can be further deprotonated to af-

ford carbodicarbene 590. If its structure could not be confirmed by X-ray diffraction analysis, it was 

characterized by 
1
H and 

13
C NMR spectroscopy at low temperature. In 

13
C{

1
H} NMR, the observation 

of a quaternary carbon at 105.5 ppm was consistent with the formation of carbodicarbene 590. Its dimer, 

obtained upon warming above -20°C, was structurally characterized by X-ray diffraction (scheme 239).  

Scheme 239: Synthesis of carbodicarbenes 590 and subsequent dimerization. 

  

4.6.2. Reactivity 
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The reactivity of 1,1,3,3-tetrakis(dimethylamino)allen 269-Me and 1,3-bis(dimethylamino)-1,3-

bis(diethoxy)-allen 588 toward organic electrophiles was extensively explored as early as in 1973. In 

agreement with the presence of a strong charge density at C2, and in agreement with the reactivity of 

other electron-rich allenes which remains out of the scope of this review,
450

 compounds 269-Me and 

588 undergo a variety of electrophilic additions with strong (CO2, CS2, phenylcyanate, SO2)
 
or weak 

(elemental sulfur) electrophiles (scheme 240).
444 

Their reactivity toward electron-deficient allenes was 

also probed (carbodiimide, diazomaloester, tosylazide), affording dipoles that were presented as inter-

mediates of polar cycloaddition of allenes. One-electron reduction by silver salts lead to dimerization.
451

 

Scheme 240 : Reactivity of tetraaminoaallene 269-Me with various electrophiles. 

 

The interest for more recent, non cyclic carbodicarbene being centered on their electronic structure and 

coordination ability, their reactivity toward organic molecules is still in its infancy.  
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Addition of methyliodide to 268-iPr lead to methylation of the central carbon, in agreement with the 

strong electronic density expected for a carbodicarbene. The presence of a second lone pair (or residual 

electronic density at C2) was highlighted by the addition of a strong base, which lead to deprotonation of 

one of the imidazolium methyl and subsequent cyclisation by nucleophilic addition to the terminal car-

bon of the “allenic” moiety, and leaved the CH3-C2 unchanged. 

Scheme 241 : Electrophilic addition of iodomethane on carbodicarbenes 268-iPr. 

 

Addition of methyliodide to 268-iPr lead to methylation of the central carbon, in agreement with the 

strong electronic density expected for a carbodicarbene (scheme 241). The presence of a second lone 

pair (or residual electronic density at C2) was highlighted by the addition of a strong base, which lead to 

deprotonation of one of the imidazolium methyl and subsequent cyclisation by nucleophilic addition to 

the terminal carbon of the “allenic” moiety, and leaved the CH3-C2 unchanged. 

Addition of trimethylsilylchloride to compound 590 resulted in the silylation of central carbon C2, as a 

proof of its strong nucleophilic character (scheme 242).  

Scheme 242 : Electrophilic addition of trimethylsilyl chloride on carbodicarbenes 590. 

 

4.6.3. Coordination chemistry 
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4.6.3.1. Group 2 

Beryllium-carbodicarbene adducts
452

 were obtained by adding beryllium dichloride diethylether adduct 

to a solution of carbodicarbene 268-iPr in benzene to afford [Be(268-iPr)Cl2] and [Be(268-

iPr){N(SiMe3)2}Cl] after subsequent salt metathesis with [KN(SiMe3)2] (scheme 243).  

Scheme 243 : Coordination of carbodicarbenes 269-iPr to beryllium dichloride and subsequent 

ligand exchange at beryllium. 

 

Structural parameters obtained from X-ray diffraction study are comparable to those obtained with the 

related carbodiphosphorane-beryllium adduct, and suggest a strong donation from the carbon to the be-

ryllium (elongated C-C and Be-Cl bonds, short C-Be bond length). The CCBeCl torsion angle of 

46.07(18)° excludes any π-donation from C to Be. The dative nature of the carbon-beryllium interaction 

in both complexes was confirmed by DFT calculations, showing low Wiberg bond indexes of 0.200 and 

0.196 respectively for C-Be bonds. A strong residual density of π symmetry with no overlap with beryl-

lium is also seen in the Kohn-Sham HOMO orbital, confirming the absence of any π donation.  
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Scheme 244 : Formation of a beryllium heterocycle. 

