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Preface 

The present volume is the translation of the Second Edition (1988) of our text 

“Organometallchemie - Eine kurze Einfiihrung”; corrections and a few results of very 
recent origin were included but otherwise the body was left unchanged. 

Can a 500 page treatise on a branch of chemistry still be called “concise”? On the other 

hand, a section of only 20 pages covering transition-metal olefin complexes certainly 

must be regarded as short. This contrast illustrates the dilemma encountered if one sets 
out to portray the whole of organometallic chemistry in a single volume of tolerable size. 

The book developed from an introductory course (one semester, about 30 lectures) on 
organometallic chemistry for students confronted with the field for the first time. The 

material covered is a mixture of indispensible basic facts and selected results of most 

recent vintage. Attempts to systematize organometallic chemistry by relating molecular 
structures to the number and nature of the valence electrons are presented as are appli¬ 

cations of organometallics in organic synthesis and in industrial processes based on 
homogeneous catalysis. 

An apparent omission is the absence of a chapter specifically dealing with organometallic 
reaction mechanisms. It is our contention, however, that mechanistic organometallic 

chemistry has not yet reached the stage which would warrant a short overview form 

which useful generalizations could be drawn by the beginner. Note, for example, that 
even reactions as fundamental as metal carbonyl substitution are currently under active 

investigation, the intermediacy of 17 or 19 valence electron species opening up new 

possible pathways. Interspersed within the text, however, the reader finds several com¬ 
ments and mechanistic proposals ranging from well established kinetic studies to catal¬ 

ysis loops which at times have more the character of mnemotechnic devices than of 

kinetic schemes based on experimental evidence. Detailed mechanistic considerations 

should be deferred to the second act of the study of organometallic chemistry and several 
textbooks, mainly concentrating on organotransition metal compounds, offer a wealth 

of material with which to pursue this goal. 

We have structured the text in the traditional way - following the periodic table for 
main-group element organometallics and according to the nature of the ligand for 

transition-metal complexes - which we find most suitable for an introduction. Apart 

from the Chapters 16 and 17 (Metal-metal bonds, clusters, catalysis) somewhat more 

specialized material is presented in sections called “Excursions”. Rigorous scientific 

referencing would be inappropriate in a text of the present scope. At the end, a literature 

survey (300 odd entries) is given which leads the reader to important review articles and 

key papers, including several classics in the field. Furthermore, in the running text 

authors names are linked to the facts described whereby the form (Author, year) desig¬ 

nates the year of the discovery, usually in a short communication, and the form (Author, 

year R) the appearance of the respective full paper or review. The complete citation can 
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then be easily retrieved via consultation of Chemical Abstracts. A desired side-effect is 

to familiarize the student with author’s names and their fields of endeavor. The many 
coworkers, who actually did the work, may forgive us that only the name of the respec¬ 

tive boss is given. 
Among our own coworkers who helped to bring this English Edition to completion, the 

native speakers Pamela Alean (Great Britain, now a resident of Ziirch, Switzerland) and 

James Hurley (USA; resident of Marburg, Germany) stand out. They went a long way 
to eliminate our worst excesses of “Gerglish”. The bulk of the structural formulae was 

drawn by one of the authors (A.S.) thereby keeping things in the right perspective and 
making the book easy to use. Monika Scheld, Marburg, helped with the preparation 

of the indexes and by checking the cross references. We are grateful to the editor 
Dr. Michael Weller and the production manager Bernhard Riedl (both of VCH Publish¬ 
ers) for a pleasant form of cooperation and their toleration of several last-minute 

changes. Einally, the authors mutually acknowledge their unflagging support during the 
various stages of the enterprise. 

Ch. Elschenbroich 
Marburg 

Germany 

March 
1989 

A. Salzer 
Zurich 

Switzerland 
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Introduction 

1 Historical Development and Current Trends in Organometallic 
Chemistry 

1760 The cradle of organometallic chemistry is a Paris military pharmacy. It is there that 

Cadet works on sympathetic inks based on cobalt salts. For their preparation, he 
uses cobalt minerals which contain arsenic. 

AS2O3 + 4 CH3COOK-> “Cadet’s fuming liquid” 
contains cacodyloxide [(CH3)2As]20 

{KCiKcoSrjQ = malodorous) 

first organometallic compound 

1827 Zeise’s salt Na[PtCl3C2H4.], first olefin complex 

1840 R. W. Bunsen continues the study of cacodyl compounds which he names 
“alkarsines”. The weakness of the As —As bond in molecules of the type 

R2AS —ASR2 led to a profusion of derivatives like (CH3)2AsCN whose taste (!) is 
checked by Bunsen. 

1849 E. Frankland, student of Bunsen’s at Marburg, attempts the preparation of an 
“ethyl radical” (cacodyl as well was taken to be a radical). 

3C2H5I + 3Zn 
Znl2 + 2C2H5 

—> (C2H5)2Zn (a pyrophoric liquid) 
+ C2H5ZnI (a solid) + Znl2 

Frankland possesses admirable skill in the manipulation of air-sensitive com¬ 
pounds. As a protective atmosphere he uses hydrogen gas! 

1852 Frankland prepares the important alkylmercury compounds: 

2CH3X + 2Na/Hg->(CH3)2Hg + 2NaX 

additionally: (C2H5)4Sn, (CH3)3B (1860). 

In the following years, alkyl transfer reactions using R2Hg and R2Zn serve in the 

synthesis of numerous main-group organometallics. 

Frankland also introduced the concept of valency (“combining power”) and the 

term organometallic. 

1852 K. J. Konig and M. E. Schweizer in Zurich first prepare (C2H5)4Pb from ethyl- 

iodide and Na/Pb alloy. In a similar manner, they also obtain (C2H5)3Sb and 

(C2H5)3Bi. 
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1859 W. Hallwachs and A. Schafarik generate alkylaluminum iodides: 

2A1 + 3RI-^ R2AII + RAII2 

1863 C. Friedel and J. M. Crafts prepare organochlorosilanes: 

SiCU + m/2 ZnR2-> R^SiCU.^ + m/2 ZnCl2 - 

1866 J. A. Wanklyn develops a method for the synthesis of halide-free magnesium 

alkyls: 

(C2H5)2Hg + Mg-. (C2H5)2Mg + Hg 

1868 M. P. Schiitzenberger obtains [Pt(CO)Cl2]2, first metal carbonyl complex. 

1871 D. I. Mendeleev uses organometallic compounds as test cases for his periodic 

table. Example: 

Known: predicted: found: 

Si(C2H5)4 Eka-Si(C2H5)4 Ge(C2H5)4 (C. Winkler, 1887) 

r/=0.96 ^7=0.99 

Sn(C2H5)4 bp: 160°C bp: 163.5 °C 

1890 L. Mond: Ni(CO)4, first binary metal carbonyl, used in a commercial process for 
refining nickel. Mond is the founder of the English company ICI (Imperial Chem¬ 

ical Industries) as well as a renowned collector and patron of the arts. 

1899 P. Barbier replaces Mg for Zn in reactions with alkyl iodides: 

Y=CH-CH, 

H3C 

,0 
C 

CH, 

1. CH3I, Mg 

2. HjO 

HgC^ 
^C=CH-CH, / 2 

H3C 

OH 
I 

-C-CH 
I 

CH3 

explored in more detail by Barbier’s student V. Grignard (Nobel prize 1912 shared 

with P. Sabatier). Although less sensitive than ZnR2, RMgX is a more potent alkyl 
group transfer reagent. 

1901 L. F. S. Kipping prepares (C6H5)2SiO, suspects its high molecularity, and calls the 
material diphenylsilicone. 

1909 W. J. Pope: formation of (CH3)3PtI, first a-organotransition-metal compound. 

1909 P. Ehrlich (inventor of chemotherapy, Nobel prize 1908) introduces Salvarsan for 
the treatment of syphilis. 

1917 W. Schlenk: Lithium alkyls via transalkylation. 

2 Li -I- R2Hg -> 2 LiR -I- Hg 

2 EtLi -f Me2Hg-> 2 MeLi -I- Et2Hg 
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1919 F. Hein from CrClj and PhMgBr synthesizes polyphenylchromium compounds, 
now known to be sandwich complexes. 

1922 T. Midgley and T. A. Boyd introduce Pb(C2H5)4 as an antiknock additive in 
gasoline. 

1928 W. Hieber inaugurates his systematic study of metal carbonyls: 

Fe(CO)5 + H2NCH2CH2NH2-> (H2NCH2CH2NH2)Fe(CO)3 + 2CO 

Fe(CO)5 + X2-> Fe(CO)4X2 + CO 

1929 F. A. Paneth generates alkyl radicals through PbR4 pyrolysis, radical identifica¬ 
tion by means of their ability to cause the transport of a metallic mirror. Paneth 

thus reaches a goal set by Frankland in 1849. 

1930 K. Ziegler encourages more extensive use of organolithium compounds in synthe¬ 
sis by developing a simpler way of preparation. 

PhCH20Me -f 2 Li-> PhCH2Li + MeOLi (ether cleavage) 
H. Gilman: RX -I- 2 Li-> RLi -I- LiX (procedure used today) 

1931 W. Hieber prepares Fe(CO)4H2, first transition-metal hydride complex. 

1938 O. Roelen discovers hydroformylation (the 0x0 process). 

1939 W. Reppe starts work on the transition-metal catalyzed reactions of acetylenes. 

1943 E. G. Rochow: 2CH3CI + Si (CH3)2SiCl2 + .. • 
This “direct synthesis” triggers large scale production and use of silicones. Prelim¬ 

inary work by R. Muller (Radebeul near Dresden) was interrupted by the Second 

World War. 

1951 P. Pauson (GB) and S. A. Miller (USA) obtain ferrocene (C5H5)2Fe, first sand¬ 

wich complex. 

1953 G. Wittig discovers the reaction bearing his name. 

1955 E. O. Fischer: rational synthesis of bis(benzene)chromium (C6H6)2Cr. 

1955 K. Ziegler, G. Natta: polyolefins from ethylene and propylene, respectively, in a 

low pressure process employing mixed metal catalysts (transition-metal halide/ 

AIR3). 

1956 H. C. Brown: hydroboration. 

1959 J. Smidt, W. Hafner: preparation of [(C3H5)PdCl]2, installation of the field of 

7c-allyl transition-metal complexes. 
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1959 R. Criegee: stabilization of cyclobutadiene by complexation in [(C4Me4)NiCl2]2 

verifying a prediction by H. C. Longuet-Higgins and L. Orgel (1956). 

1960 M. F. Hawthorne: carboranes. 

1961 L. Vaska: (PPh3)2lr(CO)Cl reversibly binds O2. 

1963 Nobel prize to K. Ziegler and G. Natta. 

1964 E. O. Fischer: (CO)5WC(OMe)Me, first carbene complex. 

1965 G. Wilkinson, R. S. Coffey: (PPh3)3RhCl acts as a homogeneous catalyst in the 

hydrogenation of alkenes. 

1968 A. Streitwieser: preparation of uranocene, (C8H8)2U. 

1969 P. L. Timms: synthesis of organotransition-metal complexes by means of metal- 

atom ligand-vapor cocondensation. 

1970 G. Wilkinson: kinetically inert transition-metal alkyls through blockage of ^-elim¬ 

ination. 

1972 H. Werner: [(C5H5)3Ni2]’^, first triple-decker sandwich complex. 

1973 E. O. Fischer: I(CO)4Cr(CR), first carbyne complex. 

1973 Nobel prize to E. O. Fischer and G. Wilkinson. 

1976 Nobel prize to W. N. Lipscomb: theoretical and experimental clarification of 
structure and bonding in boranes. 

1979 Nobel prize to H. C. Brown and G. Wittig: applications of organoboranes and 
methylenephosphoranes, respectively, in organic synthesis. 

1981 R. West: (l,3,5-Me3CgH2)4Si2, first stable compound with a ^81 = 81^ double 
bond. 

1981 Nobel prize to R. Hoffmann and K. Fukui: semiempirical MO-concepts in a uni¬ 

fied discussion of structure and reactivity of inorganic, organic and organometallic 
molecules, isolobal analogies. 

1983 R. G. Bergman, W. A. G. Graham: intermolecular reactions of organotransition- 
metal compounds with alkanes (C —H activation). 
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Current Trends 

0 Participation of higher main-group elements in p„ — /»„ multiple bonds 

Examples: 

R 

1 
H 

Siline, accessible in the gasphase Arsaalkyne Distibene 

and in matrix isolation R = /-Bu Ar = l,3,5-(t-Bu)3C6H2 

0 Stabilization of highly reactive species by metal coordination 

Examples: cyclobutadiene, aryne, carbyne, thiocarbonyl, selenoformaldehyde. 

Fe (Me3CO)3W = C-Me 

PPho 

I Se 
Os-// 

I CH2 
PPh3 

0 Metallacycles 

Examples: (AgCl) (CR)ds(CO) (PR3)2C1 CP2W-CH2-CH2-CH2 

0 Study of organometallic clusters 

Example: [Me3NCH2Ph]5[Ni38Pt6(CO)4.8H] 

Metal skeleton of the cluster anion 

(X-ray diffraction) 

• = Pt 

O = Ni 

Electron micrograph 

of the supported material 

15 nm 
I-1 
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(3) Catalysis via organometallic intermediates 

Examples of industrial processes: technical improvements in the hydroformylation reac¬ 

tion (oxo process), developments in the areas of Fischer-Tropsch chemistry, alkene 

metathesis and C —H activation. 

Example of an organic synthesis: PdL4-catalyzed enantioselective allylic alkylation 

(transfer of chirality). 

(5) profits from fundamental work carried out on the topics Q)-®. 

Production figures of organometallic compounds: 

1. Silicones 700000 t/a 
2. Pb-alkyls 600 000 t/a (declining) 
3. Organo-Al 50 000 t/a 
4. Organo-Sn 35 000 t/a 
5. Organo-Li 900 t/a 

Even more impressive than the figures for main-group organometallics is the volume of 

organic intermediates and of polymers which are produced through the use of organo- 

transition-metal catalysis: 

1. Polypropylene 7.7 X 10® t/a 
2. “Oxo products” 5.0 X 10® t/a 
3. Acetaldehyde 2.2x10® t/a 
4. Acetic acid 1.0 X 10® t/a 



2 Demarcation and Classification of Organometallic Compounds 

Organometallic compounds (metal organyls, organometallics) are defined as materials 
which possess direct, more or less polar bonds M'*'^ — C^~ between metal and carbon 

atoms. In many respects, the organic chemistry of the elements B, Si, P and As resembles 
the chemistry of the respective metallic homologues. Therefore, the term organoelement 
compounds is used occasionally in order to include for consideration the aforementioned 

non- and semi-metals. A convenient classification of organometallics is based on the bond 
type: 

Lanthanoids ^ ^ • .. 'o^ic 
7 . .. .. M— C bond predominant y , A Actinoids ^ ' covalent 
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The designation cr-, n-, ^-bond is defined as follows: 

Overlap Number of nodal Planes Bond Example 
including the Bond Axis Type 

In evaluations of bond polarity, the electronegativity difference between the neighboring 
atoms is usually employed. The electronegativity values in table 2-1 are based on 

Pauling’s thermochemical method of determination: 

Table 2-1: Electronegativity values according to Pauling 

H 

2.2 

Li Be B C N 0 F 
1.0 1.6 2.0 2.5 3.0 3.4 4.0 

Na Mg A1 Si P S Cl 
0.9 1.3 1.6 1.9 2.2 2.6 3.1 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br 

C
O

 

o
 1.0 1.3 1.5 1.6 1.6 1.6 1.8 1.9 1.9 1.9 1.7 1.8 2.0 2.2 2.6 2.9 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I 
0.8 1.0 1.2 1.3 1.6 2.1 1.9 2.2 2.3 2.2 1.9 1.7 1.8 1.8 2.0 2.1 2.6 

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At 

C
O

 

o
 0.9 1.1 1.3 1.5 2.3 1.9 2.2 2.2 2.3 2.5 2.0 1.6 1.9 2.0 2.0 2.2 

Lanthanoids: 1.1-1.3 

Actinoids: 1.1-1.3 

Source: L. Pauling, The Nature of the Chemical Bond, 3. Ed., Ithaca (1960); A. L. Allred, J Inorg 
Nucl. Chem. 77(1961) 215. 

In accordance with the similar electronegativities of carbon and hydrogen, the division 

ionic/covalent of organoelement compounds bears a strong resemblance to the classifica¬ 
tion of element hydrides. 
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Contrary to the element hydrides, however, the dependence of the electronegativity of carbon 
EN (C) on the hybridization ratio has to be taken into account in organoelement compounds. 

Since s electrons are exposed to a stronger effective nuclear charge than p electrons of the 

same principal quantum number, EN (C) increases with increasing s character in the hybrid: 

the value EN = 2.5 applies to sp^ hybridized carbon, whereas for cases of higher 

s character the values EN (C^pi) = 2.75 and EN {C^p) = 3.29 have been proposed 
{Bent, 1961). This gradation also reflects the increase in CH acidity according to 

C2Hg < C2H4 C2H2 and suggests that the M —C bond is considerably more polar in 
alkynylmetal complexes (p. 208) than in metal alkyls. Furthermore, it should not be over¬ 

looked that in compounds of the type L„M — CR3, the electronegativity of the metal EN (M) 

will he modified by the ligands L and the electronegativity of carbon EN (C) by the groups 
R. A lucid discussion of the concept of electronegativity and its applications is found in 

J. E. Huheey, Inorganic Chemistry - Principles of Structure and Reactivity, New York: 
Harper and Row, 1982. 

By way of generalization, it may be stated that the chemistry of main-group organometal- 
lics is governed by the group the metal belongs to, whereas for organotransition-metal 

compounds, the nature of the ligand dominates. Consequently, the material in chap¬ 
ters 4-11 is arranged in conformity with the periodic table, while that of chapters 12-15 

is presented according to the types of ligand. 



3 Energy, Polarity and Reactivity of the M — C Bond 

In discussions of the properties of organometallics it is important to distinguish between 

thermodynamic (stable, unstable) and kinetic (inert, labile) factors. 
M —C single bonds are eneountered throughout the periodic table (examples; MgMe2, 
PMej, MeBr, [LaMeg]^“, WMeg). For organotransition-metal compounds special rules 

apply which are derived from the large number of valence orbitals and the higher 
tendeney of transition-metal atoms to engage in multiple bonding (see chapter 16). 

Typical M —C bond lengths d in pm and calculated covalent radii r for main-group elements, 

r = d- = d-ll. 

Group 

2, 12 13 14 15 

M d r M d r M d r M d r 

Be 179 102 B 156 19 C 154 77 N 147 70 
Mg 219 142 A1 197 120 Si 188 111 P 187 110 
Zn 196 119 Ga 198 121 Ge 195 118 As 196 119 
Cd 211 134 In 223 146 Sn 217 140 Sb 212 135 
Hg 210 133 T1 225 148 Pb 224 147 Bi 226 149 

Source: Comprehensive Organometallic Chemistry (COMC) 1 (1982) 10 

3.1 Stability of Main-group Organometallics 

Compared with the strengths of M - N, M - O and M - Hal bonds, M - C bonds must 

be deemed weak. This bond weakness is reflected in the uses that organometallics find in 

synthesis. Since standard entropies are seldom known for organometallic compounds, 
enthalpies of formation are often used in place of free enthalpies of formation AG°, 
when evaluating thermodynamic stabilities. A decisive factor in the low AH° values of 

organometallics is the high bond energy of the constituent elements (M, C, H) in their 
respective standard states (see table 3-1). 

A limitation in the use of mean bond enthalpies F (M — C) when assessing the reactivity 

of organometallics is the fact that stepwise bond dissociation energies Dj 2 « rn^Y 
n 

deviate strongly from the mean value E = 1/n^Di. As an example dimethylmercury may 
be considered: 

(CH3)2Hg->CH3Hg + CH3 

CH3Hg-.Hg + CH3 
D, (CH3Hg-CH3) = 214 kJ/mol 
D2(CH3 —Hg) = 29 kJ/mol 
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Table 3-1: Comparison of standard enthalpies AH° in kJ/mol and mean bond enthalpies £(M —C) in 

kJ/mol of methyl derivatives in the gas phase with values £(M —X), X = Cl, O 

Group 

12 
MMe^ 

13 

MMcj 

14 

MMe^ 

15 

MMcj 

M AH° £ M A//° £ M AH° £ M AH^ £ 

B -123 365 C — 167 358 N - 24 314 

A1 - 81 274 Si — 245 311 P -101 276 

Zn 50 177 Ga - 42 247 Ge — 71 249 As 13 229 

Cd 106 139 In 173 160 Sn 19 217 Sb 32 214 

Hg 94 121 T1 — — Pb 136 152 Bi 194 141 

c.f. B-O 526 Si- O 452 As-O 301 

B-Cl 456 Si- Cl 381 Bi-Cl 274 

Al-O 500 Si- F 565 

Al-Cl 420 Sn- -Cl 323 

Data for M —C: Comprehensive Organometallic Chemistry, 1 (1982)5 

Data for M —X: J. E. Huheey, Inorganic Chemistry, 3. Ed., A-32 

200 

_ 100 
1-H 

I 

o 
s 

'“S 

^ 0 
o 
X 

-100 

Metal Alkyl 

endothermic 

I I 
I_I 

V 

exothermic 

Z 

-200 
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Generalizations: 
• M — C bond energies cover a wide range 

Compound (CH3)3B (CH3)3As (CH3)3Bi 

£(M-C)kJ/mol 365 229 141 
bond relatively strong medium weak 

• The mean bond energy £ (M — C) within a main-group decreases with increasing atomic 
number. This trend also applies to the bonds of M to other elements of the second row. 

A rationale for this effect is the increasing disparity in the radial extension and con¬ 
comitant unfavorable overlap of the atomic orbitals contributing to the M — C bond. 

• Ionic bonds are encountered if M is particularly electropositive and/or the carbanion 
is especially stable. 

Examples: 
Na + [C5H5]-, K + [CPh3]-, Na + [C = CR]-. 

• Multicenter bonding (“electron deficient bond”) arises if the valence shell of M is less 

than half filled and the cation is strongly polarizing (possesses a large charge/ra- 
dius ratio). 
Examples: 

(LiCH3)^, [Be(CH3)3]„, [A1(CH3)3]3 (but K + [C„H3„ +J"). 

3.2 Lability of Main-group Organometallics 

Predictions of the thermal behavior of organometallics which are based on the respective 
standard enthalpies of formation meet with limited success because usually, rather than 
decomposition into the elements, other, more complicated decomposition pathways are 
observed. 

Examples: 
Pb(CH3)^,g)-^ Pb,s) + 2 C2H6(g) AH 307 kJ/mol (1) 

Factors which contribute to the driving force of this reaction include the enthalpy of 
formation AHf (C2Hg) of the product as well as an entropy term A5 > 0. Besides reaction 

(1), additional reaction paths have been established for the thermolysis of tetramethyl- 
lead: 

Pb(CH3)4,,)-> Pb(3) + 2 + C2H4,,) AH = - 235 kJ/mol (2) 

Pb(CH3)4(g) > Pb(5) + 2H2(g) -I- 2C2H4(g) AH = — 33 kJ/mol (3) 

The appearance of ethylene in the product mixture suggests that bomolytic cleavage 

R3M —R-> {R3M‘-I-R }-> products (4) 

is accompanied by ^-elimination 

a ^ 

R2C7-CR2 1R2C —CR2) 

■ -► ) • • ( -► M-H + RpCzrCR, (5) 
M H ( M--H ) Z 2 V ; 
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The concerted nature of decomposition pathway (5) entails a lowering of the activation 

energy. However, this path is limited to molecules with hydrogen atoms in /^-position. It 
is plausible, therefore, that the temperature of decomposition is higher for Pb(CH3)4 than 
for Ph{C,H,)^ (p. 139). 

A further condition for )8-elimination to occur is the availability of an empty valence 

orbital on M to interact with the electron pair of the - H bond. It is for this reason 

that the jS-elimination mechanism plays a more important role for the organometallics 
of groups 1, 2 and 13 (valence configurations s^, and p^) as compared to for those 

of groups 14, 15 and 16 and If a binary organometallic species has an 

empty coordination site at its disposal, )S-elimination can be blocked and thermal stabil¬ 

ity increased through formation of a Lewis base adduct [Example: (bipy)Be(C2H5)2, 
bipy = 2,2'-bipyridyl]. ^-Elimination assumes a position of prime importance in the 
chemistry of organotransition-metal compounds (chapter 13). 

As with organic compounds, all organometallic materials are thermodynamically un¬ 
stable with respect to oxidation to MO„, H2O and CO2. Nevertheless, large differences 
in the ease of handling of organometallics are encountered which may be traced back to 
differences in kinetic intertness. Example: 

Heat of 

combustion 
Thermo- Property Kinetics 

dynamics 

Zn(C2H5)2 

Sn(CH3)4 

-1920 kJ/mol 

— 3590 kJ/mol 

unstable pyrophoric labile 

unstable airstable inert 

Particularly labile against O2 and H2O are organometallic molecules which possess free 

electron pairs, low lying empty orbitals and/or high polarity of the M — C bonds. Com¬ 

pare: 

In air: In water: Relevant factors; 

Mcjln pyrophoric hydrolysed electron gap at In, high bond polarity. 

Me4Sn inert inert Sn shielded well, low bond polarity. 

McjSb pyrophoric inert free electron pair on Sb. 

MejB pyrophoric inert electron gap at B is closed by means of 

hyperconjugation, low bond polarity. 

McjAl pyrophoric hydrolysed electron gap at A1 in the monomer, 

nucleophilic attack via Al(3d) in the dimer, 

high bond polarity. 

SiH^ pyrophoric hydrolysed Si shielded ineffectively, attack of O2 
and of nucleophiles via Si(3d). 

SiCU inert hydrolysed Si relatively electron-poor, 

high polarity of Si —Cl bonds, 

nucleophilic attack via Si(3d). 

SiMe4 inert inert Si shielded effectively, low polarity 

of Si — C bonds. 

This brief survey is only intended to furnish a few qualitative arguments which have to 

be weighed with respect to their specific applications. 
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MAIN-GROUP ORGANOMETALLICS 

4 Methods of Preparation in Perspective 

Procedures for the formation of bonds between main-group metals and carbon may 
roughly be divided into the following reaction types: 

oxidative addition exchange insertion 10 and elimination 

Metal -I- Organic Halide Direct Synthesis [T] 

2 M + « RX-> R„M + MX„ (or R„MX„) 

Examples : 

2 Li + C^H^Br-> QH^Li + LiBr 
Mg + CgHsBr-> CgHjMgBr 

The high enthalpy of formation of the salt MX„ generally renders this reaction exother¬ 

mic. This is, however, not true for elements of high atomic number (M = Tl, Pb, Bi, Hg) 

which form weak M —C bonds. Here A//°(R„M)>0 is not compensated for by 

AHf (MX„) < 0 and an additional contribution to the driving force must be provided. 
One possibility is the use of an alloy which, in addition to the metal to be alkylated, 

contains a strongly electropositive element. 

Mixed Metal Synthesis 

2Na + Hg + 2CH3Br-> (CH3)2Hg -|-2NaBr A//= — 530 kJ/mol 
4 NaPb + 4 C2H5CI-> (C2H5)4Pb + 3 Pb + 4 NaCl 

[AHf (NaX) boosts the driving force] 

By their very nature direct syntheses are oxidative additions of RX to M° whereby RM"X 

is produced. The generation of new M —C bonds by means of the addition of RX to a 
low-valent metal compound is closely related to direct synthesis. Example: 

Pb"l2 + CH3I-> CH3Pb'^l3 

Metal -I- Organometallic Transmetallation [2] 

M + RM'-V RM + M' 

Zn + (CH3)2Hg-> (CH3)2Zn + Hg AH = -35 kJ/mol 

This general method may be applied to M = Li — Cs, Be — Ba, Al, Ga, Sn, Pb, Bi, Se, Te, 
Zn, Cd. RM' should be of weakly exothermic or, preferentially, of endothermic nature 

[e.g. (CH3)2Hg, AH = + 94 kJ/mol]. The decisive factor in its feasibility really is the 

difference in the free enthalpies of formation A(AG°)RM, RM'. 
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Organometallic + Organometallic Metal Exchange [3] 

RM + R'M'-> R'M + RM' 

4 PhLi + (CHj = CH)4Sn-> 4(CH2 = CH)Li + Ph^Sn 

Precipitation of Ph4Sn shifts this equilibrium to the right and good yields of vinyllithium 
are obtained. Vinyllithium is accessible by other methods only with difficulty. 

Organometallic + Metal Halide Metathesis 

RM + M X-^ RM' + MX 

3 CHgLi + SbCla-^ (CH3)3Sb + 3 LiCl 

The equilibrium lies on the side of the products if M is more electropositive than M'. For 
RM = alkali metal organyl, this procedure has wide applicability since the formation of 

MX makes a large contribution to the driving force. 

Organometallic + Aryl Halide Metal Halogen Exchange [T] 

RM + R'X-^ RX + R'M M = Li 
n-BuLi + PhX-> n-BuX + PhLi 

The equilibrium is shifted to the right if R' is superior to R in stabilizing a negative charge. 
Therefore, this reaction is practicable for aryl halides only (X = I, Br, rarely Cl, never F). 
Competing reactions are alkylation (Wurtz coupling) and the metallation of R'X. Metal 

halogen exchange is, however, a comparatively fast reaction and is favored at low temper¬ 
atures (kinetic control). 
Current mechanistic ideas include the intermediate formation of radicals (Reutov, 
1976 R). Accordingly, metal halogen exchange is initiated by a single electron transfer 

(SET)step: ('R-Ti + 'l 

RLi + R'X-^ ) R'- X" f-' ^ 

(solvent cage) 

F in CgHjF is not exchanged for Li. Instead, the sequence: orthometallation, LiF elim¬ 
ination to yield an aryne and addition of CgHjLi to the — C = C— triple bond affords 
the coupling product R — R'. 

Organometallic -I- C — H Acid Metallation 

RM + R'H RH + R'M M = alkali metal 
PhNa + PhCH3 PhH + PhCH2Na 

Metallations (replacement of H by M) are acid/base equilibria R“ -I- R'H ^ RH 
+ R' ~ which, with increasing acidity of R'H, are shifted tp the right side. The practical 

success of a metallation is intimately linked to the kinetic CH-acidity (p. 28). 

Substrates with an exceptionally high CH-acidity (acetylenes, cyclopentadienes) may also 
be metallated by alkali metals in a redox reaction: 

C5H6 + Na CjHjNa + 'A H2 
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Mercuric Salt + C - H Acid Mercuration 

By their very nature, mercurations are also metallations. In the case of nonaromatic 
substrates, they are confined to molecules of high CH-acidity (alkynes, carbonyl-, nitro-, 
halogeno-, cyano compounds etc.). 

Hg[N(SiMe3)2]2 + 2CH3COCH3-> (CH3COCH2)2Hg -f 2HN(SiMe3)2 

If Hg(CH3COO)2 is used as a mercurating agent, the second step usually requires forcing 
conditions. A reaction of very wide scope is the mercuration of aromatic compounds: 

Hg(CH3COO)2 + ArH ArHg(CH3COO) + CH3COOH 

From a mechanistic point of view, this reaction is an electrophilic aromatic substitution. 

Metal Hydride + Alkene (Alkyne) Hydrometallation 8 

M-H + C=C 
\ 

I I 
M-C-C-H 

I I 

M = B, Al; Si, Ge, Sn, Pb; Zr 

(C2H5)2A1H -f C2H4-> (C2H5)3A1 Hydroalumination 

Propensity to addition: Si —H < Ge —H < Sn —H < Pb —H 

Organometallic + Alkene (Alkyne) 

M-R -b /C=C^ 
i I 

M-C-C-R 

Carbometallation 

Ph^ ^Ph 

«-BuLi + Ph—C=^C-Ph ^C=C cis addition 
2. H / \ 

«-Bu H 

In contrast to M - H, insertions into M - C bonds only proceed if M is very electropos¬ 

itive (M = alkali metal, Al). 

Organometallic + Carbene 

PhSiH3 + CH2N2 

Me2SnCl2 + CH2N2 

Ph3GeH + PhHgCBr3 

RHgCl + R'2CN2 

Carbene Insertion 10 

hv 
PhSi(CH3)H2 + N2 

Me2Sn(CH2Cl)Cl + N2 

Ph3GeCBr2H + PhHgBr 

RHgCR'2Cl + N2 

Note that insertions of carbenes into M - C bonds are avoided, the insertion into an 

M-H or an M - X bond being strongly favored. 
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Pyrolysis of Carboxylates 

HgCl2 + 2NaOOCR 

Decarboxylation 11 

AT 
R2Hg + 2CO2 Hg(OOCR)2 

The group R should contain electron withdrawing substituents (R = CgFj, CF3, CCI3 
etc.). Decarboxylation of organometallic formiates leads to hydrides: 

170“C 
(n-Bu)3SnOOCH 

reduced pressure 
(n-Bu)3SnH + CO2 

Metal Halide (Hydroxide) + Aryldiazonium Salt 

In synthetic organometallic chemistry, this is a method of limited importance. 

ArN + Cr + HgCl2-> ArN2+HgCl3- ArHgCl, Ar2Hg 
^ (depending on the catalyst) 

ArN2 X~ + As(OH)3-> ArAsO(OH)2 + N2 + HX (Bart reaction) 

12 



5 Alkali Organometallics 

5.1 Organolithium Compounds 

PREPARATION: With methods [J], [U, [U, [J], [6]> 0 
Methods 1 (starting from Li metal) and 6 are of prime importance («-BuLi is commercial¬ 
ly available). 

CHaBr + 2 Li —CHaLi + LiBr 
20 C m 

CjMcsH + n-BuLi —CjMcjLi + n-BuH 
— 7o C 0 

Perlithiated hydrocarbons are formed in the cocondensation of Li vapor with chlorohy- 

drocarbons (Example: CLi^ from CCI4 and Li). The air sensitivity of organoalkali com¬ 
pounds requires them to be manipulated under the protective atmosphere of an inert gas 

(N2, Ar). Whereas, for reasons of solubility, Grignard reagents must be prepared in ethers, 

the preparation of organolithium compounds may be carried out more economically in 

inert hydrocarbons such as hexane. 
For the assay of RLi solutions, volumetric methods are available. A simple acid/base 

titration following hydrolysis 

RLi + H2O -> RH + LiOH 

LiOH + HX-> LiX + H2O 

is inapplicable since alkoxides, stemming from the reaction of RLi with O2 or from ether 

cleavage, would suggest too high an RLi content. Therefore, a double titration method 

has been developed (Gilman, 1964). The RLi concentration amounts to the difference 

(m + n) — n: 

1. m RLi n ROLi + {m + n) HX -> m RH -I- n ROH + {m + n) LiX 

2. m RLi -f n ROLi + m BrCH2CH2Br-> m RBr -I- m LiBr -I- m C2H4 -I- n ROLi 

n ROLi -I- n HX  > n ROH -I- n LiX 

More recently, methods of determination which include self-indicating reagents like 
4-(hydroxymethyl)biphenyl have been employed. They permit direct titrations (Juaristi, 

1983): 
Li® Li® 

PI i 
CH20H 

end point 

CH-OI © 

orange red colorless 
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Solutions of concentrations [RLi] > 0.1 M can be conveniently checked by means of 

^H-NMR spectroscopy using an internal concentration standard (-1.0 > ^RCH2Li > 

— 1.3 ppm). 

STRUCTURE AND BONDING 

A conspicuous feature of organolithium compounds is their tendency to form oligomeric 

units in solution as well as in the solid state. A classic example is the structure of solid 
methyllithium which is best described as cubic body-centered packing of (LiCHa)^ units, 

the latter consisting of Li4-tetrahedra with methyl groups capping the triangular faces 

(E. Weiss, 1964). 

(a) Unit cell of (LiCH3)4(s) (b) Schematic drawing of the unit (LiCHj)^ 

4(Li-C) = 231 pm (0^3)4 

4(Li • ■ C) = 236 pm (0^3)4 

4 (Li — Li) = 268 pm (LiCH3)4 

compare: 4(Li — Li) = 267 pm Li2(g) 

4 (Li — Li) = 304 pm Li (m) 

The building blocks of the lattice are distorted cubes, with alternate occupation of the 
corners by C and Li atoms (b). This type of heterocubane arrangement is encountered 

frequently for species of constitution (AB)4. 

A closer inspection of the Li — C distances reveals that the methyl groups of one (LiCH3)4 

unit interact with the Li atoms of a neighboring Li4-tetrahedron. These intermolecular 

forces are responsible for the low volatility and the insolubility of LiCHj in non-solvating 
media. 

The structure of r-butyllitbium is very similar to that of methyllithium, the intermolecular 

forces are however, weaker. As opposed to MeLi, t-BuLi is soluble in hydrocarbons and 
sublimes at 70 °C/1 mbar. 

The degree of association of organolithium compounds is strongly dependent on the 

nature of the solvent: 
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LiR Solvent Aggregation 

LiCH3 hydrocarbon hexamer (Lig octahedron) 

THF, EtjO tetramer (Li4 tetrahedron) 

Me2NCH2CH2NMe2(TMEDA) monomer 

Li-n-C4H9 cyclohexane hexamer 

Et20 tetramer 

Li-f-C4H9 hydrocarbon tetramer 

LiC.Hs THF, Et20 dimer 

LiCH^CgHs (benzyl) THF, Et20 monomer 

LiC3H5 (allyl) Et20 infinite column (p. 23) 

THF monomer 

The presence of oligomers (LiR)„ in solution is substantiated by osmometric measure¬ 
ments, by Li-NMR spectroscopy and by ESR experiments (p. 35). The mass-spectromet- 

ric observation of the fragment ion [Li4(t-Bu)3]^ shows that the association is maintained 

in the gas phase. 

Thorough NMR studies by T. L. Brown (1970, R) and by G. Fraenkel (1984, R) have 

established that, much like Grignard reagents (p. 43), solutions of organolithium compounds 

represent complicated equilibrium mixtures. The dynamic processes in these solutions com¬ 

prise intramolecular bond-fluctuation: 

etc 
NMR evidence: 

T < -22°C: 

^JC^C, 3 ®Li) = 5.4 Hz 

T>-5°C; 

V(i^C, 4 ^Li) = 4.1 Hz 

(R. D. Thomas, 1986) 

as well as intermolecular exchange: 

I 

R^Li^ V 2 R2Li2 
-f + 

R;Li4^==^ 2R2Li2 
I_ 

It has been demonstrated by means of mass spectrometry that these scrambling reactions 

proceed via cleavage of the Li^ units rather than by ligand transfer, whereby the integrity 

of the units would be maintained {T. L. Brown, 1970); 

t-BU4^Li4 + t-BU4^Li4 t-BU4^Li3^Li + t-BU4®Li2’Li2 + .... 

The kinetic parameters of these processes are strongly influenced by the nature of the 

medium and the group R. 

" 2 R2R2Li4 4 RR'Li2 

R3R'Li4 
-f 

RR'3Li4 
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The tendency of organolithium compounds to associate in the solid state as well as in 

solution is due to the fact that in a single molecule LiR, the number of valence electrons 

is too low to use all the available Li valence orbitals for two-electron two-center (2c 2c) 
bonding. In the aggregates (LiR)„ this “electron deficiency” is compensated for by the 

formation of multicenter bonds. This is illustrated for the tetrahedral species (LiCH3)4,. 

Li^ skeleton with 4 Li (sp^) hybrid orbitals per Li atom. Directional prop¬ 

erties of the Li valence orbitals: 

1 X axial, identical with one of the threefold axes of the tetrahedron, 

3 X tangential, pointing towards the normals of the triangular faces. 

Li 

Group orbitals formed from three 

tangential Li (sp^) hybrid orbitals 

originating at the corners of the 

Li3 triangle. 

Four-center bonding molecular orbital from the interaction of Li 3 group 

orbital a with a C(sp^) hybrid orbital. This 4c-MO is Li —C as well as 

Li —Li bonding. 

T he electronegativity difference between lithium and carbon should manifest itself in the 
2c4c bonding pair of electrons being located closer to the carbon than to the lithium 

atoms. The bond polarity Li^"^ — C^“ can be demonstrated experimentally, e.g. by means 

of NMR spectroscopy. LiCHj molecules in matrix isolation were reported to possess a 
dipole moment of about 6 Debye (Andrews, 1967), a value of 9.5 Debye being expected 

for the case of full charge separation (ionic limit). The degree of covalent and ionic 

character of the Li —C bond is still an open question; sizeable covalent contributions 

being favored by some authors (Lipscomb, 1980; Ahlrichs, 1986) and essentially ionic 
character by others (Streitwieser, 1976; v. Rague Schleyer, 1988 R). 

MO diagram for one of the four 2c 4c bonds in R4Li4 

\ 
\ 

b,c / 
a,b,c 

/ / j Lig group 

\ / orbitals 

\ „ / 

sp 
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The axial Li(sp^) hybrid orbitals, which are unoccupied in an isolated molecule of 

(LiCH3)4., are used in the crystal for interaction with methyl groups of neighboring 

(LiCHj)^ units and in solution for the coordination of a-donors (Lewis bases, solvent 

molecules). An example is the tetrameric etherate of phenyllithium, (/z^-C6H5Li • OEt2)4. 
In the presence of the chelating ligand N,N,N',N'-tetramethylethylenediamine (TMEDA, 

N N), however, phenyllithium crystallizes in a dimeric structure which is reminiscent of 
triphenylaluminum (Al2Phg, p. 79) (E. Weiss, 1978): 

rf(Li —Li) = 249 pm 

A totally different type of association is encountered for organolithium compounds in 

which the carbanion represents a delocalized 7i-system. Instead of reducing the electron 

deficiency by means of clustering to Li„ {n = 2, 4, 6), interactions of partially solvated 
Li'^ ions with the n-electron system of the carbanion arise. In the case of \,2>-{diphe- 

ny[)allyllithium, a columnar structure with bridging : f/^)allyl units is realized which 

resembles (C5H5)In (p. 89) or a polydecker sandwich complex (p. 383). In contrast to the 

latter, however, ionic bonding appears to prevail in the i/^-allyl lithium compound 

(Boche, Massa, 1986); 

4(Li-CJ = 231 pm 

4(Li-C,) = 248 pm 

(mean values) 

m 

o 
—o 

-Ph 
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Excursion 

‘‘Li- and "^Li NMR of Organolithium Compounds 

In organometallic research, NMR spec¬ 

troscopy of the less common nuclei is 
often required. Experimental problems 

during the detection of metal resonances 
may be caused by a low natural abun¬ 
dance of the respective isotope and/or by 

the magnetic properties of the nucleus 
under investigation. Small magnetic mo¬ 

ments lead to low Larmor frequencies 
and, because of an unfavorable Boltz- 
mann-distribution, to low sensitivity. A 
division of the magnetic isotopes into two 
classes is based on the magnitude of the 
nuclear spin quantum number /. 

a) Nuclei with the Spin Quantum 
Number 7=1/2 

For small molecules, 7 = 1/2 nuclei usu¬ 
ally yield sharp resonance lines with half 

widths W^i2 (linewidth at half height) be¬ 
tween 1 and 10 Hz. If, however, the mag¬ 

netic interactions with the environment 
are weak, very long longitudinal and 

transverse relaxation times and' T2 

may result [example; Ti(^”^Ag) up to 
10^ s]. This severely complicates the de¬ 
tection of these resonances. 

b) Nuclei with Spin Quantum Numbers 

These nuclei possess electric quadrupole 
moments (deviations of the distribution 

of nuclear charge from spherical symme¬ 
try) which can cause extremely short nu¬ 

clear relaxation times and concomitant 

large half widths W^,2 (up to several ten 
thousand Hz). 

W, /2 

{21 + 3) 

P{21 - 1) 

Q = quadrupole moment, = electric field 

gradient, = correlation time of molecular re¬ 

orientation {characteristic of the extent of tum¬ 

bling motion). 

I and Q are properties of a given nucleus. 

Thus, the NMR linewidth IF1/2 of this 
nucleus is governed by the chemical envi¬ 
ronment through the square of the elec¬ 

tric field gradient and through the 
correlation time Relatively narrow 

lines are obtained for molecules of low 

molecular weight (t^ is small) if the 
quadrupolar nuclei are embedded in lig¬ 

and fields of cubic (tetrahedral, octahe¬ 

dral) symmetry. In these cases, an impor¬ 

tant relaxation path is blocked due to the 

absence of an electric field gradient. The 

correlation time may be controlled to a 
certain extent by the viscosity of the 

medium (choice of solvent and tempera¬ 

ture). A rough measure of the chance of 

observing the magnetic resonance of a 
nucleus X is given by its receptivity. The 

relative receptivity, related to that of the 

proton {D^ = 1.000), is defined as follows: 

7^ + f) 
ylN^I^{I^ + l) 

magnetic moment rad 

angular momentum I ■ h/2n sT 

I = nuclear spin 

N = naturatabundance {%) 

y = magnetogyric ratio 

In table 5-1 the properties of “uncon¬ 
ventional” nuclei are contrasted with the 
routine cases ^H, “B, and 
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Table 5-1: Magnetic properties of “unconventionaF nuclei in contrast with “routine” cases ^H, 
and 

Nucleus N in % / Q in 
10-“ m^ 

(barn) 

NMR 

frequency 
in MHz 

at 2.35 T 

Standard Relative 

Receptivity 

99.9 1/2 _ 100 Me^Si 1.000 
®Li lA 1 -8.0- 10-“^ 14.7 Li^(aq) 6.31 ■ 10-“^ 
’Li 92.6 3/2 -4.5 • 10“^ 38.9 Li+(aq) 0.27 

80.4 3/2 3.55 • 10-2 32.1 BFj • OEt2 0.13 
1.1 1/2 — 25.1 Me4Si 1.76 • 10-“ 

19p 100 1/2 — 94.1 CCI3F 0.83 
100 3/2 0.12 26.5 Na"^ (aq) 9.25 • 10-2 

“Mg 10.1 5/2 0.22 6.1 Mg2+ (aq) 2.71 • 10-“ 
“A1 100 3/2 0.15 26.1 Al(acac)3 0.21 

“Si 4.7 1/2 — 19.9 Me4Si 3.7 ■ 10-“ 
31p 100 1/2 — 40.5 H3PO4 6.63 ■ 10-2 
Sly 99.8 7/2 0.3 26.3 VOCI3 0.38 
5’Fe 2.19 1/2 - 3.2 Fe(CO)5 7.39 • 10-’ 
“Co 100 7/2 0.4 23.6 [Co(CN)e]2- 0.28 
’^Ga 39.6 3/2 0.11 30.5 Ga^"^ (aq) 5.62 • 10-2 
”Se 7.6 1/2 — 19.1 Me2Se 5.26 • 10-“ 
103Rh 100 1/2 - 3.2 Rh(acac)3 3.12 • 10-^ 
“®Sn 8.6 1/2 — 37.3 Me4Sn 4.44- 10-2 

i“Te 7.0 1/2 — 31.5 McjTe 2.2 • 10-2 
183-y^ 14.4 1/2 — 4.2 WFg 1.04 • 10-2 
195pt 33.8 1/2 - 21.4 [Pt(CN)e]2- 3.36- 10-2 

Source: R. K. Harris, B. E. Mann, NMR and the Periodic Table, Academic Press, New York, 1978. 

The extensive use of organolithium com¬ 

pounds in organic synthesis justifies a 

brief discussion of Li NMR spectroscopic 
characteristics. The choice between the 

two isotopes ^Li (/ = 1) and ^Li (I = 3/2) 

must take the nature of the specific prob¬ 

lem into account. 
^Li displays higher receptivity; due to 

the larger quadrupole moment, the line- 

widths are large, however. ^Li presents 

reduced linewidths, albeit at the cost of 

lower receptivity (Wehrli, 1978). There¬ 

fore, ’Li NMR offers higher sensitivity 

and ^Li NMR superior resolution of cou¬ 

pling patterns (®Li carries the smallest of 

all known nuclear quadrupole moments). 

Among the alkali metal organometallics, 
organolithium compounds are not only 

the most widely used in the laboratory, 
they also boast the greatest variety of 

structures and bonding situations. The 

study of lithium organometallics in solu¬ 
tion has greatly benefited from the appli¬ 

cation of Li NMR. The NMR spectra of 
the organometallics of the heavier alkali 

metals Na —Cs reflect the nature of the 
Mjsolv)"^ complex, since ionic bonding 

dominates and the organic counterion 

contributes to the shielding of M^ only 

insignificantly. Li NMR spectra show a 

larger diversity because the bonding 

modes range from mainly covalent, in the 
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case of lithium alkyls, to ion pairing as 

encountered for lithium tetraorgano- 
metallates and for compounds in which 

the organic group is effectively stabilized 
by resonance (triphenylmethyl, cyclo- 

pentadienyl). As would be expected, sol¬ 
vent effects play an important role in 

Li NMR, in that the solvating power af¬ 

fects the polarity of the Li — C bond and 
governs the degree of association (p. 21). 
The NMR shifts <5(^Li) cover a small 

range of only 10 ppm, which shrinks to 

about 2 ppm if only those organolithium 
compounds are considered in which the 
bonding is thought to be essentially cova¬ 

lent. This sets a limit to the value of 
Li NMR in routine analysis. 

• The method of choice for investi¬ 

gations of structural dynamics in 

organolithium chemistry is the appli¬ 

cation of ^Li NMR to ^^C-enriched 

materials. 

Examples: 

Structure of Ion Pairs Li‘'’C_H_“ m n 

If the group C,„H“ of an organolithium 
compound is furnished with significant 
resonance stabilization, ionic bonding 

will dominate and the role of the solvent 

will be to favor one of two alternative 

structures known as contact ion pair and 
solvent separated ion pair. Since the en- 

n-BuLi MeLi t-BuLi 

I II 
PhCH2Li 

I 
n-BuLi 

MeLi PhLi y 

I I II 
t-BuLi 

I 
PhCH2Li 

I 
Li(CuMe2) 

I 
EtLi 

I 1 I I I I I I I I I I I I I I I I I I I I I 1 I I I I 

1.50 1.00 0.50 0.00 - 0.50 - 1.00 

t 
70% LiBr 

(external) 

LiAIMe4 

I 
1 I I I I 

-1.50 

Solvent: 

Cyclopentane 

LiBMe4 LiCgHg 

I I Et20 

i, I I 1 I ^_I I I I_I I I 

- 2.00 - 8.50 - 9.00 

6 (\i)ppm 

However, the following generalizations 
may be made: 

• ’Li NMR signals for the more cova¬ 

lent organolithium compounds appear 

at low magnetic field, those for species 
with a large ionic contribution to the 
bond are shifted to higher field. 

• Solvent shifts are pronounced, al¬ 

though it is difficult to predict their 
direction. 

• The observation of scalar couplings 
'^('^Q^^Li) or ’Li) may be 

taken as evidence for a covalent con¬ 

tribution to the Li —C bond. Surpris¬ 

ingly, couplings J(®Li, ’Li) have not as 
yet been discovered. 

vironment of the Li^ cation strongly 

differs in these situations, characteristic 
’Li NMR shifts result. Thus, in addition 

to the diagnosis of the prevailing bond 
type, ’Li NMR furnishes information on 

the disposition of the cation Li"^ relative 

to the organic anion. This will be illus¬ 

trated for cyclopentadienyllithium and 
for triphenylmethyllithium (Cox, 1974). 

In the case'bf Li'^C5H5', the strong high- 
field shift of the ’Li NMR signal points 

to a structure in which the Li^ cation 

resides above the plane of the cyclic car- 

banion, that is in the shielding region of 
the aromatic ring current. 



