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Foreword 

By means of this book, some of Professor E. O. Fischer’s more recent co- 

workers take note of his 65th birthday on November 10, 1983 and express 

their sincere respect and heartfelt regard for their former teacher. Had this 

book been open to all of Professor Fischer’s previous coworkers, writing on 

the broader topic of organometallic chemistry in general, a set of at least four 

volumes would have resulted. However, only one of the more recent areas of 

Professor Fischer’s research was chosen for the subject of this book, that of 

transition metal carbene complexes. This is one of the several fields in which 

Professor Fischer was the pioneer who opened up the territory for others to 

follow. Such complexes had been prepared earlier by others, but their identity 

as carbene complexes, their significance and their potential had not been 

recognized. It was Professor Fischer’s work which made transition metal car- 

bene complexes a novel, important, dynamic and exciting area. After his first 

few papers reporting synthesis, spectroscopy, structure and chemistry, the 

“gold rush” was on. The subsequent investigation of the detailed chemistry of 

transition metal carbene complexes led to the discovery of the transition metal 

carbyne complexes, and it was no accident that this important discovery was 

made in Professor Fischer’s laboratories. 

Most chemists would consider themselves fortunate indeed if they made 

only one such major discovery during the course of their career, providing a 

new lead which literally hundreds of chemists throughout the world will fol- 

low. However, Professor Fischer has made major discoveries throughout his 

35 year career in chemistry and it was his earlier pioneering research on metal- 

cyclopentadienyl and metal-arene complexes which provided the basis for the 

Nobel Prize which he shared with Geoffrey Wilkinson in 1973. This work on 

“sandwich complexes” was pace-setting to an even greater extent than that of 

transition metal carbene and carbyne complexes and it provided the impetus 

for the explosive growth of transition metal organic chemistry as a new and 

important area, with implications of vital importance to transition metal, lan- 

thanide and actinide chemistry, to organic reactions and syntheses, to ca- 

talysis, to structure and bonding and even to biochemistry. 

This book, meant as a special birthday present for Professor Fischer, 

honors a man recognized as an inspiring teacher and an exciting lecturer, as 

a research advisor par excellence, as a dedicated, brilliant and imaginative 

chemist and as a warm human being. 
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Together with the authors of this book, his many friends and admirers 

throughout the world honor Professor Fischer on this festive occasion and 

wish him many more happy, healthy and active years, with, perhaps, the 

opportunity to open up still another exciting area of chemistry. 

Dietmar Seyferth 

Massachusetts Institute of Technology 
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Authors’ Preface 

This book is dedicated to Professor E. O. Fischer on the occasion of his 

65th birthday. The authors present a collection of “state of the art” articles on 

various aspects of carbene complex chemistry, which was founded by 

E. O. Fischer about twenty years ago. The articles are aimed to show prin- 

ciples. A comprehensive coverage of all papers dealing with carbene com- 

plexes was not intended. 

The book is limited to complexes, which contain one or more terminally 

bonded CR, ligands, CR, being a neutral two-electron donor according to for- 

mal electron counting rules. Vinylidene, allenylidene and related complexes 

have been omitted, despite their similarity to carbene complexes. The terms 

“carbene” and “alkenylidene” occur as synonyms throughout this book. 

The following abbreviations are used: 

Me __ methyl Cp 7>-cyclopentadienyl 

Et ethyl cp* n>-CsMes 
Pr® n-propyl MeCp _°-C;H4Me 
Pri _iso-propyl c-CsH,, cyclohexyl 

Bu" n-butyl EEP. 5,10,15,20-tetraphenylporphinato 

Bui _iso-butyl THF tetrahydrofurane 

Bu' tert. butyl DCCD _ dicyclohexylcarbodiimide 

Np ___ neopentyl(—CH,CMe;3) py pyridine 

Ph phenyl oO ortho 

Bz benzyl m meta 

Tol _ tolyl p para 

Mes _mesityl mer meridional 

Tos _ tosyl fac facial 
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The Synthesis 
of Carbene Complexes 

By Helmut Fischer 



2 Helmut Fischer 

1 Introduction 

Since the first planned synthesis and characterisation of a stable transition 

metal carbene complex by Fischer and Maasbdl in 1964 (1), a whole series of 

new preparative routes have been developed. Several hundred carbene com- 

plexes have been isolated, characterised and studied. A number of reviews 

have appeared covering the area as a whole (2—7) or in part (8— 16). This 

chapter will concentrate especially on (a) synthetic routes having a wide range 

of applicability and (b) preparative routes which have been elaborated only in 

recent years. Specifically only complexes of the type L,M=C(R!)R? are dis- 

cussed. Although closely related to these complexes, vinylidene and allen- 

ylidene complexes are not considered because of limitations of space. 
For the preparation of carbene (alkylidene) complexes, several strategies 

are possible (Scheme 1). New carbene complexes can be obtained from non- 

carbene complex precursors as well as by modification of pre-existing carbene 

complexes. All the routes summarised in Scheme 1 have been exploited, 

although with different degrees of success. 

(f) (d) 

i 
LaM=C <— (a)-(c) 

hap 
(g) (e) 

Scheme 1. Possible approaches for the synthesis of transition metal carbene complexes. 

From non-carbene complex precursors: 
(a) Transformation of a non-carbene ligand into a carbene ligand. (The car- 

bene carbon atom is already attached to the metal in the complex pre- 

cursor.) 

(b) Addition of a carbene ligand precursor to a metal complex with concomi- 

tant transformation of the latter into a carbene ligand. (The carbene 

carbon atom is added to the metal in the course of the reaction.) 

From pre-existing carbene complexes: 

(c) Transfer of a carbene ligand from one metal centre to another metal. 

(d) Modification of the carbene ligand. 

(e) Insertion of an unsaturated organic molecule into the metal-carbene bond. 
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(f) Change of the oxidation state of the central metal. 

(g) Modification of the metal-ligand framework. 
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2 Syntheses from Non-carbene Metal Complex 

Precursors by Transformation 

of a Non-carbene Ligand into a Carbene Ligand 

2.1 Preparation from Metal Carbonyls 

The most useful and general route for the direct synthesis of carbene com- 

plexes from non-carbene complex precursors involves addition of a molecule 

X—Y across the O=C bond in a metal carbonyl. This procedure may be car- 

ried out in two separate steps or in one single step. In either case, one of the 

two non-metal substituents on the carbene carbon (R! or R?) in the resulting 

carbene complex will be an OR group. 

The versatile two-step procedure was introduced by Fischer and Maasbdél 

for the preparation of the first stable transition metal carbene complex recog- 

nized as such (1,17). It involves nucleophilic attack of the carbanion R™ in 

LiR (R = Me, Ph, etc.) on the carbon atom of a coordinated carbon monox- 

ide molecule in a carbonyl metal complex. The product formed is a lithium 

acylmetallate (I), which in solution very likely forms an ion pair. This complex 

can be converted into the corresponding tetraalkylammonium salt and 

isolated in this more stable form. Acidification of I gives the labile hydroxy- 

carbene complex II, which — at room temperature in solution — decomposes 

rapidly [forming aldehydes by a 1,2-hydrogen shift (17 — 19)], although it can 

be isolated at low temperatures (20). Alkylation of II (usually prepared only in 

situ) with diazomethane finally yields the thermally stable methoxycarbene 

complex III (Scheme 2). 

By substituting [PhN,]BF, for CH,N, and Cr for W, the corresponding 

phenoxycarbene complex can be obtained in low yield (21). Since first being 

reported in 1964, this synthetic route has been modified several times and 

extended to a great number of different metal complexes, nucleophiles and 

alkylation agents. Better yields of III (> 80 %) than via the reaction sequence 

I->II-III are obtained by direct alkylation of I with trimethyloxonium tetra- 

fluoroborate, [Me,0]BFy,, (22) or MeOSO,F (23). Furthermore, I and other 

related acylmetallates also react, for instance, with [Et,;O]BF, (24); Bu3BCl 

(25); acyl halides (26 — 28); Me3SiCl (29,30); Me,;SiOSO,CF; (31); (Me3Si)3- 

SiBr (32); or Cp,TiCl, (33,34) to give ethoxy-; di-n-butylboroxy-; acyloxy-; 

trimethylsiloxy-; tris(trimethylsilyl)siloxy-; and titanoxycarbene complexes. 
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Scheme 2. 
(1) 

In the initial step (nucleophilic attack at a carbonyl carbon atom) a large 

number of nucleophiles may be used, e.g. the anions in alkyl- (17,35 — 42); 

cyclopropyl- (43,44); (+)-menthyl- (45,46); aryl- (17,47—53); alkenyl- 

(54 — 58); alkinyl- (28,59); furyl- (54,56,60); thienyl- (54,60); pyrrolyl- (54,60); 

ferrocenyl- (49,61 — 63); ruthenocenyl- (64); cymantrenyl- (63,65); benchro- 

trenyl- (66); triorganylsilyl- (67 — 73); dialkylamido- (52,74 — 78); and diphen- . 

ylmethylenamidolithium (79) as well as dithianyllithium derivatives (80,81), 
potassium ethoxide (82), Grignard reagents (83,84) and trimethylphosphine- 

methylene (31,85). Among the binary or substituted metal carbonyls 

employed are M(CO), [M = Cr, Mo, W] (17); M,(CO),9 [M = Mn, Tc, Re] 

(23,73,86—89); Fe(CO); (52); Ni(CO), (76); (NO)Co(CO); (76); 

(NO),Fe(CO), (71,76); LM(CO),; [M = Cr, Mo, W; L = PR; (83,90,91), 

AsPh;, SbPh; (90), CNBut (43), C[N(Me)CH,], (92 — 94); M = Mn, Re; L = 

GePh, (95,96), Cl, Br, I (97,98)]; Ph3XM(CO), [M = Fe; X = P (99); M = 

Co; X = Ge (39), Sn (100)]; (7°-CgH¢.,Me,)Cr(CO); [n = O, 1, 2, 3] (101); 

(4>-CsH4R)M(CO); [M = Mn; R = H (17,46,63), Me (78,85,102); M = Re; 

R = H (41)]; Cp(Ph3X)M(CO),; [M = Mo, W; X = Ge, Sn (40)]; 

Cp(NO)M(CO), [M = Cr, Mo, W (103)]; Cp(GePh3)Fe(CO), (40); [(n°- 

CsMe¢)Mn(CO)3]* (104); Os3[1,2-4-H; 1,2-p-O =C(Me)](CO),9 (105); and 

(PPh3),CI(N2)Re(CO), (106). 

From the experimental results the following generalisations can be made: 

(a) With lithium carbanions as nucleophiles the yields of carbene complexes 

are essentially higher than with amido- or triorganylsilyllithium. 
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(b) When lithium reagents are employed, the reaction rates are very high. In 

most cases the addition as well as the alkylation reaction are almost instan- 

taneous. Grignard compounds react much more slowly than organolithium 

reagents and produce lower yields. 

(c) In complexes containing more than one carbonyl ligand, nucleophilic 

attack of the R~ in LiR always occurs at the CO group with the highest posi- 

tive charge residing on the carbonyl carbon atom. In octahedral complexes of 

the type (CO);ML [L being a ligand with a higher o-donor/7-acceptor ratio 

than CO, e.g. PR;, AsPh;, CNR, (CO);Mn], this generally occurs at a cis-CO 

ligand. In complexes of the type (CO),ML [L occupying an axial position of 

the trigonal bipyramid] it occurs at the trans-CO group. Therefore, the 

kinetically controlled reaction products obtained after alkylation are the cis- 

L(CO),M[C(OR)R] (90,107) and trans-L(CO);M[C(OR)R’] complex (99) 

respectively. However, upon heating in solution (>30°C) cis-(YR3)(CO),- 

M[C(OR)R’] [Y = P, As, Sb; M = Cr, W] isomerises to give a solution con- 

taining an equilibrium mixture of both cis and trans isomers (108,109) whose 

cis/trans equilibrium ratio varies depending on the steric requirements and 

electronic properties of the carbene and the YR; ligand, on the central metal 

and on the solvent used (110). 

(d) The reaction rate of nucleophilic attack is governed by electronic factors 

and by the steric requirements of L, e.g. [((PhO),P]W(CO), reacts with LiMe 

approximately three times faster than [(c-CgH,,);P]W(CO),; but 227 times 

slower than W(CO), (111). 

(e) The stability of the carbene complexes increases in the order [L = carbene 

ligand]: LMo(CO); < LCr(CO); < LW(CO),; LRe(CO),) < LTc,(CO), < 

LMn,(CO),; and LNi(CO); < LFe(CO), < LCr(CO)s. 

In Fischer-type carbene complexes such as III (R = alkyl or aryl) the 

carbene carbon atom is strongly electrophilic. From MO calculations it fol- 

lows that the lowest unoccupied molecular orbital (LUMO) is energetically 

isolated and spatially localised predominantly on the carbene carbon atom 

(112,113). This is in agreement with the results of ESR investigations on the 

complex radical anions (CO);M[C(OMe)Ph]~’ [M = Cr, Mo, W] (114). Ac- 

cordingly, when attacking III, LiR will not add to the carbon atom of one of 

the carbonyl ligands but rather to the carbene ligand to give, for instance, pen- 

tacarbonyl[diphenyl(methoxy)methyl]tungstate(1-) [R = Ph] (60,115 —117) 

and a carbene anion [R = Me] (118) (Scheme 3). 
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0 
C60 pp 
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Scheme 3. 

Thus, biscarbene complexes cannot usually be prepared by subsequent 

carbanion/carbonium ion addition to monocarbene complexes of type III. 

Both types of anions can, however, be used as precursors for the synthesis of 

new monocarbene complexes. In (CO);ML compounds [M = Cr, Mo, W] 

containing the cyclic diaminocarbene ligand L = =C[N(Me)CH,]), the elec- 

trophilicity of the carbene carbon atom is strongly reduced (due to the effec- 

tive electron transfer from two amino substituents to the carbene carbon 

atom). Hence, the preparation of biscarbene complexes is possible by addition 

of LiMe and alkylation with MeOSO,F [yield: 40—60%] (92-94). Cur- 

rently, only relatively few other examples of the synthesis of biscarbene com- 

plexes from metal carbonyls are known: 

(a) The reaction of M(CO), [M = Cr, W] with LiPMe,/[Et,O]BF, gives cis- 
(CO),M[C(OEt)PMe,], [1.5 % yield] (119). 

(b) The addition of o-dilithiobenzene to two cis-CO ligands in VIb hexacar- 

bonyl complexes and subsequent alkylation of the resulting adduct with 

[Et;O]BF, affords cis-1,4-chelated biscarbene complexes [29-35 %] 

(120,121). When substituting 1,2-dilithio-1,2-diphenylethane for o-Li,CgHy, a 

mixture [in the ratio ~ 10:1] of the 1,4-chelated mononuclear and binuclear 

biscarbene complexes (in which the carbene ligand bridges two (CO),;M frag- 

ments) is obtained (121). 

(c) The reaction of (CO);ReX [X = Cl, Br, I] with two equivalents of LiMe in 

THF at —78 °C yields the dianions fac-(CO);XRe[C(=O)Me]3~, which upon 

protonation give the _ bis-hydroxycarbene complexes fac-(CO)3X- 

Re[C(OH)Me], (98). 

The one-step transformation of a coordinated CO ligand into a carbene 

ligand can be performed employing metal amides (122) (Scheme 4). 
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pe Meg (CO) Maat RUMI 214 ieee On -INSsoT Cates 3 

M= Cr, W (n= 6); M = Fe (n= 5). ? 

Scheme 4. 

Other metal amides such as [Al(NMe,)3], (123,124) or dimethylaminotin 

compounds (125,126) as well as Cp,ZrH, (127) or silyl-substituted ylides 

[Me3P = C(H)SiMe;] (128) were likewise shown to add across the O=C bond 

of metal carbonyls giving respectively the amino-, secondary zirconoxy- and 

siloxycarbene complexes. 

Complexes with cyclic amino(oxo)carbene or dioxocarbene ligands are 

obtained from the reaction of metal carbonyls — mainly cationic ones such as 

[CpFe(CO)3]*, [Cp(NO)Mn(CO),]* or [Cp(NO)LMn(CO)]* (L = P(OPh);, 

CNC,H,,) — with H;NC,H,Brt/base or HOC,H,Br/NaH (129) or from 

[Cl(PPh3).(CNMe)Os(CO),]* and HOC,H,CI/NEt; (130) (Scheme 5). 

RANGHHABnt/ 2 Btae ed Wicll eas ae OSes 
(tpFe(C0) 41° > Nee p(CO) 9Fe S 

Scheme 5. 

When [Cp(NO)Mn(CO),]* reacts with HOC,H,Br/NaH, a mixture of the 

mono- and the biscarbene complex results (129). 

2.2 Preparation from Isonitrile Complexes 

As long ago 1915, a “resonance stabilised” carbene complex, which was 

very likely the first one to be synthesized, was prepared by Tschugajeff and 

Skanawy-Grigorjewa from tetrakis(methylisonitrile)platinum and hydrazine 

(131,132). However, the resulting product — which can be protonated with 

HBF, (133 — 135) — was assigned the wrong structure. Only in 1970, i.e. well 

after Fischer and Maasbdl’s first successfully planned synthesis and characte- 

risation of a stable tungsten carbene complex, were this Pt and other related 

Pt and Pd compounds recognised as cyclic carbene complexes (134,135) 

(Scheme 6). 
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H cE 

+ NoH N-Ny [ (MeNC) 4Pt]2* ea MeHN-C7 — SC=NHMe 
MeNC~  CNNe 

Scheme 6. 

The correct structure of Tschugajeff’s salt was finally established by X-ray 

crystallographic analysis (136). Hydroxylamine reacts with [((MeNC),Pt]?* in 

a similar way (135). The one-step addition of a nucleophile across the C=N 

bond of a coordinated isonitrile can be performed with a number of isonitrile 

complexes (Scheme 7). 

Se NHR] t 
trans-[C1(PEt3) Pt (CNR) J* + HY—» trans- C1(PEts)Pt=CC | 

Y= OR, WHR, WRy 

Scheme 7. 

These may be of Ni(II) (137,138), Pd(II) (137,139,140—145), PtdI) 

(139,143,145 — 152), Fe(II) (153 — 162), Ru(II) (156,157), Os(II) (163), Au(I) 

(164-166), Au(III) (145), Rh(1) (167,168) or Rh(IIT) (158). Other nuc- 

leophiles, such as alcohols, primary or secondary amines and thiols can also 

be used. 

It is characteristic of the resulting carbene complexes that: 

(a) both of the non-metal substituents at the carbene carbon atom are bonded 

via a heteroatom (R!,R? = OR, NR), SR) and 

(b) one of the two substituents is always bonded via nitrogen. 

The reactions of cis-[Cl,(PR3)Pt(CNR)] with ethanol (150), of 

[X,Pd(CNR),] [X = Cl, Br, I] with different amines or alcohols (142) and of 

cis-[X,(L)Pd(CNR)] [X = Cl, Br; L = PPh;, AsPh;] with amines (169) were 

studied with particular care. It was found that electron-withdrawing groups 

on the nitrogen atom of the isocyanide ligand increase the reaction rate 

whereas on the nitrogen atom of the amine (or the oxygen atom of the 

alcohol) they decrease the rate. The ligands at the central metal have only a 

very small influence on the reaction rate. 

These results are in agreement with a rate-determining nucleophilic attack 

of the amine (or alcohol) at the isocyanide carbon atom. However, when 
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hexacoordinated Fe(II), Ru(II) and Os(II) complexes are employed steric 

factors become important. In the reaction of [Cp(CO)Fe(CNMe),]*+ with 

H,NR the reaction rate drops significantly in the series R = Me, Et, Pr’, But 

(160). When there is a choice between carbonyl and isonitrile ligands, nuc- 

leophilic attack of the amine usually occurs at the isonitrile group. From the 

reaction of H,NMe with [Cp(CO) (L)Fe(CNMe)]*, L = CN7, CNR or PR;, 

the corresponding diaminocarbene complexes are obtained. With L = CO, 

however, nucleophilic attack occurs at a carbonyl ligand to yield a carbamoyl 

complex (160,161). Compared to aryl- and alkyl(alkoxy)carbene complexes, 

the electrophilic character of the carbene carbon in carbene complexes derived 

from isonitrile compounds is strongly diminished owing to the electron dona- 

tion from two heteroatoms. An additional nucleophile therefore does not 

attack at the carbene carbon atom but rather at a second isonitrile ligand. 

Thus, the synthesis of bis-, tris- and even tetrakiscarbene complexes becomes 

feasible. Back in 1967 the first non-chelated biscarbene complex was prepared 

from mercury acetate, methylisonitrile and secondary amines (170), pre- 

sumably via a _mercury-isonitrile intermediate. The reaction of 

[(MeNC),M]?+ [M = Fe, Ru, Os] with amines gives mono-, chelated bis-, 

non-chelated bis- and meridional triscarbene complexes depending on the 

reaction conditions, the metal and the amine used (156,157,163). On warming 

solutions of IV, rearrangement takes place, probably via a chelated biscarbene 

intermediate (156) (Scheme 8). 

ce 
iets 

y 

| O+ NHK === |iwenc) ,(EtNC)RUCR NHMe 
(IV) 

Scheme 8. 

Remarkably stable tetracarbene complexes were finally obtained by react- 

ing [(MeNC),M]*+ [M = Pd, Pt] with methylamine (139) (Scheme 9). 

2+ om 

H 

N Me 

H sy 
(V) 

Me 
oN [(WeNC) gi ]2* + 4 HoWMe ————+ wf=0@ 

M = Pd, Pt. 

Scheme 9. 

X-ray crystallographic analysis of the platinum compound (V) (171) con- 

firmed that the nitrogen substituents of the carbene ligand are in the amphi- 

configuration as shown for V [the preferred arrangement in all bis(amino)- 
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carbene complexes] and that the carbene planes form angles between 77° and 

82° with the Pt-(Coj»)4 plane. Addition of H,NMe to. cis- 
[(CO),Mn(CNMe),]* has been found to give a chelated biscarbene complex 

(172). Cyclic carbene compounds can be obtained using isonitriles with a B- or 

y-hydroxy group in the reaction with Pd?+ or Pt?+ (145). Recently, even bis- 
carbene complexes of molybdenum(0) formed by reaction of [(NO)Mo- 

(CNR);]I with H,NR’ were prepared (173). A two-step route (NaOR/HOR 

and then HPF, - Et,O) has been employed for the synthesis of two amino 

(alkoxy)carbene complexes of chromium from [Cp(NO),Cr(CNMe)]* (174). 

2.3 Preparation from Thiocarbonyl Complexes 

Compared to the great number of carbene complex syntheses based on 

metal carbonyls, only a few successful preparations of carbene complexes 

using thiocarbonyl complexes as precursors have been reported. Reaction of 

(CO),Fe(CS) with C(NMe,), and subsequent alkylation with MeOSO,F in 

CH,Cl, yields (CO),Fe[C(SMe)NMe,] (175). Series of dithiocarbene com- 

plexes were prepared from (CO);W(CS) (176,177) (Scheme 10). 

co eas 
SSSR 

a 
oS 

SR™ 
oe ene 

b 0 
le + RI 

| SH Awe 
0° ¢ 

Rs ile ves OC =} 

iG Fe 
aN 

of 0e 

— 2s ow 

aq ~ 

OOD -—-= OOo 

(VII) — = — 

R= We, Et, Pr’, Bu", But: R' = Me, Et, Pr’, Bu”, 

Scheme 10. 

Acidification of VII results in the reformation of VI. When employing other 

anions, such as [PhS]~, [PhSe]~ or [MeO]~ instead of [S-alkyl]~, no nuc- 

leophilic attack at the thiocarbonyl carbon atom was observed, whereas the 

reaction of VI with [S-(CH;),-SH]~ (n = 2, 3, 4) followed by alkylation with 

Mel gave cyclic dithiocarbene complexes (177). By substituting ,[Cp(CO),Fe- 

(THF)]BF, for R’I in the reaction with VII (R = Me) a bimetallic carbene com- 

plex can be prepared (177). Cis-phosphite-substituted (CO),LW(CS) also 

reacts with SMe~ /MelI to give the corresponding cis-substituted dithiocarbene 

complexes. By contrast, no reaction was observed when using the trans isomers 

(177), 
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The reaction of Cp(SnPh;)(CO)Fe(CS) with H,NC,H,NH, to give H,S and 

the cyclic diaminocarbene complex Cp(SnPh;)(CO)Fe[C(NHCH,;),] can be 

envisioned as proceeding via nucleophilic attack of one amino nitrogen at the 

carbon atom of a thiocarbony]l ligand, followed by intramolecular cyclisation 

with extrusion of H,S (178). 

2.4 Preparation from Vinylidene Complexes 

The addition of a nucleophile H — Y across the C=C double bond of a viny- 

lidene complex was also established. [Cp(CO)(PPh;)Fe = C = CH,]BF, reacts 

with alcohols, thiols, secondary amines or hydrochloric acid to give the 

corresponding methylcarbene complexes (179). In THF solution VIII 

dimerises to form a 3:1 syn/anti ratio of [X. Upon substituting tricyclohexyl- 

phosphine for PPh; in VIII, the formation of only the anti-isomer analogue of 

IX could be detected (179) (Scheme 11). 

CH] * 
[Cp(CO)(PPhg)Fe=C=CHy]* + HY ——» |Cp(CO) (PPhg)FemC< ; 

(VIII) 
Y = OR, SR, NRo, Cl (R =H, alkyl) 

Non 

H 

[0p(C0)(PPha)FemcX SSo=Fe(PPh,) (CO)Cp]* 4 nt 
a 

HH 

(1X) 
Scheme 11. 

For the reaction of [((CO)L,(Cl)(Me)IrY]PF, [L = PMe,Ph, PMePh,; Y = 

Me,CO, MeOH] with terminal alkynes in methanol, vinylidene intermediates 

were also proposed. The replacement of the coordinated solvent by the alkyne 

is followed by rearrangement to a vinylidene complex which subsequently 

adds methanol to give the carbene complex (180). A similar route has been 

employed to synthesize alkoxy(alkyl)carbene complexes starting from halo- 

geno-bridged binuclear platinum compounds (181) or from [Cp(CO),- 

Fe(H,C = CMe,)]* (182) and HC=CR/R’OH. 

The conversion of acetylide ligands into carbene ligands has also been for- 

mulated to proceed via vinylidene complex intermediates (see 2.9). 
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2.5 Preparation from Acyl Complexes 

The second step in the classical Fischer two-step synthesis of carbene com- 

plexes involves addition of an electrophile to the acyl oxygen atom of the acyl- 

metallate. The same type of reaction can be carried out with neutral acyl com- 

plexes prepared by other means e.g. by reaction of carbonylmetal anions with 

acyl halides or by migratory insertion of CO into metal-alkyl bonds. These 

acyl complexes cannot in all cases be isolated but merely function as reaction 

intermediates. 

Some of the earliest examples of carbene complex syntheses via alkylation 

or protonation of the acyl oxygen include the alkylation of diethylcarbamoyl- 

mercury with [R,;O]BF, (R = Me or Et) (183) and the reversible protonation 

(by HCl, HBr or HBF,) and alkylation (by [R;O]BF,) of Cp(CO)(L)M- 

[C(=O)Me] (M = Fe, Ru; L = CO, PPh;, P(C¢H;;)3) to give respectively hy- 

droxy- (184) and alkoxy(methyl)carbene complexes (185) (Scheme 12). 

0 + [R0]BF OR 
CoiCOU )Fe-C eee. ICn(COML eet”. IBF 
P “Me + LiMe or Nal pico mire \me} 4 

(X) (X1) 
L = CO, PPh3, P(CgH44)3. 

Scheme 12. 

Treatment of XI with LiMe (185) or Nal (186) reverses the alkylation and 

regenerates X. Subsequently, other protonating agents (e.g. [(MeO),HC]PF,) 

(187) and alkylating reagents (MeOSO,CF;) (188) as well as organometallic 

Lewis bases (189) were employed successfully. Other iron (190 — 196) (Scheme 

13), molybdenum (185,189,197), tungsten (189) or nickel compounds 

(198,199) were similarly used as precursors, as was a rhenium formyl complex 

(200). 

H > H if i Rie 2 RC \ +R“OSO5F or \ Dhow 00UMe| EO) shea (pea cna PRUREOER Stans 
0 AR2 

Rl =H, COOMe; R= Me, Et. 

Scheme 13. 
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In this way, non-cyclic dialkoxycarbene complexes which are difficult to 
prepare by nucleophilic attack at carbonyl ligands (82) become accessible in 
good yields (Scheme 14). 

oo ( ) WeOSOoF 1 
“dive (2) AH yPFg 

L pblie|* 
Met Robe PFe 

; 
ClgCg-Ni-C 

L 

L = PleoPh. 

Scheme 14. 

A series of cis-(CO),(L)Mn(alkoxycarbene) complexes were prepared start- 

ing from alkyl(pentacarbonyl)manganese via Lewis base promoted migratory 

insertion of CO into the Mn-C(alkyl) bond to give the corresponding acyl 

compounds, which subsequently can be protonated (201) or alkylated 

(197,202) (Scheme 15). 

0 
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ee (X11) 

e 0 0 +[R 20 ]BF le R t 0 Sts OC int 
00—iin—R 8 URED Car eee C = Mn(CO) 0 ¢ 9 XIV 

(X11) aa TOX 

3 0 0 
R = Me F 0 M CO cl porta dp Sa eats + fot Mex, 

; te 0c vin CN Or OCF Wn=CS yay 

Ue 
x X 

Scheme 15. 

The reaction of XII with X~ = [(CO);Re]~ , however, did not produce the 

corresponding manganese carbene complex XIV, but rather the rearranged 

rhenium compound cis-[(CO);Mn](CO),Re[C(OMe)Me] (89). Lewis acid 

induced migratory insertion in XII employing AIX; results in the formation of 

cis-substituted chelated halogenocarbene complexes (203 — 205); upon reac- 
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tion with CO these again yield carbene(pentacarbonyl) complexes. An 

analogous reaction can also be carried out using aluminium oxide surfaces 

instead of AIX, (206) and Cp(CO),Fe-Me or Cp(CO);Mo-Me instead of XII 

(204). 

In the case where R = (CH)),, Cl (n = 3, 4) in XII, the acyl complex (XIII) 

obtained after addition of X = I spontaneously cyclises intramolecularly with 

extrusion of Cl~ to give a complex containing a cyclic (n+2)-membered 

carbene ligand (207). A similar reaction was carried out in 1963 starting from 

[(CO);Mn]~ and Br(CH,)3Br (208). The resulting carbene complex, however, 

was not recognised as such. The correct structure was assigned only as late as 

1970 (209). Besides compounds of type XII, several other transition metal 

alkyls — mainly molybdenum (197,210—212) and iron complexes (213,214) 

— were employed in the preparation of cyclic carbene complexes via this route 

(with X~ e.g. I~, CN~, PPh; ...). For the intramolecular cyclisation, a high 

nucleophilicity at the acyl oxygen atom is required (207) whereas for R = 

O(CH,),Cl in XIII [X~ = CO] cyclisation has to be initiated by silver salts 

(215,216). For R = (CH,)3Cl no reaction was observed, though XIII [X~ = 

P(OMe)3] and Cp(CO),M[C(=O)R] (M = Fe, Ru) do cyclise for R = 

(CH,)3Cl in the presence of silver salts (207). Furthermore, the size of the ring 

in the resulting carbene ligand is of considerable importance: cyclisation is 

easy when a five-membered ring is formed but difficult when a six-membered 

ring results (207). The preparation of an ethyl(hydroxy)carbene complex of 

osmium by reaction of an ethylene complex with excess HCl is also thought to 

proceed via a propionyl intermediate (217). 

2.6 Preparation from Complexes L,M[C(=S)R] 

Closely related to alkylation of the acyl oxygen atom in acyl complexes is 

the S-alkylation of L,M[C(=S)R] compounds, M being usually Fe or Pt. 

Thus, trans-[Cl(L),Pt-C(=S)Y] (L = PPh;, PMePh,; Y = OMe, SEt, NMe,) 

can readily be converted into the corresponding carbene complexes with 

MeOSO.F or [Et,O]BF, (218). Similarly, Cp(CO),Fe-C(=S)Z (Z = OMe, 

OPh, SMe, SPh, SePh, SRe(CO),, SFe(CO),Cp) can be converted by reaction 

with MeOSO,F (219 — 221) or MeOSO,CF; (222). 

In most of these cationic compounds obtained by S-alkylation the carbene 

carbon atom is stabilised by two heteroatoms. One exception is a secondary 

carbene complex of osmium prepared by methylation of a thioformyl ligand 

(223) (Scheme 16). 
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L LO + re C ova tes + CF2S02Me le’ SMe 0g 0507 ses" Ei gas6ce 
rd aah oC L Ite 

L = PPh3 

Scheme 16. 

The formation of [(CO),I(PPh3)Os[C(SMe),]] * from (CO),(PPh3),0s(CS,) 

and Mel (in excess) (224), of Cp(PPh3)(I)MM[C(SMe)Me]* (M = Rh, Ir) from 

Cp(PPh;)M(CS) and Mel (225), and of (C¢F;)(PPh3),I,Ir[C(SMe)Me] from 

(C6F;)(PPh;).Ir(CS) and Mel (226) were also suggested as proceeding via 

[C(=S)R] intermediates (R = Me, SMe). 

2.7 Preparation from Complexes L,M[C(=NR)R’] 

The nitrogen atom of imidoyl ligands is also susceptible to electrophilic 

attack. Protonation (often reversible) as well as alkylation yields amino- 

carbene complexes. This has been demonstrated to occur preferentially with 

Ni (199,227), Pt (228,229), Fe (227,230), Ru (231,232), Ir (233) and Co com- 

pounds (227) as precursors. Closely related to this approach is protonation of 

the adducts formed by the reaction of carbodiimides with certain metal car- 

bonyl anions [(CO);Cr?~ , Cp(CO),Fe™ ] (234,235) (Scheme 17). 

Ne] 
+RN=C=NR C +2 HCI AHR] + 

[¢p(co),Fe]- ————> |cp(co)Fe”'SwR]|_ —-———* | cp(co) oF ext” 
ae PEE NE eget Ut aaa 

0 

Scheme 17. 

2.8 Preparation from Complexes L,M[C(=CR,.)R] 

In the routes outlined in chapters 2.6 to 2.8, electrophilic attack occurred at 

a heteroatom (O, S, N) connected via a double bond to a metal coordinated 

carbon atom. However, protonation at the B-carbon atom of a vinyl ligand or 

another ligand derived therefrom can also be uséd to generate carbene com- 

plexes. Thus, reaction of Cp(CO)(L)Fe[C(=CH,)H] with HPF, - Et,O at 

— 80°C yields a cationic secondary carbene complex (187) (Scheme 18). 
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A ar Ht -80°C H T 

Cp(CO)(L)Fe-C a (cg) (1) FeHtZ 
; StH. NEtPrs piri chy 

L = CO, PPh3, P(OPh)3. 

Scheme 18. 

Amines reverse the H+ addition. Cationic dimethylcarbene complexes were 

similarly prepared from Cp(CO)(L)Fe[C(=CH,)Me] and HBF, (236) and 

other carbene complexes from substituted vinyl compounds of Ni(II), Pd(I]) 

and Pt(II) using 60 % HCI1O, (237 — 240). 

2.9 Preparation from Complexes L,M(C = CR) 

Platinum(II) and nickel(II) acetylide complexes react with alcohol in the 

presence of acids to give alkoxycarbene complexes (241) (Scheme 19). 

L L 
HPF SicbactateRiee eee c1-ptsc® lpr | | “cHor} 

[ 

Re=OH ee hin Re =) Monsen pp ere = PMeoPh. 

Scheme 19. 

Various other Pt(II) (238, 242) and Ni(II) compounds (237,243) can be used 

as precursors. Related thereto is the reaction of Pt(II) halides with terminal 

alkynes and alcohols in the presence of silver salts (244 — 246). The use of non- 

coordinating anions is necessary to prevent conversion of the complex into a 

neutral acyl compound. Both types of reaction very likely proceed via a cat- 

ionic vinylidene intermediate. Addition of the alcohol across the C=C double 

bond finally gives the carbene complex (246). This mechanistic scheme is con- 

firmed by the finding that when HBF, - Me,O (in excess) is added to 

Cp(CO)(PPh;)Fe-C = CPh (XV) in CH,Cl, or toluene a cationic vinylidene 

complex can be detected spectroscopically which, upon addition of MeOH, 

gives the corresponding methoxycarbene compound with a 73 % overall yield 

(247) (Scheme 20). 
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Cp(CO) (PPh )Fe-C=C-Ph [Cp(CO)(PPh3)Fe=C=C(H)Ph IBF 4 

(XV) + WeOH 

OMe Cp(CO)(PPha)Fe=c@ "| BF ; 3 St 4 
Scheme 20. 

Reaction of XV with HBF, - Me,O in methanol immediately gives the 

carbene complex with 82 % yield. The reaction of the dicarbonyl analogue of 

XV with HBF, - Me,O in CH,Cl, produces a dinuclear species related to IX. 

2.10 Preparation from Complexes L,M=CR 

The synthesis of the first carbyne complexes also opened up a new route to 

carbene complexes: addition of a nucleophile to the electrophilic carbyne 

carbon atom. Although the carbyne compounds initially must be prepared 

from carbene complexes, this method is especially useful since a series of 

carbene complexes can thereby be synthesised which are inaccessible via any 

other route. To date, mainly three types of carbyne compounds: 

(a) [A(CO),M=CR]* (M = Cr; A = 7§-CoH,.,.Me, [n = 0, 1, 2, 3] and M 
= Mn, Re; A = 9°-CsHs, 4°-C;H,Me) 

(b) [(CO);Cr=CNR,]* and 

(c) trans-[(CO);Re(CO),Re = CSiPh;]* have been used. 

aa 

Other cationic carbyne complexes — as well as some neutral ones — can 

also very likely function as precursors. This reaction approach, namely trans- 

formation of a carbyne (alkylidyne) ligand into a carbene (alkylidene) ligand, 

seems to promise considerable, though not yet fully explored, potential for the 

preparation of carbene and other complexes, as varying types of suitable 
carbyne complexes are being synthesised in increasing numbers. 

In 1976, the first preparation of a series of carbene complexes using this 

approach was reported (101) (Scheme 21). 
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+HNR NR 
[(nP-Cottg_pMe,) (CO) .Cr2¢-Ph]* iRai (n?-CgHg_pMen) (CO) 9or=Cr, @ 

Me=e Ohm lene amor R =H, Me. 

Scheme 21. 

Similarly, the BF; , BCly or SbCl¢ salts of [Cp(CO),Mn=C-Ph]* (XVI) 

readily add anions such as CN~, SCN7 (248), OCN™ (249), F~ (78), Me7 

(250), alcoholates or phenolates (251) (Scheme 22). 

gNu [Cp(c0)WnzC-Ph]* + Nu Cp (CO) ginal 
(XVI) 

Nu = F, CN, OCN, SCN, Me... 

Scheme 22. 

The reaction of XVI with CN-Bu' at low temperatures yields a keteniminy]l 

complex which upon thermolysis at 25°C forms Cp(CO),Mn[C(CN)Ph] 

(252,253). The reaction of XVI or its p-tolyl analogue with the anions 

[(CO);M]~ (M = Mn, Re) takes a different course. Instead of the carbene 

complexes, binuclear complexes are formed in which the Mn-M bond is 

bridged by the a-carbon atom of an arylketenyl group (254,255). However, 

when the acylmetallate [Cp(CO),Mn-C(=0O)Ph]~ is used as the nucleophile 

instead of [((CO);M]~, a carbene anhydride complex is formed (256) (Scheme 

23). 

fs [(CO)5Re}~ tp (0) ne 60), 
Z 

(eo ‘Ph 

[Cp(CO)>Mn=C-Ph }* 

Ph Ph Cp(CO)Mn=C& | C=Nn(CO) 96 
+ [Cp(CO)>4n-C(=0)Ph]~ Skye ee es oe 

Scheme 23. 

The C;H,Me analogue of XVI was found to add C;H;s (249) and 

[(C;H,Me)(CO),.Mn = CNEt,]* was found to add H~ (from LiAlH,) (257) to 
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the carbyne carbon. Several nucleophiles react with [Cp(CO),Re=CPh]* ina 

similar way (248, 256, 258). A stepwise reduction of the Re=CPh bond can be 

carried out using Et,AlH (259) (Scheme 24). 

EtoAlH Ph EtoATH 
[Cp(CO) pRe=t-Ph]* —2 + Cp(C0)pRe=C ¢ ——2——p(C0) Re(CH9Ph) (H) 30 MEP 0te t  aeae 

Scheme 24. 

The first dimethylcarbene complex, Cp(CO),Mn[CMe,], was also prepared 

by nucleophilic addition of Me~ to the carbyne carbon atom (250). When 

[Cp(CO),Re = C-SiPh,]* is reacted with ELCOH or HNMe), a mixture of two 

different carbene complexes is obtained (260) (Scheme 25). 

ace eran _A ey) 
[Cp(C0).Re=C-S iPh3]* ————~> OT + Cp(CO)oRe CG 

Y = OEt, NMe», 
Scheme 25. 

MO calculations reveal that the LUMO in cationic carbyne complexes of 

the type [((CO),;Cr=C-NR,]* is localised mainly on the carbyne ligand (261). 

These cations are therefore excellent precursors for the preparation of inter- 

esting and previously inaccessible carbene complexes. Even at low tempera- 

tures, they readily add a great variety of anionic nucleophiles, Nu~ [e.g. Nu = F 

(262), Cl (257), Br, I, NCO, NCS (263), CN, NCSe (264), SPh (265), SeR 

(R = aryl, 1-naphthyl) (266), TePh (267), AsPh, (268), SnPh,; (269), PbPh, 

(270), (CO);M[C(=O)R] (M = Cr, R = p-Cg;H,Me; M = W, R = Me) (271) 

(Scheme 26). 

treo t 60 
Lace Lot Nu 

0C—Cr=C-NEts + tu > «60 —r 

ov Cc OFnG 
0 0 Bs 

(XVII) (XVIT1) 

Scheme 26. 