 

Upon addition of an additional equivalent of either potassium hexamethyldisilazane or potassium graph-

ite to [Be(268-iPr){N(SiMe3)2}Cl], deprotonation of the N-methyl group occurs, leading to the for-

mation of a beryllium metallacycle (scheme 244). If the two C-Be bond lengths in [Be(κ
2
-C,C-268-

iPr){N(SiMe3)2}Cl] are quite similar (1.790(5) Å and 1.796(5) Å), their Wiberg bond indexes are dif-

ferent (0.184 vs 0.254), pointing to an increased covalent character for the CH2-Be bond in contrast to 

the dative carbon-Be one. The fact that better yield are obtained with the potassium graphite route sug-

gest a radical process, and the possibility of Be
I
 and BeH intermediates. 

4.6.3.2. Group 8 

Carbodicarbene 268-Py was quite recently shown to be able to stabilize iron in various oxidation 

states.
453

 Complex [Fe(268-Py)2]
2+

, obtained by addition of freshly synthesized ligand 268-Py to 

[Fe(CH3CN)2(OTf)2], was subsequently oxidized to [Fe(268-Py)2]
3+

 by addition of one equivalent of 

silver salts, and then to [Fe(268-Py)2]
4+

 and [Fe(268-Py)2]
5+

 by sequential addition of two equivalents of 

Tris(2,4-dibromophenyl)ammoniumyl hexachloroantimonate (scheme 245). A better purity for [Fe(268-

Py)2]
4+

 and [Fe(268-Py)2]
5+

 was obtained by bulk electrolysis in the presence of NOBF4.  
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Scheme 245: Synthesis and stepwise oxidation of [Fe(268-Py)2]
2+

. 

 

Apart from complex [Fe(268-Py)2]
5+

 which is not stable, all of them could be crystallized and are 

isostructural. X-ray structures showed two sp
2
-hybridized carbon in trans position one to the other, ide-

ally arranged for a double π-donor interaction toward a same d orbital of the iron. The three of them 

showed a low-spin configuration. According to NMR spectroscopy, [Fe(268-Py)2]
2+

 is close to a spin 

crossover domain and thus not fully diamagnetic. More interestingly, the redox potential of the [Fe(268-

Py)2]
4+

 /[Fe(268-Py)2]
3+

 couple (0.27 V vs Fc
+
/Fc) is quite close to this of the 268-Py/268-Py

+●
 couple 

(0.16 V vs Fc
+
/Fc). The UV-vis spectrum of [Fe(268-Py)2]

4+
 showed a ligand-to-ligand intravalence 

charge transfer band at 1500 nm, characteristic of a radical ligand and thus an iron center in its +III oxi-

dation state. However, its 
1
H NMR spectra is well resolved and in the range of diamagnetic, S=0 com-

plexes. This is compatible with a low spin iron (IV) center but also with a strong antiferromagnetic cou-

pling between a radical ligand and an iron (III) center. Complex [Fe(268-Py)2]
5+

 was characterized by 

EPR spectroscopy. Its spectrum is characteristic of a ligand-centered unpaired spin, with a persistence of 

the EPR signal in solution at room temperature. Mössbauer spectroscopy showed little change from 

[Fe(268-Py)2]
4+

 to [Fe(268-Py)2]
5+

 with isomer shifts of 0.16 mm.s
-1

 characteristic of low-spin iron (III). 

DFT calculations showed a high degree of C-Fe covalency in the frontier orbitals of a closed shell mod-
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el of [Fe(268-Py)2]
4+

 and allowed for the localization of an energetically close open-shell singlet featur-

ing a strong antiferromagnetic coupling between an iron (III) center and a ligand-centered radical. Upon 

the strong geometrical constraint imposed by the ligand, the iron-centered oxidation lead to the homoly-

sis of the C-Fe bond to afford a complex best described as [Fe
3+

(268-Py)(268-Py)
+●

]. Calculations per-

formed on the complex [Fe(268-Py)2]
5+

 are consistent with an iron (III) center and two radical cations as 

ligands. 

4.6.3.3.  Group 9 

Scheme 246 : Synthesis of carbodicarbene complexes of rhodium and iridium. 