5.1 Organolithium Compounds 27 

(5(^Li) (External standard: 1.0 M LiCl in H2O) 

Organo-Li Solvent 

compound 

Li^C(C6H5)3“ -1.11 -2.41 -0.88 

The Tetrameric Structure of t-Butyllithi- 

um in Solution 

Whereas in the weakly solvating media 

tetrahydrofuran (THF) and dimethoxy- 

ethane (DME), Li+C(C6H5)3- and 
Li’^CjHJ form different types of ion 

pairs, in the strongly solvating me¬ 
dium hexamethylphosphoric trisamide 

(HMPA) both compounds exist as sol¬ 

vent-separated ion pairs, as inferred from 

the identical chemical shifts 5(^Li). 

The reconstruction of the experimental spectrum [’Li NMR of t-BuLi (0.1 M) in cyclohex¬ 

ane, RT, 57% ^^C-enriched at the a-positions] is a superposition of isotopomeric species in which the 

observed nucleus ’Li is coupled to 0, 1, 2 and 3 neighboring nuclei, (^^C, ’Li) = 11 Hz. The 

agreement between and demonstrates that the association (^(t-BuLi)^ units, which structural 

analysis revealed for the solid state, is maintained in solution. This also applies to methyllithium in the 

solid state and in THF at —70°C [McKeever, 1969). 
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REACTIONS OF ORGANOLITHIUM COMPOUNDS 

In their chemical behavior, organolithium compounds resemble Grignard reagents; they 

are, however, more reactive. 

a) Metallation and Subsequent Reactions 

R-Li + R'-H^-" R-H +'R'-Li 

A prominent feature of this important method of introducing lithium is the discrepancy 
between equilibrium position and acceptable rate of reaction. If organometallic com¬ 

pounds R — M are regarded as salts of the corresponding CH-acids R — H, with increasing 

CH-acidity of R' — H the metallation equilibrium is shifted to the right. Table 5-2 com¬ 
pares the CH-acidity of organic CH-acids to inorganic acids. 
Consequently, the stronger CH-acid, benzene, should be amenable to high yield metalla¬ 

tion by «-butyllithium, a salt of the weaker CH-acid, butane: 

CeHg + n-C^H^U C^U.Li + 

Table 5-2: CH acid exponents for organic CH-acids in nonaqueous media* and 

values of inorganic acids for comparison: 

Compound pKg Compound pKa 

(CNigC-H 

H2SO4 

(NOglaC-H 

HCIO3 

O 

O 

CH3COOH 

HCN 

O2N-CH3 

C3H7CH2-H -44 

(alkanes) 

H2O 15.7 

* The values are linked to the conventional scale in aqueous media by 
means of a conversion factor. 
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This reaction is unmeasurably slow. Rapid Li/H exchange occurs, however, upon ad¬ 

dition of a strong o-donor like tetramethylethylenediamine (TMEDA) or t-butoxide 
(t-BuO"): 

(n-C4H9L0( 

^6^12 

6 TMEDA 

lEC4H9‘ 
^6*^6 

fast 

-C4H10 

\ / 

/ \ 

Li + CfiK 

TMEDA effects both the cleavage of n-BuLi oligomers and, through complexation of the 
Li"^ cation, a polarization of the Li —C bond. In this way, the carbanionic character and 

therefore the reactivity of the butyl group is increased. The fact that monomerization is 

essential for the metallation reaction to proceed smoothly is indicated by the observation 

that the rates of metallation by PhCH2Li (monomeric in THE) exceed those of CHjLi 
(tetrameric in THE) by a factor of 10'’^, although CH J is the stronger base as compared 

with PhCH2 . 
Example: 

I 
Fe 

n-BuLi 

TMEDA, 70° 

cyclohexane 

Metallations of geminal dichiorides are followed by LiCl elimination, resulting in chloro- 

carbene formation: 

CH2CI2 + n-BuLi ——n—> LiCHCl2 —:CHC1 follow-up 
^ ^ -C4H10 ^ -LlCI 

reactions 

Often, there is no experimental evidence for the intermediacy of free carbenes in these 

reaction sequences. The oc-haloalkyllithium compounds are then more generally referred to 

as carbenoids. 

b) Deprotonation of Organophosphonium Ions 

Ph.PCH^ + RLi 
© 

RH + <^Ph3P-CH2< 
i Ylid 

R,CO 

Ph3P = CH2> + Li + 
Ylene J 

Wittig reaction 

Ph3P = 0 + R2C = CH2 

This reaction is employed in the synthesis of terminal olefins. 
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c) Addition to Multiple Bonds (Carbolithiation) 

In their tendency to add to C — C multiple bonds, organolithium compounds lie between 

Grignard reagents and organoboron- or organoaluminum compounds, respectively: 

RMgX < RLi < R3B, (R3A1)2. Under mild conditions, organolithium compounds only 
add to conjugated dienes and to styrene derivatives. As in the case of metallation, the 

presence of strong a-donors like TMEDA exerts an activating effect on RLi additions 
(example: n-BuLi/TMEDA initiates the polymerization of ethylene). The alkyllithium- 

initiated polymerization of isoprene produces a synthetic rubber which mimics the natu¬ 
ral product in many respects (Hsieh, 1957). This discovery led to the first large scale 
application of organolithium compounds. 

CH3 cH2 ^^*-1 
\ pentane 

Isoprene C — CH -► 

CH2 

'CHa 
\ 

C =CH 
/ \ 

:CH2 CH2-J n 

cis-1,4-Polyisoprene 

Synthetic Rubber 

If Et20 or THE is used as a solvent, the undesired trans-1,4, -3,4, and -1,2 additions are 
favored. 

Carbolithiations of C —C multiple bonds may also proceed intramolecularly: 

Among the additions of RLi to C-N multiple bonds, the reaction with nitriles deserves 
mention since it constitutes a versatile method for the preparation of ketones, 

R'Li 
R-C = n 

\ hydrolysis 
C = NLi -► 

/ 

R' 

\ hydrolysis 
^C = NH -^ 

\ 
C = O 

R' 
/ 

R' 

as well as the reaction with pyridine in which, similar to the Chichibabin reaction, 
2-substituted pyridine derivatives are obtained: 
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Additions of organolithium compounds to C —O multiple bonds closely resemble the 

reactions of Grignard reagents, however the tendency for side reactions to occur is lower 
with RLi. As an example, the addition of RLi to A,iV-dimethylformamide, which affords 
aldehydes, may be cited: 

^ O 

RLi + H —C ^ 

NR 2 

OLi 

I 
► R —CH—NR'2 

H3O+ 

-► 
O 

R—+ H2NR'2'^ 

H 

Whereas reactions of organolithium compounds with free carbon monoxide are non¬ 

specific and have found little use, additions of RLi to CO, bound to transition metals, are 
of great importance from a principal as well as from a practical point of view. Note that 
this reaction led to the discovery of transition-metal carbene complexes (p. 210). 

d) Reactions with Main-Group- and Transition-Metal Halides 

Conversions of the type RLi + MX MR -I- LiX have already been introduced as a 

synthetic procedure for main-group organometallics (p. 16); due to their wide appli¬ 

cability, these may well be the most frequently conducted reactions in organometallic 

chemistry. For the halides of high valent elements, the reaction proceeds in several steps 

which do not always lend themselves to efficient control, necessitating separations of 

product mixtures. In some cases, addition of an excess of RLi leads to the formation of 

ate-complexes”. 

Examples: 

n RLi -1- MX„ — R„M + n LiX MejSb, Ph4Sn 

RLi + MX„ ^ RMX„ 1 + LiX RMgCl, MeSnCl 

RLi + R'MX„ 1 RR'MX„ 2 + LiX Ph(Me)SnCl2 

RLi + R„M --(R„^iM)- +LC Ph^B- 

“ate-complex” 

In the case of transition metals which, compared to main-group elements, display a larger 

variety of bonding types to organic groups, coupling reactions are often followed by 
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ligand displacement (p. 245, 281); 

(f/^-C5H5)Mo(CO)3Cl + LiCgHj ^ + LiCl 

<7/it-rearrangement -CO 

(^/^-C5H5)Mo(CO)2(^/3-C3H5) 

The intermediate alkylation of titanium is the basis of a procedure which achieves high 

chemo- and stereoselectivity of carbanion addition to carbonyl groups {Reetz, Seebach, 

1980). In contrast to RLi or RMgX, the organotitanium reagent RTi(0-jso-Pr)3 attacks 

aldehyde functions in a highly chemoselective way: 

CITi(OCHMe2)3 

CHaLi 

(CHsMgX) 

O 
II 1)CH3Ti(OCHMe2)3 

Ph^ ^CHo - 20° 

2) 
1 

OH 

Ph- -H + Ph 

CH3 

OH 

-CH3 

CH3 

>99 : <1 

In comparison, the analogous reaction of CH3Li produces a 50: 50 mixture of the secondary 

and tertiary alcohols. Under the mild reaction conditions, other functional groups like CN, 

NO2 and Br remain unaffected. 

It is assumed that the Ti —C bond is significantly less polar than the Li —C and XMg —C 
bonds, resulting in a lower rate of reaction and higher selectivity for the former. An 

additional aspect is the higher steric demand of the Ti(0-iso-Pr)3 group, which leads to 

particularly effective discrimination between different transition states. 

As an example for stereoselectivity, the reaction of CH3TiCl3 with a-alkoxyaldehydes will 

be mentioned: xici 

H 

- LiCI CHgLi 

C H3T i CI3 

CH2Cl2/-78° * 

Ph 
H3C, ^ 

H 

CH3 

I ^ 

Cl 

Cl 

Cl 

92 8 
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y4s opposed to the titanium alkoxides, CH3TiCl3 still acts as a Lewis acid. Presumably, 

during the course of this reaction, an octahedral chelate complex is formed as an interme¬ 

diate in which intra- or intermolecular transfer of the methyl group to the less hindered side 

of the coordinated aldehyde is favored (Reetz, 1987). 

5.2 Organyls of the Heavier Alkali Metals 

Compared to the eminent importance of organolithium compounds to almost every 
branch of organometallic chemistry, the organyls of the heavier alkali metals, with the 
exception of CjHsNa (NaCp), play only a limited role. 

PREPARATION: 

2 + n-C5H3iCl —> n-CjHijNa + NaCl m 
2 K,+ (CH2 = CHCH2)2Hg^ 2 CH2 - CHCH2K + Hg s 

Na + C5H6 —> CjHsNa + 1/2 H2 0 
(NaCp) 

STRUCTURE AND PROPERTIES: 

In the group of organoalkali metal compounds, the ionic character of the M —C bond 
increases from Li to Cs. Whereas NaCH3 has the predominantly covalent structure of 
LiCH3, KCH3 is best described as an ionic lattice of the NiAs type (CHJ in a trigonal 

prismatic environment of 6 K , K surrounded by an octahedron of 6 CH3 ). The heavier 
alkali metal organyls are extremely reactive compounds which slowly metallate even 

saturated hydrocarbons (in which they are insoluble). Solubility in other media is usually 

accompanied by attack of the solvent. The high reactivity of these alkali metal organyls 

is caused by the pronounced carbanionic character. Ethers are slowly metallated at the 
a-position, an elimination of alkoxide follows (ether cleavage): 

CH3CH2OCH2CH3 + KC4H9->C4Hio + K®[CH-0-C2H5] 

CH3 

i 
KOC2HS + H2C = CH2 

Ether cleavage is particularly rapid with cyclic ethers like THE. Additional modes of 

reaction which limit the stability are self-metallation: 

2 C2H5Na-> C2H4Na2 + C2H6-> • ■ • 

and ^-hydride elimination: 

C2H5Na-> NaH + C2H4 

More stable products are obtained if the respective carbanion is stabilized by resonance, 

i.e. if the negative charge is delocalized effectively as in CsHjNa or in Ph3CK. 
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ADDITION COMPOUNDS OF THE ALKALI METALS 

Besides alkali metal organyls, the generation of which involves the cleavage of a bond in 

the organic educt, there is a second class of compounds which are formed by an electron 

transfer from the alkali metal to the organic partner, with no bonds being split: 

M + AtH--" M^ + ArH“ 

2M + ArHT—" 2M+ + ArH^' 

In this way radical anions ArH^and dianions ArH^“ are obtained, the latter being 

diamagnetic in the majority of cases. They are of theoretical as well as of practical 
significance. Sodium naphthalenide Na'^CioH^ forms moss-green solutions in ethers like 
DME or THF and serves as a self-indicating reducing agent in the synthesis of metal 

complexes in low oxidation states. An attractive feature here is the availability of a very 
strong reducing agent which operates in homogeneous phase [£i/2(CioH8^“ = — 2.5 V 
versus saturated calomel electrode]. Example: 

(n-BuO)4Ti + 2Na^CioH^-> (n-BuO)2Ti + 2CioH8 -I- 2n-BuONa 

Alkali metal-arene addition compounds have also been obtained in crystalline form. The compound 

ILKTMEDAjjjCioHg may be regarded as an arene complex of a main-group element - no decision as 
to the prevailing bond type being implied by this designationl 

!-\ 

\_! 

4(Li —C13) = 266 pm 

4(Li —Cj) = 233 pm 

i/(Li —C2) = 226 pm 
(Stucky, 1972) 

In the presence of proton donors the addition compounds undergo follow-up reactions. 
The Birch reduction consists of a sequence of electron transfer (ET)- and protonation steps 
which are used in synthesis. Example: 
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Electron transfer to cyclic conjugated systems often has structural consequences; 

2C8H 8 2C«H CsHs 

nonplanar 

4n 7c-electrons 

antiaromatic 
{4n + l)7c-electrons 

planar 

(4 n + 2) 7i-electrons 

aromatic 

Whereas the radical anions of cyclic conjugated systems usually remain monomeric, 

radical anions of acyclic substrates tend to dimerize or to initiate polymerization. In the 
case of diphenylacetylene this tendency is exploited in a versatile synthesis of five-mem- 

bered heterocycles containing B, Si, Sn, As, and Sb as heteroatoms (see p. 63, 110, 162). 

Ph Ph 

subsequent 
reaction 

Excursion 

ESR Spectroscopy of Organoalkali Metal Compounds 

a) Radical Anions of Aromatic rt-Systems 

In alkali-metal addition compounds 

M^ArH“, an unpaired electron resides 

in the lowest unoccupied molecular or¬ 

bital (LUMO) of the neutral molecule 

ArH. Correspondingly, in radical cations 

ArH"^, the highest occupied molecular 

orbital (HOMO) contains an unpaired 

electron. The ESR spectra of ArH^ and 

of ArH“ furnish information about the 

composition of the frontier orbitals 
HOMO and LUMO from C(pJatomic 

orbitals of the molecular frame. In view of 

the fact that regioselectivity of chemical 

reactions can be a result of frontier or¬ 

bital control (Fukui), knowledge of the 

shape of these molecular orbitals is of 
practical significance. 

The form of the singly occupied MO iJ/j^ 

may be derived from an analysis of the 
ESR spectrum (McConnell relation): 

aCn^) = Q-cl, 

Cjr^ = coefficient of the n-AO at the atom 

in the singly occupied MO ij/^ 

a^H) = isotropic hyperfine coupling constant 

{fluid solution) 

e = - 2.3 mT 
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In the naphthalene radical anion the LUMOij/^ is singly occupied. Since the probability of 

finding the unpaired electron varies for the (x- and for the f-position, differing electron-proton hyperfine 

coupling constants and a(‘H^) are encountered (Intensities not to scale). 

The parameter Q decribes the efficiency 

of n-(T spin polarization. This is the mech¬ 
anism, which in rt-radicals is responsible 

for the occurrence of spin density at the 
proton and thus for the observation of 
isotropic hyperfine coupling. 
The McConnell relation (and its refined 

version) has been applied to a large num¬ 
ber of n-radicals and has confirmed 

quantum chemical calculations of molec¬ 
ular electronic structure. 

It frequently happens that, in addition to 

hyperfine coupling to magnetic nuclei of 

the radical anion, splitting caused by the 

counterion (e.g. Na"^, nuclear spin I = 
3/2) is detected. In these cases, ESR spec¬ 

troscopy yields unambiguous informa¬ 

tion about the structure of the ion pair 
M + ArH 

Like NMR, ESR spectroscopy lends itself 

to the study of dynamic processes. The ion 

pair pyrazine • in THE may serve as 
an example (Atherton, 1966): 

Li + is firmly coordinated to one of the two N 

atoms. This follows from the hyperfine 

pattern which is governed by unequal 

coupling constants a(^HJ 4= a(^Hj) and 

a('X) + «CX)- 
Na'*', however, undergoes an exchange between 

the two N sites (activation energy 30 kJ/ 

mol) which at — 65 °C is slow and at 

+ 23 °C is fast on the ESR time scale 

(10“^-10“® s). In the fast exchange 

case a hyperfine structure with the 

coupling constants a(4 ^H) = 0.27 mT 

a (2 ^X = 0.714 mT and 

a(^^Na) = 0.055 mT is observed. 



5.2 Organyls of the Heavier Alkali Metals 37 

b) Preservation of the Tetrameric Struc¬ 
ture of (LiCH3)4 in Solution 

(t-BuO)^-2 t-BuO. 
(LiMe)4 

EtgO 

Me 

Lii—^Li 

CHg 

Me X'X 
Li ^Me 

a (2 ’H) = 1.83 mT 

a (3 ^Li) = 0.17 mT 

Photolytically generated radicals t-BuO- abstract an H atom from the (LiCHj)^ unit. The identity of 

the species (CH3)3Li4CH2' is revealed by the ESR spectrum which consists of a triplet (2 / = 1/2) 

of decets (3 ^Li, 1 = 3/2) {Kochi, 1973). 

In addition to structural information, the observation of hyperfine coupling in fluid solution also 

provides hints as to the degree of covalency of the Li —C bond. 
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Among the organometallic compounds of groups 2 (Be, Mg, Ca, Sr, Ba) and 12 (Zn, Cd, 
Hg), organomagnesium compounds are of prime importance because of their application 

in organic synthesis. To a lesser extent, organocadmium- and organomercury reagents 

have also found preparative use. The reactivity of these compounds increases with an 
increasing difference in electronegativity between metal and carbon: 

Group 2 

Group 12 

Electropositive character 
of the metal 

and 

reactivity in 

heterolytic reactions 

decreases 

Organomagnesium compounds combine in a unique way high reactivity and ease of 
access. The high reactivity of RaHg in transmetallations may be traced to ready homolyt- 
ic cleavage of the Hg —C bond (p. 51). 

6.1 Organometallics of the Alkaline Earths (Group 2) 

6.1.1 Organoberyllium Compounds 

This group comprises highly toxic as well as air- and moisture-sensitive materials which 
display a number of structural peculiarities. 

PREPARATION AND STRUCTURES 

Be + R2Hg-> R2Be-> Hg [Tl 

BeCl2 + 2 RLi (RMgX)-> R2Be + 2 LiCl (MgXCl) [T| 

As a Lewis acid, BeR2 forms stable etherates (Et20)2BeR2; they are obtained free of 
solvent only with difficulty. 
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Like BeCl2, the compound Be(CH3)2 is a polymeric solid {structural type 8182). The bonding situation 

in the chain resembles that in the aluminum alkyls (2e3c bonds, compare Al2(CH3)g p. 78, “diagonal 

relationship'’’ Be —Al). 

d(Be —Be) = 210 pm, 

angle Be Be = 66° 

{Rundle, 1951). 

In the gas phase, BeR2 is monomeric and linear and therefore is to be described by Be(sp) 
hybridization. For steric reasons, Be(t-Bu)2 is monomeric even in the solid state. The 

thermolysis of Be(t-Bu)2 yields pure, unsolvated beryllium hydride: 

Be 
CH3 CH3 

^Be^' 
^CH3^ ^CH3^ ^/n 

T>100° ^CH3 

Be(t-Bu)2 -► H2C = C + BeH2 ^-Elimination 

^CH3 

Be(CH3)2, which is void of )3-H atoms, only decomposes at r>200°C. Similar to 
magnesium, organoberyllium compounds equilibrate with beryllium halides: 

BeR2 + BeX2 2RBeX. 

Organoberyllium hydrides, which can be prepared from RBeX and metal hydrides, 

according to their ^H-NMR spectra feature hydride bridges and terminal methyl groups 

in cis- and trans configuration. 

2 MeBeBr + 2 LiH 
Et20 

Et20 H 
X / \ 

Be 

Me H 

OEt2 

Me 

+ 2 LiBr 

Thus, the formation of a hydride bridge is favored over an alkyl bridge, and isomerizations 

via intermediate cleavage of hydride bridges are slow on the NMR time scale. 
Beryllocene, accessible according to (E. O. Fischer, 1959) 

BeCl2 + 2NaC5H5-> (C5H5)2Be 

still poses structural problems since investigations in different states of aggregation lead 

to different molecular geometries: 

Structure o/fCjHsljBe in the gas phase {electron diffraction): symmetry The energy minima of the 

Be atomic positions lie on the fivefold axis. In both positions, the Be atom has different distances to the 

two ring centers. 
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Structure of (CsH5)2Be in the crystal {X-ray diffraction, — 120°C): symmetry Q, rj^-, rj^-structure, 

“slipped sandwich". A re-interpretation of the electron diffraction data led to the conclusion that this 

structure may also pertain to beryllocene in the gas phase {Haaland, 1979). 

On the one hand, (C5H5)2Be possesses a dipole moment {pt = 2.24 Debye in cyclohexane). 
On the other hand, judging from the ^H-NMR spectrum, beryllocene displays two 
equivalent C5H5 rings. Evidently, an exchange of the Be atom between two positions on 

the fivefold axis takes place, which is fast on the ^H-NMR time scale (fluxional structure). 

The bonding in beryllocene is essentially ionic. The structural peculiarities may arise from 
the fact that the optimal bond distance between Be^”*^ and is smaller than half the 
van der Waals distance between two C5HJ ions. 

From beryllocene and dimethylberyllium a half-sandwich compound is obtained which, 
in the spirit of Wade’s rules (p. 68), may be referred to as a nido cluster: 

(C5H5)2Be + Be(CH3)2 
171 pm 

150 pm 

The compound (C5H5)BeCl belongs to the same category, d(Be —Cl) = 187 pm, 4(Be — 

= 145 pm. The structure of cyclopentadienylberyllium boranate demonstrates that Be and B share the 

propensity to engage in 2e3c bridge bonding: 

H H 

\ / 

(C5H5)BeCI LiBH4 
- LiCI ^ 

H 

B 
/ \ 
\ / 

Be 

H 

6.1.2 Organomagnesium Compounds 
V 

PREPARATION 

Mg + RX RMgX(Et20)„ X = Br, I Q] 

The addition of 12 activates the Mg surface; Mgl2 thus formed, binds the last traces of 

water in the reaction mixture. In a more economical technical variation, hydrocarbon/ 
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ether mixtures are used as solvents; 

Mg + PhCl -P^‘^°'"ther/THF phMgCl(THF)„ THFiMg > 1 

Unsolvated Grignard reagents can be prepared by means of cocondensation (CC) of 

magnesium vapor with the vapor of the alkyl halide on a cooled surface (Klabunde, 1974); 

Mg(g) + RX(g) RMgX 

An extremely reactive form of magnesium is obtained according to Rieke (1977), if 
anhydrous MgCl2 is reduced with potassium; 

89%!) 

The preparation of binary organomagnesium compounds is accomplished by transmetal- 
lation 

Mg + R2Hg-» RzMg + Hg [T] 

as well as by solvent-induced shifts in the equilibrium position; 

2 RMgX -I- 2dioxane ^ R2Mg + MgX2(dioxane)2 

(solution) (solution) (precipitate) 

The latter procedure may lead to magnesacycles: 

2 BrMg(CH2)„MgBr > (CH2)„Jdg + MgBr2(dioxane)2 

Besides organic halides, a number of compounds with conjugated C = C double bonds 
react with magnesium; 

Mg-2 THF 

butadiene 

Phl( cat) 

RT, THF 
Mg 

anthracene 

20-60° 

THF 

THF 
Mg 

(Yasuda, 1976) (Ramsden, 1967) 

Mg-butadiene, [(2-butene-l,4-diyl)magnesium] a white, polymeric, sparingly soluble ma¬ 

terial of unknown structure acts as a source for butadiene dianions C4H6“. It is the 
reagent of choice for the introduction of butadiene as a ligand in transition-metal com¬ 

plexes (p. 255). 

Mg-anthracene, orange-yellow crystals, reacts with anhydrous transition-metal halides to 

form catalysts which serve in the hydrogenation of magnesium under mild conditions 

(Bogdanovic, 1980); 

Mg + H2(1-80 bar) 

MX„ = TiCU, CrClj, FeCl2 

MgH2 adds to 1-alkenes (hydromagnesation) and, upon cleavage above 300 °C, affords 

pyrophoric Mg free from solvent and halide for synthetic use. Furthermore, MgH2 is a 

high-temperature storage medium for molecular hydrogen. 
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MECHANISM OF FORMATION AND CONSTITUTION 

OF ORGANOMAGNESIUM COMPOUNDS 

Notwithstanding the extensive use of Grignard reagents in organic synthesis, details 

concerning their modes of formation, aggregation in solution, and mechanisms of consec¬ 

utive reactions are still topics of current research (Ashby and others). 
Recent results suggest that the formation of “RMgX” is'initiated by an electron transfer 

step (ET). A hint as to the intermediacy of radicals R- is furnished by the reaction with 
the trapping agent 2,2,6,6-tetramethylpiperidine nitroxyl, TMPO (Whitesides, 1980): 

RX + Mg(s) -► RX’ Mg(s)''' -► R’ + XMg‘(s) 

The possibility that £T-reactions are involved, and the experience, that the latter are 
catalyzed by transition-metal ions dictates the use of ultrapure magnesium in mechanistic 

studies and invalidates many previous investigations in this field. 

Mg(C2H5), like Be(C2H5)2 , possesses a polymeric chain structure with Mg^^^'^Mg(2c3c) 
bridge bonds. From ethers, Grignard reagents crystallize as solvates, e.g. RMgX(Et20)2. 
The readily accessible magnesocene, Mg(C5H5)2 (Fischer, Wilkinson, 1954), is a useful 
reagent for the introduction of C5H5 groups: 

C2H5MgBr 
C5H,, Et^O 

-C,H, 
C^HjMgBr 

x2, 220"C, lO'^mbar 

Mg + 2C5H, 

- MgBrj 

500 °C 

-H, 
MCI -MgClj 

M(C5H5)2 

Mg(C5Hs)2 forms white, pyrophoric crystals which start to sublime at 50°C/10"^ mbar, dissolve in 

non-polar as well as in polar aprotic media and undergo vigorous hydrolysis. The structural parameters 

apply to the crystalline state {X-ray diffraction, E. Weiss, 1975). In the gas phase, the bond distances 

are slightly elongated and the ecliptic conformation is favored {electron diffraction, Haaland, 1975). 



6.1 Organometallics of the Alkaline Earths 43 

The driving force of cyclopentadienylations of transition-metal halides by means of 

Mg(C5H5)2 is largely provided by the formation of MgX2. The bonding situation in 
magnesocene, especially the question of the dominance of covalent or ionic bonding, is 

still a matter of debate. The structural similarities to ferrocene and the absence of a dipole 

moment do not constitute unequivocal evidence for covalent bonding since in the case 

of purely ionic bonding, an axially symmetric sandwich structure would also be the 

(electrostatically) favored configuration. Furthermore, the realization of a molecular 

crystal lattice does not necessarily imply covalent bonding within the Mg(C5115)2 units 
because, due to the disparate sizes of Mg^'^ and C5H5 , an arrangement in which the 

lattice points are occupied by triple-ions Mg^^(€511^)2 is more favorable than a genuine 
ionic lattice. Observations which ascribe a high degree of polarity to the bonding in 

Mg(C5H5)2 are the electric conductivity of solutions in NH3 or in THF, brisk hydrolysis 

to Mg(OH)2 and C5H6 and the similarity of the ^^C-NMR shifts to those of alkali metal 
cyclopentadienyls: 

Dominant bond type: Ionic Covalent 

LilCjHj) NalCjHj) Mg(C5H5)2 Fe(C5H5)2 
i^C-NMR ^/ppm 103.6 103.4 108.0 68.2 

^^Mg-NMR evidence which implies extensive charge neutralization between magnesium 

and cyclopentadienyl has added new momentum to the discussion of bonding in magne¬ 

socene (Benn, 1986 R). 

GRIGNARD REAGENTS IN SOLUTION 

A concise description of the situation prevailing in solution is given by the Schlenk 

equilibrium (1929): 

L X L 
\ / \ / K 

Mg Mg 2 RMgX ^ RpMg-I-MgXp 
y \ y \ 

R X R 

L = solvent molecule with donor properties, usually ether 

K = 0.2 for EtMgBr (equilibrium constant) 

An equimolar solution of MgX2 and R2Mg in ether behaves identically to a conventional 
Grignard reagent RMgX. Radioactive ^®Mg(jS" emission, Ti|2 = 21.2h), added to the 

solution as ^®MgBr2, is rapidly scrambled among the species MgX2, RMgX and R2Mg. 
The dynamic character of the Schlenk equilibrium also manifests itself in the ^H-NMR 

spectrum of CHgMgBr in solution. At room temperature, only one signal is observed for the 

methyl protons, attesting to rapid exchange of CH3 between CH3MgBr and (CH3)2Mg. 

Separate signals appear at T<-100 °C (slow exchange). The most direct approach in the 

study of the Schlenk equilibrium is provided by ^^Mg-NMR spectroscopy through which the 
various species involved can be characterized separately {Benn, 1986 R). 
Example {THE, 37 °C): Et2Mg 3 - 99.2, EtMgBr 3 = 56.2, MgBr2 3 = 13.9 ppm. At 

67 °C, coalescence to a single signal, 3 = 54 ppm, occurs. These data reflect the kinetics of 

exchange as well as the temperature dependence of the Schlenk equilibrium. 

R X L 
\ / \ 

Mg Mg 
/ \ / \ 

R X L 
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The detailed study of the influence of solvent, concentration and the nature of R has 

revealed that the reality must be more complicated than the description given by the 

Schlenk equilibrium. In THF, RMgX exists as the monomeric species RMgX(THF)2 over 

a wide range of concentrations. In Et20, however, RMgX is monomeric only in dilute 
solution (<0.1M) whereas at higher concentrations oligomers (chains and rings) are 

formed: 

EtoO Ph 
\ / 

Mg 
/ \ 

Et20 Br 

In general, halide bridges are preferred over alkyl (2e3c) bridges. In the case of t-BuMgX, 

only monomeric and dimeric units are encountered. 

Solutions of RMgX in Et20 show electrical conductivity, although the extent of dissoci¬ 
ation is small: 

2 RMgX RMg+ + RMgX2 

-f e 

R- + Mg 

-e“ electrolysis 

R + MgX2 

Cathode Anode 

During electrolysis, radicals R- are generated at both electrodes. If these radicals are 
relatively long lived, dimerization can occur: 

2PhCH2MgBr^j^^ PhCH2CH2Ph + Mg + MgBr2 
coupling 

Alternatively, the radicals can react with the electrode material as in a commercial 
process for the production of tetraethyllead (p. 139): 

4C2H,MgCl^^^;^ Pb(C2H3), + 2Mg + 2MgCl2 

■V 

REACTIONS OF ORGANOMAGNESIUM COMPOUNDS 

From the breadth of applications of Grignard reagents in organic synthesis, only a small 
selection will be presented here (products after hydrolysis): 
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* The intermediate conversion of RMgX into RTi(OCHMe2)3 renders the addition to carbonyl 

functions highly chemo- and stereoselective (p. 32). 

Like organolithium compounds, Grignard reagents serve as alkylating and arylating 
agents for main-group and transition-metal halides: 

CHsMgX 
SbClg + 3 CHoMgX -► (CHo)3Sb - 

- 3MgXCI 

RMgX is less reactive than RLi, however. In contrast to the latter, no “ate complexes” 

like [(C6H5)6Sb]“ are obtained from reactions with Grignard reagents. 

The following example illustrates the synthesis of a metallacycle: 

CgHg)2MCl2 + 

CH2MgBr 

-► 
- 2MgBrCI 

CH2MgBr 
Metallacycle 

M=Ti,Zr,Hf,Nb 

Organomagnesium hydrides RMgH are prepared according to: 

THF 
R2Mg + MgH2 -► 

R H THF 
X / \ 
^ Mg Mg 
/ \ \ 

THF H R 

Note the preference for (2e 3c)hydride- over (2c3c)alkyl bridging. 
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Organomagnesium alkoxides RMgOR are products of partial alcoholysis: 

R^Mg + R'OH —^ RMgOR' + RH 

or of the reaction of Rieke magnesium (p. 41) with ethers (Bickelhaupt, 1977): 

65 h 

+ '^9(RIEKE) ^ 
1 00°C 

+ MgO 

,R' 

The structure of the aggregates (RMgOR')„ is governed by the ability of alkoxide ions to function as 

triply bridging ligands. The tetramer (RMgOR')4 is an example of a heterocubane (AB)4. 

Magnesium-“ate-complexes” M^Mg^R^ (M = group 1, 2 or 13 metal) were first described 

by Wittig (1951): 

MgPhg + LiPh 
Et20 

► LiMgPhg-CEtgOln 

Lithiumtriphenylmagnesiate 

\ / 

+ 2 Li 

/ \ 

jlMEDi 

Ph Ph Ph 
X / \ / 

Mg Mg 
/ \ / \ 

LPh Ph Ph 

2- 

solution 

crystal 

[Mg2Phg]^“ is isoelectronic and isostructural to [Al2Phg] (p. 79). The less electropositive 

metal usually appears in the “ate-complex”-anion. In the case of two metals of compara¬ 

ble electropositive character, an essentially covalent structure with (2e3c) alkyl bridges 
is realized: 

Me 
Me 

Al Mg 

Me Me 

Me Me 
/ 

Me 
X \ 

Me 

MgMe2 -I- Al2Me0 
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6.1.3 Organocaldum-, Strontium- and Barium Compounds 

The preparation of the heavier alkaline earth organometallics is difficult, requiring metic¬ 

ulous control of the reaction conditions. Since the products do not offer any advantages 
over Grignard reagents, their chemistry has not been studied extensively. Organobarium 

compounds have found limited application as initiators for polymerizations. Like the 
organyls of the heavier alkali metals, the Grignard homologues RMX (M = Ca, Sr, Ba) 

are best described by ionic bonding; they also attack ethers at the a-position. This 

property, as well as the lack of solubility in nonpolar solvents complicates the study of 

RMX in homogeneous solution. 
The preparation of the di(cyclopentadienyl) compounds of Ca, Sr and Ba should not be 

dismissed as an exercise in “bean counting”, since a number of thought-provoking 

structural features has emerged from their study. Ca(C5H5)2 in the crystal forms poly¬ 

meric chains (Stucky, 1974). Structural information concerning the isolated molecules is 

available only for the permethylated derivatives M(C5Me5)2. 

Special features of the ligand pentamethylcyclopentadienyl CgMcg (Cp*), compared to 

C5H5- (Cp): 

• stronger n-donor, weaker n-acceptor properties {p. 319) 

• increased covalent character of the cyclopentadienyl-metal bond 

• increased thermal stability of the metal complexes 

• kinetic stabilization effected by steric shielding of the central metal 

• attenuation of intermolecular interactions, decreased tendency towards polymeric struc¬ 

tures, increased vapor pressure and solubility. 

The latter aspect allowed the structural analyses of M(C5Me5)2(g) (M = Ca, Sr, Ba) by 

means of electron diffraction (Blom, 1987): 

M 

a 

M(C5Me5)2 ML 

Mg 180 180 

Ca 154 148 

Sr 149 144 

Ba 148 138 

It came as a surprise to find that the di{cyclopentadienyl)metal complexes of the heavier 

alkaline earths possess bent sandwich structures. A comparable bending is, however, also 

encountered within the corresponding metal halides in the gas phase {Kasparov, 1979) - the 

reasons for the lowering of symmetry in these two classes of compounds should be related. 

Whereas in the case of the compounds M(C5H5)2, M = Ge, Sn, Pb, the existence of a lone 

pair of electrons at the central metal atom may enter into explanations of the bent structure 

ip. 134), its absence in complexes with M = Ca, Sr, Ba calls for a more subtle interpretation. 

Ironically, both covalent (Coulson, Hayes, 1973) and ionic bonding models {Guido, 1976) 

have been used in this context. 
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6.2 Organometallics of Zn, Cd, Hg (Group 12) 

The elements of group 12 possess completely filled d shells of low energy, void of donor 
or acceptor properties. Therefore, a discussion of the organometallic chemistry of Zn, Cd, 

and Hg in connection with that of the group 2 elements is warranted. 

6.2.1 Organozinc Compounds 

PREPARATION 

C2H5I + Zn(Cu) 

Zn + R2Hg 

ZnCl2 + 2RLi (RMgX) 

3Zn(OAc)2 + 2R3AI 

‘C2H5Znr 
AT 

(C2H5)2Zn + Znl2 

R2Zn + Hg 

R2Zn + 2 LiCl (MgXCl) 

3 R2Zn + 2 A1(OAc)3 

STRUCTURE AND PROPERTIES 

In contrast to BeR2 and MgR2, binary organozinc compounds ZnR2 (R = alkyl or aryl) 
are monomeric. The molecules are linear and have low melting- and boiling points [e.g. 

Zn(C2H5)2: mp — 28°C, bp 118°C, pyrophoric]. Whereas self-association via 

Zn Zn (2e3c) bridges is apparently disfavored, Zn"^ 
formed readily: 

Py Et 
\ / 
Zn 

pyridine 
Et2Zn + ZnH2 Et^ ( ) Py 

THF ^zn Zn^ 
Py Et 

H 

H- 
Zn (2e3c) bridges are 

H 

Zn Zn 

2e3c 

cr-Donor ligands also coordinate to binary organozinc molecules: 

Me Bu 

Me-Zn-Me 

Me 

\ 

/ 
Zn - OMe2 

\ / Me 

"Zn^ 1 

Bu / \ 

Me 

'Zn'^ 

2- 

Me Me 

They effect the association of molecules of the type RZnX: 

X 
/ \ 

R-Zn Zn-R 

RZn 
/ \ 

X X 

I I 
RZn ZnR 

\ / 
X 

RZn 
I 

RZrf- 

ZnR 

_ ZnR 

X = halide, £-BuO a heterocubane 

0
0
B
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190 

193 

CH3 
1 

CH3 
1 

Zn 
1 

Zn 

Zn 
I 

CH3 

{Cyclopentadienyl) {methyl)zinc, which is monomeric in the gas phase, forms chains with bridging Cp 
ligands in the crystal. 

— CH3 

The structure of bis{pentamethylcyclopentadienyl)zinc in the gas phase features tj''-, -coordination. 

In this way, as in the case of CpZnMe, an 18 valence-electron shell is created for the Zn atom. CpfZn 

in solution gives rise to one ^H-NMR signal only, which indicates a rapid haptotropic change between 

Y]^- and -coordination (Haaland, 1985). 

Cp2Zn, like CpZnMe, is polymeric in the solid state. In their chemical behavior, organo- 

zinc compounds resemble organomagnesium- and organolithium compounds, their reac¬ 

tivity in addition reactions being reduced, however. In organometallic synthesis, ZnR2 

replaces LiR and RMgX if relatively mild, non-basic conditions are called for; 

Me2Zn + NbCls-> Me2NbCl3 + ZnCl2 

The well known Reformatsky reaction proceeds via an organozinc intermediate: 

1. R '2 C 0 ^ 

OH 
I 

BrCH2COOR 
Zn 1 1 Br 

CHp CHo 
Br 1 1 ^ 

R2CCH2COOR 
2.H2O 

a-Bromoester 
C 

THF '*^0 ^OR 
/3-Hydroxyester 

The dimeric structure of the Reformatsky reagent is maintained in solution (van der Kerk, 

1984). 
Organozinc carbenoids play an important role in organic synthesis. An example is the 

Simmons-Smith reaction (1973 R), by which cyclopropanations are effected: 

EtgO 

-► ICHgZnI 

COOR 

CH2I2 "t" Zn(Cu) 

Carbenoid 

-► 
-Znl2 
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Free carbenes are not formed during the course of this process; instead, attack by the 

carbenoid is thought to occur whereby the extent of side reactions is reduced. The 

addition probably follows a concerted path: 

Organozinc carbenoids also lend themselves to ring expansions of arenes to yield cyclo- 

heptatriene derivatives (Hashimoto, 1973): 

CHI3 + Et2Zn -► l2CHZnEt 
-EtI 

Carbenoid 

6.2.2 Organocadmium Compounds 

The method of choice for the preparation of binary organocadmium compounds is 

metathesis 
CdCl2 + 2 UR (RMgX)-^ R2Cd + 2 LiCl (MgXCl) [T] 

Organocadmium halides equilibrate with their binary counterparts: 

Me2Cd + Cdl2 2 MeCdl X ^ 100 

Organocadmium alkoxides are obtained by partial alcoholysis: 

R2Cd + R'OH-> RCdOR' + RH 

With regard to structure and reactivity, organocadmium compounds resemble their zinc 
congeners. The Lewis acidity of R2Cd is lower than that of R2Zn, however (tetra- 

organocadmiates CdR^” are unstable). The diminished reactivity of organocadmium 

compounds is exploited in a synthesis of ketones from acid chlorides: 

R2Cd + CdCl2 2 RCdCl 2 R'COR + CdCl2 

This procedure is practicable in the presence of the functionalities — O, — COOR, and 
— C = N to which organocadmium reagents, as opposed to Grignard reagents, do not 

add. 

6.2.3 Organomercury Compounds 

Historically, the extensive search for pharmacologically active compounds has trans¬ 

formed organomercury chemistry into a very broad field. The same is true for 

organoarsenic chemistry. In addition, the inert character of the Hg —C bond towards 

attack by air and water facilitated studies during the infancy of organometallic chemistry. 
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Traditionally, organomercury alkoxides PhHgOR' have found application as fungicides, 
bactericides and antiseptics, but their use is currently on the decline. Today, a few 
organomercury compounds are still utilized in organic synthesis. 

PREPARATION 

RI + Hg RHgl (historical) [T] 

ArN2Cl + Hg ArHgCl + N2 

HgCl2 RHgCl ^ R2Hg [4] 

Hg(OAc)2 + R'2BR-> RHgOAc + R^BOAc 

(R = primary alkyl, alkenyl, R' = cyclohexyl) 

PhH + Hg(OAc)2 PhHgOAc + HOAc (mercuration) 

(CF3COO)2Hg ^^^co3. 200°c (CF3)2Hg + 2 CO2 [h] 

Na(MeAlCl3) Me2Hg (electroalkylation) 

STRUCTURE AND PROPERTIES 

In accordance with the similar electronegativities of mercury and carbon, the Hg —C 

bond is essentially covalent. The organometallic chemistry of mercury is almost exclu¬ 
sively that of the oxidation state Hg". Species of the kind R —Hg'-Hg‘ —R have occa¬ 

sionally been proposed, but never unequivocally identified. Thermochemically, the insta¬ 

bility of organomercury (I) compounds is reflected in the strongly differing dissociation 

energies for the first and the second methyl group in (CH3)2Hg, D(MeHg —Me) 
214kJ/mol, D(Hg —Me) = 29kJ/mol. Therefore: 

RHg+ {RHg }-> R- + Hg 

R2Hg species readily undergo homolytic cleavage if energy is supplied thermally or 

photochemically. This reaction represents a convenient source of radicals and can be 

applied to homolytic aromatic substitution: 

R2Hg 2 R ArR 

The utility of organomercury compounds as transmetallating agents (p. 15) is based on 

this inherent weakness of the Hg — C bond. Conversely, organomercury compounds are 
practically inert against air and moisture. This may be traced to the weak acceptor 

character of molecules RaHg and RHgX. The formation of adducts with concomitant 

increase of the coordination number is observed for R2Hg only if R bears an exception¬ 

ally high electron affinity. Example: (CF3)2Hg(R2PCH2CH2PR2)- 
If donor ligands are proffered to organomercury halides, a redistribution often occurs 

wherein the organometallic component maintains its coordination number 2: 

2 RHgX + 2 PR'3 . R2Hg + HgX2(PR'3)2 
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The molecules of RHgX and R2Hg are linear {sp or d^2S hybridization of Hg). Attempts 

to force bent C — Hg — C moieties by means of “tricks” are evaded by oligomerization 

o-Phenylenemercury 

(i(Hg —C) =210 pm 
d (Hg- • Hg) = 358 pm 

compare: d (Hg — Hg) = 302 pm {metal} 

Di(cyclopentadienyl)mercury (C5Hs)2Hg, can be prepared in aqueous media 

2 C5H5TI + HgCla (C5H5)2Hg + 2 TlCl 

Although (C5H5)2Hg forms a Diels-Alder adduct with maleic anhydride and displays a 
Hg-^C stretching vibration in the IR spectrum, only one signal is observed in the 

^H-NMR spectrum. These findings are in accord with structural fluxionality for 
(>7^-C5H5)2Hg, such that a sequence of haptotropic shifts renders all the ring protons 
equivalent on the ^H-NMR time scale (Wilkinson, 1956): 

The pentamethylcyclopentadienyl ligand Cp* replaces only one chloride ion at HgCl2 

leading to Cp*HgCl, a compound which in the solid state displays an interesting folded 
ladder structure (Lorberth, Massa, 1988): 
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The most important reactions with synthetic appeal, involving organomercury com¬ 

pounds as intermediates, are mercuration, solvomercuration/demercuration and carbene 
transfer. 

• Mercurations are metallation reactions (H/M exchange) in which mercury(II)-acetate 

is used. They are applicable to arenes and to nonaromatic compounds of sufficient CH 
acidity (alkynes, nitro compounds, 1,3-diketones etc.); 

PhH -f Hg(OAc)2-> PhHgOAc -I- HOAc 

Mechanistically, this is an electrophilic substitution (S^). Mercurations are catalyzed by 
strong, non-coordinating acids which generate the attacking electrophile HgOAc"^: 

Hg(OAc)2 + HCIO4-> HgOAc+ + CIO4 + HOAc 

• Solvomercuration/demercuration constitutes an addition of HgX^ and Y to an alkene 

with subsequent cleavage of the Hg —C bond: 

Y Y 
HgX^ I I 

RCH = CH2 <^=NO^. OAc)^ RCHCH2HgX RCHCH3 

(HY = solvent or component of the medium) 

(Y = OH, OR, OAc, O2R, NR2 etc.) 

Example: 

Hg(0 Ac)2 

H2O/THF ^ 
C 

y 

,vOH 

CH2HgOAc 

NaBH4 

NaOH / 

vOH 

'CHc 

This procedure has been widely applied; it operates under particularly mild conditions, 

tolerates many functional groups and is rarely accompanied by rearrangements. The 

first step, called oxymercuration in this case, follows Markovnikov direction, and thus 

complements hydroborations (p. 601), which proceed in an anti-Markovnikov fashion. 

The utility of the mercuration products stems from the possibility of replacing mercury 

by hydrogen, halogen or other functional groups. 
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• Carbene Transfer from Phenyl(a-halomethyl)mercury (Seyferth-Reagent) 

Compounds of the type PhHgCX3 readily, extrude dihalocarbenes CX2 which can be 

used in consecutive reactions. From precursors PhHgCX2X' elimination occurs in such 

a way that PhHgX' retains the heavier halide. Examples: 

PhHgCI + CHClgBr + t-BuOK 
THF > Pht+gCCIgBr + KCI + t-BuOH 
-25° 

- PhHgBr CqHq, 80° 

2h 

CCh 

AT 
PhHgCXoBr -► 

- PhHgBr 

X =CI,Br 

O 

These cyclopropanations proceed under rather mild conditions and, most notably, in 

the absence of basic reagents; the intermediate PhHgCX2X' has to be isolated, howev¬ 

er. Functional groups like — COOH, —OH, and — NR2 create problems, since they 
react with PhHgCX2X'. In contrast to the Simmons-Smith reaction, the mechanism 
of the Seyferth dihalocyclopropanation is thought to involve free carbene intermedi¬ 

ates. 

cx. Ar—C^C R 

X X 

.A. 
H20 

Excursion 

Organomercury compounds in vivo 

As a result of the Minimata catastrophy 
in Japan (1953-1960) and of accidental 

mass poisonings by cereal seed in Iraq 

(1970/71), the reputation of the element 
mercury has been considerably maligned. 

In the first case, mercury from industrial 

waste waters found its way into marine 

organisms and sediments. In the second 

case, wheat, which had been treated with 

the seed disinfectant ethylmercury p- 

toluenesulfonic anilide, was consumed. 

The threat posed by mercury in vivo is 

closely affiiiated with organomercury 
chemistry: 

• Biological methylation converts inor¬ 

ganic Hg"-compounds into the ex¬ 

tremely toxic ion CHaHg"^ (Jernelov, 
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1969). Daily oral intake of 0.3 mg of 

CHjHgX by man leads to symptoms 

of poisoning. The generation of RHgX 

through oxidative alkylation of Hg° in 

the environment has not yet been es¬ 
tablished. 

• Several compounds of the type 
CHjHgX are water soluble. Thus, they 

are rapidly distributed in aqueous 

ecosystems and accumulate in cer¬ 
tain organisms (particularly fish). Ex¬ 

ample: Water (Lake Powell, Ari¬ 

zona, 0.01 ppb) -> food chain ->■ trout 

(84 ppb), carp (250 ppb). 

[CH3Co'"(CN)5]^- + Hgi: + H^O 

o 
I R I 

/ OH2 \ 

(CHgln. 

Hg2+ 
-► 

H2O 

n = 2,3 

With regard to the origin of mercury in 

natural waters, anthropogenic sources of 

modern times (retrieval of Hg from ores, 

fossil fuels, chloralkali electrolysis) are 

globally comparable to the natural 
sources (weathering, vulcanism). Because 

of the higher local concentrations, the 

former are more of an ecological threat, 

however. Admittedly though, the last 

decade has witnessed a remarkable re¬ 

duction of Hg emission which, for exam¬ 

ple in chloralkali electrolysis, amounts to 

> 90%. 
The biological methylation of Hg^ ^ ions 
to yield CHjHg^, and to a limited extent 

also (CH3)2Hg, is effected by micro¬ 
organisms, which utilize methylcobalam- 

in CH3[Co], a derivative of vitamin B12 

coenzyme. CH3[Co] is the only natural 
product which is able to transfer the 
methyl group as a carbanion, as required 

in the reaction with Hg^"^ (p.203): 

CH3[Co] + Hg,V (H20)[Co] + 
+ CH3Hg,; 

[Co] = cobalamin 

In this context, two model reactions are 

of interest: 

CH3Hg,; + [(H20)Co‘"(CN)5]2- 

(Halpern, 1964) 

Other metals which are subject to biolog¬ 
ical methylation include tin, lead and 

arsenic. Alkylated metal ions are usually 

more poisonous than the purely inorgan¬ 

ic forms, maximal toxicity being reached 

for the permethylated monocations 

MeHg"^, Me3Sn^ and Me2As'^. 
The distribution of the CH3Hg^ cation 

between aqueous systems and living or¬ 

ganisms is controlled by its coordination 

chemistry. Since organometallic Hg" oc¬ 

curs almost exclusively with the coordi¬ 
nation number 2, the following equilibria 

only have to be considered: 
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[MeHgOH2]^ + OH MeHgOH + H2O acid/base 

[MeHgOH2]^ + MeHgOH [(MeHg)20H]+ + H2O condensation 

[MeHgOH2]^ + X MeHgX + H2O complex formation 

Formation constants; MeHgF ^ MeHgCl < MeHgBr < MeHgl MeHgSMe 

The ion therefore should be clas¬ 
sified as a soft Lewis acid. The preference 
of MeHg"^ for soft Lewis bases governs 
the solubility behavior of compounds 

MeHgX: 

X MeHgX 

Hal", CN“, covalent bond MeHg-X, 
SCN", SR“ 

(soft bases) 
soluble in organic media 

NO3-, sor ionic bond MeHg^ X” 
(hard bases) soluble in water as MeHg^'^q 

The uptake of MeHg"^ by living organ¬ 
isms is thought to proceed in the follow¬ 
ing way: 

In addition to the blocking of thiol 

groups of enzymes by MeHg"^, bonding 
of the methylmercury cation to the 

pyrimidine bases uracil and thymine has 
also been suggested. The discovery that 
MeHg^ causes chromosomal aberra¬ 

tions, i.e. is mutagenic, is thus explained. 
MeHgSR complexes are thermodynami¬ 
cally stable, but kinetically labile. This 

lability makes the ion MeHg"^ immedi¬ 

ately available upon changes of the medi¬ 
um. It also forms the basis for chemother¬ 

apy which consists of the conversion of 

MeHg^ into a chelate complex, which 
then is excreted. For this purpose, peni¬ 

cillamine (2-amino-3-methyl-3-thiobu- 

tyric acid) as well as synthetic ion-ex¬ 
change resins carrying thiol groups, are 
being tested. 