In some cases reaction conditions are important. The use of the BF; salt of 

XVII is advisable since the BCly salt spontaneously gives XVIII (Nu = Cl) 

and BCI, even at temperatures above — 25°C. In the compound XVIII, NCS 

and NCSe are bonded via nitrogen. However, when Nu = NCO is used for 

reaction with XVII, the product depends on the solvent: in MeOH predomi- 
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nantly the N-bonded complex XVIII (Nu = NCO) is formed whereas in 

CH,Cl, the O-bonded complex is formed exclusively (263,272). 

Similar addition reactions were carried out with (a) the NMe, analogue of 

XVII and CN~, NMez (273) or Cl~ (257) and (b) the NC;H, (257) or NPr', 

analogue of XVII (274) and Cl~ . Whereas attack of [AsPh,]~ on XVII yields 

(CO);Cr[C(AsPh,)NEt,], the reaction ov XVII with LiAsMe, leads to a 

dimeric carbene complex by reductive Ca-Ca@ coupling of the two fragments 

XVII (275) (Scheme 27). 

: Nets 
2 {(co),Crec-NEt>]* ——ASMe2__, (co) gtrae 2 

4 2 SaCr(CO). Et oN? 
Scheme 27. 

Some (but not all) of the compounds XVIII (as well as the analogous NMe,, 

NC;H,9 or NPri, complexes with Nu = Cl) display an unusual feature. In so- 

lution, with the loss of one carbon monoxide, the Nu group migrates to the 

central metal to form neutral trans-tetracarbonyl(carbyne)(Nu) complexes 

(Scheme 28). 

eo eA 
0c Let N Lec NR —Ur==bs oe re u—Cr=C- 

cf] SNR - C0 (“1 i 
omg of ¢ 

Scheme 28. 

Based on the results of several kinetic investigations, an intramolecular 

mechanism has been deduced (267,270,276 — 279). This reaction principle (nuc- 

leophilic addition to cationic carbyne ligands) applied to chromium compounds 

of type XVII is not in general transferable to other metals. The reaction of the 

molybdenum and tungsten analogues of XVII with halides or selenides imme- 

diately yields the corresponding neutral carbyne complexes. Until now, only 

two tungsten complexes related to XVIII [viz. (CO);W[C(p-SeC,H,CF;)NEt,] 

(280) and (CO);W[C(AsPh,)NEt,] (281)] have been synthesised from 

[(CO);W =C-NEt,]* and a nucleophile Nu~ (Nu = p-SeC,H,CF; and 

AsPhyp, respectively). 

Another prerequisite for this particular route is the availability of suitable 

and relatively stable cationic carbyne precursors. The stabilisation of cationic 

carbyne complexes can be achieved by 
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(a) blocking the trans position to the carbyne ligand by groups with a higher o- 

donor/7r-acceptor ratio than CO (the carbyne ligand is a better acceptor than 

CO) or 

(b) having a 7-donor substituent at the carbyne carbon atom (e.g. NR,). 

Both effects have to be balanced carefully. Whereas the reaction of trans- 

[(PMe3)(CO),Cr=C-Me]* with anhydrous ethanol gives trans-(PMe;)- 

(CO)4Cr[C(OEt)Me] (282), the reaction of trans-PPh3-substituted XVII with 

Nu~ = Cl~,Br~ orI~ does not yield a carbene complex but rather a carbyne 

complex, mer-(PPh3)(Nu)(CO);Cr=C-NEt,, PPh; being now cis to CNEt, 

(283). Surprisingly, when trans-[(CO);Re(CO),Re=C-SiPh;]* is reacted in 

CH,Cl, with alcohols or amines in excess, a mixture of cis and trans carbene 

complexes is obtained (260,284). When halides are employed as nucleophiles, 

only the trans compounds are formed (260). 

In some cases the conversion of neutral carbyne into carbene complexes was 

also achieved by: 

(a) Reduction of a metal-carbon triple bond with molecular hydrogen (30 psi, 

in CH,Cl,) (285) (Scheme 29). 

H C13(PMe3)oW=C-But + Hy) —————+ C13(PMes)2(H)W=CC, ¢ 
U 

Scheme 29. 

(b) Addition of a proton to the carbyne (alkylidyne) carbon atom to yield a 

cationic carbene complex (286) (Scheme 30). 

a Tet 
ClsW=C-H + CF3S0,4 —————> ie CF 3803 

L L 

L L - 
| 

(7! MH 

= PMe3 

Scheme 30. 

HCl, however, reacts with Cl(PMe3),W=CH by substitution of a PMe, 

ligand to give the methylidyne hydride complex Cl,(PMe;3)3;(H)W = CH (286). 

(c) Addition of HClO, across the Os=C triple bond of (CO)CI(PPh3),- 

Os = C-(p-CgH4Me) to form (CO)CI(PPh3)(ClO,4)Os[C(H)p-CgH4Me]. Metal 
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halides, such as Cul, AgCl or ClAu(PPh;), can also add across the Os=C 

bond giving dimetallacyclopropane derivatives (287). 

2.11 Preparation from Complexes L,M(CS,) 

Apart from routes already described in previous chapters, we come to a 

method which utilises the cycloaddition of alkynes to a ligand having 1,3- 

dipolar character. Cyclic dithiocarbene complexes are obtained by this 

method from, for instance, L,(CO),Fe(CS,) and acetylenes (288 — 290) 

(Scheme 31). 

R 8 Aeer ene ; 2 -C=C-R Lo(CO) 9Fe-C ( Lo(CO)oFe(CS») + R'-C=C 9(CO) oFe SJ 62 

(XIX) 

ee P(OMe), PMe3, PPh3, PMeoPh. 

Scheme 31. 

The addition takes place only if at least one of the two alkyne substituents is 

an electron-withdrawing group. For R! = R* = COOMe and L = PMe;, 
PMe>Ph the alkyne addition is reversible. In such cases the kinetically con- 
trolled product XX slowly isomerizes, leading to an equilibrium mixture of a 

heterometallacycle XXI and the carbene complex XX. Note that XXI:XX = 

100:0 for L = PMe; and 18:82 for PMe,Ph; in CgD¢ (290) (Scheme 32). For 

= P(OMe), or PPh3, XX is both the kinetically and thermodynamically 

controlled product (290). A mechanism for this transformation was proposed 

which involves retro-cycloaddition (XX — XIX + MeOOC-C=C-COOMe) 

followed by 1,3-dipolar addition of the alkyne to Fe+-C-S~. Similar cyc- 

loadditions of alkynes to the CS, ligand were employed for the preparation of 

other cyclic dithiocarbene complexes from e.g. Cp(CO)(PPh3)Mn(CS,) (291) 

or ring-substituted (7°-CgH,.,R,)(CO)2Cr(CS,) (292). No isomerisation was 

observed in the case of these compounds. 

s COOMe ee 
(C0) 9Fe=tZ pete eee (CO) ae I )2 ee ea Ue 

COOMe : noe os 
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(XX1) 

Scheme 32. 
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Other dithiocarbene complexes were obtained via oxidative addition of Mel 

or 1,2-dibromethane to osmium compounds (224,293) or of Mel to 

(PPh;3),Pt(CS,) (294). 

2.12 Preparation from Complexes L,M(CR!R?2R3) 

The abstraction of an atom or a group bonded to the a-carbon atom of a 

transition metal alkyl or its derivatives has proved to be another versatile 

method for the synthesis of carbene complexes. Non-heteroatom stabilised 

iron carbene complexes can be prepared via methoxide abstraction from 

Cp(CO)(L)Fe[CH(OMe)R] employing [Ph;C]PF;, (295), HPF, (187), Me3SiO- 
SO,CF; (188), CF;COOH, or other acids (236,295) (Scheme 33). 

CF COOH 
Cp(CO)(L)Fe-[CH(OMe)(R) J 

H+ 

[tooo arent 

(XX11) 

L = CO, PPh3, P(OPh)3; R = Me, Ph. 

Scheme 33. 

The corresponding cationic methylene complex [Cp(CO),Fe = CH,]* has 

been postulated several times as a reaction intermediate. It is said to be for- 

med on acid treatment of the methoxymethyl iron compound, but has never 

been isolated nor detected because of its instability (295-297). The com- 

parable cation [Cp(Ph,PC,H,PPh,)Fe = CH,]*, however, can be generated 
by the same method from the ethoxymethyl compound and characterised 

spectroscopically (298,299). 

With R = H in XXII (L = CO, PPh;), hydride abstraction was found in 

the reaction with [Ph,C]* (300). The same observation was made with other 

alkyl iron compounds (301,302) or Cp(PPh3)(NO)Re-L [L = Me, CH,OMe] 

(200,303) as precursors. The reaction of the analogous rhenium compound 

(L = CH,OMe) with 0.5 equivalent MeOSO,F yields a 1.1:1 mixture of two 

complexes, the cationic methoxycarbene and the neutral methyl complex 

(304). 

Selective alkoxide or hydride abstraction could be achieved with some 

molybdenum and tungsten complexes by altering the reaction conditions (305) 

(Scheme 34). 
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i0SOCF H]+ Me3Si0S000F 3 oo¢cor,(L mo=c¥, 

(XXIII) 

Cp(CO)>(L)Mo-CHoOR 

R= We, CHoPh, But; 
L = PPhy. Alt petco (Ament te ates 

[Pha JAsF 5 

Scheme 34. 

The cation XXIII decomposes at temperatures above —70°C. Thermal 

abstraction of a zirconoxy group was used to prepare a stable phenylcarbene 

tungsten complex (306) (Scheme 35). 

A CpoW=C + OZr(2h)C 
HY “Ph PPh P2 

Scheme 35. 

Dithiocarbene complexes were synthesised by abstraction of SR~ from 

Cp(CO),Fe[C(SR)3] using acids (307) and abstraction of PPh; from 

(CO);Cr[C(SPh),PPh3;] employing S, (308). Fluoride abstraction from 

Cp(CO),LMoCF; (L = CO, PPh;) by SbF; leads to difluorocarbene com- 

plexes, which, however, could not be isolated but could be observed by NMR 

spectroscopy (309). A stable difluorocarbene complex, (CO)Cl,(PPh;),- 

Ru=CF,, was synthesised from (MeCN)(CO)CI(PPh3),Ru-CF; and dry HCl 

in benzene (310). Hydride abstraction by [Ph3,C]*, although not from the a- 

carbon atom, was likewise employed in the synthesis of some cyclic iron and 

carbene tungsten complexes (311 — 313) (Scheme 36). 

= of 

fe) ae eles (C0) 

Scheme 36. 

Stable non-heteroatom stabilised secondary carbene complexes — alky- 

lidene complexes of the Schrock type — can be obtained via a-hydrogen 

abstraction from an alkyl ligand. In this important class of compounds the 

carbene (alkylidene) carbon atom is nucleophilic in contrast to the elec- 

trophilic carbene carbon atom in Fischer-type compounds. The first example 

of a nucleophilic carbene complex was prepared by Schrock in 1974 by reac- 
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tion of Cl,Np3Ta (Np = CH,CMe;) with two equivalents of LiNp (314,315) 

(Scheme 37). 

eres LiCHoCMe3 H 
(Me3CCH») 3Ta=CZ Clo(Me3CCH») Ta DS etd Nome 

(XXV) 
eA GEK: = -Ce 

(XXIV) pee o 

Scheme 37. 

The rate determining step is believed to be the formation of CINp,Ta 

(XXVI) from XXIV and one equivalent of LiNp. Compound XXVI, which 

can also be synthesised from XXV and HCl at —78°C, then reacts rapidly 

(compared to the rate of its formation from XXIV) with LiNp giving XXV, 

LiCl and CMe,. In this fast hydrogen abstraction step a relatively nucleophilic 

axial alkyl a-carbon atom of the trigonal bipyramidal intermediate removes a 

relatively acidic proton from an equatorial alkyl w-carbon atom. Steric crowd- 

ing around the alkyl metal precursor is believed to be an important factor in 

determining when the a@-hydrogen abstraction occurs (315). The analogous, 

thermally unstable niobium compound has also been prepared (315,316). In 

general, alkylidene niobium complexes appear to be less stable than their tan- 

talum analogues. Another tantalum complex was prepared by reacting Cl,[Me;- 

Si),N],Ta with three equivalents of LiCH,SiMe, (317). Bisalkylidene com- 

plexes can be obtained by reaction of Cl,;(PMe3),Ta[=C(H)CMe;] with 

MgNp, dioxane (318) or by reaction of Cl(4°-C;Me;)(PMe;3),Ta=C-CMe, 

with LiNp (319). Compound XXV can also be prepared directly from TaCl, 

and five equivalents of LiNp, though less conveniently and with lower yield 

(315). The similar reaction of MoCl, with five equivalents of LiCH,SiMe, 
yields a mixture of (Me3SiCH,).Mo,., (Me3SiCH,);Mo=C-SiMe, and 

(Me3SiCH,);Mo[=C(H)SiMe;] (320). Hydrogen abstraction can also be 

induced by other means such as: 

(a) Substitution of halide ligands with cyclopentadieny]l ligands in Sod 

or benzyl complexes (318,321 — 325) (Scheme 38). 

XgNpota + T1Cp ———> [XoCp(Np) gra XoCpTa= ave 
-T1C1 ‘CMe 

KY =*G Bee 

Scheme 38. 

A detailed investigation of this reaction concluded that the a@-hydrogen 

abstraction in these compounds is intramolecular. The reaction rate is 
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strongly dependent on the nature of X (Cl or Br), the solvent and on whether 

TlCp or TlC;Me; is used. A deuterium isotope effect with ky/kp ~ 6 was 

observed. 

(b) Addition of PMe; to neopentyl or benzyl complexes (318,319,326,327) 

(Scheme 39). 

AH 
XgNpola + 2 PMeg ————_——___+» Kg(Pieg Tae, 

os CMe, 

Yee eer 

Scheme 39. 

X3(PMe;),Ta[C(H)CMe;] slowly reacts further with X,Np,Ta to yield 

dimeric [X,(PMe3)Ta( = CHCMe3)].(u-X)>. 

(c) Addition of THF or pyridine to neopentyl complexes (326). 

An unusual alkyl-alkylidene-alkylidyne complex is obtained from the reac- 

tion of Np;W =C-CMe; with PMe; (328) (Scheme 40). 

+ PMe3 
Np3W=C-CMe3 CM 

H 
MeaP) NpW(=CZ )iec-on (Me3P) Np ( “cleg ( @3) 

Scheme 40. 

In general, the preparation of alkylidene complexes containing G-hydrogen 

atoms necessitates the use of other techniques since B-hydrogen atoms are lost 

more readily than a-hydrogen atoms. However, the reaction of Cl,(Et)Np,Ta 

with PMe; was found to yield a mixture of two tautomers in equilibrium with 

each other (329) (Scheme 41). 

+ PMe 
j C1o(Et)NpoTa ———2—> Clo(MegP) sNpTa(CoHy) + SNe Ea mics 

Scheme 41. 

Surprisingly, the compound X;(Mes)MeTa (X = Cl or Br) reacts with 

PMe; by y-hydrogen abstraction to form a benzylidene complex, X;(Me3P),- 

Ta[ = C(H)C,H3;Me,] (330). 

The abstraction of a proton from sterically crowded cationic or neutral 

alkyl compounds can also be carried out using external bases such as 
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Me3PCH,, LiN(SiMe3),, NaOMe or alkyl Li. The first transition metal 

methylene complex was obtained by this method (321,331) (Scheme 42). 

[CpoTaMes JBF4 + Me3PCHy ————~» CpoMeTa=CH» + [Me,P ]BF, 

Scheme 42. 

In addition to methylene complexes, other related alkylidene [e.g. benzy- 

lidene (325) or trimethylsilylmethylene (331,332)] complexes can be prepared 

by a similar procedure. 
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3 Syntheses by Addition of a Carbene Ligand 

Precursor to a Metal Complex 

All the synthetic strategies described in chapter 2 take advantage of pre- 

existing non-carbene ligands which are subsequently transformed by various 

means into carbene ligands. A different approach is to use a suitable carbene 

ligand precursor (e.g. dimers, halides or diazo compounds) which will be 

attached to a metal complex during synthesis and simultaneously modified. In 

some cases this procedure is associated with a change of the formal oxidation 

number of the central metal. Whereas in the former methods the metal- 

carbon bond of the carbene complex already exists in the precursor — at least 

in principle — the metal-carbon bond is now built up in the course of the syn- 

thesis. 

3.1 Preparation from Precursors “X,CR,” 

The reaction of anionic metal complexes with certain organic salts or neu- 

tral compounds having highly ionic bonds has been used several times for the 

preparation of carbene complexes. The first report of a successful carbene 

complex synthesis by this method was that of Ofele as long ago as 1968 (333) 

(Scheme 43). 

C1 Ph Ph 

NaglCr(CO)e) + nee ——> co) girm<e + 2 NaCl 

Ph Ph 

Carbene complexes of iron have been obtained by similar means (334). 

Dichloro-2,3-diphenylcyclopropene also reacts with metallic palladium to give 

a dimeric chlorine-bridged species, which on heating in pyridine forms a 

monomeric carbene complex (335,336). These compounds are thermally very 

stable, probably due to the aromaticity of the diphenylcyclopropenium cat- 

ion. 

A series of tetraphenylporphinato(carbene)iron complexes were synthesized 

from 5,10,15,20-tetraphenylporphinatoiron(I]), (TPP)Fe(II), and Cl,CR!R? 
in the presence of an excess of reducing agent (Fe or Na,S,O,) (337 — 343) 

(Scheme 44). 

Scheme 43. 
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+2e- R! 
(TPP)Fe + CIoCR'R® ay eae toe ae (TPP)Fe=CC 

R' = C1; R@= Cl, COOEt, CN, Me, CHoOH, CF3, SPh, SCHoPh, . . . 
R! = Br; R® = CHAOH; R) =H: R2 = SPh. 

Scheme 44. 

It was suggested that the reaction proceeds via a radical pathway involving 

(TPP)Fe(III)Cl and CICR!R? radicals which then react further with 
(TPP)Fe(II) to form (TPP)Fe(IID[CCIR!R?]. Dissociation of the Cl~ finally 
affords the carbene complexes. From the reaction of (TPP)Fe(II) with 

Cl,C[C(C,H,Cl),H] the carbene complex was not isolated (it is probably for- 

med as an intermediate) but rather a vinylidene complex (343). Similarly, a 

carbene complex is a very likely intermediate in the reactions of (TPP)Fe(II) 

with Cl,CSiMe; and Fe (344) or with CI,/Fe (or Na,S,0,) (345). In both cases 

a carbide complex is the isolated product (Scheme 45). 

F 

(TPP)Fe + Cl, cre (TPP)F e=C=Fe( TPP) 

Scheme 45. 

A large number of aminocarbene complexes can be prepared from neutral 

and anionic metal complexes employing immonium salts of the type [Me,N- 

= C(R)CIJCI (R =H, Cl, NMe,) as carbene ligand precursors. By this means 

secondary carbene complexes (R = H) of Cr, Fe, Mo, W, Mn, Re, Co, Ru, Ir, 

Pt, Rh and even V can be conveniently obtained, although sometimes in rela- 

tively low yields (346 — 349) (Scheme 46). 

EE . 

l A A 
Cioeotyiot2 |MepWete | Gh. are C1g(L) ai rate 

L = PPh3. Ss 

Scheme 46. 

Amino(chloro)carbene complexes of chromium, manganese or rhodium 

were synthesised by a similar method (348) (Scheme 47). 

Cl 
[(co)s¢r]2- + nee Soe (C0) crac + 2017 

SNMeo 
Scheme 47. 
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A diaminocarbene complex was prepared from Fe,(CO), and [(Me,N),C- 

Cl}]CI (350). 

Oxidative addition of 2-chloroimidazolium, -pyrazolium, -triazolium, -tet- 

razolium, or -thiazolium tetrafluoroborate to metal complexes or metal salts 

was also used for the preparation of cyclic diheteroatom-stabilised carbene 

complexes of various metals (233,351 — 353). The reaction of Hg(CCl3), with 

(CO)CI(PPh;);M(H) [M = Ru, Os] (354,355) or Cl,(PPh;)3Ir(H) (356) finally 

yields dichlorocarbene complexes (Scheme 48). 

+ Hg(CC13)5 Cl 
(CO)C1(PPh3) 30s(H) (CO)C19(PPh3) 208-0 

Scheme 48. 

3.2 Preparation from Precursors Cl(R)C = NR’ 

Imidoyl chlorides can also be employed as precursors. Thus, from the reac- 

tion of [(PPh3)(CO)CIRh], with Cl(Ph)C =NMe and HCl an aminocarbene 

complex, (PPh;)(CO)CI,Rh[C(NHMe)Ph], is obtained (357). However, in the 

complete absence of HCl, the reaction of the dicarbonyl compound 

[(CO),CIRh], with two equivalents of Cl(Ph)C = NR’ affords a chelated rho- 

dium(III) carbene complex, the chelate bridge of which can be cleaved with 

tertiary phosphines (358). Recently, carbonyl(cyclopentadienyl)aminocarbene 

complexes of iron and molybdenum were prepared by a similar route from 

carbonyl(cyclopentadienyl)metallates and Cl(Ph)C=NR [R = Me, Ph, 

CH,Ph, CHMe,] (359 — 361) (Scheme 49). 

(1) HC1/THF Ph 
(Go(C0) Fels ect aGl(Rh) CaN ———— es IC (COA esCe H owe (2) NHAPF POO) oF enya] 6 

Scheme 49. 

3.3 Preparation from Precursors [R!R2C = Y]+ 

(Y = NR, or OR) 

Carbonylmetallates react with [H.C =NMe,]* to yield secondary amino- 

carbene complexes (349,362). An analogous iron compound (among others) 

can be isolated as a product of the reaction of [MeS(H)C=NMe,]* with 
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[(CO),Fe]*~ (362). However, when [(CO);M]?~ (M = Cr, Mo, W) reacts with 

[Ph,C =NMe,]* and subsequently with CF;COOH, diphenylcarbene com- 

plexes are obtained (363) (Scheme 50). 

+ [H(R)C=NMeo]* H 
(C0): N ve, 

Crew (n=o) ak 
Fe (n=4); R 

= 

now H, SNe. 

(CO) 8] 

(1) [PhyC=NMe. ]* Ph 
(CO) 5M=C 

(2) CF COOH ‘Ph 

j= Mo, W. 
Scheme 50. Sa 

Remarkably stable cyclic diaminocarbene complexes can be prepared from 

imidazolium salts and carbonyl(hydrido)metal anions with the elimination of 

molecular hydrogen (364,365) (Scheme 51). 

Rox : Me 
N 120°C yN ich nh af 

[(co),MHJ- + |H “3 aancagh Oe We eae 
Me Me 

M = Cr, Mo (n=5); M = Fe (n=4). (XXVI1) 

Scheme 51. 

On heating, XX VII [M = Cr, Mo] disproportionates to yield a mixture of 

the hexacarbonyl and cis-tetracarbonyl(biscarbene) complexes (366). Irradia- 

tion converts the latter into the corresponding trans isomers which isomerise 

thermally back to the cis isomers (353). Imidazolium salts can also be made to 

react with mercury salts affording mono- or biscarbene complexes (367,368). 

Related to XXVII are carbene complexes of ruthenium obtained by-acid-cata- 

lysed rearrangement of the N-bonded imidazole or xanthine compounds 

(369,370). Apart from the reaction with immonium salts, carbonylmetallates 

were also shown to react with oxonium salts (371). 
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3.4 Preparation from Precursors R,C = Y (Y = S, NR’, N2, PR;) 

Starting from R,C=Y-type precursors, several carbene iron complexes 

have been prepared, e.g. by reaction of Fe,(CO), with (NH,),C =S (372) and 

2,3-diphenylcyclopropenylthioketone (373) and reaction of Fe(CO),; with 

cyclic esters of thiocarbonic acid (374) or its complexes (375). The reaction of 

carbodiimides with (a) carbonylmetallates and subsequently with HCl 

(162,234) or (b) certain organometallic nickel compounds (376) also leads to 

carbene complexes (see 2.7). A number of non-heteroatom-stabilised carbene 

complexes can be synthesised from Cp(CO),Mn(THF) or its methylcyclopen- 

tadienyl analogue and diazo compounds (377 — 380) (Scheme 52). 

Ph h SI . 

Cp(CO)oMn(THF) + WN»-C ss Cp(CO) Mn=C 
‘Ph = No, - THF 

Scheme 52. 

Oligomeric biscarbene complexes result if diazocyclopentadiene is 

employed in the reaction with Cp(CO),Mn(THF) (380). Electrophilic ethy- 

lidene complexes cannot, in general, be prepared by a-hydrogen abstraction 

since 8-hydrogen atoms are lost more readily from ethyl ligands than a- 

hydrogen atoms, but can be obtained from R3;P = C(H)Me and tantalum com- 

pounds (381) (Scheme 53). 

H H 
Cpo(PMe3)Ta(Me) + EtsPaK, Cpp(Me)Ta=Cc —_— 

e = PMe3, ae PEt3 

Scheme 53. 

3.5 Preparation from Precursors [R,C-Y]~- 

Only a few examples are known for the preparation of carbene complexes 

using anionic organic precursors: 

(a) Reaction of (CO);M(NCMe) (M = Cr, W) with Na[TosNNC(SEt),] giv- 

ing (CO);M[C(SEt),] (382) and 

(b) Reaction of (CO);M(THF) (M = Cr, W) with Li[C(SPh)3] giving 
(CO);M[C(SPh),] (383). 
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In both cases dithiocarbene complexes are formed and for both types of 

reaction the formation of bis(organylthio)carbene intermediates has been 

proposed. 

3.6 Preparation from Electron-rich Olefins 

Cyclic diamino- or amino(thio)carbene complexes can be prepared via 

bridge-cleaving reactions of binuclear and/or ligand substitution reactions of 

mononuclear metal compounds with electron-rich olefins such as 

XXVIII — XXX (13,384) (Scheme 54). 

oS ~ Ce 7 3 OLY Noe < 

(XXVIT1) (XX1X) (XXX) 

R = Me. 

cy We 
Pe ! oN 

[(PEt3)C1oPt], + XxxvVI1I’: ——————> 2 EtsP-Ptat 
Cl Me 

Scheme 54. 

Similar carbene rhodium complexes were found to be isolatable inter- 

mediates in the metathesis of two different electron-rich olefins (385). Many 

carbene complexes were synthesised via replacement of CO, PR3, CNR, nor- 

bornadiene or halides by cyclic carbene ligands arising from electron-rich 

olefins (13) (Scheme 55). 

Me 

2 (CO)gHo + ¥XVII] —————___» 2 (00) Hox) 
Men? ry 

Scheme 55. 

A mechanistic scheme was proposed for this reaction involving replacement 

of one CO ligand by XXVIII. The olefin, initially N-bonded, rearranges in a 

fast second step to a C-bonded species which may then fragment to form the 
carbene metal complex with expulsion of a resonance-stabilised carbene frag- 

ment. 
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Above 100 °C the monocarbene molybdenum complex disproportionates to 

form (CO),Mo and the cis-biscarbene(tetracarbonyl) compound, which upon 

irradiation gives the corresponding trans isomer. At 25 °C this isomerisation 

can be reversed (93). 

A great number of mono-, bis-, tris- and even tetrakiscarbene complexes of 

various transition metals, e.g. Cr (92), Mo (93), W (94), Mn, Fe, Co (386), Ni 

(386 — 388), Ru (386,387,389), Rh (79,388), Ir (388), Os (387), Au (390), Pd 

(384,391) and Pt (384,388,391), were synthesised from electron-rich olefins. 

In addition, the N-Et, N-p-Tol and N-CH,Ph analogues of XXVIII and even 

a macrocyclic derivative (392) were employed. There are, nevertheless, signifi- 

cant differences in reactivity for the various olefins: the reactivity decreases in 

the order XXVIII > XXX > XXIX. 

If the N-Ph analogue of XVIII is used in the reaction with (PPh;);Cl,Ru, a 

pentacoordinated carbene complex is formed containing an ortho-metallated 

N-arylcarbene ligand (393). Similar ortho-metallated products are obtained 

with some palladium (394) and platinum compounds (395). 
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4 Syntheses Using Pre-existing Carbene Complexes 

4.1 Carbene Ligand Transfer from One Metal to Another 

In some cases carbene complexes can be obtained by transfer of a carbene 

ligand from one element to another. This was shown for the first time when 

Cp(NO)(CO)Mo(carbene) complexes were irradiated in the presence of 

Fe(CO), (52,103) (Scheme 56). 

3k A h Gp(NO) (CO)Mo=CK + (CO)gFe———»Cp(NO) (CO) Mo + (CO) gFext | nS 

‘Ph 

R = Oe, OEt, NNe>. 

Scheme 56. 

Several carbene iron complexes hitherto not available could thus be 

conveniently prepared by this method. Recently, the carbene ligand could also 

be transferred thermally from carbene tungsten compounds to 

Cp(CO).Mn(THF) (396) and to HAuCl, (397) (Scheme 57). 

ox ok 7 7 
COO gat + HAuCl, Oa + (CO) ,WCI5 + .... 

oe OMe, NH», NMeo “aus 

Scheme 57. 

In the case of the system pentacarbonyl(2-oxacyclopentylidene)chro- 

mium/(CO),¢W the thermally induced transfer of the carbene ligand from 

chromium to tungsten was found to be reversible and the equilibrium constant 

measured at 140 °C (4) (Scheme 58). 

y0 140°C om~S» (6O)gGr=ty] + (CO)gH == (CO) gCr + (co)ghace | . 
eq = 

Scheme 58. 

Carbene ligand transfer must also be involved in the thermal dispropor- 

tionation of some pentacarbonyl complexes containing a cyclic diamino- 

carbene ligand to form (CO),<M and cis-(CO),M(carbene), (93,353,366,398) 

[see also 3.3 and 3.6] as well as in the thermolysis of (CO);M(carbene) [as 

deduced from the organic reaction products and a kinetic investigation (399)]. 
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Similarly, in the reaction of a cyclic carbene complex of manganese with 

(PMeBu})Pt(C,H,),, transfer of the carbene ligand from Mn to Pt must occur 

since in the resulting dimetallacyeclopropane derivative the carbene ligand is 

bonded to platinum (400). 

The transfer of a neopentylidene ligand from tantalum to tungsten was also 

accomplished (401 — 403). However, up to the present carbene ligand transfer 

has not been generally applied in the synthesis of carbene complexes but has 

rather been confined to special cases. 

4.2 Modification of the Carbene Ligand 

In contrast to the synthetic approaches outlined in the previous sections, 

there are those which use pre-existing carbene ligands by modifying them in 

such a way that new carbene complexes are formed. This can be 

accomplished, for instance, by exchange of one or both of the non-metal sub- 

stituents on the carbene carbon atom (R! or R? or R! = R? in Scheme 1) by 
other groups. Ammonia, primary and secondary amines react with alkoxy(or- 

ganyl)carbene complexes to yield amino(organyl)carbene complexes and the 

corresponding alcohol (in most cases methanol) [“‘aminolysis”] (Scheme 59). 

(XXX1)-R4, R@ = alkyl, aryl. 

Scheme 59. 

This aminolysis is a fairly general type of carbene complex reaction (for a 

discussion of the reaction mechanism see “Mechanistic Aspects of Carbene 

Complex Reactions”). In addition to NH; (404,405), a whole series of amines 

including aliphatic amines and substituted anilines (406 — 408), aliphatic and 

aromatic diamines (409), w-enamines (410), optically active amines (53,186) 

and amino acid esters (411,412) were employed. With secondary amines, how- 

ever, steric factors become important. The reaction of (CO);Cr[C(Me)OMe] 

with the sterically hindered diisopropylamine did not yield the expected di- 

isopropylamino(methyl)carbene but instead, via propylene elimination, the 

methyl(monoisopropylamino)carbene complex (406). Other alkoxycarbene 

complexes of Cr, Mo, W (40,91), Re (72) and (CO);M[C(SiR3)OR’] (M = Cr, 
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Mo, W; R = Ph, Me; R’ = Me, Et) (67 — 69), as well as a cyclic carbene com- 

plex of Pt (413), react with amines in the same way. An interesting competi- 

tion takes place in the reaction of HNMe, with (CO);M[C(OEt)C =CPh] (M 

= Cr, W). Whereas at very low temperatures (Cr: —115°C; W: —60°C) 

aminolysis occurs, at — 20°C conjugate addition of one molecule of amine to 

the triple bond is observed. At room temperature, the aminolysis product (but 

not the product of the conjugate addition) can be converted with another 

molecule of amine into (CO);M[C(NMe,)CH = C(Ph)NMe,] (414). 

Other N-nucleophiles have also been used. Reaction of XXXI (R = Me) 

with benzophenoneimine gave (CO);Cr[C(Me)N=CPh,] (415). Similar 

imino-substituted carbene complexes were isolated from XXXI(R = Me) and 

benzaldoxime (415) and from XXXI (R = Ph) and 1-aminoethanol (416). 

However, in the reaction of XXXI (R = Me) with substituted hydrazines the 

hoped for hydrazinocarbene complex could not be isolated. Instead a nitrile 

complex was obtained as the product of rearrangement and nitrogen-nitrogen 

bond cleavage (417). 

The reaction principle of aminolysis is not transferable to PH; or primary 

and secondary phosphines. Reaction of phosphines with XXXI, for instance, 

results either in simultaneous substitution of the carbene and one CO ligand 

by PH; (418) or addition of HPR, to the carbene carbon atom with subse- 

quent rearrangement to give phosphine complexes (419). Closely related to 

aminolysis is the reaction of XXXI or the tungsten analogue (R = Me) with 

thiols (420) or — in a two-step procedure — with thiolates and subsequently 

with acids (421) to form organyl(organylthio)carbene complexes (“thiolysis”). 

Replacement of the MeO group in XXXI (R = Me) or its tungsten analogue 

by a MeSe substituent (“selenolysis”) can be achieved by reaction with MeSeH 

(422). Unlike methylselenol, the more acidic phenylselenol yields a rearranged 

product in which the ligand is bonded via selenium to the metal (423). 

Exchange of OR with OR’ in alkoxycarbene complexes can also be carried 

out, e.g. (CO);Cr[C(OEt)Me] reacts with methanol in the presence of cata- 

lytic amounts of NaOMe to give (CO);Cr[(OMe)Me] (424). Similarly, 

(CO);W[C(OMe)p-C,H,4Me] and 3-buten-1-ol in the presence of base and a 

molecular sieve (to remove the resulting methanol from the solution) yield 

(CO); W[C(OCH,CH,CH = CH))p-CgH,Me] (425). Whereas some Pt com- 

pounds do react with alcohols in the same way (241), (CO),Cr- 

[C(OEt)CH,SiMe3] and HOR (R = H, Me) produce (CO);Cr[C(OEt)Me] 

(42). Two-step reaction of alkoxycarbene complexes with enolate anions and 

subsequently with acids was also used to generate new carbene complexes. 

Thus, (CO);W[C(OMe)Ph] reacts with the enolate of isobutyrophenone/H* 

with replacement of MeO by Me,C = C(Ph)O (84). 
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On the other hand, if methoxy(vinyl)carbene complex derivatives [XXXI: 

R = CH=CMe,, CH=C(H)Ph] are employed in the reaction with the en- 

olates of cyclopentanone, isobutyrophenone or dimethylmalonate, and subse- 

quently with H*, (instead of MeO substitution) addition of the enolate to the 

vinylic double bond is observed (84) (Scheme 60). 

Me Mm > Ch Me 
(CO) .Cr=C2 ara eS 

Ph 

Scheme 60. 

The reaction with the lithium enolate of acetone takes yet another course; 

organic products result arising from addition of the enolate to the carbene 

carbon atom (84). Since the carbene carbon-oxygen bond in acetoxycarbene 

complexes is more reactive than that in alkoxycarbene complexes, aminolysis 

and thiolysis reactions can easily be carried out with acetoxycarbene com- 

plexes. Through reaction with NaOPh, organyl(phenoxy)carbene complexes 

of chromium or tungsten, which are difficult to prepare by other routes, 

become accessible in relatively high yields (up to 92 %) (26,426). 

In the reaction of a trimethylsiloxycarbene complex with methanol, the 

Me;SiO group is not replaced by MeO but rather the Me;Si by H to produce a 

hydroxycarbene complex (30). (CO);Cr[C(OSiMe3)Me], however, was found 

to react with H,NMe by aminolysis to yield (CO),;Cr[{C(NHMe)Me] (427). 

A very important type of reaction involving alkoxycarbene complexes is 

that with carbanions. The actual product depends on whether alkoxy(alkyl)- 

or alkoxy(aryl)carbene complexes are used as starting compounds (see also 

2.1). Nucleophilic attack of phenyllithium on (CO);W[C(OMe)Ph] at 

— 78°C, for instance, gives Li[((CO);W-CPh,OMe] (115) which, in solution, 

decomposes rapidly at room temperature, though it may be isolated at low 

temperatures (117). Treatment of this adduct at —78°C with acids such as 

HCl (115,116) or silicagel (60) induces loss of methanol and a diphenylcarbene 

complex is formed (Scheme 61). 

0 Q 
C 0 C (0 C 0 i 40Me LiPh | ie Ph Ht 1oPh 

OC—W==C LiJoc—W—Cé...5,| —————> 0C—W=C 
(71 = Ph cf \ -MeQH cf, Ph 
og vg OMe ov g 

Scheme 61. 
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This reaction sequence can be carried out with substituted phenyl-, furyl-, 

thienyl- and pyrrolyl(methoxy)carbene complexes of chromium and tungsten 

as precursors as well as with other organolithium compounds, including sub- 

stituted phenyl-, furyl-, thienyl- and pyrrolyllithium (60). Attempts to syn- 

thesise a _ phenyl(styryl)carbene complex from (CO);Cr[C(OMe)- 

CH = C(H)Ph] and LiPh/H* failed. Phenyllithium adds to the C=C double 

bond to give the conjugate addition product (CO);Cr[C(OQMe)CH,CHPh,] 

(428). If the carbanion in alkyllithium is used as the nucleophile, the resulting 

alkyl(phenyl)carbene complex obtained after protonation of the adduct is 

unstable and rearranges immediately with 1,2-hydrogen migration to form an 

olefin complex (429) (Scheme 62). 

Q 0 0 C 0 C C 0 
[eo .0Me — LiCHoR es ae Ht 1° HCPh 0c— Vtg Li Joc vce oc We— “i Ph “iN Ph) Heo vi HC 

0° ¢ Oa CHR ee C 6 0 
R =H, CH=CH, Cal. 

Scheme 62. 

Alkoxy(alkyl)carbene complexes are remarkably acidic. In alkaline deute- 

riomethanol, the hydrogen atoms attached to the a-carbon atom undergo 

rapid H/D exchange (424). This is explained by the intermediary existence of a 

carbene anion, which can be generated stoichiometrically from carbene com- 

plexes by reaction with NaOMe or LiBu (118) (see also 2.1) and isolated as the 

bis(triphenylphosphine)imminium salt (430). The moderate reactivity of these 

carbene anions towards nucleophiles [including epoxides (431), ethylene 

sulphide (432), enol ethers (433), aldehydes (118,434), a-bromoesters, a,(- 

unsaturated carbonyl compounds (432), acetylchloride (432,435), MeOSO,F 

(118) and even PhCH,I (4) or Br, (432)] can be used to prepare a series of 

carbene complexes inaccessible by other synthetic routes (Scheme 63). 

0 0 0 
C 0 C 0 C 0 
Hime Me BuLi ee Zl Tes Io pp R 

0C—Cr== —> Lij0dc— Hee > )C—Cr=6 
ct! CSoMe cf! OMe 4 

0 ‘ or G 0 

(XXX11) 
Scheme 63. 
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The nucleophilic attack by the carbene anion occurs at the least hindered 

carbon of propylene oxide (R = Me). Acetyl chloride also reacts with metal 

carbene anions. If the initial product contains an enolisable hydrogen an enol 

ester is isolated (118) (Scheme 64). 

pe (1) BuLi Me 
CO) eW=C7 te te inl CD JeWEL 

ee (2) AcC1 5” ’CH=C(Me) OAc 

Scheme 64. 

Reaction of the carbene anion from XXXII with acetaldehyde yields a vin- 

ylcarbene complex and with formaldehyde a dimeric species (434). But some- 

times problems arise from dialkylation as a side reaction in the alkylation of 

carbene anions, e.g. with ~-bromoesters or chloromethoxymethane. Carbene 

anions from neutral alkoxy(alkyl)carbene complexes of manganese (118,435) 

or cobalt (39) have also been generated and reacted with MeOSO,F, Mel and 

[Et;0]BF,. On the other hand, (CO);W[C(OMe)Me] reacts with LiMe at 

— 40°C in diethyl ether and subsequently with CF;COOH to give the binuc- 

lear, bridged complex [(CO);W],[C(H)-CH = CMe,] (436). 

In addition to carbanions, hydrides have been used as nucleophiles. Thus, 

from the reaction of (CO);W[C(OMe)Ph] with the anion in K[HB(OPr'),] a 

tungstate complex can be isolated (437) which on reaction with CF;COOH at 

—78 °C gave (CO);W[C(H)Ph] (438,439). Since this compound decomposes 

at —56°C with a half-life of 24 min, it could not be obtained in an analyti- 

cally pure form but could be trapped with PBu} (439). Earlier, from the 

related reaction of (CO);Cr[C(OMe)Me] with Li[HAI(OBu')] at room tem- 

perature in THF, a vinylcarbene complex, (CO);Cr[C(OQMe)CH = CH- 

CH = C(Me)OMe] had been obtained, but only with very low yield (<0.1 %) 

(440). 

Some unusual compounds result from the reaction of hydroxycarbene com- 

plexes with dicyclohexylcarbodiimide (DCCD). The product formed depends 

on the central metal and on whether a hydroxy(methyl)- or a hydroxy(phenyl)- 

carbene complex is used as the precursor (441,442) (Scheme 65). 
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Scheme 65. 

Mixtures of hydroxy(p-tolyl)carbene chromium and hydroxy(phenyl)- 

carbene tungsten yielded with DCCD the carbenecarbynechromiumtungsten 

compound. When employing XXXIII (M = Cr; R = Me) in the reaction with 

DCCD, again other products are isolated (443) (Scheme 66). 