 

Rhodium carbonyl complexes bearing carbodicarbene 268-Me,
304

 268-iPr, 268-Cy,
446

 589-Py and 589-

NHC
448

 as a ligand were obtained upon reaction with half a equivalent of [Rh(CO)2Cl]2 in benzene 

(scheme 246). The average CO stretching frequency of 2014 cm
-1 

for 268-Me, and the CO stretching 

frequencies of 2052 and 1976 cm
−1

, 2051 and 1975 cm
−1

 for 268-iPr and 268-Cy respectively, highlight 
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the strong σ-donor character of ligand 268-Me, as well as a its poor π-accepting character, in agreement 

with the localization of a second lone pair at carbon. The CO bond frequencies are lowered down to 

2045 and 1964 cm
-1

 with 589-NHC, highlighting its enhanced electron-donor character. Steric bulkiness 

of 589-Py and 589-NHC was hold for responsible of the Rh-CCDC bond lengths increase from [Rh(268-

Me)(CO)3Cl] (2.089(7) Å) to [Rh(589-R)(CO)3Cl] (2.117(2) Å and 2.116(2) Å). Similarly, an iridium 

carbonyl complex featuring carbodicarbene 590 was obtained by adding iridium cyclooctadiene chloride 

dimer to a solution of 590 in THF at -40°C and subsequent bubbling of CO. If the X-ray structure of the 

resulting complex was not resolved, its IR spectra showed an CO bond stretching frequency of 2009 cm
-

1
, situating ligand 590 between carbodicarbene of kind 268-R and NHCs in terms of σ donation ability. 

4.6.3.4. Group 10 
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Scheme 247 : Synthesis of carbodicarbenes palladium complexes. 

 

Upon addition of palladium allyl chloride dimer, a palladium allyl chloride complex featuring 268-iPr 

as a neutral ligand was obtained (scheme 247). A strong trans-influence on the Pd-Callyl trans to the car-

bodicarbene was seen as an evidence of the strong σ-donor character of ligand 268-iPr.
446

 A palladium 

complex featuring carbodicarbene 268-Py was obtained by in situ deprotonation of the corresponding 
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bisimidazolium salt in the presence of palladium salt.
447

 The palladium atom is coordinated in a κ3
 fash-

ion by the tridentate ligand, the two pyridine groups of the carbodicarbene acting as two additional L-

type ligands. If the palladium is in an almost perfect square-planar environment, the carbodicarbene is 

distorded, each imidazolium ring being mostly localized upper or under the palladium coordination 

plane. According to the strong σ-donor property of the carbodicarbene, a clear trans-influence is ob-

served with a long Pd-Cl bond distance of 2.4090(8) Å as measured by X-ray diffraction. The short C-

Pd bond distance of 1.973(3) Å was attributed to a tight pincer effect. This complex was used as a cata-

lyst for Mizoroki-Heck and Suzuki-Miyaura cross-coupling reactions, with relatively broad scopes in 

both cases. Using molten tetrabutylammonium bromide as a solvent and sodium acetate with 0.5% mol 

of complex [Pd(268-Py)Cl]
+
, variously substituted bromo- and chloroaryls could be coupled with sty-

rene or acrylates in good yield (90% to 99% for styrene, 78% to 94% for acrylates) and relatively good 

selectivity (from 75% to 95% yield) for the 1,2-substituted alkene. In Suzuki-Miyaura cross-coupling, 

3.5% mol are required, using K3PO4 as a base and 2.65% mol of 3-chloropyridine as an additive to per-

form the cross-coupling of arylboronic acids and bromoaryl in low to excellent yield (17% for mesity-

lboronic acid and p-acetophenylbromide, and 99% for phenylboronic acid and p-cyanophenylbromide, 

respectively). 
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Scheme 248 : Catalytic activity of [(268-Py)PdCl] in Mizoroki-Heck and Suzuki-Miyaura cross-

coupling catalysis. 

 

Suzuki-Miyaura cross coupling was also performed using complexes [Pd(589-iPr)(PR3)Cl2] (R=Ph, p-

Tol) (scheme 248).
454

 These two complexes were readily synthesized by addition of carbodicarbene 

589-iPr to the corresponding palladium triarylphosphine dichloride complex. X-ray diffraction analysis 

showed an unusual trans arrangement, which could be explained by intramolecular π-π stacking be-

tween one aromatic ring of the phosphine and the benzimidazole ring of ligand 589-iPr, with centroid-

centroid distances of 3.25 Å  (R=Ph) and 3.30 Å (R=p-Tol). Variable temperature 
1
H NMR spectrosco-

py supports the existence of this “invisible bridging linkage” even in solution, with the absence of 

cis/trans isomerization upon heating and the resolution of broad signals in the aromatic range upon cool-

ing. Replacing PR3 by PCy3 to preclude any intramolecular π-π stacking lead to the trans isomer of 