MeHg+(SOr, NO3-) 
(soluble in water) 

MeHgCl (soluble in lipids) 
transport via 

blood circulation 

MeHgS / 

fixation o/MeHg'^ to sites with 

deprotonated SH groups 
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Among the elements B, Al, Ga, In and TI the organometallic chemistry of boron and 

aluminum clearly predominates. Organoboron chemistry is closely related to the chem¬ 
istry of organoboranes; therefore boranes will also be touched upon in this chapter. 

Boranes and organoboranes are intriguing from a structural (borane clusters), bond 

theoretical (multicenter bonding) as well as from a practical point of view (hydroboration, 
carbaboration). At one time, boranes and carbaboranes were of interest as potential 

rocket propellants since their specific combustion value exceeds that of hydrocarbons by 
about 40%. However, complete combustion to form B2O3 and H2O was never achieved 

in practice. Instead of B2O3, suboxides like BO are always fornied to a certain extent, 

negating their advantage over hydrocarbons. Certain organoboron compounds have 
entered nuclear medicine as neutron absorbers. The practical value of aluminum organyls 

is grounded in their use in a number of technical processes and, in the laboratory, as 

economical sources of carbanions. 

7.1 Organoboron Compounds 

7.1.1 Organoboranes 

PREPARATION 

Organic derivatives of BH3 are accessible in a multitude of ways. Direct syntheses are of 
no importance since pure elemental boron is both expensive and rather unreactive. 

Binary organoboranes: 

Et20BF3 + 3 RMgX-> R3B + 3 MgXF + Et20 [?] 
(R = alkyl, aryl) 

In the presence of an excess of RMgX, tetraorganoborates BR4 are formed; 

B(OEt)3 + I/2AI2R6-> R3B + Al(OEt)3 

Contrary to lithium- and magnesium organyls, organoaluminum compounds do not 

effect quaternation at boron. 

HBC -I-RCH = CH2->RCH2-CH2BC Hydroboration [s] 
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Organoboron halides: 

BCI3 + SnPh^-^ PhBCl2 + PhaSnCl [U 
or Ph2BCl + Ph2SnCl2 

BCI3 + ArH ArBCl2 + HCl 

BR3 + I2-^R2BI + RI 

BCI3 + HC = CH-> CI2BCH = CHCl Haloboration 

B2CI4 + CH2 = CH2-> CI2BCH2 -CH2BCI2 Diboration 

Organoboron hydrides (R2BH)2 and (RBH2)2 may be prepared from the respective 
organoboron halides R„BX3 by means of substitution of H for X, using LiH or LiAlH4. 
Organoboron halides also serve as intermediates in the synthesis of numerous other 

derivatives: 

RgBOR 2 

Tetraorganoborates BR4 are obtained from tetrahaloborates: 

NaBF4 + 4 PhMgBr-> NaBPh4 + 4 MgBrF 

NaBPh4 is sold in Germany under the name Kalignost® (“recognizing potassium”). The 

ion BPh4 forms precipitates with Rb"^, Cs"^, Tl^, Cp2Co^ etc. and as the ammoni¬ 
um salt, can be used in small scale preparations of BPh3: 

NH4BPh4-> BPh3 + NH3 + PhH 

The radical anion Ph3B“, which is isoelectronic with Ph3C', is in equilibrium with its 
dimer (J.L. Mills, 1976): 

2 ph3B 2 Ph3B • [Ph3B - " 

Organoborinium ions R2B^ only exist as Lewis base adducts (Noth, 1985 R): 

Ph2BCl + AgC104^^^^^^ [Ph2B(bipy)]+ + CIO4- 
Borinium Pon (C.N. 4) 

PROPERTIES 

Because of the low polarity of the B —C bond, binary boranes R3B are stable in water; 

they are easily oxidized, however. The more volatile boron trisalkyls are pyrophoric. 
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Contrary to BH3, BR3 is monomeric. This may be traced to hyperconjugation with the 
alkyl substituents whereby the electron deficiency at boron is alleviated. Electron rich 
groups like vinyl or phenyl provide the B — C bond with partial double bond character. 
Substituents E with lone pairs of electrons act similarly; 

\ \© © ) ( \ _ \© ©) 
B—CH = CH5^-► B=CH—CHo B—E <-► B=E 

The strength of the boron-heteroatom Tt-bonds in R2BE increases in the order 
Cl < s < o < F < N. This is derived from the following observations: 

E: Cl SMe OMe F NR2 

Formation of 
an adduct R2BE • NR3; observed not observed 

Organoboron hydrides R2BH and RBH2 form dimers which always display hydride 
bridges rather than alkyl bridges: 

R 

R 

^ H 

H 

B'^ B'"' 

R^ ^ 

R 

The structural elucidation of these derivatives of diborane by IR spectroscopy is based 
on the strongly differing B — H stretching frequencies for bridging (H*’) and terminal (H') 
positions: 

Stretching frequency Intensity 

v(B'^ ^B) symm. 1500-1600 cm“‘ strong 

v(B-^ B) asymm. 1850 medium 

v(B-H‘) 2500-2600 

The lower stretching frequency of hydride bridges is a consequence of the diminished 

bond order (0.5) which can be deduced from the interaction diagram of a B B {2e3c) 

bond. 

B.B 

2 sp 

/ \ 
/ 

/ 
/ 

_/_ 
\ 

3 \ 
\ 

\ 
\ 
\ 
\ 
\ 
\ 
/■ 

/ 
/ 

/ 

H 

1 s 

antibonding 

nonbonding 

bonding 

B 

B 
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REACTIONS 

Controlled oxidation of organoboron compounds R3B affords the alkoxyboranes 

R2BOR (borinic esters), RB(OR)2 (boronic esters) and B(OR)3 (organoborates) which are 
also accessible through alcoholysis of the respective organoboron halides R„BX3_„. If an 
amine oxide is used as a source of oxygen, the liberated amine may be titrated; this is a 

method for the determination of the number of B —C bdnds initially present; 

R3B + 3 Me3NO-^ B(0R)3 + 3 Me3N 

One of the most versatile methods in organic synthesis is hydroboration (H. C. Brown, 
1956f.). Herein, rather than the resulting organoboranes themselves, the products of their 
subsequent reactions are important: 

R 
\ 

CH=CH2 
+ 

H—B 
N 

RCH2—CH3 RCH2—CH2OH 

RCH2-COOH 

(RCH2CH2)2 

Hydroboration is regioselective (a«t/-Markovnikov direction), electropositive boron being 
attached to the carbon atom bearing the larger number of hydrogen atoms, and stereo¬ 

selective (as addition). Hydroboration is reversible which can be exploited for counter¬ 
thermodynamic isomerizations of olefins: 

^D-n .jqqo 

MeCH = CHMe ^ MeCH — CH2Me -*• CHo = CH — CH^Me 

’ ^B-H 
B 
/\ 

With organoboranes bearing bulky substituents, the selectivities achieved are particularly 

high. Thus, bis-(l,2-dimethylpropyl)borane (“disiamylborane”) adds to 1-pentene, leav¬ 
ing 2-pentene unaffected (selectivity > 99%). 
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disiamylborane 9-BBN 

Bis-(9-borabicyclo[3.3.1]nonane) (“9-BBN”), which can be prepared from diborane and 
1,5-cyclohexadiene, has the additional advantage of being easy to handle (solid, stable up 
to 200 °C, precautions required are comparable to those recommended for LiAlH^). 

9-BBN excels in the regioselective reduction of functional groups as in the conversion of 
a, ^-unsaturated aldehydes and ketones to the corresponding allyl alcohols: 

Ph - CH = CH - ,h;nch:cT.oh> Ph - CH = CH - CH,OH 99 o/o 

Enantioselective syntheses of chiral alcohols from prochiral alkenes can be effected by 

means of chiral boranes (H. C. Brown, 1961). 
Exceptionally high enantiomeric excesses {ee) are obtained in hydroborations with the 

reagent trans-2,5-dimethylborolane (Masamune, 1985): 

H 
bCL? 

R.R 

H 

^<> 
S,S 

Early observations that allylboronic esters readily add across aldehyde functions (Gaude- 

mar, 1966) have added impetus to the use of carbaborations in organic synthesis. They 
effect diastereogenic C-C coupling of high enantioselectivity. Example (R. W. Eloffmann, 

1982 R): 

o o 

O OP 

Ph"^ H 

Me 

N(CH9CH20H)3 

-N(CH2CH20)3B 

_ 
7—OH 

96 

H Me 

Homoallyl 
Alcohols 

Note that it is the carbon atom in y-position to boron which engages in C-C bond 

formation. 
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7.1.2 Boron Heterocycles 

Boron is found in a large number of saturated and unsaturated heterocycles in such 

segments as C — B — C, C — B — N, N — B — N, O — B — O, C — B — O, C — B — S etc. Here, 

only a few examples will be given in which organometallic aspects dominante. 
Boracycloalkanes (boracyclanes) are products of metathesis reactions or of cyclohydro- 

borations; 

Li(CH2)4Li + PhBFg 

Parent 
Compound: 

O 
H 

Borolane 

H 

Borinane 

H 

Borepane 

Boracycloalkenes and boraarenes are of interest in the context of tt-electron delocalization 

across B(sp^) centers. Therefore, the synthesis of borirene (boracyclopropene CjBHj), 

which is isoelectronic with the smallest Hiickel system C3H3, has been the subject of 

considerable synthetic effort. Attempts to prepare borirenes via addition of organo- 

boranediyls (RB:) to alkynes often led to l,4-dibora-2,5-cyclohexadienyl derivatives 
which formally are borirene dimers (van der Kerk, 1983): 

4 CqK + 2 MeBBrg-f R—C=C—R 

(R = n-Bu) 

Me 

Me 
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Monomeric borirenes can be obtained photochemically if protection by sterically de¬ 
manding substituents R is provided (Eisch, 1987): 

\ 
B—C=C—R 

hj^, 300 nm 

benzene, pyridine 

Structural and spectroscopic data point to extensive rr-electron delocalization: 

'^C = C'^ 
\ / 

B 

c—o'© 

B © 

© C—C 
\ // 

0 B 
I 

The isoelectronic series can be extended: 

C3R3+, C2BR3, CB2R3“ (Berndt, 1985). 

An intriguing aspect of the dihydrodiboretes (diboracyclobutenes) is the structural dispar¬ 
ity of the two isomers (Siebert, 1985 R): 

H H 

>=< 
R —B B- 

\ / 
Cl Cl 

■R 
2 K 

-2 KCI 

R=N(i-Pr)2 

planar 

TT-electrons: localized 

A 
-► 

H 

folded 
(“butterfly”, p. 394) 

delocalized 

The higher thermodynamic stability as well as the folded structure of the 1,3-isomer had 
been predicted from theoretical considerations (v. R. Schleyer, 1981). 

The antiaromatic borole C4,H4BH (4 7t-electrons) is labile even in perarylated form (Eisch, 

1969): 

2 
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Cocondensation of BF vapor with alkynes leads to l,4-diboracyclohexa-2,5-dienes 

(Timms, 1968): 

B RC = CR 

BFo(g) -► 1bf| -► 
1800° 

R 

R 

Borabenzene (Borin) C5H5B as yet has only been obtained as Lewis base adduct or as an 

aromatic, anionic rj^-Mgand (p. 380) in transition-metal complexes (Ashe, 1971): 

PhBBr2 

-► 
-(n-Bu)2SnBr2 

Hydrostannation 

LiCPhs 

-► 
-H + 

Ph 

Phenyl- 
boratabenzene 

LiN(C0Hi-|)2 
-► Li + 
-HN(C6Hii)2 

OMe 

Ms^SiCI 
-► 
-LiCI 

iMe 

SiMe3 

The prefix ‘‘‘‘bora'’’’ designates the replacement of a CH fragment by B, *‘‘‘borata” that of 

CH by BH”. 

The pyridine adduct of borabenzene (G. Maier, 1985) is isoelectronic with biphenyl. As 

gauged from spectroscopic data (^H-NMR in particular), boratabenzene CjHjBR^ dis¬ 

plays cyclic 7t-conjugation. Due to the difference in electron affinity, replacement of 

carbon by boron, however, acts as a perturbation. 

The tropylium ion C7H7 has found its isoelectronic counterpart in derivatives of borepin 
CgBH,, the least substituted, known to date, being the Me —B derivative (Sakurai, 1987): 

(n-Bu)2SnH2 
h 

MeBBrp, -20° 
-=- 
-(n-Bu)2SnBr2 

Stannepin Borepin 
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Boron heterocycles which only contain heteroatoms include the boroxins (condensation 
products of boronic acids), the cycloaminoboranes, and the borazines. 

R 
\ 

3 RB(0H)2 -► +3 HgO 
RB. _/BR 

g 

Boroxine 

Boroxines are planar; yet, compared to the borazines, the free electron pairs in the former 

remain localized to a large extent. Aminoboranes as monomers are also planar. They 
equilibrate with puckered cyclic dimers and trimers, the position of these equilibria being 

governed by the size of the substituents R. In the monomeric as well as in the oligomeric 

forms, boron gains an octet configuration: 

RgBCI + RgNLi 
0 © 

R2B—NR2'*-R2B = NR2 ( Aminoborane 

tl R2 

N 
/ \ 

RoB^ .BR2 + 

N 
R2 

R2 

R2B |R2 

R2N^/NR2 

R2 

The isoelectronic nature of the units and ^B = suggests replacements of the 

former by the latter. In the case of benzene this leads into the class of borazines (BjNjHg, 
cyclotrisborazine), also termed “borazoles” or “inorganic benzenes” since, in many 

regards, they mimic the properties of arenes: 

3 MeNHgCI + 3 BCI3 

Me 

_^ CIB •^BCI 
^ II I 

■9HCI MeN^ .^NMe 
B 
Cl 

MeMgBr 
Me 

MeB"^ ^BMe 
II I 

MeN. ^NMe 

Hexamethyl- 
cyclotrisborazine 

If units are only partially replaced by ^B = N^, the analogy to benzene is lost, 

however: 

Pd/C 
-► 
-2H2 

II -^ rapid polymerisation 
NMe 

1,2-Azaborine 

Since the electronegativities of B and N are very different, 1,2-azaborine acts like a 

strongly polarized butadiene. 
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7.1.3 Polyhedral Boranes, Carbaboranes and Heterocarbaboranes 

“Boranes: Rule breakers become pattern makers” K. Wade (1974) 

In the context of this section, a cursory treatment of the binary boranes is indispensable. 
Preparative results, in part dating back to A. Stock (1876-1946) revealed that, as for 
hydrocarbons, borane chemistry may also be organizetl in terms of homologous series: 

®nIIn + 6 
B.Hg, B5H9 

B„H„,2 [only as n = 5-12] BjH^, B^Hr 

As the structures of these boranes were unraveled, the desire grew to understand the bonding 

situation. In both of these areas, WN. Lipscomb has earned merits. 

Lipscomb devised a system to organize borane topology and he described the electronic 

structure even of the more complicated boranes in terms of the valence bond ( VB) model. 

In boranes, the number of valence electron pairs is always less than the number of inter¬ 

atomic connecting lines which depict the molecular framework. Therefore, a certain number 

of 2e3c bonds must be included. On p. 67, for a few boranes, molecular structures (left) are 

juxtaposed with the respective valence bond formulae (right). Whereas in the structural 

representations the number of connecting lines does not correspond to the number of 

electron pairs available for bonding, in the valence formula this is the case. 

The symbols have the following meaning *: 

2e3c \ 

( two-electron three-center bonds 
2e3c^ 

2e2c \ 

; two-electron two-center bonds 
2e2c‘ 

S B B 

t B 'B 

y B-B 

X BH2 

B 

B'^B 

According to the numbers s, t, y, x which tally the different bonding fragments present, a 

particular borane is assigned its specific styx code. Example: styx(B5H9) = 4120. For a 

borane of known composition, usually one styx code only exists, which is compatible with 

the total number of valence electrons and the number of B- and H atoms. In this way, 

structural predictions become possible, which then have to be confirmed by spectroscopic 

techniques or by diffraction methods. 

■V 

* In the literature as well as at various places in this text, 2e3c bonds are also 
lines. Examples: 

B 
/C^3. 

Al Al 

represented by two 
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H .V 
■if W' 

B5H11 

PENTABORANE (11) 

H 4 |_j 3 n 

3203 

BgHiO K 5 4Nh 

HEXABORANE (10) 4220 

7/ \ 4 
h-b-<^&+i 

/h 

B8H12 

OCTABORANE (12) 4420 

H H 

, W. 

B9B15 

NONABORANE (15) 
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Frequently, it is impossible to do justice to the symmetry of a borane molecule by writing 

a single valence-electron formula employing the symbols discussed on p. 66. In these cases, 

several canonical forms must be given which together represent a resonance hybrid. Exam¬ 

ple: B5H9, symmetry For decaborane{H), 24 canonical forms have to be considered. 

For the highly symmetrical borane anions valence bond representations become 

unwieldy because of the large number of canonical forms. 

Contemporary descriptions of polyhedral boranes are based on MO methods introduced 
in the now classical work of Hoffmann and Lipscomb (1962) which constitutes an early 

example of the application of the Extended-Hiickel method. Thus, given a certain number 
n of skeletal atoms (B, C or heteroatom), the number of electrons available for skeletal 

bonding fixes a certain structure. The following system has become known as Wade’s 

rules; it is particularly successful in discussing the heteroboranes. 

• Each of the n units :B —H furnishes 2 skeletal bonding electrons 

• Each additional -H furnishes 1 skeletal bonding electron 

• Ionic charges must be included in the electron count 

Borane Skeletal bonding 

electron pairs 

Structural 

type 

Structure Example 

n + 1 closo 

(closed) 

Polyhedron with n vertices 

0 vertices unoccupied 

BnH„ + 4 n + 2 nido 

(nest) 

Polyhedron with « +1 vertices 

1 vertex unoccupied 
B5H9 

BnH„ + 6 n + 3 arachno 

(cobweb) 

Polyhedron with n + 2 vertices 

2 vertices unoccupied 
B4H10 

* For binary boranes, the closo structure is only realized in the anions 

Therefore, the structures of the boranes BgHg , B5H9, and B4H10 are derived from an 
octahedron with 0, 1 or 2 vertices, respectively, remaining unoccupied: 

B5H9 (nido) 

Increasing hydrogen content in the boranes leads to successively more “open” structures 
since the required number of BBB (2 c 3 c) bonds decreases. 
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Idealized Structures of closo-, nido- and arachno-Boranes 

Only the (BH)„ skeleton is shown. BH2 groups and B B bridges occur at the open face 

of the respective incomplete polyhedron. In the heteroboranes, one or more BH-units are 

replaced by other building blocks. 

STRUCTURAL TYPE Closo nido arachno 

SKELETAL BONDING 
ELECTRON PAIRS n + 1 n + 2 n + 3 

TRIANGULAR VERTICES 

Horizontal: 

Diagonal: 

(adapted from R. W. Rudolph, 1972) 

Changes in skeletal structure with increasing hydrogen 

content (generally : with increasing number of skeletal 

bonding electrons). 

Relation between open structures and the parent closed 

polyhedron. 
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PREPARATION 

Nido- and arachno-boranes: 

Mg3B2 + HsPO^.q-> B4H10, B5H9, B^Hio (A. Stock, 1912 f) 

4 NaH + B(OMe)3-> NaBH^ + 3 NaOMe 

2NaBH4 + H3PO4-> B2H6^^ B4Hio;B5H9, B5H11 etc. 
” **2 

Borane pyrolysis 

In addition, several special methods for the synthesis of the more exotic boranes have 

been devised. They rely on the meticulous control of temperature and pressure. 

Closo-borane anions: 

+ 2Et3N-> 2Et3NBH3 2[Et3NH] + + 

[Et4N]BH4^^^;;|^ 2[EUN]+ + [BioHio]"' 
Tetrahydroborate pyrolysis 

HETEROBORANES, CARBABORANES 

Heteroboranes contain skeletal atoms different from boron (C, Sn, Pb, Al, transition 

metals etc.). The carbaboranes, pioneered by Hawthorne and Grimes, may be formally 
derived from boranes by isoelectronic replacement of BH “ by CH. Therefore, the neutral 

carbaborane B4.C2Hg, like the dianion BgHg-, possesses a closo structure. 

One of the most extensively studied carbaboranes is dicarba-closo-dodecaborane(12), 

C2BioHi2- Like the isoelectronic anion B32H12 it forms an icosahedron. 

B10H14 + 2Et2S BioHi2(Et2S)2-^^^ C2B10H12 

-EtjS “ortho-carborane” 

The two carbon atoms are initially introduced in vicinal position (ortho-carbaborane). 

Under thermal conditions, isomerization to meta-carbaborane (T = 600 °C) and to para- 

carbaborane (T 700 °C) occurs. This migration of carbon atoms on the surface of the 
icosahedron is thought to involve transition states of cuboctahedral symmetry: 

ortho-carbaborane 
1,2-isomer 

transition state 

cuboctahedron 
meta-carbaborane 

1,7-isomer 
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Carbaboranes of the nido- and arachno type have also been prepared. 1,2,3,4-Tetraethyl- 

l,2,3,4-tetracarbadodecaborane(12), which according to Wade’s rules has a nido struc¬ 

ture, may serve as an example. This carbaborane, like possesses n -I- 2 skeletal 
electron pairs. 

Stereoview of the structure of Et4C4BgHg (Grimes, 1984) 

Guide to three-dimensional viewing: Place two fingers between the eyes and the plane of the paper so 

that the left eye sees only the left-side image, similarly, the right eye should only see the right-side image. 

The eyes, thus fixed along parallel axes, are then relaxed and adjusted to an “infinity setting”. In a short 

time (and with a little practice]), the three-dimensional image of the molecule should appear, which 

remains even after removing the guide fingers. A prerequisite is, that the distance between the two stereo 

pictures approximates the separation between the eyes. 

Nido-carbaboranes of the type [CjBHg]'^ bear resemblance to half-sandwich complexes 

(p. 309); a highly substituted derivative of this cation has been prepared by Jutzi (1977): 

X + 

HgC 

H3C 

CH3 

The nido structure of this carbaborane may be traced back to the isoelectronic nature of 

CjBHg and BgHg" (n -I- 2 skeletal electron pairs). The carbaborane anion CjBHg (n -b 3 

skeletal electron pairs), in accordance with Wade’s rules, features an arachno structure 

(compare the planar configuration of boratabenzene CgHjBR”, p. 64). A limitation to 

Wade’s structural scheme is imposed by substituents like halogens or amino groups, 

which can satisfy the electronic demand of boron by means of % back-bonding (p. 64). 
Thus, l,4-difluoro-l,4-diboracyclohexadiene C4H4B2F2 has a planar rather than a nido 
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structure, the latter being predicted by Wade’s rules for the parent carbaborane C4B2Hg 

(n + 2 skeletal electron pairs): 

symmetry 02^ symmetry Q 

The structures of the boron subhalides (BX)„, n = 4-10, also do not comply with Wade’s 

rules. Example: B4CI4 is tetrahedral; this closo structure would, however, be predicted for 
the dianion B4H4'‘. Nido- and arachno-carbaboranes are building blocks in the synthesis 
of heterocarbaboranes which, in addition to B and C, contain other elements in their 

skeleton. The anion [(7,8-C2B9Hii)2F6]^“ is but one of numerous cases in which the 
five-membered ring of a partially disintegrated icosahedral carbaborane plays the role of 

the cyclopentadienyl ligand present in metallocenes. 

2 
c1oso-1,2-C2B.,0Hi2 -►[nido-7,8-C2B9H., 1 ] 

EtAIC2B9Hi 1 MC2B9H1 1 CM= Ge.Sn.Pb 1 

The participation of Al, Ge, Sn, Pb and Fe in icosahedral frameworks is unique in the 
structural chemistry of these elements. 
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Excursion 

“B-NMR of Organoboron Compounds 

Of the two boron isotopes, ^°B(20%, 

1 = 3) and “B(80%, / = 3/2), the latter 

possesses superior NMR properties (cf. 
p. 24). Therefore, “B-NMR is performed 

almost exclusively. 

The chemical shifts (5(^^B) cover a range 

of about 250 ppm; they are ruled by the 

charge, the coordination number, and the 
substituents at boron. For trisorganobo- 

ranes, the chemical shifts <5(“B) correlate 

with 5(^^C) values of isoelectronic carbe- 
nium ions. 

Chemical Shifts of Selected 

Organohoranes (external standard 

Et^O BF3); 

EtgB 

Me 
B 

MeN/~\ NMe 
I 

PhgB 
U.L 

Vin3B 
'N' 
Me VinBF2 

_i_I_I-1-1— 
100 80 60 40 20 

venes the electronegativities of F and Cl, 
has been related to stronger 7c-bonding 

B® = F® as compared with ^B® = Cl®, 
a consequence of the shorter length of the 

B —F (T-bond. An even stronger Tc-donor 

capacity is exhibited by the substituent 

NR2. 
The ability of a, ^-unsaturated organic 
groups to engage in Tc-conjugation with 

three-coordinate boron can be assessed 
from an inspection of 5(“B)- and (5(^^C) 
values of vinyl boranes (Odom, 1975). 

In this context, (5(^^C^) rather than 
(5(^^CJ data are examined, since the 

shielding of the nuclei C^,, which are di¬ 
rectly bonded to boron, is governed by 

mesomeric (tc) and inductive ((t) effects. 

MeqB® 

Ph4B® I 

j_I_i_ 
0 -20 -40 

H3BCO 

^ (3(^^b) 
_I_ 

-60 ppm 

Et2BCI Me2BNMe 

Et2BF © 

■B^ 
Ph 

Et20-BF3 H3BPMe3 

Me3BPMe3 

Substituent effects on ^(“B) values are 

influenced by cr- as well as by 71-bonding 

contributions. Thus, the nucleus “B is 

shielded more effectively in Et2BF than 

in Et2BCl. This gradation, which contra- 

Furthermore, due to their vicinity to “B, 

a nucleus with a quadrupole moment, C^, 

nuclei often give rise to NMR signals 

which are broadened beyond detection 

(p. 2951). 
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I'B- and C-NMR Data 

B(CH2CH3)3 B(CH = CH2)3 CH2=CH2 

^"B 86.8 ^“B 56.4 

(CH2) 19.8 (CH) a 141.7 

(CH3) 8.5 <5i3C (CH2) P 138.0 , (CH2) 122.8 

B — CH=CH2 
« 0 
@ 

\© © 
B=CH—CH 

® 
2 

The contribution of canonical structure 

@ in B(CH = CH2)3 manifests itself in 
the shielding of “B [compared to 

B(C2H5)3] and in the deshielding of 

^^C(CH2) [compared to CH2 = CH2]. 
Therefore, boron in a-alkenylboranes 
acts as a Tc-acceptor. 
As expected, considerably stronger 
shielding is experienced by “B in Lewis 

base adducts [solvent effects on 5(^^B)!] 
and in tetraorganoborate anions. A strik¬ 

ing effect is the very strong shielding of 

*^B in borane carbonyl H3BCO. Note, 

however, that in borane carbonyl, as op¬ 
posed to transition-metal carbonyls, CO 
can only function as a cr-donor. Another 

factor which may contribute to ^^B 

shielding in borane carbonyl is the dia¬ 
magnetic susceptibility of the C = O triple 

bond [compare <5(“B) for H3BPMe3 and 

for H3BCO]. 

(a) proton coupled 
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“B-NMR signals for carbaboranes ap¬ 
pear in a large shift range between -1-53 

and — 60 ppm. Usually, nuclei with 

higher connectivity to other skeletal 

atoms absorb at higher field. The large 

line-width of these signals is caused, i.a., 

by unresolved multiplet structure stem¬ 
ming from extensive B, B- and B, H cou¬ 
pling. 

Spin-Spin coupling constants ^H,) 

for terminal B —H units lie between 100 

and 200 Hz, V(^^B, ^Hj,) values for 

B B (2e3c) bridges between 30 and 
60 Hz (Example: B2H6, 135 and 46 Hz 

resp.). The splitting patterns assist in the 
elucidation of borane structures. 

An instructive, albeit deceptively simple 
example is given in the “B-NMR spec¬ 

trum of pentaborane (9) (p. 74). These 
spectra reflect the point group €4^ of 

B5H9. This rather high symmetry is also 

responsible for the fact that, despite 
quadrupole relaxation of the nucleus “B, 

line widths of a few Hz only are observed. 

7.2 Organoaluminum Compounds 

Although known as a highly reactive species for more than a century it is only since 1950 

that organoaluminum compounds have gained in interest. This development was trig¬ 
gered by the pioneering work of K. Ziegler. The relatively belated appreciation of alu¬ 

minum organyls may be traced to the longstanding confinement to ethereal solvents, 
which attenuate the reactivity of monomeric R3AI through the formation of solvates 

R3AI • OEt2. Compared with the organometallics of groups 1 and 2, aluminum organyls 
excel in the ease of their addition to alkenes and alkynes. The regio- and stereoselectivity 
of these carbaluminations, as well as of the related hydroaluminations using R2AIH, are 

an additional asset. Aluminum organyls, which are derivatives of the cheapest of the 

active metals, may gradually substitute lithium- and magnesium organyls as more eco¬ 

nomical reducing and alkylating agents. 

PREPARATION 

In accordance with the large practical importance of aluminum alkyls, a number of 

industrial processes have been developed for their production: 

4 A1 + 6 MeCl-> 2 Me3Al2Cl3 ^ 
Sesquichloride 

Me4Al2Cl2 + Me2Al2Cl4 

2NaCl 

Me4At2Cl2(l) + 2Na[MeAlCl3](s) 

X 3 6 Na 

m 

2Me6Al2 + 2A1 + 6NaCl 
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Aluminum is activated by grinding with Et3Al in order to remove surface oxides. This 

process, patented by Chemische Werke Hiils, is only used to produce trimethyl- and 

triethylaluminum. 
In the Ziegler direct process two observations (in the presence of aluminum alkyls, A1 

reacts with H2; ^Al —H adds to alkenes) are exploited; 

Al + 1.5H2 + 2Et3A1^^^3Et2AlH' 

3 Et2AlH + 3 C2H4 3 Et3Al ^ z ^ l-lObar ^ 

Sum A1 + 1.5 H2 + 3 C2H4-> Et3Al 

The reactivity of A1 is enhanced by alloying it with 0.01-2% of Ti. If aluminum and the 

alkene are used in a molar ratio of 1:2, dialkylaluminum hydride is obtained. 
Since hydroalumination is reversible and the affinity of ^Al —H for alkenes increases in 

the order CH2 = CR2 < CH2 = CHR < CH2 = CH2, several other aluminum organyls 
can be prepared starting from tr/s(iso-butyl)aluminum: 

“Vermehrung” 

(increase) 

“Anlagerung” 

(attachment) 

Al -f- 1,5 H2 + 3 CH2=CMe2 

100° 

200 bar 

-)-3 CHp=CHMe 
(i s0- B u>3 AI -v'-.'. -► 

140° 
20mbar 

- 3 CH2=CMe2 

“Verdrangung" 

(displacement) 

+ 3 CH2=CH2 

(n-Pr)3AI _ 3 CH2=CHMe ^ ^*3^' 

via (iso-Bu)2AIH + CH2=CMe2 (n-Pr)2AIH + CH2=CHMe 

The less volatile, more heavily substituted alkene is condensed from the gas stream and 

the equilibrium shifted in favor of the desired, thermodynamically more stable aluminum 
alkyl. This is the method of choice for the generation of higher aluminum trisalkyls like 
trjs(n-octyl)aluminum from trjs(jso-butyl)aluminum. 

Due to the commercial availability of numerous aluminum alkyls, the task of preparing 
them in the laboratory will seldom arise. Nevertheless, a few approaches will be men¬ 
tioned: 

3Ph2Hg + 2Al—>2Ph3Ar+3Hg [2] 

3 RLi + AICI3 R^Al + 3 LiCl |T] 

3 RCH = CH2 + AIH3 • OEt2-> (RCH2CH2)3A1 ■ OEt2 0 
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TECHNICAL APPLICATIONS OF TRIS(ALKYL)ALUMINUM COMPOUNDS 

a) The multiple insertion of ethylene into the A1 - C bond, discovered by K. Ziegler, has 

become known as the Aufbaureaktion (growth reaction). It is used to produce 1-alkenes 
and unbranched primary alcohols. 

EtgAI 

CH2=CH2 

110°/100 bar 

growth 

^(C2H4V„Et 

Al —(C2H4)nEt 

(C2H4)oEt 
T 

CH,,=CHp u .4 . 
2 2 hydrolysis 

1 displacement 

1 ' 

200-300° 

0(C2H4)^Et 
Oo / 
-► Al—0(C2H4)nEt 

0(C2H4)oEt 

H2O 

OH 

EtaAl + 3 CH2=CH-(CH2CH2)m.n,o 3 Et(CH2CH2)m,n.o AKOHlg 

The sequence of insertions can proceed up to chain lengths of about C2oo- ^ limiting 
factor is the competition between the growth and displacement reactions. Among the 

products of this process, unbranched even 1-alkanols of chain lengths C12-C16 (“deter¬ 

gent alcohols”) are of prime importance, since their sulfates are produced in bulk quan¬ 
tities to serve as biodegradable surfactants ROSO3H. 
b) If, instead of ethylene, propene or another 1-alkene is used, only a single insertion into 

the Al — C bond takes place. An example is the catalytic dimerization of propene which 

forms the basis of an important technical process for the production of isoprene: 

(n-Pr)3AI 

hydroalumination 

TO / CH2=CH-CH3 

carbalumination 

/Me 
(n-Pr)2AI-CH2-CH.^^_p^ 

CH2=CH-CH3 \ 7 
(n-Pr)2AIH 

dehydroalumi nation 

/ Me 

-CH4 cracking 

Isoprene 

1 polymerisation 
t 

Synthetic Rubber 
(1,4-cis-Poly isoprene) 
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c) Olefin polymerization employing mixed catalysts like EtjAl/TiC^ in heptane (Ziegler- 

Natta low-pressure process) will be discussed in section 17.6. 

PROPERTIES 

The binary aluminum alkyls R3AI are colorless, mobile liquids which violently react with 
air and water: Aluminum alkyls with short chain lengths are pyrophoric, with water they 
react explosively and their manipulation calls for utmost care and the protective atmo¬ 

sphere of an inert gas (N2 or Ar). With the exception of alkanes and aromatic hydrocar¬ 

bons, all solvents are rapidly attacked by aluminum alkyls. Thermal cleavage to form 
R2AIH and alkene for aluminum alkyls with ^-branched alkyl groups becomes apprecia¬ 

ble at 80 °C, for tris(n-alkyl)aluminum at about 120 °C. The reactivity of organoaluminum 

halides R„A1X3_„ and -alkoxides R„Al(OR')3_„ is considerably lessened. 

STRUCTURE AND BONDING OF BINARY ALUMINUM ORGANYLS 

Aluminum organyls have a pronounced tendency towards the formation of dimeric units 
AI2R5. This association is opposed by bulky ligands R: 

Solid 

state 
Solution 

(in hydrocarbons) 

Gas phase 

AlMej dimeric dimeric dimeric monomeric 

AlEtj, Al(«-Pr)3 dimeric dimeric monomeric 

Al(iso-Bu)3 dimeric monomeric monomeric 

AlPh3 dimeric dimeric monomeric monomeric 

Among the organometallics MR3 of group 13, dimerization is only observed for the 
aluminum organyls. 

Structural data 

for Al2(CH3)6 

”— 260 pm —>- 

Al^^^Al (2e3c) bonds 

In a simplified discussion of the structural parameters of aluminum alkyls, sp^-hybridiza¬ 

tion at carbon as well as at aluminum is assumed. Whereas the four terminal bonds 

Al —C, display “normal” length, the larger bond distance d(Al —C^) in the bridging 

region signalizes a reduced bond order. As in the case of boranes (p.66), the bridge 
C 

AK "'Al may be described as a two-electron three-center (2 c 3 c) bond, formed by 
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the interaction of one C(sp^) orbital with two Al(sp^) orbitals. Since the fragments 

2 (CH3)2A1* and 2 CHg* furnish a total of 4 electrons for bonding, 2 electrons per 

A1 ^Al-bridge are available. 

The bond angles and the A1 — A1 distance prompt a more refined interpretation, however. 
In particular, the distance tl(Al —Al)==260pm in Al2Me6 is significantly shorter than the 

corresponding distance in dimeric aluminum halides which possess Al" ^A1 bridges, 

consisting of two (2 e 2 c) bonds [example: AI2CI6, d (A1 — Al) = 340 pm]. The short distance 

d(Al —Al) in Al2Me6 is indicative of a direct Al —Al interaction, for this length only 

marginally surpasses the sum of the covalent radii of two Al atoms (2 x 126 pm). 
In an extreme representation, which presupposes an Al —Al cr-bond, Al(sp^) @ rather 

than Al (sp^)-hybridization @ is assumed. 

109,50 

Al Al Al Al 

(2e3c) + (2e3c) 

Description @ concords with the considerable opening of the angle C,A1C, beyond 
109.5°. The smaller bond angle AlC^Al reflects a compromise between maximal orbital 

overlap and tolerable A1*'^/A1®^ repulsion. The actual situation probably resides between 

the alternatives (a) and @. 
The structure of triphenylaluminum Al2Ph6, which is dimeric in the solid state, also points 

at a bonding situation which lies between two limiting cases. Two pertinent aspects, the 

small angle '’'"C at the bridging carbon atom and the disposition of the plane of the 

phenyl ring, perpendicular to the Al —Al axis, must be mentioned. 

Structural data for Al2(C6H5)6 Alternative hybridizations at the bridging C atom 
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In model @ the phenyl carbanion contributes a Cj,(sp^) orbital and one electron pair to 

the {2e 3c) bond in the bridge AK ^'^Al. Aromatic conjugation would remain unaffected 
in this mode. In description ©, the ion CgHj" acts as a 4e ligand, supplying two Q(sp^) 

orbitals to the bridge bond Al^ Al. In this variant, the bridge would be formed by two 

(2e2c) bonds, and the electron deficiency in the bridging region abated at the expense of 
aromatic conjugation in the ligand. The angle CC(,C of 114° again implies a bonding 

situation between the two borderline cases. 

Aluminum organyls offer yet another bridging mode: alkynyl groups form particularly 

strong bridges which are maintained even in the gas phase (Haaland, 1978). They are 

characterized by disparate bonding relations of the bridging atom Q to the Al atoms. 

143/R 

19^0.218 R 

. 
_/ N, 

172° 

R = Ph 

Structure of (Ph^AI-C^CPhlj in the crystal (Stucky, 1974): forms a a bond to one and a n-donor 

bond to the other Al atom. This mode is reminiscent of ajK bridges, which occur for transition-metal 

carbonyls {p. 225). The alkynyl ligand may be regarded as a donor of three electrons (1 a-e,2n-e) which 

renders alkynyl bridges less electron deficient than alkyl bridges, thereby accounting for their robust 

nature. 

The association of certain aluminum organyls in solution is confirmed by spectroscopic 

methods, especially by and ^^C-NMR. Thus, trimethylaluminum at - 50 °C shows 
two ^H-NMR signals of relative intensities 1:2 [(5(CH3, bridging) 0.50 ppm; (5(CH3, 
terminal) - 0.65 ppm] which coalesce at - 25 °C and appear as one sharp line [^(€113) 

— 0.30 ppm] at + 20 °C. This result is sufficiently accounted for by intramolecular ex¬ 
change: 

Me AA O'M 

Al 

Me M 

Me, 

Al 

Me 

Me 

Me,, 

Me 

Al 

A 

,Me 

'Al 

Me Me 

Me Me 
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Additionally, intermolecular exchange also takes place. Therefore, pure compounds Al- 
RR'R", which bear different alkyl groups at aluminum, cannot be isolated: 

R ^ R R 

2 R2R'AI 

etc. 

'// n ^ v'' R 

” R' 

R3AI + RR2AI 

Values for the enthalpy change A/f, affiliated with the monomer/dimer equilibrium, are 
accessible by ^H-NMR: 

Al2(CH3)6^^ 2A1(CH3)3 ah = 65kJmor^ 

Furthermore, NMR studies of species with a mixed ligand sphere allow an evaluation of 

the relative ability of substituents to form bridges: 

R2N>RO>Cl>Br > Ph-C = C->Ph > Me > Et > iso-Pr > t-Bu 

Two (2e 2c) bonds, 

trend follows the 

Lewis basicity 

unsaturated bridges, 

a- and 71-interactions 

one (2e 3c) bond, 

steric demand 

is decisive 

Bridges of exceptional strength are formed by the hydride ion in compounds (R2A1H)„: 

solution neat, liquid neat, gas phase 

n = 3 n >3 n = 2 

Me2 

Me2AI AIMe2 

In this context, a brief discussion of the energetics is instructive. The enthalpy changes 

A//react.> pertaining to the cleavage of [R2A1X]2 into monomeric units, decrease in the 

following order: 

[R2A1X]2->2R2A1X AH_, 

X: H > Cl > Br > I > CH3 

150 124 121 102 80 kJ/mol 

This is, however, not the sequence of decreasing bond energy H(Al-X) in the bridges 

A1 - X - A1 because the listed values for AH^^^ct. ^0 a process which, apart from bond 
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cleavage, includes additional changes. First of all, it must be borne in mind that in the dimer, 

the aluminum atom is in a tetrahedral environment whereas in the monomer it finds itself in 

a trigonal planar coordination. 

R 

R' 

Al Al 

^ R 
AH Al-X 

Al ‘ -► 2 Al —X 
/ ^•^reorg. 
I R R 

X 

pyramidal planar 

bond cleavage reorganization 

+ 

^^react. ~ ^^Al-X ^^reorg. 

measure of the (1) intramolecular ligand 

bond energy D(A1 —X) repulsion decreases: 

in an Al —X —Al pyramidal > planar 

bridge (2) Al(pJ-X(pJ bonding is stronger 

in the planar than in the 

pyramidal configuration. 

(3) Al —C bond energy 

decreases: sp^ > sp^ 

After correction for , the enthalpy changes accompanying Al —X cleavage in 

Al —X —Al bridges now vary as: 

A//a,_x; Cl > Br > I > H > Me 

The inescapable conclusion is that hydride bridges appear to be so strong, because the 

enthalpy of reorganization is small for R2AIH. This must be related to the minor 

role, relief of interligand repulsion plays for the small hydride ligand on going from 

pyramidal to trigonal planar geometry, and to the absence of a stabilizing n-bonding 

contribution in the trigonal planar form. 

REACTIONS OF ALUMINUM ORGANYLS 

The exceptional reactivity of organoaluminum compounds AIR3 has led to a multitude 

of synthetic applications which can only be treated in a cursory fashion here. The 

reactivity of RAIX2 is very much reduced as compared to that of AIR3. Hence, in many 

cases only one of the three Al —C bonds can be utilized in synthesis. 
Reactions of the higher halohydrocarbons with aluminum alkyls must be performed with 

circumspection; the contact of AIR3 with CHCI3 or CCI4 has led to explosions. For 

synthetic applications, it is of significance that in their cherQOselectivity, lithium organyls, 
Grignard reagents and aluminium organyls complement each other. 

Whereas LiR and RMgX typically add to polar multiple bonds like C = 0 and — C = N, 

addition to fC — Cf double bonds usually being confined to conjugated systems (p. 30, 

AtR3 also adds to isolated multiple bonds = and — C = C— (carbalumination). As 
in the case of hydroboration, it is the products of subsequent reactions of the initial 
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organoaluminum adducts which are of practical interest. The rate law for carbalumina- 
tion is compatible with a monomer/dimer pre-equilibrium: 

1/2 (Et3AI)2 EtgAI 
CH2=CHR 

rate-determ. 
CH2- 

EtoAl —Et 

® -1 
■CHR CH2—CHR 

I I 
Et2AI Et 

Rate = ■ [Alkene] 

Carbaluminations invariably proceed as m-additions; alkynes react faster than alkenes 
and terminal alkenes more rapidly than internal alkenes. The R2AI fragment usually 

attaches itself to the least substituted (= terminal) carbon atom of the alkene. 

Closely related to carbalumination is hydroalumination (cf. “attachment” in the Ziegler 

direct process, p. 76): 

RoAIH + >C = C< -► —C —C — 
I I 

R2AI H 

The readiness to undergo hydroalumination increases in the order: 

RCH = CHR < R2C = CH2 < RCH-CH2 < CH2 = CH2 

An inverse trend is observed for dehydroaluminations where alkenes are liberated (p. 76). 
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Hydroaluminations are highly stereoselective (as); the degree of regioselectivity {anti- 

Markovnikov) varies, however: 

RCH = CHo RCH = CHo 

ft t t 
R—AIR2 R2AI - H 

97% 3% 

PhCH = CH2 
t t 
H-AIR2 

7b°/o 

PhCH = CH2 
♦ I 

R2AI — H 
25% 

^-Citronellol 

An advantage of hydroalumination over hydroboration is the ease of A1 — C cleavage 

which does not require the use of peroxides. As a disadvantage, the lower chemoselectiv- 

ity must be mentioned: besides C = C multiple bonds, functional groups are also attacked 
and, in the case of terminal alkynes, metallation at the CH-acidic position R — C = C — H 

occurs. 

LEWIS-BASE ADDUCTS OF ALUMINUM ORGANYLS 

Aluminum organyls are stronger Lewis acids than organoboron compounds. They num¬ 
ber among the hard acids (in the Pearson sense) because Lewis basicity towards AlMcj 

decreases as follows: 

MejN > MejP > MegAs > Me20 > Me2S > Me2Se > Me2Te 
hard bases soft bases 

With Me2S and Me2Se, complicated equilibrium, mixtures are formed since the strength 
CH 

of the bridge Al^ ^^Al is comparable to that of the Lewis-acid/base interaction 

McjAl • EMe2. The finding that in group 13 only the aluminum organyls form dimers is 
another expression of the high Lewis acidity of AIR 3. 

The determination of the coordination number (C.N.) at A1 for adducts present in solution 

often poses difficulty - especially in cases where multidentate Lewis bases are involved. For 

compounds of the type (R„A1X3_„),„ (m = 1, 2, 3) and [R2A10(CH2)2Y]2 (Y = OR', NR'2) 
chemical shifts in the ^^W-NMR spectra can provide insights {Benn, 1987 R): 

C.N. 3 

I_ 
_i_ 
300 

Al(acac)3 (Reference) 

C.N. 4 C.N. 5 C.N. 6 

_J_ 
100 200 

J 
0 
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Reactions of R3AI with tertiary amines usually terminate with adduct formation; in the 
cases of secondary and primary amines, consecutive reactions follow: 

Me3N 

H3\0 
— A1 — N — 
/ \ 

The Lewis-acid/base interaction results in an increase of carbanion character of the CH3 group as well 

as an increase in NH acidity. The elimination of CH4 in the reactions shown above is thereby 

facilitated. 

Adducts of aluminum alkyls with unsaturated Lewis bases can rearrange via alkyl migra¬ 
tion such that carbalumination of the multiple bond is effected. In this way, nitriles are 

transformed into dimeric bis(organo)aluminum ketimides: 

, , t-BuCN 
(Me3AI)2 - 

Me2 
Me 

1 AT Me AT \ 
.Al t-Bu 

/ \ / 
AIMeo- 
© 

II i
 

i 

N N=C 
^Al^ ^Me 

t-Bu Me2 

Carbanions add to AIR3 to form tetraorganoalanates: 

2 LiC^Hs + ^ 2 LiAKC^Hs)^ 
(soluble in hydrocarbons) 

These “ate complexes” also arise from reductions with alkali metals: 

3 Na + 2 Al2(C2H5)6-> 3 NaAl(C2H5)4 + A1 

LiAlEt^, like BeMe2, has a polymeric structure which can be described as a chain of 

edge-sharing tetrahedra, in which alternating Li and A1 atoms are connected by 

{2e3c) bridges: 



86 7 Organometallics of the Boron Group 

CH3 

CO
 

X
 

0
 \

 

C
O

 
I

 
0
-

 

CHp, 

Al 1 i Al / 
-
0

 
I

 ^CH2^ 

/
 X

 
0

-
 

/ 

CH3 CH3 CH3 [LiAIEt4]n 

Similar to R2B+ (p. 58), the extremely Lewis acidic bis(organo)aluminum cation RjAK 

can only be isolated as its Lewis base adduct. As expected, aluminum adopts a higher 

coordination number than boron. 

Me 

{Me^AlllSlcrown-S}"^: the linear cation Me2AL assumes a central position here. In the interior of the 

larger macrocycle [18]crown-6, Me2AL is located excentrically {Atwood, 1987). 

7.3 Gallium-, Indium-, and Thallium Organyls 

The organometallic compounds of gallium, indium, and thallium are far less important 

than those of boron and aluminum. Ga- and In-organyls serve as doping agents in the 
manufacture of semiconductors. Thus, via thermal decomposition of gaseous mixtures of 

trimethylgallium and arsane, layers of galliumarsenide can be deposited: 

(CH3)3Ga(g) + AsH3(g)-^5^^^ GaAs(s) + 3CH^ig) 

Despite their high toxicity, organothallium compounds have found use in organic synthe¬ 

sis. 
The organometallic chemistry of gallium in many respects still resembles that of alu¬ 

minum; it is confined almost exclusively to the oxidation state Ga'”. For indium, besides 

In'", a few organyls of In' have been reported [Example: (C5H5)In]. In the case of thallium, 
Tl'" as well as Tl' is encountered in organometallic compounds. 

7.3.1 CT-Organyls of Ga, In, Tl and their Lewis-Base Adducts 

The organyls R3M (M = Ga, In, Tl) have virtually no tendency to form dimers. Further¬ 
more, as dissociation enthalpies for the adducts R3M • NMe3 indicate, the Lewis 

acidities of species R3M decrease for the heavier homologues of aluminum 
(B < A1 > Ga > In > Tl). 
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The preparation of RjGa, Rain and of the mixed ligand species R„MX3_„ proceeds 

according to standard methods of organometallic chemistry: 

2M + 3Me2Hg -^2Me3M + 3Hg 

(M = Ga, In, + Tl) 
2 

GaBr3 + 3 MeMgBr — —> Me3Ga • OEt2 -f 3 MgBr2 s 
InCl3 -f 2 MeLi —> Me2lnCl 

Me3M + HCN —> Me2MCN + CH4 (M = Ga, In) 0 

+ CH2-CH CH3 —> Et2(n-Pr)Ga m 
The binary organyls RjGa and Rgln are monomeric in solution and in the gas phase; they 
are highly air-sensitive. Alkyl-group scrambling among the mixed trisalkyls RR'R"M 

only takes place at elevated temperatures. 