Me ODCCD Me “N 
(CO)sCraC = —————» (C0) -Cra07 (CO)eCr=C. C=NCcH pom SoH pur SN-CONHC Hy 4 gee: sy” 6711 

Ogi Cay 
Scheme 66. 

It was proposed that the cyclic carbene complex is formed by (2+ 2) cyc- 

loaddition of DCCD to a vinylidene complex intermediate. 

In the reaction of cis-Br(CO),Mn[C(OH)Me] with BBr, an unusual metal- 

lacyclic carbene complex [related to those obtained from (CO);MnMe and 

AIX;; see 2.5] is formed (12). 

In comparison with the carbene ligand in alkoxy-, hydroxy- and acetoxy(or- 

ganyl)carbene complexes, that in amino(organyl)carbene complexes is far less 

reactive. Replacement of the amino group by OR, SR or SeR has not been ob- 

served. The treatment of the E isomer of (CO);Cr[C(NHMe)Me] with KOH- 

MeOH, NaOMe/MeOH or NaOCMe;/HOBu' results in isomerisation giving 

a mixture of the E and Z isomers (427). The compounds (CO);Cr[C(NH,)R] 

can be converted with 

(a) LiMe and subsequently with [Me,O]BF, stepwise into the monomethy]l- 

amino- and dimethylaminocarbene complexes (for R = Me) (427) and 

(b) Me-C=C-NEt, into the alkylideneaminocarbene complexes (CO)-- 

Cr{C[N = C(Et)NEt,]R} (R = Me, Ph) (444). 
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The carbene ligand in cyclic and non-cyclic diaminocarbene complexes 

under comparable conditions is chemically inert. Yet, for compounds 

containing a carbene ligand of the type [C(SMe) YR] (YR = OMe, OPh, SMe, 

SPh, SePh), several replacement reactions of Y’R’ for SMe or YR have been 

reported. The dithiocarbene complex (CO);W[C(SMe),] reacts with HNR!R?. 

The product depends on the nature of the amine: primary amines yield iso- 

nitrile complexes but secondary amines form amino(methylthio)carbene com- 

plexes (177). If the carbene compound Cp(CO),Fe[C(SMe)YR]* (XXXIV) is 

used as the precursor, similar observations are made for YR = SMe, SPh, 

SePh (219,445). In the case of competition between SMe and YR = OMe, 

OPh or SePh as leaving groups in the reaction with secondary amines, for YR = 

OMe the SMe group and for YR = SePh the SePh group will be exchanged. 

For YR = OPha mixture of the SMe and OPh substituted products is isolated 

(445). In contrast to simple primary amines, the reaction of XXXIV (YR = 

SMe) with primary diamines such as H,N(CH))3;NH) or o-CgH4(NH)), yields 

cyclic diaminocarbene complexes (219). Similarly, XXXIV (YR = SMe) 

reacts with (a) HS(CH,),SH (n = 2, 3) to give cyclic dithiocarbene complexes, 

(b) HSPh to give a mixture of the mono- and disubstituted product and (c) 

MeOH to give [Cp(CO)3,Fe]* (220). If the reaction conditions are altered, 

XXXIV (YR = SMe) and HSPh produce a neutral complex resulting from 

addition of PhS~ to the carbene carbon atom (307). In the case where YR = 

OPh or OMe the product of the reaction with MeOH is Cp(CO),- 

Fe[C(OMe),]* (178,220). 

The reaction characteristics of dithiocarbene complexes towards amirfes are 

paralleled by those of dihalocarbene complexes. Whereas dichlorocarbene 

compounds of Fe (446), Ru (354), Os (355) and Ir (356) react with primary 

amines to give isonitrile complexes, the reaction of Ru or Ir dichlorocarbene 

complexes and (CO)CI,(PPh;),Ru[CF,] with HNMe, lead to amino(halo- 

geno)carbene compounds (310,354,356). A variety of products results if 

(CO)CI1,(PPh3),Ru[CF,] is reacted with HOR, depending on the nature of R 

(310) (Scheme 67). 

H0 noel Clo(L)pRu(CO) 9 

F MeOH 
(CO)C19(L) pRu=CC oe (CO)CT ACL) Runt 

ae” x. 0-CH»CH>-0H 0 + HO- gbiig— 4 
(CO)CT9(L) Ruse) 

Scheme 67. 
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The analogous CCl, compound also reacts with (a) HSR and HSC,H,SH 

forming respectively non-cyclic and cyclic dithiocarbene complexes or (b) 

H,X (X = O, S, Se) respectively converting the CCl, ligand into a CO, CS or 

CSe group (354). Similar reactions were observed with a dichlorocarbene iri- 

dium complex (356). The chloro substituent at the carbene carbon atom of 

(CO);Cr[C(CI1)NR,] also turned out to be exchangeable: the replacement of 

Cl by CN [R = Me] (273) and of Cl by NCO, NCS, NCSe or F (R = Et) has 

been demonstrated (272). The preparation of (CO);Cr[C(CI)NEt,] from 

(CO);Cr[C(OEt)NEt,] and BCI, probably proceeds via a cationic carbyne 

complex (447). In some amino(ethoxy)carbene complexes of palladium, the 

exchange of OEt by substituted hydrazines or benzalhydrazone could be 

brought about (448), a reaction which was not feasible with alkoxy(organyl)- 

carbene complexes (417). 

4.3 Insertions into the Metal-Carbene Bond 

The insertion of a suitable molecule into the metal-carbene bond was dem- 

onstrated to be another route for the modification of pre-existing carbene 

complexes. Thus, aminoacetylenes react with pentacarbonyl(carbene) com- 

plexes of chromium, molybdenum and tungsten by insertion of the triple bond 

into the metal-carbene bond and redistribution of the 7r-electrons to give ami- 

nocarbene complexes (449,450) (Scheme 68). 

OMe NE t (CO)gM=C% + ~R-CEC-NEt) ———> (CO) gW=C% 2 
aR aT e 

Scheme 68. 

In this stereoselective reaction, it is predominantly the insertion product 

with the £ configuration which is obtained. Other ynamines as well as other 

carbene compounds can also be employed (58,451 — 453); similarly, ethoxy- 

acetylene may be used for reaction with certain carbene complexes of 

tungsten, namely with (CO);W[C(Ph)R] (R = H, Ph, OMe) (439). Bis(di- 

ethylamino)acetylene (R = NEt,), however, reacts with (CO);M[C(OMe)Ph] 

(M = Cr, W) not only by insertion but additionally with substitution of one 

cis-CO ligand by NEt, forming a chelated carbene complex (454). 

These insertions are not confined to molecules containing carbon-carbon 

triple bonds. Carbon-nitrogen triple bonds can also be inserted into the metal- 

carbene bond giving methyleneaminocarbene complexes (455 — 458) (Scheme 

69). 
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R! Ph J 7 ee 7 (CO)gM=GQ, +R! Ce Hi 

M= Cr, Mo, W; R= Ph, OMe; R' = NMeo, NEto, . . pee™ph 
M=W; R= Ph; R! = OR", SR", p-CeHaNMeo. 

Scheme 69. 

Prerequisites for N=C-insertion into the M-C(carbene) bond are a strongly 

polarised triple bond and high basicity of the nitrogen atom. From the results 

of kinetic investigations of ynamine and cyanamide insertions, an associative 

mechanism has been deduced, nucleophilic addition of the triple bond systems 

to the carbene carbon atom being the rate determining step (274,453,459). 

(CO);Cr[C(OMe)Me] also adds isocyanides probably by insertion to give 

keteneimine complexes which — at least in the case of (CO);Cr[H,,Cg- 

N=C=C(Me)OMe] -— react further with HCI, MeOH or (PhCO),O,; to yield 

new aminocarbene complexes (460,461). Although diphenylacetylene and less 

polar alkynes do not react, for instance, with (CO);Cr[C(OMe)Ph] to give 

new carbene complexes but rather by substitution of a CO ligand and subse- 

quent cyclisation to form substituted tricarbonyl(naphthol)chromium com- 

pounds [see e. g. (462)], Ph-C =C-Ph does react with an electrophilic neopen- 

tylidene complex by insertion of the C=C bond into the Ta=C bond of 

CpCl,Ta[=C(H)CMe;] to yield a new carbene complex. Only one isomer is 

formed (324). Owing to the reversed polarisation of the metal-alkylidene car- 

bon bond in this compound in relation to Fischer-type carbene complexes, the 

product of the reaction with nitriles is not a carbene but rather an imido com- 

plex (324). 

This reaction principle (insertion of triple bonds into metal-carbene bonds) 

is not generally transferable to double bond systems such as enamines or enol 

ethers. From the reaction of these types of olefins (and some non-activated 

ones) with electrophilic carbene complexes, cyclopropane derivatives and/or 

metathesis-like scission products are obtained. Nevertheless, some strained 

cyclic enol ethers, such as 1-ethoxycyclopentene (463) or 2-ethoxynorbornene 

(464), and 1-pyrrolidino-l-cyclopentene (465) were found to react with 

(CO);W[CPh,] by insertion forming respectively new alkoxy- and amino- 

carbene complexes (Scheme 70). 

OEt 
Ph oe et (CO),W=CO + ee Ne SEU NPA 5” ’N(CHy) gCH=CPhy 

Scheme 70. 
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Cyclic enol ethers with six- and eight-membered rings failed to give similar 

products (463). 

A formal carbonyl insertion was observed in the reaction of (CO);Cr[C(O- 

Me)Ph] with NaOMe. On subsequent alkylation with oxonium salts, a neutral 

carbene complex was obtained (466,467). The reaction of (CO),.M [M = Cr, 

W] with LiCH(SR!)R? solutions does not yield simple carbene complexes on 

alkylation but rather, upon further carbonyl insertion, heterometallacyclic 

chelates (81). 

4.4 Oxidation and Reduction of Carbene Complexes 

One-electron oxidation of carbene complexes by electrochemical means or 

by use of silver salts has been employed in a few cases to generate paramagnetic 

carbene complexes. Some of the resulting iron(I) and chromium(]) salts con- 

taining cyclic diaminocarbene ligands are thermally stable (38,468). ESR meas- 

urements on these Fe(I) compounds indicate that the unpaired electron is cen- 

tred mainly on the iron atom whereas the carbene ligand contributes to stability 

by its strong Fe-C bond and delocalisation of the positive charge (468). By 

reduction of (CO);M[C(R)R’] (M = Cr, Mo, W; R = Ph, OMe; R’ = aryl) 

with K-Na alloy in THF at low temperature unstable carbenemetal(1-) com- 

plexes were obtained and studied by ESR spectroscopy (114). 

The reduction of a alkylidene tantalum complex was also investigated. 

Aithough in the reaction of (PMe3),Cl,Ta[C(H)CMe;] with Na/Hg in the 

presence of PMe; under argon the formation of (PMe;),ClTa[C(H)CMes3] is 

observed (469), under nitrogen a dinuclear dinitrogen-bridged bisalkylidene 

complex is obtained (470). 

4.5 Modification of the Metal-Ligand Framework 

In addition to the synthetic routes already mentioned, several methods con- 

cerning modification of the metal-non-carbene ligand framework are 

available, including ligand substitution, isomerisation or oxidative addition to 

the metal complex. By thermally or photochemically induced ligand substitu- 

tion, the displacement of CO by PR;3, AsR3, SbR; or P(OR); can be carried 

out for many carbene complexes. In some cases the stereochemistry of the 

product depends on the reaction conditions and the steric and electronic 

requirements of the carbene complex and of the incoming group. The reverse 
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process, the exchange of PR; for carbon monoxide, has also been observed 

for some rhodium complexes (471) as well as the replacement of two CO 

ligands by a chelating bisphosphine molecule [see e. g. (102)]. A multitude of 

other ligand substitution reactions have been reported, especially for carbene 

complexes containing cyclic diaminocarbene ligands. These include displace- 

ment of halides by other halides, carbanions, hydrides [see e.g. (472)], CO, 

PF,;, P(OR)3 [see e.g. (389)] or even by organometallic bases (473). Intra- 

molecular substitution reactions have also been observed [see e.g. (144)]. For 

the preparation of certain carbene complexes, thermally or photochemically 

induced isomerisation was employed (93,108,109,353). Rapid isomerisation in 

some neutral bis(diaminocarbene) complexes of molybdenum and tungsten 

containing cyclic carbene ligands could be induced by electrochemical oxida- 

tion. After isomerisation, the resulting cation was immediately reduced again 

to the neutral carbene compound (474,475). 

Oxidative addition to carbene complexes has also been used for the modi- 

fication of carbene complexes. By this method, gold(III) complexes can be 

synthesised from gold(I) compounds [e. g. (164)] or platinum(IV) from plati- 

num(II) complexes (476). Among others, Mel (413), I, (94), H, or HCI (351) 

can be added to the metal complexes. 
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The IR spectra of pentacarbonyl(carbene) complexes generally show three 

absorptions in the v(CO) region, as expected for C4, symmetry. When aryl- 

carbene complexes are employed, however, the E band is split in most cases 

and the formally IR-forbidden B,-absorption is then observed. Compared to 

CO, the carbene ligand has a higher o-donor/z-acceptor ratio. In (CO),;Cr- 

[C(OMe)C,H,X] complexes, a linear relationship between the CO force cons- 

tant k, (trans) and the Hammett o-constants for the ring substituents X is 

observed as long as electron-releasing groups are involved. The effect of 

electron-withdrawing groups is somewhat smaller than expected, probably 

due to increased electron donation from the OMe group. The linear correla- 

tion between k, and the Hammett o-constants, both for para- and meta-sub- 

stituted complexes, indicates that there is more or less free rotation about the 

carbene carbon-phenyl ring bond (1,2). In (CO);M[C(R)X] complexes 

(M = Cr, W; R=aryl, alkyl), the o-donor/7-acceptor ratio increases according 

to the sequence X = OMe < SMe < SeMe < NHMe (3). Analogously, the di- 

pole moment increases in the same sequence (3). 

Carbene complexes show a remarkable variation in colour. The first 

absorption band in their electronic spectra can be assigned to a 7 — 7* transi- 

tion. This band undergoes a bathochromic shift when the heteroatom of the 

stabilizing group X is changed in the order N, O, S (4). 

The proton NMR spectrum (CD;COCD;) of pentacarbonyl(methyl- 

methoxycarbene)chromium at 35°C exhibits two sharp singlets having the 

same intensity at 4.68 and 3.03 ppm (5). When the sample is cooled, the sign- 

als broaden, though not to the same extent. Finally, at — 40°C each signal 

splits into two signals because the complex exists in two isomeric forms: 

OCH; at 4.89 and 4.37 ppm and CCH, at 3.00 and 3.17 ppm. The isomerism 

of (CO);Cr[C(OCH;3)CH;] results from differing orientations of the two 

methyl groups in the planar carbene ligand. Although at low temperatures 

2? Cc Hy, 

(CO)sCr=C ——s (CO)sCr=C_ AL 

CH, CH, . 

“trans” “OR 

separate signals from the cis and trans isomers can be observed, at higher tem- 

peratures the rapid conversion of one isomer into the other results in an aver- 

aged spectrum (3). 

This temperature dependence of the signals enables a calculation of the free 

energy of activation for this cis-trans isomerisation to be made. For 

(CO);Cr[C(OCH;)R], with R = CH;, C,H;, n-C3H;, A G? is of the order of 
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13.5 kcal/mol; for R = C.H; a value of 11.9kcal/mol has been reported. 

Kreiter (6) demonstrated that in carbene complexes of the Fischer type, the 

rotation barrier depends on the metal, the ligands and on the nature of the 

substituents attached to the carbene ligand. An increasing o-donor/7-acceptor 

ratio of the ligands causes a decrease in the carbene carbon-oxygen 7-bond- 

ing. In the alkoxy-, thio-, seleno- and aminocarbene complexes (CO);M- 

[C(R)XR’] (X = O, S, Se, NH), the isomerisation barriers range from about 

13.5 kcal/mol for X = Oto more than 25 kcal/mol when X = NH. 

Carbene complexes have distinct '3C NMR spectra as revealed by the 

earliest measurements on various pentacarbonylcarbene complexes of chro- 

mium and tungsten (7). The available shift data for carbene carbon atoms pre- 

sently extend over a range of more than 200 ppm, starting with a value for the 

aminocarbene complex at about 200 ppm and going up to more than 400 ppm 

for some silicon carbene complexes (8). 

Electron impact mass spectra of many carbonylcarbene complexes 

(CO);M[C(X)Y] have indicated in most instances the presence of the molecu- 

lar ion, followed by a successive loss of the carbonyl ligands. The further frag- 

mentation depends strongly upon the metal, the ligands and the nature of the 

substituents X and Y. This has been demonstrated by J. Miiller for a wide var- 

iety of carbene complexes of the Fischer type (9 — 12), although a standardized 

fragmentation scheme cannot yet be given. 

The ionisation potentials of carbene complexes permit an estimation of the 

charge transfer from the carbene ligand to the metal. For (CO);Cr[C(XR)R, 

with X = O,S, NH and R and R’ = alkyl or aryl groups, very low IPs (7.02 to 

7.46 eV) have been reported, indicating that the first electron is ionized froma 

filled d orbital of the metal (9). 
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1 Introduction 

This article is concerned with the results of about 150 structure analyses of 

carbene complexes, determined by X-ray and neutron diffraction, which are 

summarized in Table 1. Our literature search extends up to the end of Sep- 

tember 1982. In many cases structure determinations have been carried out 

mainly or exclusively to establish or confirm the constitution of a specific 

complex. However, the results of any structure analysis contain much 

information about the bonding present, if one bears in mind that structural 

parameters reflect the electronic structure. The structure of a given compound 

in the crystalline state, i.e. its constitution, configuration and conformation, 

or, in other words, the sum of its bond lengths, bond angles and torsional 

angles, is determined by the interactive influence of electronic and steric intra- 

and intermolecular forces. In order to extract information about bonding, one 

has to consider how the various interactions influence the observed structural 

parameters. The first way to do this is to compare changes in the structural 

parameters of a series of closely related compounds, and the second is to use 

the results of chemical theory to evaluate structural data. 

A combination of both will be featured in this article. Based on the chapter 

on the electronic structures of carbene complexes by Peter Hofmann, 

structural results will be discussed for some types of carbene complexes, 

deemed important and characteristic by the autor. The main emphasis is on 

transition metal carbonyl carbene complexes not only to honor Professor E. 

O. Fischer, but also because such complexes have been studied extensively and 

more systematically than others. 
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2 Octahedral (CO),M-Carbene 

and L(CO),M-Carbene Complexes 

For several reasons (CO);Cr-carbene complexes are especially well suited 

for systematic investigations of the electronic and steric influences on the 

bonding parameters of the carbene ligand: 

(1) Carbene complexes with a wide variety of substituents at the carbene 

carbon can be and have been prepared. 

(2) Because of the high symmetry of the (CO);Cr fragment and the 

favorable steric properties of CO ligands, steric interactions between substi- 

tuents at the carbene carbon and ligands at the metal are usually not a crucial 

issue. 

(3) X-ray structures of first row transition metal compounds are better 

suited to detailed discussion, because the standard deviations of bond lengths 

and angles are inherently lower than in analogous complexes based on heavier 

metals. 

In any carbene complex the three groups attached to the sp” hybridized car- 

bene carbon atom (the metal complex moiety, L,M, and the two “organic” 

substituents, X and Y) compete with each other for 7-bonding to the formally 

empty p orbital on the carbene carbon. The degree of a-bonding of any of 

these groups will depend not only on its own 7-donating ability, but also on 

the w-donor properties of the other groups (31). The proper description of 

bonding lies somewhere between (A), (B) and (C) in valence bond terms 

(Scheme 1). 

xX & x 
. <> LnM-C_ — LiM-C. 

¥ Y Y 

(A) (B) (C) 

L»aM=C 

Scheme 1. 

In closely related compounds, bond lengths can roughly be correlated with 

bond orders. Accordingly, in the carbene complexes (CO);CrC(X)Y, the 

C(carbene)-Cr, -X and -Y distances should provide information about the 

bonding situation around the carbene carbon. 

Inspection of Table 1 reveals that the Cr-C(carbene) bond lengths in such 

complexes are strongly influenced by the nature of the organic substituents 

attached. A word of caution on the accuracy of structural data is in order at 

this point. A reader not familiar with structural work might uncritically accept 
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a certain value for a bond length or angle as a fixed quantity. However, each 

such number has an associated standard deviation as a measure of its reliabil- 

ity. As can be seen from Table 1, standard deviations for structural para- 

meters may vary considerably, even within a series of closely similar com- 

plexes. Consequently, individual parameters from different structures may 

not be significantly different from a statistical point of view, even though 

their numerical values differ considerably. For example, the Cr-C(carbene) 

bond lengths in (CO);CrC(OEt)C = CPh [200(2)pm] (6) and (CO),;CrC(OH)- 

Ph [205(1)pm] (8) are not significantly different. Nevertheless, trends can be 

established by comparison of a series of structural data from the same class of 

compounds. 

The shortest Cr-C(carbene) distances (197-205 pm) are found when the 

(CO);Cr fragment is competing only with a thio or oxy function (alkoxy, 

hydroxy or siloxy group), corresponding to a bonding situation between (A) 

and (B) (X = OR or SR). Replacement of these substituents by an amino 

group — which is a much better 7-donor — reduces back bonding from the 

metal thereby lengthening the Cr-C(carbene) distance (208-215 pm). This 

means that the bonding is shifted closer towards (B) (X = NR,). The high 7r- 

donating ability of an amino group is paralleled only by that of a phosphorus 

ylide function, -CR=PR;, as judged by the long Cr-C(carbene) distance of 

213.7(7)pm in (CO),;CrC(OSiMe3)CHPMe:; (11) (Fig. 1). 

Figure 1: The “ylide”-carbene complex (CO),;CrC(OSiMe3)CHPMe; (11). 
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If a thio, oxy or amino substituent is engaged in w7-bonding with the carbene 

carbon, the C(carbene)-S, -O or -N bond lengths should also reflect the degree 

of 7-bonding between both atoms and should gradually become shorter as the 

a-bonding increases. In complexes in which these substituents do not have to 

compete with another 7-donating organic substituent, the observed bond 

lengths (C-O 132-133 pm, C-N 128 — 133 pm, C-S 167 — 169 pm) are indeed 

shorter than the theoretical single bond distances [C(sp”)-O 141 pm, C(sp*)-N 

145 pm, C(sp”)-S 179 pm]. However, in a series of complexes, variations in the 

distance between the light atoms are usually small and in most cases get lost in 

the standard deviations. Therefore, one cannot rely on such differences alone 

to evaluate bonding modifications. For instance, the C(carbene)-O distance in 

(CO);CrC(OSiMe3;)CHPMe; [137.8(8)pm] (11) (Fig. 1) is longer than that in 

(CO);CrC[OSi(SiMe3)3]C,H30 [132.1(9)pm] (10) (Fig. 2) and in (CO) ;Cr- 

alkoxycarbene complexes (132—133 pm). This suggests that in the former 

complex the siloxy substituent cannot (or must not) compete with the power- 

ful ylide substituent for 7-bonding. Since the observed difference between the 

Figure 2: (CO);CrC[OSi(SiMe;)3](1-furyl) (10). The close approach of the furyl oxygen atom 

greatly distorts the coordination around the central silicon atom. In solution there is no free rota- 

tion about the O-Si bond. 

C-O distances in both siloxycarbene complexes lies at the limit of significance, 

further evidence needs to be gained. As a matter of fact, this is contained in 

the other bond lengths around the carbene carbon (see Fig. 1), all of which are 
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consistent with the interpretation that the vinyl-like form shown in Scheme 2 

is the main contributor in a valence bond description of bonding in this com- 

plex. 

OSiMes 
(CO);Er=6\ 

CH-PMe, 

Scheme 2. 

As the carbene carbon is increasingly stabilized by a-bonding with the 

organic substituents, the carbene ligand as a whole becomes a weaker 77- 

acceptor towards the metal. This results in increased back bonding to the car- 

bonyl ligands, particularly the trans-CO ligand. However, significant 

shortening of the trans-Cr-C(CO) bond length is normally observed only if 

metal-C(carbene) back bonding is strongly decreased. Thus, in (CO);CrC(O- 

SiMe;,)CHPMe; (11) (Fig. 1) the mean Cr-C(CO, cis) distance is 189.1(7) pm 

whereas Cr-C(CO, trans) is 185.9(8). Trans effects of similar magnitude are 

reported for the aminocarbene complexes (CO);CrC(NR,)Y. In the alkoxy- 

carbene complexes (CO);CrC(OR)Y, where the carbene ligand is a stronger 7r- 

acceptor, shortening of the trans-Cr-C(CO) bond is less pronounced. Signifi- 

cant differences in the Cr-C(CO). distances in this case can be observed only if 

the standard deviations are very low. For (CO);CrC(OEt)Me a high-precision 

structure determination has been performed (5) which shows the Cr-C(CO, 

trans) bond [189.4(1)pm] to be 1.4 pm shorter than the mean Cr-C(CO,cis) 

bond. 

Additional information about participation of a carbene substituent in 7r- 

bonding can be gleaned from its orientation relative to the carbene plane 

(defined by the three o-bonds between the carbene carbon and its substi- 

tuents). Prerequisite for 7-bonding is an orientation in which the orbitals 

concerned are (nearly) parallel to each other. If the occupied p orbital of sp? 

hybridized thio, alkoxy or amino substituents interacts with the empty p 

orbital at the carbene carbon, the plane of the (planar) amino group or the 

C(carbene)-O(or S)-C(alkyl) plane needs to be roughly coplanar-.with the 

carbene plane (see Fig. 3 for both the amino and the ethoxy group). If this is 

not the case, one can conclude that there will be no a-bond or at least no 

strong w-bond. Thus, in (CO);CrC(OSiMe3)CHPMe;, (11) (Fig. 1) only the 

ylidic C-P bond, but not the silicon atom, is coplanar with the carbene plane. 

Apart from the bond lengths, this fact provides additional evidence that in 

this complex the siloxy group plays no major role in the electronic stabiliza- 

tion of the carbene carbon. 
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Figure 3: (CO),;CrC(OEt)NMe, (12). All atoms of the carbene ligand are coplanar. The carbene 

plane bisects the Cr(CO), fragment. 

As a result of a7-bonding between the carbene carbon and organic substi- 

tuents E/Z isomers can be observed (Scheme 3). These arise from the differing 

arrangements of substituents along the partial C(carbene)-X double bond. 

i 
peek re 

LrM=C. LnM=C. (X = O,S, Se, NH) 
R' R! 

E isomer Z isomer 

Scheme 3. 

‘H-NMR spectroscopy has shown that the energies required for the thermal 

isomerization of (CO);CrC(OMe)R (R=alkyl or aryl) are typically in the 

range 11.5-14 kcal/mole (147). For aminocarbene complexes they are large 

enough [> 25 kcal/mole for (CO);CrC(NMe,)Me (148)] to permit simul- 

taneous observation of both isomers at room temperature. Which isomer of a 

given complex will be energetically favored is hard to predict and depends on 

the steric properties of the groups R and R’ and on the cis ligands attached to 

the metal. In the absence of steric influences, the Z isomer has been shown to 

prevail in (CO);MC(OR)R’ (M=Cr,Mo,W) (148). In reality, however, there 

will be steric influences between R and cis-CO ligands in the Z isomer and bet- 
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ween R and R’ in the Z isomer. Because of these interactions bulky substi- 

tuents R tend to reinforce the EF isomer [as in (CO);CrC[OSi(SiMe3)3]C,H;0 

(10) (Fig. 2), (CO);CrC(OSiMe3)CHPMe; (11) (Fig. 1), (CO);CrC(SePh)- 

NEt, (21) and the three complexes (CO);CrC(SR)R’ (23, 24), listed in Table 1]. 

In solution, the Z isomer of (CO);CrC(OSiMe3)CHPMe; can be photochem- 

ically converted to the Z isomer, which thermally re-isomerizes rapidly (11). In 

crystal structure analyses of methoxy- and ethoxy-substituted octahedral 

carbene complexes, Z isomers have been observed about twice as frequently as 

E isomers. 

The mutual steric influence of the carbene substituents is also reflected in 

the bond angles. The mean metal-C(carbene)-O bond angle in alkoxy-sub- 

stituted octahedral monocarbene complexes is 118° (based on six cases) for E 

isomers but 132° (ten cases) for Z isomers and is not strongly influenced by 

the second organic substituent R’. Steric interactions between group R and cis 

ligands seem to be responsible for the opening of the bond angle in the Z 

isomer since the same mean angle of 132° (based on eleven cases) is observed 

in analogous dialkylaminocarbene complexes. A pair of complexes has been 

investigated which differs only in the position of the alkoxy group. In 

(CO);Re(CO),ReC(OMe)SiPh, (Fig. 4) the Z isomer [Re-C-O 133(1)°] is 

found whereas in (CO);Re(CO),ReC(OEt)SiPh, the E isomer [Re-C-O 

120(3)°] is produced (107), these bond angles being in good agreement with 

the mean values. Bond lengths are not (significantly) affected by the iso- 

merism. 

The above numbers reveal that bond angles at the carbene carbon can easily 

be adjusted to meet steric requirements. In contrast to bond lengths, they ref- 

lect more or less the steric situation within the carbene plane (see however, 

Chapter 6). 

An unusual kind of 7-bonding to an organic substituent on the carbene 

carbon is observed in (CO);CrC(NEt,)N =C(OMe)Ph (22). From spectro- 

scopic investigations 7-interaction of both the amino and imino groups with 

the carbene carbon atom had been postulated. However, a coplanar orienta- 

tion of both substituents within the carbene plane is not possible for steric 

reasons. X-ray structure analysis indicated that the dihedral angle between the 

plane of the substituents around the imino double bond and the carbene plane 

is 100.6°, which allows the non-bonding pair of electrons at the imino 

nitrogen atom to interact with the carbene carbon. 

The orientation of the carbene plane relative to the metal complex moiety is 

subject to the same orbital overlap condition as applies for the orientation of 

organic substituents. However, the spatial arrangement of metal orbitals able 

to 7-interact with the carbene carbon is in most cases not as clearcut as that 
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for organic substituents. Fragment orbital considerations have shown (cf. the 

chapter in this book by Peter Hofmann) that in (CO);Cr-carbene complexes 

there is identical 7-interaction between the carbene ligand and the (CO),Cr 

fragment for any conformation. In crystal structures of such complexes the 

carbene plane usually is staggered with the cis CO ligands (see Figures 1 — 3). 

Since there can be no electronic preference, interactions between the carbene 

substituents and cis-CO ligands would seem to be responsible for the observed 

conformations. 

Figure 4: (CO);Re(CO),ReC(OMe)SiPh; (107). The Re-Re bond is approximately perpendicular 

to the carbene plane. 

If a cis-CO ligand is replaced by another ligand, L, having different 

electronic properties, an electronically preferred orientation of the carbene 

plane is to be expected (149). In cis-L(CO),M-carbene complexes the carbene 

plane should be coplanar with two cis ligands. Depending on the o- and 7- 

bonding properties of the ligand L (relative to CO), this ligand L will be either 

within the carbene plane or perpendicular to it. The latter conformation is 

found in cis-(CO);M(CO),M-carbene complexes (M = Mn,Re) (see Fig. 4) in 

good agreement with MO arguments. The alternative orientation is com- 

plicated by the fact that both the carbene ligand and L should be located 

within the same plane. If L is bulky, severe steric problems will arise. This 

conformation can be realized without major distortion only if both the 



82 Ulrich Schubert 

carbene carbon and L are members of the same chelate ring (28, 29, 63, 135, 

136). In cis-Ph;P(CO),CrC(OMe)Me (27), however, steric considerations 

result in the carbene plane being twisted away from the phosphane ligand by 

as much as 66°. Such a large departure from a geometry in which overlap 

between metal and carbene orbitals would be most effective, is possible only if 

the difference in energy between the various conformations is not too large. 

This problem will be discussed in more detail in Chapter 3. 

Only two structures of trans-L(CO),M-carbene complexes are known: 

trans-(CO)4,Mo(CN(Me)CH,CH,NMe), (69) and (CO) gRe,[C(OEt)SiPh;], 

(107). Problems arising from the bonding in such complexes have been studied 

in greater detail for trans-L(CO),CrCNEt, (149) in which the aminocarbyne 

ligand, CNEt,, has marked carbene-like properties. In the dirhenium complex 

each rhenium atom bears one carbene ligand. At one rhenium atom the car- 

bene ligand is equatorial while it is axial at the other. For the different trans 

ligands the Re-C(carbene) distances differ considerably [185(3) and 208(3) 

pm], the shorter bond length belonging to the carbene ligand which is trans to 

the second rhenium atom. 
Biscarbene complexes are special cases, with L representing a second 

carbene ligand. Four examples have been structurally characterized in the 

(CO),M(carbene), series (30, 68, 69); a fifth one, [(MeNC),FeC(NHMe)- 

NMe-C(NHMe)]?*+ (37), is closely related. Both cis- and trans-(CO),Mo(CN- 

(Me)CH,CH,NMe), have been investigated (68, 69). In these complexes the 

carbene planes were found staggered with the cis ligands whereas in the trans 

isomer they are unexpectedly coplanar. However, because of the two nitrogen 

atoms attached to each carbene carbon, the degree of m7-bonding in the Mo- 

C(carbene) bonds should be very low and the observed geometries should be 

largely influenced by steric factors. Complexes with carbene ligands of this 

kind have been regarded as metallated amidinium ions (150). The poor 7- 

acceptor character of the imidazolidin-2-ylidene ligand relative to CO is also 

reflected in its trans effect. In the cis isomer the Mo-C(CO) distances trans to 

C(carbene) are 4.8 pm shorter than the mutually ¢rans Mo-C(CO) distances, 

and the Mo-C(carbene) bond lengths in the trans isomer are 6.1 pm shorter 

than in the cis isomer (68, 69). 

In (CO),CrC(OEt)-o0-CgH,-COEt (30) and [((MeNC),FeC(NHMe)-NMe-C- 

NHMe]** (37) both carbene units are forced into a coplanar arrangement by 

the nature of the chelating biscarbene ligand. A very interesting solid state 

structure is found for (CO),CrC(OEt)-CHPh-CHPh-COEt (29) (Fig. 5). In 

this particular biscarbene complex a “frozen” situation is observed, in which 

the carbene planes form differing torsional angles with the coordination plane 

of the metal octahedron (16° vs. 37°). Hence, the carbene p orbitals interact 
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differently with the metal orbitals. As a result, varying Cr-C(carbene) bond 

lengths are found [197.6(13) and 202.4(10) pm], the shorter distance (i.e. the 

stronger 77-bond) belonging to the carbene carbon with the smaller torsional 

angle. In spite of this, both carbene carbons are equally stabilized since the 

carbene carbon with the weaker Cr-C(carbene) w-bond gets more electron 

density from its ethoxy group than the other does [C(carbene)-O 127.3(13) vs. 

133.8(12) pm]. 

Figure 5: The biscarbene complex (CO),CrC(OEt)CHPhCHPhCOEt (30). The differing bond 

lengths in the two carbene units are caused by the different dihedral angles between the carbene 

planes and the metal octahedron. 
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3 m-Arene-substituted Carbene Complexes 

A wide variety of carbene complexes has been prepared and structurally 

characterized in which a-bonded aromatic moieties, mainly the n°-cyclopen- 

tadienly (Cp) or n°-methylcyclopentadienyl (MeCp) groups, are present as co- 

ligands. The electronic nature of these ligands induces the metal complex frag- 

ments to become better 7-donors compared to analogous (CO),,M-fragments. 

The effects of the increased metal-C(carbene) back-bonding have been 

studied by comparing the structures of (CO);CrC(OMe)Ph (4) and (°-C,H,)- 

(CO),CrC(OMe)Ph (31) in which the carbene ligand is kept constant. The 

main difference is a distinctly shorter Cr-C(carbene) distance [193.5(12) vs. 

204(3) pm] and a somewhat longer C(carbene)-O distance [136.4(15) vs. 

133(2) pm] in the 7°-benzene substituted complex. This is in accord with the 

arguments stated above: the metal complex fragment becomes a stronger 

competitor for 7-bonding with the carbene carbon and thereby reduces the 

influence of the methoxy group. Inspection of Table 1 shows that shortening 

of the metal-C(carbene) bond by substitution of CO ligands for Cp is a gen- 
eral trend. For instance, the Re-C(carbene) distance is 209.4(7) pm in 

(CO);Mn(CO),ReC(OMe)Me (106) or 209(2) in (CO);Re(CO),ReC(OMe)- 

SiPh; (107) (see Fig. 4), but 192(2) in Cp(CO),ReC(H)SiPh; (111). Similarly, 

the Mo-C(carbene) distance is 215(2) pm in (CO);MoC(OEt)SiPh, (7) but 

206.2(11) pm in Cp(CO),(Ph;Ge)MoC(OEt)Ph (70) and the W-C(carbene) dis- 

tance is 215(1) pm in (CO);WCPh, (132) but 205(2) pm in Cp,WC(H)Ph (140). 

The most comprehensive data are available for Cp- or MeCp(CO),Mn-car- 

bene complexes [see (55) for a comparison]. In these complexes, too, the 7r- 

aromatic ligand produces efficient metal-C(carbene) back-bonding. The most 

important practical consequence of the high Mn-C bond order is the fact that 

no 7-donating organic substituent at the carbene carbon is necessary to obtain 

stable complexes. In fact, a number of Cp(CO),Mn-carbene complexes has 

been prepared and most of them have been structurally characterized. Such 

complexes would be non-existent or at least very unstable with poorer 7- 

donating metal fragments, such as (CO);Cr or L3Pt(II). Potentially m-donat- 

ing organic substituents, which are nevertheless present, cannot compete or 

do so only to a minor extent with the Cp(CO),Mn fragment. Accordingly, the 

C(carbene)-O bond lengths of oxy substituents in such complexes are longer 

than in the corresponding (CO);CrC(OR)R’ complexes (see Table 1). The 

amino-substituted complexes Cp(CO),MnC(NR,)R’ have not yet been inves- 

tigated. 
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Another consequence of this bonding situation is that the presence of an 

oxy substituent does not influence the Mn-C(carbene) distances significantly. 

The same bond lengths (187-189 pm) have been observed in 

Cp(CO),MnC(X)Y whether X or Y is bonded to C(carbene) via an oxygen 

atom or both X and Y are bonded via a carbon atom. The contrary would be 

expected in (CO);Cr-carbene and related complexes. However, constant bond 

lengths can be expected only as long as none of the organic substituents com- 

petes effectively with the metal complex fragment. In the ylide-substituted 

complexes MeCp(CO),.MnC(OMe)C(Me)PMe; (58) and Cp(CO),MnC(CO,- 
Me)CHPPh, (59), a distinct lengthening of the Mn-C(carbene) distances 

[199(1) and 198.5(3) pm] indicates that the organic substituent is now a much 

better w-donor than the (Me)Cp(CO),Mn fragment. Like (CO),;CrC(OSi- 

Me3)CHPMe;, which has been discussed earlier, the “ylide-carbene” com- 

plexes of manganese are probably better regarded as vinyl complexes. 

As in (CO);Cr-carbene complexes, a significant trans influence of the car- 

bene ligand can be observed only if strongly 2-donating organic substituents 

weaken the metal-C(carbene) 7-bond. This is true in the case of MeCp- 

(CO),MnC(OMe)C(Me)PMe;3, where the Mn-C(Cp) distances trans to the 

carbene ligand are by 10 pm shorter than the cis distances (58). 

Figure 6: Cp(CO),MnC(F)Ph (57). The carbene plane bisects the Cp(CO),Mn fragment. 
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A special bonding situation is found in Cp(CO),MnC(F)Ph (57) (Fig. 6). 

The Mn-C(carbene) distance is shorter than in other carbene complexes of this 

type, the C(carbene)-F distance is longer than that expected for C(sp?)-F and 

the Mn-C(carbene)-C(phenyl) angle is somewhat wider. Such changes indicate 

a hyperconjugative interaction between the electron-rich Cp(CO),Mn frag- 

ment and the C(carbene)-F bond. In valence bond terms Scheme 4 is valid. 

iF OtEn 
Cp(CO)2Mn=C, —— Cp(CO)2Mn=C. 

Ph Ph 
Scheme 4. 

Similar phenomena have been studied in detail for electron-deficient 

carbene complexes of Ta and W and will be discussed in Chapter 6. 
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Figure 7: Idealized conformations of the cyclopentadieny] substituted carbene complexes. 
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Figure 8: [Cp(CO),FeC,H,] * (39). Compared with Fig. 6, the carbene plane is rotated by 90°. 

In (a-arene)(CO),MC(X)Y complexes having two different substituents X 

and Y there are three idealized conformations (illustrated as D, E and F in Fig- 

ure 7) as far as the orientation of the carbene plane is concerned. MO calcula- 

tions (151b) indicate that D should provide the best overlap between the 

carbene p orbital and the metal orbitals in (4°-Cs;H,)(CO),Cr-carbene com- 

plexes. This configuration is found in crystalline (n°-C;H,)(CO),CrC(OEt)Ph 

(31), the only Cr-carbene complex of this type whose structure is known. In 

Cp(CO),M-carbene (M = Mn,Re) and [Cp(CO),Fe-carbene] + complexes, the 

conformations E or F are likely to be favored and D should be second choice 

(151). For the majority of these complexes the conformations E or F have 

indeed been observed (see Fig. 6 for an example). However, for [Cp(CO),- 

FeCH,]* the calculated difference in energy between E = F and D is only 6.2 

kcal/mole (151a). Intra- or intermolecular steric requirements may therefore 

force the molecule to adopt the “wrong” conformation without noticeably 

affecting the metal-C(carbene) bond. In three out of the ten Cp(CO),Mn- 

carbene structures, namely in Cp(CO),MnC(OMe)menthyl (54), MeCp(CO),- 

MnC(OMe)C(Me)PMe; (58) and Cp(CO),MnC(CO,Me)CHPPh; (59), and in 

both of the [Cp(CO),Fe-carbene] * complexes (39) investigated so far (see Fig. 