[Pd(589-iPr)(PCy3)Cl2], as expected considering the steric hindrance of both the phosphine and the car-

bodicarbene ligands and in the absence of any possible π-π stacking. A difference in activity between cis 

complexes [Pd(589-iPr)(PR3)Cl2], (R=Ph, p-Tol) and trans complex [Pd(589-iPr)(PCy3)Cl2] in Suzuki-

Miyaura cross-coupling was observed, the best results being obtained with PPh3 as phosphine ligand. 



344 

 

 

 

The coupling reaction was particularly efficient for sterically hindered substrates, which was attributed 

to further π-π stacking interactions along the catalytic cycle.  

[Pd(268-Py)(acetate)] was used in various cross-coupling/photoredox tandem catalysis processes,
455

 in a 

very innovative way since the palladium complex itself promotes both the 2e
-
- based coupling processes 

and the 1 e
-
 photoredox activation of a substrate. This last process, quite unusual for Pd(II) complexes, 

is promoted by the strong σ-donor capacity of the carbodicarbene ligand which destabilizes the low-

lying d-d states and thus reduce the relaxation by thermal processes, as well as its chelating character 

which allows for the stabilization of the excited sate. The proof of concept of the photoredox relevance 

of complex [Pd(268-Py)(acetate)] was given by its use as a catalyst for the photomediated oxidative C-

N coupling of aldehydes and primary amine. It was shown that the complex [Pd(268-Py)(acetate)] pro-

motes the generation of hydrogen peroxide from O2 and one equivalent of sacrificial amine. The in situ 

generated hydrogen peroxide is then able to oxidize the α-aminoalcool generated by nucleophilic addi-

tion of the amine on the aldehyde into an amide (Scheme 249, a). The photoredox activity of complex 

[Pd(268-Py)(acetate)] being established, it was used as a catalyst for the generation of aryl radicals from 

aryl diazonium tetrafluoroborate salts (Scheme 249, b). The generated radical is then included in a 

Pd(II)/Pd(III)/Pd(IV) cycle, Pd(III) being formed by the addition of the radical and Pd(IV) by oxidation 

of the [Pd(III) (268-Py)] species generated during the photocatalytic cycle. Finally, a stepwise, one-pot 

reaction was probed, combining a Suzuki-Miyaura reaction with the oxidative C-N coupling presented 

above (Scheme 249, c). 
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Scheme 249 : Use of complex [Pd(4-Py)(acetate)] as a photoredox catalyst in various transfor-

mations. 

 

4.6.3.5. Group 11 

Scheme 250 : Coordination of tetraaminoallene 269 to gold. 

 

Coordination of compound 269 to gold was performed as late as in 2008 (scheme 250).
456

 Addition of 

one equivalent of triphenylphosphine gold chloride to a solution of tetraaminoallene 269 in the presence 

of NaSbF6 as chloride scavenger afforded complex [Au(269)(PPh3)] in good yield (72%). X-ray diffrac-
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tion study showed a planar structure at C in the solid phase with a C-C-C bond angle of 118.5°, suggest-

ing the remaining of a sp
2
 lone pair at C, and the coordination of the gold atom to the in-plane carbon-

centered lone pair. The possibility of the coordination of a second gold atom at C or any double meta-

lation was discussed in a later article, stating that this was incompatible with the strong π-accepting abil-

ity of the adjacent carbon atoms.
302

  

4.6.4. Reactivity with main group elements 

4.6.4.1. Group 13 

When reacted with two equivalents of BH3.THF adduct, carbodicarbene 268-iPr lead to the formation 

of a carbodicarbene-stabilized hydrido boron dication
457

 {[(268-iPr)2BH]
2+

[BH4
-
]2} after abstraction of 

two hydrides from the boron by the excess of borane present in solution to generate BH4
- 
(scheme 251). 