The electron deficiency at Ga can be relieved by means of complex formation: 

MeaGaCl [Me2Ga(NH3)2]^Cr 

Me3Ga 
H2O 
EtzO^ 

[Me2GaOH]4 
OH.- 

[Me2Ga(H20)2] + 

[Me2Ga(OH)2]“ 

In view of the pyrophoric nature of the majority of binary organyls R3Ga, the resistance 

of the Ga —C bonds towards hydrolysis and oxidation in the species [R2GaL2]^’" is 

remarkable. 
Rather than by complex formation, an octet configuration at Ga and In can also be 

attained by self-association: 

M 02 
In 

N=N = N^ ^N = N = N 

M'e2 [Me2lnN3]2 

MeoM—C = N—►MMe2 

t 1 
N C 
III III 
C N 

I 1 
M = C — M M 02 

[Me2MCN]4 M:Ga,ln 

Ph 
/ 

C 

Gal 

Me Me 

Ph 

[Me2GaC2Ph]2 

Me 

Me 

% I 
In 

^ I 
Cl 

Me 

Me 

I 
Cl 

I 
I 
I 

In 

In 

I 
Cl 

Me 

Me 

[Me2lnCI]x 

The dimeric nature of Me2GaC = CPh, which contrasts with most other compounds R3Ga, is another 

example of the aforementioned strong inclination for bridge formation exhibited by alkynyl groups 

(p. 80) {Oliver, 1981). 
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In the organometallic chemistry of thallium - as opposed to that of Ga and In - changes 

in oxidation state M“VM' play an important role. Thus, the yields of thallium trisalkyls 

in syntheses starting from inorganic Tl'” compounds and Li alkyls or Grignard reagents, 
are impaired by the oxidizing action of Tl’”. Conversely, tris(organo)thallium compounds 

may be formed via oxidative addition of RI to Tl' compounds: 

Til + 2 MeLi + Mel-^ MejTl + 2 Lil 

MeTl + Mel-^ Me2TlI 

The air- and water-sensitive binary compounds R3TI are subject to ready, occasionally 

even explosive decomposition. Another indication of the weakness of the Tl —C bond is 
the alkylation of mercury by means of R3TI: 

2 R3TI + 3 Hg-> 3 R2Hg + 2 Tl 

Trimethylthallium, which is monomeric in solution and in the gas phase, forms a three-di¬ 
mensional network in the crystalline state, whereby each thallium atom possesses three 
short and two long bonds to neighboring carbon atoms, with mean values of 228 and 
324 pm respectively (Sheldrick, 1970): 

A projection of the structure of MCjTI in the crystal reveals that Tl has the coordination number 5, 

four CH3 groups assuming bridging positions and the fifth CH3 group being terminal. The large 

differences in the Tl-C bond lengths within the Tl-C-Tl bridges suggest that three center bonding 

(2e3c) is only weakly present. 

Tl-C bond cleavage in R3TI by means of a dihalogen leads to bis(organo)thallium 
halides which in polar media form very stable cations: 

R3TI + X, 

TICI3 + 2 RMgX 

-RX 

R2T1X-^R2T1+ -f X- s 
-MgCl^ 

Like the isoelectronic species R2Hg and is linear. R2TIOH in aqueous 
solution acts as a strong base: 

R2TIOH + H2O -> R2Ti;q + OH- 
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With methylenephosphoranes, organometal halides of Ga'", In'" and Tl'" form oligomer¬ 
ic ylid complexes via transylidation (p. 180): 

© 
Me2MX + Me3P = CH2 -► Me2M. ® 

^CHg-PMeg 

- [Me.PjX 
Me2 

H2C —M—CH2 
I © I 

Me2P® ®PMeo 
lei 

H2C —M—CH2 
M © o 

Me3P=CH2 

X 2 

u ©:CH2 

Me^M—CHp—PMeo 

M=Ga,ln,TI X = CI,Br 

7.3.2 Ti-Complexes of Ga, In, and Tl 

Cyclopentadienyl compounds of indium are known for the oxidation states In'" (cr-or- 
ganyls) and In' (yi-complexes)(E. O. Fischer, 1957): 

InClj + 3 NaCjHs (f7'-C5H5)3ln 

150°C, 1 mbar, —CjoHio 

InCl-f LiC3H3-^(;7^-C5H3)In 

(C5H5)3ln displays one 'H-NMR signal only even at — 90 °C; it is thought to be fluxion- 
al. (C5H5)In, a sublimable, water-stable but air-sensitive material, is the only easily 

accessible compound of In' and serves as a starting material for the preparation of other 

In' compounds: 

(C5H5)In + HX-> InX + 
(X: oxinate, acetylacetonate etc.) 

An interesting aspect of the structure of (C5H5)In is the strongly differing metal-ring 
distance in the crystal and in the gas phase. This points at higher covalency of the In — C 

bond in the isolated molecule. 

d(ln-C)=341 pm d(ln-C)=262 pm 

(CsHsIIn in the crystal: 

polymer chains [(CsHjlIn] 

(Panattoni, 1963) 

(CsHsIIn in the gas phase: 

monomeric half-sandwich 

complex (L.S. Bartell, 1964) 
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(CjHs)!!! possesses a dipole moment of 2.2 Debye, the indium atom and its lone pair 
forming the negative end of the molecule (Tuck, 1982). The structure of (C5Me5)In in the 

solid state differs fundamentally from that of parent (C5H5)In: whereas the latter forms 

zig-zag polymeric chains, the former is packed as octahedral (C5Me5)6ln6 units which 

bear resemblance to the cluster (C5H5)6Ni6 (p. 409). The high volatility of (pentamethyl- 
cyclopentadienyl)indium indicates, however, that bonding between the (C5Me5)In 

monomers in the hexamer is weak (Beachley, 1986). 

The best known organometallic compound of TP, (C5H5)T1, can even be prepared in an 
aqueous medium: 

Tl2S04(,q) + 2C5H6 + 2NaOH-^2(CsH5)Tl + Na2S04 + 2H2O 

(CsHs)^ is sublimable, sparingly soluble in organic solvents and can be handled in air; 

it is a convenient cyclopentadienyl-transfer agent for use with transition metal ions. The 
structure of (C5H5)T1 largely resembles that of (C5H5)In. 

(C5H5)In may serve as a model for discussing the bonding situation in main-group element 

cyclopentadienyls (CsHj)]^ {Canadell, 1984). The rather small difference in the electroneg¬ 

ativities of In and C leads one to expect that the metal-ligand bond in isolated molecules 

of (C5H5)In should be predominantly covalent. If the molecule is mentally constructed from 

the fragments iln'*' [sp-hybrid) and C5HJ {6n-e), the following metal-ligand interactions 

are conceivable: 

Mdn"^ : 

LfCgHg-) : 

lone 
electron 
pair 

ai 
MO 

ei 
MO 

ei 
MO 

All three interactions generate a charge transfer L ^ M. The extent of this charge transfer 

and the ensuing covalent nature of the bond are governed by the energies of the basis 

orbitals which in individual cases have to be established by means of quantum chemical 

calculations. Similar considerations apply to the isolobal {p. 396) fragments R-Be^, 
R-Mg + , R-B2 + , R-AP + , as well as Ge^ + , Sn^^ (p. 136) and Pb^ + . 

Besides variation of the metal component, varying the organic ligand is also conceivable. 

This leads to the question whether the ligand CgHg, which is iso-Tc-electronic with CsHs”, 
can form main-group element arene Tt-complexes: 
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While the surprisingly high solubility of Ga^fGa'^ClJ in benzene has been known for 

some time, implying some kind of Ga'-arene interaction, the isolation and structural 

characterization of these adducts was achieved only recently (Schmidbaur, 1985 R). The 

compound [(>;^-C6H6)2Ga]GaCl4 • 3 C^Hg features tilted bis(arene)gallium' cations, 
which are linked through GaCl^-tetrahedra to form dimeric units. 

Cl 

Cl 

Structure of I(i/*-CgHg)2Ga|GaCl4 • 3 CgHg in the crystal. Three benzene molecules of the empirical 

formula are outside the coordination sphere of gallium. The distances d(Ga —Cl) differ, as do the 

distances d{Ga. — C) (mean values 308 and 323 pm for the two Ga —CgHg segments). 

In a related mesitylene 7t-complex of In', bridging by InBr^ -tetrahedra leads to a poly¬ 
meric structure: 

Unit from the chain structure of {|(i/*-mesitylene)2ln|InBr4}„ in a schematic representation. 

The tilting angle amounts to 133°, the two arenes are almost equidistant from the central metal; 

d{ln-ring center) = 283 and 289 pm. 

A property common to these materials is the ease with which the arene ligands are cleaved 

off thermally. Herein, complex stability decreases in the order Ga' > In' > Tl'; it increases 

with increasing degree of alkylation of the arene. Furthermore, the tendency to maintain 

the favorable coordination to halide ions is evident. 
Contrary to (arene)transition-metal Ti-complexes [(C6Hg)2Cr melts without decomposi¬ 

tion at 284 °C!], bonding in (arene)main-group 7i-complexes falls into the domain of weak 

interactions. Without delving into a detailed discussion here, only one plausible reason 

for these disparate properties will be mentioned: the stability of the transition metal-lig¬ 

and bond is derived from the a-donor/jc-acceptor synergism (p. 185); d-electrons for 

backbonding are, however, not available for main-group elements, since electrons in the 

subultimate d-shell are essentially core-electrons, being strongly bonded to the nucleus 

(p. 190). 
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Hence, it is all the more remarkable that a mode of coordination of an arene to Ga’ has 

been discovered, which is without precedent in the area of transition metal Tt-complexes 

(Schmidbaur, 1987): 

In the ion pair {(i;**-|2.2.2]paracyclophane)Ga'}GaBr4 the central atom Ga' exhibits nearly equal 

distances to the three ring centers; it is, however, displaced away from the ligand center along the three¬ 

fold axis by 43 pm in the direction of the counter ion GaBr4 . Unquestionably, the chelate effect exerts 

a stabilizing function here. 

7.3.3 Applications of Thallium Organyls in Organic Synthesis 

Thallium”' salts attack alkenes, whereby a solvent anion enters vicinally to the Tl —C 
bond formed (oxythalliation). These organothallium intermediates decompose more 
rapidly than the primary products of the otherwise similar oxymercuration (cf. p. 53). The 

metal leaves as Tl' here: 

TI(OAc)3 

AcOH,25'> 

-TKOAc) ’ 
O A c 

CH(OAc h 

40-50% 30-40% 

CHO 

The product distribution in this olefin oxidation strongly depends on the nature of the 

medium and the counterions of Tl'". Thus, oxythalliation of cyclohexene with T1(N03)3 

in MeOH almost exclusively yields the cyclopentanecarbaldehyde. Mechanistically, this 
ring contraction may proceed as follows: 
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A process of high regioselectivity is the electrophilic aromatic thalliation by means of 

thallium trifluoroacetate, T1(TFA)3, in trifluoroacetic acid, TFAH. In subsequent reac¬ 

tions, which are accompanied by a change in oxidation state T1‘" -> Tl’, the new substit¬ 

uent enters at the position of the former T1 — C bond. In this way, iodination of benzene 

can be effected under particularly mild conditions. Photolysis of the intermediary 
arylthallium trifluoroacetates in aromatic solvents lends itself to the preparation of 

unsymmetrical biphenyls; 

KI -I- H2O 

-TI(TFA) 

-K(TFA) 

> 

TFA: Trifluoroacetate ArH hu 



8 Organoelement Compounds of the Carbon Group (Group 14) 

Compounds in which carbon is bonded to one of its homologues - silicon, germanium, 

tin or lead - form that branch of organometallic chemistry which as yet has found the 

most extensive technical application (cf. p. 100, 137, 139); 

• Silicones are materials with unique properties 

• Organotin compounds are widely applied as stabilizers for plastics and as fungicides in 

crop protection. 

• Lead alkyls, because of their use as antiknock agents, were for a long time the top 

organometallic commodity produced by industry. Recently, production figures are declin¬ 

ing. 

Accordingly, the literature abounds with reports dealing with their structures and reac¬ 

tions. 
Two characteristics distinguishing the organoelement compounds of the carbon group 
from the organyls of the boron group are the lower polarity of the E ◄ C bond and, in 

compounds ER4, the presence of an octet configuration. Consequently, molecules ER4 

show no tendency to associate via (2e3c) alkyl- or aryl bridges. The reactivity towards 
nucleophiles is diminished and, as opposed to the corresponding compounds of the 

neighboring groups like AlMej or PMej, the species ER4 usually are water-stable and 
often even air-stable (examples: SiMe^, SnPh4, “soft organometallics”). It is instructive 

to examine a few group trends concerning the E —C bond: 

E Thermal 

stability 

Bond energy 

£:(E-C) 

in kJ/mol 

Bond length 

d(E-C) 

in pm 

Bond polarity Electronega¬ 

tivity EN 

C r-7 358 154 A 2.5 

Si \ / 311 188 \ 1.9 

Ge \ / 249 195 / \ 2.0 

Sn \ / 217 217 / \ 1.8 

Pb V 152 224 1.9 

These trends shape the reactivities in homolytic reactions: 

Et,C ^Et3C-C2Cl„H5_„ 

EuSi -.Et3Si-C3Cl„H5_„ 

Chlorination of the organic part, 

C —C and C —Si bonds survive. 
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but 

Et^Ge-^ EtgGeCl + EtCl 

Et4Sn-> Et„SnCl4_„ + 4-nEtCl Chlorinating cleavage of the Ge —C, 

Et4Pb-> PbCl4 + 4 EtCl Pt) - C bonds. 

as well as in heterolytic reactions: 

l/i- 
E =Si,Ge,Sn.Pb —E — 

Nu^ • I J El 

nucleophilic electrophilic 
attack attack 

The availability of empty nd orbitals at E 

renders associative mechanisms (A or If) of 

substitution possible, coordination number 5 

being adopted by the intermediate. 

Example: hydrolysis o/RjSiCl. 

— C—C — 

d-orbitals of appropriate energy are unavailable. 

Associative mechanisms of nucleophilic sub¬ 

stitution at saturated carbon are unfavorable. 

Successive replacement of R by more electronegative groups X in R„EX4_„ inereases the 

affinity of E for attacking nucleophiles. Thus, SnMe4 is inert towards hydrolysis and 

SnMeg” is unknown, whereas SnC^ is readily hydrolysed and SnCl^” can be prepared. 
Characteristic differences are also found among the modes of catenation: 

C.Si,(Ge) (Ge),Sn, Pb 

r 1 1 ^ 

(-E-C-)„ 
1 1 

(-E-X-)^ e.g. (Me3SnCN)„ 

1 
—

 m
—
 

- 
1 O
 1 

3 

( e.g. (Me,PbCy„ 

E maintains its E increases its 

coordination number 4 coordination number to 5 or 6 

8.1 Organosilicon Compounds 

8.1.1 Silicon Organyls of Coordination Number 4 

PREPARATION 

Because of their great technical importance, many of the simple organosilanes can be 

obtained commereially so that their preparation in the laboratory is seldom necessary. 
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In the technical direct process (Rochow-Muller) for the production of methylchlorosi- 

lanes, Si/Cu alloys are used; 

2 RCl + Si/Cu R2SiCl2 + •. • (cf. p. 100) Q] 

(R = alkyl, aryl) 

Special organosilanes are prepared by means of metathesis reactions: 
% 

SiCU + 4 RLi-> R^Si + 4 LiCl [T] 

RgSiCl + R'MgX-^ RgR'Si + MgXCl 

2R2SiCl2 + LiAlH^-^ 2R2SiH2 + LiCl + AICI3 

or via hydrosilation (Speier process): 

HSiCla + R-CH = CH2-> RCH2CH2SiCl3 

Hydrosilations, which may also be initiated photochemically and which are catalyzed by 

radical forming reagents, transition-metal complexes, or Lewis bases, proceed in an anti- 

Markovnikov direction. Polyenes are hydrosilated in a regio- and stereospecific fashion. If 

chiral metal complexes are employed as catalysts, enantioselective hydrosilation of prochiral 

alkenes becomes possible. 

Arylsilanes are also accessible by means of the VoHhardt cyclization (p. 277) of silylalky- 

nes. 

PROPERTIES AND REACTIONS 

Reactions involving Si —C Bond Cleavage 
C — C and Si — C bonds are energetically very similar 

[D(C-C) = 334, D(Si-C) = 318kJ/mol]. 

For organosilanes, high thermal stability is therefore expected. Thus, homolytic cleavage 
of tetramethylsilane only sets in at temperatures exceeding 700 °C and tetraphenylsilane 

can be distilled in air at 430 °C without decomposition! Due to the low polarity of the 

Si —C bond, heterolytic cleavage also does not occur readily; this type of degradation 
requires harsh reaction conditions which have to be adapted well to the specific case. 

Since the organosilyl group formally leaves as R3Si’^, the propensity for Si —C cleavage 

in R3SiR' correlates with the CH-acidity of the parent hydrocarbon R'H (Example; 
Silylalkynes R3Si —C = CR are easily desilylated). 

Heterolytic Si — C cleavage can in principle be initiated in four different ways which differ 

in the nature of the attacking agent (electrophile El or nucleophile Nu) and in the site of 

attack (Si or C). The establishment of a generally applicable order of reactivities is 
complicated by the fact that substituents at Si or C may exert a considerable influence. 

Bearing in mind these complications, the following gradation of the readiness to undergo 
Si — C bond cleavage summarizes the experimental evidence; 

Type; I > // > UI > IV 

Si-C(aryl) Si-C(aryl) Si-C(alkyl) Si-C(alkyl) 

El Nu El 
attacking 
species; Nu 



8.1 Organosilicon Compounds 97 

1. Si —C cleavage occurs most readily in arylsilanes and related compounds via elec¬ 
trophilic attack at carbon. Example: 

HX=CF3C00H, RpSOaH 

Mechanistically this protodesilylation resembles electrophilic aromatic substitution 
(Eaborn, 1975 R); it proceeds lO"'' times faster than proton exchange in the corresponding 

Si-free arene. Further examples for Si —C cleavages effected by electrophiles: 

Me3SiCI 

M 638iCI 

S i M e 3 

RT 
+ M 63 S i I 

//• Si —C cleavage of arylsilanes, initiated by nucleophilic attack at Si, proceeds less 

readily. Yet, this variant has gained some practical importance since it constitutes a way 

of generating carbenes and carbanions which circumvents strongly basic or reducing 

conditions. The nucleophile of choice is the fluoride ion which possesses an exceptionally 

high affinity for Si [E (Si — F) = 565 kJ/mol, strongest of all single bonds]. The fluoride ion 

is usually introduced as a component of the salt (n-Bu)4N'^F“ (Kuwajima, 1976). Exam¬ 

ple (R. W. Hoffmann, 1978): 

(n-Bu)4N'‘'F 
THF_ 

- Me3SiF 

Heptafulvalene 
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Besides this stoichiometric use, (n-Bu)4.N^F may also be applied in catalytic quantities. 
In the following example, the intermediary generation of an allyl carbanion is employed 

in the synthesis of homoallyl alcohols (Sakurai, 1978): 
R 

M ©3S i 

(n-Bu)4N'''F“ 
-z-^ 

THF 
R— 

I 
OSiMe3 

HCI MeOH 

The fact that only catalytic amounts of (n-Bu)4N F suffice may be traced to the trans- 

silylation step 0: 

HI. Si — C cleavages in alkylsilanes, which are initiated by electrophilic attack at carbon, 

require the presence of strong Lewis acids as catalysts: 

Me^Si + HCI MegSiCl + CH^ 

Slow cleavage is also effected by concentrated sulfuric acid, though: 

2 Me4Si (MesS^jO + 2 CH4 

IF. Si —C cleavages in alkylsilanes by means of nucleophiljc attack at Si are generally 

slow; they are only observed for very strong nucleophiles in polar, aprotic media: 

MejSiCRa + OR- MeaSiOR + CR7 HCR3 

“from the medium” 

HMPA = hexamethylphosphoric trisamide 
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The origin of the proton in the above reaction sequence is not always clear. 

These desilylations proceed much more rapidly if they are accompanied by a relief of ring 
strain: 

niMe2 
KOH, EtOH 

25° SiMe20H 

or if good leaving groups are present (^-effect): 

Et3SiCH2CH2Cl + OH--. EtjSiOH + C2H4 + Cl" 

In this way, the plant growth substance Alsol® (PhCH20)2MeSiCH2CH2Cl releases ethylene, which 

accelerates the ripening of bananas. 

A sequence of Si —C bond cleavages and bond formations is also responsible for 

the dynamic behavior of trimethylsilylcyclopentadiene which manifests itself in the 
‘H-NMR spectrum (H. P. Fritz, 1965): 

Me3 SiCl + NaCjHs - Me3Si(f/T •C5H5) + NaCl 

5('H) Si-CH3 Hi H2,5 H3.4 

-SOX 0.2 3.31 6.44 6.55 ppm 

+ 120°C 0.2 5.75 ppm 

These data are rationalized by a series of metallotropic 1,2-shifts (fe3o==10^s \ 

= 55 kJ/mol), the molecule is fluxional: 

S i M 63 

In addition, considerably slower pro to tropic 1,2-shifts occur (relative rate 10“^) which 

lead to an equilibrium mixture. The composition of this mixture can be determined by 

analyzing the Diels-Alder adducts (Ashe, 1970): 

etc. 
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Reactions not involving Si — C Bond Cleavage 

Due to the relatively inert character of the Si —C bond, R3Si- and RaSi^ units in many 
cases remain unaffected, playing a spectator role. Therefore, in the chemistry of organosi- 

lyl halides, -hydroxides, -alkoxides and -amides, organometallic aspects in the narrower 

sense recede. With the exception of the industrially important organochlorosilane hydrol¬ 

ysis, reactions of organosilyl derivatives containing siljcon — heteroatom bonds will be 
assigned to the inorganic chemistry of the main-group elements, and will be treated here 

in a cursory way only. Another important aspect of organosilicon chemistry, the use of 

RjSi as a protecting group in organic syntheses, will also be neglected here. 

Organosilanols and Silicones 

Organochlorosilanes R„SiCl4_„ are subject to swift hydrolysis to form the corresponding 
silanols R„Si(OH)4_„ which, like silicic acid Si(OH)4, readily undergo condensation 

reactions. In the simplest case, that of trimethylchlorosilane, hexamethyldisiloxane is 
obtained: 

2 MegSiCl 2 MeaSiOH —^ Me^Si-O-SiMea 

The driving force of this hydrolysis is largely governed by the high Si — O bond energy 
[cf.: £(Si —Cl) = 381 kJ/mol, .E(Si —O) = 452kJ/mol] and the solvation enthalpies of H"'' 

and CP. The hydrolysis of bifunctional organosilanes Me2SiCl2 leads to higher conden¬ 
sation products: 

n Me2SiCl2 ^ n Me2Si(OH)2 ^ (Me2SiO)„ 

The formation of polysiloxane chains and rings (R2SiO)„ (polysilicoketones), which con¬ 
trasts with the monomeric nature of ketones R2CO, reflects the weakness of the 
Si = 0(p,,-pj bond. 

Silicone oils were first obtained by Ladenburg in 1872; pioneering work concerning 

silicones proper was carried out by Kipping, starting in 1901. However, large-scale 

production of silicones was only triggered by the demand for new materials with special 
properties, the elucidation of the principles of polymerization (Staudinger, Nobel prize in 

1953) and by the development of a rational method to prepare the monomers (Rochow 
and Muller). 

Industrial Production of the Monomers: 

MeCl + Si/Cu Me„SiCl4_„ 

ca. 9 : 1 direct process (Rochow, Muller 1945) 

Rather than being a nuisance, the formation of a mixture of various methylchlorosilanes 
is highly desirable since, after distillative separation, these intermediates fulfill different 

functions. Apart from Cu (5-10%, added as CU2O), 0.1-1% of electropositive metals like 

Ca, Mg, Zn or A1 are added to Si. In this way, the product distribution of the species 

Me„SiCl4_„ can be steered to a certain extent. Addition of small amounts (0.001- 
0.005%) of As, Sb or Bi as “promoters” increases the rate of reaction. 
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In a crude picture of the mechanism of the Muller-Rochow direct process, a negative 

polarization of silicon {towards copper silicide) is assumed. This would increase the ease of 

electrophilic attack at Si. 

5- 8* a* 
Cl—Me Me—Cl . Me Me 

5- 5* \8-/ 8* 8- 

Si C u Si C u Si -► Si —Cu* -ci~.,y^ci- •c„ 

/\ /\ /^ /\ /\ 

Recent studies have shown, that the reaction of CH,C1 occurs at the phase «-Cu,Si (Fal¬ 
coner, 1985). 

An alternative view starts from the premise that the Si surface is oxidized by CuCl which 
is formed from Cu and CH3CI. Finally, it has also been proposed that CH3CU is formed 

as an intermediate which decomposes at the surface into Cu and CH3- radicals, the latter 

attacking silicon. The heterogeneous nature of the reaction and the large number of compo¬ 

nents which participate render the mechanistic study of the Muller-Rochow process exceed¬ 

ingly difficult. 

The production of bulk silicones involves organochlorosilane hydrolysis and subsequent 

thermal treatment in the presence of catalytic amounts of H2SO4, often after addition of 

certain cross-linking agents. 

Composition of the crude organochlorosilane mixture from the direct process and applica¬ 

tions of the individual components: 

Me^SiClj MeHSiCl2 MeSiCl3 SiCU McjSiCl Disilane 

ca. 80% 3% 8% 1% 3% 5% 

Me 
1 

Me 
1 

1 
0 

1 
Me 

1 
■0 —Si—0— — 

1 
0—Si —0 — 

1 

1 
— 0 —Si —0 — 

1 
—0 —Si—Me 

1 1 

Me 
1 
0 

1 

1 
0 

1 
Me 

chain formation branching 
1 

cross-linking chain termination 

The thermal treatment under acidic conditions serves to generate specific chain lengths: 

hydrolysis 
Me2SiCl2 condensation (Me2SiO)m + HO-SiMe2-(OSiMe2)n 

rings chains 

OH 

H2SO4 AT 

hydrolysis 

HO-SiMe2-<OSiMe2) 
^OH 
m + n 

-► Me3Si 

M egS i O ~ S i M e2~(0 S i M 62) 
^OSiMe3 

m*n 

M 638iCI 
condensation 
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Final cross-linking is achieved in a number of ways: 

CH3 CH3 

^o—Si—► AA3—Si—Q/VW 
I RO- I 

CH3 •CH2 

DBPO = Dibenzoylperoxide 

CH3 

- VO—Si—O A/V^ 
I 
CH2 

I 
CH2 

VO—Si—O V8/v 

CH. 

I ^ 
Vo—Si—O AA/v 

I 
H cat. 

r 
VO—Si—O'V^ 

I 
CH3 

hydrosilation 

CHo 
I 

VO—Si-O^v^Av 

VO—Si —OAAAv 

CH3 

Depending on the structure of the siloxane skeleton, silicone oils, -elastomers or -resins 

are obtained. Thanks to their outstanding properties, silicones are almost ubiquitous in 
modern technology. Their advantages include high thermal stability and corrosion resis¬ 

tance, small temperature coefficients of viscosity, favorable dielectric properties, foam 
suppressing and water repelling action combined with their physiologically innocuous 

nature (applications in plastic surgery, use as inflatulence drugs). 

The extraordinary properties of silicone materials may be traced back to the idiosyn¬ 

crasies of the Si —O —Si (siloxane) bond. The high flexibility of ( —Me2SiO —)„ chains 
suggests low barriers of conformational changes. This can be demonstrated by an exam¬ 
ination of the rotational barriers in (CH3)4E: 

H3C ^ '"""CHo 

V " 
CH3 

E; C Si Ge Sn Pb 

Rot.Bar.: 18 7 1.5 0 kJ/mol 
d(E-C): 154 188 194 216 230 pm 

Flexibility is also ensured by the low energy of the Si — Si bending vibration: 

163 pm 

. — 
Me3Si ' SiMe3 

M 638 i — 0 —S i M ©3 
MeoSi SiMeo 3 3 

a =148 a =180 
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The potential energy graph of the bending vibration displays a flat curvature in the range 
140° < a < 220°, the linear transition state of inversion (a = 180°) being situated only 

1 kJ/mol above the bent ground state. This may be a consequence of the fact that in the 

linear disposition Si —O —Si, 0 = Si(p,j — dj bonding is maximal. In this context, it is 

worth mentioning that hexaphenyldisiloxane possesses a linear structure Si —O —Si even 
in the ground state. 

The low temperature coefficient of viscosity which recommends silicone oils as lubricants 
for extreme temperature ranges, is probably caused by two counteracting effects: 

Siloxane chains tend to form helices which are stabilized by intramolecular interactions 

of the polar Si — O segments. At elevated temperatures, the helices open and the conven¬ 
tional temperature dependence of viscosity (r) decreases with increasing T) is compensat¬ 

ed for by increasing intermolecular interactions of the unfolded polysiloxane chains. 

Interfacial effects of silicones, which have led to important technical applications, are 

based on the polarity of the Si — O — Si bridge and the hydrophobic nature of the alkyl 

groups bonded to silicon. As examples, the impregnation of textile fibres and the use as 
mold-releasing agents in the manufacture of tires may be mentioned. 

Other Compounds Containing the Units — RjSi —E— (E = S, N) 

Apart from the siloxanes, a large number of compounds with chain and ring structures 
are known which contain other main-group elements in addition to organosilyl units 

— SiR2 —. Since the properties of these compounds are not dominated by the organoele- 
ment component, only a few representative examples will be mentioned here. 

MegSiCI 
LiSH 

- LiCI 
Me3SiSH 

Trimethyl- 

silanethiol 

2 Hexamethyl- 
► Me3Si-S-SiMe3 disilathiane 

- H2S 

X 2 350' 

3 M©4Si + SiS2 

3 Me2SiCl2 + 3 H2S + 6 C5H5N 
- 6 pyHCr 

i M ©2 

H©xam©thylcyclo- 
trisilathian© 

The Si - S bond in these molecules is thermally quite stable; as opposed to Si - O bonds, 

however. Si — S bonds are easily hydrolyzed. 
A particularly extensive field is that of organosiiicon-nitrogen chemistry. Compared to 

-R2Si-0- units, characteristic aspects of -R2Si-NR- segments are the preference 

of cyclic over open-chain oligomers, and the ready hydrolytic cleavage of the Si -N bond. 
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[(Me3Si)2N]2M 

The bulky bis(triinethylsilyl)aniide anion (Me3Si)2N~ is used if the stabilization of low 
coordination numbers is desired. Thus, in [(Me3Si)2N]2Co, the cobalt atom has the 

unusual coordination number 2; the low melting point of this material points to a 
molecular lattice. Linear organopolysilazanes ( —R2Si —NR —)„ are only obtained with 

difficulty since the tendency to form cyclosilazanes dominates, six-membered rings being 
strongly favored. 

3 Me2SiCl2+ 9 RNHg .g RNH3CI 

R = H, alkyl, aryl 

MapSi R 
/ '^N--SiMe2 

RN-Si*.^ / 
Mep N 

R 

a Cyclotrisilazane 

Organosilyl derivatives of hydrazine undergo unexpected isomerizations: Whereas in the 
case of bis(trimethylsilyl)hydrazine the 1,2-isomer is preferred for steric reasons, it is 

found that a base catalyzed dyotropic rearrangement leads to an equilibrium mixture of 
the 1,1- and 1,2-isomers (West, 1969 R): 

2 Me3SiCI + 3 N2H4 -► 
- 2 N2H5CI 

(Me3Si)2N-NH2 

Me3SiNH —NHSiMe3 

H. 

M638IN Ne 

"Si" 
Me3 

This migratory aptitude is a typical feature of RjSi groups (cf. p. 109). 
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8.1.2 Silicon Organyls of Coordination Numbers 2 and 3 and their Subsequent Products 

This topic encompasses the following species: 

R2Si R2SiSiR2 RsSi 
Silylene Disilylene Silyl anion 
(Silene) (Disilene) (silanion) 

RaSi- 

Silyl radical 

RsSi^ 

Silicenium ion 

Follow-up products with a higher coordination number at silicon, which are closely 
related to these moieties, are the polysilylenes (= organopolysilanes), the carbosilanes, 

and the Lewis-base adducts of silicenium ions. 
The species R2E (E = Si, Ge, Sn, Pb) may be regarded as substituted homologues of 

methylene. They contain the elements of group 14 in the oxidation state E" whose 
stability increases with increasing atomic number. The organic derivatives generally 

represent short-lived intermediates which can be investigated in monomeric form under 
special conditions only (R = alkyl, aryl): 

R2C RjSi R2Ge RjSn R2Pb 

Methylene Silylene Germylene Stannylene Plumbylene 

Their identification as intermediates usually involves an analysis of oligomerization- or 

trapping products or spectroscopic studies in matrix isolation. 

Silylenes and Polysilylenes (Organopolysilanes) 

Dehalogenation of organochlorosilanes affords organopolysilanes which are thought to 

be formed via silylene intermediates. The degree of polymerization and the ratio linear/ 

cyclic depend on the respective reaction conditions. Examples: 

Me2SiCl2 (Me2Si)„ + Me(Me2Si)„Me 
rings: n = 5, 6, 7 

chains: w < 100 

3 Ar2SiCl2 (Ar2Si)3 

nMe2SiCl2 + 2 MegSiCl > Me3Si(SiMe2)„SiMe3 

chains: 1 < n < 24 

Larger groups R increase the solubility of the oligomers in organic solvents. From 

organocyclosilanes silylenes can be generated; their identity can be inferred from follow¬ 

up reactions (Kumada, 1973): 
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Me2C—CMe2 

addition 

Silirane 

MeoC-CM Op 
V / Si 

Me2 

-/n 

RpSiOR 

insertion 
R2SiSiMe20R 

Silanorbornadiene 

In the context of the reactivity of carbenes and their homologues, their molecular and 

electronic structure as well as the associated spin states are of interest. Experimentally a 

triplet ground state is found for Me2C (2 unpaired electrons, S = 1). Me2Si, Me2Ge and 

Me2Sn possess a singlet ground state {no unpaired electrons, S = 0). Whereas the bond 

angle in CHj is approximately 140° (ESR), in SiH2 it amounts to only 92° {IR, Raman', UV). 

The disparate magnetic and structural features of CH2 and SiH2 may be rationalized by 

means of differing hybridization ratios. In the CH2 molecule, two C(2s,2p) hybrid orbitals 

serve for C —H bonding, because the angle HCH (140°, experiment) lies between 120° 

{expected for sp^ hybrids) and 180° {sp hybrid). The remaining two C{2s,2p) hybrid orbitals 

would then accomodate two non-bonding electrons with parallel spin {S = 1). In SiH2, on 

the other hand. Si(3 pj and Si(3 p^) orbitals are thought to be used for Si —H bonding (90°); 

the two non-bonding electrons then occupy the Si(3s) orbital {S = 0), Si(3pJ remaining 

empty. The difference is probably a consequence of the growing energetic separation between 

ns and np orbitals upon going to heavier elements within a group {limiting case', “inert 

s electron pair") which renders the participation of s electrons in chemical bonding increas¬ 

ingly unfavorable. In a more refined discussion, the electronic and steric properties of the 

groups R at ER2 have to be taken into account explicitly. 

A rather special silylene is the compound (C5Me5)2Si, decamethylsilicocene (Jutzi, 1986): 

This diamagnetic, thermally stable but highly air-sensitive molecule has the structure of 
an axially symmetric metallocene. 

The cyclic organopolysilanes (R2Si)„ possess singly folded {n = 4, 5) or doubly folded 
{n = 6) structures. The electronic properties of organopolysilanes are unexpected: 
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• In the UV spectra of alkanes, absorption bands appear only for A < 160 nm. Polysilanes, 

however, absorb at X < 350 nm {Gilman, 1964). 

• Contrary to cycloalkanes (R2C)„, cyclosilanes (R2Si)„ may be reduced to radical anions 

and oxidized to radical cations. The persistent species (R2Si)7 and (R2Si)„^ can be studied 

by ESR spectroscopy {Bock, 1979 R). 

• Upon doping with ASF5, or gano poly silanes become semiconducting {West, 1983). 

These peculiarities may be crudely explained as follows: Due to similar energy and spatial 

extension of C(2s) and C(2p) orbitals, the carbon atoms in alkanes approach ideal sp^ 
hybridization and form localized {2e2c) bonds along the carbon chain; the a/a* splitting 

is large. For silicon, on the other hand, s orbital contraction leads to less perfect hy¬ 

bridization, the Si(3s) contribution to bonding being reduced. Since Si in the polysilanes 
is tetravalent but reluctant to fully allocate its 3 s electrons to bonding, a certain degree 

of electron deficiency arises which can be alleviated by multicenter bonding along the Si„ 

backbone. Thus, some one-dimensional metallic character can be assigned to the Si„ 
chain in poly-silanes, which would explain the aforementioned experimental facts 

(Scholler, 1987). 

Organopolysilanes have recently been the focus of attention for certain technical appli¬ 

cations; they have found use as precursors in the manufacture of ceramic fibres consist¬ 
ing of )?-silicon carbide. In a first step, pre-ceramic polycarbosilanes (molecular 

weight ^ 8000) are drawn from the melt and spun into fibres. Subsequently, in a two stage 

thermal process, they are converted into pSiC, a material with extremely high tensile 

strength (Yajima, 1975): 

(Me2Si)n 

(Me2Si)g 

450° 

Argon 

400° 

H 
I 

Me 

Carbosilane 

1. air, 300° 
-► d-SiC 
2. N2, 1300° ^ 

-H2, -CH4 Czincblende 
structure! 

Besides addition, polymerization, and insertion, bonding to a transition metal must be 

considered as one further carbene-analogous reaction of silylenes. However, whereas the 

field of transition-metal carbene complexes is highly developed (p. 210) and germylene-, 

stannylene-, and plumbylene complexes have also been obtained, no silylene-metal com¬ 

plex with the coordination number 3 at Si has yet been identified unequivocally. 

A complex bearing two bridging silylene ligands is formed in an unexpected reaction 

(E. Weiss, 1973): 

Si 
HtSIK ^ \ . 

2 (r,5-C5H5)2TiCl2 2 (7?5-C5H5)2Ti Ti(7;5-C5H5)2 
DME \5|/ 

H2 

The /r-silylene ligand can be regarded as a doubly metallated silane, a molecule contain¬ 

ing Si'''. This may explain why ^-R2Si complexes, as opposed to complexes containing 

terminal silylene ligands, are readily accessible. 
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Molecules with Si = E (/>„ —Bonds 

Numerous exceptions to the double bond rule (“Elements of the third and higher rows 

avoid forming compounds containing p^ — p^ multiple bonds ) have provoked experi¬ 

ments to synthesize molecules containing ^Si —and ^Si —Si^ segments. 

Si = C {p„-p„) bonds were originally proposed to exist in reactive intermediates. Thus, 
silaethene could be characterized spectroscopically at 10 K in an argon matrix (Gusel- 

nikov, 1966): 

HoC — Si(CH3)2 

I 1 
H2C — CH2 

600° 
pyrolysis 

CHo 

II 
CH2 

Si(CH3)2| 

CH2 

Silacyclobutane Silaethene 

Pyrolysis of Me4Si yields a multicomponent mixture of carbosilanes, whereby silaethenes 

are proposed as reaction intermediates (G. Fritz, 1987 R): 

(CH3)4Si 
1 min 

700' 
CH4 + |(CH3)2Si=CH2| 

CH3 CH3 

-►-Si-tCHp-SitCHo- 
I ^ \ ^ ^ 

CH3 CH3 

The fraction of cyclic carbosilanes amounts to about 15%. 

HoC— SiMe2 

I I 
Me2Si — CH2 

HpC—Si^Me2 

M e2S i CH2 

\ / 
H2C—SiMe2 

Silaethenes also arise from salt eliminations; they immediately dimerize to 1,3-disilacy- 

clobutanes (Wiberg, 1977): 

Me2Si—C(SiMe3)2 

OTs Li 

Ts = T osylate 

-LiOTs 
-50° |Me2Si =C(SiMe3)2l 

X 2 

Me2Si — C(SiMe3)2 

(Me3Si)2C SiMe2 

A monomeric silaethene, stabilized by metal coordinatioji, has been claimed for the 

complex (C5H5)(CO)2HW(r/^-CH2 = SiMe2) (Wrighton, 1983) and characterized by X- 
ray diffraction in the compound (MejCj) (CyjP) HRu(r/^-CH2 = SiPh2) (Tilley, 1988). 
In a convenient method for the generation of sparingly substituted or unsubstituted 

silaethenes the retrodiene cleavage of a silabicyclo[2.2.2]octadiene is exploited (Barton, 
1972; Maier, 1981): 
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Si 
H2 

1. 650° 
10”5 mbar 

-C0H4(CF3)2 

2. matrix 
isolation 10 K 

/Sis 
H CH, 

^hv 254 nm 

H2Si=CH2 
T>35K 

X 2 
Silylene 

H2C- —SiH, 
1 ■ 

1 
H2Si- 

1 
—CH2 ^’*^>320 nm 

Silaethene , ^ 
cyclo-Carbosilane 

The first molecule featuring an Si = C(p„ —pj bond, which is stable at ambient temper¬ 
ature, was prepared by A. Brook (1981): 

Mp. 93° 

hf 
(Me3Si)3Si 

R =Adamantyl 

Me^Si OSiMe3 

Si=C 
MeoSi 

./ 
dCSi-Cl - 176 pm 
d(Si-C3 = 189 pm 

5 = 214 ppm 
Usi=C3 84 Hz 

The dimerization or polymerization of this molecule to carbosilanes is prevented by 
bulky trimethylsilyl- and adamantyl groups. 

V .OSi 
>Si=C<- 

.0 ®,OSi 
>Si-c<- 

® 

e ®osi 
>Si—C ◄ 

© 
>Si-|<5®' 

Apparently, the canonical structure heavily contributes to the resonance hybrid since, according 

to ^H-NMR evidence, rotation around the central Si —C bond axis is blocked. A certain contribution 

of the structures (^and is suggested by ^^C-NMR data {resemblance to chemical shifts observed 

for carbene complexes). The strong deshielding of the carbon nucleus argues against a participation of 

the silyl ylid canonical form (^. 

Closely related to the silaethene problem is the inclusion of the Si atom into aromatic 

heterocycles. Silabenzene CjSiHg has been generated by means of flash thermolysis and 

studied in the gas phase (Bock, 1980) and in matrix isolation (G. Maier, 1982): 

1. 800° 
10"^ mbar 

-H2 
2. matrix 

isolation 
Ar, 10 K 

hv 

Silabenzene 

T> 80K 

320 nm 

oligomeric products 

Dewarsilabenzene 
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In the UV spectrum, silabenzene is identified as an arene which is weakly perturbed by 

a donor atom. 

In analogy to the ready formation of the aromatic anion C5HJ from CjHg, deprotona¬ 
tion of silacyclopentadiene (silole) C4SiHg to yield its anion would appear to be straight¬ 

forward. The realization of this idea till now has been frustrated by competing reactions. 

Whereas heavily substituted siloles are readily accessible and easily characterized, 

2 Ph—C=C—H + MepSiSiMeo 
H H 

— Me 

catalyst 

(EtaPigPdClg 

— Ph 

A A Silole 

(Kumada, 1975) 

the less substituted siloles, which still possess Si —H bonds, tend to form Diels-Alder 
dimers (T. J. Barton, 1975): 

Me \±!l ^3*^6 

This type of dimerization is suppressed if the positions 3 and 4 bear alkyl substituents 
(Dubac, 1986). 

The preparation of a silole anion (silacyclopentadienyl) as yet has only been achieved in 

perphenylated (Boudjouk, 1984) or in benzanellated form (Gilman, 1958; Kumada, 1983): 

Therefore, at the time of writing, silametallocenes are unknown. The few examples of 

silole complexes, which have been reported, contain the heterocycle as an rj^- or an 
-ligand: 
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Si = Si {p„ —/7„)-bonds would be expected to be even less stable than Si = C double bonds 

because, due to the larger distance of the Si —Si cr-bond, p^ — p^ overlap is unfavorable. 

Notwithstanding, a derivative of disilylene could be synthesized which is stable at room 
temperature (West, 1981): 

Mes2Si(SiMe3)2 

Mes =mesityl 

Tetramesityl- 
disilylene 

90% 

yellow crystals, Mp 178° 

d(Si=Sil 215 pm 
compare d(Si—SO 235 pm 

Again it is the steric protection of the vulnerable Si = Si multiple bond by bulky groups 
which is responsible for the remarkable stability of this molecule. Precursors with steri- 
cally less demanding substituents only lead to organopolysilanes. 

Disilylenes (and digermylenes) were also prepared by Masamune (1982): 

3 Ar2SiCl2 
LiOlpHs ^ 

Ar = 2,6-Me2C0H3 

Ar2 

/\ 
Ar2Si — SiAr2 

Hexaaryl- 
cyclotrisilane 

Ar2Si=SiAr2 

Tetraaryidisilylene 

The decrease in bond distance in proceeding from Si — Si to Si = Si is comparable to the 

increment for the pair C — C and C = C; it is smaller in relative terms, however. As inferred 

from the NMR coupling constant ^^C), the silicon atom in disilylenes is sp^ 
hybridized. This judgement is based on the proportionality between the spin-spin cou¬ 

pling constant and the s-character of an intervening bond: 

Me4Si Mes2Si = SiMes2 (Me3Si)2Si = C(OSiMe3)Ad 

^JC^Si, ^^C) (Hz) 50.2 90.0 84.0 

Hybridization at Si sp^ sp^ sp^ 

Mes = mesityl Ad = adamantyl 
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Despite steric shielding, the Si = Si double bond in MeS2Si = SiMes2 is considerably more 

reactive than a typical C = C double bond; 

Mes2Si~SiMes2 

H OH 

MeS2Si—SiMes2 

R2C—O 

Mes2Si—SiMeS2 

RC=CH 

Silyl anions RaSi" are present in solutions of RjSiLi in ionizing solvents. The structure 
of silyl anions is pyramidal. Temperature dependent ^H-NMR studies demonstrate that 

the barrier to inversion is high: 

Ph3SiSiPh3 
Li, THF ^ Li‘‘’SiPh3 

Li, THF 
-’■- 

-LiCI 
Ph3SiCI 

R' 

Barrier to inversion 

>100 kJ/mol 

Silyl anions RaSi are isoelectronic with phosphanes R3P and, like the latter, may serve 
as ligands in transition metal complexes: 

RaSiLi + Ni(CO)4-^ Li + [PhaSiNi(CO)a]“ + CO 

Mild oxidizing agents convert silyl anions into the respective disilanes. In the case of the 
anion (t-Bu)aSi”, a disilane is thus formed which, compared to the standard value of 
<i(Si —Si) = 234 pm, boasts an extraordinarily long Si —Si bond (Wiberg, 1986): 

N0'*’BF4‘ . 270 
2 (t-Bu)oSiK —--► 2 )(t-Bu)qSi’l -► (t-BuloSi—Si(t-Bu)q 

heptane pm 

Incidentally, hexa(t-butyl)ethane is unknown. 

Silyl radicals RaSi- are also pyramidal; they are much more reactive than their carbon 

analogues RaC-. Thus, PhaSi —SiPha shows no inclinatiorTto homolytic cleavage: 

PhaSi - SiPha 2 PhaSi- 

In fact, the bond energy E (Si — Si) is smaller than the value £ (C — C) (p. 94) but the 

repulsion of the substituents, which would promote dissociation, is reduced because of the 
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large Si —Si bond lengths. Furthermore, resonance stabilization of silyl radicals accord¬ 
ing to 

// \N -Si' iSi etc. 

is insignificant due to unfavorable C = Si(p„ —pj overlap. Dissociation into radicals has, 

however, been observed for the sterically congested disilane MeSjSi-SiMeSa (Neumann, 
1984). 

Other sources for silyl radicals: 

MegSi2 NaOMe 
HMPA 

-Me3SiOMe 
Me3SiNa 

2 Me3SiX 
Na/Hq -2-^ 

-2 NaX 
(M eg S i )2 H g 

-Na*_ -t-CioHe 

Ciofis* naphthalene 

Me 

Bis(trimethylsilyl)mercury (linear structure, mp: 101 °C), serves admirably in the synthesis 
of other compounds with silicon-metal bonds: 

Me3Si-Hg-SiMe3 

2 Li.THF 

DME.Mg ^ 

-Hg 

Fe(CO)5,ht> 

-Hg,-CO 

2 Me3SiLi 

Mg 

Me3Si^ 

(Me3Si)2Fe(CO)4 

Silicenium ions RaSi'^ as such are still controversial. In cases where their existence has 
been postulated, tight association with a counter ion could not be excluded, the limiting 

case being a silanol ester: 

+ 

Ph 

0, 

174 ' 
O — Si^ 

/ i 
Cl 

\ 
Ph 

Ph 

d(Si-C) = i85 pm 
< C-Si-C =1 13.5° 
<O-Si-C=105° 

(mean values) 

(J. Corey, 1975) (Olah, Bau, 1987 R) 
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The species may in principle be stabilized by means of polarizable (soft) sub¬ 

stituents or by the coordination of chelating ligands. In the latter case, because of the 

increase in coordination number from 3 to 5, the products are'referred to as siliconium 

ions. 

[(iso-PrS)3Si]'^CI04 

® 
(iso-PrS)2Si—S—i-Pr Silicenium 

Ion 1 ^ I 
© 

(iso-PrS)2Si=S—i-Pr Sulfenium 
Ion 

^ Siliconium 
1 >h 'on 

Ph 

(Lambert, 1983) (West, 1963) 

As for the low tendency towards formation of RsSi'*' ions, the strength of the Si —O or 
Si - halogen bond, respectively, as well as the insignificant resonance stabilization involv¬ 

ing canonical structures with Si = C double bonds must be mentioned. 
Therefore, nucleophilic substitution at silicon does not proceed dissociatively (D, S^, 1) via 

intermediary silicenium ions. Instead, an associative mechanism (A, Sn2) must be as¬ 

sumed (Sommer, 1965 R): 

R' 

+ Y 
SN2~Si 

R-Si 

^R" 

R' 

' Qj +x 

(X = good leaving group, i.e. the conjugate base of a strong acid) 

This is supported by the dependence of the substitution rate on the nature of the attacking 
nucleophile Y, by the rate decrease in the presence of electron releasing groups R, and by 

the frequently observed inversion. 

An uncritical transfer of diagnostic criteria used in studies of substitution at carbon to 

those dealing with silicon is inappropriate, because the ready increase of the coordination 
number at silicon and the rearrangement of the trigonal-bipyramidal intermediates via 

pseudorotation invalidate arguments, which rest on observations of inversion or reten¬ 
tion of configuration. 

Thus, swift substitution proceeds even at a bridgehead Si atom, although back-side 
nucleophilic attack is blocked (Sommer, 1973): 

+ Y" -t- Cl“ 
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This front-side attack of the nucleophile is rendered possible by the vacant d orbitals of 

silicon which stabilize the coordination number 5; it is accompanied by retention of 
configuration. 