8), the electronically unfavorable, yet sterically advantageous, conformation 

D is found. In ylide-substituted carbene complexes the low Mn-C bond order 

facilitates rotation about this bond. Cp(CO),ReC(H)SiPh; (111) adopts con- 

formation E (X = H, Y = SiPh3). 



88 Ulrich Schubert 

If the substituents X and Y differ, two conformations (E and F) are possible 

in which the carbene plane and the mirror plane of the Cp(CO).M fragment 

are coplanar. Though one of them should be favored on electronic grounds 

(151b), the conformation in the crystalline state will also strongly depend on 

the steric properties of X and Y (55). In solution, different conformations can 

sometimes coexist and be observed by IR spectroscopy (152). 

Relatively large barriers for carbene rotation have been calculated for 

Cp,M-carbene, Cp,LM-carbene and trans Cp(CO),LM-carbene complexes 

(153). Although comprehensive structural data are lacking, all available X-ray 

structures are consistent with theoretical predictions that Cp,WC(H)R [R = 
Ph (140) and R = OZr(H)Cp; (139)] will adopt conformation G (Fig. 7), 

Cp,(Me)TaCH, (123), Cp,(Bz)TaCHPh (124) and Cp,(Cl)TaCHBu! (125) will 

adopt conformation H (Fig. 7) and Cp(CO),(Ph,;Ge)MoC(OEt)Ph (70), 

Cp(CO),(I)Mo-COCH,CH,CH, (71) and Cp(CO),(Ph3Sn)WCHTol (138) will 

adopt conformation I (Fig. 7). Of course, these conformational preferences 

will alter if the symmetry of the metal complex fragment is changed, e.g. a 

Cp(CO),M fragment is replaced by CpLL’M (112, 154). 
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4 Square-planar Carbene Complexes 

X-ray structural analyses of square-planar carbene complexes were per- 

formed mainly on the Pt(II) series. Analysis of the observed bond lengths is 

rendered difficult because the average standard deviations are twice as high as 

those for chromium complexes and the co-ligands on the metal vary consi- 

derably. Apart from variation in the back-bonding ability of the L;Pt frag- 

ment, dissimilar ligands may also induce changes in bonding through steric 

interactions, particularly if the ligands cis to the carbene ligand are of differ- 

ing size [see (149) for a related example]. A few general trends can be estab- 

lished: 

(1) Pt-C(carbene) distances are shortest when (7-donating) chloride is trans 

to the carbene ligand (182—201 pm). If the chloride is replaced by a 

phosphane or methyl ligand, L3Pt will become a weaker 7r-donor and the Pt- 

C(carbene) distance will increase (200 — 213 pm). 

(2) L3Pt fragments are generally poor 7-donors since, in alkoxy and amino 

carbene complexes with only one 7-donating organic substituent present, the 

C(carbene)-O (122 — 132 pm) and C(carbene)-N distances (125 — 133 pm) are 

very short. 

The poor Pt-C(carbene) back-bonding is also reflected in the trans 

influence of the carbene ligand, which can be determined accurately if 

chloride is the trans ligand. Comparison of a series of complexes of the type 

trans-C\L,PtL’, revealed that the Pt-Cl distance decreased according to the 

scheme L’ = alkyl > carbene ~ phosphane > isonitrile > carbon monox- 

ide (155). The same sequence is valid for octahedral Pt(IV) (105), Rh(IID) 

(115), and Ru(IIJ) complexes (119). The position of carbene ligands between 

alkyl and CO groups and their similarity to phosphane ligands indicates their 

good o-donor but poor 7-acceptor properties in these particular complexes. 

As in (CO),;M-carbene complexes, the barrier for rotation about the M- 

C(carbene) axis in square planar L;M-carbene complexes is set by steric rather 

than electronic considerations (156). In the crystalline state, most complexes 

adopt a conformation in which the carbene plane is (roughly) perpendicular to 

the coordination plane of the metal (see Fig. 9). However, there are two 

square planar nickel complexes (78, 79), a palladium complex (87) and two 

platinum complexes (95, 101) in which a coplanar arrangement of both planes 

results from the carbene carbon being part of a chelating ligand. 
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Figure 9: Cis-Cl,(EtzP)PtC(OEt)NHPh (92). The carbene plane is perpendicular to the coordina- 

tion plane of the Pt. 

A perpendicular orientation minimizes steric interactions between ligands 

on the metal and substituents on the carbene carbon and allows the latter to 

spread out into the space occupied by the fifth and sixth ligand in octahedral 

complexes. In open-chained alkoxy-, thio- or monoalkylamino-carbene 

ligands the alkyl group therefore adopts a Z configuration (see Fig. 9) for 

steric reasons. Only in (MeNC),Pt[C(NHMe)SEt]} (100) and Pt{C(NHMe),]7+ 

(103), both of which have admidinium-like carbene ligands, one NHMe sub- 

stituent in each carbene ligand adopts an E-conformation. As a second 

consequence, the M-C(carbene)-O and M-C(carbene)-N angles in square 

planar complexes are on average smaller than those in corresponding octa- 

hedral complexes. This provides additional evidence for steric intractions be- 

tween ligands and carbene substituents in octahedral complexes. 
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5 Trigonal-bipyramidal Carbene Complexes 

Only a few structures approximating to trigonal-bipyramidal carbene com- 

plexes are known [square-pyramidal geometry is found only in Np(Bu'C)- 

(Me,PCH,CH,PMe,)WCHBu! (141), with the carbyne ligand in the axial 

position]. Four complexes are of the type L(CO)3,M-carbene: [(3), (32) see Fig. 

10, (33), (34)], L being an olefinic moiety in the latter two complexes. In all of 

these complexes the carbene ligand occupies an apical position and is oriented 

in such a way that the carbene plane is nearly eclipsed with one equatorial 

ligand. 

CBG: 
200.7(5) 

Figure 10: Trigonal bipyramidal (CO),FeCN(Me)CHCHNMe (32). The carbene ligand occupies 

an axial position. 

The o-donor character and the poorer 7-acceptor ability of the carbene 

ligands (compared with CO or olefins) explain their preference for an axial 

site in carbonyl carbene complexes (157). The carbene carbon is stabilized 

mainly by 7-donating organic substituents; the C(carbene)-O and C(carbene)- 

N distances are consequently rather short. 

In a second type of trigonal-bipyramidal carbene complex, represented by 

the electron-deficient neopentylidene complexes (mesityl)(Me3P),Ta(CHBu'), 

(128), [Np(Me3P),TaCHBu'],N, (129) and Cl,(O)(Me;P)WCHBu! (144), the 
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carbene ligand occupies an equatorial site and the carbene planes are coplanar 

with the trigonal plane. Neopentylidene and related ligands are strong 7- 

acceptors since 7-bonding with the metal is their only means of stabilization. 

They therefore prefer the equatorial sites with stronger w-bonding in these 

complexes. 
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6 Electron — deficient Carbene Complexes 

of Tantalum and Tungsten 

As pointed out earlier, bond angles at the carbene carbon can easily be 

adjusted to meet steric requirements. Thus, the Ta-C(carbene)-C bond angle 

of 150.4(S)° in the 18-electron complex Cp,(Cl)TaCHBu! (125) is not at all 

surprising. However, in 14- or 16-electron complexes of tantalum and 

tungsten with CHR ligands [R = But (126, 128, 129, 141 — 145), Ph (127), Li 

(130), AIR; (146)], metal-C(carbene)-R angles of up to 170° are observed. At 

the same time, other structural parameters differ from the “normal” values. 

Two of these complexes have been investigated by neutron diffraction (126) in 

order to locate the crucial hydrogen in the neopentylidene ligand accurately. 

From these investigations the carbene ligand appears to be pivotal in its 

position (see Fig. 11 and Scheme 5), i.e. while the C-C(carbene)-H angle 

within these ligands is virtually unaffected, the Ta-C(carbene)-H angle is 

strongly reduced [84.8(2)° and 78.1(3)° in the determined structures]. At the 

same time, the C-H bond is lengthened and the Ta-C(carbene) bond is short- 

ened. Weakening of the C-H bond in these complexes is also indicated by the 

decreased C-H stretching frequencies and NMR coupling constants (158). 

R 
LaM=C’ Y LaM=C-R 

eo H 
Scheme 5. 

Structural investigations on the 14- and 16-electron complexes of tungsten 

have shown that only in the absence of strongly a-donating ligands can 

extreme distortions be expected (145). MO analysis of such complexes (159) 

has traced these deformations back to electron deficiency at the metal. In this 

way an intramolecular electrophilic interaction between an empty acceptor 

orbital on the metal and both the lone pair and the o(C-H) orbital of the 

carbene becomes possible. The magnitude of the distortion will depend on the 

actual electron deficiency. Accordingly, only small angular deformations will 

be observed if strong o- and particularly 7-donor ligands are present in formal 

14- or 16-electron complexes. 
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Figure 11. (n°-CsMes)(n?-CH,)(Me3P)TaCHBu' (neutron diffraction) (126). The methyl 

groups on the Cp ring are omitted for clarity. 

Table 1. Bond lengths [pm] from the carbene carbon in carbene complexes 

L,MC(X)Y. 

Metal to C(carbene) to 

Complex C(carbene) X and Y Ref. 

{I,Au[C(NHTol),],}ClO,  207(2) N:129— 135(2) (1) 

209(2) 

ClAuC(NMe,)Ph 202(3) N:127(4) C:148(4) (2) 

(Ph;Ge)(CO),;CoC(OEt)Et 191.3(11 O:129(1) C:153(2) (3) 

(CO);CrC(OMe)Ph 204(3) O:133(2) C:147(4) _ (4) 

(CO);CrC(OEt)Me 205.3(1) O:131.4(1) Cray 1h) = (5) 

(CO);CrC(OEt)C=CPh  200(2) O:132(2) C:137(3) (6) 

(CO);CrC(OEt)SiPh, 200(2) O:133(2) Si:200(2) (7) 

(CO);CrC(OH)Ph 205(1) O:132(1) (8) 
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0 
y f 
i CriCOls, 197.3(6) O:136.0(7) 

CriCOl 

(CO);CrC[OSi(SiMe3)3](1-furyl) 

203.3(7) O:132.1(9) 

(CO);CrC(OSiMe;)CH = PMe, 

213.7(7) O:137.8(8) 

(CO);CrC(OEt)NMe, 213.3(4) O:134.6(5) 

(CO);CrC(NHMe)Me 209 N:133 

(CO);CrC(NEt,)Me 216(1) N:131(1) 

(CO);CrC(NEt,)H 208.4(2) N:130.0(3) 

(CO);CrC(NEt,)Cl 211.0(5) N:129.9(8) 

(CO);CrC(NEt,)NCO 212(1) 

(CO);CrC(NEt,)NCS 211(1) 

[(CO);CrC(NEt,)], 219.0(7) N:130.6(9) 

(CO);CrC(NH-c-C,H,;)C(OMe) = CH, 
215(1) N:132(2) 

(CO);CrC(NEt,)SnPh, 211.004) N:133(2) 

(CO);CrC(NEt,)SePh 217.1(8) N:128(1) 

(CO);CrC(NMe,)N = C(OMe)Ph 

C:144.3(9) 

C:145.4(10) 

C:133.2(9) 

N:132.8(5) 

(CziSil 

C:150(1) 

H:102(3) 

Cl: 178.0(6) 

C:148.0(9) 

C:151(2) 
$n:223.9(1) 

Se:191.2(7) 

213.5(4) | N:134.0(6), 134.2(5) 
(CO);CrC(SPh)Me 202.0(3) S:169.0(3) C:149.0(4) 

(CO);CrC[S-CH = C(OMe)Ph]Ph 
202.9110) S:167.1(10) 

(CO);CrC[SCH,SCH,SCH = C(OMe)Ph]Ph 
202.7(5) $:167.3(5) 

(CO),CrC(1-furyl)(1-thienyl) 

206(1) C:145(1), 143(1) 

(CO);CrCC(Ph)CPh 205(1) C:139, 140 

cis-Ph,;P(CO),CrC(OMe)Me 
My 200(2) O:132(2) C:153(3) 

HI 

(coy, c7°e7" 
Sak 200.4112) O:135(2) C:149(2) 
SS 

95 

(9) 

(10) 

(11) 
(12) 
(13) 
(14) 
(15) 
(16) 
(17) 
(17) 
(18) 

(19) 
(20) 
(21) 

(22) 
(23) 

(24) 

(24) 

(25) 
(26) 

(27) 

(28) 
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ee 
Deus Ay /OEt 
0 BR 202.5(4) 0:132.9(6) — C:147.3(5) (28) 
NC 
But 

(CO),CrC(NEt,)-CHMe-CPh = NMe 
208.0(11) | N:130(1) C:147(1) (29) 

(CO),CrC(OEt)-0-C,H,-COEt 
200.4(7) 0:131.8(8)  C:146.2(9) (30) 
200.0(6) 130.8(8) 149.7(9) 

(CO),CrC(OEt)-CHPh-CHPh-COEt 
197.6(13) 0:134(1) C:152(2) (30) 
202.4(10) 127(1) 153(2) 

(n®-CgH,)(CO),CrC(OMe)Ph 
193.5(12) 0:136(2) C:150(2) (31) 

(CO),FeCNMe-CH = CH-NMe 
200.7(5)  N:134.9(6), 136.2(6) (32) 

OEt 

(CO)3Fe NMe BE 
be : 194(2) 0:130(2) — N:139(2) (33) 

HoC=C~ ty 
H 

OMe 

(COlyree 181.933)  0:129.5(4) C:142.0(4) (34) 
CHCO>Me 

Fn 

20..-Fh Sa ae 183.4(2)  C:140.7(4) (35) 
0 ie 

0 Ph 

[(CO),(Me,NCS,)FeC(NMe,)SC(NMe,) PF. 
195.4(8)  N:130.5(9) — $:176.0(8) (36) 
197.4(8) 130.0(9) 176.0(8) 

[(MeNC),FeC(NHMe)-NMe-C(NHMe)](PF,) 
202(4) N:126(5), 134 (5) (37) 
203(4)__———-131(5), 139(5) 

[((MeNC),FeC(NHMe)-NH-CMe = N-C = NHMe](PF,), 
195(1) N:131(2), 132(2) (38) 
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[Cp(CO),FeC,H,] PF. 197.9(3) C:139.3(5), 140.6(5) (39) 

[Cp(CO) FeC, ,H,JPFy 199.62) C:139.5(3), 140.7(3) (39) 
H Ph . 

[cplColpFe~~ Y=FelcolCelcio, 192(3) Cypat137(4) Cop 15204) (41) 
Ph 

190(3) 141(4) 151(4) 

Cp(CO)FeC(OEt)-NMe-C = CPh, 

187.7(6) N:132.0(7) O:133.9(7) (40) 

Cp(CO)FeC(H)-NMe-BH,-NMe-CH 

186.3(15) N:129(2) (42) 

190.1(14) 134(2) 
Ph 

EPNH 
Cp(CO)Fe 191.6(2) N:132.6(2) C:148.8(2) (43) 

NHBut 
~c-H 

Cp(co)Fe I! 193 .2(3) N:133.6(4) C:140.7(4) (44) 
Ca ~NHC6H44 
u 
NCgH 44 

(TTP)FeCCl, 183(3) Cl:176(3) (45) 

(Hg[CN(Ph)-CH = CH-NPh],}(CIO,)> 
206(1) N:133(1), 134(1) (46) 

[Cp()(Ph3P)IrC(SMe)Me]I 

203(3) S:156(3) C:149(5) (47) 

BuP 

a 200.6(4)  C:150.4(6), 150.2(6) (48) 
Bub 

Cl,(Ph3P),IrCCl, 187.2(7) Cl:172.1(5) (49) 

Cp(CO),MnCMe, 186.8010) ©C:151.6(11) (50) 

Cp(CO),MnC(Ph)COPh 188(2) C:147(2), 149(3) (51) 

Cp(CO),MnCPh, 188.5(2) C:149.2(3), 148.5(3) (52) 
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MeCp(CO)>Mn= 
187.8(8).. C:153(1), 146(2) 

Mn (CO)2MeCp 

Cp(CO),MnC(OMe)menthyl 

189(2) O:133(2) C:153(2) 

Cp(CO),MnC(OEFEt)Ph 186.5114) O:136(2) C:154(2) 

[Cp(CO),MnC(Ph)],O 185(2) O:139(3) C:150(3) 

188(2) 137(2) 149(2) 

Cp(CO),MnC(F)Ph 183.0(5) F:139.2(6) C:146.9(8) 

MeCp(CO),MnC(OMe)C(Me)PMe; 

198.710) O:140(1) C:139(1) 

Cp(CO),MnC(CO,Me)CHPPh, 

198.5(3) C:148.6(4), 136.1(4) 

Cp(CO)[(MeO);P]MnC-S-C(CO,Me) = C(CO,Me)-S 

187.6(2) $:175.3(2)173.2(2) 

(CO) 
PN- Men 

ICOlgMn. 40 Mn{CO). ~ 196(3) O:125(4) C:152(4) 

Bun . 

cis-(CO);Mn(CO),MnC(OEt)Ph 

195.0(5)  0:131.5(6) — C:148.3(7) 
0 

ea 199 O:132.2(7) -C:136 
0 

cis-Cl(CO),MnCOCH,CH,0 

196(1) O:131(2), 133(2) 

cis-(S)-(-)-[1-naphthyl(Me)(Ph)P](CO),MnC(OEt)Me 

195(2) 0:131@) C1526) 

cis-(CO)4,MnC(Me)O-AIBr,-Br 

195(2) O:130(2) C:155(2)™. 
[Ph;P(CO);MnC(SMe)NEt,]BF, 

184.3(17) N:128(2) S:178(2) 

(CO);MoC(OEt)SiPh; 215(2) O:135(2) Si: 194(2) 
cis-(CO),Mo(CN(Me)CH,CH,NMe), 

229.3(3) .N:134.1(3), 133.6(3) 
229.3(3) 134.2(3), 134.3(3) 

trans-(CO),Mo(CN(Me)CH>CH>NMe), 

(53) 

(54) 
(55) 
(56) 

(57) 

(58) 

(59) 

(60) 

(61) 

(62) 

(63) 

(64) 

(65) 

(66) 

(67) 

(67) 

(68) 
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223.2(2) N:133.3(3), 134.1(3) 

trans-Cp(CO),(Ph;Ge)MoC(OEt)Ph 

206.2(11) O:138(2) C:150(1) 

trans-Cp(CO),(JMoCOCH,CH,CH, 
208 .6(8) O:134(1) C:145(1) 

oct... 

ek 
CORON gnr -ORt PF 

NNo 

(R = Me) 203(3) O:138(3) C:147(4) 

(R = H) 209.2(12) O:136(2) C:139(2) 

Cp(CO)(IDMoC(NMe,)C(Me) = NMe 

_ - 2025) N:130.5(6) C:145.5(6) 

Cp[(MeO) P](I)MoC(Np)P(OMe), = O 
200.6(4) P:174.3(4) 

Cp[Cp(CO)3Mo](Tol,CN,)MoCTol, 

198(1) 

(45-CgH7)[(MeO);P],MoC(SiMe3)CH 
195.7(3) Si:185.0(4) C:143.6(5) 

a NPh 

Mise Ph 
Cornie ce 181.9(11) | _N:133.5(4) 

oe Ph 
Ph7 \ 

NPh 

[(Me,NCS)NiC(NMe,)SC(NMe,)S]BPh, 

190.9110) N:133.2(11) S:178.3(10) 

[trans-(Ph3P),(Cl,;C,)NiCCH,CH,CH,O]BF, 

183.7(7) O:129.7(8) C:148.2(10) 

Cl,(CO)(Ph3P),0sCCl, 

H(CO)(Ph3P),OsC(NMeTol)SC = S 

208(4) N:130(5) S:170(4) 

(CO) 9Os3[C(OMe)Me](u-H)(u-COMe) 

199(2) O:134(2) C:151(3) 

cis-Cl,Pd[C(OMe)NHMe], 195.3(8) O:131.6(9)  N:132(1) 

197.2(10) 134.3(11) 129(1) 

cis-Cl,(Bu3P)PdCC(NMe,)CNMe, 
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(69) 

(70) 

(71) 

(72) 
(73) 

(74) 

(75) 

(76) 

(77) 

(78) 

(79) 

(80) 

(81) 

(82) 

(83) 

(84) 
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196.1(3)  C:138.5(5), 138.0(4) 
trans-Cl(Et3P),PdCN(Tol)C(CHCO3Et)C(O)CH 

194.2(4) N:140.9(5) _C:138.4(6) 
Cl,PdC(NHMe)NHNHCNHMe 

194.8(5) | N:132.7(7), 130.9(6) 
Cl[Et,NCH,CH,C(0)|PdC(NEt,)NHMe 

198.8(6) | N:133.9(6), 134.0(6) 
(Bu'NC)[OC(CF;),0C(CF;),]PdC(NEt,)NHBut 

207.4(9) _N:129(1), 134(1) 

cis-Cl,(Me,PhP)PtC(OEt)CH>Ph 
192.019) O:128(1) C:149(2) 

cis-Cl,(Ph3P)PtC(NMe,)H 196(1) N:125(1) 
cis-Cl,(Et;P)PtC(NHPh)OEt 

196.2(18) N:133(3) O:133(2) 
cis-Cl,Pt[C(OPr')Me], 192(2) O:124(2) C:158(3) 

197(2) 122(1) 151(3) 
cis-Cl,(Et;P)PtCN(Ph)CH,CH,NPh 

200.9(113) N:132.7(11) 
[Cl,PtC(OPr')Np], 182(6) O:132(7) C:151(8) 
[trans-Cl(Me,PhP),PtC(NMe,)CH,CH,OH]PF, 

197.8(12) N:129(2) C:152(2) 
trans-Cl,(Et;P)PtCN(Ph)CH,CH,NPh 

202.0(16) N:133(2), 137(2) 
‘ae 

Rey 
ee pi | cio 204.4(14) N:129(2), 131(2) 

Pho 

[trans-Me(Me,PhP),PtC(OMe)Me]PF, 
213(2) 0:133 C:143 

[trans-Me(Me,PhP)PtCOCH,CH,CH,]PF, 7h 

200(2) N:126(2) C:153(2) 

[trans-Me(Me,PhP)PtC(NMe,)Me]PF, 

207.9(13) N:127(2) C:153(2) 

{trans-(MeNC),Pt[C(NHMe)SEt],}(PF¢)2 
206(1) N:130(1) S:168(1) 

[cis-(MeNC),PtC(NHMe)N(Me) = C(NHMe)]BPh, 
195(2) N:136(3), 143(2) 

trans-[Cp(CO),Mo],(c-CgH,,;,NC)PtC(OEt)NHc-C,H , 

(85) 

(86) 

(87) 

(88) 

(89) 

(90) 
(91) 

(92) 
(93) 

(94) 
(93) 

(96) 

(93) 

(95) 

(97) 

(98) 

(99) 

(100) 

(101) 
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202(1) N:134(1) ——-O:132(2) (102) 
[Pt(C(NHMe),),)(PF,); 204.717) ~——N:131.0(3) (103) 
(CO),Mn(p-I)(BuiMeP)PtCOCH,CH,CH, 

188.9(8)  0:132.(1) —- C:146(1) (104) 
NIE 

Cig Sac 
| eee nit |, 197.3(11) N:133(1), 135(2) (105) 

Cl 

(CO);Mn(CO),ReC(OMe)Me 
209.4(7) 0:129.9(8) _C:149(1) (106) 

(CO);Re(CO),ReC(OMe)SiPh, 
209(2) 0:129(2) _—Si:193(2) (107) 

(CO);Re(CO),ReC(OEt)SiPh, 
209(4) O:131(6) —_—‘Si:203(5) (107) 

(CO)sRe,[C(OEt)SiPh3], _ 208(3) 0:133(4) ——-Si:195(3) (107) 
185(3) 142(4) 205(3) 

[(CO),ReC(Me)OGeMe,],_ 214(3) 0:127(3) (108) 
[(CO),ReC(ORe(CO);)O],_ 220(2) O:125(2), 128(2) (109) 
(CO),[u-C(SiPh;)CO,Et]Re,C(OEt)SiPh, 

195(2) 0:139(2) —-Si:201(2) (110) 
Cp(CO),ReC(H)SiPh; 192(2) Si:191(2) (111) 
[Cp(NO)(Ph,P)ReC(H)Ph]PF, 

194.916) C:145.4(9) (112) 

[(CF;)xCN](Ph;P),;RhCN(Me)CH,CH,NMe 
200.6(15) | N:131(2), 140(2) (113) 

C1,(Et;P)>RhC(H)NMe, —-:196.1(11)-N:12901) si: 114 (114) 
R! 

| 

rN 
CL Ph3P) 2Rh=C 

Sa 

I 

cor? 

(X = O,R! = R2 = Ph) 193.06) —_N:132.6(8) -S:173.7(7) (115) 
[X = S, R! = N(CO,Et), R? = OEFt] 

193.0(11) N:134(3)  S:174.3(10)_—(116) 
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I,(CO)RhC(Ph)N(Me)C(Ph) = NMe 
196.8(13). N:133(2) C:146(2) (117) 

{trans-Cl(NH3)4RuCN(H)C(Me)C(Me)NH}(PF¢), 

212.8 N:134.7, 135.6 (118) 

Cl vo Ne nme 
[os Rus Cy. BS ‘fe 203(1) N:131(1), 139(1) (119) 

NAgNH, 

Spa 

204.6(15) N:126(2) H:129 (120) 

noe 

‘N 

a CIIEt3PlpLRU ON. 

(L = hydrogen interaction) 

191.1(9) N:134(1), 139(2) (121) 

(L.= CO) 198.9(6) N:133.5(7), 134.8(7) (121) 

trans-Cl,Ru[CN(Et)CH,CH,NEt], 
210.9110) N:134(1), 135(1) (122) 

211.1(9) 136(1), 134(1) 

210.3(9) 135(1), 134(1) 

209.8(9) 137(1), 133(1) 

Cp,(Me)TaCH, 202.6(10) (123) 

Cp,(Bz)TaCHPh 207(1) C:147(2) (124) 

Cp,(Cl)TaCHBu 203.0(6) C:152.3(9) H:82(6) (125) 

Cp*(C,H,)(Me3P)TaCHBu'(neutr.) 

194.6(3) C:151.8(3) H:113.5(5) (126) 

Cp*(Bz),TaCHPh 188.314) C:149(1) sae. (127) 

(Me3H,C,)(Me3P),Ta(CHBu'), 

193.2(7) Cr152:701) (128) 
195.5(7) 151.1(11) 

[Np(Me3P),TaCHBu'],N, 193.2(9) C:150(1) (129) 

193.7(9) 151(1) 

[Cl,(Me3,P)TaCHBu'], (neutr.) 

189.8(2) C:150(1) He t13.1G6) (126) 
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Np;TaC(Bu')Li(N,N’-Me,N,C,H,) 
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176(2) C:153(3) Li:219(3) (130) 

(CO);WC(OMe)Ph (131) 

(CO);WCPh, 215(1) C:145(2), 151(2) (132) 

(CO);WC(OEt)C5H,RuCp 223(2) O:135(2) C:143(3) (133) 

(CO);WC(OEt)C;Hg-CH = CPh, 
218(1) O:129(2) C:152(2) (134) 

a*xX 
(CO),W CH, 

H,C=CH 

(R = OEt,X =CH,) = _.213(1) O:133(2) C:151(2) (135) 

(R = Tol, X = NH) 220.6(7) N:129.2(9) C:148.4(8) (136) 

Cp(CO),WC(CF;)C(CF3)C(O)SMe 

196 C:150, 144 (137) 

trans-Cp(CO),(Ph;Sn)WCHTol 

203.2(7) (138) 

Cp,WCHOZr(H)Cp3 200.5(13) O:135(2) (139) 
Cp,WCHPh 205(2) C:144(4) (140) 

Np(Bu'C)(Me,PCH,CH,PMe,)WCHBu! 

194.2(9) C:149(2) (141) 

Cl,(O)(Me3P).WCHBu' 198.6(21) (142) 
Cl,(O)(Et3P).WCHBu' (143) 

Cl,(O)(Etz;P)WCHBu! 188.2(14) (144) 

Cl,(CO)(Me3P),WCHBu' = 185.9(4) H:105(4) (145) 

Cl(Me3P);WC(H)AIMe;,,Cl, 
180.7(6)  Al:211.3(6) (146) 
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1 Introduction 

The initial report by Fischer and Maasbdl (1) in 1964 of the targeted syn- 

thesis and structural characterization of the transition metal carbene complex, 

1, laid the foundations for a field of organometallic research which has since 

(COlW=COC"%5 1 
CH. = 3 

attracted many active groups from virtually all branches of chemistry. Transi- 

tion metal carbene (alkylidene) complexes have played and continue to play an 

important role in their own right in both synthetic and structural organome- 

tallic chemistry. Moreover, recent years have shown that these compounds 

may be of significance in organic syntheses and catalytic reactions. Mecha- 

nistic studies of transformations involving metal carbene species are now 

beginning to reveal the extensive range of applications offered by systems such 

as 2, where a carbene unit C(X)(Y) ist bound to a transition metal ligand frag- 

a ey, 
oe Cy e 

ment ML,. (The double bonds in 1 and 2 are drawn in only for convenience, 

as discussed later.) 

From the large amount of experimental work carried out in the past by var- 

ious research groups — most notably by E.O. Fischer and his collaborators in 

Munich, the “homebase” of transition metal carbene complexes — much 

insight has been gained into the bonding and electronic structure of these 

molecules. Synthetic efforts, including successes and failures alike, together 

with all kinds of spectroscopic investigations and many comparative molecu- 

lar structure determinations have delineated both the limitations of stability 

and the basic reactivity patterns of carbene complexes. Improvement in 

experimental techniques has enabled the isolation of — or at least proof of the 

fleeting existence of — a number of hitherto elusive metal carberie.species, 

ranging from matrix isolated species through gas phase molecular fragments 

to reactive intermediates in solution experiments. Thermochemical data are 

beginning to appear and the picture which emerges from experimental studies 

is becoming ever more complete. 

From the mid-seventies, theoretical chemistry has paid increasing attention 

to such molecules. Throughout chemistry there exists the need to use 

theoretical models or quantitative calculations to generalize experimental 
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findings and to accommodate them within some appropriate theoretical fra- 

mework. The framework should not only be of value in the interpretation of 

experimental data, but should also permit extrapolations and predictions to be 

made. 
The number of theoretical papers to date dealing with the electronic struc- 

ture of transition metal carbene complexes, is not very large. Electronic struc- 

ture theory here refers to the application of quantum-chemical calculations, in 

particular MO theory in its manifold stages of sophistication. 

This chapter presents a brief, and admittedly limited, survey of theoretical 

work described in the literature insofar as it concerns mononuclear transition 

metal carbene systems with terminal, simple carbene ligands, C(X)(Y) (see 2). 

Instead of reporting published results in detail, however, emphasis will be 

put upon a more general MO-theoretical interpretation of certain model 

carbene complexes. In the latter the numerical results of specific computa- 

tions are of less importance than a qualitative understanding of the overall 

bonding situation and its implications for the structural and chemical proper- 

ties of carbene complexes. We shall focus in particular on the class of 

“Fischer-type” transition metal carbene complexes and provide a detailed 

electronic structure analysis using qualitative MO theory for d® pentacarbonyl 

carbene systems, as exemplified by the prototype molecule (CO);Cr = CH), 
methylenepentacarbonylchromium(0). This approach is based not upon the 

author’s preference, but upon the rather restricted capabilities of numerical 

computations, including ab initio calculations, in the field of transition metal 

organometallics (2), which are often of no greater use to the chemist than an 

accurate qualitative picture. Furthermore, this approach is intended to benefit 

those chemists not specialized in quantum chemistry and its methodology who 

possess a basic knowledge of applied molecular orbital theory. 

After a general introduction to the problems associated with MO calcula- 

tions for transition metal organometallics, and a short digression on carbene 

ligands per se, the basic molecular orbital structures of a few representative 

transition metal carbene complexes will be described. We shall start with 

(CO);Cr = CH, and discuss it in some detail before mentioning the interesting 

aspects of other systems. The simplest carbene, methylene, CH), and 

appropriate metal ligand fragments will form the basis of our electronic struc- 

ture considerations. Where appropriate, reference will be made to related 

theoretical or experimental studies in the literature, and the implications 

concerning the predicted structural, reactivity and spectroscopic behavior of 

species will be elucidated. Structural variations within the carbene moiety, and 

to some extent those within the ML, fragment, and their effect on electronic 

structures will be addressed in specific cases. As this report cannot possibly 
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cover all aspects of electronic structure theory relating to transition metal 

carbene complexes, many will be mentioned only in passing. It is nevertheless 

hoped to provide a picture detailed and complete enough to be of some use to 

those interested in this field of organometallic chemistry. 
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2 Quantum-chemical Treatment 

of Transition Metal Carbene Complexes 

Because molecular orbital theory provides a valuable quantum-chemical 

framework for the description of electronic structure in various transition 

metal carbene complexes, ist seems appropriate here to say a few words about 

its inherent limitations. Although recent years have seen an increasing number 

of ab initio treatments of “chemically interesting” (e.g. moderately sized) 

organometallic systems, our potential in performing numerically accurate 

electronic structure calculations is in fact still quite limited. The MO theory of 

transition metal organometallics has not yet reached the stage of electronic 

structure calculations performed on small organic (in general light atom) 

systems. For the latter, computations of molecular structures and properties 

using ab initio techniques at or beyond the Hartree-Fock limit are routinely 

performed nowadays and can be accomplished with an accuracy equivalent to 

or surpassing that attainable in experimental work. In addition, a number of 

highly sophisticated parametrized and rather accurate semi-empirical methods 

are available for light atom molecules. For transition metal systems this is not 

the case for obvious reasons. 

The semi-empirical MO methods used today for heavy atom molecules, 

which are based on the Extended Hiickel, CNDO, INDO, X-—a or related 

formalisms, yield qualitative or at best semi-quantitative results. Such results 

can be of high value and utility, when only qualitative and comparative 

insights into electronic structure are sought. Moreover, they can help us to 

understand structural relationships and reactivity patterns when they form the 

basis of perturbation theory approaches and symmetry arguments. Indeed, 

the current goal of the electronic structure theory of organometallics is not so 

much the accurate numerical calculation of parameters for single molecules. It 

concerns rather the crucially important — especially in the area of experi- 

mental chemistry — devising of generally applicable, qualitatively reliable and 

transferable concepts to describe and organize the structural and reactivity 

patterns of organometallics. The numerous facets of experimental knowledge 

can thereby be unified and eventually utilized to predict new chemistry. This 

kind of approach, which exploits orbital interaction rules, frontier orbital 

theory and symmetry considerations, is well exemplified and has proved to be 

extremely valuable in the field of organic chemistry. It is again being 

pioneered, currently for inorganic and organometallic systems, in the work of 
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Hoffmann (3). Fascinating relationships and analogies between organic and 

inorganic molecules have been brought to light (4). 

In parallel with this type of “applied” MO theory, the development of ab 

initio methods continues apace. Apart from the heavy computational costs 

involved, certain specific problems arise for heavy atom molecules, such as 

the transition metal carbene complexes. All-electron SCF-MO calculations, 

even at the single determinant level and approaching the Hartree-Fock limit, 

require first and foremost sufficiently large, flexible, balanced and adequate 

basis sets for the constituent atoms. Schafer has recently summarized the 

problems and successes of the near Hartree-Fock theory of transition metal 

molecules (5). It is not only the basis sets employed that inevitably restrict the 

reliability of any ab initio treatment. Full geometrical optimization of organo- 

metallic systems is still often not feasible or — more accurately — not success- 

ful, even with very large basis sets, e.g. that for ferrocene (6). Frequently, cal- 

culations beyond the Hartree-Fock limit seem to be necessary to reproduce 

experimental findings correctly and therefore various approaches to compute 

partially correlated wave functions are being used. Relativistic effects become 

important for heavy atom systems, and in contrast to organic molecules, their 

closely bunched electronic states and sometimes fluxional nature, as well as 

the lack of experimental information about reaction pathways and inter- 

mediates, further complicate the matter. 

Many variants of ab initio techniques using differing basis sets and varying 

approaches to get beyond the HF limit, utilizing all-electron or pseudopo- 

tential formalisms of both relativistic and non-relativistic type, are now being 

evolved by theoretical groups specializing in the calculation of the electronic 

structure of organometallics. Theory will undoubtedly devise ever more effi- 

cient and accurate methods. A complementary disadvantage of this develop- 

ment, however, seems to be that work of this type is becoming increasingly 

difficult to interpret and understand in terms of simple qualitative concepts of 

bonding. As soon as the much heralded millenium of the fully correlated 

“true” total wave function for organometallic molecules finally arrives, such 

an “understanding”, in the opinion of some observers, may no~-longer be 

necessary and satisfaction may be obtained from the exact numbers being 

computed. As we are still far removed from this utopia, there remains the 

need for method-independent ways of describing the electronic structures of 

such systems. Often in a sense this is a prerequisite for discussing the results of 

calculations with chemists. 

In the main we shall make use here of the fragment approach (3), i.e. the 

electronic structures, geometries etc. of metal carbene complexes will be 

described in terms of the molecular orbitals of appropriate fragments (build- 
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ing blocks), which may or may not exist in isolated form. The utilization of 

fragment MOs of well understood subunits enables us to employ standard 

rules for orbital interactions (intra- and intermolecular perturbation theory) 

(7), especially within the highly interesting valence (frontier) orbital region of 

the fragments and composite molecules in question. 

For transition metal carbene complexes, a natural way of inspecting their 

electronic structure involves partitioning 2 into various carbene ligands 

C(X)(Y) and metal ligand fragments ML,. Let us consider the carbene ligands 

first. 
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3 The Carbene Ligands 

For free carbenes, C(X)(Y), an extremely large body of experimental and 

theoretical information is now available. Many reviews have appeared, a 

recent one (8) providing an extensive and excellent overview of theoretical 

work undertaken to date. 

Although the simplest carbene system, CH,, has been found in only a few 

exceptional metal carbene complexes of type 2 (vide infra), we discuss this 

prototype first. 

CH, is know to have a non-linear triplet groundstate structure, with an 

energy difference of about 9 kcal/mole separating it from the stronger bent 

singlet state. MO theory has played a crucial role here in guiding experimental 

progress to the present point, where both experimental and advanced 

theoretical determinations for the structure and energy of the triplet/singlet 

separation virtually converge (to within 1 to 2 kcal/mole). Stable transition 

metal carbene complexes generally exhibit a closed shell singlet structure with 

the carbene ligand geometry being approximately trigonal planar with respect 

to the carbene carbon atom. Accordingly, we can focus on the electronic and 

MO structure of a bent singlet CH, unit (C,, symmetry). The actual level 

occupation pattern, singlet or triplet, is of no relevance here, since it is only 

the distribution of electrons within the MO manifold of the composite com- 

plexes that has significance. In terms of delocalized, symmetry-adapted (can- 

onical) valence MOs, the bonding capability of a bent singlet CH), is 

dominated by its two frontier levels: the a, HOMO, an sp?-type hybrid orbital 

on the carbon (with small bonding admixture of hydrogen 1s functions) and 

the LUMO, b,, a pure carbon 2p atomic orbital. At a much lower energy, 

there is also a CH-bonding orbital, b,;, which will be seen lateron to play a cer- 

tain role too. A diagram of these CH, wave functions is given in 3 (9). 
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A CH, ligand thus provides a o-donor orbital (a,) for a metal center as well 

as a (single faced) empty p-type acceptor level (b) capable of forming 7- 

bonds through back-donation from the metal. The final polarity and reactiv- 

ity of a metal-methylene bond will depend upon the relative weighting of the 

synergistic interactions of the carbene valence levels with the ML, fragment. 

In substituted carbenes, CH(X) or C(X)(Y), the basic character of the 

HOMO and LUMO will still be preserved. The typical “Fischer-type” carbene 

complexes usually carry one or two groups (X and/or Y), which are 7-donor 

substituents, such as -NH,, -NHR, -NR>, -OR or -SR. Free carbenes of this 

type have singlet groundstates and the qualitative reasons for this are to be 

seen in 4a for a CH(X) carbene. 

The LUMO is shifted to a higher energy relative to that for the CH, owing 

to a destabilizing 7-interaction with the filled donor orbital of X. The HOMO 

experiences a stabilizing effect, due to the electronegativity of the substituent, 

which is usually greater than that of H (or alkyl). The 7-system of the carbene 

CH(X) in 4a can also be viewed as the strongly polarized 7 and 7* orbitals of a 

heteroethylene. Accordingly, the carbenes C(X)(Y) or C(X), having two 

donor groups in an Q@-position will give rise to an allyl-type 7-MO pattern with 

a total of 4 7 electrons. The LUMO is thus the orbital given in 4b and is 

located even higher in energy than for 4a. As the HOMO-LUMO separation 

in cases 4a and 4b increases, a singlet groundstate will result. The destabiliza- 

tion of the LUMO will increase the more (the carbene is a weaker acceptor), 
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ir. 4b 
the better donor groups X and/or Y are, consistent with the strategy of 

stabilizing singlet carbenes proposed early on (10). Even this simple picture 

indicates that the substituents X and/or Y will play an important role in 

determining the relative o-donor and 7-acceptor character of metal-bonded 

carbene ligands. As will become apparent, the carbene substituents generally 

provide an important electronic balancing mechanism for stabilizing carbene 

complexes and will compete with various attached metal fragments ML, to 

utilize or satisfy the electronic needs of the carbene center. It should also be 

mentioned that attachment of substituents with p- or 7-type orbitals causes 

especially the LUMO of a carbene C(X)(Y) to be less localized on the carbon 

atom, since the wave function then spreads out over the groups X and/or Y as 

well, resulting in a different overlap situation with the carbon atom. 

The single-faced nature of the carbene’s acceptor level will be responsible 

for the adoption of particular conformational options in metal complexes if 

the metal fragment ML, is of the appropriate structure. 