The environment around boron is trigonal planar as determined by X-ray diffraction. B-C bond lengths 

are quite short (1.534(7) Å and 1.523(7) Å) compared to NHC-supported borenium cations for which B-

C bond lengths reach 1.58 Å. A DFT study confirmed a π donation from carbon to boron, and thus par-

tial π-bond character for the C-B bond as shown by NBO analysis. Charge delocalization occurs through 

each allenic system. In the presence of AlCl3, compound 268-iPr leads to the formation of a carbodicar-

bene-aluminum adduct which could be structurally characterized. C-C bond lengths of the allenic moie-

ties are elongated from 1.335 Å in 268-iPr to 1.453(3) and 1.374(4)Å in [(268-iPr)AlCl3], suggesting a 

reduction of the bond order by donation toward the aluminum atom, thus reducing the occupancy of π 

bonding C-C orbitals. 
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Scheme 251 : Reactivity of carbodicarbenes 268-iPr toward borane and trichloroaluminum.  

 

9-BBN was found to perform a regioselective 1,2 addition on the C=C bond adjacent to the benzoimid-

azolium moiety (scheme 252).
448

 The resulting organoboron species proved to be a catalyst for the 

methylation of secondary amines using CO2 and 9-BBN. In this process, the benzoimidazolium carbon 

seems to behave as a hydrogen-transfer site, in cooperation with the central C-B moiety. In a more 

straightforward procedure, this same reaction can be performed starting from 589-NHC, compound 591 

being presumably formed in situ. Using this protocol, a wide range of primary and secondary amine 

could be methylated with moderate (R=p-Tol, R’=Me, 37%) to excellent (tetramethylpiperidine, 97%) 

yields. Carbodicarbene 268-iPr, 589-iPr, and 589-MeiPr were also used as (pre)-catalysts in this pro-

cess, but showed lower activities. 
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Scheme 252 : Reaction of carbodicarbenes 589-NHC with 9-BBN and activity of the resulting 

product as catalyst for the reductive coupling of CO2 and amines. 

 

This first example of the use of a carbodicarbene in organocatalysis highlights the relative stability of 

such species, as well as the possible regeneration of catalytically competent intermediates via facile 

cleavage of C-H and C-B bonds of enhanced polarity.  

5. Conclusion 

In conclusion, the chemistry of isolable geminal dianions of type I (two neutral substituents at the C 

center, charge compensation by two group 1 metals) has gained momentum since the independent syn-

thesis by Cavell et al. and Stephan et al. of the bis-iminophosphorane derivative 6aLi2. Indeed, they 
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could show for the first time that such species could be obtained in very satisfactory yield under stoichi-

ometric conditions. Compared to earlier examples of type I geminal dianions, this species possesses two 

strongly electron accepting phosphorus substituents which allow the desired efficient stabilization of the 

two charges at the same C atom, as well as a very convenient NMR probe (
31

P) which allows a careful 

following of the reactions involving these highly sensitive species. These two features were the key to 

the development of several examples of geminal dianions in which both electronics and sterics could be 

tuned. The chemistry of type III geminal dianions (two cationic substituents at the C center, with an 

intramolecular charge compensation), with the most emblematic representatives being carbodiphospho-

ranes, has been extensively studied since the seminal report of Ramirez in 1961, mostly in organic 

chemistry. A renewed interest in these species has been seen since 2006, when the electronic structure 

of the R3P=C=PR3 was reinvestigated by calculations, followed by the development of carbodicarbene 

derivatives. By comparison, the chemistry of stable yldiides, i.e. geminal dianions of type II, has suf-

fered from a slower development. Its recent renewal benefited from the impetus given by the develop-

ment of geminal dianions of type I. The generation of yldiides fragments in the coordination sphere of 

metals had been intensively developed before the isolation of structurally characterized specimens.  

In these three types of geminal dianions, the presence of the two lone pairs at C provides several oppor-

tunities. Firstly, successive and selective reactivity can be expected toward electrophiles. If this reactivi-

ty has been seldom studied with isolated type I geminal dianions, it was extensively probed with type 

III and II. In the latter two cases, because phosphonium is present in many stable derivatives, a Wittig 

reaction is often considered as one of the two successive bond-forming processes. Secondly, they can be 

used in coordination chemistry, in order to either generate species featuring a M=C double bond interac-

tion (at least formally) or to bind two metals (homo bimetallic or heterobimetallic) in a bridging manner. 
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In this matter, the overwhelming number of examples has been obtained with geminal dianions of type 

I, and among them the vast majority belongs to the first class. In fact, one of their main uses was devot-

ed to the chemistry of carbene complexes of early transition metals, lanthanides and actinides. Indeed, 

these species would provide the four electrons required for the formal double M=C interaction, as 

shown in scheme 253 (left). 