Racemization, which is frequently observed during the course of nucleophilic substitution 
at silicon, may erroneously suggest a dissociative mechanism. Racemization must not, 

however, be taken as evidence for the intermediary formation of silicenium ions, since a 

five-coordinate intermediate by means of rearrangements (pseudorotation, PR) can also 
result in racemization; 

R 
\ 

Si 

/ 
R' 

Nr» 

Y Si 

R" 

R' 

R 

R" 

R' 

PR 
-► 

PR_^ 

Inversion 

/ 

\ 

R 

R' 

\ 
j n"'" 

Retention 

8.2 Organogermanium Compounds 

Germanium, an element which is settled in the center of the periodic table, possesses 

typical properties of a semi-metal. For a long time tetraethylgermanium, prepared by 
Winkler in 1887, remained the only organogermanium compound. Since germanium 

organyls have as yet found little practical use, the accumulated results are mainly of 
academic interest. Among the elements Si, Ge, Sn and Pb, Ge most closely matches the 

electronegativities of H and C. Therefore the polarities of Ge — H and Ge — C bonds and 

the associated reactivities are strongly influenced by substituents. 

8.2.1 Germanium Organyls of Coordination Number 4 

PREPARATION 

Direct syntheses, as for silicon, are also applicable to germanium. The resulting 
organogermanium halides may then be converted into other germanium organyls. 

MeCl + Ge/Cu-^ Me„GeCl4 _ „ [T] 
Me2GeCl2 + 2 RMgX-^ Me2GeR2 + 2 MgXCl [T| 

GeCU + 4 LiR-> R^Ge + 4 LiCl 

As compared to organosilicon chemistry, ligand scrambling for organogermanium com¬ 

pounds occurs more readily: 

AlCl, 
GeCL + 3 Bu.Ge 4 BuiGeCl 

120°C 
5 h 

0 
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This also applies to Ge-C bond cleavage by means of X 2 or HX: 

Ph^Ge + Br2-> PhjGeBr + PhBr 

R4Ge + HCl RjGeCl + RH 

Me.Ge MegGeCl + Me2GeCl2 

Furthermore, coupling reactions are of synthetic utility: 

GeCU + 4 PhBr + 8 Na-^ Ph^Ge + 4 NaCl + 4 NaBr |T| 

(Me3Si)2CHGeCl3 
Li , THF 

^Ge-!—Ge' 

R = (Me3Si)2CH 

J/^252 pm 

•Ge 

Hexagermaprismane 

(Salzurai, 1989) 

Germacycles are also prepared from Ge" precursors: 

O 
2 RC = CR 

Gel2 -► 

R 

R 

PROPERTIES AND REACTIONS 

Tetraorganogermanes R4Ge are rather inert chemically; they are cleaved by strong oxidiz¬ 

ing agents, often requiring the presence of Friedel-Crafts catalysts. This reaction is 
employed in the synthesis of ternary and quaternary organogermanes: 

Ar^Ge ArjGeBr AraGeR 

ArjGeR-^ Ar2GeRBr Ar2GeRR' 

Note the selective cleavage of the Ge-aryl bond (c.f p. 97). Like its silicon analog (p. 99) 
cyclopentadienyl(trimethyl)germane in solution is a fluxional molecule; it undergoes 

metallotropic 1,2 shifts: 
H 

MegGeCI + CgHgLi 

The migration of the Me3Ge group along the C5 periphery is faster than that of the MejSi 
group, since the C —Ge bond is weaker than the C —Si bond. 

Organopolygermanes result from halogen abstractions using alkali metals or magnesium: 

2Ph3GeBr Ph3Ge-GePh3 

n Me2GeCl2 (Me2Ge)„ 

Among the cyclic organogermanes, those with n = 4, 5 and 6 are well characterized. 
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Organohalogermanes R„GeX4,_„ like the corresponding silanes tend towards hydrolysis 
and condensation, albeit with attenuated vigor. The ease of hydrolysis of PhjGeX 

increases in the order X = F < Cl < Br < I. Germanols are stable in monomeric 

form if they carry bulky substituents: (iso-Pr)3GeOH condenses to the germoxane 

[(iso-Pr)3Ge]20 only above 200 °C. The diminished reactivity of R3GeX, as compared to 

R3SiX, reflects the reduced ability of germanium to utilize Ge(4d) orbitals in order to 

stabilize coordination number 5 (cf. p. 115). This lessened inclination toward Ge(4d) 

participation also manifests itself in a comparison of the bond angles EOF in siloxanes 
and germoxanes: 

Organogermanes R„GeH4_„ are conveniently prepared by substitution of X by H 

R„GeCU-„-'^R„GeH4_„ 

The similar electronegativities (Ge 2.0, H 2.1) result in a low polarity of the Ge —H bond; 

consequently, their reactivity is low. Thus, organogermanes may even be prepared in 

aqueous media: 
MeGeBr, 

NaBH., H,0 
MeGeH, 

The reactivity pattern towards lithium organyls argues for hydridic character (H^ ) for 

Ph3SiH and for protic character (H'*^) in the case of Ph3GeH: 

Ph3Si —H + RLi-> Ph3Si —R + LiH metathesis 

Ph3Ge —H + RLi-> Ph3Ge —Li + RH metallation 

The polarity of the Ge —H bond may, however, be reversed by the proper choice of 

substituents (Umpolung): 

5* 5- 
EtaGe —H 

\ 
+ C=0 

/ 
H —C —OGeEt3 Germoxane 

d- 5* \ I 
Cl3Ge —H + C=0 -^ Cl3Ge —C—OH Germylcarbinol 

The most important reaction of the germanes R„GeH4_„ and X„GeH4_„ is hydroger- 

mation; it is catalyzed by transition metal complexes or radical forming reagents and 

proceeds under milder conditions than hydrosilations: 

Ph3GeH + CH2 = CHPh^^^ Ph3GeCH2CH2Ph 

(«-Bu)3GeH + HC = CR-^^^^ Bu3GeCH = CHR 
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The halogermanes are particularly prone to addition: 

Cl3GeH + HC = CH ClaGeCH = CH^ Cl3GeCH2 - CH2GeCl3 

Organogermanes are also suited for the preparation of molecules with germanium-metal 

bonds: 
2Et3GeH + Et2Hg-> Et3Ge-Hg-GeEt3 + 2EtH 

Further modes of formation of Ge —M bonds include 

Ph3Ge-GePh3 2Ph3GeLi 

Me3GeBr + NaMn(CO)5-> Me3Ge —Mn(CO)5 + NaBr 

8.2.2 Germanium Organyls of Coordination Numbers 2 and 3 and tbeir 

Subsequent Products 

The chemistry of organogermanium compounds in low coordination states is largely 

analogous to that of silicon. The increasing preference for the oxidation state E”, exhib¬ 
ited by the heavier elements in group 14, is expressed, i.a., in the formation of germylenes 

through a-elimination of alcohols from alkoxygermanes (Satge, 1973 R): 

RGeH2(OMe) {RGeH}-. (RGeH)„ 

Additional sources for germylenes are the following reactions: 

EtsGe — GeEt2CI AT 

-EtoGe Cl 
► <Et2Ge 

Ge 
(Et)2 

Me2GeCl2 -^ |Me2Ge} 

Ge(g) + Me3SiH(g) 
cocond. 

-196® 

-► (Me2G6)0 "b (Me2G6)n 

polymeric 

I MegSiGeH} 

Whereas these simple, highly reactive germylenes can only be identified indirectly from 

the products of subsequent reactions like polymerization or adduct formation, germyle¬ 

nes with bulky substituents can be isolated in monomeric form at room temperature 
(Lappert, 1976): 

V 

[(Me3Si)2N]2Ge + 2(Me3Si)2CHLi[(Me3Si)2CH]2Ge + 2(Me3Si)2NLi 
mp; 180°C 

The simpler germylenes may also be stabilized as ligands in transition-metal complexes 

- albeit as thermolabile solvates only, displaying coordination number 4 at Ge (Marks, 
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1971): 

Na2[Cr2(CO)io] + Me2GeCl 
78 °C Me2GeCr(CO)5 + NaCl + NaCr(CO)5Cl 

THF 

The corresponding complexes of stannylenes are more stable (p. 133). 

Germylene complexes, which are three-coordinate at Ge, are accessible, if the germylene 
is sterically demanding (example: [(Me3Si)2CH]2Ge-Cr(CO)5, Lappert, 1977). 

In their function as bridging ligands (coordination number 4 at Ge), even the simpler 

germylenes do not require stabilization by an additional Lewis base (Graham, 1968): 

3 Me2G6H2 + Fe3(CO)-|2 65< 

-H2 

-CO 

P ®2 Mep 

240/ X 
/ n''' X ^ 

A''"'' 275 
(COlaFe-— Fe(CO)3 

Ge 
Me2 

Cyclopentadienyl-substituted germylenes again constitute a special case; they are acces¬ 
sible from Ge" halides (Curtis, 1973): 

GeBr2 + 2C5H5TI —(C5H5)2Ge + 2TlBr 

GeCL • dioxane -I- 2C.=MecLi — 
THF 

(C5Me5)2Ge -t- 2LiCl -f- dioxane 

Monomeric germanocene (C5H5)2Ge like stannocene and plumbocene has a tilted sand¬ 
wich structure; it forms polymers containing bridging C5H5 units much more rapidly 

than the Sn- and Pb analogues. Decamethylgermanocene (C5Me5)2Ge (as well as its Sn 

congener, p. 136) releases one ligand under the action of HBF4 to yield the interesting 

cation [(C5Me5)Ge]'^ (Jutzi, 1980): 
Ge 

(Me5C5)2Ge + HBF4 
■MesCsH 

BFa 

— CH< 

[(C5Me5)Ge]'^ is isoelectronic and isostructural with (C5H5)In (p. 89) and related com¬ 

pounds; together with six 7r-electrons of the ligand, the central atom E(«s^) attains an 

octet configuration. 

Germyl anions R3Ge“ originate from organogermyl alkali-metal compounds in highly 
polar solvents like hexamethylphosphoric trisamide (HMPA) or NH3 (1); they serve in the 

formation of germanium-metal bonds: 

EtgGe —GeEtg 
K, HMPA 

2 + 2 

Et 

Ph4Ge 
Na. NH3 (I) 

-40° 
Na"^ + PhgGe" 

Me3SnBr 

Et 

Ph3Ge—SnMe3 
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Since, except for sterically crowded species, organodigermanes refrain from homolytic 

cleavage, organogermyl radicals RsGe' are generated as follows: 

t-Bu202 
hv 

2 t-BuO* 

(R3Ge)2Hg 

R3GeH,-70° 

-t-BuOH 

hv 

-Hg 

R R 

The Ge-centered radicals are identified by means of ESR spectroscopy, taking advantage 
of the hyperfine splitting by the nucleus ^^Ge (7.6%, I = 9/2). From the magnitude of the 

coupling constant fl(^^Ge), a pyramidal structure of the radicals RgGe- can be inferred. 
This conclusion is based on the fact that isotropic hyperfine coupling constants are 
proportional to the s character of the singly occupied orbital. In this way, the ESR 
spectrum provides a hint as to the hybridization state of the radical center and therefore 

to its geometry. Independent evidence which supports nonplanarity of RsGe- radicals is 
the retention of configuration during the homolytic chlorination of chiral germanes 
(Gielen, 1978): 

Naph Naph 

P * t-Bu202 r' * 
+ CCG -^+ CHClo 

y H ^ 80°,11h y ^Cl ^ 

Me Me 

Experiments with chiral silanes point in the same direction. 

The kinds of experiments which are intended to lead to species with Ge = E {p„ —p„) 
bonds, resemble those performed for silicon (Barton, 1973): 



8.3 Organotin Compounds 121 

The Ge — C double bond is extremely reactive, even if it is part of a 6 7i-electron system 
(Markl, 1980): 

As in the case of silicon, double bonds ^Ge = Ge^ may be protected by steric shielding 
(Masamune, 1982): 

A r2 G e C Ig 
ME 

^^2 
Ge 
/ \ 

Ge — Ge Ar„ 
3- methyl- 

pentane 

Ar 
/// 221 
'""Ge = Ge':! 

Ar 

Ar 

Ar 

90% 

8.3 Organotin Compounds 

Due to a multitude of technical as well as synthetic applications, organotin compounds 

have become the subject of extensive industrial and academic research. A characteristic 

feature of organotin chemistry, compared to that of the lighter homologues Si and Ge, 

is the greater structural diversity. This may be traced back to the larger variety of 

accessible coordination numbers for tin. Thus, two aspects of organotin chemistry, 

namely the association of organotin halides R„SnX4_„ by means of Sn —X —Sn bridges 

and the ready formation of stannonium ions [R„Sn(solv)]*'^“"’^ in donor solvents origi¬ 
nate from the ability of tin to increase its coordination number beyond 4. Another 

distinctive feature is the high reactivity of tin organyls in which is part of an unsatu¬ 

rated system as in Sn-vinyl or Sn-phenyl segments. 
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Excursion 

*^’Sn-Mossbauer and ^^^Sn-NMR Spectroscopy 

Besides the standard methods of instru¬ 
mental analysis and X-ray diffraction, 
these more specialized techniques are al¬ 

so well-suited to solve structural prob¬ 
lems in organotin chemistry. Whereas 
“^Sn-NMR is preferentially applied to 
species in solution, ^^^Sn-M6ssbauer 

spectroscopy, operating on solid samples, 
stands the test in cases where crystalline 
material for the application of diffraction 

methods is not available. 
The Mossbauer effect rests on the recoil- 

free emission and resonance absorption 
ofy-rays. A Mossbauer spectrum furnish¬ 

es the parameters isomer shift IS and 
quad-rupole splitting QS. In their ground- 
and excited nuclear spin states, atomic 

nuclei possess different radii and thus dif¬ 
fering electrostatic interaction with the 

surrounding s electrons. Therefore, the 
energy difference between the ground- 
and the excited state is influenced by the 

s electron density at the nucleus. A com¬ 
parison of nuclear spin excitation ener¬ 

gies for nuclides like “®Sn, which are 
subjected to different chemical environ¬ 
ments, thus provides insight into the re¬ 

spective s electron densities. These excita¬ 
tion energies are usually listed as relative 

values with Sn02 serving as a standard. 
They are then named isomer shifts IS and 

for experimental reasons, reported in 

mms“^ whereby a positive IS value im¬ 
plies an increased s electron density. 

If the nuclear spin / of the respective nu¬ 

clide in the ground and/or in the excited 

state exceeds 1/2, deviations of the elec¬ 

tronic environment of the nucleus from 

cubic, octahedral or tetrahedral symme¬ 

try result in a splitting of the Mossbauer 

signal. This is the quadrupole splitting 

QS which supplies additional structural 

information. 
In the area of organometallics, nuclei 

suitable for Mossbauer spectroscopy be¬ 
sides “^Sn include ^^Fe, ^^Ru, ^^^Sb, 
125jg, 129j^ 193jj. l^'^Au. 

The isomer shifts IS in *‘’Sn-M6ssbauer 

spectra cover a range of ± 5 mms~ ^ [typ¬ 
ical values: Sn^'^ —0.5 to 1.8, Sn" 2.5 to 
4.3 mm s“^]. The following examples 

demonstrate how the isomer shift re¬ 
sponds to changes in the environment of 

Sn: 

IS/mms ^ Varia¬ 

tion of 

[n-BuSnFj]^ 0.27 ligands 
[n-BuSnCljl^- 1.03 
[n-BuSnBrj]^^ 1.38 

Ph^Sn''' 1.15 oxidation 
n-Bu4Sn‘'' 1.35 state 
Cp2Sn" 3.74 

ds-Me2Sn(ox)2 0.88 geometry 

trans-Me2Sn(acac)2 1.18 

The quadrupole splitting QS reflects the 

stereochemistry at the Sn atom. There¬ 

fore, QS values may serve to distinguish 
between different isomeric forms. 
Scheme I (Bancroft, 1974). 

Since thes$ environments also occur in 

associated organotin compounds like 

(R3SnX)„ and (R2SnX2)„ the structure of 
these materials in the solid state is con¬ 

veniently studied by means of “^Sn- 

Mossbauer spectroscopy (cf p.l25, 133). 
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Scheme I 

R- 

X 

X- 

I 
X 

R 

'X 
Sn 

X^ I ^X 

R 

X 

Sn 

If/' I ^R 

X 
QS trans cis 

(mms-i) 3.0-4.0 1.70 

In the “’Sn-NMR spectra of organotin''' 
compounds, relative to the standard 

(CH3)4Sn, chemical shifts 5 between 

+ 150 ppm (low field or high frequency, 
resp.) and — 400 ppm (high field or low 

frequency, resp.) are observed. In Sn" 

compounds, the tin nucleus is shielded 

much more extensively. The following 
compilation is intended to illustrate a few 

trends: 

trans cis 

2.40 3.8-4.2 1.7-2.1 

to C.N.5 or C.N.6 is attended by a high 
field shift which can be used as a diagnos¬ 

tic tool. As an example, consider the 
monomer/polymer equilibrium for tri- 

methyltin formate (Scheme II). 

On the other hand, for inert complexes 

like Me2Sn(acac)2 (C.N.6) in which tin 
has a high coordination number in the 
molecular unit, the chemical shift is inde- 

(5('‘®Sn)/ppm <5(“®Sn)/ppm 

MejSnCHjCl + 4 iri^-Csn,)^Sn"' -26 

Me3SnCHCl2 -h33 -2200 

Me3SnCCl3 -t85 
-104 

Me4Sn 0 Me2SnH2 -224 

Ph2SnMe2 -60 MeSnH3 -346 

Ph^Sn -137 

(H2C = CH)4Sn -157 Me3SnClpy + 25 

Me2Sn(acac)2 -366 [Me3Sn(bipy)]BPh4 -18 

An important application of “^Sn-NMR 

is the study of association processes in 
solution which are accompanied by an 

increase of the coordination number 

(C.N.) at Sn. The transition from C.N.4 

H 
Scheme II | 

Me 
'"""Me 

V 
Me 

cone, in CDCI3: 0.05 mol L~' 

^(“^Sn): -1-152 ppm 

Structure: monomeric 

pendent of concentration. Additionally, 
the coupling constants V(“^Sn,'^C) 

and V("®Sn,'H) also respond to 
changes in the coordination number of 
Sn, albeit in a less sensitive way. 

Me 

Sn 

\ / 
Me Me 

2.5 mol 

-1-2.5 ppm 

polymeric 

Me 

Sn -0^ 

\ 
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8.3.1 Tin Organyls of Coordination Numbers 4, 5 and 6 

PREPARATION, STRUCTURE AND REACTIVITIES 

4 R3A1 + 4 NaCl + 3 SnCU 3 R^Sn + 4 NaAlCl^ 0 

4 CH2 = CH - MgBr + SnCU (CH2 = CH)4Sn + 4 MgBrCl |T| 
R'CH - CH2 + RaSnH-> R'CH2CH2SnR3 0 

Compounds which are sufficiently CH-acidic are metalled by organotin amides: 

Me3SnNMe2 + HC = CPh-> Me3SnC = CPh + Me2NH [b] 

The binary tin organyls R4Sn are inert towards attack by O2 or H2O; usually they are 

also thermally stable. Me4Sn decomposes above 400 °C; organotin compounds with 
unsaturated residues are more labile, a fact which recommends them for synthetic appli¬ 

cations: ,_, 
(CH2-CH)4Sn + 4LiPh-> 4CH2 = CHLi + Ph4Sn \J] 

(Cyclopentadienyl)trisalkyltin (C5H5)SnR3, like the Si- and Ge analogues, is fluxional in 
solution. Such metallotropic 1,2-shifts of R3Sn groups are also observed at the periphery 
of larger unsaturated rings: 

The thiophilic nature of tin expresses itself in the reaction of Ph4Sn with sulfur whereby 
puckered six-membered rings (Ph2SnS)3 are formed: 

Sn-C bonds are also cleaved by dihalogens and by hydrogen halides. In this way, 
organotin halides are obtained: 

Me4Sn > Me3SnBr —Me2SnBr2 

Me4Sn -f HX-. Me3SnX + MeH 

Further methods for the preparation of organotin halides are: 

Sn/Cu -f 2 MeCl Me2SnCl2 (direct process) [T] 

SnCl2 -b RCl -g?*' ^ (oxidative addition) 

R4Sn -b SnCU R3SnCl + RSnCl3 2 R2SnCl2 [T] 

SnCl2 + HCl > HSnCl3 • Et20 ‘^^c=chcoor; ci3SnCR2CH2COOR' [s] 

(hydrostannation) 



8.3 Organotin Compounds 125 

Organotin halides, -pseudohalides and -carboxylates tend to associate by means of 
(T-donor bridging: 

\ Me 
Me.,„„sn' 

/ Me^ Y 

Me^ /2« 

141° J\ \ie 

r 

Me 

\ 
Sn' 

I 

/ 
MegSnF (decomp. 360 °C before reaching the mp) forms chains of trigonal bipyramids, the apical 

fluoride ions being part of unsymmetrical Sn —F —Sn bridges (Trotter, 1964). Considerably weaker are 

the bridges Sn —Cl —Sn in solid MCjSnCl (mp 37 °C, bp 152°C) whose structure was studied by 

Mossbauer spectroscopy. 

F- Sn-F-Sn-F-Sn-F 

F—Sn—F —Sn—F_Sn'—F 

d(Sn-F) = 212 pm -• “CH3 

d(Sn-C) = 208 pm 

Me2SnF2 (decomp. 400°C), like SnF2, crystallizes in a lattice structure whereby two axial terminal 

methyl groups and four equatorial, bridging fluoride ions generate the coordination number 6 at Sn 

(Schlemper, 1966). 

Cl 

Cl 

r Cl sCI 

Sn<. 
% Cl 

..Sn. 

i 
r Cl 

•>.Sn' 

Cl^ ^^Cl 

d(Sn-C)= 221 pm 

]Vle2SnCl2 (mp 106°C, bp 190°C), however, in the crystal forms zigzag chains of highly distorted edge 

sharing octahedra with weak chloride bridges (Davies, 1970). 

A comparison of the structural data for Me3GeCN(s) and McgSnCN (s) demonstrates the 

higher inclination of tin to expand its coordination sphere (Schlemper, 1966): 



126 8 Organoelement Compounds of the Carbon Group 

Me Me 
1 15y\l98^_^.. 357 ^ 

Me 

^ Ge—C=NI-"-.Ge—C=NI- 

ei/ Me/ 
Me Me 

Me Me 

^20°/^^249 249I 
^Sn-C=N-Sn-C=N- 

V \ / \ 
Me Me Me Me 

MejGeCN C.N. (Ge) = 4 

compressed tetrahedra 

MejSnCN C.N. (Sn) = 5 

trigonal bipyramids 

An even greater tendency for high coordination numbers is exhibited by lead, in that 

Ph2PbCl2 - in contrast to Me2SnCl2 - in the crystal adopts the coordination number 6 

(chains of edge sharing octahedra, symmetrical bridges Pb — Cl — Pb). Thus, the tendency 
towards a high coordination number increases with the atomic number of the central 
atom and with ligand electronegativity. 

The high tendency to associate is responsible for the fact that chiral trisorganotin halides, 
as opposed to their C-, Si- and Ge counterparts, rapidly racemize in solution: 

Sn 
Cl V '"R" 

R' 

Follow-up reactions of organotin halides lead into several new classes of compounds: 

Acid hydrolysis of the ^Sn —Cl bond under conservation of the Sn —C bonds initially 
yields hydrated stannonium ions R3Sn(aq)'^ which can be precipitated with large anions: 

MesSnCl^^^ [Me3Sn(OH2)2]"BPh,- 

trigonal bipyramidal cation, HjO at axial positions 
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In alkaline aqueous media, organotin halides form the corresponding hydroxides; their 
propensity for condensation increases with decreasing degree of alkylation: 

OH-ZHgO Na.CgHg /o\ h^O 
RgSnCI -► RgSnOH ---► R^Sn SnRg 2 RgSnOH 

solution: dimeric Distannoxane Stannanol 

solid state: polymeric 

OH" 

R2S n CI2 

OH /H2O 

R2Sn(OH)2 

isolable 
for R= t-Bu 

-► (RgSnO)^ - 

'O' 
Polystannoxanes 

4i. 

[R2Sn(OH) ] 
2- 

H2SO4 

► R2SnS04 

R R R R R R 

—Sn—O—Sn—O —Sn— 

♦ I ♦ ♦ ♦ 
— O —Sn—O—Sn—O — 

/ \ / \ 
R R R R 

RSnClj {RSn(OH)3} ^ > (RSnOOH)„ 

Stannonic acid 

cross-linked, polymeric 

The amphoteric character of the stannoxanes is in marked contrast to the inert nature 

of siloxanes, which is reflected in the excellent material properties of the latter. The double 
chain structure of the polystannoxanes follows from “^Sn-M6ssbauer spectra. 

Organotin alkoxides are prepared from the respective halides and alcohols using an 
auxiliary base: 

RjSnX + R'OH + EtaN-^ RjSnOR' + EtaNH + X' 

or via transalkoxylation: 

(R3Sn)20 + 2 R'OH-> 2 R3SnOR' + H2O 

The synthesis of an organotin bis(acetylacetonate) with the coordination number 6 at tin 

proceeds in a related way: 

R2Sn(OMe)2 + 2acacH-> trans-R2Sn{a.cac)2 + 2MeOH 

Organotin amides cannot be obtained by an ammonolysis of R3SnCl; they are prepared 

via nucleophilic substitution by amide: 

R3SnCl + LiNR'2-> R3SnNR'2 + LiCl 

Bu3SnPh + KNH2 Bu3SnNH2 + PhK 
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Organotin amides have found application in organic synthesis: 

Organotin hydrides, in addition to the halides, are the most versatile reagents. They are 

easily obtained from the latter: 

R„SnX. 
LiAIH.,Et,0 

R„SnH A — n 

Organotin oxides or -alkoxides and NaBH4 or sodium amalgam as reducing reagents are 

also suitable. The stability of the alkylstannanes R„SnH4_„ increases with increasing 

degree of alkylation: whereas SnH4 slowly decomposes at room temperature, McjSnH 
is stable indefinitely in the absence of air. 
The principal reactions of organostannanes are: 

hydrostannation 

and 

hydrostannolysis 

\ 
—S 
/ 

\ 
-s 
/ 

\ C
D

 

II <
 -► -^Sn 

V yj 
\ 

/ 

The hydrostannation reaction (van der Kerk, 1956) serves for the construction of new 
Sn —C bonds: it may proceed as 1,2- or as 1,4-addition: 

HoC=CHPh 

PhgSnH — 

80-100"’ 

HC=CPh 

80" 

Ph3SnCH2CH2Ph 

Ph3SnCH=CHPh (trans) 

(n- Bu)2SnH2 
heptane 

80"* 
■v 

Under these mild conditions and in the absence of catalysts (Lewis acids or radical 
forming reagents) polar double bonds like C = O and C = N are not attacked. Therefore, 



8.3 Organotin Compounds 129 

hydrostannation is well-suited for chemoselective hydrogenations of aetivated C = C dou¬ 
ble bonds (Keinan, 1982): 

1. cat. (PhoPlaPd, ^ 
''P thf, 20° yp 

Ph-CH=CH-C- + (n-Bu).,SnH —^ ’-► Ph-CH2-CHp-C ' 

" 9 9% " 

Note the complementary result obtained in the hydroboration of cinnamic aldehyde 
(p. 61). 

In the presence of azoisobutyronitrile (AIBN), 1,4-addition to conjugated dienes occurs: 

EtjSnH + CH2 = CH-CH = CH2^^ Et3SnCH2-CH = CH-CH3 

By appropriate choice of reaction conditions, regioselectivity may be achieved: 

R3SnH + CH2 = CH-C = N 

AlBN 

uncatalyzed 

R3SnCH2-CH2-C = N 

CH3CH(SnR3)-C = N 

Compared to hydroboration and hydrosilation, hydrostannations are distinguished by 
their mechanistic multiplicity (Neumann, 1965). The relative weakness and low polarity 
of the Sn —H bond open up: 

• radical reaction pathways, effected by AIBN and/or UV-irradiation and initiated by 

homolysis of the Sn — H bond and 

• hydride transfer processes which proceed in media of high polarity in the presence of 

Lewis acid catalysts like ZnCl2 or Si02 and which are favored for electrophilic sub¬ 

strates containing polarized multiple bonds. 

Hydrostannolysis as well may follow a homolytic or a heterolytic path. According to the 
aforementioned low polarity of Sn —H bonds, depending on the nature of the attacking 
agent organotin hydrides may act as a source of H“, H^, or H • : 

R3SnH transfers 

R3Sn H + MeCOOH > R3SnOOCMe + H2 H” 

4 R3Sn H + Ti(NR'2)4 -^(R3Sn)4Ti + 4HNR'2 H + 

2 R3Sn H + R'2Hg -^(R3Sn)2Hg + 2R'H H- 

-Hg R = Me,-lOX 
R = Ph, +100°C 

The homolytic variant of hydrostannolysis constitutes one of the most convenient meth¬ 

ods for the conversion R —X ^ R —H; it proceeds as a chain reaction: 

R'3Sn-H RjSn- + H- (Start) 

R'Sn- + RX -> R'3SnX + R- . . 
° (Propagation) 

R + R'3SnH-> RH + R'3Sn 
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An example is the selective reduction of geminal dihalides in the presence of other 

sensitive groups; 

Organopolystannanes are of interest in studies concerned with the aptitude of main-group 
elements to form homonuclear chains. Although the tendency for catenation in group 14 

decreases with increasing atomic number, in the case of tin several examples with linear, 
branched or cyclic structures are known. 
In order to secure kinetic stability it is essential, however, to shield the vulnerable Sn — Sn 

bond [£(Sn —Sn) = 151 kJ/mol, compare: £(Si —Si) = 340kJ/mol] by means of alkyl¬ 
ation or arylation. In the case of the parent stannanes, no unambiguous evidence exists 

for congeners larger than Sn2H6. The preparation of (organo)oligostannanes may be 
effected by Wurtz coupling: 

MejSnBr MesSn-SnMcj 2 Na+ +2Me3Sn- 

SnCl, 

Sn(SnMe3)4 

Me2SnCl2 (Me2Sn)6 + ClMe2Sn(SnMe2)„SnMe2Cl 

dodecamethyl- chain length varies depending on the 

cyclohexastannane reaction conditions, n <\2 

4(Sn —Sn) = 277 pm (Drager, 1983); 

compare grey a-tm: d(Sn —Sn) = 281 pm 

via thermolysis of organotin hydrides: 

^ (Ar2Sn)5 + (Ar2Sn)6 

2R3Sn-SnR2H—R3Sn(R2Sn)2SnR3 
^ cat. amine a v z s cat. amine 

or by means of hydrostannolysis: 

SnMe 

RSnH3 + 3 Me3SnNEt2 R - Sn - SnMe3 -f 3 Et2NH 

^SnMe3 
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(Organo)oligostannanes are quite stable thermally (example: PhjSn-SnPha, mp 237°) 

but considerably more air-sensitive than the peralkylated species R4Sn. Hexamethyldi- 
stannane in air at room temperature slowly forms the stannoxane (Me3Sn)20; at its 
boiling point of 182°C, Me(;Sn2 is pyrophoric. 

Hexaorganodistannanes have been used to generate transition metal-tin bonds: 

(Ph3P)4Pt 

Me6Sn2 
-2Ph3P 

^^2(00)3 

trans-(Ph3P)2Pt"(SnMe3)2 

2Me3Sn-Co(CO)4 

T 
Na[Co(CO)4] + Me3SnCl 

These complexes illustrate the iso(valence)electronic nature of R3Sn and R3P. 

8.3.2 Tin Organyls of Coordination Numbers 2 and 3 

Organostannyl anions R3Sn“ are accessible in a variety of ways: 

R3Sn —SnR3 

R3SnBr 

R4Sn 

Na, THF 

Na, NH3(0 

Na, NH3(<f) 

-> RoSnNa R3Sn- + Na^ 

The position of the dissociation equilibrium depends on the nature of R and the solvating 
power of the medium. In the case of Ph3SnNa and NH3(yf), extensive dissociation is 

assumed; for Me3SnLi in EtNH2, on the other hand, electrolytic conductivity is minute. 
Alkali-metal organostannites R3SnM complement organodistannanes in the synthesis of 

transition metal-tin bonds: 

Ph3SnLi + Ni(CO)4-^^ Li(THF)„+[Ni(CO)3(SnPh3)]- 

Whereas - because of ion solvation - the assignment of coordination number 3 for 

organostannyl anions R3Sn“ and -cations R3Sn^ (p. 126) is not warranted, it is without 

question that organostannyl radicals RjSn* do possess this coordination number. The 

spontaneous formation of R3Sn • radicals through homolytic cleavage of distannanes only 

occurs if assisted by bulky substituents (cf. p. 113, 120): 
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Additional sources for organostannyl radicals are: 

Stannyl radicals RjSn-, formally Sn"’ compounds, like RsGe- {but unlike RsC-) are pyra¬ 

midal {Howard, 1972). This may be inferred from the large ESR hyperfme coupling constant 

a(“^Sn) [example: PhjSn-, a(^^®Sn) = 155 mT] according to which the singly occupied 

orbital possesses considerable Sn(5s) character. In the case of a planar structure and the 

single occupancy of an Sn(5p) orbital, a very small coupling constant would be expected 

which would have to be traced to spin polarization of doubly occupied Sn(s) orbitals or of 

Sn(sp^) hybrid orbitals, respectively. A consequence of the pyramidal structure of RjSn- is 

the possibility that radical reactions of chiral organostannanes RR'R"SnH proceed with 

retention of configuration. This has been demonstrated in a number of cases. 

The life-time of organotin radicals RgSn- strongly depends on the bulkiness of the groups 
R: the range extends from diffusion-controlled dimerization in the case of MejSn- to a 
half-life of about one year for [(Me3Si)2CH]3Sn'. 

The stannyienes RjSn represent organotin molecules with the coordination number 2. 
With simple alkyl- or aryl substituents R these stannyienes - like the respective germy- 

lenes, silylenes and carbenes - only occur as reactive intermediates which undergo typical 
follow-up reactions: 

R2S n C 

(RgSn)^ 

NaqoHg 

The bulky substituent 2,4,6-tris(jso-propyl)phenyl stabilizes a distannane which is in 
thermal equilibrium with the cyclotristannane (Masamune, 1985): 

NaCi 0*^8 

Ar^ 
Sn 
/ \ 

Ar2Sn—Sn Ar2 

AH>0 

hi; 

-78' 
Ar2Sn=SnAr2 A r2S n C12 

1. -78° 
2. 60° 

Ar = 2,4,6-(iso-C3H7)3CgH2 
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The dimeric structure of Ar2Sn = SnAr2 in solution is proved by the observation of ^^’Sn 
satellites (/ = 1/2) in the ^^®Sn-NMR spectrum. A stannylene which exists as a monomer 

in solution at room temperature was devised by introducing the substituent bis(tri- 
methylsilyl)methyl (Lappert, 1976); 

2 SnCl2 + 4 LiR 
Et2O,-10‘ 

-4 LiCl 

R = CH(SiMe3)2 

2:Sn 
^R 

solution 

276 / 
Sn = Sn' 

R 
solid state 

sp2 pz 

Sn Sn 

■"7 
Pz sp2 

In the same way, the corresponding germylene R2Ge and plumbylene R2Pb were ob¬ 

tained. 

The bent structure of the stannylene is deduced from the observation of two stretching 

vibrations, v(Sn —and v(Sn —C)sy,n , in the IR spectrum. For the red, diamagnet¬ 
ic dimer a “bent double bond” has been proposed in which one doubly occupied sp,,Py 

hybrid orbital on each of the stannylene units interacts with the empty orbital of the 

other stannylene. 

Monomeric [(Me3Si)2CH]2Sn is encountered in transitionmetal stannylene complexes; 

R2Sn -I- Cr(CO)6 R2SnCr(CO)5 (R = CH(SiMe3)2) 

Slightly less plump stannylenes form metal complexes in which the addition of a Lewis 

base raises the coordination number at tin to 4 (Marks, 1973); 

Fe(CO). 
t-Bu V ^ 

t-Bu 

^ ^^Sn-M6ssbauer studies point to the oxidation state Sn''' in these base adducts (Zucker- 

man, 1973). 

Stannylene bridges /r-SnR2 arise from the photolysis of certain transition metal substitut¬ 

ed organostannanes (Curtis, 1976); 
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2 MG2SnCl2 + 4 NaCoCCO)^ 
- NaCI * 

2 M©2^^ [Co(COJ 2 

hn 
-50° 

-2 CO 

Me<- 
Sn^ 

(COlgC^ ^o(CO)3 

Sn 
Me, 

The longest known Sn" organyl is bis(cyclopentadienyl)tin, stannocene (E. O. Fischer, 

1956): 

SnCl2 + 2 NaCsHs {ri^-C,H,),Sn 
mp 105°C, air- and water-sensitive 

The parent stannocene (C5H5)2Sn has a tilted sandwich structure which approaches an 

axial structure with increasing steric demand from the peripheral substituents: 

In a pedestrian discussion of these tilting angles, competition between the attempt to 

minimize ligand-ligand repulsion and the tendency to place nonbonding metal electrons 
in hybrid orbitals of high Sn(5s) character is assumed. The following limiting cases of 

hybridization consider only the a-interaction between atomic orbitals of tin and the a|g 
molecular orbitals of the ligands C5H5 (cf. p.319): 

|sp 

[ sp 
P 

90 120 180 
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In this simple picture, stannocene is best described in terms of Sn(sp^) hybridization; the 

sp^ hybrid orbital not required for metal-ring bonding is occupied by a nonbonding pair 

of electrons. Additional contributions to metal-ring bonding may stem from n interac¬ 

tions between filled MO’s Cj (C5H5) and empty AO’s of Sn which possess the appropriate 

symmetry (cf p.90). The high s electron density at the Sn nucleus, which follows from this 

bonding model, leads to strong magnetic shielding as shown by the appearance of 

“®Sn-NMR signals at very high field (cf p. 123). The observation of a coupling V(^^®Sn, 
^H) for (C5Me5)2Sn signifies an appreciable covalent contribution to the metal-ligand 

bond (Jutzi, 1988). 

Ligand exchange between stannocene and tin dichloride leads to a half-sandwich com¬ 
plex (Noltes, 1975 R), whose bent structure can be interpreted along the lines given above 

for stannocene: 

(T)®-C5H5)2Sn + 80X2 -► 

X = CI, Br 

The numerous subsequent reactions of the stannocenes are shaped by the bonding 
alternatives and the change in oxidation state Sn" -+ Sn''^ and the 

abstraction of a C5H5" ligand upon attack by a Lewis acid: 

Mel, ht> 
(r?''-C5H5)2Sn 

I\L Me 

T 

2 

FefCO)^ 

2 

Contrary to an original assumption, the reaction of stannocene with BF3 does not lead 

to the simple adduct (C5H5)2Sn • BF3; instead, one cyclopentadienyl ligand is lost and 

and the binuclear complex with a bridging C5H5 unit is formed (Zuckerman, 1985). In 
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the case of (t/^-C5Me5)2Sn, ligand abstraction is effected by tetrafluoroboric acid; the 

resulting half-sandwich complex remains monomeric (Jutzi, 1979): 

(n®-CgMeg)2Sn + HBF4 ''^BF4 + CgMegH 

d(Sn-C) = 246 pm 

In the highly symmetric cation [(?7^-C5Me5)Sn]^ the six n electrons of the ligand and the 

two valence electrons of Sn" create an octet configuration at tin. 
However, the ion [(t/^-C5Me5)Sn]^ may also be regarded as a cluster, and its structure 

discussed in terms of Wade’s rules (p. 68): 

Number of Skeletal bonding Structural Geometry 

vertices electron pairs type 

n = 6 

0 
^ 8 (n + 2) nido pentagonal 

bipyramid 

1 X *Sn <^T)^ 
one vertex 
unoccupied 

5 X :C—CH3 

CHg CHg 
L J 

As in the case of Ga, In and T1 (C5H5M versus CgHgM^, p. 90), the question as to the 
existence of (arene)metal complexes must also be posed for the elements of group 14 

(CsHsM"^ versus CgHeM^"^). In fact, from arenes, SnCl2, and AICI3 two types of com¬ 
plexes of composition (ArH)Sn(AlCl4)2 ArH and (ArH)SnCl(AlCl4), respectively, were 

obtained (Amma, 1979 R). Whereas the former type structurally corresponds to the 
analogous lead compound (p. 146), the latter type as yet is limited to tin. 

Cl 

Cl 

Section of the chain structure of CjH5SnCl(AICl4) in the crystal. The backbone consists of a sequence 

of four-membered rings and eight-membered rings {formed from one tin atom each of the 

neighboring units and two bridging AICI4 ions). The loose coordination of a CgHg molecule 

creates a distorted octahedral environment at tin. Note here again, that the energetically favorable 

coordination of CG ions to Sn” is largely preserved. 
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Technical Applications of Organotin Compounds 

Tin organyls excell in the multitude of areas where they have found practical use. Since 

1950 world production figures of organotin compounds have increased fifty-fold; 60% of 
the total output is used as stabilizers for polyvinylchloride, 30% as biocides and the rest 
in various special fields. 

The toxicity of organotin compounds increases with the degree of alkylation and de¬ 

creases with increasing chain length of the substituents. Maximal toxicity is therefore 

reached for materials which can release the ion MejSn^, compounds of the type (n- 

Bu)2Sn(SCH2COO-iso-C8Hi7)2 are virtually non-toxic. Plastics stabilizers R2SnX2 be¬ 
long to the latter category. The mode of action of these stabilizers is thought to be the 

suppression of HCl release during the thermal processing of PVC at 180-200°C by 

substituting chlorine atoms at the more reactive regions of the polymer by long chains. 
After processing, organotin additives also function as UV-stabilizers because of their 

capacity to terminate radical chain reactions. Another application is the generation of 
thin Sn02 coatings on glass, accomplished by the treatment with Me2SnCl2 at 400- 
500 °C. 

Compounds of the type R3SnX serve as biocides in pest control, as fungicides, as antifoul¬ 
ing agents in paint protection and, more generally, as disinfectants against gram-positive 

bacteria [examples: Ph3SnOOCH3, (n-Bu)3SnOOC(CH2)ioCH3, (n-Bu3Sn)20]. The fi¬ 
nal degradation to non-toxic Sn02-aq is an attractive aspect which has helped organotin 

compounds to find wide acceptance. 

8.4 Organolead Compounds 

The technical use of lead alkyls as gasoline additives, which still consumes about 20 % of 
the annual world production of this metal, is a result of extensive industrial research and 

has led to the accumulation of a vast amount of factual material. Compared with the 

lighter homologues C, Si, Ge and Sn, the larger atomic radius of lead favors the realiza¬ 
tion of the higher coordination numbers 5-8. According to the metallic character of lead, 

in ionizing media, solvated organolead cations are encountered. The tendency towards 
the formation of homonuclear metal-metal bonds (catenation) in the case of lead has 

vanished almost completely [E (Pb - Pb) ^ 100 kJ/mol]. In light of the fact that for purely 

inorganic compounds Pb" is the favored oxidation state, the readiness of organolead 

compounds of intermediate oxidation state to disproportionate to Pb° and Pb'^' is 

remarkable. In terms of energetics, organolead chemistry is shaped by the weakness and 

the polarizability of the Pb-C bond [£(Pb-C) = 152 kJ/mol] which paves the way for 

radical as well as for ionic reactions. 

NMR spectroscopy as applied to organolead compounds profits from the existence of the 

isotope ^""^Pb (23 %, I = 1/2). The chemical shifts in ^"’Pb-A'MR spectra cover a range of 

1300 ppm; the factors which lead to chemical shift differences resemble those for tin 

organyls. The coupling constants ^J(^°’'Pb, ^H) can be retrieved either from ^^'’Fh-NMR 

or from ^H-NMR spectra (^"’^Pb satellites). They lie between 62 Hz [Me4Pb] and 155 Hz 

[Me2Pb(acac)2], and provide insight into the Pb(6s) character in the Pb-CH3 bond. 
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8.4.1 Pb*'^ Organyls 

PREPARATION IN THE LABORATORY 

PbCl2 + 2 MeMgl —{PbMe2} + 2 MgClI 0 

X 6 . 

3 Me4Pb + 3 Pb 

Pb(OAc)4 + 4 RMgCl R4Pb + 4 MgCl(OAc) 

Complete consumption of the lead introduced into the reaction may be achieved by the 

addition of methyl iodide: 

4 MeLi + 2 PbCl2 Me4Pb + 4 LiCl + Pb 

2 Mel + Pb-> Me2Pbl2 (oxidative addition) 

2 MeLi + Me2Pbl2-> PbMe4 + 2 Lil 

Mixed Pb^'" organyls are obtained as follows: 

RgPbCl + LiR'-> RgPbR' + LiCl 

RgPbH + H2C = CHR'-> R3PbCH2CH2R' (hydroplumbation) 

Hexaorganodiplumbanes are accessible from alkylations at low temperature: 

6 RMgX + 3 PbCl 
EtjO 

2 -20‘’C' 
RjPb-PbRa + Pb + 3MgX2 + 3 MgCl2 

X 2 25 °C 

3 R4Pb + Pb 

0 
0 

INDUSTRIAL PROCESSES 

4MeCl + 4NaPb^^^^ Me4Pb + 3Pb + 4NaCl \T\ 

A disadvantage of this direct synthesis is the fact that lead is only partially consumed; 

elemental lead formed has to be recycled. This is circumvented in a process which uses 

aluminum alkyls in the presence of a catalytic amount of Et2Cd: 

6 Pb(OAc)2 + 4 EtjAl 3 Pb + 4 Al(OAc)3 + 3 Et4Pb 

3 Pb + 6 EtI + 3 Et2Cd-> 3 Et4Pb + 3 Cdf^ 

3 Cdl2 + 2 Et3Al-> 3 Et2Cd + 2 AII3 

Sum 

6 Pb(OAc)2 + 6 Et3Al + 6 EtI > 6Et4Pb + 4 A1(OAc)3 + 2 All 3 
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The role of Et2Cd is that of an alkyl-transfer agent to Pb; in this function, it is not 

consumed but regenerated continuously by means of the reaction between the Cdl2 

formed and the actual alkylating agent EtjAl. 

The Nalco process (USA) operates electrochemically: 

anode (Pb) 4 EtMgCl2“ > 4 Et ■--—. Et4Pb 
H iVlgU-l2 

cathode (reactor 4 MgCl + > 2 Mg —- > 2 EtMgCl 
made from Mg) ^ ' 

Sum 2 EtMgCl + 2 EtCl + Pb Et^Pb + 2 MgCl2 

The commercial importance of these processes is declining; they are of interest, however, 
as examples of technical ingenuity. 

PROPERTIES OF THE ORGANYLS R4Pb 

The simple organoplumbanes Me4Pb (bp 110°C/760 mbar) and Et4Pb (bp 78 °C/ 
10 mbar) are colorless, highly refractive, toxic liquids; Ph4Pb (mp 223 °C) is a white 

crystalline solid. Under ambient conditions, these compounds are neither attacked by 
air or water nor affected by light; at elevated temperatures, they are cleaved into Pb, 

alkanes, alkenes and H2. Thermal stability of R4Pb decreases in the order 
R = Ph > Me > Et > iso-Pr. The thermolysis of Me4Pb to yield Pb and methyl radicals, 

and the transport of the lead mirror by means of the radicals present in the gas stream 

were the subject of a classical experiment (Paneth, 1929). 

Tetraethyllead is (was) added to gasoline in a concentration of about 0.1 % to serve as an 

antiknock compound. The action of Et4Pb consists in the deactivation of hydroperoxides 

by PbO, as well as in the termination of radical chain reactions of the combustion process 

by the products o/Et4Pb homolysis: 

Et4Pb-> EtjPb • + Et ■ (rapid at T > 250 °C) 

Et4Pb + Et-^ C2H6 + Et3PbCH2CH2 • etc. 

Another additive, BrCH2CH2Br, converts PbO into volatile Pb compounds which then can 

exit the combustion chamber. In order to stem further contamination of the environment 

with toxic lead compounds, the use of methylcyclopentadienyl{tricarbonyl)manganese 

{p. 335) has been proposed as a substitute. Despite extensive research, the effectivity of 

tetraethyl lead, in use since 1922, has remained unsurpassed. In the long run, the total 

elimination of lead organyls as fuel additives {banned in the USA since 1986, still in use in 

some European and other countries) appears inevitable. 

The chemistry of the substitution products of binary lead organyls R„PbX4_„ (X = Hal, 

OH, OR, NR2, SR, H etc.) differs only moderately from the respective organotin chem¬ 

istry. Analogous reactions usually proceed under milder conditions for lead as compared 

to tin. 
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Organolead halides R„PbX4_„ are accessible through Pb —C cleavage by means of di¬ 

halogen or, even better, by hydrogen halides or thionyl chloride: 

R4Pb^R3PbX, R^PbX^ 

The reaction with HCl is 60 times faster for Ph^Pb than for Ph4Sn. 
Compounds of the type RPbX3 approach PbCl4 in their instability. They can be prepared 

via oxidative addition of RI to Pbl2: 

Pbl2 + Mel-> MePblj Q] 

RjPbX and R2PbX2 in solution exist as solvated monomers; in the solid, polymer chains 
with halide bridges, resembling organotin halides (p. 1251), are formed. The tendency to 

associate is more highly developed for the organolead compounds, however. Organolead 

carboxylates also form polymeric chain structures. 

Organolead sulfinates arise through insertion of SO2 into the Pb —C bond: 

R^Pb + SOo -► RoPb—R -► RqPb—O—S—R 

X O 
o=s. 

The readiness to increase the coordination number above four is expressed in the exis¬ 
tence of numerous complex ions like the following: 

o O = CH3COO N N = Me2N(CH2)2NMe2 (TMEDA) 

Organolead hydroxides R„Pb(OH)4_„ are formed in the hydrolysis of the corresponding 
chlorides: 

RaPbCl + l/2Ag20,3<,)-> R3PbOH + AgCl 

R2PbCl2 + 2 0H--. R2Pb(OH)2 + 2Cr 

R2Pb(OH)2, which prevails in the region 8 < pH < 10,''is amphoteric. At pH > 10 
[R2Pb(OH)3]~ is encountered, whereas at 5 < pH < 8 [R2Pb(OH)]2^ and at pH < 5 

[R2Pb(aq)]^+ are the dominating species. Dications [R2Pb(solv)]^'^ are generated from 

R2PbCl2 in other media as well; the group RjPb^"^, like the isoelectronic moieties R2Te + 

and R2Hg, has a linear structure. The condensation of organolead hydroxides to form 
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plumboxanes occurs only sluggishly, it requires the continuous removal of water from the 
equilibrium mixture by distillation or by reaction with sodium metal: 

2R3PbOH ^‘*’^^“S(R3Pb)20 + NaOH + 1/2 H2 

Conversely, plumboxanes undergo ready solvolytic cleavage; with alcohols, organolead 

alkoxides are obtained which form polymer chains in the solid state: 

(R3Pb)20 l/n(R3PbOR')„ R3PbCl 

Me Me Me 

\ 
Me i 

^0 = ^Me \ 

Pb ^Pb ^Pb 

^Me ^ ^0^ 
Me 1 ^ Me 

Me Me M"e 

Polymer chains of |(CH3)3PbOMe|„ 

Organolead alkoxides add to polar C = C double bonds (oxyplumbation, Davies, 1967). 