After this simple picture of the electronic structure of carbene ligands, we 

now turn to a description of the bonding in a prototype transition metal 

carbene complex. 
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4 Methylenepentacarbonylchromium(0), 

(CO);Cr(CH,), the Prototype of “Fischer-type” 

Carbene Complexes 

As a lot of the fundamental work on typical tansition metal carbene com- 

plexes is concerned and still focuses on the d®° metals Cr(0), Mo(0), W(0) and 

their carbonyl carbene derivatives — especially in Fischer’s laboratories — we 

shall discuss a prototype molecule of this kind in some detail, as well as the 

implications of its electronic structure. 

We shall take as a typical model the species (CO);Cr(CH,), which has not 

yet been characterized. Derivatives of this simple system, with aryl or aryl and 

alkyl groups replacing the hydrogens, are known for Cr and W (11). No 

Hartree-Fock level calculations for (CO);Cr(CH,) are available yet, but will 

undoubtedly appear in the near future. 

The picture presented here is based on unpublished Extended Hiickel cal- 

culations (12) and makes use of the aforementioned fragment approach. 

A practicable approach to the molecular structure of (CO);Cr(CH,) 

employs both Cr(CO); and CH, fragments and constructs the molecule from 

the orbital structure of these two subunits as indicated in 5. 
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4.1 The Cr(CO),; Fragment 

The Cr(CO),; fragment present in an idealized (CO);Cr(CH,) molecule 

(Cy, symmetry) is a typical d° ML; system having a square pyramidal struc- 

ture, viz. an “octahedral” fragment with C,, symmetry. This fragment — and 

d" ML, transition metal ligand fragments in general — have been extensively 

described from an electronic standpoint in the literature (13). For Cr(CO), in 

particular, a detailed ab initio calculation by Hay has been published (14). 
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The valence MOs of Cr(CO);, 6, can easily be derived from the well-known 

orbital pattern of an octahedral Cr(CO), by taking into account the removal 

of one CO ligand. 

32 
O0= Gr=00 
C7 = GO 

O 

Oe) ——_ 4G 

2 
Figure 1 shows in qualitative terms what happens to the e, and t, orbitals of 

a general M(CO), system if transformation to a C4, M(CO), system occurs. 

The d-block valence MOs of M(CO)., e, and ty,, are depicted in an 

appropriate representation on the left of the diagram, displaying the relevant 

metal d AO and ligand contributions. (The coordinate system has been chosen 

with later diagrams for the composite molecule (CO);Cr(CH,) in mind.) 

Removing one CO ligand causes a loss of anti-bonding for the z? member of 

e, (15). This MO drops in energy and, because of the reduced symmetry, takes 

on some s and z character; the resulting MO is somewhat rehybridized toward 

the site of the missing ligand. The molecular orbital formed, a,, is the LUMO 

of a Cy, M(CO); system for a d® electron count. The x*— y? member of e, re- 
mains unaffected to first order by the CO loss and becomes the b, of the 

M(CO), at high energy. Similarly, the xy member of ty, stays and is trans- 

formed into the b, of the M(CO), as the wave function has no contribution 

from the CO ligand which has been removed. Both the xz and yz components 

of ty, lose back-bonding when the CO group is taken off and a slight destabi- 

lization of these two levels occurs, though the resulting e set of M(CO), is still 

energetically just above b,. The subscripts s and a for the e orbital of Cr(CO),, 

the degenerate HOMO, denote its symmetric or antisymmetric nature with 

respect to the xz plane. On the right of Fig. 1 qualitative diagrams of the 

developing valence MOs are given. In the diagrams below utilizing the 

Cr(CO), fragment only the metal contributions to the levels will be shown. 

A d® Cr(CO), molecular fragment thus provides four relevant valence MOs 

of predominantly d character: the LUMO a, (z?, s, z), the two degenerate 

HOMOs, e, (xz) and e, (yz) and a slightly more stable occupied MO by, (xy). 

Contour plots to assist in visualizing the real appearance of these wave func- 

tions are available in the literature (16). 
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4.2 The Electronic Structure of (CO);Cr(CH,) 

Now we are in a position to construct the MO interaction diagram for 

(CO);Cr(CH,), where the model carbene ligand CH, has replaced the original 

Cr(CO)g (CO Cr(C Hp) CH 

Ge Oy Oy 

Figure 2: Interaction diagram for (CO);Cr(CH)). Only the metal contributions to the Cr(CO), 

wave functions are shown. The highest and lowest MO levels are not to scale. 
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sixth CO group in Cr(CO)g¢. Figure 2 builds the valence MOs of (CO);Cr(CH)) 

from the Cr(CO), levels (on the left) and those of CH, (on the right). 

For simplicity, the conformation chosen for the molecule has the two C—H 

bonds eclipsing two of the four equatorial CO groups (see 5), but, as will be 

seen, this conformational choice is irrelevant from the electronic viewpoint. 

The principal bonding relationships result from the interaction of the o- 

acceptor orbital a, of Cr(CO),; and th o-donor level a, of CH,, and from the 

bonding interaction of the p-type acceptor orbital b, of CH, with the 

appropriate member e, of the Cr(CO); HOMO. The other component, e,, is 

somewhat destabilized by a 2 orbital/4 electron interaction with the aforemen- 

tioned low-lying, filled CH bonding orbital b, of the CH, ligand. The frag- 

ment MO of xy-type of Cr(CO),; (bz in C,4,) remains unaffected since it dis- 

plays 6-symmetry toward the carbene part which has no orbitals of this 

symmetry available. The interesting valence orbital region of (CO);Cr(CH),) 

shown in Fig. 2 thus comprises five levels characterized in ascending order as 

follows: 

(i) The carbene to metal o-bonding level, the bonding combination of the a; 

orbitals from both fragments; 

(ii) The three levels emerging from the b, and e of Cr(CO);, mainly of metal 

d character. They correspond to ty, of Cr(CO),, but now, because of the 

perturbed symmetry, they are split. The lowest of them, derived from e, 

(xz), brings 7-back-bonding to the carbene acceptor level. Note that xy 

(b,) is back-bonding only to carbonyls, and that yz (e,) is the least stable 

member of this MO triad, for it is destabilized by the CH bonds of CH), 

i.e. by b,; of CH). 

(iii) The LUMO of the complex (CO);Cr(CH,), which is the anti-bonding li- 

near combination of e, (xz) and the CH, b, acceptor level. This MO is 

heavily concentrated on the carbene center, a fact of some importance 

when we investigate the consequences of our MO picture. 

The highest level shown in Fig. 2, the o-anti-bonding level between the Cr 

and CH, and also the lowest MO, C-H bonding within the CH, unit, will play 

no further role in our discussion. 

4.3 The Implications of the (CO);Cr(CH,) MO Scheme 

Using the molecular orbital scheme in Fig. 2 we now can draw a series of 

conclusions for our simple model system of “Fischer-type” carbene complexes 

and their derivatives. 
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4.3.1 Conformational and Structural Consequences 

It is clear from the outset that, despite the formal presence of the metal to 

carbon “double bond” (o-dative interaction and a-back-donation), no 

electronically imposed rotational barrier will exist for our model or for 

(CO);CrC(X)(Y) carbene complexes. For any rotational orientation of the 

carbene ligand, the p-acceptor orbital of carbon will find an appropriate 

linear combination of both e HOMOs of the Cr(CO), for back-bonding, leav- 

ing the bonding pattern shown in Fig. 2 essentially unchanged. Indeed, the 

observed orientations of carbene ligands in most cases are staggered toward 

the equatorial carbonyl ligands; the final conformations found in crystal 

structures are determined by steric requirements and crystal packing effects. 

For less symmetric metal fragments, ML,, however, the situation is rather dif- 

ferent. 

In the overwhelming majority of carbene complexes, the hydrogen atoms of 

the CH, are replaced by heteroatomic substituents bearing lone pairs. These 

groups compete with the attached metal fragment as far as 7-donation to the 

p-acceptor function of the carbene carbon is concerned. As shown in Section 

3, carbene ligands of this type possess a high-lying, less carbon-centered 

LUMO and so back-donation from metal to carbene in the presence of 7- 
donor substituents becomes less‘important. Especially for first row substi- 

tuents, such as -OR or, to a greater extent, amino functions, 7-interactions to 

the carbene carbon are quite strong. The overall situation for all three bonds 

emanating from the carbene carbon atom results from a mutual balance of 

these three groups. This is clearly reflected by the bond lengths to the carbon 

revealed from X-ray structure determinations of related carbene complexes of 

d° M(CO), fragments, as discussed by Schubert in the preceding chapter. Gen- 

erally, increased q-interaction of the carbene p-orbital with one of the 

attached groups will lessen conjugation with the others. The competition bet- 

ween donors ultimately serves to stabilize the carbene complex by reducing the 

carbon atom’s electronic deficiency (due to o-donation and the empty acceptor 

orbital of C) and by shifting the LUMO to a higher energy. Experimentally 

determined rotational barriers for carbon substituent bonds also reveal the 

mutual interplay of 7-effects. 

NMe, OEt OMe 
N 

(CO) Cr=C (CO)Cr=C (CO) Cr =C 

Me NMe, Me 

9 Ing Iloo 
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The barrier for the C—N bond in 7 (17) of 25 kcal/mole is reduced to 21 

kcal/mole for 8 (17), the barrier for the C—O bond in 8 is 8 kcal/mole as 

compared to about 14 kcal/mol in 9 (17). In each case the conformation of the 

X-—R groups is such as to keep R within the carbene plane, thereby making 

available the p-type lone pair on X for 7-bonding to the carbene center, as 

shown in 10a and 10b, respectively, the E and Z isomeric forms of such 

systems. 

L_M bees L eat at oye? NserucaCSS 
0 Re 0 

10a 0b 

Such stereoisomers can be observed, their relative stability and detailed 

steric arrangement being a consequence of the space-filling requirements 

superimposed upon the best conjugative situation (see previous chapter). 

a-Heteroatom-stabilized carbene ligands are generally weaker 7-acceptors 

than carbon monoxide. This has been shown by Fenske et al. in a detailed MO 

study of various substituted carbene ligands and their Cr(CO); complexes 

(18). Based on the nodal pattern of the two valence MOs of Cr(CO), (Fig. 1, 

€,, €,) or on those of a (CO);CrC(X)(Y) complex, which “feel” the replace- 

ment of one carbonyl by a carbene (i.e. 11 and 12, e, + p and e,-bicy,), respec- 

tively, in Fig. 2; xy is unaffected), the presence of the weak acceptor ligand 

C(X)(Y) should exert a relative bond shortening effect on the trans metal-CO 

17 12 

bond compared to that for the cis carbonyls. For MO 11, (e,+p), a weakly 

accepting carbene will leave more wave function density between the metal 

and the three carbonyls shown in 11. For MO 12, (€,-b;(cq,)), the total lack of 

any suitable acceptor function on the carbon within the yz plane will do the 

same for the three COs in 12, which mix into this level. The net effect for the 

eclipsed conformation due to 11 and 12 should thus be a stronger reinforce- 

ment of the back-bonding to the trans-CO (via 11 and 12) than to both (diffe- 

rent) pairs of cis-CO ligands. For the commonly encountered staggered 
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rotamers, this conclusion will still hold, except that the four carbonyls will 

become more equivalent (totally equivalent in fact if a symmetric carbene 

CX, is present). 

Of course, a o-effect underlies the 7-trends discussed so far if the carbene 

ligand is a better o-donor than CO; both influences will be hard to separate 

out and to assess in quantitative terms. Structural studies have shown for 

weakly 7-accepting carbenes in (CO);MC(X)(Y) systems that the trans metal- 

CO bond is indeed shortened, whereas the cis shortening (again compared to 

M(CO),) is hardly noticeable. Clearcut observation of these effects is often 

hampered by a lack of accuracy in the structural data. 

Apparently, however, the m-effect wins and IR studies also show unambi- 

guously that the trans carbonyls are bound more strongly than the cis CO 

ligands. 

So far we have concentrated on Cr(CO); (or d® M(CO);) as the bonding 

partner for a carbene moiety. The degeneracy of the e HOMO of the Cr(CO), 

fragment (xz, yz) is crucial here. In going to less symmetrically substituted 

M(CO),_,L, fragments instead of pentacarbonyls, it is easy to derive the likely 

consequences for conformational options. Comparisons of a number of 

Cr(CO);.,L, fragments with Cr(CO), have been presented by us in the litera- 

ture (19). It may be sufficient here to show the changes induced by a cis ligand 

L, which is a pure o-donor (or a much weaker 7-acceptor than CO). Changing 

from Cr(CO); to Cr(CO),L (C,), 13, for instance will destabilize the e, and b, 

ls 

of Cr(CO); because the back-bonding to one ligand site is lost or diminished. 

This is depicted qualitatively in Figure 3; e, is unchanged. 

In orther words, the degenerate HOMO (e,, e,) of Cr(CO),; is now split, 

“e,” (yz) being higher in energy. According to the general rules for orbital 
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Figure 3: Evolution of the valence MOs of Cr(CO),L (C, symmetry, L = o-donor) from those of 

Cr(CO); (C4,). 

interactions, the carbene p-acceptor level will preferentially interact with this 

higher-lying (closer in energy) d level “e,” (yz), and the preferred carbene 

orientation 14 will be the consequence. The carbene plane will be perpendicu- 

O x 
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4 

lar to the M—L bond, thereby aligning the p-acceptor orbital with this bond. 

The rotational barrier has an electronic component now, superimposed upon 

the steric factors. Similarly, any other ligand substitution patterns within the 

ML, fragment can be analyzed. Examples for this type of preferred orienta- 
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tion are mentioned (and their steric limitations discussed) in the preceding 

chapter. 

Let us now turn to some additional implications and experimental verifica- 

tions of the electronic scheme outlined for (CO);Cr(CH,). 

4.3.2 Photoelectron Spectra 

UV-photoelectron spectroscopy provides a means of “inspecting” the high- 

est occupied orbital manifold of molecules. Although the invalidity of Koop- 

mans’ theorem (large Koopmans’ defects) often creates problems in the 

theoretical interpretation of PE data for transition metal organometallics, 

detailed studies of the photoelectron spectra of a series of nine (CO),;CrC(X)- 

(Y) carbene complexes together with MO calculations by Block and Fenske 

(20) support the basic orbital pattern derived for (CO),;Cr(CH,). Compared 

to the lowest energy band of Cr(CO), (which results from a triply degenerate 

ionization of the t,, orbital of the hexacarbonyl) the spectra of the 

(CO);CrC(X)(Y) systems show split bands for the d ionizations and at higher 

energy the ionization of the metal carbene o-bonding MO can be localized (see 

Fig. 2). 

Jolly et al. have studied (CO);CrC(OCH;3)(CH;) by X-ray photoelectron 

spectroscopy (21). In terms of resonance theory, all three formulas in 15 

appear to contribute significantly to the electronic structure, a result consis- 

tent with our MO description. 

) 
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4.3.3 Electrochemistry and ESR 

The chemical reactivity of molecular systems can often be deduced from the 

type and energetic location of their frontier MOs. For transition metal 

carbene complexes, the highest occupied orbitals are heavily metal-localized 

(d-type) levels. The lowest unoccupied orbital according to Fig. 2 for 
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(CO);Cr(CH,) not only has a rather low energy, well separated from the next 

orbitals above, but is also concentrated largely on the carbene moiety. This 

LUMO, shown in 16 for our model, is the anti-bonding combination of the e, 

of Cr(CO), and the p of CH, with the major weight in the wave function com- 

ing from the latter. 

This appearance of the LUMO is consistent with 13C-NMR and chemical 

studies, which have suggested an “inverse ylide” or metallo-carbenium ion 

nature for the carbene complexes (CO);CrC(X)(Y) (see 15c). 

The nature of the LUMO 16 was verified experimentally by Krusi¢ et al. 

(22), who showed that a series of (CO);MC(X)(Y) complexes (M=Cr, Mo, 

W) could easily be reduced to their radical anions, the latter having been 

studied by ESR. A comparison of ESR data for 17 and the known organic 

radical 18 along with MO calculations is indicative of a singly occupied MO in 

gee we 

(CONC nC ic 
a 2 ayn a H 6.5 bes 

7 18 

17 localized only to about 5% on the (CO);Cr moiety and to 95 % on the 

carbene ligand. It is reasonable to assume that the SOMO (singly occupied 

molecular orbital) of radical anions like 17 is largely identical in character to 

the LUMO of neutral precursors. The degree of localization of the unpaired 

electron is variable within any series of complexes studied, though the basic 

feature of a carbene ligand centered LUMO (delocalized of course within the 

carbene fragment) always prevails. More studies of this type, expecially 

involving electrochemical work of quantitative nature, would be desirable. 

If we relate the LUMO of the (CO);Cr(CH,) species, 16, to the well-known 

LUMO of organic carbonyl compunds, 19, the sometimes useful analogy of a 

Cr(CO),; group and an oxygen atom becomes clearer in MO terms. We shall 

come later to the implications for the reactivity. 
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Some information is available on the oxidation of metal carbene complexes 

to their radical cations from electrochemical studies (23a). Mass spectroscopic 

ionization potential measurements have demonstrated that electron loss 

occurs from the three highest levels of Fig. 2, and so electrochemical oxidation 

becomes easier with increasing donor capability of the carbene a-substituents. 

A theoretical description of the radical cation species (which might have to go 

beyond the single configuration level) is not available and currently there 

appears to be no further ESR work on such species. Very interesting results 

have been obtained from electrochemical, ESR, structural and theoretical 

studies for bis-carbene metal complexes (23b), although they will not be dis- 

cussed here. 

4.3.4 Electron Spectroscopy 

From the MO scheme of Fig. 2; with the dominant d-character of the three 

highest occupied and nearly degenerate orbitals in sharp contrast to the car- 

bene-centered and energetically isolated LUMO, one might expect an allowed 

metal to ligand charge transfer band as the transition of lowest energy in the 

electronic spectra of (CO);MC(X)(Y) complexes. A full investigation of 

(CO);CrC(R)(OCH;) and (CO);CrC(CH3)(X) complexes revealed this to be 

the case (24). One relatively sharp and intense absorption band is found in the 

visible region around 24000 cm~!, which shifts in a predictable way as the 

carbene substitution pattern is varied. In passing we mention that recently 

photochemical cis-trans isomerization of a transition metal-carbene bond was 

observed for a complex of Re, the specific unsymmetry of the metal fragment 

causing the rotational barrier around the Re=C linkage to be large enough 

for the isolation of two geometric isomers (25). Presumably, the excited state 

again has one electron promoted to the carbene (in this case: benzylidene) 

ligand, thus reducing the rotational barrier as in photoexcited olefins. 
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4.3.5 Reactivity 

The electronic structure of (CO);Cr(CH,) suggests that for (CO);MC(X)(Y) 

complexes the electron deficiency at the carbene carbon, in conjunction with 

the low-lying LUMO centered on the unique ligand, will dominate reactivity 

patterns in the groundstate, at least in competition with reaction channels 

opened by CO loss (thermal dissociation of the carbene ligand is not normally 

observed). Attack by nucleophiles will be a major feature for “Fischer-type” 

carbene complexes. Although we shall not report here on experimental studies 

of reactions of metal carbene complexes with nucleophiles, the general picture 

which emerges fits well with a frontier orbital controlled interaction of nuc- 

leophiles with the carbene center. Theoretical papers utilizing Fenske-Hall 

MO calculations (26) treat this aspect in detail. MO model calculations (27) 

for insertion reactions, as shown in 20 (28), also reveal a nucleophilic attack 

x NR 
7 a! ne? 

(CO),Cr=C +  IN=C-NRy ——= (CO)eCr=C , 

Ya Ne Cx : 

20 

on the carbene center to induce the insertion step. The calculations also 

indicate a stereochemistry of attack highly reminiscent of that for nucleophilic 

attack on carbonyl groups (29). An overall positive charge on a carbene com- 

plex of course enhances the rate of nucleophilic attack; the regioselectivity 

however results from the localization of the LUMO. 

Similarly again to the situation in organic carbonyl compounds, C—H 

bonds in a@-position to the carbene carbon have been shown to be rather 

acidic. Anions such as 21 can easily be prepared and are useful synthetically 

(30). 
OR OR 

a = Yh 
(CO)-Cr=C 2=—e (CO)-Cr—C 

5 a 56 \ 
CH. CH. a a 

21 

The limited scope of this chapter does not enable us to give more specific 

examples of experimental work to further elucidate the bonding and molecu- 

lar orbital picture elaborated in some detail for one single group of metal 

carbene complexes using the parent molecule (CO);Cr(CH,) as a model. The 
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qualitative conclusions from MO theory and the fragment MO approach, 

which can be obtained for related systems, are nicely reflected by experiment 

and have demonstrated the utility of such an approach. 
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5 Other Types 

of Transition Metal Carbene Complexes 

Metal carbene complexes derived directly from d® hexacarbonyls represent 

but one subclass of this type of organometallic compounds. In principle, the 

electronic structure of any ML, carbene complex can be fully described and 

analyzed in terms of suitable fragment MOs as for (CO);Cr(CH),) above. For 

many representative prototypes of ML, carbene systems this has been done or 

can be deduced from the literature. We consider it appropriate here to men- 

tion only some typical classes of carbene complexes together with citations of 

relevant published theoretical work. 

5.1 (4°-C;Hs)M(CO),(Carbene) and Related Systems 

(Pseudooctahedral Complexes) 

A large number of carbene complexes in which three carbonyl groups of a 

d° hexacarbonyl or its derivatives are formally replaced by a six-electron 

donor arene ligand — usually 1°-Cs;Hs, 7°-C;H,(CH;)~ or occasionally 
n°-CsH, — have been prepared and studied in some detail. The bonding capa- 

bilities and frontier levels of the general CoML, or CpMLL’ (Cp = 1°-C;Hs) 

sixteen-electron fragment, 22, have been extensively discussed by Hoffmann 

(31) and others (32). 

<> <> <> 
| | 

Lon or Mn So 
L oc 

No Uy N ~ 22 

For d° fragments, exemplified by CpMn(CO),, 23, or by CpFe(CO)+, 

CpFe(PR3)7, etc., the three highest occupied MOs deriving from the “ty,- 

like” set of pseudooctahedral complexes such as CpMn(CO), are split in 

energy. As in cis-substituted chromiumpentacarbonyl carbene complexes, this 

leads to conformational preferences for a single-faced carbene group. 

Electronically, the dominant interaction between the p of the carbene and the 

HOMO a” of 23, depicted in 24 with its metal contributions, favors the con- 
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formation 25 rather than 26, which would have steric advantages. Both types 

of conformation have been observed in X-ray studies. Again, steric and 

Zo 26 

electronic properties of the carbene ligands determine the conformational 

option adopted in the solid state. The M=C(X)(Y) rotational barriers are 

rather low; in known cases experimental values compare well with calculated 

ones. Generally, arene-containing fragments are better donors toward car- 

benes than their isoelectronic and isolobal (4) metal carbonyl moieties. Com- 

plexes with carbene substituents [such as CpMn(CO),(CMe,)] can be isolated 

which are much less stable when a pentacarbonyl fragment is bonded to the 

alkylidene ligand. Apart from the theoretical study by Hoffmann et al. (31) on 

CpM(CO), complexes, outlining the electronic structure for CpFe- 

(CO),(CH,)*, Fenske and Kostic.also performed an interesting MO analysis 

of conformations of CpMn(CO), and (CsH,)Cr(CO), carbene complexes (33). 

A second study by these authors dealt inter alia with the electronic structure of 

CpFe(PH;).(CH,)* and its interaction with nucleophiles and electrophiles 

(26). 

5.2 Trigonal Bipyramidal d8 (CO),M(Carbene) Complexes 

A number of (CO),MC(X)(Y) complexes have been prepared experiment- 

ally. If one takes (CO),Fe(CH,) as a model for such systems, the Fe(CO), 

fragment in a trigonal bipyramidal molecule can be either of C3, or of Cyy 

symmetry, as in 27 or 28 (where ligands are omitted for clarity). The 

methylene ligand is then held in either an apical or equatorial position in the 

trigonal bipyramid, as in 29 or 30/31. While no sound numerical prediction is 

currently available for the parent system, (CO),Fe(CH),), to indicate whether 

29 or 30 is of lower energy, 31 can be eliminated as a possible groundstate con- 

formation on the basis of fragment MO considerations. The HOMO of a C,, 
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Fe(CO), fragment 28 is shown in 32 and readily explains why an equatorial 

carbene ligand would favor conformation 30 over 31, analogously to the 

b> le 

32 High-energy good donor MO 33 Low-energy, poor donor MO 

ethylene orientation in (CO),Fe(ethylene) complexes. For 31, the carbene 

LUMO has to overlap with a lower-lying valence MO of C,, Fe(CO), and 

weaker back-donation results. A rotation barrier exists for 30. For 29, which 

has an apical carbene ligand, no electronically based rotational barrier for the 

Fe=C bond is to be expected. Both the HOMO of 27 and the next two lower 

levels are e sets as is the HOMO in Cr(CO),. The lower-lying e set, shown on 

’ the metal in 33, is mainly responsible for carbene metal 7r-interactions. Qual- 

itatively, one would predict 30 as favored, though from the well-known flux- 

ional nature of d® trigonal bypyramidal complexes, one must infer a rather 

small energy difference for 29 vs. 30. The derivation of such small energetic 

differences, however, is beyond qualitative fragment analysis and perhaps 

even out of the ambit of ab initio approaches at the moment. 

In all (CO),Fe(carbene) complexes for which structures are known from 

diffraction studies or spectroscopy, the carbene ligands are good donors but 

rather poor 7-acceptors because of one or two qa-substituents having lone 

pairs. The carbene ligand always occupies the apical position, as in models 34 

(34) and 35 (35), with its orientation determined by steric factors. This is in 

accord with a theoretical analysis on site preferences for transition metal pen- 

tacoordination (36). 
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A molecular orbital study (INDO, EH) for a series of (CO),Fe(carbene) 

complexes along with photoelectron spectroscopic observations has recently 

appeared (37). 

5.3. Tetrahedral (CO),;M(Carbene) Systems 

The electronic structure of C3, M(CO),; molecular fragments is well docu- 

mented from MO studies (38) and has been amply used in discussing M(CO), 

or ML; complexes having differing types of ligands (39). In regard to our 

topic, it is important to note that a very recent ab initio, near Hartree-Fock 

study of a realistic transition metal carbene complex has been performed for 

the model system (CO)3;Ni(CH,). This system is so elusive that it has not yet 

been prepared, although substituted derivatives are known (40). The work by 

Schaefer et al. (41) contains an interesting comparison of (CO),;Ni(CH,) and 

Ni(CO),, i.e. of the CH, and CO ligands, and analyzes in detail the bonding 

situation in the model carbene complex. The quantitative results of this ab 

initio study of (CO),Ni(CH,) can be readily interpreted qualitatively on a 

fragment MO basis as Ni(CO), interacting with CH). A predicted total (Mul- 

liken) charge of — 0,58 for the carbene carbon seems especially interesting. As 

Ni(CO), offers an e-type 7-donating HOMO, practically no barrier to internal 

rotation will exist. 2 u 

5.4 Square Planar L;M(Carbene) Complexes 

A molecular orbital analysis of such compounds has been published in con- 

nection with a study on the bonding, rotational barriers and conformational 

preferences of ethylene complexes (42). Generally speaking, steric require- 
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ments seem to establish the preferred geometry as 36 rather than 37 for square 

planar L;M(carbene) systems. 

Xx 

ull / - 2X 

ye . LM — ea 
ip 

Y 
36 37 

The well-known fragment MOs for a C,, ML; unit can again serve as an ap- 

propriate basis for discussing variations in structural details as a function of 

the ligands L. 

5.5 Cp,M(Carbene) and Cp,ML(Carbene) Complexes 

Here we discuss only three complexes, namely 38, 39 and 40 (43 — 45). 

ame af < a2 

4) S&S) & 
38 39 

ne 
Ss 

Complexes 38 and 39 contain the unsubstituted methylene ligand and their 

electronic and geometric structure is easily understandable in terms of an 

orbital structure of a bent Cp,M or a “pyramidal” Cp,ML fragment with a d* 

or d? electron count. The frontier orbital structure of these building blocks 

has been extensively studied from the theoretical standpoint (46). For a d? 

Cp,ML fragment, such as Cp,Ta(CH3;) or CpZr(PR3), the HOMO, shown in 

41 qualitatively and only for the metal center, is a high-lying donor orbital 

with a-symmetry pointing toward an incoming CH). For the d+ Cp,M frag- 

ment, 42, the b, orbital as the HOMO presents the same nodal characteristic 

toward a carbene as the third ligand. In both cases, only the carbene orienta- 

tion shown in 41 and 42 allows for good 7-interaction and this is in fact a 

rather strong one. The benzylidene ligand conformation in 40, which, as in 38 
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and 39 for CH, is contrary to steric expectations, thus becomes readily under- 

standable. A strong metal-carbon double bond is formed: the rotational 

barrier for the CH, ligand in 38 was found to be too high for observation in an 

NMR experiment (47). Owing to the high donor capability of d* Cp,ML and 

d* Cp,M fragments, carbene complexes such as 38 — 40 display nucleophilic 

character at the carbene center, giving rise to fascinating chemistry. There is a 

whole family of nucleophilic metal carbene complexes presently under active 

investigation. Interestingly, this inverse, “ylide-like” polarity of the metal- 

carbene double bond is found for electron-poor metal centers and is clearly in 

sharp contrast to “Fischer-type” carbene complexes, where the carbene 

ligands are electron-deficient even though the metal has a higher number of d 

electrons. The issues of electrophilic versus nucleophilic nature and of total 

charges for carbene ligands in various transition metal carbene systems have 

been addresses in an MO study of unusual M-C-H angles in electron-deficient 

carbene complexes of mainly tantalum (48), as synthesized in particular by 

Schrock (49) (“Schrock-type” metal carbene complexes). The energy and 

overlap match of the frontier orbitals of CH, or CHR ligands and metal frag- 

ments in complexes such as 43 result in a very high population for the p 

Rg 

Mes? =e Sq nego 4 Swot 

Me ecnsr min ine Re 
43 é 4 

acceptor orbital in alkylidenes and therefore in a nucleophilic nature for such 

carbene ligands. The LUMO here has a higher energy than that for elec- 

trophilic carbene complexes and is moreover much less localized on the carb- 

ene. 
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The electronic structure of the postulated reaction intermediate 44 (50), 

again a CH, complex, has also been briefly discussed in (48), as well as the 

carbene to carbyne a@-hydrogen abstraction. 44 seems to have an electrophilic 

carbene center. 
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6 Other Theoretical Studies 

of Transition Metal Carbene Species 

Ab initio MO theory at the single configuration SCF level has been 

employed in an extensive study of several of the electronic states of MnCH, 

(51). Another study using GVB calculations including configuration interac- 

tion has investigated the electronic structure of NiCH, (52). The latter system 

was also included in the MO study of (CO),Ni(CH,) by Schaefer mentioned 

earlier. Based on the mechanism of the olefin metathesis reaction, Goddard et 

al. carried out GVB ab initio calculations to elucidate the role of high-valent 

oxoalkylidene complexes (53). An ab initio study combined with EH calcula- 

tions by Dedieu (54) has also treated such species from an electronic structure 

viewpoint. 
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7 Addendum 

After this chapter had been completed, an ab initio SCF MO study of the 

hydroxycarbene complexes (CO);Cr(CHOH) and (CO),Fe(CHOH) was pub- 

lished (55). The results for the chromium complex agree very nicely with the 

picture drawn above. 

For (CO),Fe(CHOH) the apical position of the carbene ligand is predicted 

to be more stable than the equatorial one by 8 kcal/mole in accord with the 

rather weak acceptor capability of a hydroxycarbene ligand. We still expect 

the unsubstituted CH, ligand to prefer an equatorial site as in 30. In contrast 

to results from EH or INDO calculations for a C3, Fe(CO), 27 (3, 4, 37), the 

2e HOMO of this fragment is described as having mainly 4p character (55). It 

is not clear, however, to what extent this is a consequence of the choice of the 

basis set in this study. 
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Metal Complexes 
from Carbene Complexes: 

Selected Reactions 

By Fritz R. Kreissl 
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1 Introduction 

The first planned synthesis of a transition metal carbene complex by E. O. 

Fischer and A. Maasbdl opened up a highly interesting research field in orga- 

nometallic chemistry (1). Many new preparative routes were developed and a 

wide variety of carbene complexes were prepared (2 — 5). Moreover, transition 

metal carbene complexes have become ever more important as starting 

materials for the synthesis of organic compounds or as precursors for new 

organometallic complexes. This chapter presents selected examples of such 

applications and will concentrate on reactions of carbene complexes of the 

Fischer type: 
R| 

(CO)gMCC 
R 

These carbene complexes may, in principle, react in several different ways 

as indicated in Scheme 1. 

a 

Sn dio Be 
ruins 
aeneue.p 

Scheme 1. a) Substitution, b) addition of a nucleophile, c) insertion of a molecule, d) reaction at 

the carbene side chain, e) oxidation or reduction of the metal. 

carers 
d 
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2 Reactions with Nucleophiles 

According to ESCA measurements (6) and Mulliken population analyses (7, 

8) of pentacarbonyl carbene complexes, the carbonyl ligands carry a greater 

positive charge than that on the carbene carbon atom. Nevertheless, it is well 

established that the carbene carbon atom shows a remarkable susceptibility to 

nucleophilic attack. This type of reaction is favoured by molecular orbital cal- 

culations which suggest that the nucleophilic attack may be better explained in 

terms of frontier orbital control. The lowest unoccupied molecular orbital in 

methoxymethylcarbene(pentacarbonyl)chromium has been demonstrated to 

be spatially and energetically localized on the carbene carbon atom. 

2.1 Aminolysis and Related Reactions 

2.1.1 Aminolysis 

Alkoxycarbenepentacarbonyl complexes, as well as their phosphine- or 

phosphite-substituted analogues, can be regarded as esters in which the 

ketonic oxygen atom has been substituted by a (CO), LM group (M = Cr, 

Mo, W; L = CO, PR3, P(OR); ). Accordingly, carbene complexes may react 

with ammonia or primary and uncrowded secondary amines to give amino- 

carbene complexes in good yields (9 — 16) (Scheme 2). 

OMe 1p2 

L(CO)4M=C@ + HNRTR? — L(co), ae Baan 
Pe 

Scheme 2. M = Cr, Mo, W;R = alkyl, aryl, H; L = CO, PR;, P(OR)3. 

In general, primary amines react to give a mixture of EZ-isomers due to 

restricted rotation about the carbene carbon-nitrogen bond. Extensive proton 

nmr investigations by C. G. Kreiter have revealed that E-isomers predominate 

(17). 

The aminolysis was also carried out with carbene complexes which are not 

of Fischer type (18) and used to synthesize optically active carbene complexes 

when chiral amine components were employed (19, 20). Furthermore, the 

mild reaction conditions of the aminolysis enabled the metal carbene moiety 

to be introduced as an amino protecting group in peptide synthesis (21) 

(Scheme 3). 
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OMe NH\pyp-COOMe CHR (CO),Cr=C~ + HoN-CHR-COOMe ——> (CO), Cr=C~ wees 
Ph Ph 

1, NaOH Mrcur-COOH ——HoN-CHR’ -COOMe 
om (C0) 5Cr=C os 

2. HCI ‘pk 

> (C0) g¢r=0 . _GF3COOH | 
Ph 

+ 

HaN\cyp-CO.yy CHR cggye + Cr(CO)g + PhCHO +... 

Scheme 3. 

Similar reactions could be observed with bimetallic carbene complexes, for 

which significant differences in reaction rate were found depending on the 

position (eq or ax) of the pentacarbonylrhenio group (22) (Scheme 4). 

co ON co NN / & — HNMe °2 
(CO) gRe— Ro= CC 2 (CO) Re —RE= C6 

0c! SiPhgn fast oc SiPhg co 

co co 
| f0 HNMes 0 (CO)gRe—Re—CO  ——*+ (CO)gRe—Re—CO +... 

oc ploy ocil 
PhaSi” ‘OMe PhaSi/ “NMe, 

Scheme 4. 

The aminolysis of methoxyphenylcarbene(pentacarbonyl)chromium has 

been studied in some detail and appears to involve a complicated reaction (23, 

24). The rate law proved to be of third or fourth order, depending on the 

donicity of the solvent used. Pat) 
On treating alkynylcarbene complexes of chromium and tungsten with 

dimethylamine, competition between aminolysis and conjugate addition was 

observed (25, 26) (Scheme 5). 

& 
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Ot 
(CO) sor=0 

c2¢-Ph 
HNMen 115 °C 

: Sean HNMe» 

NMe Ot ee. (CO)gor=O os (CO)gCretC ma 
hey H~ NMe» 

eas 2 eG 

NMe» a (CO)sCr=CC op 
H~" ’SNMe, 

Scheme 5. 

At very low temperatures (— 115° C), aminolysis is the favoured reaction 

while at — 20° C the conjugate addition reaction dominates. At intermediate 

temperatures both pathways are observed. The aminolysis at — 115° C may be 

followed by addition at 20° C to yield the amino(aminoallyl)carbene complex. 

The latter is not accessible via the initial conjugate addition product. 

In contrast to silicon-containing carbene complexes (27), arylsiloxycarbene- 

(pentacarbonyl)tungsten compounds behave quite differently from their 

alkoxy analogues on treatment with dimethylamine (28) (Scheme 6). 

05 iMe 0 3 (CO) ,W=0~ + HNMe> ——> [(CO)gW=C~  ]LHoMen] + .. 
“Tol “tol 

Scheme 6. 

2.1.2 Reactions Related to Aminolysis 

Thiols and methylselenol react with carbene complexes in a similar way to 

primary and secondary amines. Thus, sulfur (29, 30) and selenium (31) can 

also act as heteroatoms which stabilize the carbene ligands (Scheme 7). The 

thiolysis proceeds in two steps. The first leads to an ylide-like intermediate 

(30) which, after protonation, yields the corresponding thiocarbene complex. 
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OMe SR’ 
ve ’ a 

aaa + HSRo = ——> uc. + MeOH 

Me sele 

(CO) 5Cr=C + HSeMe ——> (CO)5Cr=C + MeOH 
Ph Ph 

Scheme 7.M = Cr, W;R,R’ = alkyl, aryl. 

Enolate or alkoxide anions may also replace the alkoxy group in alkoxy- 

carbene complexes (32, 33). Carbene ligands can therefore be modified in a 

great variety of ways. In this connection it is important to note that the 

protons of the carbene-bonded methyl group in methoxymethylcarbene(pen- 

tacarbonyl)chromium display enhanced acidic character (34), attributable to 

the electron donor behaviour of the carbene ligand. Immediate and very fast 

deuteration catalysed by MeONa occurred in CH;0D solution. A similar 

result was found for methylmethoxycarbene(dicarbonyl)n*-methylcyclopenta- 

dienylmanganese. The transition state is presumably formed via proton 

abstraction by the base (Scheme 8). 

OMe : OMe CH200 L(CO)gMeCC = —3__~ (CO), Me 

OMe OMe e 0Me 

L(CO)-MeC + B—=|L(CO) MCC > L(CO) MCC + HB 
CH cHe CH 
| 2 ] l 
R R R 

Scheme 8. M = Cr, Mn; L = (CO)3, MeCp. 

2.2 Ylide Complexes “ 

Alkoxycarbene(pentacarbonyl)chromium complexes react with ammonia, 

primary and secondary amines, thiols and selenols by alcohol cleavage to yield 

the corresponding amino-, thio- and selenocarbene complexes. By way of con- 

trast, dimethylphosphine merely added to methoxyphenylcarbene(penta- 

carbonyl)chromium or -tungsten in pentane at — 50° C without cleavage of 

either methanol or a carbonyl ligand to form an ylide complex (35) (Scheme 

9). 
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Ne HPMeo 
(CO) 5Cr=C + HPMe. ———~ (C0)5Cr —C- OMe 

N | 

Scheme 9. 

This type of reaction could easily be extended to related chromium, 

tungsten and rhenium complexes using a variety of carbene ligands and 

phosphines (Scheme 10). 

1 PR Vii pas 1 

eine ae ah he L(CO) 5M i. R 

R 

Scheme 10. 

M L R! R2 Ref. 
Cr, W (CO), OMe alkyl, aryl (36) 

WwW (CO); SMe Me (36) 

Cr (CO); SeMe Me (31) 

Gr (CO), OPh aryl (37) 

Cr, W (CO), OSiMe, alkyl, aryl (37) 

Cr, W (CO); O(CO)R Tol (37) 

W (CO) aryl aryl (38) 

Re Cp Me Ph (39) 

Thermodynamic investigations indicated that the formation of ylide com- 

plexes is a reversible reaction. The equilibrium constant depends on the nature 

of the phosphine, the metal and its ligands as well as on the solvent and the 

temperature. In most cases weakly basic triaryl or mixed alkyl-aryl phosphines 

yielded no stable ylide complexes (40). An exception to this generalisation is 

provided by (CO);W-CH(C,¢H;)P(C¢Hs)3 (41), which is formed by treatment 

of the less stable phenylcarbene(pentacarbonyl)tungsten with triphenyl- 

phosphine. 

13C nmr spectroscopy proved to be an excellent tool to observe the forma- 

tion of the ylide complex. In going from the carbene to the ylide complex, a 

remarkable diamagnetic shift of the order of 200 to 320 ppm was recorded for 

the carbon atom coordinated to the metal (38). 

In a similar reaction, carbene-ylide complexes of manganese, chromium 

and rhenium with trimethylphosphine gave cationic half ylide complexes (42, 

43). The latter were used to synthesize free cationic half ylides via a heterolytic 

cleavage of the metal-carbon single bond (43) (Scheme 11). 
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_PMeg oa 
[L(CO).M-CC "J+ + PMeg—>[L(CO):M—C—PMeg]"* = —— 

: R 

PMe, aT nbs ee Lice tal at 
“PMe 3 

Scheme 11. M = Mn, Re; L = Cp; R = Ph; n = 1. M = Cr; L = Cl (CO),; R = Ph, Tol, 

SiPh3;n = 0. 