Scheme 253 : Evolution of the C=M bonding scheme in dianion-based carbene complexes along 

the periodic table. 

  

Once the syntheses of these complexes had been realized, the nature of the M=C bond was studied and 

the π interaction was shown to be mainly ionic, with a covalent strongly polarized character (high nega-
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tive charge at C), as expected from the large difference in electronegativities of C and M. This rational-

izes nicely the marked nucleophilic character generally observed for these complexes. For these metals, 

the chemistry of geminal dianions of type I and II possesses strong resemblances. It is important to real-

ize that a competition will always occur between stabilization of the two lone pairs by the substituents at 

C and donation to the metal center. The resulting balance will guide the subsequent reactivity of the 

formal M=C bond. 

Scheme 254 : Competing processes for the stabilization of the charge at carbon in complexes of 

type I and type II geminal dianions. 

  

Moving toward the right of the periodic table, the metals become more electronegative and the energies 

of the orbitals drop which increases the covalent character in the bonding. Conversely, the nucleophilic 

character typically decreases (Scheme 253, right). When the electron count at the metal is higher than 

six, the π* orbital of the M=C interaction has to be filled, which then result in an increase of the nucleo-

philic character.    
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It is interesting to note that although stable examples of type III geminal dianions had been 

known long time before, their coordination chemistry was very little developed, and mostly toward met-

al centers favoring double sigma donation. The close relationship between type I and III, in terms of 

stabilization and bonding situation implying multiple bond character, has lately been evidenced with 

examples of main group (B) as well as uranium. We believe that many more examples of coordination 

of type III geminal dianions involving M=C bond should be discovered in the near future.     

So far, rare examples of complexes featuring these geminal dianions have been used as catalysts. 

Cavell showed in 2002 that a bimetallic Al complex with bridging ligand 6a is an efficient catalyst for 

ethylene polymerization.
151

 In 2004, Piers reported that the ruthenium complex 124 (scheme 122) and 

related ones showed remarkable catalytic activity in ring-closing olefin metathesis at room temperature. 

They feature type II dianions.
242 

Concerning the use of dianions of type III in organometallic catalysis, 

Kato, Peris and Baceiredo proved the unique electronic properties of the cyclic CDP 228b vs NHC lig-

ands that enabled to enhance the catalytic activity of [(228b)M(OtBu)] species (M = Au and Cu) in hy-

drofunctionalization reactions of acrylonitrile,
410

 whereas Gandon demonstrated the beneficial effect of 

CDP 130 in gold catalysis.
409

 The development of the photochemistry of related carbodicarbenes com-

plexes of palladium in 2018 by Ong,
455

 and the demonstration of the ability of carbodicarbenes to be-

have as redox-active ligands by Ye and England the same year open a promising field in the domain. To 

date, these behaviors have not been extended to heteroatom-based bisylides, which we believe to be an 

interesting perspective for the use of type I-III geminal dianions.  

The strongly polarized M=C π interaction found in most complexes bears analogy with ligands 

acting as “non-innocent”, such as the M=N π interaction used by Noyori for the catalyzed hydrogena-

tion of polar bonds. Gessner was the first to report in 2015 a similar catalysis using a Ru complex fea-
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turing ligand 11 (mixed PS/SO2Ph).
130

 In this case, the reactivity between the Ru=C and iPrOH allowed 

the formal 1,2 addition of H2 across the Ru=C bond. In 2016, Mézailles reported a second example of 

non-innocence behavior for M=C in catalysis.
152

 In this case, the B=C formal double bond reacts with 

BH3 in an ambiphilic manner to generate a catalytically active species for the CO2 reduction by BH3.  

Scheme 255 : Type I and II geminal dianions as cooperative ligand for the hydrofunctionalization 

of unsaturated molecules.  

 

As shown in this review, the nature of the M=C π interaction can be tuned to a large extent by the nature 

of the substituents at C, and the analogy between type I and II geminal dianions does provide more flex-

ibility in this matter. We thus believe that many more examples of cooperative catalysis using geminal 

dianions should be developed in the future. In particular, addition of H-E on less/non polar A=B mole-

cules should be a viable and rewarding target (scheme 255). 
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