Methanolysis of this adduct regenerates R3PbOMe; therefore, in the addition of MeOH 

to C = C double bonds R3PbOMe acts as a catalyst: 

CH2=CH —CN --*■ 
+ Et3PbOMe 

1_ 

CHp —CH —CN 
I I 
OMe PbEta 

MeOH 

- EtgPbOM 
CHp —CHp—CN 
I 
OMe 

Lead, like tin, has a high affinity for sulfur; Pb —S bonds are stable in water: 

0° .HgO 
2 R3PbX + NaHS -► (R3Pb)2S + NaX + HX 

3 Ph2Pb(OAc)2 + 3 H2S 
PhpPb 

-Pb- 
Ph, 

PbPh. 
I ' 
S 

+ 6 HOAc 

RgPbCI + R'SH Py RgPbSR' + [PyH+]Cr 

Organolead hydrides R„PbH4_„ clearly demonstrate the gradation of chemical properties 

displayed by analogous Sn- and Pb compounds. Whereas Me3SnH is indefinitely stable 
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in an inert environment at room temperature, MejPbH decomposes at — 40°C into Pb, 

H2, CH4 and MegPb —PbMej, decay being accelerated by light: 

2 MejPbH 2 MegPb- + H2 

2 MejPb--> MejPb — PbMeg (i.a.) 

Molecules with larger alkyl substituents like BujPbH are somewhat more stable thermal¬ 

ly, they all share the high sensitivity to air and light, however. Methods for their prepa¬ 

ration include the following reactions: 

RgPbBr RaPbH 

(Bu3Pb)20 + Et2SnH2-. 2Bu3PbH + (Et2SnO)„ 

The treatment of organoplumbyl anions RaPb" with proton donors does not lead to 
organolead hydrides: 

PhgPbCl 
Na, 

- NaCI 
> NaPbPhj NH4Br, NH3(0, 

-NaBr 
NH;[PbPh3]- 

From this and related reactions of the lighter homologues, the following order of decreas¬ 

ing proton affinity can be derived: 

PhjSi > PhgGe > Ph3Sn > Ph3Pb (compare NH3 > PH3 > ASH3) 

The high reactivity of the Pb — H bond is apparent from the mild conditions under which 
the reduction of organo halogen- and carbonyl compounds by means of R3PbH pro¬ 

ceeds: 
PhH<- 

60% 

PhCOCH3 

PhBr 

0°Q 5d 

PhCOCHjBr 

OX, 1 h 

Bu3PbH 

PhCH20H 
instantaneously 100% 

PhCHOHCH, 
20°C, 2d 

For the reactions with organic halides, radical mechanisms are assumed; in the case of 

the reduction of carbonyl groups, polar mechanisms cannot be excluded. Hydroplumbat- 
ion of alkynes and of conjugated alkenes takes place under mild conditions as well: 

RgPbH -P HC = CR' 
\ / 

C = C 
/ \ 

RgPb R' 

BugPbH -I- H2C=CH —CN —► CHj—CHpCN + 
I 

BUgPb 

/CN 
C Hg— C H 

^ PbBug 

Medium Mechanisms 

92 : 8 % 
24 : 76 % 

Et20, 0°C radical 
BuCN, 20 °C polar 
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As this comparison shows, changing the medium may induce the transition from a radical 

to a polar reaction mechanism with concomitant change in product composition. The 

homolytic hydroplumbation does not require the addition of a radical generating reagent, 

since initiation is effected by the homolysis of the Pb-H bond, which at 0°C is already 

appreciable. BujSnH, on the other hand, in the absence of an initiator (5 h, 0°C) does not 

cause hydrostannation of H2C = CHCN. This once again demonstrates the higher stabil¬ 
ity of organotin hydrides as compared to their lead counterparts. 

8.4.2 Pb*"- and Pb” Organyls 

Organolead compounds, in which lead is in an oxidation state lower than four, are the 

organoplumbyl radicals RsPb-, the organoplumbanes R(R2Pb)„R and the plumbylenes 

R2Pb. Because of the low Pb —Pb bond energy, compounds with Pb„ chains have been 
well characterized only in a few cases. Besides the aforementioned diplumbanes 

RjPb —PbR3, the propane- and neopentane analoga (c-HexigPbj (Drager, 1986) and 
(Ph3Pb)4Pb deserve a mention. The latter is formed in an obscure reaction; 

Ph3PbCl Ph3PbLi (Ph3Pb)4Pb 

red, thermolabile 

Hexaaryldiplumbanes, which are easily accessible from PbCl2 and Grignard reagents 
(van der Kerk, 1970 R), undergo a variety of secondary reactions which lead into many 

classes of organolead compounds: 

2 PbCl2 

6 PhMgBr 

2 Ph3PbMgBr 

PhgPbX Ph4Pb + Pb PhsPbM (M=Li, Na) 

Despite the weakness of the Pb —Pb bond, evidence for the establishment of a dissociation 

equilibrium R3Pb —PbR3 —- 2R3Pb- is absent; hexa{mesityl)diplumbane, dissolved in 

biphenyl, remains diamagnetic up to the temperature of decomposition (%300°C). This 

finding may be traced to small repulsion of the substituents in the dimer which possesses a 

long Pb —Pb bond and to ineffective resonance stabilization of the monomer. 
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Organoplumbyl radicals R3Pb* may, however, be generated in different ways and studied 

at low temperature by means of ESR spectroscopy; 

MegPbCI 
Na,77K 
-► Pb'"ii/i Me 

V 
Me 

y, 7’7K 
-- Me^Pb 

Like the corresponding radicals McjE- (E = Si, Ge, Sn), but unlike methyl radicals R3C-, 

MejPb- has a pyramidal structure (cf p. 120). 
Apart from two exceptions Plumbylenes R2Pb only occur as reactive intermediates as in 

the case of (organo)oligoplumbane decomposition: 

RT, daylight ( ) 
Me_Pb —PbMeo -► < Me^Pb > 

^ -Me^Pb ( ) 

I MegPbPbMeg 

M e 
I 

Me„Pb —Pb—PbMeo ► Pb O I o 

Me 

+ 2 Me4Pb 

The first exception concerns [(Me3Si)2CH]2Pb, the only plumbylene with a-bonded alkyl 

groups which is stable at room temperature (Lappert, 1976): 

EtpO /CH(SiMec,)<j 
P-bClp + 2 (Me.,Si)pCHLi -=-► :Pb 

-2 LiCI ■^CH(SiMe3)2 

purple red, mp 44 °C, diamagnetic 

Like the corresponding tin species, this plumbylene may be coordinated to transition 

metals (example: [(Me3Si)2CH]2Pb —Mo(CO)5). More graceful plumbylenes occur as 

complexing ligands only in the bridging mode or, if terminally bonded, as Lewis base 
adducts. In both cases, lead is four-coordinate (Marks, 1973); 

R2PbCl2 
THF 

2 Na2Fe(CO)4-► 
Pb- 

(CO)4Fe Fe(CO)4 
^Pb' 

Ro 

B 

2 (CO).Fe —PbR 
I 
B 

R - Et, n-Bu, Ph 

B = THF, Py etc. 
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Transition-metal complexes containing bridging plumbylenes were already described by 
Hein in 1947 {example: [Et2PbFe(CO)4]2). 

The second exception is represented by the plumbocenes (E. O. Fischer, 1956): 

PbX2 + 2NaC5H5 (r]^-C^ll,)2Ph + 2NaX 

(X = Cl, OAc) yellow, sublimable, mp 138 °C, 

air- and water-sensitive, 

dipole moment p = \.2 Debye 

(1 D = 3.33 X 10-3° Cm) 

For isolated plumbocene molecules, a tilted structure similar to that of stannocene 

follows from dipole-moment measurements in solution as well as from electron-diffrac¬ 
tion experiments in the gas phase. In the solid state, on the other hand, a polymeric chain 
structure is realized (X-ray diffraction). 

Decamethylplumbocene is monomeric even in the crystal (cf. p. 47). Solutions of 
plumbocene in THF display electrical conductivity, pointing to partial dissociation 
(Strohmeier, 1962): 

THF 
(C5H5)2Pb ^ (C5H5)Pb(THF)+ + (C5H5)- 

The cation in this equilibrium corresponds to the half-sandwich cations (CsMes)!^!'^ 
(M = Ge, Sn, p. 119, 136) which, for the lighter homologues of Pb, could be isolated in 

quantity, albeit with other counterions. In its reactions plumbocene resembles stan¬ 

nocene: 

(ri^-C.H.hPh 

Pb(OR)2 + 2C5H6 

^ {ri^-C^H^)PhX (bent) 

-^(^^-C5H5)2Pb-BF3 

As in the case of (C5H5)2Pb • BF3, the high melting point of (C5H5)PbCl (mp 330°C) 
suggests a highly associated structure (Puddephatt, 1979): 

Cp Cp Cp 

/ / / 
Pb Pb Pb 

/ \ / \ / \ Z' 
Cl Cl Cl 

CPp Cp„ Cp, 
Pb Pb Pb*^ 

/^ \ \ /^ \ Z' 
B —F B —F B —F 
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The preference for the lower oxidation state Pb^’ manifests itself in the disparate behavior 

of stannocene and plumbocene in the reaction with methyl iodide: 

(?7i-C5H5)2Sn(I)CH3 

r oxidative addition 

(f75.C5H5)PbI T C5H5CH3 

substitution 

fy®-Coordination of arenes, which is weak for main-group metals (cf. p. 89 f), could also 

be demonstrated for Pb" (Amma, 1974): 

PbCl2 + 2 AICI3 [(f/®-C6H6)Pb(AlCU)2] • CfiHe 

Cl 

The structure consists of a chain of alternating Pb" ions and AICI4 tetrahedra; the coordination sphere 

of lead is completed by an additional bidentate AICI4 ion and an ligand. The Pb —C distance, 

which is larger here as compared to plumbocene, signals a rather weak Ph-arene interaction. The second 

CgHg molecule of the empirical formula resides outside the coordination sphere of lead. 

Organolead compounds in vivo 

In principle, lead organyls share a number of applications with organotin compounds. 

However, the toxicity of organolead compounds seriously impedes their use as biocides 

or as stabilizers for plastics. These draw-backs were ignored in the case of gasoline 

additives and it is only recently that restrictive measures have been adopted. 
As in the case of Hg (p. 54 f) and Sn (p. 137), maximal toxicity is exhibited by the highly 

alkylated organolead cations R2Pb^’^ and R3Pb’^. These species are generated via 

biomethylation of inorganic lead compounds and as metabolites of lead organyls in the 
organism. R3Pb^ inhibits oxidative phosphorylation as well as the action of glutathione 

transferases. R2Pb^'^ blocks enzymes which possess neighboring thiol groups. Inorganic 

Pb^^, conversely, is accumulated in bone, where it replaces Ca^^. Chelate therapy is 

ill-suited for the excretion of organolead compounds since complexing ligands like di- 

ethylenetriamine pentaacetate or penicillamine only mobilize Pb^ ions bound in skele¬ 
tal materials. 
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The broadly encompassing term “organoelement chemistry” is justified for group 15 in 

particular since the organic chemistry of the nonmetal phosphorus, the metalloids, 
arsenic and antimony and the metal bismuth is intimately related. As far as practical and 

synthetic applications are concerned, the chemistry of As-, Sb- and Bi-organyls is over¬ 

shadowed by the organometallics of groups 13 and 14. The attention the pharmacological 
activity of organoarsenic compounds received at the beginning of this century, has 

dissipated since the discovery of antibiotics. Other conceivable applications are seriously 

hampered by the high toxicity of As-, Sb- and Bi organyls. Addition of organoelement 
hydrides to unsaturated systems, which as hydroboration, hydroalumination and hy- 

drostannation has proved invaluable in organic synthesis, knows no counterpart in group 
15 since the organoelement hydrides of P, As, Sb and Bi are highly labile compounds. 

The organyls of group 15 are of considerable importance, however, as ff-donor/Tr-acceptor 
ligands in transition-metal complexes. Another topic of recent interest is the incorporation 

of P, As, Sb, Bi into E = E—/»„) and E = C(/7„—/jJ multiple bonds. Limited practical 

utility, combined with a large variety of structural and bonding peculiarities have devel¬ 
oped the study of group 15 organometallics into what one may call “chemistry for 

chemists”. 
The structural multiplicity is a consequence of the fact that in group 15, two oxidation 

states E‘" and E'' both form extensive series of organoelement compounds, whereas in 
groups 13 and 14 the element organyls of the respective lower oxidation states are species 
of somewhat exotic nature. Additional features are the variability of the coordination 

number, the existence of compounds with a mixed ligand sphere (e.g. R„E''X„_ 5, n = 1 - 4) 

and the accompanying isomerisms, as well as the formation of oligomers or polymers by 

means of Lewis acid/base interaction or via condensation reactions. An inconsistent 
nomenclature (e.g. ASH3 = arsane, arsine, arsenic hydride) adds to the unwieldiness of the 

field. 
As is the organoelement chemistry of groups 13 and 14, that of group 15 is governed by 

the decrease in energy of homonuclear (E — E) as well as of heteronuclear bonds (E — C, 
E-H) in the order E = P > As > Sb > Bi (cf. p. 11). In the same order E-C bond 

polarity increases. 
Structural elucidation of organoantimony compounds has profited from *^^Sb- 

Mossbauer spectroscopy. ’^As-NMR (100%, / == 3/2) has as yet only been applied spo¬ 

radically. 
At variance with groups 13 and 14, the organyls of As, Sb, Bi will be discussed jointly; 

organophosphorus compounds will only be mentioned where interesting parallels to the 

chemistry of the heavier homologues arise. 
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9.1 Element'^ Organyls (E = As, Sb, Bi) 

The following survey lists selected examples of E'' organyls (X — Hal, OH, OR, 1/2 O). 
Organoelement hydrides are unknown for the oxidation state E'^. For the compounds 
marked with an asterisk. X-ray structural determinations have been performed. 

As'^ Sb'' Bi'' 

[RfiE]- Li'"[As(2,2'-PhPh)3]- Li^fSbPhg]- Li"[BiPhJ- 

R5E *Ph5As ♦PhjSb PhjBi 
Arsorane Stiborane Bismorane 

[R4E]" [Me^Asj + Br- [Ph^Sbl^BEJ- [Ph4Bi] + [BPhJ- 
Arsonium Stibonium Bismuthonium 

R4EX Me^AsOMe ♦Me^SbF, Ph^SbOH Ph4Bi0N02 

R3EX2 *Me3AsCl2 *Me3SbF2 *Ph3BiCl2 
(PhjAsO • H20)2 Ph3Sb(OMe)2 PhjBiO 

R2EX3 Me2AsCl3 *Ph2SbBr3 

*Me2AsO(OH) Ph2SbO(OH) 
Arsinic acid Stibinic acid 

REX4 PhAsCU MeSbCl^ 
PhAsO(OH)2 PhSbO(OH)2 

Arsonic acid Stibonic acid 

9.1.1 Pentaorganoelement Compounds RgE 

PREPARATION 

Due to the strongly oxidizing character of the halides EX5, the peralkyls ER5 are not 

accessible by means of the reaction between EX5 and RLi or RMgX. Rather, they have 
to be prepared in a two-step process: 

Me3As MesAsCl^ (Me3Sb, resp.) |T| 

PhaAs —^ [Ph4As] + r-PhjAs 

PhjSb —^ Ph3SbCl2 

Ph3Bi 
SO2CI2 

-so. > Ph3BiCl 2 

3PhLi 

-3LiCI Li + [SbPh6]“ (“ate complex”) 

-LiOH 
-PhH 

H2O 

PhjSb 

PhMgX 

-MgX, 
PhsBi 

V 

These reactions may also be used in the preparation of ternary compounds R3R2E. 
Species of the type R^R'E are obtained according to: 

R5E 
R'MgX 

-MgX, 
R^R'E 
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and quaternary compounds R3R'R"E as follows: 

R3E R3R'EX R3R'R"E 

In additions of alkyl halides R'X to R3E, the following orders of reactivity are observed: 

E = As > Sb |> Bi, R = alkyl > aryl 

X = I > Br > Cl, R' = alkyl > aryl 

The addition of aryl halides ArX is promoted by AICI3. 

STRUCTURES AND PROPERTIES 

The pentaorganyls are thermally rather stable: 

McjAs Me3As + CH4 + C2H4 

PhjSb ph3Sb + Ph-Ph 

Compared to organoarsanes and -stibanes (R3AS and R3Sb), the air-sensitivity of 
organoarsoranes and -stiboranes (RjAs and RjSb) is considerably attenuated. 
The pentaalkyl derivatives are easily hydrolyzed, however: 

McsAs + H2O-> Me^AsOH + MeH 

A characteristic feature of the species R5E is the ready formation of onium ions: 

PhjE + BPh3-> [Ph4E] + [BPh4]“ 
E = As, Sb, Bi 

and of ate complexes: 

PhjE + LiPh-^ Li + [EPh6]- 

Of the two complementary geometries of coordination number 5, in the crystal the 

trigonal bipyramid is adopted by R5E almost exclusively, an exception being pen- 

taphenylstiborane PhsSb: 

Ph Ph Tol 

1 

Ph - As Sb Sb -Tol 

C
L 

/
 Ph""7 

Ph Ph 
TO,^ 1 

Ph T ol 

The fact that pentaphenylstiborane, as opposed to trigonal-bipyramidal penta{p-tolyl)sti- 

borane, assumes a square-pyramidal structure demonstrates, however, that the two comple¬ 

mentary geometries differ in energy only marginally. The observation that in the ^H-NMR 

spectrum o/(CH3)5Sb even at — 100°C all protons appear equivalent, points in the same 

direction. Obviously, the exchange between axial and equatorial environments of the trigonal 
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bipyramid, which only requires changes in bond angles (pseudorotation, Berry mechanism), 

is a process equipped with a low activation barrier. 
As expected, the onium ions have tetrahedral and the ate-complex anions RgE” 

octahedral geometry. 

9.1.2 Organoelement Derivatives R„EX5_„ 

If arsoranes and stiboranes, in addition to organic residues, contain groups X (X = Hal, 

OH, OR etc.) which possess lone pairs of electrons, the structural picture becomes more 
complicated. Methods of preparation for the case X = halogen have already been men¬ 
tioned. Species R„EX5_„ realize at least four different structural variants which reflect the 
nature of E, R and X: 

R- 

R R 

I 

X R R 

covalent monomeric, trigonal bipyramids, elec¬ 

tronegative groups at axial positions, example: 

Me3AsCl2 

covalent dimeric, edge sharing octahedra, or¬ 

ganic groups at axial position, example: 

PhjSbClj 

\ 

R 

covalent polymeric, vertex sharing octahedra, ionic, tetrahedra, 

halide at bridging position, example: Me4SbF examples: [Ph^As]'^!” 

[Me^Sbl + lSbClg]- 

slMe^SbClj)^ 

Besides X-ray structural analyses, ^^^Sb-Mossbauer spectra have furnished information 
concerning the coordination geometry at antimony. Chiral arsonium- and stibonium ions 
[RR'R"R"'E]^ are conflgurationally stable. 

The thermal stability of compounds R„EX5_„ decreases with decreasing n. Thermally 

induced cleavages are reverse reactions of the additions introduced in a preparative 
context in section 9.1.1: 

R3SbX2 R2SbX + RX '' 

Ph2AsCl3 Ph2AsCl + CI2 

Me2AsCl3 MeAsCl2 + MeCl 
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The more labile organoelement halides may, however, be stabilized as Lewis base adducts 
(example; MeSbCl^, pyridine). 

Solvolysis of species by water, alcohols, amines etc. leads to several classes of 

organoelement compounds. Thus, hydrolysis of R4ASCI yields strongly basic, extensively 
dissociated arsonium hydroxides; 

R4ASCI ^^:°-^”;^>[R4As]"oh- 

The tetraphenylarsonium ion Ph4As ^ is frequently used to precipitate large anions from 

aqueous solution. The arsenobetain Me3As®CH2COO® has been detected in the ab¬ 
dominal muscle of the rock lobster Panulirus longipes cygnus George (Cannon, 1977). 

Hydrolysis of the dichloride Ph3AsCl2 affords a triphenylarsane oxide hydrate which has 
an interesting dimeric structure; 

HoO 
2 PhgAsClg -=-► Ph3As=0 p = AsPh3 

H H 

In view of this participation of Ph3AsO in strong hydrogen bonding, it comes as no 
surprise that triphenylarsane oxide forms stable adducts with a number of Lewis acids 

[example; (Ph3AsO)2NiBr2]. 
Hydrogen bridge bonding is also responsible for the dimeric nature of arsinic acids 

RjAsOCOH) which can be prepared by a combination of oxidation and hydrolysis, 

starting from As’"-compounds; 

PhN^X" + PhAsCl2 Ph2AsO(OH) 

Me2AsCl Me2AsO(OH) 

.0—H.O 

As 

'Vo.H-o/ 

The dimerization of arsinic acids R2AsO(OH) by means of hydrogen-bridge bonding resembles that of 

carboxylic acids. 

Arsinic acids are amphoteric; 

[MejAsOJ- ===V Me,AsO(OH) 5=^ IMejAsCOH,]* 

v, 
As 

NV"' 
M e 

Stibinic acids RjSbOCOH), which are polymeric, are accessible analogously to arsinic 

acids; they are also obtained via hydrolysis of R2SbCl3. 
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Among the organoelement-oxygen compounds of group 15, it is the arsonic- and stibonic 

acids which have been studied most extensively. This is an outcome of the discovery by 

Thomas in 1905 that p-aminophenylarsonate, p-H2NC6H4AsO(OH)ONa (Atoxyl) is 

effective in the chemotherapy of sleeping sickness by fighting the trypanosomes. Even 

today, certain substituted arylarsonic acids on a limited scale serve as herbicides, fungi¬ 
cides and bactericides. Arsonic acids RAsO(OH)2 - like arsinic acids R2AsO(OH) - are 
prepared from As”’-compounds. The following reaction may formally be described as an 

oxidative addition of ArX to As’" and subsequent hydrolysis: 

ArN2 X“ + As(ONa)3 ^ * ArAsO(OH)2 Bart reaction 
2. H30aq 

Arsonic acids are acids of medium strength, they are highly resistant towards oxidation 
and form polymeric anhydrides (RAs02)„. In analytical chemistry, phenylarsonic acid is 
utilized as a reagent for the precipitation of high-valent metal ions (Sn’'", Zr’'", Th’'"). 

Stibonic acids RSbO(OH)2 which are accessible in a way similar to that for RAsO(OH)2, 
may be reversibly converted into RSbC^: 

PhSbO(OH)2 + 4HC1 PhSbCl^ + 3H2O 

9.2 Element"* Organyls (E = As, Sb, Bi) 

For the oxidation state E’", the number of classes of compounds R„EX3_„ is, of course, 
smaller than for the oxidation state E'' where the variability of n is greater. Furthermore, 
Lewis acidity is weak for compounds containing E'"; therefore, ate-complexes of the type 
R4E“ are not encountered. 

On the other hand, the species R3E possess pronounced a-donor and Tr-acceptor proper¬ 

ties, which has led to their proliferation in coordination chemistry. Another characteristic 

is the existence of organoelement hydrides R„EH3_„ having no counterpart in E'' chem¬ 
istry. Selected examples of E"' organyls are listed on p. 153. 

9.2.1 Trisorganoelement Compounds R3E 

PREPARATION 

2 As -h 3 MeBr 
AT 

Cu 
Me2AsBr -I- MeAsBr 

PhLi 

2 

PhLiv 

Me2AsPh MeAsPh. 

EX3 + 3 RMgl 
E = As, Sb, Bi (RLi) 

THF 

(direct synthesis) 

ternary 

organoarsanes 

m 

0 ^ R3E + 3 MglX 

(LiX) 
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Selected examples of E"* organyls (X = Hal, OH, OR, 1/20, H): 

As'" Sb"‘ Bi"‘ 

R3E Ph3As Ph3Sb PhsBi 
(CF3)3As (w-C3H2)3Sb Me3Bi 

(CH2 = CH)3Sb 
Arsane Stibane Bismuthane 
(Arsine) (Stibine) (Bismuthine) 

[R2E]- [Me2As]K [Ph2Sb]Na [Ph2Bi]Na 

R2EX or Ph2AsCl Ph2SbF Me2BiBr 
condensation Me2AsOR 
product (Ph2As)20 (Me2Sb)20 

Me2AsH Me2SbH Me2BiH 

REXj or PhAsClj MeSbCl2 PhBiCl2 
condensation MeAs(OR)2 MeSb(OR)2 

product (MeAsO)„ (PhSbO)„ 
MeAsHj PbSbH2 

AsClg + HC = CH (ClCH = CH)„AsCl3_„ (Insertion) 

(n = 1, 2, 3) 

Synthesis of a chelating ligand 

Zn/HCI 
Me^SbCI -► MeoSbH 

Oder 
LiAIH^ 

STRUCTURES AND PROPERTIES 

The element trisalkyls R3E, liquids at room temperature if R is small (MejAs, bp 50 °C), 

differ from the pentaalkyls R5E in their increased air-sensitivity; trisalkylstibanes R3Sb 

and -bismuthanes R3Bi are even pyrophoric. The element aryls Ph3E, solids at room 

temperature, are considerably more resistant; their oxidation to Ph3EO calls for the 

action of KMn04 or H2O2. The sensitivity towards oxidation increases in the order 
R3AS < RaSb < R3Bi. Water does not attack trisorganoelement compounds R3E. 

Symptoms of poisoning in rooms which were decorated with wall-paper containing the 

pigment “Schweinfurter Griin” [3 Cu(As02)2 ■Cu(CH3COO)2] were traced back to gaseous 
organoarsenic compounds generated by the mold Penicillium brevicaule {Gosio, 1897). It was 
not until 1932 that Challenger identified trimethylarsane McjAs as the active component of 

“Gosio gas". His fundamental studies concerning the biomethylation of inorganic ions were 

subsequently extended to many other elements {cf. Hg p. 55, 203; Pb p. 146, Se p. 171). 

• SbMe2 

'SbMe2 
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Some typical reactions of the element trisalkyls R3E are presented in the following 

scheme, using trimethylstibane as an example: 

Me3Sb-BH3 

Fe(CO)5 /-CO 

Me3SbFe(CO)4 

Me2SbNa 

Based on their distinctive cr-donor/Tc-acceptor character, the species R3E have found 
extensive use as ligands for transition metals, complex stability decreasing in the order 

R3P > R3AS > R3Sb > R3Bi. 
Trisorganoarsanes, -stibanes, and -bismuthanes R3E have pyramidal structures; the bond 

angles C'^ exceed the angles H H of the respective hydrides EH3; they decrease 

according to R3AS > R3Sb > R3Bi [example: (p-ClCgH4,)3E, angle = 102°, 97°, 
93° respectively]. Chiral molecules RR'R"E are configurationally stable; for Me(Et)PhAs 
the inversion barrier amounts to 177 kJ/mol. 

As in the case of the species Me3M(?/CC5H5) (M = Si, Ge, Sn, cf. p. 99), metallotropic 1, 2 

shifts are also observed for the compounds Me2E(?/CC5H5) (E = As, Sb). They have the 
effect that at a characteristic temperature, the ring protons become equivalent on the 
^H-NMR time-scale. 

B SiMeo 
v ^ 

^ ^ 4. Me2AsCI + Me3SiCI 

3 C5H5Na + ASCI3 
pentane 

+ 3 NaCI 
0° 
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In the triscyclopentadienyl compounds (?/*-C5H5)3E (E = As, Sb, Bi) — highly sensitive 

species prone to polymerization - this dynamic process involves all three ligands; for 

(C5H5)3As it is slow atT < — 30°. For (C5E[5)3Sb and (C5E[5)3Bi, the slow exchange region 

has not yet been reached by lowering the ternperature. This concords with the barrier of 

1,2-migration decreasing in the order As > Sb > Bi, which reflects decreasing E —C bond 
energy. 

9.2.2 Organoelement Derivatives R„EX3_„ 

For organoelement*'* halides a number of special preparative methods must be mentioned 

in addition to the general procedures introduced in section 9.2.1. Partial alkylation 
requires controlled reaction conditions and sterically demanding groups: 

SbBr3 + t-BuMgCl > t-BuSbBi^ + MgClBr 

SbCl3 + 2t-BuMgCl > (t-Bu)2SbCl+ 2MgCl2 

The following transfer of organic residues from silicon compounds to arsenic- or antimo¬ 
ny halides is driven by the energy of the silicon-halogen bonds formed: 

ECI3 -I- C5H5SiMe3-> C5H5ECI2 + Me3SiCl (E = As, Sb) 

2PhSi(OEt)3 + SbF3 + lOHF-^ Ph2SbF + 2H2SiF6 + 6EtOH 

Halomethyl derivatives of arsenic arise from carbene insertion: 

ASCI3 + nCH2N2 ^ (ClCH2)„AsCl3_„ {n = 1, 2, 3) 

Compounds of the type R2EX are also obtained according to: 

Me2PhAs -|- Eli-> Me2AsI -1- PhH 

R3E + X2-> R3EX2 ^ R2EX 

Upon the action of BF3 on (C5Me5)2AsF, an arsenocenium cation is formed which - like 

the isoelectronic decamethylgermanocene (p. 119) - has a tilted sandwich structure (Jutzi, 

1983): 

(C5Me5)2AsF + BF3-^ (C5Me5)2As + BF4 

-): ring/As/ring = 143° 

Compounds REX2 are rationally prepared via E —C cleavage by hydrogen halide: 

MePh2As -I- 2 HI-> MeAsl2 + 2 PhH 

This selective cleavage of the As —Ph bond is surprising in view of the relative strengths 

of As —C bonds [£(As —Ph) = 280 kJ/mol, £(As —Me) = 238 kJ/mol]. Apparently, it is 

the group with the superior carbanion stabilization which is preferentially eliminated. 
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The reduction of arsonic acids or stibonic acids in the presence of a hydrogen halide also 

leads to species REX2: 

PhEO(OH)2 PhECl2 (E = As, Sb) 

Like the binary compounds R3E and EX3, the organoelement halides R„EX3_„ (X = Cl, 

Br, I; n = 1,2) are pyramidal; they usually crystallize in molecular lattices. Ph2SbF is an 

exception: 

Ph 

In the crystal, PhjSbF exhibits a chain structure which is caused by strong Sb — F ^ Sb bridges. Four 

bonding and one lone pair of electrons create a distorted trigonal-bipyramidal environment at antimony 

(Sower by, 1979). 

(2-Chlorovinyl)dichloroarsane (Lewisite) which is produced from HC^CH and ASCI3 in 
the presence of AICI3, was used as a chemical warfare agent in the First World War. De¬ 
toxification is effected by the reaction with 1,2-dithiols: 

Cl\ H2C—CH—CH2 
As—CH=CHCt +11 1 

Ql / SH SH OH 

BAL 
British Anti-Lewisite 

-► 
-2HCI 

H5C — CHpCH^OH 
I I 
S S 
\ / 
As 
CH 
CHCI 

Other organoarsenic halides, which served similar abhorrent purposes, include Ph2AsCl 
(Clark I) and Ph2AsCN (Clark II). 

The hydrolysis of organoelement'" halides leads to ill-characterized hydroxo compounds, 
which undergo further reactions: 

R2ASX R2ASOH + (R2As)20 

Arsinous acid Bis(diorganoarsane)oxide 
known in esters (Cacodyl oxide) 

RjAsOR' 

analogously: Stibinous acid + Bis(diorganostibane)oxide 

RASX2 RAs(OH)2 + 1/n (RAsO);' 
Arsonous acid organoarsane oxide 
known in esters 

RAs(OR')2 

Stibonous acid + Organostibane oxide analogously: 
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The polymeric structure of organoarsane oxides (RAsO)„, which contrasts with the 

monomeric nature of nitroso compounds RNO, reflects the unfavorable energetics of a 

Pn — Pn bond in monomeric R —As = 0. In the case of d^ — p^ interactions, orbital overlap 

is more effective. The large bond angle As'^^'^ As (137°) in bis{diphenylarsane)oxide argues 

for the participation of canoncial forms with As = 0(t/^ —pj bonds: 

y' "s. 

Ph2As AsPh, 
0^ 

Ph2As 
O® ©O 

AsPh/ Ph2As 
^© 
AsPh, 

Organoelement"* hydrides R„EH3_„ are highly reactive, air-sensitive compounds, whose 

stabilities decrease according to E = As > Sb > Bi, R = alkyl > aryl and n = 2 > 1. Due 
to the low polaritiy of the E —H bonds, they are stable towards hydrolysis, however. A 

general way of access consists in the substitution of X by H: 

MeAsCl2 > MeAsH2 (bp 2 °C) 

Me2SbBr ^hf”-^c ' Me2SbH (decomp. 30 °C) 

MeBiCU > MeBiH2 (decomp. -45 °C) 
^ MejO, -110 C z \ r 

The reduction of organoelement'' compounds also leads to the respective hydrides: 

Me2AsO(OH) > Me2AsH (bp 37 °C) 

PhAsCU LiBH,^Et,o ^ PhAsH2 (bp 148 °C) 
— H2 

A few typcial reactions of the compounds R„EH3_„ will be illustrated for the case of 

MeAsH2; 

MeAsH2 

^ (MeAs)„ 

Na. NHj (!) 

H, 

^ (MeAsO)„ - 

^ MeH2As BH3 

^ MeHAsNa 

MeAsO(OH)2 

Organoelement hydrides of group 15 add to /C = cC multiple bonds; these reactions are 

of no practical importance, however. 

9.3 Chains and Rings containing E - E Single Bonds 

A glance at the energies of homonuclear single bonds between elements of group 15 

reveals that no great stability accrues to chains and rings of the heavier elements. The 

trend in bond energies for E^ molecules is a case in point £(P-P) = 201, 
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£(As —As) = 146, £(Sb-Sb) ^ 120kJ/mol. Nevertheless, compounds possessing As„- 

rings were already known at the beginning of this century (Bertheim, 1908), and even 

served a good purpose: 

n =5,6,7 Salvarsan 

Salvarsan® is effective against Treponema pallidum, the microorganism which causes syphilis (P. 

Ehrlich, 1909). 

This reaction yields rings of varying size which differ only slightly in energy. Since the 
discovery of antibiotics, chemotherapeutics based on organoarsenic compounds have, 
however, lost their importance. 

The simplest species containing E —E bonds are the hydrazine analogues R2E —ER2. 
Tetramethyldiarsane, the principal component of Cadet’s fuming liquid (p. 1), is prepared 

more deliberately by means of coupling reactions: 

Me2AsH + Me2AsCl Me2As-AsMe2 (bp: 78 °C) 

The weakness of the As —As bond accounts for numerous reactions: 

Me2As—AsMe2- 

Me2As(CF3)C=C(CF3)AsMe, 

Na, NH3 (/) 
^ 2 Me2AsNa 

Me, 
As 

Mn,(CO),n / \ 
' (CO),Mn; Mn(CO), 

As 
2 CO 

Me, 

/2-dimethylarsenido bridges 

Tetramethyldistibane Me2Sb-SbMe2, first described by Paneth in 1934, is a pyrophoric 
compound which decomposes more or less rapidly at room temperature in a closed 

vessel. Me4Sb2 is thermochromic (pale yellow in the solid state at -18°C, red at 
+17 °C(mp), pale yellow again in the molten state or in solution). In the crystal, chains 
with intermolecular Sb-Sb interactions are encountered (Ashe, 1984): 

Me Me Me 
= t 93° 

^,. 286 =' 364 
-Sb —Sb-Sb—^Sb- 

Me ■'V 
Me Me 

7 
Me 
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The first well-characterized dibismuthane also is of recent origin (Calderazzo, 1983); 

2Ph2BiCl 
Na 

nhIw 
> Ph4Bi 2 

98“ 

Ph 

91' 

i pm 
Ph 

Ph^ Ph 

Tetraphenyldibismuthane Ph4Bi2 is an orange compound which decomposes at 100 °C. Judging from 

the bond angles, the orbitals used by bismuth for bonding to carbon are essentially 6 p orbitals', the lone 

pair at Bi therefore almost exclusively possesses 6 s character. 

Longer chains between the elements of group 15 result from condensation reactions or 
from the reduction of compounds which contain RAs’"- or RAs'^ units, the formation of 
homocyclic rings being strongly favored; 

Me Me 
As — As 

Me Me 

Recently, polycyclic organoarsanes have also been prepared. Example (Baudler, 1985); 

As 

8 RASCI2 + 4 ASCI3+I4 Mg — 

(R = t-Bu) 

As As—As As 
4 I I I I 
4 MgClg As As As„ 

^ ^As/^As^^As/ R 

As for antimony, the weakness of the Sb-Sb bonds in stibacycles (RSb)„, n = 3-6, calls 
for their protection by bulky groups; 

4 (t-Bu)2SbLi 2 CH OH^ cyclo-(t-Bu)4Sb4 (Issleib, 1965) 

5 (t-Bu)SbBr2-—> cyclo-(t-Bu)5Sb5 (Breunig, 1983) 

Polyarsinidene (RAs)„ chains of high molecularitiy are obtained from MeAsH2 and 
MeAsl2 after prolonged reaction times (Rheingold, 1973); 

n/2 MeAsl2 + njl MeAsH2 (MeAs)„ + nHI 
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or, more quickly, via reduction by RgSb: 

n MeAsl2 + n n-BujSb (MeAs)„ + n n-Bu3Sbl2 

290 

(MeAs)„ arises as purple-black crystals and forms a novel type of ladder structure displaying differing 

As —As distances. The distances at the “steps’" correspond to regular As —As single bonds [cf 

d(As —As) = 243 pm in AsJ, the distances along the bars point to a bond order of about 0.5. This 

material has semiconducting properties. 

(Pentamethyl)cyclopentaarsane (MeAs)5 can be converted into unsubstituted As„ rings 

(n = 3, 5) which are part of transition-metal clusters (chapter 16). The bonding situation 

in (cyclo-As3)Co(CO)3 (Dahl, 1969) may be rationalized on the basis of the isolobal 
properties (p. 396) of the fragments As; and (CO)3Co;. For the triple-decker complex 

(cyclo-As5)[Mo(C5H5)]2 (Rheingold, 1982), discussions of the bonding condition are more 
involved: 

-•240« 

H.,C I I 
> As — As 

I 

As — As 
H3C ^ I I 

I I 
H3C ^ I I 

I I 
I I 
I I 

H3C ^ I 1 
I I 

CH3 

CH^ 

CH, 

CH, 

cyclo-(Me As)g 

Co2(CO)g,CO pressure 
200°, hexane 

[(C5H5)Mo(CO)3]2 
1 40°, toluene 

/As-|-As^ 

As As 
'As* 

I 
Mo 
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The bond distance d(Mo —Mo) = 276 pm argues for a long Mo = Mo double bond 
which “permeates the Asj ring”. In this context, compare the compounds (cyclo- 

P6)[Mo(C5Me5)]2 (p. 378) and (cyclo-P5)Fe(C5Me5) (p. 379). 

9.4 E = C and E = E Multiple Bonds 

Successful strategies for the generation of segments which contain E = C{p^ — pJ and 

E = E(p„—pj interactions for the heavier elements of group 15, are analogous to those 
used for group 14: incorporation of the respective multiple bond into conjugated systems, 

protection of the vulnerable bonding region by bulky groups and coordination to tran¬ 

sition metals. 

9.4.1 E = CBonds 

The heteroarenes C5H5E (E = N, P, As, Sb, Bi) form a complete series of homologous 
compounds which allows a systematic study of their properties. The parent molecules are 

prepared by means of the following reaction sequence (Ashe, 1971): 

DBU 

-DBU * 

■ HCI 

E = P, As, Sb, Bi 
DBU = Diazabicycloundecene 

(a special deprotonating 

agent) 

Phosphabenzene (Phosphinine) 

Arsabenzene (Arsenine) 

Stibabenzene 

Bismabenzene 

Substituted derivatives of arsabenzene are also accessible via carbene insertion followed 

by ring expansion (Markl, 1972): 
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With increasing atomic number of E, the distortion of the six-membered rings increases: 

P'173 

According to spectroscopic data, these heterocycles are aromatic. Chemical evidence 
concerning their aromaticity is unavailable because the monomeric species C5H5E 

(E = P, As, Sb, Bi) are prone to oxidation and increasingly thermolabile. The phenyl-sub¬ 
stituted derivatives are somewhat more stable. Stability decreases in the order 

P > As > Sb > Bi: arsabenzene is handled comparatively easily, stibabenzene as yet has 
only been characterized by spectroscopic techniques or as a Diels-Alder adduct: 

FgCC^CCFg 

0° 

Bismabarrelene 
derivative 

Stibabenzene and bismabenzene at 0°C engage in a monomer/dimer equilibrium: 

2 

E = Sb.Bi 

In view of the exceedingly high reactivity of silabenzene {p. 109) the properties of phos- 

phabenzene ~ e.g. indefinitely stable at room temperature in the absence of air - are 

surprising. Evidently, p,,-p„ bonds to phosphorous (^C = PR) are more resistant against 

addition reactions than p,,-p„ bonds to silicon (^C = SiR2). For the fictitious process 

CH3 - PH2 + CH2 = SiH2 CH2 = PH + CHaSiHa 

quantum-chemical calculations yield the reaction enthalpy AH = —92 kJ/mol {Borden, 

1987). 

The elements of group 15 have also been incorporated into unsaturated five-membered 
rings: 

Arsole 
derivative 

Ph 
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In phosphole and arsole, P and As retain the pyramidal environment which is familiar 
from the species R3E. However, compared to the open-chain, configurationally stable 

arsanes RR'R"As, the inversion barrier for arsoles is reduced by about 50kJ/mol: 

Ck R 

1 

This may be traced to a stabilization of the trigonal planar transition state by means of 
an As = C (— pj interaction. The following survey suggests that with increasing atomic 
number, the tendency to engage in E = C{p„-pJ bonding decreases: 

1 
R 

1 
R 

1 

R 

1 

R 

Pyrrole Phosphole Arsole 

Configuration at E planar pyramidal pyramidal 

Electron pair at E part of a 6 Ti-e-system lone pair lone pair 

Character arene diolefm diolefin 

Enantiomers isolable? no no yes 

The diminishing propensity for a 7r-contribution to the E —C bond upon going from 

phosphorus compounds to the arsenic- and antimony analogues is also a feature of the 

element'' ylids R3ECR2. 
Arsenic ylids (alkylidene arsoranes) are obtained through deprotonation of arsonium 

cations: 

Ph3AsMe + Br- nenh^thf^ Ph3As-CH2 

Me,AsCH,SiMe3+Cr 
BuLi, EtjO 

Me, As — CHSiMe, 

'' © © 

Me3As-CH2^ 
^ Ylid 

MeOH 

Me3As = CH2 
Ylene 

^^C-NMR data (high-field shifts, coupling constant ^H) for the CH2 group) are 

indicative of sp^ hybridization at the methylene carbon atom, thereby pointing to dom¬ 

inance of the ylid canonical form. The finding that methylenearsoranes R3ASCH2 are 
more reactive than methylenephosphoranes is explained by the more pronounced carb- 

anion character of the former as compared to the latter - a consequence of the reluctance 

of the heavier main-group elements to participate in p^-p^ bonding. 
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Arsaalkenes (alkylidenearsanes) with isolated As = C(p^ — pJ bonds are stable as 

monomers only if sterically protected or coordinated to a transition metal: 

As = C 
^ Ph 

F. Bickelhaupt (1979) 

OC 

Rh 

/ \ . CH, 
/ /As 

Ph 

H. Werner (1984) 

Arsaaikines (alkylidynearsanes) could also be obtained in the presence of bulky sub¬ 
stituents or as transition-metal complexes; the first molecule boasting a — C = As triple 

bond was only prepared very recently (Markl, 1986): 

For the sake of completeness, a phosphaethyne, which has been known somewhat longer, 
should be mentioned (Becker, 1981): 

/O 
(MegSilgP + 

- MegSiCI 

SiMe3 

C 
X '^OSiMeg 

NaOH 
diglyme 

“(MegS 1)20 

P 

C 

+ 
Arsaalkynes can also be generated in the coordination sphere of a transition metal 
(Seyferth, 1982): 

MeCl2C-AsCl2 + 
THF 

Co2(CO)g-► 
-C0CI2 

- 2CO 

Me 
C 

(COgCO—111—00(00)3 

As 
• • 

- t 
Me 

(00)_0o— —Oo(OO)^ 
3 3 

As 
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The bonding in the C02CAS core resembles the situation in transition-metal carbonyl 
complexes with bridging alkyne ligands (see chapter 15.2). 

9.4,2 E = E(/7„—/»„) Bonds 

The realization of molecules containing E = E multiple bonds, which are homologues of 

the azo compounds RN = NR, also requires steric protection or metal coordination. The 
element phosphorus led the way: 

Bis{aryl)diphosphene, Yoshifuji (1981) 

compare P4: d(P —P) = 223 pm 

Ph Ph 

IP t-BuNC.. IN 

— 11 212 ^Ni -II 138 1 1 
Pi 
1 

t-BuNC'^ 
11 
N| 
1 

1 
Ph 

1 
Ph 

Diphosphene n-complex {Chatt, 1982) compare: Diazene n-complex (Ibers, 1972) 

Recently, molecules possessing — As = As— and — Sb = Sb— double bonds have been 

reported (Cowley, 1985): 

t-BuLi 
2 (MeoSi)oCAsCU -► 

-t-BuCI 
-LiCI 

M63Si SiMec 

/ 224 / \ciMo 
^s = As SiMer 

Me3Si. / / 

SiMe3^''^®3 

Bis[tris{trimethylsilyl)methyl\diarsene 

compare AS4: (i(As —As) = 245 pm 



166 9 Organoelement Compounds of the Nitrogen Group 

As of yet, stabilization of — Sb = Sb — double bonds demands both types of protective 

measure (Cowley, 1985): 

(Me3Si)2CHSbCl2 
Na2[Fe(CO)4] 

-NaCI 

HC(SiMeo)o 
/ 32 

Sb = Sb 

/ 
(Me3Si)2CH 

NT 
Fe(CO)^ 

4 

Distibene n complex 

Bonding in the Sb2Fe segment can be described in analogy to the interaction of olefins 
with transition metals. In this way, the double bond character of the Sb = Sb bond is 

partially reduced (see pp. 257-258). 
If instead of the stibane, the analogous phosphane is used, a product is obtained in which 
the Fe(CO)4.-fragments form cr-bonds to both phosphorus atoms (Power, 1983): 

(Me3Si)2CHPCl2 

Diphosphene a complex 

Na^EFetCO).] 
-=-« 

-NaCI 

(CO.Fe 

(Me3Si)2CH 

HC(SiMeo) 

P = P 

3'2 

X 
Fe(CO)4 

This disparate behavior is typical: lone pairs at phosphorus possess higher p-character and 

therefore more pronounced a-donor properties than lone pairs at the heavier atoms of group 

15, which are almost pure s-electrons [compare the decreasing Bronsted basicity in the series 

NH3 > PH3 > ASH3 > SbH3]. 

Species £3 with an E^E triple bond contain no further groups - they are not 
organometallics. In the context of this section it is remarkable, however, that molecules 

E2 (E = As, Sb, Bi) which contrary to N2 are unstable, can be attached to metal carbonyl 
fragments (Fluttner, 1982): 

W(CO)cTHF- 

ECI3 

E=A s,S b, B i 

Na2W2(CO).,0 

P ,.^W(CO)5 
E o' o 

(COgW— III 

^ ^ WtCOg 



10 Organoelement compounds of Selenium and Tellurium 
(Group 16) 

Organometallic chemistry of group 16 is confined to the elements selenium and tellurium, 

since oxygen and sulfur are typical non-metals, and the strong a-radiation of the nucleus 
would rapidly destroy an organic ligand sphere. Since the discovery that organo- 

selenium oxides readily undergo syn-eliminations (Reich, Sharpless, 1973), selenium or- 

ganyls have gained considerable importance in organic synthesis. From the coordination 
chemists point of view, the stabilization of highly reactive molecules like selenoformalde- 

hyde (H2C = Se) or tellurocarbonyl (C = Te) in transition-metal complexes is of interest 

(p. 238, 272). Another impetus was provided by the observation that the organic radical 
cation salt bis(tetramethyl-tetraselenafulvalene)perchlorate at 1.5 K changes from a 
metallic into a superconducting state (Bechgaard, 1981). 

Very recently, thin layers of cadmium telluride CdTe have been produced from mixtures 
of (CH3)2Cd and (C2H5)2Te by means of metal organic chemical vapor deposition 

(MOCVD). These layers, grown by photoepitaxy, show considerable promise as semicon¬ 

ducting materials in electronic devices (Irvine, 1987 R). 

Contrary to sulfur, selenium offers an isotope which is well-suited for NMR spectroscopy: 

^^Se (7.5%, 1 = 1/2) features a receptivity which exceeds that of by a factor of three 

and carries no quadrupole moment. Chemical shifts 5 in ^^Se-NMR spectra of selenium 

organyls cover a range of 2500 ppm, which is six times the range pertinent to ^^C-NMR. 

As expected, the values of the coupling constants V(’’Se, ^^C) correlate with the s charac¬ 

ter of the Se —C bond [Example: MeSe — CH2CH2Ph 62 Hz, MeSe — CH = CHPh 115 Hz, 

MeSe-C^CPh 187 Hz]. 

Organoselenium compounds in their chemical behavior bear strong resemblance to 

organosulfur compounds. Synthetically important reactions for selenoorganyls usually 

proceed under milder conditions, a fact which is relevant in natural-product transforma¬ 

tions. Compared to sulfur, selenium prefers lower oxidation states. Hence, organoseleni¬ 

um chemistry is dominated by the oxidation states Se” and, to a lesser extent, Se'''. In fact, 
many important reactions of organoselenium compounds are driven by the elimination 

of an organoselenium" species from a selenium''' precursor. Selenoles RSeH are more 

acidic than thiols RSH, yet selenides RSe" are more nucleophilic than sulfides RS“. 

Selenyl halides RSeX are more electrophilic than the corresponding sulfenyl halides RSX. 

As starting materials for many conversions, organoselenides (organoselenanes) R2Se and 

organodiselenides (organodiselenanes) RSeSeR are employed; they are obtained as fol¬ 

lows: 
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N2H4, NaOH 

Se 
-Ni 

R4N-"BH4' 

-R3NBH3. -H2 

From RSeR and RSeSeR, respectively, a large variety of 0x0-, hydroxo- and halo- 
organoselenium compounds can be prepared. Only a few examples are given here, which 

illustrate the most popular applications of selenium organyls in organic synthesis: 

• j3-Ketoselenium oxides via syn-elimination of RSeOH form a, ^-unsaturated carbonyl 
compounds (Reich, Sharpless, 1973): 

1. (iso-Pr)2 NLi 
THF, -78° 

R -► 

2. PhSeBr,-78° 

Ph 

Se 
I 

O 

R=H,OR',aryl (alkyl) KIO4 or 

WH2O2 

-PhSeOH 

20< 

H /Se 
I 

CH2-CH - C -R 

This is probably the mildest method for the preparation of enones from aldehydes, 
ketones or esters. 
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In a related fashion, the conversion of epoxides into allyl alcohols is achieved: 

RCH2-.;^- R' 

PhSe' 

EtOH 

Ph 
Se 

I 
RCHp—CH- CHR' 

I 
OH 

-PhSeOH 

H2O2 

Ph 

RCH=CH—CHR'- RCH—CH-CHR' 

OH 20° OH 

This reaction sequence may serve to regenerate a C = C double bond which was 
protected as an epoxide. 