The aminolysis of carbene complexes with primary or secondary amines 

involves formation of a nitrogen ylide transition state complex (24). Closely 

related nitrogen ylide complexes were produced by treatment of the methoxy- 

phenylcarbene(pentacarbonyl) complexes of chromium and tungsten with 

“rigid” tertiary amines such as 1-azabicyclo[2.2.2]octane or 1,4-diazabicyc- 

lo[2.2.2]Joctane (44, 45) (Scheme 12). 

OMe Plo-CHe OW /Ho-CHa, 

PMhetiue Chal Ph ‘CH-CHS 

Scheme 12. M = Cr, W; X = N, CH. 

The amine addition was reversed if the nitrogen ylides were treated with 

KHSO, (Scheme 13). In contrast with phosphorus ylide complexes, a hydroxy- 

phenylcarbene(pentacarbonyl) complex — and not the starting carbene com- 

plex — was formed. 

QMe CHy-CH CH-CH 
| SI eee KHSO4 ou Yoon ue 

(CO)gN—C-N-CHy-CH-X ———4 (CO)gMeCC + N-CHy-CH-X + .. 
Ph ‘CH,-CH~ Fh \oyeths® 

Scheme 13. 

In general, ylide complex formation proved to be a useful reaction for 

trapping unstable carbene complexes. For example, by making use of 

triphenyl- or tri-n-butylphosphine, the existence of a cationic rhenium 

methylene complex (46) and a tungsten phenylcarbene complex (41, 47) could 

be demonstrated. Additionally, the ylide reaction enables a distinction to be 

made between benzocyclobutenylidene- and possible 77-benzocyclobuteneiron 

complexes (48) (Scheme 14). 
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+ PPh3 

Scheme 14. 

2.3 Addition of Carbon Nucleophiles 

The distinctive electrophilic character of the carbene carbon atom (49) 

promotes the formation of ylide intermediates or ylide complexes when 

alkoxyorganylcarbene(pentacarbonyl) complexes of chromium, molybdenum 

or tungsten react with amines, thiols, selenols or phosphines. A similar type of 

reaction can be expected with metal organyls. 

The treatment of methoxyphenylcarbene(pentacarbonyl)chromium with 

phenyllithium at 25° C yielded a persubstituted ethane derivative (50). This 

product can be explained by addition of the nucleophile at the carbene carbon 

atom, followed by a cleavage of the metal-carbon bond and subsequent dime- 

risation of the organic ligand (Scheme 15). 

Oe Ph Ph 
x LiPh ers 2 (CO)5Cr=C0 EE Me0-C-C-OMe + 

Ph Hae 
Ph Ph 

Scheme 15. 

However, upon repeating this reaction at -78° C in ether, decomposition 

was avoided and the adduct could be isolated as a yellow solid. The corres- 

ponding bis(triphenylphosphine)imminium salts have been shown to be more 

stable than the lithium compounds (51, 52) (Scheme 16). 

OMe Me 
(CO) ,M=C # Lik! ——— [(00).N-C-R "IL 1- 4 oet “ Bo 2 

: R 
Scheme 16. M = Cr, W; R = Ph, Tol, CgH4CF3-(4), OCgH, SCgHy; R! = Me, Ph. 

The conversion of the sp*-carbene carbon in the carbene complex into an 

sp?-hybridized metal-coordinated carbon atom in the adduct was paralleled by 

a significant diamagnetic shift of about 268 ppm. 

Similar adducts were obtained on reacting pentacarbonyl(chloro)tungstate 

and lithium organyls (53). Such metallates could be used in the synthesis of 



160 Fritz R. Kreissl 

new non-heteroatom-stabilized carbene complexes since, on treating them 

with acid at low temperature or with silica gel in pentane, intensely coloured 

carbene complexes were formed (52, 54, 55) (Scheme 17). 

OMe R! 
| 5i0 

[(CO) 5M-C-R"JLi —2 (CO)gMeC® + LiOMe 
, pentane ph 

Scheme 17.M = Cr, W;R! = Ph, Tol, C.H,CF3-(4), OC4H3, SC,H3. 

Attempts to obtain alkylarylcarbene complexes by this method have not 

been successful. On the contrary, rearrangement or decomposition occurred 

to produce the corresponding olefins or their 77-complexes (56, 57) (Scheme 

18). ; 

OMe ‘ 1) LiCH=CH 
(CO) CnC aca Ph(OMe)C=CHMe + .. 

Ph 

OMe ‘ 1) LiCHyR (CO) WCC Se (00) gH Ln? -PHHC=CHR] + L10Me 
Ph pe 

Scheme 18. 

Like an alkoxy substituent, the chloride could function as the leaving group 

when chloro(dimethylamino)carbene(pentacarbonyl)chromium was reacted 

with potassium cyanide (58) (Scheme 19). 

01 CN 
(00) s¢r=c~ pexcpieleloe Iboyenrsee + KCI . \ NMe NMep 

Scheme 19. 

In the comparable reaction of iodocyanide with methoxyphenylcarbene- 

(pentacarbonyl)chromium no metal complex could be isolated. The-addition 

of the cyanide was immediately followed by a cleavage of the metal-carbon 

bond and dimerisation of the ligand (50). 
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3 Addition-Rearrangement Reactions 

The interesting reaction capabilities of transition metal carbene complexes 

render the formation of new metal-heteroatom bonds, modified metal-car- 

bene bonds or metal a-complexes feasible. Such results may be attained by 

reacting carbene complexes with systems containing heteroatoms or multiple 

bonds. 

3.1 Metal-Heteroatom Bond Formation 

A new metal-heteroatom bond was afforded by formal insertion of a 

molecule into the metal-carbene bond. In contrast to methylselenol, phenylse- 

lenol reacted with methoxymethylcarbene(pentacarbonyl)chromium to yield 

not a selenocarbene complex (31) but rather a selenol ether complex (59) 

(Scheme 20). 

OMe Ph 
(CO)gtr=c@ + HSePh ——> (CO)gCr-Se~ OMe 

Me CH 

re 

Scheme 20. 

This rearrangement was accompanied by hydrogen migration to the orig- 

inal carbene carbon. 

Methoxyphenylcarbene(pentacarbonyl)chromium initially added at — 78° C 

one molecule of dimethylphosphine to give an ylide adduct (35). On warming 

to 25° C,a rearrangement, together with a hydrogen shift, took place to yield 

a phosphine complex (36) (Scheme 21). 

On . HPMe 
yore - 78 oe 

(CO) 5Cr=C + HPMe> ae (CO) 5Cr-C-OMe 
Ph 

Ph 

25a 

Me H 
Ne 

(CO) 5¢r-P-C-OMe 

Me Ph 

Scheme 21. 
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In a similar rearrangement, bis(thiomethyl)carbene(pentacarbonyl)tungsten 

reacted with diphenylphosphine to give a further phosphine complex (60) 

(Scheme 22). When a tertiary phosphine was used instead of a secondary 

phosphine, the reaction led to a thioether complex (60). 

HPPh Te 
Tt Cg i-PO- 

SMe Ph SMe 
(CO) sW=C 

SMe M 
PR3 ae ee ee er nies 

NS C=PR; 
Mes~ 

Scheme 22. PR; = PEt;, PPhMe,, PPh,Me, P(OMe)3. 

The insertion of cyanide could be observed by treating methoxyphenylcar- 

bene(pentacarbonyl)chromium with calcium cyanide (61) (Scheme 23). 

DMs Ca(CN) 9 ve 
(CO) sCr-N=C-CH 

Ph Ph 
(CO) gCr=6C tise 

Scheme 23. 

Further examples of combined insertion and hydrogen migration can be 

seen in the reaction of other heteroatom-substituted carbene complexes with 

hydrogen halides at low temperatures. Thus, a chromium thiocarbene com- 

plex and hydrogen bromide yielded a thioether complex (62) (Scheme 24), and 

dialkylaminophenylcarbene complexes reacted similarly. 

SMe Me y 
(CO) gor=6 iho Sear Ogee 

e Ha x 
Br 

Scheme 24. 

Stable immonium halogeno(pentacarbonyl)chromates were isolated (63) 

(Scheme 25) though a@-halogenoamine complexes, which might be expected as 

intermediates, were not. 

we 
DE + HX ———» [(CO)gCrX]-[RoN=CHPh Jt 

Scheme 25. 
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Carbene substitution did occur, however, when HI reacted with a carbene 

complex such as methoxymethylcarbene(pentacarbonyl)chromium. The final 

product was the iodine-bridged iododecacarbonyldichromium anion. The first 

step was thought to involve cleavage of the carbene ligand with formation of 

the strong nucleophile [(CO);CrI], which could then attack a second carbene 

complex molecule (64) (Scheme 26). 

Me 
(CO) 5Cr=CC he ICO) ner gaan 

Me 

OMe 
[(CO)5Cr1}- + (CO) sCr=C. 

@ 
———> [(€0)gCr-I-Cr(CO)e]- +.. 

Scheme 26. 

At low temperatures and in non basic solvents, methoxyphenylcarbene(pen- 

tacarbonyl)tungsten reacted with an excess of hydrogen halide HX ( X = Cl, 

Br, I ) with cleavage of the metal-carbene carbon bond to form pentacar- 

bonyl(hydrogenhalide)tungsten complexes (Scheme 27), which proved to be 

strong acids (65). 

Me 78 ee 

(CO) 5W=C HK (CO) EWHXS SiG GHeChO 4 Gn. 
Ph 

Scheme 27. 

On reacting methoxymethylcarbene(pentacarbonyl)chromium with 

hydroxylamine, formal insertion of an NH unit was observed to yield two 

isomeric nitrogen-coordinated acetimidic acid methyl ester complexes (66) 

(Scheme 28). In a similar reaction with dimethyl- or phenylhydrazine, cyanide 

complexes were obtained (66). 

lle ie 

(CO) 5Cr=CO + 2 NHo0H + ——»> (CO) 5Cr-NH=C. + 
Me Me 

Me 

+ (CO) 5Cr-NH=CC + 
OMe 

pe 

ease + HoN-NMey ——> (CO)pCrNCMe + MeOH + HNMes 
e 

Scheme 28. 
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Up to four products were isolated after treating a cyclic carbene complex of 

chromium with 1,1-dimethylhydrazine (67). In addition to aminolysis, the for- 

mation of two aldimine complexes and a thioether coordinated to the penta- 

carbonylchromium fragment has been reported (Scheme 29). 

oct 
ee 

aa (coi jer 67 + HoN-NMe, 01 

NH H 
cae hac Zz = 

een ee + (60) 4or Oct + 
Ng Ng $0. 

Et. CN iy 

C $ 
oS + (CO)sor-3~ ~S + (CO) sCr-NH=C(OEt)-C(OEt)=C i » 

$ 

Scheme 29. 

Reactions of the same type occurred with the oximes of aliphatic, alicyclic 

or aromatic ketones to form the corresponding ketimine(pentacarbony]l)chro- 

mium complexes. In the case of the aromatic oximes, alkylideneamine and 

cyanide complexes could be isolated as byproducts (68) (Scheme 30). 

OMe 
(CO)sCr=c@ + HON-CRTR2 

We 
(CO) 5Cr-NH=CR'R? +... 

Scheme 30. R!, R? = Me, Et, Ph. 

Use of an aldoxime results in comparable reaction behaviour to give three 

products, viz. a cyanide, an aldimine and a modified carbene cep (69) 
(Scheme 31). 

OMe 

(C0) cree’ + HON=CHPh Ms» (CO)-CrNCPh + 
5 \y 5 

e 

neal 

aby 
+ (CO)5Cr-NH=CHPh + (co)gor=0 

“He 

Scheme 31. 
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A further possibility for obtaining a cyanide from a carbene complex was 

via the reaction of acetoxycarbene complexes with hydrogen azide (70). Azi- 

docarbene complexes have been postulated as intermediates. The loss of 

nitrogen initiates a rearrangement, the nature of which depends on the substi- 

tuent R. If R acts as an electron donating group, a cyanide complex is 

favoured. Otherwise, if R is an electron withdrawing group, an isocyanide 

complex is formed (Scheme 32). 

OCOMe N 
Unes HN mys - No (CO) sCr=c¢ Rircamibbeless eke 

UM 
(CO) 5Cr=C (CO)sCrONR or  (CO)5CrNCR 

NR 

Scheme 32. 

Transition metal carbene complexes, e.g. methoxymethylcarbene(penta- 

carbonyl)chromium or -tungsten can add cyclohexyl isocyanide to give keten- 

imine complexes (71, 72) which either isomerize under the influence of a weak 

acid to an aminocarbene complex or add methanol or water to form other 

aminocarbene complexes (Scheme 33). 

OMe 

(CO) 5Cr=C 
Me 

Scheme 33. 

Arylphenylcarbene(pentacarbonyl)tungsten complexes react with elemental 

sulfur by insertion of one sulfur atom into the metal-carbene to yield aryl- 
phenylthioketone(pentacarbonyl)tungsten complexes (73). 

Ph Ph 
(CO) HC + 83 ——> (CO)gW-SetC es 

Ca 4R-(4) Cal gR-(4) 

Scheme 34. R = H, OMe, CF3. 

Similar thioketone complexes may be obtained by reacting organyl 

isothiocyanates with arylphenylcarbene(pentacarbonyl) complexes of 

tungsten (74). Kinetic investigations indicate that the initial and rate 

determining step is nucleophilic attack of RNCS at the carbene carbon atom. 
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The adduct rearranges, mainly by elimination of the RNC unit, to give the 

thioketone complex and, to a lesser extent, by cleavage of thioketone to yield 

(CO);WCNR. 

Ethoxyphenylethynecarbene(pentacarbonyl)tungsten and diazomethane 

display interesting conjugate addition to form a nitrogen-coordinated 

pyrazole complex (75) (Scheme 35). The initial step has been suggested as 1,3- 

dipolar addition of one molecule of diazomethane to the C=C triple bond 

followed by a hydrogen shift. An additional — and possibly preceding — step 

is the nucleophilic attack of another molecule of diazomethane on the carbene 

carbon atom to generate an ylide-like adduct. The final coordination of the 

nitrogen occurs perhaps by an inter- or an intramolecular reaction. 

r 

okt OE CHoN 
(CO) 5W=C pane ees (CO) gW=CC Seg Fb | = 

Ne cane C-Ph ome 
NQy - 

t _ CHON iF (CO)gWeC® Ph 22 (CO) gW-C-CHp-NENI 
ea Lao 

HNC | a 

Ot 
a HCCC Ph 

ale ~b=C 
~ > 

W(CO) 
Scheme 35. 

3.2 Modification of the Carbene Side Chain 
Se 

Diaryl- or alkoxycarbene complexes of chromium, molybdenum and 

tungsten react with 1-aminoalkynes to yield alkenyl(amino)carbene complexes 

(Scheme 36). Kinetic investigations suggest that nucleophilic attack of the 

alkyne on the carbene carbon atom is followed by subsequent formation of a 

four-membered metallacycle and final cleavage of the original metal-carbene 

bond (76—78). This mechanism is highly stereoselective and favours the E 

isomers. 
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or NR2 
L(CO) MCC, + Ne-C=C-NRp ————» L (C0) he 

R C(Me)=CR'R2 

Scheme 36. M = Cr, Mo, W, Mn; R = Me, Et; Ri = Me, Ph; R2 = Ph, OMe; L = (CO), 

MeCp. 

Dialkylaminocarbene complexes fail to react in the same fashion. However, 

monoalkylaminocarbene complexes insert an ynamine into the metal-carbene 

bond to yield a chelating aminocarbene ligand via substitution of one metal 

carbonyl ligand by the methylamino group (79) (Scheme 37). 

NHMe NR 
(CO) sort + Me-C=C-NRy ———> (C0) 4gr=6 + C0 

Ph 

Scheme 37. 

Finally, under identical conditions aminocarbene complexes yield alkyl- 

ideneaminocarbene complexes via an addition-rearrangement reaction (80) 

(Scheme 38). 

NH UNAC(EtNEty Yok y 
(CO) 5M=C +5 Me-C=C-NEt,) ————» ae 

Scheme 38. M = Cr, Mo, W. 

Similar insertion reactions into the metal-carbene bond have been observed 

with ethoxyacetylene (47), cyclic enol ethers or enamines (81-83) and 

dimethylcyanamide (84) (Schemes 39 and 40). 

R Ot ye, 
(CO) gW=6C + HCSC-OEt ————> (CO)gW=CC 

Ph CH=C(Ph)R 

Scheme 39. M = Cr, W;R! = Ph, OMe; R? = Ph; R = OEt. 

1 R R 
Ya Va (CO) ,M=C gtateh 8 (COREE 
Re LB (cy) gcH=0R"R2 

(CO) -MeC + WeoN-CN ————> (CO) gM=C 
re ; weer 'r2 

Scheme 40. M = Cr, W; R = OCH,; R! = Me, Ph; R? = OMe, C,H,X-(4). 
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The synthesis of metal-coordinated indene derivatives was achieved by 

reacting methoxyphenylcarbene(pentacarbonyl)chromium with bis(diethyl- 

amino)acetylene. Depending on the temperature, the insertion-rearrangement 

could be divided into several steps. At room temperature, insertion of the 

acetylene into the metal-carbene bond occurs. On warming to 70° C, com- 

bined substitution of carbon monoxide and formation of a chelate ligand fol- 

lows and finally at 125° C rearrangement to a 7-bonded indene complex takes 

place (85, 86) (Scheme 41). 

OMe ° NEt i 3 14 eee 
aie 4 + EtpNC=CNEt) ———> (CO)gCr=CO «for 

Et.N~ OMe 

70° 
NEt, 

125° Eto 

4 Ne EOS 

Scheme 41. 

Hydroxycarbene complexes behave in differing ways when treated with di- 

cyclohexylcarbodiimide (DCCD). The outcome depends mainly on the metal 

and the kind of carbene substituents in the particular molecule. Hydroxy- 

methylcarbene(pentacarbonyl)chromium yields, for instance, a cyclic four- 

membered aminocarbene complex (87), whereas the analogous phenyl com- 

plex reacts via an intermolecular condensation to produce a binuclear 

anhydride (88, 89) (Scheme 42). 

a Ponty 
Deco 

Me CH» 

OH Deco 0 
2 (CO) g6r=0C ae in (C0) gCr=¢— —cetr(C0), 

Ph Ph Ph~ 

Scheme 42. 
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However, hydroxyphenylcarbene(péntacarbonyl)tungsten was transformed 

into a binuclear carbene-carbyne complex (88, 89) (Scheme 43). 

Jt Deco ea 
(CO) 5W=C 4 a (COY;WeC-Ph +... 

Ph Ph 
2 (C0) gW=C 

Scheme 43. 

3.3 Formation of Metal 7-Complexes 

3.3.1 a-Aromatic Systems 

Pentacarbonylchromium complexes with substituted phenyl-, naphthy]l-, 

furyl-, thionyl- and cyclopentylcarbene ligands react with various alkynes ina 

strongly stereoselective way to give substituted naphthol, phenanthrene, ben- 

zofuran, benzothiophene and indene ligands coordinated to the tricarbonyl- 

chromium fragment (91 — 93). Schematically, these reactions could be reduced 

to a combination of the carbene ligand, a metal carbonyl ligand and the 

alkyne molecule used. The kinetic product could be converted to the more 

stable thermodynamic product simply by heating (Scheme 44). 

fl OH 
ae yh Ph Co — or OL 

Me Ph OMe 

Scheme 44. 

Heteroatom-substituted alkynes such as bis(diethylamino)acetylene or bis- 

(trimethylsilyl)acetylene react with methoxyphenylcarbene(pentacarbonyl)- 

chromium in comparable fashion to form either indenea-complexes or 

naphthol complexes with a stable silyl-substituted vinylketene group on the 

naphthol frame (94) (Scheme 45). 

0 Nox Siles 
bile “eC 

(CO)gCr=C@ + MegSiC=CSiMez ——> | Spero: 

OMe 
Scheme 45. 
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3.3.2 Formation of Ketene Complexes 

Diphenylcarbene complexes of manganese can be converted to dipheny]l- 

ketene complexes under conditions appropriate to high pressure carbonyla- 

tion (95) (Scheme 46). Such carbonylation offers a new synthetic route to 4?- 

ketene complexes and may be regarded as preparative proof of the postulated 

carbene-ketene transformation in the coordination sphere of a transition 

metal carbonyl fragment (96). The carbene-ketene conversion is interesting as 

a model system for a partial Fischer-Tropsch synthesis (97). 

0 Ph " a co ¢ R-CgHg(CO)2Mn=CC + Rtg, (C0) Qn I 
Ph baa 

Ph Ph 

Scheme 46. R = H, Me. 

In the reaction of 43-vinylcarbene(tricarbonyl)iron with triphenylphosphine 

or carbon monoxide, the 73-vinylcarbene ligand can be carbonylated to afford 

an apparant n‘4-vinylketene complex (Scheme 47) which has the alternative 

structure (7?-allyl + 1!)Fe(CO),L (98). 

MeO. OMe 
OMe Sean pre 

a Z S (CO) sFe=CC ——— Ho 7 
\ S0-C0.Me F 0 
IG } Hoe (CO) ob 

Scheme 47. L = CO, PPh. 
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4 Substitution Reactions 

4.1 Substitution of a Non-Carbene Ligand 

Ligand substitution reactions occur readily with most carbene complexes to 

yield a variety of new carbene complexes (2 — 5). The best studied substitution 

reaction for carbonyl ligands is the displacement by phosphines (24, 99 — 101) 

(Scheme 48) which can be brought about by mild heating or by a photochemi- 

cally induced transformation. Study of the reaction mechanism provides 

information about the coordinatively unsaturated intermediates discussed in 

the olefin metathesis and cyclopropenation processes. 

ya DZ 
UM ethes es + PR3 ———> adaningns CM glia Gee » + G0 

Scheme 48. M = Cr, Mo, W;R! = OMe; R* = alkyl, aryl; R = alkyl, aryl, OR. 

These substitution reactions can be extended to other metal carbene com- 

plexes and to other nucleophilic reagents such as arsines or stibines (102). 

A detailed kinetic analysis of the reaction between the pentacarbonyl car- 

bene complexes of chromium and tertiary phosphines by Werner (103) po- 

stulated an intermediate adduct, such as an ylide complex, which could be 

isolated on treating the carbene complexes with trimethylphosphine at low 

temperatures (36). 

Attempts to replace all the carbonyl ligands in a Fischer-type carbene com- 

plex by other groups proved to be difficult. The photochemically induced 

reaction of methoxymethylcarbene(dicarbonyl)(n>°-methylcyclopentadienyl)- 

manganese with methylaminobis(difluorophosphine) yielded first carbene 

complex of this type free of carbonyl ligands (104) (Scheme 49). 

OMe 
we 

KeGafGeiiatne eas + MeN(PF5)5 

OMe PF 
Ne 

2CO + (MeCp)MeN Mn 
PFo Me 

Scheme 49 . 
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4.2 Substitution of the Carbene Ligand 

The nucleophilic substitution of the carbene ligand in methoxymethylcarbe- 

ne(pentacarbonyl) complexes of chromium, molybdenum and tungsten by 

phosphine (105), phosphorus bromide or iodide (106) offered an easy route 

to  tetracarbonyl(bisphosphine)chromium and __pentacarbonyl(trihalide- 

phosphine) complexes (Scheme 50). 

Ble 

OD gest + 2 PH3 ———~  cis-(CO)gCr(PH3)5 +... 
e 

OMe 
Ze 

ne + PX3 —. (CO) 5MPX4 + 

e 

Scheme 50. M = Cr, Mo, W; X = Br, I, CgH,;(99). 

Pyridine and related basic nitrogen compounds cause, in a similar way to 

phosphorus halides, a cleavage of the carbene ligand to form, for instance, 

pyridine complexes and enol ethers (107 — 109) (Scheme 51). 

OMe . 
= (CO)gCr-base + MeOHC=CR'R2 y 

(CO) sCr=C 
cur 'r2 

Scheme 51. R! = H, Me; R? = H, Me, Et. 

When a thioether such as Et,S is used, the same type of cleavage can be 

observed (110) (Scheme 52). 

OEt 
vo 

Scheme 52. 

In a few cases the transfer of the carbene ligand from one metal to another 

could be achieved. On irradiating a mixture of carbonyl(y>-cyclopentadienyl)- 

nitrosylcarbene complexes of chromium, molybdenum or tungsten and pen- 

tacarbonyliron in benzene solution, methoxyphenylcarbene(tetracarbonyl)- 

iron was formed by a transfer reaction of the carbene (111 —113). There is, 

however, no proof for the migration of a free carbene, since it is possible that 

a free tetracarbonyliron fragment could react with the initial carbene complex 

(Scheme 53). 
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R R \, Cp(CO)(NO)M=C® +“ Fe(CO), ——> (CO),Fe=6 + 
Ph Ph 

Scheme 53. M = Cr, Mo, W; R = OMe, NMe). 

The reaction of the molybdenum carbene complex with tetracarbonylnickel 

in tetrahydrofuran yielded, without irradiation, an extremely labile violet 

complex which is believed to be a trimer (111) (Scheme 54). 

Me 
3Cp(CO)(NO)Mo=Co + 3N4(CO), ———+ [OCNiC(OMe)Ph]3 + 

Ph 

Scheme 54. 

A further thermally induced transfer of the carbene ligand was shown in the 

reaction of a chromium carbene complex with hexacarbonyltungsten (109) 

(Scheme 55). 

( Xe ya 

CO) -Cr=C | W(CO —> = Cr wig 8 Ve (CO), (CO)gW=CC | + Crl(COR 
+ 

Scheme 55. 

With electron-rich carbene ligands, thermal disproportionation has been 

found to yield biscarbene complexes (114 — 116) (Scheme 56). 

Me Me 

\ N 
VEE Va 

2 (CO) -M=C I Se cis-(CO) ,M[=C ll Jo + M(CO) 
alia ye BPN TN 6 

| | 
. Me Me 

Scheme 56. M = Cr, Mo, W. 
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5 Reaction with Transition Metal Nucleophiles 

The known reaction behaviour of nucleophilic d® or d!° metal complexes 
with alkenes and alkynes can be extended to other double bond systems such 

as those present in carbene complexes. The metal carbene carbon double bond 

acts like an olefin to give with d® and d!° metal complexes dimetal compounds 
containing a bridging carbene ligand. This reaction is applicable to many 

carbene complexes of chromium, molybdenum, tungsten and manganese, 

when nickel, palladium or platinum complexes are used (117 — 121) (Scheme 

St): 
Ph OMe 

ae EB e L (CO) M=CC + MIL} ——> 1(co).m——w1LJ 
Ph 

Scheme 57. M = Cr, Mo, W, Mn; L = (CQ) , Cp; M! = Ni, Pd, Pt; L! = COD, PMe3. 

On treating enneacarbonyl[(2-oxacyclopentylidene)carbene]dimanganese 

with ethylene(bisphosphine)platinum, a mixture of a binuclear manganese- 

platinum complex and pentacarbonylmanganese hydride was isolated (117, 

119) (Scheme 58). 

0p 
a 

spleen, Soa d + Pt(CoHy)(PMe3)5 ————> 

HMn(CO)5 + (y-CO) 3Pt3(PMe3) 3 + (CO) 4Mn - Ft(PMe3), 

CEC 
7% 
Ce 

Scheme 58. 

In the presence of bulky phosphine ligands, even trinuclear platinum 

compounds with p3-carbene ligands were formed (120). With I(CO)4Mn = 

C(CH,)30 and diethylenephosphineplatinum total transfer of the carbene 

ligand was observed (121). 
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6 Reaction with Electrophilic Reagents 

6.1 Synthesis of Neutral Transition Metal Carbyne Complexes 

Carbyne complexes with terminally bonded C-alkyl, C-aryl or C-heteratom 

ligands were first synthesized in 1973 by E. O. Fischer and G. Kreis by react- 

ing methoxyorganylcarbene complexes of chromium, molybdenum and 

tungsten with boron tribromide (122). Thus, carbene complexes proved to be 

an excellent source for the synthesis of different kinds of carbyne complexes 

when various trihalides of boron, aluminium or gallium were used. The 

alkoxy substituent and the trans carbonyl ligand were split off to yield trans- 

halogeno(tetracarbonyl)organylcarbyne complexes (122 — 129) (Scheme 59). 

at 

(CO)gM CC = "Vig" trans 100) MeCanGuun to Glin es, 

Scheme 59. M = Cr, Mo, W;R! = O-alkyl; R? = alkyl, aryl; Y = B, Al, Ga; X = Cl, Br, I. 

This reaction turned out to be quite general and could be easily extended to 

carbene complexes having silyl (130), amino (131), vinylic (132), acetylenic 

(133) or metallocene (134 — 137) substituents. Instead of alkoxy groups, amino 

(138), thio (139), siloxy (140) or acetoxy groups (141) could be used as leaving 

groups in the reaction with Lewis acids. 

With cis-phosphine, arsine and stibine substituted carbene complexes, the 

formation of mer-halogeno(phosphine or arsine or stibine)carbyne(tricar- 

bonyl) complexes could be accomplished (142) (Scheme 60). 

Me 

A he ee + BX3 ——> mer-(CO)3X(ZMe3)Cr=C-Me + CO 

Scheme 60. Z = P, As, Sb. 

Boron trifluoride reacted in a different way. Thus, a tetrafluoroborate unit 

rather than a fluoro ligand occupied the trans position at the metal (143 — 145) 

(Scheme 61). 

: Ya 3 \/ ee ——— BF 4-HeC-R oer 

0c CO 

Scheme 61. M = Cr, W; R = alkyl, aryl; L = CO, PMe3. 
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6.2 Cationic Carbyne Complexes 

Carbene complexes having a ligand in the trans position with a greater o- 

donor/7-acceptor ratio than carbon monoxide (146), or a 77-aromatic system 

(147 — 150) reacted with boron trihalides without evolution of carbon monox- 

ide. On the contrary, a cationic carbyne complex was formed simply by 

removing the heteratom containing substituent from the carbene ligand 

(Scheme 62). 

Me BX 

ppannctay PO ies ——-3_~ [2Me3(CO)4Cr=C-Me][BX,] +.. 
e 

OMe BX 

TC (CO) gMeC ——3_, fir-C,H,(CO) 9M=C-RILBX4] + 
R 

Scheme.62. Z = P, As, Sb;X = F, Cl, Br. 

M = (Cren = 6;)M = Mn, Resn= 5. 

R = alkyl, aryl, metallocene. 

When two heteratom substituents are present in the carbene ligand, a 

unique type of cationic carbyne complex is obtained, either by reacting di- 

alkylamino(ethoxy)carbene(pentacarbonyl) complexes of chromium (131, 

151), molybdenum (152) or tungsten (153) with boron trihalides or by treating 

dimethylamino(chloro)carbene(pentacarbonyl)chromium with silver salts 

(151) (Scheme 63). 

_OEt 4 
(CO) sM=C ——3_, — [(CO),M=C-NRQJ[BX4] + XS 5 2 4 NRo 

ul 

(CO) -Cr=C + AgA t——— [(CO)-Cr=C-NMeoJA + 5or=C 5 2 
NMeo 

Scheme 63. M = Cr, Mo, W; R = alkyl; A = BF, PF¢, ClO,. 4 
a 

The mechanism of the carbyne formation is believed to start with the addi- 

tion of the Lewis acid to the heteroatom bound to the carbene carbon. The 

heteroatom containing substituent thereby becomes a better leaving group and 

is cleaved to yield a cationic carbyne complex. The positive charge, localized 

mainly on the heteroatom, leads to a decrease in the back-bonding to all 

ligands and especially to the trans ligand. If this ligand has a high odonor/7- 

acceptor ratio, the ligand will remain attached to the metal to give, finally, a 
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cationic carbyne complex. In the opposite case of a low ratio, the trans ligand 

will be replaced by one having a better donor/acceptor ratio (Scheme 64). 

ws dain ll Saabs aad oN ci Anam 
eee eset See ES WR GER Coe hee Meee R 

/\ Np \ =I 7X 
0c CO 0c’ co 0c CO 

Scheme 64. 

Strong support for this proposed reaction mechanism can be seen in the 

isolation of an adduct formed by the reaction of cis-bromo(hydroxymethyl- 

carbene)pentacarbonylmanganese with boron tribromide (154) (Scheme 65). 

CO Me Me 
3 es BBr3 1,00 th 

cis-Br(CO) 4Mn=C— od ee = C 
0H gro 

= 
= 

reer 
Scheme 65. 

6.3 Rearrangement of Carbene to Carbyne Complexes 

Pentacarbonyl carbene complexes of chromium with particular combina- 

tions of substituents at the carbene carbon rearrange spontaneously by loss of 

the trans carbonyl ligand to form carbyne complexes. The facility of this rear- 

rangement depends on the nature of the group X and is, as yet, restricted to X 

equal to Cl, Br (155), I (156), SnPh; (157), SeCgH4R-(4) (158) PbPh; (159) and 

TePh (160) (Scheme 66). 

Nety 
Seu eeata sume trans-X(CO) Cr=C-NEt» is {RU 

Scheme 66. X = Cl, Br, I, SnPh3, PbPh3, SeCgH,R-(4), TePh; R = H, F, Br, CF,, CH;, OCH3. 

Runs with X equal to F, CN, SCN or SiPh; have not proved successful. The 

rearrangement follows a first order rate law and free carbon monoxide does 

not influence the reaction (155, 161). 

A probable rearrangement of an intermediate carbene complex takes place 

during the reaction of metal acylate with dibromotriphenylphosphine (162) 

(Scheme 67). 
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OL 0-P(Br)Ph 
(CO)gW=CC + BrgPPhg ——> (CO) g HC + LiBr 

Ph Ph 

ee 
trans-Br(CO)4W=C-Ph + OPPh3 

Scheme 67. 

The reaction of hydroxycarbene complex anhydrides with tetraalkyl- 

ammonium halide probably proceeds by cleavage of one carbene carbon- 

oxygen bond to give a halocarbene complex which may then rearrange to give 

a trans-halogeno(tetracarbonyl)carbene complex by loss of carbon monoxide 

(89). The reaction will depend on both, the electronic properties of the substi- 

tuent R and the kind of halogen. The cleavage is possible with bromide and 

iodide, where R is CgsH,CF;-(4); with R=phenyl only iodide could be used. 

No reaction occurred in the case of the combination chloride and CgH,CF;-(4) 

(Scheme 68). 

0 

(00) gor-0 CeCr(CO)e + INEt,]X ———. 
Reno Ya 

trans-X(CO)4Cr=CR + [(CO) 5Cr=C(O)RI[NEty] tae 0 

Scheme 68. R = aryl. 

6.4 Miscellaneous 

Aluminium bromide can be shown to convert trans-pentacarbonylrhenio- 

(methoxyphenylcarbene)tetracarbonylrhenium into a species with a methy- 

lidyne bridge (163) (Scheme 69). 

OMe Br aot AloBr . a OE! Gy <4 OS (CO) 5Re LU ot Se ae 

| 

Scheme 69. Ph 
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Ethoxy(phenyldimethylaminovinyl)carbene complexes of chromium and 

tungsten show an enhanced basic character in the alkoxygroup. Upon reacting 

them with boron trihalides the corresponding adduct can be isolated (Scheme 

70). 

BX3 

OEt OEt 
ae ea 

CH=C\ Chet 
une) NMe, 

Scheme 70. M = Cr, X = F;M = W, X = Br. 

In the presence of silica gel, the tungsten compound gives a carbyne com- 

plex, whereas the chromium adduct can be converted to an allenylidene com- 

plex by tetrabutylammonium fluoride (164) (Scheme 71). 

Ph Ph 
ve 

Br(CO) ,W=C-CH=C : (CO) ,Cr=C=C=C~ 
SS \ 

NMeo NMe 

Scheme 71. 

Allenylidene complexes of chromium and tungsten may also be obtained by 

treating the corresponding carbene precursors with aluminium alkyls or boron 

trichloride, though now without the formation of a stable intermediate (165) 

(Scheme 72). 

Akt EX, Ph 

= NMe 

Scheme 72. M = Cr, EX; = AIEt;, BCl,;M = W, EX; = AIEt;. 
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7 Oxidation and Reduction Reactions 

Oxidation and reduction reactions can be carried out on both, the central 

metal and the metal-carbene bond. 

Paramagnetic cationic carbene complexes can be obtained by one-electron 

oxidation of the corresponding neutral compounds using silver(I) salts as 

oxidizing agents (166, 167) (Scheme 73). 

innpes eran AgIBF 4] 
(CO) 3Fe[CN(CH3) (CH) NCH3]5 

fear hg ace hope 
[(CO) 3F el=CN(CH3) (CH) NCH3 ]]*LBF 4} 

Scheme 73. 

The electron density depends in both cases on the nature of the metal. For 

iron, e.s.r. studies indicate localisation of the odd electron mainly on the 

metal, whereas for the chromium compound a delocalisation of the unpaired 

electron is favoured. 

Cyclic voltammetry has been attempted for molybdenum and tungsten 

carbene complexes with cyclic diaminocarbene ligands (168, 169). 

Oxidative addition can also be observed for cyclic diaminocarbene com- 

plexes (170) as well as for cyclic osmium (171) and platinum carbene com- 

plexes (18) (Scheme 74). 

Me Me 

NN NN 
es C a SG 

(CO) -W=C | + lj) = ——— se (COD N= G | + C0 

Me Me 

Scheme 74. 

Reduction of the metal-carbene bond occurs on treating different carbene 

complexes with hydrides or with diborane (20, 172, 173), thereby converting 

the carbene carbon into an asymmetric centre (Scheme 75). 

R HATEt 
Cp(CO) pRe=t 2, pCO) 9(H)Re-CHRPh 

Ph 
Scheme 75. 
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With dihydrogen a reversible oxidation-reduction has been observed using 

an iridium carbene complex (174) (Scheme 76). 

ein i 
pag + Ho ——— Cl-IrH-CH 

RoP RoP 

Scheme 76. 
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1 Introduction 

Carbonyl complexes of transition metals are widely employed as powerful 

reagents in carbonylation reactions (1, 2). In a similar way a metal-coor- 

dinated carbene moiety can be used in reactions leading to carbon-carbon 

bond formation. This topic has been addressed in part in recent review articles 

(3, 4). 

The “Fischer-type” carbene complexes 1 are characterized by an elec- 

trophilic carbene carbon atom. In this respect, their chemical behaviour is in 

total contrast to that of “Schrock-type” alkylidene complexes, e.g. 2. In this 

class of compounds the metal-coordinated sp?-carbon atom is nucleophilic in 

character and displays an ylide-like reactivity. The chemistry of these com- 

plexes has already been reviewed (5) and will not be discussed here in detail. 

1 
R CH 

7 eo 8 
L (CO) M=C. 2 (CoHe)oTa. LH 

M=Mn, Re, Cr, Mo, W, Fe, Ni CH, 
(1) (2) 

The chemical properties of carbonyl(carbene) complexes of type 1, which 

form the topic of this chapter, are outlined in Figure 1. 

2 aoe Cate 
R 

oc © | 
(d) E (b) 

Figure 1. Reactivity of carbonyl(carbene) complexes 

Nucleophilic agents, N, attack the electrophilic carbene carbon atom [via 

route (a)]. Electrophiles, E, e.g. Lewis acids, are coordinated to-the alkoxy 

substituent [via route (b)]. This provides a simple route to metal-coordinated 

carbynes. Owing to the acidity of a-CH groups, alkylcarbene complexes are 

deprotonated by bases B leading to metal carbene anions [via route (c)]. Fi- 

nally, a carbonyl ligand can be replaced by other ligands as is known in the 

case of binary metal carbonyl complexes [via route (d)]. In this scheme, routes 

(a), (c) and (d) have proved their value in the formation of new carbon-carbon 

bonds. 
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2 Carbon-Carbon Bond Formation 

via Metal Carbene Anions 

The strategy of using metal complexes in organic synthesis is to establish a 

metal to carbon bond, to modify it subsequently by further reaction and fi- 

nally to cleave the new ligand from the metal. 

Hydrogen atoms attached to the a-carbon in the carbene side chain show 

remarkable acidity (6). The methoxy(methyl)carbene complex 3 is among the 

most acidic neutral carboxylic acids and its thermodynamic acidity has been 

estimated to be comparable to that of p-cyanophenol (7). Accordingly, alkyl- 

carbene complexes are deprotonated when treated with bases such as alkoxide 

or organolithium reagents (Scheme 1). The resulting carbene anions can be 

isolated as air-stable bis(triphenylphosphino)imminium salts. Spectroscopic 

studies indicate that the conjugate carbene anion is probably better regarded 

as a vinylchromium anion 3a than a carbanion 3b. 

OCH C,HoLi = OCH 
(colecr=cQ * 24 (co,cr-cG * ++ tcolcr=cZ 

S 5 \ CH CH CH 3 2 CH 
3 (3b) 

OCH, 

(3) _ ~— 

Scheme 1. 

The facile preparation and high thermodynamic stability of the carbene 

anions favor the introduction of additional functionality into the carbene side 

chain via reaction with electrophiles. This route is especially useful for the 

synthesis of carbene ligands containing carbonyl groups since these com- 

pounds are not directly accessible by the original procedure via organolithium 

reagents. The carbene anions — conveniently generated by the addition of 

stoichiometric amounts of base at low temperatures — react readily with 

alkylating reagents, allyl and benzyl halides, aldehydes or a@-bromoesters at 

room temperature (8 — 10). Less active reagents, such as primary alkyl iodides, 

require moderate heating and afford only low yields (Schemes 2 and 3). 
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OCH ; OCH 4 3 1) C,HgLi Sf 3 

(CO).Cr=C ee CON Chas 5 cH, 2) CgHe CHO ka ae 
C.H 
65 

Scheme 2. 

p 1) C;HgLi p 
(CO),Cr = — eh are (CO),Cr =C 

Scheme 3. 

Carbene anions can effect a nucleophilic ring opening in epoxides. In the 

intermediate adduct 4, methoxide elimination occurs to yield a five-membered 

cyclic carbene ligand. Substituted epoxides are attacked by the carbene anion 

at the less hindered carbon atom (Scheme 4). 

CGH hae satice: cat OCH, Dena 
cogcr=ce as [i* (cogcr=c”  g-] —~ (Coker=< 

ay ra iuadhs 
(4) 

Scheme 4. 

In the alkylation of carbene anions, dialkylation may become an important 

side reaction (Scheme 5). 

OCH 1) C, HeLi OCH3 OCH 

(CO),Cr=Cy Stee (CO),Cr=C” ; (CO),Cr=C7 2 
CH, 1Br~cor 

COR COR 
37° 20% COR 

Scheme 5. 

In the 2-oxacyclopentylidenechromium series, the secondary anion 5 and 

the methylated tertiary anion 6 (Scheme 6) were found to be of comparable 

basicity. The more substituted species, however, was shown to react some 2 to 

5 times faster with allyl and benzyl bromides and thus gives rise to Substantial 

amounts of dialkylation products. 

aD ce 
(Colgcr—C Coe 

(5) (6) 
Scheme 6. 
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The conjugate addition of the carbene anion 5 to a, 6-unsaturated carbonyl 

compounds can be controlled to result in either mono- or dialkylation, 

depending on whether stoichiometric or catalytic amounts of base are used 

(11). Tertiary carbene anions such as 6 fail to undergo Michael addition. 

However, upon reaction with benzyl halides, alkylation products are obtained 

(Scheme 7). 

0 1) CyHgLi 1) KO+t-C, Hg p 
= es = —e = (CO),Cr= es a (CO) .Cr= ei fee oe (CO)gCr=C 

0 CeHs 

Scheme 7. 

In a similar way acid chlorides react with carbene anions. If an enolizable 

hydrogen atom is present in the acylation product, the corresponding enol 

ester will be isolated (Scheme 8). 

POH ‘ OCH OCH 3 1) CiHoLi aa Ss ser a8 
(CO) ;-W= cs SaeCOG [\col.w=c 0 ] ———>* (COLve=e , OCOCH3 

Pls 3 =. 

Scheme 8. 

The reaction of carbene anions with enol ethers leads to addition products 

which can be converted into alkenylcarbene complexes by treatment with alu- 

mina (12) (Scheme 9). 

OCH 1) C, Holi OCH Al5O OCH 

cow=ce #2". (co,wac’ eS enettles (CO),W=C% ; 
N 2), 
CH3 ‘OR 4 PN 

Scheme 9. 
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3 Cleavage of the Metal-Carbene Bond 

For some time it remained an open question whether carbene complexes 

might be regarded as sources of free carbenes. Several procedures have been 

developed to release the carbene ligand from the metal, but in no case has the 

intermediacy of free carbenes been established. 

Thermal decomposition of carbene complexes leads to carbene dimers. In 

the methoxy(phenyl)carbene series of the VIa metals, the E/Z ratio of the 

olefinic products is dependent on the metal. This observation indicates the 

influence of the metal on the dimerisation (13) (Scheme 10). Similar results 

have been obtained from the thermolysis of a 2-oxacyclopentylidenechro- 

mium complex (14). Cyclobutanone, which is known to be a characteristic 

product in the stabilization of the un-coordinated cyclic carbene, could not be 

detected in the reaction mixture (Scheme 11). 

OCH; wore = H3CO. CH H,;CO. OCH, 
SSE — + 

7 

5 \ 7 \ 7. \ 
CgHe HeCe OCH, HeCeg CeHe 

E Z 

M = Cr,Mo,W 

Scheme 10. 

Spins si) 
0 

(corgcr=¢ | 

0 
Pl Gere oa ee 

Scheme 11. 

A less drastic route for the cleavage of the metal carbene bond involves 

replacement of the carbene ligand by carbon monoxide, tertiary phosphines or 

amines. Using amines, a base-induced 1,2-hydrogen shift was observed with 

carbene ligands containing a@-hydrogen atoms (15, 16). Starting with alkoxy- 

or aminocarbene complexes, enol ethers or imines are obtained (Scheme 12). 

OCH : 

(CO).Cr=C% ——. = =HCO-CH=CR 5 S 3 2 
CHR» 

Scheme 12. 
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From a synthetic point of view, the oxidative cleavage is the most conve- 

nient means of releasing the carbene ligand. Owing to the analogy of the 

metal-carbene and the carbon-oxygen double bond, the metal is replaced by 

oxygen and carbonyl compounds are obtained. Among a variety of oxidizing 

agents, including pyridine N-oxide, dimethylsulfoxide, ceric compounds and 

elemental oxygen, ceric compounds have proved to be the reagents of choice 

(8, 17, 18). The oxidative cleavage is a clean, high yield process which has been 

employed in the characterization of carbene ligands as well as for synthetic 

purposes (Schemes 13 and 14). 

N(C5H N(C5Hc) 

(CO),Cr=C , : - o=c’ eee on \LH Ce(IV) - LH 

H3C~ Sez ‘CH, H0/(CH3)2CO <c7 ‘cH, 

Scheme 13. 

OCH3 1) C, HoLi pf 1) CyHoLi 0 
(CO)-Cr=C* AS (C0).Cr=C eC ec 

Zien. 29 : 2) ci och; 5 
3 LS» 

OCH3 

Al,03 0 Ce(IV) 0 ee Posse seco oie 

Scheme 14. 

By contrast, reductive cleavage by hydrogenolysis leading to saturated 

hydrocarbons requires much more drastic conditions (19) (Scheme 15). 

/9 69 atmCO 
(COolgcr=@ ——_-—s [f \ + CriCOl 

170°C 

Scheme 15. 
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4 Addition of Nucleophiles 

Numerous experimental results and supportive molecular orbital calcula- 

tions may be considered as evidence for the fact that the carbene carbon atom 

in carbene complexes is highly susceptible to nucleophilic attack. Thus, ylide 

complexes have been produced from the reaction with phosphines and steri- 

cally rigid amines (20 — 22). Ylide formation may be used to trap carbene com- 

plexes which are unstable under the reaction conditions (23). A similar nu- 

cleophilic attack at the carbene carbon atom has been shown to occur in the 

aminolysis of alkoxycarbene complexes, indicating a mechanistic relationship 

to the aminolysis of carboxylic esters (24) (Scheme 16). 

PCH3 NHR 
(CO),Cr=C. + R-NH, <<< (CO), Cr=C. + CH30H 

CeHs ers 

Scheme 16. 

The addition of carbon nucleophiles to the coordinated carbene carbon 

atom leads to the formation of a new carbon-carbon bond. The reaction with 

vinyl ethers and enamines has prompted further studies directed to the metal- 

catalyzed metathesis of olefins (25, 26). Owing to the thermal instability of the 

addition products, fragmentation occurs leading to alkene formation (Scheme 

17 and 18). 

ACH; /OCH, 
(CO).Cr=C + CH,=CH-OR ——* CH,=C 

5 ‘ 2 Divi 

CgHs CgHs 

Scheme 17. 

1 1 OCH R H R OCH 
(CO)gCr=C” oe “cacy ——- Pan 3 

Ces = R Cots 
0 “a 

Scheme 18. 

The reaction is regarded as involving a four-membered metallacycle inter- 

mediate 7 which is able to undergo a fragmentation process to yield the alkene 

and a modified carbene complex. This mechanism is supported by the reaction 

with 1-pyrrolidino-1-cyclopentene. Ring opening and insertion of the C;-unit 

(arising from the enamine) into the metal-carbene bond are observed to occur 
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(27) (Scheme 19). The cleavage of the C=C bond has attracted much atten- 

tion in modelling olefin metathesis, a topic discussed in another chaper of this 

volume. 

OCHg 
rer eS 

Aiea 
R' Rr? 

X = OR, NR» 

(7) 

OCH On ayy 
(CO) .Cr=Ce aoe . ——+  (CO)gCr=c” OCH, 

"CH (CHCH=C 
65 ‘ H 

ets 
Scheme 19. 

Phosphorus ylides have been found to convert alkoxy(aryl)carbene ligands 

into enol ethers with high yields (Scheme 20). However, the scope of the reac- 

tion is restricted by both the steric requirements and the basicity of the Wittig 

reagents. For instance, no C-C coupling has been observed with (isopropyl- 

idene)triphenylphosphorane, and alkylcarbene complexes undergo a compet- 

ing a-hydrogen abstraction to produce the conjugate base (28). 

CH; R R. _OCH3 0 
(CO).W=C. - JC=PI(CeHe)3 ae c=C ; ‘cacy + (COlgWPIC gHs)3 

Ces H  _CHe 

Scheme 20. 

Unlike the phosphorus ylides, a carbonylnitrogen ylide is reported to give 

an isolatable unique carbene complex. This product is believed to result from 

nucleophilic attack of the ylide at the metal-coordinated cyclopropenylidene 

carbon atom followed by ring expansion (29) (Scheme 21). 

galt C-H 

CeHs H5Cg “. . 9 65 
=NCcH corghonc<| * ihe Ghinined dee eo Nea 

CgHs HeCg CgHs 
Scheme 21. 
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The synthesis of enol ethers from alkoxy(alkyl)carbene complexes can be 

achieved by use of the less basic diazoalkanes (Scheme 22). In some cases it 

has proved advantageous to add ligands such as pyridine to facilitate a clean, 

high yield reaction (30). 

ACH3 HeCo. H5Co,—_OCH3 H5Co, CH (CO);eW=C. . Ve aN os 8 CEG + C=C 
CH, H H’ CH Hoc 

3 3 

63%. 28°%/s 

Scheme 22. 

Organolithium reagents can also be added to the carbene carbon. Using low 

temperature techniques, the metallate(1-) adducts 8 can be isolated as bis- 

(triphenylphosphine)imminum salts (31, 32). At ambient temperature, 

decomposition products characteristic of free radicals are observed (33). 

Thus, a persubstituted ethane is isolated from the reaction of the methoxy- 

(phenyl)carbene complex of chromium and phenyllithium (Scheme 23). 

CeH H.C jOCH3 CHL cc Oia 5°6 Ces 
(CO)gCr=Cy —=+ [(colgcr-C-ocH,} Li” —» H3C0-C—C-OCH, 

CeHs CeHs H5Cg CeHs 

(8) 
Scheme 23. 

Metallates(-1) such as 8 are used as intermediates in the synthesis of non- 

heteroatom-stabilized carbene complexes, which are most simply obtained by 

methoxide elimination over silica gel (34). Attempts to prepare alkyl(aryl)- 

carbene compounds by the addition of alkyllithium reagents were unsuccess- 

ful (35, 36). Instead, alkene products resulting from rearrangement or 

decomposition were isolated (Scheme 24). 

OCH3 1) RCHDLi 
4 (COLW=C) asig, 7 (OOlgWIn-RCH=CHC gH.) 

64s dh 

H _CeH 
OCH3 1) CH>=CHLi Nn 3/08 

(cogcr=c pee HgCglHyCOIC=CHCH, + M3CO%_ SC, 
‘CcHe 2) HCl pw OCH, 
65 HeCe H 

Scheme 24. 
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Competition between a direct attack on the carbene carbon atom and con- 

jugate addition at the carbon carbon double bond is observed with alkeny]l- 

carbene complexes (36, 37). Work-up under acidic conditions affords a mix- 

ture of carbene complex and enol ether. The relative yields depend on whether 

organolithium or organocopper reagents are used (Scheme 25). 

[core fons ]— (core ae i ih “eli Panay oie 
Ces CgHs OCH, 

(CO).Cr=C 
(CgH)CuLi 

Ces is CeH 
[(COlgcr -C Nis sae SA Gnas sie oF ae 

H,co Cel 
Hs 

Scheme 25. 

Steric requirements are invoked for the competing addition of enolates: 

Bulky nucleophiles, such as the enolate of isobutyrophenone, add to the more 

accessible remote vinylic position. In contrast, attack at the carbene carbon 

atom occurs with the less bulky enolate of acetone (Scheme 26). 
o 

ee JOCH3 
(C O)-Cr=C 

2) HCL Soa 

(9) Celts 

jOCH OCH; 
(CO),Cr=C (CO),Cr=C 

0 

(10) 

2) HCl > rr * rr 

H3cO 0 HCO 0 
Scheme 26. 

Various organic structures can be obtained depending on the method of 

subsequent cleavage of the metal-carbene bond (Scheme 27). 
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Scheme 27. 

Related conjugate addition reactions have been observed with alkinyl- 

carbene complexes (38). The addition of diazomethane across the carbon-car- 

bon triple bond leads to the formation of N-coordinated pyrazole complexes 

(39). Kinetic studies reveal that nucleophilic attack on the carbene atom is the 

first step in the formal insertion of 1-aminoalkynes into the metal-carbene 

bond (40) (Scheme 28). The C=C bond formation is highly stereoselective 

with the & configuration predominating (41—44). The direction of ring- 

opening of a four-membered metallacycle intermediate may influence the 

regioselectivity of the reaction. The insertion of multiple bond systems into 

the metal-carbene bond has proved to be a widely applicable type of reaction. 

R' RQ 1 Lyp(CO) , M=CO sai ea) Tae Pte 
aN / 2 Hxc’ YR 

M = Cr,Mo,W, Mn 

Scheme 28. 

E-Styrylcarbene complexes prepared by this route undergo a cyclization 

when heated in an inert solvent to form coordinated indanone and indenone 

derivatives (Scheme 29). The Z isomer fails to react (44). 
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Scheme 29. 

The role of the metal in these cyclization reactions is demonstrated in the 

1,3-addition of bis(diethylamino)acetylene to the phenylcarbene ligand (45, 

46). The first step in the temperature-controlled reaction sequence carried out 

at 14° C involves insertion of the yndiamine into the metal-carbene bond 

(Scheme 30). Warming up to 70° C induces an intramolecular substition reac- 

tion which affords a chelating carbene ligand. By the coordination of the 

enamine nitrogen atom to the metal the carbene ligand maintains a conforma- 

tion favoring cyclization to the indene system upon further heating. The 

homologous methoxy(phenyl)carbene complex of tungsten yields the corre- 

sponding aminocarbene complexes, but fails to undergo the final cyclization 

step. This reaction sequence provides a prime example of the template role of 

the metal. 

uec Nee 
(COlgCr=CC + (HgC)QN-C=C-NICzHyg ——> (COlgCr=c% SO 

OCH, C=C 
oe (HeC)oN OCH, 

0 
c 

eee 70°C So Co 125°C 
— oc | | ——— Cr(CO), 
-CO HCN —Cy LO) -co 

Cage 
OCH3 

Scheme 30. 
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5 Carbene Transfer Reactions 

Much chemical evidence is now available to suggest that no free carbenes 

are involved in the transfer reactions of carbene ligands. This applies both to 

intermetallic transfer reactions and to carbene transfer to organic substrates. 

The latter topic will be specially addressed in this chapter. 

Whereas insertion into carbon-hydrogen bonds is a characteristic feature of 

free carbenes, no such reaction is known for metal-derived carbenes. How- 

ever, alkoxy- and aminocarbene ligands bonded to chromium undergo inser- 

tion into the more reactive silicon, germanium and tin to hydrogen bonds (47, 

48) (Scheme 31). Using triorganyl hydrides of these elements, the reaction rate 

was found to increase according to the sequence Si<Ge<Sn, which is 

believed to reflect the increasing likelihood of five-coordination (49, 50) 

occurring. 

CH; rere 

OCH; ~_NCsHs pos 

E=Si,Ge, Sn 

Scheme 31. 

Additional insertion reactions are known for oxygen-hydrogen bonds (51, 

52). Ina CO atmosphere, the methoxy(phenyl)carbene ligand adds into the O- 

H bond of methanol (Scheme 32). Carboxylic acids are alkylated in a similar 

way to give esters. 

PCH3 170 atmCO ae 
(COlgCr=C + CH30H ——*  HeCeCH es 

Ces OCH; 

OCH, 
OCH OH PR O-CH 

= ie 3 reg 3 ae 1 BT a rere ease 
65 

Scheme 32. 
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Cycloaddition reactions of free carbenes normally fail with electron-defi- 

cient alkenes. By contrast, metal-derived carbenes were shown to add both to 

electron-rich and electron-deficient alkenes, depending on the reaction condi- 

tions. Starting from the methoxy(phenyl)carbene complexes of chromium, 

molybdenum and tungsten and a,@-unsaturated carbonyl compounds syn- 

anti cyclopropane isomers are obtained in a stereospecific reaction (53, 54) 

(Scheme 33). 

OCH COR re ee 

CeHs, 
wsyn” ,anti” 

M= Cr, Mo, W 

Scheme 33. 

The syn/anti ratios are dependent on the metal, indicating that the metal is 

involved in the product-determining step. Further evidence for the active role 

of the metal is provided by the optical induction observed with a carbene com- 

plex bearing a chiral phosphine ligand (55) (Scheme 34). 

OCH, 
OCH StS COR [(H4C)HeCg)HyC3) P]ICOr, Cr=C’ af * . He/CA LOR 

vets ROC RO>C 
Scheme 34. 

The cyclopropanation of a,@-unsaturated esters proceeds under conditions 

which are known to effect CO exchange in carbonyl(carbene) complexes. 

Thus, a reasonable mechanism has to account for CO elimination in the first 

step followed by coordination of the alkene. The alkene(carbene) complex 

may rearrange to a metallacyclobutane, from which reductive elimination 

might be expected to yield the cyclopropane below (Fig. 2). 
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OCH, ~- CO OCH; =< OCH 
(COgM=C > == (cOM=Ce ~~ e (co,Mace  ® 

CeHs ‘CgHs Se CeHs 
(11) 

OCH, H3CO. Ces 
—+ (CO),M—C-CgH, 9 ——> MN 

(12) 

Figure 2: Cyclopropanation of alkenes via carbene complexes 

Complexees of type 11 and 12 are thought to be involved in the non- 

pairwise exchange of alkylidene moieties in olefin metathesis. 

The reaction of alkoxycarbene complexes and electron-rich alkenes, such as 

enol ethers, is strongly dependent on the reaction conditions. In an inert gas at 

atmospheric pressure alkene scission products will predominate (c.f.4). A 

carbon monoxide atmosphere, however, leads to the formation of cyclo- 

propanes in good yields (25). Again, the ratio of the resulting syn and anti 

isomers varies with the metal present in the carbene complex (Scheme 35). 

CgHs 
OCH 00 atm CO (COlM=CO + HycecHOR PETE yac/o\ + MICOg 
CgHs 

Scheme 35. 

Carbene ligands which are not stabilized by heteroatoms can also be trans- 

ferred to non-activated alkenes (Scheme 36). Competition studies have dem- 

onstrated that the secondary phenylcarbene complex of tungsten is more than 

300 times more reactive toward isobutene than toward propene (23). In some 

instances, the cyclopropanes are preferentially formed in the thermodynami- 

cally less stable syn configuration, a fact which is not entirely understood. 
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x Hs 

Ces, CgHs 
aw A 

Cycloaddition reactions of carbene ligands have been extended to include 

the synthesis of heterocycles (56). Alkoxy- and aminocarbene ligands add to 

N-acylimines to give 2-oxazolines (Scheme 37). Thiocarbene complexes fail to 

yield [4+ 1]cycloaddition products. Instead, cleavage of the sulfur-carbene 

bond occurs and the thioalkyl group is added to the imine carbon atom. 

F3C CgH 
x F3Q, Fact x 

(CO)5Cr=C. + c=N ——_ 

CgHe F3C C=R 

CeH 
(conw=cr °° 

‘MH 

Scheme 36. 

Scheme 37. 

A novel 1,3-addition of an alkyne to the phenylcarbene ligand occurs in the 

reaction of bis(phosphino)acetylene with methoxy(phenyl)carbene complexes 

of chromium and tungsten (57). A CO substitution by the phosphine leads 

initially to binuclear biscarbene complexes having a bis(phosphino)alkyne 

bridge. In contrast to the tungsten compound, the chromium complex under- 

goes annelation of the carbene ligand to give a 1,2-bis(phosphino)indene 

which is coordinated to the metal through both phosphorous atoms (Scheme 

38). 
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6 Reactions with Alkynes 

The role of metal carbonyls in carbonylation reactions prompted attempts 

to make use of both the carbene and the carbonyl ligand in carbon-carbon 

bond formation. The bifunctionality of carbonyl carbene complexes is dem- 

onstrated by the reactions undergone with alkynes. Pentacarbonyl[methoxy- 

(phenyl)carbene]chromium reacts under mild conditions with a variety of 

non-heteroatom-substituted acetylenes to yield 4-methoxy-1-naphthols coor- 

dinated to a tricarbonylchromium fragment (58—62). The unsubstituted 

naphthol ring and the ring carbon atom with the-methoxy group represent the 

former carbene ligand, while the naphthol functionality is formed by a car- 

bonyl ligand. 1-Alkynes are incorporated regiospecifically into the positions 2 

and 3 to give 2-alkylnaphthols. The regioselectivity decreases from l-alkynes 

to 2-alkynes and diarylacetylenes (62, 63). Under kinetic control, the sub- 

stituted naphthol ring is bonded to the metal. Further heating induces the 

migration of the carbonyl chromium fragment to produce the thermo- 

dynamically more stable 5-10-7-isomers (Scheme 39). 

eo H3 
(CO),Cr = CQ + 

OCH3 OCHS 
Scheme 39. 

Naphthol formation requires effective acceptor ligands in the carbene com- 

plex. Thus, even under more vigorous conditions, the yields drastically 

decrease if one CO ligand is replaced by trialkylphosphine (60). Based on 

kinetic studies, a mechanism has been suggested which involves a primary CO 

elimination process (64). CO exchange experiments in carbonyl(carbene) com- 

plexes have indicated a strong preference for elimination of a cis CO ligand 

(65). The alkyne enters the vacant coordination site, thereby leading to forma- 

tion of a cis-alkyne(carbene) complex. Interligand carbon-carbon bond for- 

mation between the alkyne and carbene ligands gives a chromacyclobutene 
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expected to be in equilibrium with its ring-opening product. Carbonylation of 

the alkenylcarbene carbon atom by a CO ligand leads to a vinyl ketene system 

which is kept in s-cis conformation by a diene-like coordination to the metal. 

Experimental support for the involvement of vinyl ketenes is provided by the 

cyclization to cylcobutenones and by the isolation of s-trans vinyl ketenes 

starting from bulky alkynes (vide infra). In addition, trapping experiments in 

the presence of alcohols and amines have resulted in the formation of carbox- 

ylic acid derivatives (66). Cyclization of the vinyl ketene species, which should 

be regarded as the key intermediate in the reaction of carbonyl(carbene) com- 

plexes with alkynes, affords a metal-coordinated bicyclic cyclohexadienone 

which readily isomerizes to the 1 — 4:9, 10-7-naphthol complex (Fig. 3). 

| AR aeae ig eee ae |» R? 
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|) eR wee [igor a lee oR 

leg ye willeag2 
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Se 1 | 1 RI 
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Figure 3: Proposed mechanism for the cocyclization of alkyne, carbene and carbony] ligands 

This mechanistic scheme suggests the role of the metal as that of a template 

holding the building blocks together in a position favorable for carbon-carbon 

bond formation. This idea is supported by formation of the thermodynami- 

cally less stable product under kinetic control as well as by the fact that chro- 

mium cannot be replaced by molybdenum or tungsten in these reactions. 

Donor solvents such as THF or acyclic ethers are required to-get a clean 

reaction with yields up to 90%. The intermediacy of coordinatively unsa- 

turated species may be held responsible for the lowered product selectivity 

when a non-coordinating solvent is used (67). Thus, from the reaction of the 

methoxy(phenyl)carbene complex and tolan performed in n-heptane, indene 

and furan derivatives are isolated in addition to moderate yields of naphthol 

compounds (Scheme 40). A similar formation of the furan system is observed 

with a ferrocenylcarbene complex (68) (Scheme 41). 



Carbene Complexes in Organic Synthesis 211 

C C eae a heptane 
( Os fe + R-C=C-R 80°C 

OH OH H 

R R R 

(COO Ecreor, + (CO)3Cr— + (CO) 3Cr— R 

R R 

OCH3 OCH3 oOH3 

R = CeHs 

Hes R R RR 
- Cr(CO)3 A 

OCH3 

Scheme 40. 
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Scheme 41. 

The annelation of a carbene substituent is not restricted to the phenyl 

group. Carbene ligands containing naphthyl groups, heterocyclic systems 

(such as furyl or thienyl), cycloalkenyl and alkenyl groups can react to give 

phenanthrene, benzofuran, benzothiophene, indan and benzene complexes 

(61, 69) (Scheme 42). The annelation occurs in a regiospecific manner. 2- 

Naphthyl-and 3-furylcarbene ligands which a priori offer two alternatives for 

cyclization lead to phenanthrene or benzofuran derivatives respectively. 

/OCH3 H3CO R 
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Scheme 42. 

Competition experiments using diarylcarbene complexes have indicated 

preference for the annelation of a benzene ring rather than 2-naphthyl and 2- 

furyl systems (Scheme 43).In a similar way, starting with the p-(trifluor- 

methylphenyl)-p-tolylcarbene complex, the acceptor-substituted ring is prefe- 

rentially annelated (Scheme 44). 
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Very recently, an attempt has been made to improve the regioselectivity of 

incorporation of the dialkylalkynes using an intramolecular cyclization (70). 

Tricyclic products have been obtained from alkinyloxy(phenyl)carbene com- 

plexes (Scheme 45). 

OH 

OCH In 

oi 
9-(CHa)-C=C-R 

(CO),Cr=C = =—CriCO)lz + 

Scheme 45, 

Because of the ease of CO elimination, the cyclization reaction is favored if 

the electron deficiency at the carbene carbon atom is increased. Thus, non- 

heteroatom-stabilized carbene complexes such as pentacarbonyl(diphenylcar- 

bene)chromium can be reacted with acetylene or alkynoic acid derivatives 

even at room temperature (60). 

An unusual 1:1:2 cycloaddition product is obtained from the methoxy- 

(methyl)carbene complex and an excess of phenylacetylene (71) (Scheme 46). 

The reaction may be explained in terms of double insertion of the alkyne into 

the metal-carbene bond, leading to a 1,3-dienylcarbene complex intermediate 

(see Fig. 3). It should be noted that the alkyne polymerization initiated by 

carbene complexes is discussed in terms of a multiple alkyne insertion. 

OH 

PCH; Celts 
Soe a 2 H 5Cg-C= C-H -CO ie as Cr(CO)3 

3 CH3 

OCH3 

Scheme 46. 

Aromatic ligands can be detached from the metal either by ligand substitu- 

tion or by oxidation (67). By use of mild oxidants, the metal ring bond can be 

maintained in 5-10-y-naphthol complexes and thus naphthoquinone com- 

plexes become accessible (72, 73) (Scheme 47). 
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Scheme 47. 

The vinyl ketene intermediate proposed in Figure 3 might be expected to 

lead to the formation of cyclobutenones by 1,4-cyclization as well. This 

proved to be the preferred reaction path, when no unsaturated carbene ligand 

is available (74) or when the ortho positions of an aromatic carbene substi- 

tuent are blocked for annelation, e.g. in the 2,6-difluorophenyl(methoxy)- 

carbene complex (75) (Scheme 48). Blocking by 2,6-dimethyl substitution in 

the phenyl ring is not effective. Upon reaction with tolan, methyl migration 

occurs and an indene derivative is formed without incorporation of a carbonyl 

ligand (76). 
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Scheme 48. 

Vinyl ketenes can be isolated if bulky silylsubstituted alkynes are used (77, 

78). In this case, the s-cis form cannot compete successfully with the s-trans 

conformation for steric reasons and cyclization to the aromatic system 

becomes impossible. Starting with bis(trimethylsilyl)acetylene, stable vinyl 

ketenes are accessible which have been shown by X-ray analysis to have the s- 

trans conformation in the solid state because of the large silyl substituents 

(Scheme 49). 
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Scheme 49. 

The vinyl ketene ligand is replaced by an excess of alkyne (79). The un-coor- 

dinated vinyl ketene is obtained along with a novel bis(alkyne)dicarbonylchro- 

mium complex originating from the carbonylmetal fragment (Scheme 50). In 

this compound the alkyne may be regarded as a four-electron donor ligand on 

the basis of 3 CNMR spectroscopy. 
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Scheme 50. 

The competition which exists between the formation of vinyl ketenes and 

naphthols is governed by steric considerations (78). Using trimethylsilyl- 

acetylene in addition to a small amount of vinyl ketene, the naphthol complex 

is isolated as the major product (Scheme 51). 
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Scheme 51. 

Vinyl ketenes are widely accepted to be intermediates in electrocyclic reac- 

tions. The synthesis of silylsubstituted derivatives — stable and readily 

tractable compounds — can be formally described as head-to-tail addition of 

the carbene and a carbony] ligand to silylalkynes. Because of the presence of a 

ketene group, carboxylic acid derivatives are formed on treatment with 

alcohols and amines. Yet, surprisingly, no cycloaddition occurs with enol 

ethers and enamines (80). Strong nucleophiles, such as the ynamines, are 

required to achieve cyclization (81, 82). Bicyclo[3.1.0]hexenones with a predo- 

minating endo-aryl configuration are obtained which, owing to their silyl 
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functionality, are susceptible to further synthetically useful transformation 

(Scheme 52). 
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Scheme 52. 
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7 Synthesis of Natural Products 

The facile and high yield aminolysis of alkoxycarbene complexes has 

promoted work on peptide synthesis using the metal carbenyl functionality as 

an amino-protecting group. Like primary and secondary amines, amino acid 

esters react with pentacarbonyl(alkoxycarbene) complexes of chromium and 

tungsten to give aminocarbene complexes (83, 84) (Scheme 53). 

OCH3 20°C /NH-CH-CO2CH3 
(CO),M=CC + HyN-CH-CO2CH3 ——* (CO),M=C RI 

Scheme 53. 

Owing to the nucleophilicity of carboxylate anions, protection by esterifica- 

tion is required for the aminolysis reaction. However, no further protection is 

necessary for heterocyclic nitrogen, hydroxy or mercapto groups as in his- 

tidine, serine or methionine esters. The aminolysis is not restricted to @-amino 

compounds. For example, both the a-and the €-amino groups can be pro- 

tected in lysine esters. The formation of the peptide bond is achieved by the 

conventional route of alkaline ester hydrolysis followed by coupling with a 

second amino ester using the dicyclohexylcarbodiimide/N-hydroxysuccin- 

imide (DCCD/HOSU) method (Scheme 54). 
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Scheme 54. 

Se 

The scope of this reaction sequence is demonstrated by the stepwise syn- 

thesis of the carbenyl, N-protected tetrapeptide gly-gly-pro-gly-OCH;, which 

occurs as the sequence 14-17 in human proinsulin-C-peptide, with an overall 

yield of 14%. The peptide can be conveniently released from the carbene 

complex by mild acid hydrolysis (Scheme 55). In general, chromium com- 

plexes give cleaner reactions than the homologous tungsten compounds. 
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/NH-CH-C-NH-CH -CO4CH3 
(CO)eCr=C RI GR? 

R 

+ 

CF,CO,H/20°C H4N-CH-C-NH-CH-CO,CH 
aa bi mT I» + R-CHO + CriCOl, 23. 

Scheme 55. 

The carbenyl protection provides a method by which heavy metal atoms can 

be used for the labeling of amino groups. 

As a rule, the thermal stability of aminocarbene complexes has prevented 

their wider application in organic synthesis. Nevertheless, the intramolecular 

hydrogen transfer leading to imines has been exploited in an indol alkaloid 

synthesis (16) (Scheme 56). 

OR HON /NH 
(CO)gCr=C. + aH OY sor (COlgCr=Cy 

CH3 CH3 N 
N 4 

NCsHs, 

N15 (19) +  (HeCeN)oCriCO), 

CH; H 

Scheme 56. 

The clean and high yield cyclization of alkyne, phenylcarbene and carbonyl 

ligands offers an interesting route to naturally occurring quinones. Whereas 

alkenes are known to give cyclopropanes and/or metathesis-like products, a 

competitive study of non-conjugated enynes has established that the reaction 

with pentacarbonyl[methoxy(phenyl)carbene]chromium proceeds with com- 

plete regiospecific control to yield exclusively the six-membered aromatic 

system (72). By this route, metal-coordinated allyl-substituted 4-methoxy-1- 

naphthols become accessible from 1,4-enynes. Oxidation to 1,4-naphtho- 

quinones is achieved by silver oxide (Scheme 57). 
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JOCH3 
(CO),Cr=C + R-=rnHgF Pecan 

OH 
R Eee OTS) 

OCH3 

0 
R Ag»0 

2 : ome OL IC. 

O 
Scheme 57. 

This route has been extended to the synthesis of vitamins in the K, and K, 

series (73, 85). The enyne components are readily accessible from commer- 

cially available isoprenoid alcohols by a two-step process (Scheme 58). 

R gE R SE IeeR 
Scheme 58. So Aa oe 

The cyclization to the naphthol system can be carried out under mild 

conditions using low boiling ethereal solvents such as tert.butyl methyl ether. 

By this procedure, subsequent migration of the metal to the unsubstituted ring 

is avoided and an approximately 2:1 mixture of 2- and 3-prenyl 1-4:9,10-17- 

isomers is obtained in about 90 % yield. The cleavage of the chromium ring 

bond is achieved by oxidation with silver oxide to afford directly vitamin K. A 

more convenient alternative involves a two-step ligand substitution oxidation 

process (Scheme 59). The quantitative release of the naphthol under a CO 

atmosphere leads to hexacarbonylchromium which is recycled for the carbene 

synthesis. The subsequent naphthol oxidation is a well-known high yield 

process. ge 

Unlike customary syntheses based on the condensation of the isoprenoid 

side chain to the ring system under acidic conditions, this route proceeds with 

complete retention of configuration at the allylic double bond. Thus, a ste- 

reospecific synthesis of the E isomer of vitamin K (which is the only biologi- 

cally active one) is available. 

The accessibility of benzohydroquinones from alkyne, alkenylcarbene and 

carbonyl ligands has prompted work on a carbene complex route to vitamin E 
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OH 

a R oxidation 

OCH; 
Re AGH | AAGH vitamin Kj, resp. Ko 

Scheme 59. 

(Scheme 60). The methoxy(E-1-methyl-1-propenyl)carbene complex is 

obtained by stereospecific addition of E-2-lithio-2-butene to carbonylchro- 

mium. Cyclization with the C,; enyne produces the coordinated hydroquinone 

monoether as an approximately 2:1 mixture of isomers which are readily 

released from the metal under CO pressure. Boron tribromide induced ether 

cleavage is accompanied by HBr addition to the allylic double bond. Subse- 

quent ring closure affords vitamin E (86). 

OCH 
(Co),cr=cm : + Se Ne De 

\2s5 
Vie 

H H 
‘ 80.atm CO C,HgOCH3 e 
47°C/-CO CriCO)3 - Cr(CO)g 

OCH3 OCH, 

0 

BBr3 

H 
Scheme 60. 
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The cyclization reaction can be applied to the synthesis of naphthoquino- 

noid antibiotics as well. For instance, juglomycins A und B (87) and the 

tricyclic compounds nanaomycin A and deoxyfrenolicin (88) have been 

chosen as target molecules. The isochroman skeleton of the latter has been 

synthesized by means of an intramolecular variant of the cyclization reaction. 

The key step is based on the cyclization of an alkinyloxy(anisyl)carbene and a 

carbonyl ligand, followed by oxidation with 2,3-dichloro-5,6-dicyanoquinone 

(DDQ) as exemplified in the synthesis of deoxyfrenolicin (Scheme 61). 

oa 

DDQ raed > 2 OL - CLS 
eo) > 0 0 i HH 

Scheme 61. 
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Currently, carbene complexes appear to be much in favor as intermediates 

in catalytic reactions. For virtually every catalytic process, a mechanism 

involving a carbene complex as an intermediate can now be postulated. How- 

ever, it is only in a limited number of instances, such as in metathesis reac- 

tions, that genuine carbene complexes are able to initiate a catalytic reaction. 

Intermediates in catalytic processes are usually scarcely detectable because 

of their short lifetime and low concentration. Accordingly, catalytic processes 

are commonly simulated using fairly stable model complexes. Some of the 

most frequently encountered catalytic reactions and their postulated 

mechanisms based on carbene complex intermediates will be discussed. 

1 Synthesis of Cyclopropanes 

by Catalytic Reactions 

of Diazoalkanes and Olefins 

Since their discovery by Curtius and Pechmann, aliphatic diazoalkanes 

have been used as source materials for carbenes in a variety of organic 

syntheses (1 —4). However, they have not yet been used in industrial pro- 

cesses. 

Stable carbene complexes have been synthesized from diazoalkanes by 

Herrmann (5) (Scheme 1). In such complexes the carbene ligands occupy not 

only terminal but also bridging positions. The reactions of diazoalkanes with 

alkenes to yield cyclopropanes is a well-known carbene reaction. Moreover, 

Fischer-type carbene complexes (with electrophilic Cyrene), though not 

Schrock-type carbene complexes (with nucleophilic C.arpene), are able to form 

cyclopropanes in stoichiometric reactions with alkenes (6 — 9). ; 

R} R} R} 

Somcm a! \ 
jo SEM + L,M — R —C-M(Lx-a) —- aM (La) + No 

R Np R 

Scheme 1. 
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In the mechanism, two intermediates are postulated. Initially there is for- 

mation of an olefin complex and this is followed by the formation of a metal- 

lacyclobutane (Scheme 2). Confirmation of the first step was documented by 

Casey with the synthesis of carbene alkene complexes (10, 11). 

JOCHs OCHs 
(CO)sM=C. + R'HC=CHR? —> (CO)xM=C’ —- 

CeHs | CeHs 
R'HC=CHR? 

ates CoHs_ {OCH 
(CO)xM—C-—C,Hs 

2 red oN 2 

R!HC—CHR R!HC—CHR 

M = Cr, Mo, W 

Scheme 2. 

The reactions of diazoalkanes with alkenes to yield cyclopropanes are cat- 

alyzed by many transition metals as well as their salts and complexes, including 

Cu, Ag, Pd, Fe, Rh, Ru, Re, Co and Mo compounds (12 — 14). Wulfman and 

Poling have postulated a reaction mechanism for the catalytic reactions of dia- 

zoalkanes which is very similar to that (See above) for the stoichiometric for- 

mation of cyclopropanes from Fischer-type carbene complexes (4) (Scheme 3). 

R! R} 
LxCu + Nace — Deus + No 

‘R! ‘R! 

+ H,C=CR? 

1 1 

LCcau—CR} nce 
| | : ——___> aN 2 Air LxCu 

H,C——CR} H,.C—CR3 

Scheme 3. 

One proof for the cyclopropanation reaction in the coordination sphere of 

the metal atom is the optical induction brought about by catalysts containing 

chiral ligands. The optical yields can contain up to 80 % (15), and even 90 % 

(16), of optically active cyclopropanes. Such results — and the existence of 

comparable intermediates in the stoichiometric cyclopropanation reaction 

(where most of the compounds can be identified) — provide strong evidence 

for the postulated mechanism of the catalytic reaction. 
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2 Carbene Complexes as Intermediates 

in Fischer-Tropsch Syntheses 

Fischer-Tropsch syntheses using cobalt or iron catalysts, doped with alkali 

metals, and synthesis gas yield mainly saturated and unsaturated aliphatic 

hydrocarbons, ranging from methane to waxes, and alcohols (17) (Scheme 4). 

nCO+2nH, —~» —(CHo)a— + n H2,O 

Scheme 4. 

Elementary carbon (which may perhaps form carbides with the catalyst) 

could be obtained via the Boudouard equilibrium (2 CO @ C + CO,). 

Apart from the most commonly employed heterogeneous alkali-doped Fe 

and Co catalyst, Ni, Rh, Ru and Cu catalysts are also of interest here. Many 

of the catalysts are not selective and therefore a wide variety of reaction pro- 

ducts are obtained. Alkanes and 1l-alkenes are usually the dominant reaction 

products and these have a Schulz-Flory type of molecular mass distribution 

(18). Reviews of the Fischer-Tropsch synthesis by Herrmann (19), Muetterties 

and Stein (20) and Masters (21): illustrate the complexities associated with 

finding a common mechanism for all the possible products. The application 

of homogeneous catalysis is thought to produce more selective products. 

Fischer and Tropsch announced in their first paper (22) that the polymeriza- 

tion of methylene groups was dependent upon surface carbide species. The 

carbides may be reduced to (CH), (x = 1, 2, 3), which is then capable of 

producing a hydrocarbon chain. This notion is still in favor and is referred to 

as the carbide/methylene mechanism. Another reaction which forms surface 

methylene groups is the step by step hydrogenation of coordinated CO (23) 

(Scheme 5). 

H 
=co's ne Sssueel: tee ke 

H H : 

carbonyl metal formylmetal  hydroxy- 
carbene metal 

+H +H 

—»> M-CH,-OH ——> M=CH, + H,O 

hydroxyme- carbene metal 

thyl metal 

Scheme 5. 
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The isolation of all essential intermediates was achieved in an osmium 

cluster model compound [starting from M = Os3(CO),,] (24). 

An interesting experiment on the polymerization of methylene groups 

involved the use of H,/CH,N, instead of H,/CO with Fischer-Tropsch cat- 

alysts (25, 26). The reaction products are very similar to those normally 

obtained, which suggests a common intermediate composed of CH, surface 

fragments. Chain growth is believed to proceed by the combination of these 

CH, surface fragments. 
Another model reaction entails the stoichiometric reaction shown in 

Scheme 6 (27). 

CH3 CH 7 © O% 
Cp2W + (CgHs)3C% —~> Cp2W) + (CgHs5)3CH 

CH, CH: 

CH, 
® ar 

as Cp2W. CH3 == Cp2W. CHa 

H 
CH,7~ 

Scheme 6. 

This methylene carbene insertion into a metal-methyl bond may explain the 

chain growth whereas the 8-H elimination provides a possible terminal step in 

the polymerization. 

A second mechanism for Fischer-Tropsch reaction, first proposed by 

Storch (28), is known as the hydroxy carbene mechanism (29). Chain growth 

is thought to occur by water elimination from surface hydroxycarbenes 

(Scheme 7). 

Hi Or HOH H OH H3C OH 
Ni Nae i Ne 

e e pone. 
ll I -H,0 M “MI +2H ll 
M at ma 

H3C. 

H3C OH HH VOR: H2C OH 
No Nes NS 
¢ Cc 
Il Il +2H ll 

eect M etc 
- H,0 
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R i +2H 

HC ion) aa M ~ +R=CH, ——> R-CH, 

ll M ities 

+20 

RCH,CHO ——> RCH,CH,OH 

Scheme 7. 