• T he proven oxidation of alkenes to allyl alcohols by means of selenium dioxide is also 
thought to proceed via organoselenium intermediates (Sharpless, 1973): 

Alkene Allylseleninic acid Allyl alcohol 

Of more academic interest is the question as to the existence of bonds between 
carbon and selenium or tellurium, respectively. Monosubstituted selenocarbonyl com¬ 

pounds oligomerize, whereby the ^C = Se double bond is eliminated. Example (Mor- 

tillaro, 1965): 

MgBrSeH 

H2C = O -* 

-MgBrOH 

H2C = Se + (H2CSe)n 

A selenoketone (selenone) with two bulky substituents was shown to be stable as a 

monomer, however (D. H. R. Barton, 1975): 

C = N - N = PPho 

86,120° 
Kat.(n-Bu)^N 

-N2 

-PPhg 

C= Se 

blue 

^max = 710 nm 
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Selenocarbonyl C = Se, which is formed from CSe2 in a high frequency discharge, poly¬ 

merizes at temperatures as low as — 160°C; it can only be identified from the products 
of trapping reactions (Steudel, 1967) or as a ligand in transition-metal complexes (p. 238). 

In this context, the relative stability of monomeric CSe2 is noteworthy. The propensity 
of the group 16 elements to engage in bonding to carbon should also be apparent 

from the extent of conjugation and the derived molecular properties of the heterocy- 
clopentadienes C4H4E (E = Se, Te). Selenophene (Peel, T 928) and Tellurophene (Mack, 

1966) are fairly easily accessible and well-characterized compounds: 

143 pm 

VsTv 185 pm 
Se 

The structural parameters of selenophene stem from the microwave spectrum (Magdesiava, 1969). The 

Se —C bond length should be compared with the length of a genuine single bond, d(Se —C) =193 pm. 

2H-C=C-H+Se 

400° 

-► 

R—C=C—C = C—R + Na2Te 

R = H, CH2OH, Ph 

CH3OH 

20° 
R 

Cyclohydrotelluration 

Judging from chemical evidence (electrophilic substitution dominates over addition) as 

well as from physical criteria (bond distances, ^H-NMR spectra, diamagnetic susceptibil¬ 
ity) aromatic character must be ascribed to selenophene and tellurophene. The following 
order of decreasing aromaticity has been derived (Marino, 1974): 

benzene > thiophene > selenophene > tellurophene > furan 

The aromatic nature of selenophene C4H4Se contrasts with the diolefin character of 

isoelectronic arsole C4H4ASH (p. 163). 

Two selenium atoms per five-membered ring are contained in the tetraselenafulvalenes 
which have already been mentioned with regard to their interesting electrical properties. 

Fairly recently, the corresponding tellurium compounds have also been prepared (Wudl, 
1982): 

1. t-BuLi,THF 

-78° 

2. Te, -15° 

TeLi 

TeLi 

Tetratellurafulvalene 
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Organoselenium Compounds in vivo 

For higher organisms, selenium is an essential trace element (Schwarz, 1957); an Se-free 

diet leads to malfunction of the liver and to hemolytic processes. Since selenium has been 

detected in the retina, it is likely that this element also plays an important role in vision. 

The human organism stores 10-15 mg of selenium; a daily uptake exceeding 1 pg Se/g 
food is toxic but an uptake of less than 0.2 pg Se/g food causes a deficiency syndrome. 

Selenium plays its biochemical role as a component of glutathione peroxidase, an enzyme 

which is responsible for the protection of essential SH-groups and for the decom¬ 
position of peroxides, thereby acting as an antioxidant (Rotruck, 1973). The seleni¬ 

um-containing section of glutathione peroxidase is the amino acid selenocysteine 
(HSe)CH2CH(NH2)COOH (Stadtman, 1984). Other selenium organyls detected in living 

organisms include selenomethionine MeS(CH2)CH(NH2)COOH, trimethylselenonium 

salts MejSe^X", and dimethylselenide Me2Se, a component with a garlic-like odor in the 
breath of organisms which suffer from selenium poisoning. The formation of Me2Se from 
inorganic selenium compounds apparently aids in detoxification: Me2Se is less toxic than 

the oxoanions SeOj” (selenite) and SeO^^ (selenate) or elemental Se. This contrasts 
with mercury, where the problems of environmental contamination are aggravated by 

biomethylation (p. 55). 



11 Organometallics of Copper, Silver and Gold (Group 11) 

The metals copper, silver and gold clearly belong to the transition elements. The dis¬ 

cussion of their chemistry at this particular point follows an established tradition in that 
it smoothly leads into the organometallic chemistry of the J-block elements (Chapters 

12-17). 

11.1 Copper- and Silver Organyls 

The interest which chemists took in organocopper compounds was hitherto mainly 
confined to their use in organic synthesis. Points of departure were the study of reactions 

of copper organyls with organic halides (Gilman, 1936) and the observation that Cu^ ions 
catalyze the 1,4-addition of Grignard reagents to conjugated enones (Kharash, 1941). The 

intermediacy of organocopper compounds in these additions was demonstrated by 
House in 1966. Yet, the isolation of pure organocopper species and their characterization 

by diffraction methods was only achieved during the last decade. Problems arise from the 
high sensitivity of binary molecules MR (M = Cu, Ag) to H2O and O2 and from their 
lack of solubility in inert solvents. An aggravating factor is the tendency to form non-stoi- 

chiometric adducts like [(CuR),^ • (CuBr)^,] or solvates of varying composition, depending 
on the method of preparation. The organometallic chemistry of Cu and Ag is exclusively 

that of the oxidation state -I-1. In this section, only cr-organyls will be treated; Tc-complex- 
es of the elements Cu, Ag and Au are deferred to sections which review the respective 
ligands (Chapters 12-17). 

PREPARATION 

Copper Organyls 

CuX + LiRCuR —Li[CuR2] [T] 

Organocuprate 

The usual designation ''organocuprate” for compounds of the composition MCUR2 is 

misleading because - contrary to experimental evidence {p. 175) - it suggests an ionic 

structure M^[CuR,l“. 
CuX + Ph2Zn-> CuPh + PhZnX 

A good source for CuX is the compound [(n-Bu3P)CuI]4. Alkynylcopper compounds are 
prepared by means of metallation: 

RC = CH + [Cu(NH3)2]+-^ CuC = CR + NH3 + NH^ 

PhC^CH + Cu(f-BuO) ^ l/«[CuC = CPh]„ + t-BuOH 
0 
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Copper acetylides (copper alkynyls) are inert towards hydrolysis, their association in the 

solid state is a result of 7c-complexation of copper to neighboring - C = CR units (p. 208). 

A particularly stable, sublimable organocopper compound is formed from Cu’ chloride 

and (trimethyl)methylenephosphorane via transylidation (Schmidbaur, 1973): 

Me CHo —Cu—CHo Me 
% / © \ 

2 CuCI + 4MeoP = CH<, -► P@ ®p 
^ / N © / \ 

Me CH2—Cu —CH2 Me 

+ 2 Me4PCI 

The inert character of this complex, containing bridging phosphoniodiylid ligands, may 
be traced back to the absence of ^-hydrogen atoms (cf. p. 199). 

Silver Organyls 

Compared to organocopper compounds, silver organyls are considerably less stable, 
decomposition setting in at ambient temperature. 

AgNOj + R4Pb AgR ——> Ag + alkanes + alkenes [4] 

The corresponding perfluoroalkyl derivates RpAg are somewhat more stable (cf p. 204); 

AgF + CF^ = CF - CF3 ^ AgCF(CF3)2 • MeCN 0 

Argentofluorination 

Pure phenylsilver was first obtained in 1972; diphenylzinc proved to be a convenient 
arylating agent here (van der Kerk, 1977): 

AgN03 + ZnPh2 AgCgHj + PhZnN03 

In the presence of an excess of LiAr, organoargentates are formed: 

2 LiAr + AgX Li[AgAr2] + LiX [T] 

Silver alkynyls can be prepared via metallation in the presence of an auxiliary base; 

RC = CH + AgN03 + NH3-> AgC = CR + NH4NO3 0 

PROPERTIES OF SELECTED Cu- AND Ag ORGANYLS 

Compound Decomposition/°C Degree of Association 

CuMe > —15 (explosive) 

AgMe -50 

CuPh 100 polymer 

CuCeFj 220 tetramer 

AgPh 74 polymer 

CuCH2SiMe3 78 (mp.) tetramer 

CuCsCR 200 polymer 

AgC = CR 100-200 polymer 

Li[CuMe2] dimer 
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SiMeg H ^ 

Cu Cu 

SiMe3 

Mg^SI 

dCCu—Cu) = 242 pm 
> C-Cu-C =163.5° 

d(Cu-C) = 202 pm 

Structure of |CuCH2SiMe3l4: Cu’ adopts its preferred coordination number 2 (linear). For the tetramer, 

this leads to a planar CU4 ring. The Cu Cu bridges may be regarded as 2e3c bonds which 

arise from the interaction of C(sp^)- with Cu(sp) hybrid orbitals (Lappert, 1977). Compare: 

d(Cu —Cu) = 256 pm (bulk Cu); r(Cu’’') = 96 pm (ionic radius). 

|CuPh|,, which has not yet been obtained as single crystals, is assumed also to be associated by means 

of Cu^^^Cu 2e3c bridges. 

Bonding in the '^Cu bridge probably resembles the situation discussed for Al2Ph6 

(p. 79); the access to Cu(3d) electrons may, however, render additional interactions 
possible; 

1 a 

Cu —Cu interaction: bonding 

Rotational barrier for 

the phenyl ring: no 
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-CH3 

For |(2-tolyl)Cu|4 ^H-NMR spectroscopy at low temperature reveals the presence of stereoisomers. 

Therefore, a barrier to rotation around the Cu —C axis must be assumed. This finding argues for 

contributions of the types @ and to Cu'^ ^Cu bridge bonding {Noltes, 1979). 

The dimeric nature of the organocuprates, [Li(CuMe2)]2 = Li2Cu2Me4, would lead one 
to assume that their structure, in analogy to Li4Me4,, is tetrahedral. It is highly likely, 

however, that a Li2Cu2 ring with a trans disposition of the metals is formed instead 
(R.G. Pearson, 1976): 

HoC-—CHo 

y '"'-I Cu Cu 
1'^ "" f 

I ^ -'I 
I \ z' 

H3C —CH3 

Li4Me4: 

CH3 groups cap 

Lij triangular faces 

Li2CuMe4: 

CH3 groups bridge 

LiCu edges 

In solution, ^Li-NMR evidence points to an equilibrium of three species (Lipshutz, 1985): 

Li2Cu2Me4 V ^ LiMe -f LiCu2Me3 

APPLICATION OF COPPER ORGANYLS IN ORGANIC SYNTHESIS 

(T) Nucleophilic Substitution (8^2) at Organic Halides (Cross coupling) 

The organocuprate Li[CuR2] (Gilman reagent, 1952) is prepared in situ and converted 

into unsymmetrical coupling products: 

2 RLi + Cul U[CuR2] R-R' 

R = Alkyl, Alkenyl, Aryl, Heteroaryl 

R' = Acyl, Alkyl, Alkenyl, Aryl, Heteroaryl 

Lithium organocuprates Li[CuR2] are less nucleophilic than the parent lithium organyls 

LiR; therefore, they react more selectively with organic substrates. In general, the follow- 
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ing order of decreasing reactivity towards Li[CuR2] is observed; 

R'C^^j > R'C;^^ > epoxide > R'l > R'Br > R'Cl > ketone > ester > nitrile > alkene. 

Competing reactions like metal/halogen exchange or elimination play a diminished role 
for Li[CuR2] as compared to LiR. During the formation of the incipient C —C bond, the 

configuration of the attacking group R is retained, that of the group R' in the substrate 
R'X is inverted. If R'X is an alkenyl halide, its configuration is preserved during the 
substitution: 

Br 

LiCCuRg] + Li[RCuBr] 

Ar Ar 

@ Oxidative Coupling via Copper Organyls 

i.PhaPCul 
-MgBrI 

BrMg-(CH2)5-MgBr -► 
2.O2/THF 

-78° 30% 

An important application of oxidative coupling is the preparation of symmetrical bisaryls 
and of conjugated diynes: 

In this variant the use of Cu” obviates the introduction of an additional oxidizing agent. 

The following example portrays the synthesis of [18]annulene, a key compound in dis¬ 
cussing the concept of aromaticity (Sondheimer, 1962): 
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(3) Homolytic Thermal Coupling: 

Me 
/=\ Aj /=\_/ + 2Cu -I- 2 P(n-Bu)3 

2 Me CuP(n-Bu)3 -► Me 

cis cis, cis 

In this reaction, the configuration of the alkene is retained (Whitesides, 1966). 

(4) Addition to Conjugated Enones (Michael Addition) 

As opposed to organolithium- and Grignard reagents, which preferentially add to the 
carbonyl function (1, 2-), organocuprates with 1,2-unsaturated carbonyl compounds 

effect almost exclusively 1,4-addition: 

4 3 2 

CH2=CH—C—CH3 + Li[CuR2] 

01 

RCH2—CH=C—CH3 

I 
OLi 

RCHo—CHp—C —CHq 2 2 II 3 

O 

The following example demonstrates the high stereoselectivity which can be attained in 

additions of organocuprates (House, 1968): 

1. Li[CuMe2] 

2. H + + 

98 2 
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With regard to yield and stereoselectivity, the stoichiometric use of organocuprates is 

generally superior to the variant which operates with Grignard reagents in the presence 

of catalytic quantities of Cu’’" salts (p. 172). 

(D Addition to Terminal Alkynes (Carbocupration) 

This synthesis of a terpene is highly stereospecific (99.9% syn addition). The actual 
organocopper compound here probably is the heterocuprate MgBr[RCuBr]. If lithium is 

used instead of magnesium, the homocuprate Li[CuR2] is formed, which at the terminal 

alkyne effects metallation rather than addition (Normant, 1976 R). 

(6) Cu' and Ag' also play an important role in transition-metal catalyzed valence isomer- 

izations (p. 415). 

11.2 Gold Organyls 

The chemistry of gold is defined by the oxidation states Au' and Au*". Inorganic com¬ 
pounds of Au'(d^'’) usually assume the coordination number 2 with a linear geometry and 

a 14 VE configuration. Less abundant are Au' complexes, possessing the coordination 
number 3 (trigonal planar, 16 VE) or 4 (tetrahedral, 18 VE). Au'"(d^) complexes are 

four-coordinate (square planar, 16 VE), the Au(6pJ orbital remaining unoccupied. For 

purely inorganic complexes of Au'", the coordination numbers 5 and 6 are also encoun¬ 
tered. 

In organogold chemistry, the cases An', coordination number 2 (linear) and An'", coordi¬ 
nation number 4 (square planar) are typical. In this section, only gold cr-organyls will be 

discussed. 

An' Organyls 

Simple binary compounds AuR are as yet unknown; Au' organyls are, however, obtained 

as adducts LAuR (L = PR3, RNC) and as organoaurates M[AuR2], the latter exhibiting 
low stability (Kochi, 1973): v 

EtaPAuCl + MeLi EtjPAuMe Li[AuMe2] [T] 

Organoaurates become significantly more stable if the cation is converted into a 

complex ion (Tobias, 1976): [Li(PMDT)] [AuMe2] only decomposes at 120°C (PMDT 
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= pentamethyldiethylenetrisamine). AuMe2, like the isoelectronic species 
HgMe2, TlMe2, and PbMe|'^, has a linear structure. 

a-Cyclopentadienyl Au' compounds according to their ^H-NMR spectra are fluxional: 

PhjPAuCl + CsHjNaPhsPAuC^/i-CsHs) 

Au' (7-organyls are also accessible via carbene insertion into the Au —Cl bond: 

EtaPAuCl + CH2N2-^ Et3PAuCH2Cl + 

Au' has a high affinity for ylids R3P = CE[2 (Schmidbaur, 1975 R): 

10 

Me3PAuMe + Me3P=CH2 -► 
— Me3P 

© © 
Me3P—CH2—AuMe 

Me3PAuCI + 2 Me3P = CH2 

MegP 

Cl 

CH2 
1 

''Au " 
CH 

:260 pm 

CH2 
^ Au 

1 
CH 

Cl 

\ 

PM 62 

-► [(Me3PCH2)2Au]CI 
-Me3P 

I trans- 

-2 Me4P*Cr| 

CHo — Au — CHo 
/ '^ © 

MeoP® 303 pm ©PMeo 
\ © / ^ 

CH2 — Au — CH2 

The oxidation product features an Au —Au bond and therefore must be designated as a 

Au" compound. Additional evidence, which supports this unusual oxidation state of gold 
is provided by the '^^Au-M6ssbauer spectrum and by ESCA data (electron spectroscopy 
for chemical analysis = X-ray photoelectron spectroscopy). 

Remarks Concerning the Ylid Ligand: 

© _© 

Me3P = CH2 -► Me3P— CH2 

© © 
Me3P — CH2 —BH3 

© 
Me3P — CH2 — M 

Ylene Ylid 

These reactions are accompanied by a transfer of negative charge from the carbanionic 

site to acceptors like Lewis acids or coordinatively unsaturated complex fragments 

ml:. 
An additional deprotonation converts the ylid into a phosphoniodiyiid, which has chelat¬ 

ing and bridge forming properties: 
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base 
Me3P = CH2 -► 

- baseH'*' 

@y 
MegP 

\ 
Me2P 

CHc 

CHo 
"0 

\ 
-► Me2P 

_0 

CH2 

CH2 
0 

CH, 

If the ylid itself serves as the base, the proton transfer is termed transylidation: 

^CH3 ^CH2 ^/CH3 ^CH2 

(CH3)2P^ + (CH3)2P^ -► (CH3)2P^ + (CH3)2P^ 

'^CH2 CH3 CH3 CH2 
0 

Coordination modes 

bridging 

of phosphoniodiylids: 

M M 

chelating 

H2C CH 

\ A 
2 

M 

Decomposition at 87 °C Sublimation at 30 °C (HV) 

The bridging variant leads to cr-organometallics, especially of the coinage metals (Cu, Ag, 
An), which display surprisingly high stability. 

Au‘-Carbonyl Complexes 

Binary metal carbonyls Au„(CO)„ are unstable under ambient conditions. The com¬ 

pounds Au(CO) and Au(CO)2, which have been obtained by means of metal-atom 
ligand-vapor cocondensation (p. 255), decompose above ^0 K. 

Ternary carbonyl-gold halides are accessible, however: 

AU2CI6 + 4CO^^ 2Au(CO)Cl + 2COCI2 

IR spectrum: V(;o = 2152 cm“^ 

compare: v^o (free) = 2143 cm 
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The position of the stretching band v^o suggests that the backbonding contribution 

Au A CO for Au(CO)Cl is insignificant (Calderazzo, 1977). This is what would be expect¬ 

ed for an complex (see p. 190). 

Au*-Isocyanide and Au'-Carbene Complexes 

Isocyanides RNC as ligands at gold have more to offer than the related ligand CO (cf 

p. 240). A considerable number of Au'-isocyanide complexes are known; these species can 
be converted into carbene complexes. Neutral (RNC)Au' species are best obtained via 

substitution of dimethylsulfide by isocyanide (Bonati, 1973): 

RNC + (Me2S)AuCl-> (RNC)AuCl + Me2S 

Bis(isocyanide)gold’ cations can be isolated as salts with non-coordinating anions: 

(RNC)AuCl + RNC + BF; [RNC-Au-CNRjBF^ + CP 

Conversion into (carbene)gold’ complexes is effected by the addition of molecules bearing 

OH- or NH2 groups (cf. p. 240): 

H 
ArN 

MeOH X 
(ArNC)AuCI -► )C—AuCI 

65®, 2d ./ 
MeO 

H . 
(t-Bu)N .N(t-Bu) 

^ , t-BuNH? 'X 
[(t-BuNC)oAu]PFR -► ; C—Au—C PFr 

^ 25®, 5h .••/ X-., 6 
(t-Bu)N N(t-Bu) 

H H 

(McCleverty, 1973) 

Au"‘ Organyls 

A traditional way of access to organogold"’ compounds is the auration reaction (Kharash, 

1931): 

CeHs Cl ^ Cl 

2 AU2CI6 -t 2 CgHg -► ^Au;^ ^Au^ 

-2H[AuCl4] Cl Cl CgHg 

In these binuclear complexes, gold has a square planar environment. 
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Me Br Me 

Au^Btr + 4 MeMgBr -► (Pope, 1907) [J] 
Me Br^ ^Me 

N 
III 
N 

Me N 

Au Au 
y 

/
 

\
 

/
 

Me N Me 
I 

N 
III 
N 

+ 2 AgN03 

H2O 

*> - 2 AgBr 

Na N3 

◄- 

Me OHp 

Au 

Me"^ ^0H2 

The unit 

[Me^AuCH^O)^]" 
is surprisingly stable. 

Bis (alkyl)gold'" cyanides - as opposed to bis(alkyl)gold'" azides - are tetrameric since the 
ligand C = N~ only forms linear bridges. In the ^H-NMR spectrum, four signals are 

observed instead of the two anticipated signals for the CH3 protons. Obviously, in 
addition to form @ (identical orientation of the CN bridges) the disordered form @ 
is also present: 

Me 
I 

Me 

Me — A u —C = N—A u — M e 
I I 

N C 
III III 
C N 

I 1 
Me —Au —N=C—Au —Me 

I I 
Me Me 

® 

Me Me 
I I 

Me —Au—N=C—Au —Me 
I I 

N C 

C 
I 

N 

Me — Au—N=C—Au—Me 
I I 

Me Me 

® 

Q 
The inclination of Au"' to participate in Au^ ^Au (2e 3c) bonding appears to be small; 
hence, rather than through dimerization to Au2Me6 (compare: Al2Me6), AuMeg prefers 

to achieve coordination number four with the help of additional ligands. The ill-charac¬ 

terized compound trimethylgold, which was obtained in solution by Gilman in 1948, 
decomposes at T > — 40°C: 

V 

Au2Br6 -I- 6 MeLi 2 “ AuMeg” -t- 6 LiBr 

The triphenylphosphane adduct PhaPAuMcj, prepared via oxidative addition of Mel to 
Li[AuMe2], is stable up to 115 °C (mp, decomp.), however: 
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Li [Au^Me2] 
Mel ► PhgPA + Lil (Kochi, 1973) 
PhgP 

-Ph3P MeLi 

Li [AuMe4] (Thomas, 1975) 

The expulsion of the ligand PhjP upon the addition of methyllithium implies that the 

tetramethylaurate'^^ ion is coordinatively saturated with a 16 VE configuration. This is a 

typical feature of M((i®) complexes of the late transition metals {p. 189) which we will 

encounter several times in the following discussion of organotransition-metal chemistry. 
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ORGANOMETALLIC COMPOUNDS 
OF THE TRANSITION ELEMENTS 

The full variety of organometallic chemistry presents itself in the realm of transition 
metals. Contributing factors include: 

• extended possibilities for the formation of metal-carbon bonds. While it is rare for 

main-group elements to use nd orbitals in addition to ns and np orbitals in chemical 

bonding, for transition metals, the (n — 1) d, ns and np orbitals must all be regarded as 
regular valence orbitals. Partial occupation of these orbitals gives transition metals both 

electron-donor and electron-acceptor properties, which in conjunction with donor/accep¬ 

tor ligands like CO, isonitriles, carbenes, olefins and arenes allows for considerable 
variation of the metal-ligand bond order M — L {o-donorln-acceptor synergism). This 
principle is prevalent in large areas of transition-metal organometallic chemistry. 

[s, AO's] 
I (hybrids) , 

empty 

s, - AO’s] 
(hybrids) ^ 

. a* - MO’S J 
occupied 

“bonding” 

Py, dy^ “ AO s] ....^Pxi Py’ AO s] 
(hybrids) > mmm0> < (hybrids) > “backbonding" 

} L n* — MO’s J 
occupied empty 

• various forms of metal-metal multiple bonding with or without additional bridging lig¬ 

ands. This leads to the formation of cluster compounds which are of interest from a 

structural as well as from a theoretical point of view {see Chapter 16). 

• the ability to change the coordination number. Together with the lability of metal-carbon 

a-bonds this phenomenon offers possibilities for organometallic catalysis {see Chap¬ 

ter 17). 

* The shaded areas in this drawing indicate orbital occupation rather than phase. 
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The 18 electron rule and the concept of (r-donor/Ti-acceptor synergism (“bonding and 
backbonding”) represent the most rudimentary basis for discussing structure and bond¬ 

ing in organotransition-metal compounds. 
The 18 electron rule (Sidgwick, 1927) is based on the valence bond (VB) formalism of 

localized metal-ligand bonds; it states that thermodynamically stable transition-metal 
organometallics are formed when the sum of the metal d electrons plus the electrons 

conventionally regarded as being supplied by the ligands equals 18. In this way, the metal 
formally attains the electron configuration of the next higher noble gas [18 VE rule, also 

paraphrased as “inert gas rule”, “effective atomic number (EAN) rule”]. When applying 
the 18 VE rule the following conventions should be considered: 

The intramolecular partitioning of the electrons has to ensure that the total complex 
charge remains unchanged: 

Di(cyclopentadienyl)iron Fe(C5H5)2: 

Fe 

Decacarbonyldimanganese Mn2(CO)j q 

O 

oc 

c 

Mn 

C 

? c° 
..-“X / 
-Mn—CO 

2(C5HJ) 
Fe2 + 

12c 

6c 

2{C,H,-) 

18c 

10c 
Fe° 8c 

18c 

to the count on 

5 (CO) 10c 
Mn° 7c 
Mn —Mn 1 c 

18e 

C o 
/ 

Co 

0 The electron pair of a bridging carbonyl ligand donates one electron to each of the 
bridged metals: 

Noncarbonyldiiron Fe2(CO)9 3 (CO) 6e 

3(/r-CO) 3 c 
Fe° " 8 c 

Fe —Fe Ic 

18c 
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In the following table, ligands commonly encountered in organotransition-metal chemis¬ 
try are listed together with the respective numbers of electrons relevant to the application 
of the 18 VE rule: 

Neutral Positive Negative Ligand L 

1 0 2 alkyl, aryl, hydride, halide (X) 
2 — — ethylene, monoolefin, CO, phosphane etc. 
3 2 4 Ti-allyl, enyl, cyclopropenyl, NO 
4 — — diolefin 
4 — 6 cyclobutadiene (C^H^ or 04114“) 
5 — 6 cyclopentadienyl, dienyl 
6 — — arene, triolefin 
7 6 — tropylium (C,!!^) 
8 — 10 cyclooctatetraene (CgHg or CgHg“) 

The 18 VE rule has considerable predictive value in that the composition of many 
transition-metal complexes may be anticipated from combinations of sets of ligands with 

transition metals of appropriate d electron count. For organometallics of the / elements 
(lanthanides and actinides) this procedure is not applicable (see p. 364). 
A perspective view at coordination chemistry (p. 188) suggests a division into three 

classes; 

Class Number of valence electrons 18 VE rule 

I 16 17 18 19 not obeyed 

II 16 17 18 not exceeded 

III 18 obeyed 

How does the nature of the central atom as well as the ligands determine whether a 

complex belongs to class I, II or III? 

GUIDING PRINCIPLES: 

- bonding orbitals should be 1 

- nonbonding orbitals may be ) occupied 

- antibonding orbitals should not bej 

COMMENTS: 

Class I: The splitting Aq is relatively small for 3 d metals as well as for ligands at the lower 

end of the spectrochemical series. 

- t2g is nonbonding and can be occupied by 0-6 electrons. 

- e* is weakly antibonding and can be occupied by 0-4 electrons. 

Therefore, 12-22 valence electrons can be accomodated, i.e., the 18 VE rule is not obeyed. 
Due to their inherently-small splitting tetrahedral complexes also belong to this 

class. 
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Typical transition-metal complexes and their assignment to classes I-III 

Class I n(VE) t 18 

n{d) n(VE) 

TiFr 0 12 

vcir 1 13 

v(c,ojr 2 14 

Cr(NCS)r 3 15 

Mn(CN)r 4 16 

Fe(C20jr 5 17 

Co(NH3)r 6 18 

Co(H20)r 7 19 

Ni(en)3'^ 8 20 

Cu(NH3)r 9 21 
Zn (en)3^ 10 22 

Class II /i(VE) ^ 18 

n(d) n(VE) 

ZrFr 0 12 
WClg 0 12 

WCle 1 13 

wcir 2 14 

TcFr 3 15 

OsCir 4 16 

w(CN)r 1 17 

w(CN)r 2 18 

PtFg 4 16 

PtFg 5 17 

ptFr 6 18 

ptcir 8 16 

Class III 

n{d) 

« = 18 

n{L) n(VE) 

V(CO)6 6 12 18 

CpMn(CO)3 7 11 18 

Fe(CN)r 6 12 18 

Fe(PF3)5 8 10 18 

Fe(CO)r 10 8 18 

CH3Co(CO)4 9 9 18 

Ni(CNR)4 10 8 18 

Fe2(CO)9 8 10 18 

[CpCr(CO)3]3 6 12 18 

Molecular orbital diagram for an octahedral 

complex {simplified), a-bonding only 

Molecular orbital diagram for an octahedral 

complex (simplified), a- and n-bonding 

adapted from P.R. Mitchell, R. V. Parish, 

J. Chem. Ed. 46 (1969) 811. 
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Class II: Aq is larger for 4d and 5d metals (espeeially in high oxidation states), and for 

a ligands in the intermediate and upper ranges of the spectrochemical series. 

- t29 is essentially nonbonding and can be occupied by 0-6 electrons. 
- e* is more strongly antibonding and thus no longer available for occupancy. 

Consequently, the valence shell contains 18 VE or less. A similar splitting Aq (t2g, e*) is 

also observed for complexes of the 3d metals with ligands possessing extremely high 
ligand field strength (e.g. CN“). 

Class III: Ao is largest for ligands at the uppermost end of the spectrochemical series 
(good TT-acceptors like CO, PF3, olefins, arenes). 

- t2g becomes bonding due to the interaction with n orbitals of the ligands and should 
be occupied by 6 electrons. 

- e* is strongly antibonding and remains empty. 

Therefore the 18 VE rule is obeyed, unless steric reasons prevent the attainment of an 
18 VE shell [V(CO)6 (17 VE), WMcg (12 VE)]. 

Organometallic compounds of the transition metals almost exclusively belong to class III. 

THE PARTICULAR CASE OF M(d®) AND M{d^^) COMPLEXES 

For elements at the end of the transition series (“late transition metals”) 16- or 14 VE 
configurations are favored over 18 VE configurations. 

Examples: M((i®) 

[Ni(CN)j2- 16VE 

[Rh(CO)2Cl2]" 16VE square planar, C.N. 4 

[AuClJ- 16 VE 

According to the 18 VE rule, a coordination number (C.N.) of 5 would have been 

expected. This is found for “earlier transition metals” with a d^ electron configuration: 

Fe(CO)5, [Mn(CO)5]-. 

Examples: 

[Ag(CN)2]- 
R3PAUCI 

M{d4°) 

14 VE 
14 VE 

linear, C.N. 2 

A qualitative explanation takes into account: 

(1) the electroneutrality principle (Pauling, 1948) 

(2) the Ti-acceptor character of the ligands 
(3) the change in energetic separation between (n — l)d, ns and np orbitals within a 

transition series 
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Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn 
The increase in atomic number is accompanied by a decrease in orbital energies because additional 

valence electrons only partially screen the higher nuclear charge. For {n—l}d orbitals, the decrease in 

energy is more pronounced than for ns and np orbitals, as d electrons show less interelectronic repulsion 

than s and p electrons. Moreover, a positive charge on the metal also serves to increase the separation 

between s, p and d orbitals. Thus, Ca® possesses the ground configuration [Ar] 4 s^, while that of the 

isoelectronic ion Ti^'^ is [Ar] 3d^. A more refined treatment is offered by F. L. Pilar (1978); “4s is 

always above 3d\”. 

ARGUMENTATIVE EXAMPLES BASED ON POINTS (l)-(3) (p. 189) 

• Fe(CO)5, Fe(CNR)5 
Fe^{d% 18VE 

The energies of the d, s and p orbitals are still rather close; effective backbonding 
Fe A CO from the relatively large Fe°(3d) orbitals leads to an equilibration of charge 
thereby fulfilling the electroneutrality principle. 

• Ni(CO)4 

Ki%d^% 18VE, C.N.4 

but 

Ni(PR3)4 Ni(PR3)3 + PR3 
NiO(diO), 18 VE, C.N.4 16 VE, C.N. 3 

The lower 7i-acceptor properties of PR3, compared to CO, and the low energy of the d 

orbitals in the Ni°(d^°) configuration (low yr-donor properties) limit the extent of back- 
bonding, leading to an equilibrium between C.N. 4 und C.N. 3. 

V 

• [Ni(CN)5]3- [Ni(CN)j2- + CN- 

Ni^\d\ 18VE, C.N.5 Ni"(d«), 16VE, C.N.4 

The equilibrium strongly favors the 16 VE complex, although CN" is a good 71-acceptor 
and steric crowding is absent. The increase in nuclear charge Ni° Ni^ effects a strong 
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decrease in the energy oi3d relative to 4 s and 4 p. The possibility to attain electroneutral¬ 
ity through Ni(3(iJ -> CN„ interaction is limited. 

With the ligand Cl”, which is lower in the spectrochemical series, only the 16-VE complex 
[NiClJ^” is realized. 

A further increase in the separation of the {n — \)d, ns and np orbitals is observed when 

an M((i'^°) configuration also has a positive nuclear charge, as in Cu', Ag‘, Au’ and Hg". 
14 VE complexes are now favored with C.N. 2 (linear). Bonding in these complexes is best 

described in terms ofM{d^2s) rather than M (sp)-hybrids (Orgel, 1960 R). The energetical¬ 
ly higher M(p) orbitals thus remain uninvolved. 

Excursion 
Can the VSEPR concept (valence shell dectron-/;air repulsion, Gillespie- 
Nyholm model) be applied to transition-metal complexes? 

The structures of simple compounds of 

the main-group elements can often be 
predicted by counting bonding and non¬ 

bonding valence electron pairs. An im¬ 

portant role is played by the stereochem- 
ically active lone pairs of electrons. The 

transfer of this principle to transition- 

metal complexes is generally not possible 

(see p. 192). 

• The common occurrence of coordina¬ 

tion number 6, independent of the num¬ 

ber of valence electrons {see class I, 

S. 187) shows that for transition-metal 

complexes electrostatic ligand-ligand 

interaction and the ratio »'a„io„/>'ca„on 
of structural significance in addition to 

covalent interactions. 

• For 18 VE complexes, structures are ob¬ 

served which would also have been pre¬ 

dicted by VSEPR theory. In the case of 

M(^T^), C.N. 7, the two complementary 

structures “pentagonal bipyramid” {e.g. 

[Mo(CN)7]^”) and “monocapped tri¬ 

gonal prism” (e.g. [(t-BuNC)7Mo]^‘^) 

both occur. For M((i®), C.N. 5 as well, 

complementary structures are encoun¬ 

tered: [Ni(CN)5]^” (square pyramid) 

and Fe(CO)5 (trigonal bipyramid). 

• For species with less than 18 valence 

electrons, structural predictions by 

means of VSEPR theory are successful 

only in the case of complexes 

(example: Ni(CO)3, trigonal planar). 

• For species with less than 18 valence 

electrons and an incomplete va¬ 

lence shell (n < 10), VSEPR theory is 

inapplicable. Qualitative predictions 

can, however, be made as follows: 

(a) Start with the corresponding 18 VE 
complex and successively remove 

the ligands together with their <j- 

bonding electron pairs. 

(b) Leave the structure of the remaining 

fragment unchanged [example: 

Cr(CO)6 ^ Cr(CO)5 ^ CbCO)^ 

Cr(CO)3]. 

In a phenomenological vein, vacant coor¬ 
dination sites play the same role for tran¬ 

sition metals as lone pairs do for main- 

group elements. This, however, is only 

true for ligands with modest steric de¬ 

mand. 
More subtle explanations are provided 

by ligand field theory, molecular orbital 

theory and the angular overlap model. 
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Main-group elements Number of ligands 

7 6 5 4 3 2 

VSEP 

7 
1 N* 

'-6 

6 'X 1 

^1^ 

X, ^ XV,,.." 

5 1..' 

1^ 
He 

1 

4 1 
09 

3 X 
^■o 

Transition elements 

Lone 
pair 

d" 
d4 

Pentagonal 
bipyramkJ or 
monocapped 
trig, prism 

Distorted 
octahedron, 
eg Ti(CO)g 

d6 xlx xLx 
^ X 

X ^ X' 
y' 

xl 

CKCO)g Cr(CO)| 0
 

0
 

0
 

Cr(CO)3* 

d8 
% I P®(CO)g 

^•3-, ^ X 
Ni(CN)|" 

X X 

RhCPRglg*' 

d10 ""'y 
_X' 

X 
Ni(CO)4 NKCOlg* 

adapted from 

D. M. P. Mingos 

in COMC 3 

(1982) 14 

* detectable by matrix isolation only QtS VE 
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As mentioned earlier in Chapter 2, it is convenient to classify organometallic compounds 

of the transition elements according to their respective ligands. The following table lists 

the more important organic ligands containing at least two carbon atoms, which coordi¬ 
nate to the transition metal through a bonds: 
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Depending on the capability of the ligand to form multiple bonds, the pure a bond (M - C 
single bond) can be supplemented by various degrees of n interaction (M — C multiple 

bond). The discussions found in this and the following chapters are roughly ordered 

according to the degree of increasing Ti-acceptor properties of the ligand, beginning with 
transition-metal alkyls (“a complexes”) and ending with transition-metal complexes of 

cyclic conjugated n ligands (“n complexes”). 

13.1 Preparation of Transition-Metal Alkyls and -Aryls 

Several preparative methods mentioned in Chapter 4 (methods [T] - [i^) for main-group 

organometallics are applicable to transition metals as well. Additional methods 13 - 15 

for transition-metal organometallics use metal complexes in low oxidation states as 

starting materials (ligand = CO, PR3, olefins etc.); complexes of this kind do not exist for 

main-group elements. 

Metal halide + organolithium (Mg, Al) reagent Metathesis [T] 

ZrCI 
4 PhCH2MgCI 

Et20 

CH2Ph 

PhH2C y ^CH2Ph 

PhH2C 

PtCl2(PR3)2 

RoP 

•"O 
R3P 

a metallacycle 

Apart from the strongly carbanionic alkyllithium- and Grignard reagents, other main- 
group organometallics, namely those of Al, Zn, Hg, and Sn, can also be used. Their 

attenuated alkylating power can be utilized if only partial exchange of halide ligands is 
desired. 

TiCL 
Al2Me0 

X^eTiCL 

NbCI, 
ZnMe'- 

Me2NbCl3 
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Metal hydride + alkene Alkene insertion 

(Hydrometallation) 
8 

trans-(Et3P)2PtCIH C2H4 -► trans-(Et3P)2PtCIC2H5 

CpFe(CO)2H + -► CpFe(CO)2—CH2—CH=CH—CH3 

1,4 addition, cis and trans 

The insertion of an olefin into the M —H bond is also the decisive step in certain 
homogeneous catalytic processes (see Chapter 17). 

Metal hydride + carbene 

CpMo(CO)3H 
C H2N 2 

Carbene insertion 

CpMo(CO)3CH3 

10 

Carbonylate anion + alkyl halide 

Na/Hg 

Metallate alkylation 13 

M n2( C O )^Q ► Na[Mn(CO)5] 
CHoI 

CH3Mn(CO)5 + Nal 

NaCp , C2H5I 
W(CO)6 -► Na[CpW(CO)o]— ^ CpW(CO)3C2H5 

- 3 CO 

A common side reaction is the elimination of HX from RX, caused by the nucleophilic 

carbonylate anions. 

Carbonylate anion + acyl halide Metallate acylation 

Many metal acyl complexes eliminate one molecule of CO on heating or after photo¬ 

chemical irradiation (see p. 359). This reaction is often reversible. 
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16 VE metal complex + alkyl halide Oxidative addition 14 

no 
Many complexes with 16 valence electrons, in which the metal has either a or 
configuration, react with alkyl halides. This raises the formal oxidation state and the 

coordination number of the metal by +2. The process is called oxidative addition; it can 

lead to either cis or trans addition. 

PhgP 

PPh, 

2 

CH. cis- 
OA 

16 VE 

r" CHc 

PPhs 

18 VE 

Pt 

r 'PPh. 

16 VE 

L 
'"X IX 

16 VE 

CH3CI 

trans- 
OA 

CHc 

|lILC° 
''o s'y 
^ I'' 

Cl 

18 VE 

AT 

CH3 

s, I'X 
Ir 

Cl ^ I^L 
Br 

18 VE 

This type of reaction is also observed for 18 VE complexes with a basic metal: 

c'o' 

X \ 

CH3I 
Co 

III 

CHc 

' III 
Co o 

X . 
PPh- 

18 VE 
PPhr 

18 VE 

I \h 
PPh3 ^"3 

18 VE 

Complexes with high electron density on the central atom and the propensity to increase 

their coordination number are sometimes referred to as “metal bases” (see H. Werner, 

1983 R). 

Olefin complex + nucleophile Addition 15 



13.2 Selected Properties of Transition-Metal tr Organometallics 197 

Upon nucleophilic addition to an tj^-ligand, a 7t/cr-rearrangement is observed. A further 
example; 

CH2 

(CO)5Mn.II 
CH2 

NaBH4 /CH2 
(CO)5Mn^ ^CH3 

13.2 Selected Properties of Transition-Metal a Organometallics 

13.2.1 Thermodynamic Stability versus Kinetic Lability 

Earlier attempts to prepare binary transition-metal alkyls or -aryls like diethyliron or 
dimethylnickel showed that such complexes could not be made under normal laboratory 

conditions, although they possibly existed as solvates at low temperatures. 
Known compounds with transitionmetal-carbon a bonds invariably contained addition¬ 

al ligands, notably CO, PR3 or halides: 

PtCU + 4CH3MgI l/4[(CH3)3PtIL 
(Pope, Peachey, 1907) 

Me3Pt 

heterocubane type 

CrCl3 -f SCeHjMgBr 
THF 

(C6H3)3Cr(THF)3 

(Hein, 1919) 

Further examples; CpFe(CO)2CH3, CH3Mn(CO)5 (Cp = This led to the as¬ 
sumption that transition-metal TM-C bonds generally are weaker than main-group 

element MGE - C bonds, a hypothesis that today is on longer tenable. 
A comparison of force constants for the metal-carbon stretching frequency shows that 

MGE-C und TM-C bonds can be of comparable strength: 

M(CH3)4 Si Ge Sn Pb Ti 

force con^ants ^ ^ 2.93 2.72 2.25 1.90 2.28 

Thermochemical data for transition-metal organometallics point in the same direction 

and it is currently assumed that the bond energy of TM —C bonds lies between 

120-350 kJ/mol. It should be noted, however, that the following data are mean values 
£(M -C) rather than individual bond dissociation energies (cf p. 12). Values found at the 

lower end of this scale should be considered more representative: 
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Compound £(M-C)/kJ/mol Compound £(M-C)/kJ/mol 

Cp2TiPh2 330 WMcg 160 

Ti(CH2Ph)4 260 (COljMnMe 150 

Zr(CH2Ph)4 310 (COlsReMe 220 

TaMcj 260 CpPtMej 160 

Despite the fundamental importance of M — C bond energies, their quantitative assessment 

is still a matter of debate. Inconsistencies may arise from the various experimental methods 

by which these data are obtained {thermochemistry, photochemistry, equilibrium constants, 

kinetic measurements etc., see Halpern, 1982 R) Even if a reliable value for E{M — C) is 

available, it remains questionable whether this value can be transferred to other 

organometallic fragments {Dias, 1987). 
With regard to the TM —C bond, it can nevertheless be stated with confidence that; 

• the TM —C bond is weaker than the bond of TM to other main-group elements 

(F, O, Cl, N) 
• its energy {in contrast to MGE — C) increases with increasing atomic number 

• steric effects must be taken into account {e.g. TaMcj, WMCg). 

Further, it is now generally recognized that the difficulties in handling binary transition- 
metal alkyls are not due to particularly low thermodynamic stability, but rather to high 
kinetic lability (Wilkinson, 1970). An effective strategy to prepare such compounds must 
therefore aim at blocking possible decomposition pathways. 

One general decomposition mechanism involves ^-elimination, resulting in a metal hy¬ 
dride and an olefin: 

R 

0 I 
H —CH 

L^M —CH2 

CN= n-l-1 

R t 
1 

H —CH 

i !l = 
LnM—CH2 LnM- II 

CH2 

CN= n-1-2 

CHR 

L-MH + II 
CH2 

decomp. 

Experimental proof for this mechanism is provided by the formation of copper deuteride 
in the following thermolysis; 

(Bu3P)CuCH2CD2C2H5 -► (BugPlCuD + CH2=CDC2H5 

^^-Eliminations can also be reversible: 

”C H 
Cp2Nb(C2H4)C2H5 ^ ^ Cp2Nb(C2H4)H 

+C2H4 
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M 

H 

In this context, the facile loss of hydrogen from r]*-cyclopentadiene complexes is readily understood. 

This reaction proceeds via the intermediate formation of a cyclopentadienyl hydride [cf C —H^M 
(2e 3 c) bonds, p. 267]. 

The first step can be regarded as an intramolecular oxidative addition: 

O O 

^^-Elimination can be suppressed, i.e. TM —alkyls become inert, when 

(a) the formation of an olefin is either sterically or energetically unfavorable 

(b) the organic ligand is void of hydrogen in the f-position 

(c) the central atom is coordinatively saturated 

Examples: 
(a) Double bonds to bridgehead carbon atoms are unfavorable (Bredt’s rule): 

In binary complexes MR4, the norbornyl group stabilizes the rare oxidation states Cr''", 

Mn"'^, Fe''^ and Co'''. 

(b) Absence of ^-H: 

C-ligands without ^hydrogens 

unidentate H 
/ / 

~CH0 “CH2C C -CH2Si—CH3 

CH3 

-C-C6H5 

H 

bidentate 

'3 
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The silaneopentyl group (R = CH2SiMe3) forms rather inert TM — C bonds (VOR3, mp 

75°C, CrR^, mp 40°C). 
Furthermore, compare the thermal stability of the neopentyl complex Ti[CH2C(CH3)3]4, 

(mp 90 °C) with the analogous alkyl complexes Ti(CH3)4 (decomp. -40°C) and 

Ti(C2H5)4 (decomp. -SOX). This also holds for the corresponding zirconium com¬ 

plexes; while Zr(Ph)4 cannot be isolated and Zr(CH3)4 decomposes above —15 °C, tetra- 

benzylzirconium is stable up to the melting point (132®C). 

(c) Absence of free coordination sites: 

This aspect is illustrated by the differing properties of Ti(CH3)4 and Pb(CH3)4: 

Ti(CH3)4 Pb(CH3)4 
decomp. — 40°C distills at 110°C/lbar 

(despite a smaller force constant 

of the Pb —C bond, cf. p. 197!) 

The decomposition of Ti(CH3)4 possibly proceeds via a bimolecular mechanism: 

QH3 

(CH3)3Ti:^ ^:Ti(CH3)3 

c:h3 

This dimerisation should effect a weakening of the Ti —C(2e2c) bond by converting it 
C 

into a three center bond Ti^ ^Ti (2e3c). 

For Pb(CH3)4, an analogous decomposition pathway would be unfavorable, since the 
main-group element lead has only high-energy d orbitals at its disposal for extending the 

coordination shell. 
Tetramethyltitanium in the form of its bipyridyl adduct (bipy)Ti(CH3)4 is thermally much 

more stable (blockage of free coordination sites, suppression of bimolecular decomposi¬ 
tion). Bidentate ligands like bis(dimethylphosphino)ethane (dmpe) are particularly suit¬ 

able. The inert nature of 18 VE TM — C alkyls, which contain cyclopentadienyl ligands, 

is explained in a similar manner. The labile, coordinatively unsaturated species Ti(CH3)4 

contrasts with the relatively inert, sterically shielded molecule W(CH3)6; 

WCle W(CH3)6 (red crystals, mp 30 X) 
(Wilkinson, 1973) 

IR: = 482 cm"^ 
'H-NMR: 5 1.62 ppm, ^H) = 3 Hz 

A further variant of coordinative saturation and thus kinetic stabilization is realized in 

complexes of the general type CH3TiX3 (X — halide, OR, NR2). Cryoscopic measure¬ 

ments on CH3Ti(OR)3 show only a small degree of association for CH3Ti(OCHMe2)3, 

while in solution CH3Ti(OC2H5)3 exists almost exclusively as a dimer with alkoxy 
bridges: 
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9H3 

\ R = iso-Prop 
/ Or 

o 
R 

H3C o 
\ / \ 

R =Et 

In addition, He(II)-photoelectron spectra suggest considerable mixing between empty 

titanium orbitals and the doubly occupied orbitals of the oxygen atoms. This 7r-donor 
effect is also important in other complexes RTiX3, its strength increasing in the order 
X = Cl < OR < NR2. 

If all three criteria (a)-(c) are fulfilled, a compound with remarkable thermal stability 
results: 

stable up to 350 °C! 

(Wilkinson, 1970) 

TM — C bonds can even occur in complexes of the classical Werner type, in so far as these 

complexes are kinetically inert. This is encountered in the cases of Cr"' {d% Co'" (^f®) and 
Rh'"(t/®). 

Examples; [Rh(NH3)5C2H5]2+, [Cr(H20)5CHCl2]^ + . 

13.2.2 Transition-Metal a Complexes in vivo 

With the possible exception of cytochrome P 450 (Ortiz de Montellano, 1982 R), the 
cobalamins are the only naturally-occurring compounds known to date which contain 

TM —C a bonds. They consist of a central cobalt atom, a substituted eorrin ring which 

acts as an equatorial tetradentate ligand, an axial ligand X, and a 5,6-dimethylbenzimi- 

dazole base that is linked to the side chain of a pyrrole ring through ribose and phosphate 

units. The various cobalamins differ in the nature of the ligand X: 

X CH3 CN Ad 

1^0] 

Xcobalamins methylcobalamin cyanocobalamin 

(vitamin 8,2) 

5'-desoxyadeno- 

sylcobalamin 

(coenzyme Bj2) 
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X 

Coenzyme Bjj, of which the adult human body contains 2-5 mg, is stable in a neutral, 
aqueous medium and resists oxidation by air. Methylcobalamin (isolable from microor¬ 

ganisms) releases methane and ethane only above 180 °C as result of a homolytic cleavage 

of the Co —C bond. This homolysis can also be initiated by photochemical irradiation. 
In the isomerase reaction, coenzyme catalyses 1,2-shifts of alkyl groups; 

H H 
I Ad [Co] I 

-C-C- -C—C- 

With the intention to clarify the mechanism of this and other reactions, an extensive 
organometallic chemistry of the cobalamins and their model systems, the cobaloximes, 
has been developed (Schrauzer, Dolphin, 1976 R). 

The chemical versatility of the cobalamins is founded upon the following aspects: 

• The largely covalent Co —C bond can be represented by three resonance structures: 

a b 

Depending on the reaction conditions and the nature of the attacking reagent, three 
possible modes of Co —C bond cleavage can be envisaged. They are all supported by 
experimental evidence: 



13.2 Selected Properties of Transition-Metal a Organometallics 203 

Homolysis 

Nucleophilic 
attack 

Electrophilic 
attack 

hv or AT 

CH3 
I in 

H^o]- 

2+ 
Hgaq 

solvent 
-t-'CHg -► CH4,C2He 

[Co] + RSCH3 

]++ CHaHg+q 

In the latter transalkylation, the methyl group is transferred as a carbanion (cf. p. 54 f). 