In contrast to the carbide/methylene mechanism, the hydroxycarbene route 

involves oxygen-containing groups and may therefore offer an explanation 

for the synthesis of alcohols, aldehydes, acids and esters. 

Stable hydroxycarbene complexes may be models for the proposed 

mechanism. Hydroxycarbene complexes were obtained as intermediates in the 

first synthesis of methoxycarbene complexes by Fischer (30). Their reaction 

with diazomethane yields stable methoxycarbene complexes. Several years 

later isolation of these hydroxycarbene complexes was achieved (31). They 

react like acids and are not stable at room temperature. 

Water elimination from these acidic hydroxycarbene complexes with dicyc- 

lohexylcarbodiimide (DCCD) results in a variety of reaction products 

(32 — 34) which depend on the metal atom and the substituent R. For R = 

CH, and M = Cr intramolecular water elimination is feasible (Scheme 8). 

conu 

YH  +pcecp +DCCD DD, 
(CO)sCr=C. Sao (€O)-Cr—C= 6 Hon nC @O)-C Bae JE=NC Hit 

GH, CH, 

Scheme 8. 

The methylene carbene complex cannot be isolated since it reacts imme- 

diately with DCCD to form a carbena-azetidine complex by (2 + 2)cycloaddi- 

tion. Such intramolecular water elimination may represent a chain termina- 

tion step in Fischer-Tropsch synthesis. sy 

For R = C,H, and M = Cr, intermolecular water elimination yields the ex- 
pected hydroxycarbene anhydride complex (Scheme 9). 

Colts 
PH apecp — (CO)sCr=C. 

2 (CO)sCr=C_ —_—<—<—> i 
CaH.. =e (CO)sCr=C_ 

CeHs 

Scheme 9. 
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This well-known way for the intermolecular elimination of water cannot be 

neglected in Fischer-Tropsch syntheses. 

The reaction of hydroxycarbene complexes (for R = CH, or CsH; and M 

= W) with DCCD came as a great surprise. The reaction products isolated 

were carbene-carbyne complexes (Scheme 10). 

OC C@© 
JOH + DCCD (CO)sW \ Wa 

2 (CO)sW=C_ — L—-O-WeC-R sre ©) 
R - H,0 R Y N 

OC CO 

Scheme 10. 

Carbyne complex intermediates formed from hydroxycarbenes may also be 

reactive intermediates in Fischer-Tropsch syntheses. 

Such reactions of simple isolated hydroxycarbene complexes provide an 

appropriate insight into the great variety of compounds formed on hetero- 

geneous surface metal atoms. 
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3 Ziegler-Natta Polymerization of Olefins 

via Carbene Complex Intermediates 

The polymerization of ethylene and a-olefins at low pressure can be 

brought about by means of catalysts formed during the reaction of transition 

element compounds, such as halides, alkoxides or alkyls with main group ele- 

ment alkyls or alkyl halides, e.g. aluminium alkyls. Most of the products have 

a stereoregular structure (35, 36). Generally speaking, catalysts are hetero- 

geneous though some homogeneous ones are also known to exist. Whether 

stereoregulation and stereoselectivity result from heterogeneity is not clear at 

present. For recent reviews on Ziegler-Natta polymerization see (37 — 40). 

Like many other catalytic reactions, the mechanism of Ziegler-Natta poly- 

merization is poorly understood at the molecular level. Nevertheless, this 

polymerization is a major industrial organometallic process. 

The Cossee-Arlman mechanism (41, 42) (Scheme 11) provides a widely 

accepted model which involves no carbene complex intermediate, although 

some of the reaction steps are similar to those in the carbene complex 

mechanism shown in Scheme 12. The interchange of unoccupied coordination 
sites is characteristic of the postulated mechanism. 

A two-stage mechanism for catalysis is envisaged within the coordination 

sphere of the metal. First there is coordination of the monomer and second 

stereoregulated insertion of the activated monomer into a metal-carbon bond 

(37, 40). 

CH 

D ( a Hy. 
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Cl PCH al CHy 
Cl Cl CHR 

Scheme 11. CH, 
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A new mechanism involving carbene and metallacyclobutane intermediates 

has been proposed by Green, Ivin, Rooney et al. (43 — 45) (Scheme 12). 

1 il 

2 en ee CHR! 
i Wises Es CHR! ia 

H-—C—H = H-M => HM — | et CH == M-CHR2 
CHR SLA ne CHR 

Scheme 12. 

It may serve as a common mechanism for both olefin polymerization and 

metathesis reactions. When the key step in the reaction, namely the elimina- 

tion of hydrogen, is slow or if hydrogen can be removed from the metal atom, 

metathesis may occur (45). 

Turner and Schrock reported recently (46) that they had succeeded in isolat- 

ing a well-characterized ethylene polymerization catalyst — a tantalum neo- 

pentylidene hydride complex (Scheme 13). With this particular catalyst the 

reaction proceeds slowly enough for polymer chain growth to be observed; a 

Lewis acid co-catalyst is not required. 

Ta (CHCMe3) (H) (PMe3)s3I> 
2 nx CHj,=CHy —————_ (CaHon)x + (CaHen + 2)x 

Scheme 13. 

Most of the polymer chains are olefinic presumably as a result of chain 

transfer. There are two ways of viewing the reaction (Scheme 14). 

rc 
Ta=C HCMe3 

i ec ae 

H. i CM “Ta—Gr 8 TaCH,CMe, 
| | 

Ho C———@lis fe CH=CH» 

Mace H2C HC H2CM €3 

TaCH,CH2CH2C Mes f 

I H 

H Ta=CHCH,CH,CMe3 | 
Ta=C HC H,C H,CMe; 

Scheme 14. 
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The first (a) incorporates some of the classical Cossee mechanism in which 

ethylene is inserted into a tantalum(III)-neopentyl bond and subsequently tan- 

talum(III)-alkyl bonds are formed. The alkyl complexes are in equilibrium 

with tantalum(V) carbene hydride complexes. 

The second (b) is analogous to that proposed by Green and Rooney where 

there is a metallacyclobutane intermediate. Turner and Schrock prefer the 

second alternative since alkylidene ligands in other tantalum(V) complexes 

react extremely rapidly with alkenes (47) and there are only a few examples of 

isolatable metal alkyl complexes that react rapidly with ethylene (48). In both 

of the proposed mechanisms, (a) and (b), the polymerization of ethylene is ini- 

tiated by a Schrock-type carbene complex: Ta(CHCMe;)(H)(PMe3)3I. 
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4 The Olefin Metathesis Reaction Induced 

by Metal Carbene Complexes 

In 1964 Banks and Bailey discovered a new catalytic disproportionation 

reaction in which linear olefins were converted to homologs having shorter or 

longer carbon chains (49) (Scheme 15). The heterogeneous catalysts used for 

this reaction were prepared from molybdenum or tungsten hexacarbonyl and 

aluminia. 

2 R'HC=CHR? —> R!HC=CHR! + R?HC=CHR? 

Scheme 15. 

Calderon was the first who called this reaction, i.e. the interchange of alky- 

lidene units between olefins, “metathesis” (50). Metathesis reactions are pos- 

sible not only with linear alkenes but also with cycloalkenes to form 

polyalkenes by ring-opening polymerization (Scheme 16). 

4 [ar catalyst 

iv Cc He)x (CH), 

Scheme 16. 

The catalysts used in metathesis reactions resemble Ziegler-Natta catalysts. 

The most active ones are formed by reacting transition element compounds, 

such as halogenides, oxides, sulfides or carbonyls, with main group element 

alkyls, alkyl halides or oxides, for instance WC],/Et3Al or Re,O,/AI,O03. Cat- 

alysts used in olefin metathesis reaction may be heterogeneous or homo- 

geneous. Carbene complexes are considered as homogeneous catalysts in 

mechanistic studies. 

The many reviews of metathesis reactions published over the past few years 

bear witness to the importance of this reaction and to the numerous mecha- 

nistic studies which have been carried out (51 — 58). 

Bradshaw proposed the first mechanism for a metathesis reaction. He 

suggested an intermediate “quasi cyclobutane metal complex” (59) (Scheme 

17). 
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R'HC =—CHR! 
M 

R2HEC=—CHR2 
aye So 

R'HCy---C HR? Bie Cseeast ie 
tM i Mt 
if a ; 7 

R?HC*----* CHR? R7HC------- CHR? 

R!HC CHR} 

peel la R?HC CHR 

Scheme 17. 

This “pairwise” reaction is symmetry-forbidden for simple olefins, though 

the metal d electrons were supposed to remove the symmetry restrictions on 

such a reaction. Pettit suggested that the intermediate had little cyclobutane 

character because cyclobutanes are unreactive under the usual metathesis 

conditions (60). He postulated a tetracarbene complex intermediate which is 

symmetry-allowed on molecular orbital grounds (61) (Scheme 17). 

Although a lot of reaction products can be explained in terms of the 

pairwise mechanism, no model cmpounds for the postulated intermediates 

could be found. : 

Several years later Herisson and Chauvin proposed a “non-pairwise” 

mechanism which starts out from a carbene complex and has a metallacyclo- 

butane intermediate (62) (Scheme 18). 

R} R? 
LxM=CC + R'HC=CHR? == LxM—CHR == L,M=CC + R'HC=CHR! 

2 R?HC—CHR! ie 

«ntucecun’ 

L,M—CHR? 

R'HC—CHR? 

Lyx M=C’ + R?HC=CHR? 

Scheme 18. 

Carbene complexes may serve as compounds used to model this 

mechanism. 
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The first metathesis reaction of phenyl(methoxy)carbene complexes with 

alkenes was that with vinyl ethers to yield a-methoxystyrene (63, 64) (Scheme 

19). 
OCHg 

HyC=C. + M(CO)¢ 
CeHs 

50°C 
OCHs 

(CO)sM=C_ + H2C=C HOR 

CeHs a! 
100 atm CO 

M = Cr CH30. ols 

VX + M(CO)g 
H>oC=—CHOR 

Scheme 19. 

Under CO pressure (100 atm) cyclopropanes are formed. The Herisson- 

Chauvin mechanism can account for the reaction products (65) (Scheme 20). 

OCH 

(CO) Mae os = ae CeHs OCH; 5Vl= ~ “ + H2C=C HOR =® (CO);M—C-C gH; — x + M(CO)g 
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| 
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(CO)4M-——C-—C,H; 
+ 

ROHC—C Hy 

CH30 CgéHs 
Ne? OCH 

( dah CH, — EC=c. + M(CO), 
CeHs 

TN 
EUO\ PEt 

Scheme 20. 

Formation of a seven-coordinated metal atom incorporated into a metalla- 

cyclobutane would be favored by high CO pressure. A subsequent reaction 

will yield cyclopropanes by means of reductive elimination. At low CO pres- 

sure, dissociation of one CO ligand will occur to produce a six-coordinated 

metallacyclobutane complex. A ring-opening reaction then generates the 

metathesis products: a new carbene alkene complex (which could not be 

isolated) and a~-methoxystyrene. 



240 Karin Weiss 

The major breakthrough by Casey (66) was the synthesis of diphenylcarbe- 

nepentacarbonyltungsten (0) and the demonstration of its reactivity toward a 

variety of alkenes to yield metathesis products and cyclopropanes. Casey 

outlined a general reaction scheme involving a metallacyclobutane and a 

carbene alkene complex intermediate (68) (Scheme 21). 
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(CO)4W=Co + CO ==(CO)4,W—C-C,H, => ‘ 

\ aN 
R'R2c=C HY 6s R'R2C—C Hp R'n?C—-CHs 

| 
Ne Fe 6Hs 

7 

oa Los 
(CO)sW=C. + H,C=C  — (CO)4W-2 4 

R?2 ‘c H Il 2 
6145 we 

RY R? 

Scheme 21. 

Recently, Casey isolated a stable model compound representing a key inter- 

mediate. This was a carbene alkene complex in which the carbene and alkene 

ligands are nearly perpendicular to each other (11). A metastable metal car- 

bene alkene complex was observed by NMR spectroscopy (56) and was shown 

to decompose to yield cyclopropanes. 

The reaction of a titanacyclobutane complex with olefins entails a 

degenerate olefin metathesis which may form the basis for metallacyclobutane 

reactions (68) (Scheme 22). 

ie Jia 
CpxTi \CHCMe, + H,C=CHR = Cp,Tic (CHR + H,C=CHCMe, 

CH, CH a 

Scheme 22. 

Model compounds of this type provide strong evidence for the non-pairwise 

olefin metathesis mechanism of Herisson and Chauvin. 

Poor yields are obtained in ring-opening polymerizations of cycloalkenes by 

metathesis reactions based on carbene complexes if no co-catalyst (Lewis 

acids such as EtAICl,) (69), no strained cycloalkene, such as bicyclo[4,2,0]oct- 

7-ene (70), or no cyclic vinylether like 2,3-dihydrofuran (71) are used. 
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Fischer-type carbene complexes are reactive catalysts for acetylene polyme- 

rization (72). In the postulated reaction mechanism a metallacyclobutene 

intermediate is put forward (Scheme 23). 

Cols CeHs RB 
(CO)sW=C’ + RC=CR === (CO)sW—C-CoHs —> (CO)sW=C_R 

CeHs R-C=C-R ' 
Cc 
aN 

CeHs CeHs 
Scheme 23, 

Such intermediates catalyze the metathesis of cycloalkenes to yield poly- 

mers. An induction of cycloalkene metathesis by acetylene is thus possible 

(73). 

Not only Fischer-type carbene complexes with electrophilic Coapene, but 
also Schrock-type alkylidene (= carbene) complexes with nucleophilic 

Ccarbenes May catalyze the metathesis of alkenes. Schrock isolated a five-coor- 

dinated tungsten-oxo-alkylidene complex (Scheme 24) which catalyzes olefin 

metathesis (74). He postulated that alkylidene complexes of tantalum and 

tungsten having “hard” ligands, such as oxo or alkoxo groups are metathesis 

catalysts whereas those having “soft” ligands, such as chloride, bromide or 

cyclopentadienyl, have no activity. If alkylidene complexes containing “soft” 

ligands react with alkenes, the initial metallacyclobutane complex rearranges 

rapidly into an olefin complex. 

Ci ae H 
Wace 

7 | SN M 
O Cl 140° (a) &3 

Scheme 24. 

Schrock’s alkylidene ligands are usually formed by the intramolecular 

abstraction of an a@-hydrogen atom from one alkyl ligand by another alkyl 

ligand (75) (Scheme 25). 

Ta(CH,CMe,),X, + 2L —» Ta(CHCMe,)L,X,. + CMe, 

X = Cl, Br, L = PMe3, PPhMe, 

Scheme 25. 

It is very likely that the most reactive metathesis catalysts, e.g. 

WCI,/SnMey,, are able to form such alkylidene complexes under the reaction 
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conditions, with the co-catalyst SnMe, acting as an alkylating agent (Scheme 

26). 

CH; 
a 

WClg + SnMeg —> C1,W_ + Me,SnCl, —> Cl,W=CH, + CH, 
CH, 

Scheme 26. 

These alkylidene complexes generated “in situ” could be the actual catalyst. 
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5 Conclusions 

All the catalytic reactions discussed here can be interpreted by numerous 

mechanism involving one common intermediate: a carbene complex. Carbene 

complexes react with alkenes to form another common intermediate: a metal- 

lacyclobutane. The reaction products may depend on the decomposition of 

this metallacyclobutane species (Scheme 27). 

A (2+2) ring cleavage forms metathesis products, whereas a (3+ 1) ring 

cleavage yields cyclopropanes. The chain growth in Ziegler-Natta polymeriza- 

tion could proceed by a 1,2 hydrogen shift of a metal hydride ligand and ring 

cleavage. 
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Scheme 27. 
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1 Introduction 

This chapter deals only with the mechanistic aspects of stoichiometric reac- 

tions of carbene complexes since the role of carbene complexes in metathesis 

is discussed in another chapter. Most detailed investigations of reactions of 

electrophilic carbene complexes in which the carbene ligand participates in 

some way have been performed with compounds of the type (CO);M- 

[C(R!)R2] (M = Cr, W; R! = alkyl, R* = OR or R! = aryl; R? = alkyl, aryl, 
H, OR or R! = OR, SR; R* = OR, SR, SeR). Our discussion of the 
mechanisms will therefore focus on their reactions. The characteristics dis- 

played can — with minor alterations — be transferred to carbene complexes 

of other metals. However, the carbene ligand in amino- and diaminocarbene 

complexes is — with few exceptions — far less reactive due to the effective 

electron transfer from the nitrogen to the carbene carbon atom. This has the 

effect of greatly reducing the electrophilicity of the carbene carbon atom. 

Mulliken population analyses of (CO);Cr[C(OMe)Me] (I) and other related 

carbene complexes indicate that the carbon atoms of the carbonyl ligands 

carry a greater positive charge than that on the carbene carbon atom. The low- 

est unoccupied molecular orbital (LUMO) is energetically isolated and 

spatially localized mainly on the carbene carbon atom (1). For such pentacar- 

bonyl(carbene) complexes, the following possible initial reaction step(s) have 

to be taken into account (Scheme 1): 

0 
C 
& Eh ——————————(d) 

oc—ht—c 
(71a, SyR! 

o” & nee) 0 \ 
(b) 

Aiea) 

(a) Dissociation of a cis or trans carbonyl-metal bond with formation of a 

penta-coordinated (solvent-stabilized) intermediate. 

(b) Addition of a nucleophile to the carbene carbon atom. 

(c) Addition of an electrophile to the heteroatom (O, S or N) bonded to the 

carbene carbon atom. 

(d) (For alkylcarbene complexes only) base-assisted dissociation of the 

hydrogen bonded to the carbon alpha to the carbene carbon atom. 

Scheme 1. 
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Similar considerations apply to carbene(carbonyl)cyclopentadienyl com- 

plexes, whereas for nucleophilic carbene complexes — owing to the reversed 

polarization of the metal-alkylidene bond — electrophilic attack can be 

expected at the alkylidene carbon and nucleophilic attack at the central metal. 

Other conceivable paths for the reaction of (CO);M[C(R)YR1, such as nuc- 

leophilic attack at a carbonyl carbon or electrophilic attack at a carbonyl 

oxygen atom or at the central metal, are less likely to occur and have not, in 

fact, been observed. 
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2 Reactions of Electrophilic Carbene Complexes 

2.1 Thermolysis 

The thermal decomposition of carbonyl(carbene) complexes in the solid 

state or in saturated hydrocarbon solvents is, in general, initiated by the dis- 

sociation of a M-CO bond (very likely a cis M-CO bond) forming a penta- 

coordinated intermediate. The rate of the dissociation depends on the metal, 

the substituents at the carbene carbon atom and on other substituents in the 

complex. At 40°C, the rate constants for CO dissociation in hexane or decane 

are: 
For (CO);Cr[C(OMe)Me]: 0.647: 10-5 s~! 
For (CO);Cr[C(OMe)Ph]: 13.3. -10~-5s~! (bothcalculated from (2)) 
For (CO);W[C(Ph),]: Ag 1Omr Gare atS)s 

At 77°C CO dissociation in (CO);Cr[C(OMe)Ph] is faster by a factor of 

approximately 500 than in the tungsten analogue (in toluene). 

The rate of decomposition of these carbene complexes (in the absence of 

another potential donor ligand) is substantially slower than the rate of CO dis- 

sociation. Thus, re-addition of carbon monoxide to the coordinatively unsa- 

turated intermediate must be faster than the further decomposition. The main 

organic products of thermolysis are generally the dimers of the former 

carbene ligands (4-6). The decomposition of pentacarbonyl(2-oxacyclopenty- 

lidene)chromium (II) was investigated in detail (7). From the results (second 

order in II, CO inhibits the decomposition, rate of 3CO exchange with II 
exceeds decomposition rate) the mechanistic Scheme 2 was deduced. 

0 0 
(oo) gcraee == feoere)] 4“: CO 

(II) (STeTNTS) 

/° ail 

20 0 
(CO) .cr=c™ ue 

e. 
(IV) 

Scheme 2. 
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The slowest step in this sequence is formation of the biscarbene inter- 

mediate IV (III + II > IV + “(CO);Cr”) which requires an intermolecular 

transfer of the carbene ligand from one metal to another. Such transfer reac- 

tions are indeed possible, as has been demonstrated in several instances (see 

Chapter 4.1 in “The Synthesis of Carbene Complexes” in this book.) This 

reaction scheme probably also applies to the thermolysis of other alkyl- and 

arylcarbene complexes. 

The addition of pyridine or tertiary amines to solutions of alkoxy(alkyl)- 

carbene or some amino(organyl)carbene complexes [but not to alkoxy(aryl)- 

carbene complexes] (a) enhances the rate of complex decomposition, and (b) 

gives differing organic products: vinyl ether derivatives in the case of alkoxy- 

(alkyl)carbene complexes (e.g. 5, 7, 8) and imines in the case of carbene com- 

plexes containing a primary amino substituent at the carbene carbon atom 

(e.g. 9). In both types of complex the a-hydrogen atom (alpha with respect to 

the carbene carbon) has been shown to be acidic (10-12). The decomposition 

of these compounds in the presence of nitrogen bases is thus probably initiated 

by deprotonation of the carbene complexes (path d). The resulting carbene 

anions are subsequently reprotonated at the carbene-metal bond. M-C bond 

dissociation finally yields “(CO);M” and the organic product (Scheme 3). 
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Scheme 3. 

A third path obtains in the cases of (CO);W[C(Ph)CH,R] (13) and Cp- 

(CO),Fe[CMe,]* (14): migration of the methyl hydrogen onto the carbene 

carbon atom followed by rearrangement to an olefin complex. A similar 

mechanism may also account for the formation of aldehydes in the ther- 

molysis of hydroxycarbene complexes (15, 16). 

An unusual type of thermolysis reaction is observed with some 

(CO);Cr[C(NR,)X] complexes (R = Me, Et; X = Cl, Br, I, SeR, TePh, 

SnPh, or PbPh;): intramolecular migration of X onto the central metal with 

simultaneous extrusion of one CO ligand (17-23) (Scheme 4). 
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Scheme 4. 

There is no conclusive evidence at present that in any of these carbene com- 

plex reactions a free carbene appears as an intermediate. 

2.2 Reactions with Nucleophiles 

In the reactions of carbene complexes with nucleophiles, the initial reaction 

steps a, b, and d (d only in the case of alkylcarbene complexes) can be 

observed and, under certain conditions, a and b simultaneously. The relative 

importance of the paths a and b can be influenced by the choice of carbene 

complex, altering the nucleophile or the reaction conditions. 

Thus, at low temperatures alkyl- and aryl(alkoxy)carbene complexes of Cr 

and W add tertiary phosphines reversibly to the carbene carbon atom (24, 25). 

The equilibrium constants are dependent on the polarity of the solvent and on 

the steric and electronic properties of the carbene complex and phosphine, the 

steric properties representing the major factor (25, 26) (Scheme 5). 
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Scheme 5. 

In the case of M = Crand R = Me (in toluene at —5°C) the ratio carbene 

complex/PR; adduct is 1:1 for PPhEt,. If the more basic PBu} is used the 
equilibrium lies far to the right. By contrast, in case of PPr} the equilibrium 

lies far to the left (25). 

At elevated temperatures (>40°C) these carbene complexes undergo sub- 

stitution of phosphine for one CO ligand giving a mixture of cis- and trans- 

carbene(tetracarbonyl)phosphine complexes (27, 28). Small amounts of 

(CO);MPR; and trans-(CO),M(PR;3), are also formed. The reaction shown in 
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Scheme 6 was found to follow a generalized rate law (2) with two terms: 

-d[I]/dt = k,[I] + k,[I][PR3]. 
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Scheme 6. 

The relative importance of the second order term vis-a-vis the first order 

term depends on the type of PR3. For phosphines of low basicity (PPh;, 

PEtPh, or PEt,Ph) or sterically very demanding phosphines (P(C,H,,)3), the 

second order term is negligible. For highly basic phosphines having a small 

Tolman cone angle (PEt; or PBu;), i.e. those having a marked tendency to 

carbene complex-PR; adduct formation (vide supra), this term is no longer 

negligible. The first-order term is associated with a rate limiting dissociation 

of CO from the carbene complex (path a). The exclusive formation of the cis 

isomer in the photochemical reaction of phosphines with carbene complexes 

at low temperatures (28) and the results of IR spectroscopic investigations and 

X-ray analyses of carbene complexes suggest that a cis M-CO bond must be 

broken. The penta-coordinated intermediate then adds PR; in a fast second 

step. The phosphine-dependent second order rate term can be ascribed to a 

second path (path b) in which CO (and probably also a cis CO) dissociates 

from the PR3-carbene complex adduct followed either by migration of 

phosphine from the “carbene” carbon atom to the metal or capture of an 

external PR;. Both paths very likely lead to the cis isomer as the kinetically 

controlled reaction product. However, at the temperatures required for 

thermal substitution, isomerization occurs and thus an equilibrium mixture of 

the cis and trans isomers is isolated (29). The same equilibrium mixture is 

obtained when solutions of either the pure cis or trans isomer are warmed. 

The equilibrium constant is dependent on the solvent, the steric requirements 

and the electronic properties of the carbene and phosphine ligand and the cen- 

tral metal. Again, the steric factors dominate (29). From kinetic study of the 

isomerization reaction, an intramolecular mechanism has been deduced (30). 

By substituting tertiary amines for PR; in the reaction with carbene com- 

plexes, a similar addition of NR; to the carbene carbon atom can be observed. 

In the cases of some sterically hindered amines (quinuclidine and 1,4-diaza 

[2. 2. 2]bicyclooctane) the corresponding adducts were isolated (31). The sub- 

stitution of NR; for CO — by analogy with the reaction of PR; with carbene 

complexes — was not observed. This is probably due to the low stability of 
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amine(carbene) complexes which might be expected in the temperature range 

employed for their thermal preparation. 

Whereas HPMe, at low temperatures also adds to the carbene carbon atom 

to give an isolatable adduct (path b) (24), the corresponding reaction of 

alkoxycarbene complexes with HNR, (or H,NR or H;3N) proceeds further by 

exchanging an amino group for the alkoxy group to yield aminocarbene com- 

plexes (“aminolysis”) (32) (Scheme 7). 
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Scheme 7. 

This reaction follows a fourth order rate law (R = Bu", CgH,, or CH,Ph): 

-d[V]/dt = k[V][H,NRJ]> (in n-decane). For a variety of solvents, this rate 

expression can be generalized to: -d[V]/dt = k[V][H,NR][HX][Y], where HX 

represents a proton donating and Y a proton accepting agent (33). There is no 

correlation between the strength of the amines used as bases and the reaction 

rate. The rate, however, decreases as the steric bulk of the amines increases. A 

consecutive step mechanism has been proposed. The reaction mechanism 

involves nucleophilic attack of an amine molecule (activated by the proton 

acceptor Y, e.g. H,NR or dioxane) at the carbene carbon atom of the complex 

(activated by a hydrogen bond between a proton donor HX, e.g. H,NR or 

MeOH, and the oxygen atom of the alkoxy group). A negative Arrhenius 

activation energy characterizes this aminolysis, i.e. the reaction rate increases 

with decreasing temperature. 

Closely related to aminolysis are exchange reactions of OCD; (34), SR (35) 

or SeMe (36) for OCH; in methoxycarbene complexes or of OCH; for OEt 

(10) in ethoxycarbene complexes. The reactions are again most probably ini- 

tiated by nucleophilic attack of an alcohol, thiol (“thiolysis”) or“methylse- 

lenol molecule (“‘selenolysis’”’) at the carbene carbon to form an adduct. Eli- 

mination of MeOH and EtOH will yield new alkoxy-, organylthio- and 

methylselenocarbene complexes, respectively. In the case of methylselenol the 

methanol elimination is acid catalyzed. 

In contrast to these reactions, isomerization is observed with the HPMe,- 
carbene complex adduct (in which the P-H proton is acidic) to give a 

phosphine complex, (CO);Cr[Me,PCH(Ph)OMe] (24). This reaction is paral- 
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leled by that of the adducts formed (in nonpolar solvents) from HSePh and I 

(37) or from HBr and (CO);M[C(Me)SMe] (M = Cr or W) (38). Isomeriza- 

tion occurs to yield (CO);Cr-Se(Ph)[CH(OMe)Me] and (CO);M-S(Me)[CH- 

(Me)Br], respectively. 

The reactions of other nucleophiles, e.g. hydrazines (39), benzophenoneox- 

ime (40), aldoximes (40) or hydroxylamine (39), with alkoxycarbene com- 

plexes probably also proceed by initial attack of the nucleophile on the car- 

bene carbon. Anionic nucleophiles such as [CsH,R]~ (41, 42), H~ in 

[HB(OPr'),]~ (43), SR~ (44) and F~ (34) also add to the carbene carbon of 

arylcarbene complexes, in most cases giving isolatable anionic adducts 

(Scheme 8). 
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Scheme 8. 

The elimination of [OR!]~ from these anions can generally be achieved by 

the use of acids (41-44). 

If alkylcarbene complexes containing an alpha hydrogen atom, viz. alpha 

with respect to the carbene carbon, are used in the reaction with LiBu or 

NaOCH,, the abstraction of a proton is observed instead of nucleophilic addi- 

tion thereby generating a carbene anion (10, 11). 

The competition between a dissociative and an associative mechanism 

(paths a and b) in the reaction of carbene complexes with tertiary phosphines 

is also observed in the reaction of carbene complexes with double bond 

systems, e.g. olefins, R,C =PR; O=SR,, S=C=NR or Se=C=NR. Which 

path (a or b or a and b simultaneously) is adopted in a specific reaction 

depends on the carbene complex as well as on the type of double bond system. 

On warming (CO);M[C(OMe)Ph] (M = Cr, Mo or W) in simple alkenes 

such as cyclohexene or tetramethylethylene, the same organic products are 

obtained as from thermolysis in hydrocarbon solvents (8, 45). From the reac- 

tion of methyl trans-crotonate or other a, 6-unsaturated esters with these carb- 

ene complexes at 90—140°C, a mixture of two isomeric cyclopropanes 

(derived from formal addition of the carbene ligand to the olefinic double 

bond) is isolated. The cyclopropanes are formed stereospecifically. The ratio 

of isomers depends on the metal, which excludes the intermediacy of any free 

carbenes (46). Two mechanisms have been proposed for the initial reaction 

step: 
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(a) Direct coordination of the activated, polarized double bond of the olefin 

to the equally polarized M-C (carbene) bond (46), and 

(b) CO dissociation and subsequent coordination of the olefin to the penta- 

coordinated intermediate, since !3CO exchange in these complexes is signi- 

ficantly faster under the conditions employed than cyclopropane forma- 

tion (47). The mechanistic problem is still not completely solved. 

In the case of carbene complex reactions with vinyl ethers, the type of pro- 

duct depends on the reaction conditions (48) (Scheme 9). 
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Scheme 9. 

Again, the dissociative and the associative mechanisms compete. At 

atmospheric pressure, the initial M-CO dissociation is followed by fast addi- 

tion of a vinyl ether molecule to the coordinatively unsaturated complex inter- 

mediate. Subsequent formation of a metallacyclobutane and ultimate expul- 

sion of the alkene scission product gives rise to @-methoxystyrole. At 100 atm 

CO pressure re-addition of CO to the unsaturated intermediate is much faster 

than the addition of vinyl ether. Thus, the essentially slower nucleophilic 

attack (compared to CO dissociation) of vinyl ether on the electron-deficient 

carbene carbon atom of the coordinatively saturated carbene complex (path b) 

predominates. This in turn leads to the formation of cyclopropanes.., 

The same competition between the associative and the dissociative paths 

may explain the results obtained in the reaction of (CO);W[CPh,] (VI) with 

vinyl ethers and olefins. Ethyl vinyl ether with VI affords a mixture of 

diphenylethylene (~ 11 %), i.e. the metathesis-like scission product, and 1- 

ethoxy-2,2-diphenylcyclopropane (60-70 %) (49). This reaction is approxi- 

mately ten times faster at 40°C in pure vinyl ethers than the '3CO exchange 

with VI and gives as the initial complex product mainly (CO),;W[vinyl ether]. 

The latter then slowly decomposes to form (CO),W (34). When the reaction is 
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carried out under | atm pressure of !3CO, almost no 3CO is incorporated into 
the vinyl ether complex (34). If simple olefins are employed, the reaction is 

significantly slower (even slower than '3CO exchange with VI) and the 
metathesis-like alkene scission product predominates. The formation of cyc- 

lopropanes can again be explained as arising from nucleophilic attack of vinyl 

ether (olefin) at the carbene carbon and formation of diphenylethylene from 

the initial M-CO dissociation. 

Compared to VI, the carbene carbon in (CO);W[C(H)Ph] (VII) is more 

electrophilic and more easily accessible sterically (exchange of H for Ph). It is 

thus not surprising that, in the reaction of VII with olefins, only cyclopropane 

derivatives (resulting from initial nucleophilic attack at the carbene carbon) 

are obtained. No metathesis-like products have been detected. To explain the 

stereoselectivity of the reaction, interaction of the G-carbon of the olefin with 

the phenyl group has been proposed (50). 

Similarly, the products and observations on the reactions of carbene com- 

plexes with other compounds containing polar double bonds or strongly 

polarized bonds can be rationalized. The reaction proceeds by inital nuc- 

leophilic attack at the carbene carbon, e.g. the reactions of carbene complexes 

with diazomethane (51), dimethylsulfoxide (6, 34), OSC(Me)NH, (52), iodo- 

sobenzene (53), pyridine N-oxide (53), ONMe; (34) and H,C= PPh; (6). In 

most cases the carbene ligand is liberated in the form of O=C(R!)R? or 
H,C =C(R!)R?. When cyclic vinyl ethers or enamines are employed, a formal 

insertion of the C=C double bond into the M = C(carbene) bond may be ob- 

served (54, 55). 

In the reaction of (CO);W[C(Ph)aryl] with organylisothiocyanates, inser- 

tion of the sulfur atom of R-N=C=S into the W = C(carbene) bond occurs. 

As might be deduced from the kinetic investigation of the reaction (56), nuc- 

leophilic attack of R-N=C=S at the carbene carbon is rate determining [as it 

probably also is in the analogous reactions with R-N=C=Se and 

[N=C=Te]~ giving, respectively, selenoketone complexes and a telluro- 

ketone complex (57)]. 

If molecules containing a polar triple bond, such as RSN-C=C-R?, RO- 
C=C-H, R-C=N (R = NR, OR, SR or p-CsH,NMe,) or R-N=C are 

employed in the reaction with carbene complexes (preferably non-heteroatom 

stabilized) the products are new amino- (58), alkoxy- (50), alkylidenamino- 

carbene complexes (59) and ketenimine complexes (60, 61). The nucleophilic 

attack of the organic molecule on the carbene carbon is again rate limiting. 

These adducts subsequently rearrange in fast steps with insertion of the triple 

bond into the M=C (carbene) bond and redistribution of the 7-electrons (59, 

62). These reactions are generally stereoselective. 
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However, in the reaction of R-C=C-R’ (R, R’ = alkyl, aryl or H) with 

(CO);Cr[C(OMe)Ph] to yield tricarbonyl(naphthol)chromium complexes 

(63), nucleophilic attack at the carbene carbon is no longer observed. This is 

probably due to a small or negligible polarity of the triple bond. The competi- 

tion reaction — CO dissociation — now predominates and requires conside- 

rably higher temperatures. The coordinatively unsaturated intermediate 

resulting from loss of one (cis) CO ligand either recaptures carbon monoxide 

to reform the starting complex or adds an alkyne to yield an alkyne(carbene) 

complex which rearranges in fast subsequent steps to yield a naphthol com- 

pound (Scheme 10). 
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Scheme 10. 

Whenever R and R’ are different substituents, the reaction is stereoselective. 

Kinetic measurements (64) reveal that the rate of alkyne addition is deter- 

mined primarily by the electron density within the C=C triple bond. The 

alkyne addition is slower than CO re-addition by a factor of k_,/k, = 230(R 

= Ph, R’ = p-CsH,CF;) to k_,/k, = 39 (R = Ph, R’ = Me). The stereose- 

lectivity of alkyne incorporation on the contrary is dominated by steric factors 

(64). 

From the large number of experimental results now available, the following 

generalizations can be made (though some exceptions are known): 

(a) Strong nucleophiles and molecules containing a strongly polarized bond 

attack preferentially at the carbene carbon atom. 

(b) Although a large number of carbene complex reactions have nucleophilic 

attack at the carbene carbon in common, the final products determined by 

the subsequent fast steps may be quite different. 

(c) The reaction of carbene complexes with weak nucleophiles and molecules 

containing an nonpolar or weakly polar double or triple bond can be ini- 

tiated by M-CO dissociation or by nucleophilic attack on the carbene car- 

bon atom. Both paths may be observed simultaneously. 



Mechanistic Aspects of Carbene Complex Reactions 259 

(d) In determining the rate and equilibrium constants for nucleophilic addi- 

tion to the carbene carbon, steric factors seem to play a significant role. 

(e) Similarly, the stereoselectivity of carbene complex reactions with double 

and triple bond systems appears to be profoundly influenced by steric 

factors. 

2.3 Reactions with Electrophiles 

Carbene complexes of the Fischer type, i.e. (CO);M[C(R) YR’, carry a nuc- 

leophilic centre alpha to the carbene carbon. They thus react with halides of 

Group IIIB elements (AX;) even at low temperatures (> — 25°C) with formal 

elimination of [YR’]~ (YR’ = OR, SR or NR,) and one CO ligand and addi- 

tion of X~ to yield carbyne complexes (65, 66) (Scheme 11). 
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The reaction is very likely initiated by electrophilic attack of AX; on the 

free electron pair of Y. By reacting cis-Br(CO),Mn[C(OH)Me] with BBr3, a 

compound which derives from the resulting adduct via HBr elimination could 

be isolated (67). The next reaction step involves C(carbene)-Y bond dissocia- 

tion leading to formation of cationic carbyne complexes. The latter can be 

isolated if (a) the position trans to the new carbyne ligand is occupied by a 

ligand with a o-donor/7-acceptor ratio higher than that of CO [e.g. PR; (68), 

Cp (69)] or (b) the substituent at the carbyne ligand is a 7-donor group [e. g. 

NR, (70)]. 

For cationic pentacarbonyl(carbyne)metal complexes there are now two 

paths for the next reaction steps: 

(a) Dissociation of a CO ligand (very likely a trans CO group since the 

carbyne ligand has a lower o-donor/7-acceptor ratio than that of CO) and 

subsequent addition of a nucleophile X~ (e.g. from [X,;BOR]~) to the 

penta-coordinated intermediate to yield neutral carbyne complexes. 

(b) Addition of X to the carbyne carbon atom to give neutral carbene com- 

plexes, i.e. (CO);M[C(R)X], which either rearrange immediately with CO 

elimination and C/M migration of X (to form again neutral carbyne com- 
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plexes) or are stable enough to be isolated. With some (CO);Cr[C(NR,)X] 

compounds the last step is slow, though it can be observed at elevated tem- 

peratures (see 2.1). Kinetic investigations (17-23) indicate that the rear- 

rangement is intramolecular (Scheme 12). 

eZ 

Scheme 12 

To date, the formation of neutral carbyne complexes by means of sequence 

(b) has been established with certainty only for aminocarbyne complexes of 

chromium (R = NR) whereas it is still unclear whether formation of aryl- and 

alkylcarbyne complexes follows sequence (a) or (b). 
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3 Reactions of Nucleophilic Carbene (Alkylidene) 

Complexes 

The reactivity of nucleophilic carbene complexes can be understood by con- 

sidering the reversed polarity of the metal-carbene bond (compared to that in 

Fischer-type complexes). Thus, electrophilic AlMe, adds to the methylene 

carbon in Cp,(Me)Ta[ = CH,] (71), and nucleophiles such as PMe; or R-C=N 

add to the metal in Cp(Cl),Ta[=C(H)CMe,] (72). These R-C=N adducts 

then react further to form a metallacycle; subsequent ring opening yields mix- 

tures of E and Z isomers of the insertion products, Cp(Cl),Ta[ = N-C(R) = C- 

(H)CMe;] (72). (Note that electrophilic carbene complexes react with R-C=N 

to give new carbene complexes.) However, only one isomer is obtained when 

the C=C bond of tolane is inserted into the Ta = C(H)CMe; bond (72). The 

reaction of Np;Ta[=C(H)CMe;] with ketones, aldehydes, amides and esters 

was also thought to be initiated by nucleophilic attack of the carbonyl oxygen 

atom on the metal to form an adduct. “Metathesis” then affords an olefin and 

a complex containing Ta=O (73). Similarly, a metallicycle has also been 

proposed as an intermediate in the reaction of e.g. X3(THF),Ta[=C(H)- 

CMe;] (X = Cl or Br) with RN=CHPh to give X;(THF),Ta[=NR] and 

Me3C(H)C = C(H)Ph (74). 

The type of product resulting from reaction of alkylidene complexes with 

terminal olefins depends on the complexes themselves and on the alkenes. 

Cp(Cl),Ta[ = C(H)CMe;] reacts with terminal olefins to give a tantalacyclo- 

butane complex which rapidly rearranges to an unobservable olefin complex 

by migration of a 6-proton to an a-carbon atom. Two equivalents of the 

smaller, more strongly coordinating olefin (present in excess) then displace 

this new olefin to give a tantalacyclopentane complex (75). Analogous organic 

products of 6-hydride rearrangement of the intermediate metallacyclobutane 

complexes are also obtained by the reaction of terminal olefins with octahedr- 

ally coordinated X,;L,Ta[=C(H)CMe] (X = Cl or Br; L = a tertiary 

phosphine). No metathesis products or cyclopropanes are observed here. 

When this complex is modified (L = THF, py), however, differing amounts 

of metathesis products are obtained in addition to the @-hydride rearrange- 

ment products. The former products depend on the type of olefin used. 

Cl(PMe3) (Me3CO),.Ta[ = C(H)CMe;], finally, reacts with terminal as well as 

with internal olefins to yield only metathesis products. Tantalacyclobutanes 

are suggested as intermediates for all these reactions (76). 
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