• Changes of the oxidation state of the cobalt atom in cobalamins can be induced in vitro 

by electrochemical means (Saveant, 1982 R) as well as by chemical reducing agents: 

R 

purple brown green 

Vitamin Bjjs is oxidized by O2, but metastable under physiological pH conditions. It 
represents an extraordinarily strong reducing agent. By means of oxidative addition of 

alkylating agents to Bi2s> several cobalamin derivatives may be obtained. Hydridocobal- 
amin is unstable in aqueous solution. The reduced form Bi2s apparently plays an impor¬ 

tant role in enzyme reactions, catalysed by coenzyme Bi2- These reactions have not been 

clarified in detail, but mechanistic patterns of organometallic chemistry may help in 

proposing reasonable schemes. 
Many properties of the natural cobalamins are mimicked by the cobaloximes, which are 

easily prepared from Co” salts, dimethylglyoxime, a base and an alkylating agent 

(Schrauzer, 1964). 

Co,Y + 2 dmgH2 XCo(dmgH)2B + 2HB + 

THF 
XCo(dmgH)2B + CHaMgX 
(dmgHj = dimethylglyoxime) 

^ CH3Co(dmgH)2B + MgX2 
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=N- 

O' 

CHo 

Co — -N = C-. 
\ / I ^ 

^c=n^o.,!.h.-° 
“3C ^lil. 

Bis(dimethylglyoximato){methyl){pyridine)cobalt, methylcobaloxime. In this synthetic model compound 

the bond lengths d(Co — N^^) and d{Co — C) are identical to those of coenzyme Bi2- The ligand field 

strengths of the original and its model are also very similar. 

13.2.3 Transition-Metal Perfluorocarbon a Complexes 

Transition-metal organometallics Rp —M with perfluorinated ligands, in comparison 

with the corresponding complexes Rh —M, very often show increased thermal stability 

which may be traced to a combination of thermodynamic and kinetic factors. Example: 

CFjCoCCOU CH3Co(CO)4 

can be distilled without decomposition at — 30°C 
decomposition at 91 °C 

Due to the high lattice energy of metal fluorides (the likely products of decomposition), 
Rp — M complexes are thermodynamically less stable than R^ — M species. Therefore, the 

higher thermal stability of perfluorinated organometallics probably reflects the increased 
bond dissociation energy D(M —Rp). 

Possible reasons for Z)(M —Rp) > D(M —Rh): 

§- The high partial charge M'’'^ generates contracted metal orbitals, where- 

Rp — M by metal-carbon overlap is increased. 

Ar 
F 

Low-lying n* molecular orbitals in perfluorosubstituted arenes effectively 

lend themselves fo Ar <- M backbonding thereby increasing the metal- 

carbon bond strength. 

The high bond energy of the M —Rp bond may also be responsible for the fact that 
insertions of CO molecules into M —C bonds are unfavorable: 

R-M(CO)n RCO-M(CO)n-i readily 

Rp-MCCOn -► RpCOMCCOn-i 
V rarely and only at 

elevated temperatures 

Suitable methods for the preparation of perfluoroalkyl- and perfluoroarylmetal com¬ 

plexes include coupling reactions, oxidative additions and insertions, but, compared to 

hydrocarbon complexes, certain peculiarities have to be taken into consideration. 
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Perfluoroacyl halides on reaction with carbonylate ions readily form perfluoroacyl-metal 

complexes, from which the perfluoroalkyl derivatives are easily prepared by decarbonyl- 
ation: 

RpCOCl + Na[Mn(CO)5] -► RpCOMnfCOls ^ RpMofCOg 
O V-/ 

Perfluoroalkyl chlorides are unreactive; the corresponding iodides in reactions with 

metal carbonyl anions display reversed polarity Rp" — 

2 F3CI + Na[Mn(CO)5] -^ MnfCOlgl + Nal + CgFg 

With neutral metal carbonyls, Rpl undergoes oxidative addition, thus behaving like a 

pseudo-interhalogen compound; 

Rpl -t- Fe(CO)5 (CO)4Fe + CO 

Cyclic perfluoroolefms and -arenes are highly susceptible to nucleophilic substitution of 

F“ by metal carbonyl anions: 

[CpFe(CO)2]’’ d-CgFe -► CpFe(CO)2-CeFs -p F“ 

[MnfCOg] + 
F^ 
F-. 

Mn(CO)5 

F“ 

In contrast, the less nucleophilic neutral metal carbonyls are subject to oxidative addition 

in reactions with unsaturated fluorocarbons, the degree of fluorination being maintained; 

Fe(CO)5 + 
/F 

C = C r^Fe^^(CO)4 +CO 

2 F2 

Alternatively, insertion of a perfluoroolefm into a metal-metal bond is observed: 

Co2(CO)g + F2C = CF2 -► (CO)4Co-CF2-CF2-Co(CO)4 
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14.1 Transition-Metal Alkenyls 

Complexes containing the structural elements 

c = c 

-alkenyl 

(vinyl complexes) 

-phenyl 

(aryl complexes) 

M— C = C — 

-alkynyl 

(acetylide complexes) 

occupy a position between the complexes with pure a-donor ligands (transition-metal 
alkyls) and the large class of cr-donor/Ti-acceptor complexes (L = CO, phosphane etc.). 

Although alkenyl-, alkynyl- and aryl ligands have empty n* orbitals which, in principle, 
are suitable for interaction with occupied d orbitals, structural data suggest that the 

M —C interaction has little double-bond character. If the M —C distances were shorter 
than the sum of the covalent radii, then some 7c-bonding would be indicated. The 
structural data of the following platinum complexes are a case in point: 

Pt-C r Pt" rco.C 

trans-[PtCl(CH2SiMe3) (PPhMe2)2] 208 131 77 (sp3) 
trans-[PtCl(CH = CH2) (PPhMe2)2] 203 131 67 (sp2) 
trans-[PtCl(C = CPh) (PPhMe2)2] 198 131 60 (sp) 

PPhlVle2 

^ 203 
Cl — Pt — CH 135 pm 

|i27°'^'^CH2 

PPhMe2 

In all three examples, the distances Pt-C are not shorter than the sum of the covalent radii of Pt" 

and C {in the respective hybridization state). They therefore give no indication of n-bonding between 

platinum and carbon. If considerable back bonding Pt(d,^) A C{p*) occurred, one would also expect a 

lengthening of the C —C bond, which is not observed. 

Apart from the usual methods of preparation, which have been shown also to be appli¬ 

cable to transition-metal alkyls (cf. p. 1941), one possible route to transition-metal <T-vinyl 
complexes is the oxidative addition of HX to t/^-alkyne complexes: 
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R 
I 

(R3P)2Pt- 111 
I 
R 

HCI 
-► (R3P)2CIPt 

H 

R 

In this case, the proton enters cis to the metal, which may reflect prior protonation of the 
metal. 

Transition-metal c-alkenyls can also be obtained by means of nucleophilic addition to 

cationic alkyne complexes. The trans stereochemistry of the product indicates that the 
nucleophile attacks from the non-coordinated side of the ligand: 

OC"""Je- 

PPho 
y 
CH3 

CH3 

-I- 

Li2[Cu(CN)Ph2] 

Vinyl groups occasionally act as bidentate c/Tt-bridging ligands, as the olefinic double 

bond remains unchanged by a-coordination. Alternatively, this can be regarded as ferra- 
allyl coordination to the second iron atom (C. Kruger, 1972); 

Br 

H 

Fe2 (CO)g + 
\ 

C = C 
/ 

Br 

Compared to the number of metal alkynyls discussed in the next chapter, metal alkenyls 

are relatively rare. 

Transition-metal <7-aryI complexes are not neccessarily more stable than the analogous 

alkyl complexes. TiPh4 decomposes above 0 °C to give TiPh2 and biphenyl. Exceptional 
stability is encountered in the square-planar nickel, palladium and platinum complexes 

(mesityl)2M(PR3)2. The corresponding alkyl and phenyl complexes are quite labile. 

R 

The ortho-substituents prevent rotation of the aryl group, forcing it into a conformation that ensures 

optimal overlap Pt(</^j,)-Aryl (?:*). A further role of the ortho-substituents, in addition to preventing 

f-elimination, may be to sterically inhibit the attack of ligands along the z-axis. 
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14.2 Transition-Metal Alkynyls 

Transition-metal alkynyls can be regarded as complexes of the ligand HC = C1® which 
is isoelectronic to CN~, CO and N2. In their stoichiometry, color and magnetic proper¬ 

ties, metal alkynyls are closely related to the corresponding complex cyanides. The 

acetylide ligand may also be regarded as a pseudohalide due to its similar behavior in 
complex formation and precipitation reactions. Therefore, transition-metal alkynyls are 
often regarded as being part of classical coordination chemistry rather than organometal- 
lic chemistry (Nast, 1982 R). 

PPhMe2 

I 198 118 pm 
Cl — Pt - C = CPh 

PPhMe2 

As in the corresponding vinyl complex, M — C as well asC — C bond lengths do not indicate substantial 

n-bonding for the platinum-carbon bond. The n-acceptor character of the alkynyl ligand apparently is 

of no significance. 

In contrast to CN“ und CO, RC = C1® is strongly basic; acetylide complexes are there¬ 
fore easily hydrolysed. Their preparation requires anhydrous solvents like liquid ammo¬ 
nia: 

Hexa(ethynyl)chromate(III) 

Acetylide complexes are generally quite explosive, their thermal stability decreasing in the 
order (ArC2)„M > (HC2)„M > (RC2)„M. 

More stable to hydrolysis, but no less explosive than the monomeric alkynyl complexes 
are the neutral, polymeric metal alkynyls of Cu’, Ag', Au’: 

T>45° 
2Cul + 2KC = CH -► 2CuC = CH -► CU2C2 -t- HC=CH + 2 Kl 

Cu Cu 

t c 
R — C = C — Cu ♦— III 

R 

Additional interactions of copper atoms with neighboring alkynyl ligands give each copper atom the 

coordination number 3 (alkynyl regarded as an r]^-ligand). 
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AUCI3 (aq) 
1.802, KBr 

2.RC=CH 
[AuC = CR]^ + H'*’ 

Bu^ 

C 
I 

Au 

Bu^ — C = C —Au 

Au —C = C— Bu^ 

1 
Au 

I 
C 

PPh. 

PPh^ 

PhgP — Au —C = C —R 

Bu’ 

The relative ease of depolymerization of alkynyl-gold complexes by Lewis bases may be 
associated with the reluctance of gold(I) to exceed coordination number 2. As implied by 

the weakness of the gold-olefm bond and the non-existence of binary gold carbonyls 

(Chapter 14.5), the cr-acceptor/7c-donor synergism is only weakly established in the “late 

transition-metal ion” Au'(<i^°). 

Transition-metal cr-alkynyls occur as intermediates in the rearrangement of 1-alkyne to 

vinylidene ligands (Werner, 1983): 

(PR3)2ClRh py / 
-► (PR3)2CI(py)Rh^ 

H NaCp __ /Py 

\ 

(PR3)2CIRh. 

Ph 

Ph 
I 

H 

■.$5. "^5*^6 
-NaCI 

(PR3)2Rh 
\ 

\ 

C=H 5^6 

Ph 

-py 

-PR, 

R3P 

Rh. 

/ 
Ph 

The phenylalkyne n complex equilibrates with its o--alkynyl(hydrido) isomer. Upon addi¬ 

tion of pyridine, this equilibrium is shifted, strongly favoring the o--alkynyl(hydrido) 

species. The hydrogen migration from metal to carbon is thought to proceed via a 

two-step intermolecular elimination/addition mechanism (see also vinylidene complexes 

p.217). 



210 14 cr-Donor/TT-Acceptor Ligands 

14.3 Transition-Metal Carbene Complexes 

Compounds containing metal-carbon double bonds are generally called metal-carbene 
complexes. If no heteroatoms are directly bound to the carbene carbon atom, they are 

referred to as metal-alkylidene complexes. The terms “Fischer carbene complexes” (het¬ 

eroatom substituted) and “Schrock carbene complexes” (C, H substituted) are also used 
occasionally. Complexes with metal-carbon triple bonds are designated metal-carbyne 

or metal-alkylidyne complexes. The first carbene complex was prepared in 1964, the 
first carbyne complex in 1973. Since then, this class of compounds has developed into 

an important branch of organometallic chemistry. The role carbene complexes assume 
as intermediates in olefin metathesis (p. 419) has further contributed to their current 
relevance. The synthesis of the dichlorocarbene complex (tetraphenylporphyrin)- 

Fe(CCl2) • H2O, prepared from CCI4, is regarded as a model reaction for the degradation 
of chlorohydrocarbons in the liver as catalyzed by the enzyme system cytochrome P-450 
(Mansuy, 1978). 

PREPARATION 

There are many routes to carbene complexes. The following examples also portray typical 
reactions of the respective starting materials. 

1. Addition of alkyllithium to M — CO (E. O.Fischer, 1964) 

O 
C 

W 

c 
o 

CO 
A LiR 

Et20 ^ 

O 

I % A"" 

cP II 

[(CH3)30]BF4 

0-Li + 

O 
C 

,.cO 
w 

II N Co 

'^0CH3 

This reaction is concordant with quantum-chemical calculations {Fenske, 1968), which have 

shown that the carbon atom in coordinated CO should bear a larger positive charge than 
in free CO. Nucleophilic attack should therefore be favorable. 

A variant of this procedure is the protonation (alkylation) of neutral acyl complexes 
(Gladysz, 1983): 

I 
Rp- .Me „ 

ON"'"" CF3SO3H 

1 II 
PPhg O PPh3 

+ 
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2. Addition of ROH to isocyanide complexes (Chatt, 1969) 

Cl 

I 
Cl —Pt — C=N—Ph 

I 
PPhg 

EtOH 

Cl 

Cl — Pt=:C 
NHPh 

OEt 
PPh3 

3. From electron-rich oleflns (Lappert, 1971) 

Ph Ph 

N- 

r'\=c'n 
-N 

1 
Ph 

N- 

I 
Ph 

Fe(CO)5 
-► 
- CO 

Ph 
I 

N, 

(oc)4Fe = C ] 

Ph 

4. From carbonyl metallates and geminal dichlorides (Ofele, 1968) 

Na2Cr(CO)5 + 
-20° 

THF 
-2 NaCI 

5. Interception of free carbenes (Herrmann, 1975) 

C5H5Mn(C0)2THF + CH2N2 

8% 

M — 
CH2 

II 
CH2 

92% 

(PPhglgOsCKNO) 
CH2N2 
-PPho 
-No ^ 

ON, 

Cl 

PPhc 

Os=CH2 

PPh3 

(Roper, 1983) 
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6. a-Deprotonation of an M-alkyl group 
intermolecular reaction; 

Cpg Ta'"" 

NaOCHg 

H 

CH- 

-► Cp,,Ta 
- CH3OH ^ S 

H 

CH< 

(Schrock, 1975) 

intramolecular reaction: 

/Cl LiCHoCMes 
(Me3CCH2)3Ta; - 

\ 
Cl 

-LiCI 

^CMe3 

^CH 

(Me3CCH2)2(Cl)Ta . H —« 

CH2CMe3 

(Me3CCH2)2Taf’^^^^®^ (Me3CCH2)3Ta=C;^ 
\ 

Cl -LiCI C M ©<n 

+ CMe4 

7. Hydride abstraction from an M-alkyl group (Gladysz, 1983) 

Re 

ON'"" I^CHg 

L 

PhaC+PFg- 

CH2CI2 

L 

STRUCTURE AND BONDING 

The metal-carbene bond can be described by several resonance forms: 

The relative contributions of the individual resonance forms a, b and c depend on the 
TT-donor properties of the substituents M, X and R at the carbene carbon atom. From 
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structural studies of various carbene complexes, the following characteristics can be 
deduced: 

• the coordinated carbene has trigonal planar geometry, carbon hybridization is approxi¬ 
mately sp^. 

• The bond M-C{carbene) is significantly shorter than an M-C single bond, but longer 

than the bond M — C(CO) in metal carbonyls. This points to the importance of resonance 

form b [(M(dJ ^ C{pJ contribution], 

• The bond C —X (X = heteroatom) is shorter than a single bond. A contribution of the 

resonance form c [C(p,,) <- X(pJ interaction] is thereby implied. 

Structure of (CO)5CrC(OEt)NMe2. The atoms Cr, C, O, N are coplanar, the O —C —N moiety is 
staggered with respect to the Cr(CO)5 unit (Huttner, 1972). 

Structure of This complex allows a comparison of bond parameters of the 

groups M = CH2 and M —CH3 in an identical environment (Schrock, 1975). 

Spectroscopic characteristics: 

Cr(CO)6: V(co) stretching frequency (Raman): 2108 cm ^ 

(CH30)CH3C = Cr(C0)5: V(co) trans to carbene: 1953 cm“^ 

These IR data imply that the carbene carbon atom is a weaker Ti-acceptor and/or 

a stronger cr-donor than CO. This is in agreement with the dipole moment 
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(CO)5Cr'^“-C^^ of 4 Debye, whose direction indicates a significant positive charge on 
the carbene carbon atom (resonance form a) and suggests electrophilic reactivity of this 

site. 

^^C-NMR d (ppm) reacts as: 

Cp2(Me)Ta = CH2 224 Nu 

t T^i 1 

(t-BuCH2)3Ta = C:j^ 250 Nu 

(CO)3Cr = <^"»3). 246 El 

(CO)3Cr = C:pj^“^ 351 El 

-Ph 
(CO)5Cr = C^pj^ 399 El 

The ^^C-NMR signals of coordinated carbene 

carbon atoms are spread over a large shift 

range; as with the signals of organic carbenium 

ions, they appear at low field (compare PhjC^: 

(5 212 ppm, Me3C^: S 336 ppm). The com¬ 

pounds (t-BuCH2)3Ta = C(t-Bu)H and 

(CO)5Cr = C(NMe2)H demonstrate that reli¬ 

able predictions of nucleophilic or electrophilic 

behavior cannot be made on the basis of ^^C- 

NMR spectra. 

‘H-NMR spectral data, however, offer definite proof for the significance of M = C as well 

as C = X double-bond character in the MC(X)R fragment: 

Me Me 
\ \ 

ty'O yO. 
(CO)5Cr=C^ (CO)5Cr=C Me (CO)5Cr=C^ 

Me ^Me i Me 

trans cis 

In the solid state, the methoxy{methyJ)carbene complex is in its trans-conformation. In 

solution at — 40 °C, both cis and trans forms occur (four ^H-NMR signals). Raising the 

temperature leads to pairwise coalescence of the ^H-NMR signals, caused by the rotation 

around the C — O bond axis (£„ = 52 kJ/mol, Kreiter, 1969). For the dimethylamino com¬ 

plex, the rotational barrier is higher so that three signals for the non-equivalent methyl 

groups are observed at room temperature. 

The M = CR2 bond in alkylidene complexes of the Schrock type is particularly rigid; 

considerable M = C double-bond character must be present here (p. 213). Thus, the non¬ 

equivalence of the methylene protons in the ^H-NMR spectrum of MeCp(Cp)Ta(CH2)CH3 

remains unchanged up to T = 100 °C (decomp), which indicates an activation energy for 

methylene rotation of AG* > 90 kJ/mol. 

REACTIONS OF TRANSITION-METAL CARBENE COMPLEXES 

The heterocarbene complexes, prepared by methods 1-3, are relatively inert, as the vacant 

orbital at the carbene carbon atom can be filled by rr-interaction with heteroatom lone 
pairs as well as with occupied metal d orbitals. Nevertheless, this carbene carbon atom still 
shows electrophilic character (resonance form a, p. 212).,and reacts with a variety of 

nucleophiles, e.g. amines and alkyllithium reagents, forming other carbene complexes. 

OCH3 

(00)5 Cr =C^ 

^CH3 

C2H5N H2 
(cojgCr = C 

\ 

NHC2H5 

CH3 
- CH3OH 
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Ph 

(C0)5« = C^ 

OCH3 

PhLi 

-78° 

Ph 

(cojgW-C - Ph 

OCH3 

HCI 
Ph 

-78° 
-CH3OH 

•- (C0)5»' = cr 
\ 

Ph 

The acidity of a neighboring methyl group is markedly enhanced: 

OCH3 

(co)5Cr =C;^ 

CH3 

CH3OD 

CH^ONa 

(Casey, 1973) 

OCH3 

CD3 

Carbene complexes in general are poor sources of free carbenes. In specific cases they can, 

however, be used as carbene transfer agents. An example is the cationic carbene complex 
[CpFe(CH2)L2]'^, which is generated and used in situ (Brookhart, 1987 R): 

CFoCOOH 
—-► 

-CH3OH 

cyclopropanation 

The following chiral carbene complex reacts with diethyl fumarate under chirality transfer 

to yield an optically active cyclopropane {E.O. Fischer, 1973). This reaction most likely 

proceeds via initial loss of one CO ligand and coordination of the olefin to the vacant 

coordination site. Intramolecular cycloaddition then forms a metallacyclobutane intermedi¬ 

ate {see Chauvin mechanism, p. 420). 

Pr 

Me— 
I OMe 

(CO)4Cr=c; 
^Ph 

+ 

£102^ 

C02Et 

A further use of carbene complexes in organic synthesis is their reaction with alkynes. 
This method utilizes the bifunctionality of carbonyl carbene complexes. Pentacarbonyl- 

[methoxy(phenyl)carbene]chromium reacts under mild conditions with a number of non- 

heteroatomsubstituted alkynes to form 4-methoxy-l-naphthols, which are 7r-bonded to 

Cr(CO)3 fragments. The unsubstituted naphthol ring and the C(OCH3) unit of the second 

ring originate from the carbene ligand, while the group C(OH) is derived from a carbonyl 

ligand: 

(CO)5Cr=c: 
OCH3 

+ R.—C=C-R 
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This cyclization reaction, which can be applied to other carbonyl carbene complexes as 

well, has been used for the synthesis of certain natural products, e.g. derivatives of 

Vitamin E and K (Dotz, 1984 R). 
Like organic carbonyl derivatives, carbene complexes can undergo a type of Wittig 

reaction (Casey, 1973): 

Ph 

(C0)5W = C^ + Ph3P=CH2 -► (COsWPPhg + H2C=C 

Ph 

\ 

Ph 
Ph 

compare: 

/ 
Ph 

0 = C + Ph3P=CH2 
/ Ph 

Ph 

OPPh3 + H2C=C^ 
Ph 

The similarity between these two reactions can be rationalized on the basis of the 
following isolobal analogy (p. 396): 

(CO)5W (CO)4Fe CH^ O 

Alkylidene complexes prepared by method 6, which are void of heteroatom stabilization, 

are considerably more reactive. They are primarily formed with transition metals in high 
oxidation states bearing ligands which are weak Tc-acceptors. In these complexes, the 

alkylidene carbon atom is nucleophilic and electrophiles may be added: 

H 

® 0CCH2J0 T Si — C 

\Me3 

o-V" 

Alkylidene complexes therefore react like metal ylides: 

1 /CMe 
X [(Me3CCH2)3TaO]x + C 

CHc 
/ 

C p p Ta 

CH2 

compare: 

Ph3P = CH2 

®/CH3 

CH2 

© 0 I 
Ph3P-CH2i 

AloMeo ®. 
—^ P ► Cp2Ta 

Al2Me0 

©/ 

\ 

CH3 

© 
CH2 Al Me3 

© © 

Ph3P —CH2AIMe3 
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A useful preparative application of this analogy is found in Tebbe’s reagent, an alternative 
to the classical Wittig reagents (Grubbs, 1980); 

AI ©0 

CppTiCC .jol^ne, 20°^ 

-Me2AICI 
-CH4 

CH- Me 

CP2T1 A| 

Cl Me 

Ph-C<^ 

_^ 

base 
Ph —c 

\ 
OR 

The actual methylene transfer reagent in this reaction is the alkylidene complex 

Cp2Ti = CH2, formed from Tebbe's reagent by loss of Me2AlCl. For this conversion of an 

ester into an alkoxy olefin, conventional Wittig reagents are not suitable. 

A variation of this method proceeds via a metallacycle, which is generated from Tebbe’s 

reagent through the reaction with an olefin in the presence of a Lewis base (Grubbs, 
1982): 00 

► Cp2Ti 
Cl 

base 
-Me2AICI 

Me 

Pr 

,Me 

^Pr . 
[C P2T i = C H2] 

subsequent 
reactions 

I-1 I-1 

In contrast to the TiCAlCl reagent, the TiCCC derivative can be handled in air for brief 
periods. Its use as a methylene transfer reagent does not require the presence of base. 

Carbene complexes with cumulated double bonds are formed by protonation or by alkyl¬ 

ation of cr-alkynyl complexes which are generated in situ (Berke, 1980): 

M n — C = C — C — O 

Vinylidene complex Allenylidene complex 
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The vinylidene ligand is one of the strongest Ti-acceptors, surpassed in this respect only 

by the ligands SO2 and CS. 

POST SCRIPTUM 

The distribution of the reactivity patterns “nucleophilic” and “electrophilic” among the 

two classes of carhene complexes M = C(X)R may seem paradoxical to the reader: why 
should Fischer carbene complexes (central atom in low oxidation state, 71-donor sub¬ 

stituents X) exhibit electrophilic behavior, whereas Schrock complexes (central metal 
atom in high oxidation state, substituents R void of Tr-donor character) show nucleophilic 
behavior? A survey of factors which govern the character of the carbene carbon center 

shows, however, that a simple answer is not to be expected: 

- electron configuration and shielding characteristics of the central metal atom, 

- inductive and conjugative effects of the ligands L and of the substituents R and X 
- overall charge of the carbene complex. 

Furthermore, chemical reactions can proceed either by charge control or by frontier 
orbital control. In the latter case, a negative partial charge on the carbene carbon atom 

does not necessarily lead to nucleophilic behavior (Roper, 1986 R). 
If, notwithstanding these ambiguities, a qualitative explanation is still desired, one could 

argue that the electrophilic nature of the carbene carbon atom in Fischer complexes is due 

to the combined effect of the Tt-acceptor ligands on the metal and the inductive effects of 
the electronegative heteroatoms on the carbene center. The nucleophilic nature of 

Schrock complexes, however, may be due to the strong M A C(carbene) backbonding 
and the absence of — I substituents on the carbene. 
An alternative explanation ascribes electrophilic behavior to those carbene complexes, in 

which the respective free carbene possesses a singlet ground state and nucleophilic 
character to those complexes, where the free carbene has a triplet ground state (Hall, 

1984). It is best, however, to avoid such strict classifications and discuss the relation 

between bonding and reactivity in each individual case according to judicious consider¬ 
ation of the various factors involved. 

14.4 Transition-Metal Carbyne Complexes 

PREPARATION 

1. The first examples of this class of compounds emerged serendipitously (E. O. Fischer, 
1973): X 

OCH3 

(C0l5M = C^ + BX3 

R 

(cojsM-C^ 
R 

planned reaction 

M =Cr,Mo.W 

X =CI.Br,l 

R = Me,Et, Ph 

Substitution always involves the carbonyl group trans to the carbene ligand. 
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2. Another route, applicable only to compounds of the early transition metals in high 
oxidation states, is a-deprotonation of a carbene ligand (Schrock, 1978): 

1. PMeg I I 

Cl 

2. Ph3P=CH2 

- [PhgPCHaJCI 
Cl 

Ta = c—R 
' I 
PMeo 

A related reaction is a-H elimination, in which an a-hydrogen atom of a coordinated 
alkylidene is transferred to the metal atom (Schrock, 1980): 

3. Transition-metal alkylidyne complexes can also be prepared from hexa(r-butoxy)- 
ditungsten and alkynes under mild conditions via a metathesis reaction (Schrock, 

1982): 

(t-BuO)3W = W(t-BuO)3 -I- RC = CR -► 2 (t-BuO)3W = C-R 

R = alkyl 

4. A further method is the treatment of a reactive dichlorocarbene complex with an 

organolithium compound (Roper, 1980): 

L30s(H)CI(C0) 
H g (C C 13)2 

-Hg 
-CHCI3 

2 ArLi 

- ArCI 
-2 LiCI Cl 

L 

% ' _ 
Os = C — Ar 
✓ I 

L 

L = PPh3 

Ar = o-Tolyl 

STRUCTURE AND BONDING 

Me 

^ 169pm 

OC III XO 
"Cr" ^195 

y I \ OC I CO 

r^Cr —C —Me -180° 

The M — C(carbyne) bond is usually shorter than the corresponding distance 

M-C(carbonyl). The bond axis M = C-R is linear or nearly linear. 
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CMec 

CV 175” 

Structural data for the compound (dmpe)W(CH2CMe3) (CHCMe3)CCMe3) allow a direct compari¬ 

son of the lengths of formal W —C single, W = C double and WsC triple bonds {Churchill, 1979): 

diW-alkyl) = 225 pm; dCW-alkylidene) = 194 pm; d{W-alkylidyne) = 178 pm. 

The M — C bond in carbyne complexes is best described as a combination of one tr-donor 

bonding and two Tt-acceptor backbonding interactions: 

n-interaction (backbonding) of the orbital with the orbital of the carbyne ligand and two n* 

molecular orbitals of two CO ligands. The same interaction occurs in the yz-plane. 

As in the case of carbene complexes, an electron-rich heteroatom substituent can also 

contribute to the stabilization of carbyne complexes. 

( % / _ \Q^ © 

Instead of a triple bond to one metal, the ligand RC; can also form three single bonds 
to three metals, thereby becoming the triple-bridging /ij-alkylidyne building block in 

transition-metal clusters. Details concerning the use of carbene and carbyne complexes 

in cluster synthesis are deferred to Chapter 16.5. 

14.5 Metal Carbonyls 
"V 

Transition-metal carbonyls are among the longest known classes of organometallic com¬ 

pounds. They are common starting materials for the synthesis of other low-valent metal 

complexes, especially clusters (see Chapter 16). The carbonyl ligand can not only be 

substituted for a large number of other ligands (Lewis bases, olefins, arenes), but the 
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remaining CO groups stabilize the molecule against oxidation or thermal decomposition. 

Metal carbonyl derivatives play an important role as intermediates in homogeneous 
catalysis (see Chapter 17). 

Carbonyl groups are also useful probes for determining the electronic and molecular 
structure of organometallic species by spectroscopic methods. 

Neutral, binary metal carbonyls: 

4 5 6 7 8 9 10 11 

Fe(CO)5 CojlCOlg 

Ti V(CO)6 Cr(CO)6 Mn2(CO)io Fe2(CO)9 Co4(CO)i2 Ni(CO)4 Cu 

Fe3(CO)i2 Co6(CO)i6 

Ru(CO)5 Rh2(CO)8 

Tc2(CO)io 

Zr Nb Mo(CO)0 

Tc3(CO)i2 

Ru3(CO)i2 Rh4(CO)i2 Pd Ag 

Ru6(CO)i8 Rh6(CO)i6 

Os(CO)5 Ir4(CO)i2 

Hf Ta W(CO)6 Re2(CO)io 

Os3(CO)i2 IrglCOlie 

Pt Au 

14.5.1 Preparation, Structure and Properties 

1. Metal + CO 
Ni + 4CO 

Fe + 5 CO 

1 bar, 25 °C 

100 bar, 150“C 

Ni(CO)4 

Fe(CO), 

Pure iron (void of surface oxides) reacts with CO at room temperature and a pressure of 

1 bar.__ 

2. Metal salt + reducing agent + CO 

TiCU- DME + bKCioHg + 4 15[crown]-5 + 6CO 

-> 2 {K(15[crown]-5)2} ^ + [TKCO)^]^ + 4KC1 + DME + bCioHg 

-u f.rn —> iNaidislvmelol' ivicui^i — VCI3 + 3Na + 6CO 

CrClj + A1 + 6CO 

WCL + 2Et3Al + 6CO 

dig'y- .[Na(diglyme)2]nV(CO),] 

Cr(CO)6 + AICI3 

300 bar 

CsHs, AlCb 

-H, 
V(CO), 

140°C, 300 bar 

C6H6,50°C 
70 bar 

W(CO)6 + 3C4H10 
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2Mn(OAc)2 + Mn2(CO)io + QH^o 

Re207 + 17 CO-^Re2(CO)io + 

30oSi3Vc>R^3(CQ)i2 

2C0CO3 + 2H2 + 8CO Co2(CO)8 + 2GO2 + 2H2O 

3. Miscellaneous methods 

2 Fe(CO)5 —-^4 Fe2(CO)9 + CO (photolysis) 

Fe(CO)5 + 2 OH  -> [HFe(CO)4] “ + HCO3- (base reaction) 

3[HFe(CO)4]“ + 3Mn02-> Fe3(CO)i2 + 3 0H- + 3 MnO 

Structures of various binary metal carbonyls are shown on p. 224. 

14.5.2 Variants of CO Bridging 

The three principal coordination modes of the CO ligand are: 

0 
III 
C 

I 
M 

0 

C ^2 

M-M 

terminal doubly bridging 

0 

M- 

/^3 

-M 

triply bridging 

Doubly bridging carbonyl groups are quite common, especially in polynuclear clusters; 
they appear almost exlusively in conjunction with metal-metal bonds: 

0 
II 

M-M 

II 
0 

M 

I 
C 
III 
0 

CO bridges often occur in pairs and can be in dynamic equilibrium with the non-bridging 

mode. For example, octacarbonyldicobalt in solution consists of a mixture of at least two 
structural isomers (see p. 225 above). 
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Physical Properties of Selected Metal Carbonyls 

Compound Color mp. in °C Symmetry IR Vco in cm ^ Miscellaneous 

V(CO)e green-black 70(d) o, 1976 paramagnetic, S = 1/2 

Cr(CO)6 white 130(d) o. 2000 d(Cr-C)= 192 pm 

Aq = 32'200 cm“^ 

Mo(CO)6 white — (subl) O, 2004 d(Mo-C) = 206 pm 

Aq = 32'150 cm“i 

W(CO)6 white — (subl) O. 1998 d(W-C) = 207 pm 

Aq = 32'200 cm"' 

Mn,(COU yellow 154 D4. 2044(m) 

2013 (s) 

1983(m) 

d(Mn —Mn) = 293 pm 

Tc,{COU white 177 D4d 2065(m) 

2017(s) 

1984(m) 

Re2(CO)^o white 177 D44 2070(m) 

2014(s) 

1976(m) 

Fe(CO)5 yellow -20 D3. 2034 (s) 

2013 (vs) 

bp 103 °C, highly toxic 

d(Fe-CJ= 181 pm 

d(Fe-CJ= 183 pm 

Ru(CO)5 colorless -22 D3(, 2035 (s) 

1999 (vs) 

unstable; 

forms Ru3(CO)i2 

Os(CO)5 colorless -15 D3. 2034 (s) 
1991 (vs) 

very unstable; 

forms Os3(CO)i2 

Fe2(CO)9 gold-yellow d D3, 2082(m) 

2019(2) 

1829(s) 

d(Fe —Fe) = 246 pm 

C02(CO)8 orange red 51(d) C2„ 
(solid) 

^34 
(solution) 

2112 2107 

2071 2069 

2059 2042 

2044 2031 

2031 2023 

2001 1991 

1886 

1857 

d(Co —Co) = 254 pm 

Ni(CO)4 colorless -25 T4 2057 bp 34 °C, highly toxic 

d(Ni-C) = 184 pm 

easily decomposes to 

Ni and 4 CO 
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Structures of binary metal carbonyls: 
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D 3d 

o 
c 
\ 

OC-Co 

o 
c 

Co-CO 
OC 

Co 

o o 
c c. 

c 
o c 

o 

c 2 V 

Larger metals prefer the unbridged form (eompare the structures of Fe2(CO)9 vs 

Os2(CO)9 or of Fe3(CO)i2 vs Os3(CO)i2). Presumably, in the case of larger metal atoms, 
the bond distance M — M and the angle M — C — M of a CO-bridge are incompatible. 
Apart from the symmetrical bridge, unsymmetrically semibridging jj,2-CO groups are also 

occasionally encountered. They can be regarded as being intermediate between terminal 
and bridging carbonyls. 

Substitution of two CO groups in Fe2(CO)9 for 2,2'-bipyridyl (bipy) leads to considerable structural 

change in the bridging region. The superior a-donor and inferior n-acceptor character of bipy as 

compared to CO would entail an uneven charge distribution over the Fe atoms. The higher negative 

charge density on (R) may, however, be reduced by means of a semibridging CO unit which towards 

exhibits n-acceptor character exclusively, the a-donor action being restricted to Fe. 

In a further unsymmetrical form, the <T/;r-bridge, CO acts as a four- or six-electron donor 

displaying side-on coordination which is uncommon in mononuclear carbonyl com¬ 

plexes (this coordination mode is reminiscent of vinyl complexes, p. 207); 
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Examples for (x/Tc-bridging CO: 

The MojlCO); core in 

(^i-PhjPCH^PPh^l^Mn^lCOls 

The Nbjl/i-CO) core in 

[CpNb(CO)j3(//-CO) 

14.5.3 Bonding in Metal Carbonyls, Theory and Experimental Evidence 

ELECTRONIC STRUCTURE OF THE M-CO BOND 

The description of the transition metal-CO bond as a resonance hybrid 

( © © _ I 
)M —C=Ol ◄-► M = C = 0 ) 

(Pauling, 1935) 

leads to a bond order between 1 and 2 for the M — C bond, between 2 and 3 for the C — O 
bond and to less charge separation which satisfies the electroneutrality principle. Because 

of its prevalence in organometallic chemistry, a closer look at the carbonyl ligand is 

warranted, however. 

The character of the frontier orbitals of CO may be derived from the following experimen¬ 

tal evidence: 

Species Configuration (J(C —0)/pm Vco/cm ^ Conclusion 

CO {5ar 113 2143 

CO + (5 ay 111 2184 5(7 is weakly antibonding 

CO* {5ay{2ny S124 1489 1 

T121 1715] 
271 is strongly antibonding 

(Johnson, Klemperer, 1977) S = singlet state, T = triplet state 
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This rudimentary energy-level diagram for CO 

can be refined by inclusion of s, p^-mixing. Even 

in its simplest form, the nature of the HOMO 

(a*, antibonding) and the LUMO (n*, antibond¬ 

ing) is depicted correctly. The symbols in brack¬ 

ets refer to the energetic sequence of the molec¬ 

ular orbitals, which results if all atomic orbitals, 

including C(ls) and 0(1 s), are considered. 

Based on quantum-chemical calculations, con¬ 

tour lines for the MO’s of free CO may be 

drawn. They portray the shape of the ligand 

molecular orbitals which are relevant for 

M — C —O bonding. Solid and broken lines indi¬ 

cate opposite phase. The absolute values (0.3, 

0.2 and 0.1) decrease with increasing radial dis¬ 

tance. 

These data for CO in the ground state, the electronically excited state (CO*) and as the 
cation (CO^) contribute to an understanding of the changes this molecule undergoes on 

coordination to a transition metal. Consider a single moiety M —C —O: 

@ 

C>«00<omoa 

M((7) ^ CO (5(7) 
(7-donor interaction, 

bonding 

Bond 

order M — C: increases 

(D 

M(7r) <- CO(l Tt) 

7t-donor interaction, 

bonding 

(often neglected) 

(D 

M C-0 0 § 
M(7t) ^ CO(27t) 
7t-acceptor interaction, 

backbonding 

increases increases 

Bond 
order C —O; increases 

Stretching 

frequency v^o: increases 

increases decreases 

increases decreases 
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Quantum-chemical calculations suggest that the most important contribution to M — CO 

bonding is furnished by interaction (T). The electroneutrality principle is fulfilled by 
minor contributions from interaction This is apparent from the contour-line dia¬ 

grams which show that for bonds of comparable strength the M d{n) CO{2n) interac¬ 
tion leads to more extensive charge transfer than the M (d cr) •<- CO (5 cr) interaction. From 

the data t/(C —O) and v^o for free CO* (5a)^(27i)\ it can be further deduced that even 
a small participation of the vacant ligand MO 27i: in M —C —O bonding is sufficient to 

bring about considerable change in the C — O bond order. 

Experimental evidence (bond lengths, stretching frequencies or force constants) reflects 
the sum of effects caused by the interactions (T)-(^. A partitioning into individual 

contributions question as to the legitimacy of such a separation is 
controversial since the interactions are not independent of each other (synergism, p. 185). 

The correlation between the change a ligand experiences either by raising it into an 

electronically excited state or by coordinating it to a transition metal remains a useful 

concept, however. It can be applied when discussing the bond parameters of olefin 
complexes and in explanations of the chemical activation of molecules by complex 
formation. 

The transition from a fragment M — C —O to a real molecule, e.g. M(CO)g, does not raise 

any new aspects concerning the nature of the M — CO bond, but is an application of the 

MO approach to larger molecules. The separation of the interactions into a (octahedron: 
aig,eg,t^J and n (octahedron: tjg) is facilitated by symmetry considerations. 

EXPERIMENTAL EVIDENCE FOR MULTIPLE BONDING M--C--0 

The most conclusive indications of the bond order in metal carbonyls are provided by 
crystal structure determinations and by vibrational spectra. As backbonding from the 
metal to CO increases, the M — C bond should become stronger (shorter) and the C — O 
bond correspondingly weaker (longer). 

For the discussion of bond orders, the distance d{C-0) is ill-suited since bonds of orders 2 and 3 vary 

only marginally in their lengths. For bonds of orders 1 and 2, d{C-0) differs substantially, however. 

In free carbon monoxide, d(C — 0) amounts to 113 pm while in metal carbonyls d(C-O) = 115 pm 
is generally found. 
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More revealing is an inspection of the distance </(M-C); here the progression from 

M —C to M = C is accompanied by a shortening of 30-40 pm. However, a quantitative 
assessment is again difficult, as reference values i/(M-C, single bond) often are unavail¬ 
able for zerovalent metals. 

NR3 

231 NR3 

' . 
Mo 

N 
193 NR3 

CO 

Estimation of 4(M—C, single bond): 

The covalent radius for Mo° can be inferred by subtracting the covalent radius of nitrogen (sp^, 70 pm) 

from the Mo —N distance (231 pm). This difference (161 pm) added to the covalent radius of carbon 

{sp, 12 pm) leads to the distance d(Mo — C, single) = 233 pm. The smaller value d(Mo —C) = 193 pm 

found in (R3N)3Mo(CO)3 therefore indicates significant double-bond character for the molybdenum- 

carbon bond. 

The discussion of chemical bonding in metal carbonyls profits from the consideration of 

infrared spectra: To a first approximation, C —O stretching vibrational frequencies, in 
contrast to M —C stretching frequencies, can be regarded as being independent from 

other vibrations in the molecule. Therefore a relation between CO stretching vibrational 
frequency and CO bond order can be established. 

(a) Bonding modes of the carbonyl group 

The change in vibrational stretching frequencies v^o is quite characteristic: 

Free Terminal li2-CO /I3-CO 

Vco(cm 1) 

O 
III 
c 

2143 

O 
c 

I 
M 

1850-2120 

O 

M M 

1750-1850 

M 

O 

4 M 
M 

1620-1730 

Example: Cr(CO)g Vg-o = 2000 cm S /c = 17.8 N cm '■ 

Bond order C —O « 2.7. 

(b) Charge on the complex 

vco/cm 1 

Ni(CO)4 2060 

41° Co(CO); 1890 

Fe(CO)r 1790 

Mn(CO)g" 2090 

4® Cr(CO)g 2000 

V(CO)g 1860 

Increasing negative charge leads to expansion, 

increasing positive charge to contraction of the 

metal d orbitals with attendant increase or de¬ 

crease in the overlap M{d, 7t) — CO(n*), respec¬ 

tively. The charge of the complex therefore in¬ 

fluences the extent of backbonding, which 

manifests itself in the value of v^-q. 

2143 
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In the adduct H3B® —®CO, boron can be regarded as a central atom void of rr-donor 
character. Backbonding effects are therefore absent and the CO stretching frequency is 

shifted to a higher wave number (v^o = 2164 cm“ ^), in accordance with the nature of the 
donor orbital CO (5 a), which is slightly antibonding with respect to the intra-ligand bond 

(p. 226). 

(c) Symmetry of the molecule 

The number and intensities of carbonyl stretching bands in the vibrational spectra largely 

depend on the local symmetry around the central atom (p. 231). Quite often, the symme¬ 
try of a metal carbonyl complex is determined simply by counting the number of infrared 

bands. The expected number of IR-active bands can be derived by means of group theory. 

(d) 7i-Acceptor and (r-donor properties of other ligands 

Ligands in mutual trans position compete for the electrons of a particular metal d orbital. 

Two CO groups therefore weaken each other’s bond to the same central atom. By 
replacing a CO group with a ligand which is a weaker Ti-acceptor, the M — CO bond in 
the trans position is strengthened and the C —O bond weakened. 

This notion is exemplified by a comparison of CO stretching frequencies in a series of 
complexes of the general composition L3Mo(CO)3 (Cotton, 1964); 

Complex Vco cm ^ 

(PF3)3Mo(CO)3 2055, 2090 
(PCl3)3Mo(CO)3 1991, 2040 
[P(OMe)3]3Mo(CO)3 1888, 1977 
(PPh3)3M0(CO)3 1835, 1934 
(CH3CN)3Mo(CO)3 1783, 1915 
(dien)Mo(CO)3 1758, 1898 
(Py)3Mo(CO)3 1746, 1888 

In this series, PF3 is the better Tc-acceptor (backbonding into d orbitals of phosphorus, 

electron-withdrawing substituents); pyridine and the tridentete ligand diethylenetriamine 
(dien) have poor or no Tc-acceptor character and behave as cr-donors exclusively. 

Based on the Vco stretching frequencies in complexes with a mixed ligand sphere, the 
following order of n-acceptor strength can be proposed: 

NO > CO > RNC > PF3 > PCI3 > PCI3R > PCIR2 > P(0R)3 > PR3 > RCN > NH3. 
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Number and Modes of IR-active bands (vco) in carbonyl complexes, depending on the local 
symmetry of M(CO)„ 

Complex Number and Modes Point Complex Number and Modes Point 
of IR-active Bands Group of IR-active Bands Group 

Vco Vco 

CO CO 

OC/,, 1 OCx I 
1 Oh ,M —CO 2 

o
 

o
 \

 

/
 

o
 

o
 

T 
OC*^ I 

Ap + E' 
CO '1 u CO 
M(CO)g M(C0)5 

L L 

M 
OC^ 1 ^CO 

3 C4V 
o^x I 

.M—CO 
oc^ I 

3 
C3V 

CO 2Ai+ E CO 2Ai+ E 

LM(C0)5 LM(C0)4 

L CO 

M 
OC^ 1 ^co 

1 D4h 

OCX I 
.M — L 

oc^ I 
4 C2v 

L Eu 
CO 2 A-^ + B-j + B2 

trans-L2M(CO)4 LM(C0)4 

CO L 

v""" *■ oc..,, I 
1 

oc^T^l 4 C2v .M — CO 
OC^ I 

^3h 

CO 2 A-| + B-| + E 
I 
L 

E' 

cis-L2M(CO)4 trans-L2M(CO) 3 

L L 

OCxJ 
2 O3V .M—CO 3 Os 

OC^ 1 
Ai + E 1 

CO CO 2A'+ A" 

fac-LgMfCOla cis-L2M(CO)3 

L 
1 CO 

I 
"m" 

1 ^CO 

3 *^2v 
I 

OC^'^"""'CO 

CO 

1 Td 

CO 2 A-| + H2 
T2 

mer-LgMCCOls M(C0)4 

L 
1 

L 
I 

O
 

O
 \ 

6
 

o
 2 C3v 

I 

L'^^"""'CO 

CO 

2 C2v 

CO A, +E Ai+ B-i 

LM(C0)3 L2M(C0)2 
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14.5.4 Principal Reaction Types of Metal Carbonyls 

CO is such a common ligand that a chapter covering reactions of metal carbonyls would 

necessarily cover a substantial part of organometallic chemistry. Here, only a small survey 

will be given, with references to other relevant sections of the text. 

(T) Substitution 

CO groups can be substituted thermally as well as photochemically (cf. p. 244) for other 

ligands (Lewis bases, olefins, arenes). This general method is a standard procedure for the 
synthesis of low-valent metal complexes. A complete substitution of all carbonyl groups 
is rarely accomplished. 

One variant frequently employed is the intermediate introduction of a ligand whose bond 
to the metal is labile. This ligand can then be replaced by other ligands under mild 
conditions: 

Cr(CO)6 

CH3CN 

reflux * 
Cr(CO)3(CH3CN)3 

.Cr 
oc"" I'^co 

CO 

Cr(CO)6 + 
-CO ^ ^.CrtCO)^ ^ LCrfCOlg 

Other M(CO),,, transfer agents are the complexes (THF)Mo(CO)5, (CH2Cl2)Cr(CO)5 and 
(cyclooctene)2Fe(CO)3 (Grevels, 1984). 

Carbonyl substitutions at 18 VE complexes proceed by a dissociative mechanism (D), 
that is via an intermediate of lower coordination number (or its solvate): 

Cr(CO)6 {Cr(CO)5} ^ LCr(CO)5 Z)(Cr-CO) = 155 kJ/mol 

Ni(CO)4 {Ni(CO)3} LNi(CO)3 D (Ni - CO) - 105 kJ/mol 

18 VE 16 VE 18 VE 

Ni(CO)4 reacts faster than Cr(CO)6, the activation enthalpies AH* of these reactions 
being virtually identical to the bond energies D(M —CO). 

For reasons yet unexplained, the Cr < Mo > W v 

rate of substitution is highest for Co < Rh > Ir 
the central element in each group: Ni < Pd > Pt 

Carbonyl metal complexes with a 17 VE shell undergo substitution via an associative 

mechanism (A); it can be shown that the formation of a 19 VE intermediate is accompa- 
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nied by a gain in bond energy (Poe, 1975): 

V(CO). LV(CO).-LV(CO), 

17 VE 19 VE 17 VE 

The 17 VE complex V(CO)6 reacts 10^° times faster than the 18 VE complex Cr(CO)6! 

The accelerated substitution of a 17 VE as compared to an 18 VE complex is utilized in 
electron transfer (ET) catalysis. This principle will be explained for the case of ET 
catalysis initiated by oxidation (Kochi, 1983): 

M(CO)n 
18 VE 

CO 

slow 
LM(CO)n-i 
18 VE 

17 VE 17 VE 

cat. 

M(CO)n 
-e- 18 VE 

The labile species M(CO)„'^ must be generated chemically or electrochemically in catalytic amounts 

only, step (T). A necessary requirement is that the redox potentials allow step to proceed 

spontaneously. ET catalyses can also be initiated by reduction (18 VE -+ 19 VE). 

(?) Addition of nucleophiles to tf-CO 

Formation of carbene complexes (p. 210) 
Formation of carbonylmetallates (p. 234) 

Formation of formyl complexes: 

Fe(CO)5 + Na" [(MeO)3BH]- Na" (CO),Fe-<^ 

(Casey, 1976) 

(3) Disproportionation 

3Mn2(CO)io + 12py^^^^ 2[Mn(py)6]2+ +4[Mn(CO)5]" 
(Hieber, 1960) 

This type of disproportionation is also observed for Co2(CO)8; it can be effected photo- 

chemically (Tyler, 1985 R). 

(J) Oxidative decarbonylation (p. 237, 336) 
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14.5.5 Carbonylmetaliates and Carbonyl Metal Hydrides 

The classical route to metal carbonyl anions (carbonylmetaliates) is the reaction of metal 

carbonyls with strong bases (base reaction, W. Hieber, 1895 — 1976, the pioneer of metal 

carbonyl chemistry). In this reaction, the base OH attacks the carbonyl carbon atom 
(cf. the analogous reaction with alkyllithium reagents, p. 210) and the initial addition 
product decomposes, presumably by ^-elimination, to give the carbonylmetaliates: 

Fe(CO)5 + 3 NaOH(3q) -► Na+[H Fe(CO)4]--(- Na2C03 

I + HgO 

H2Fe(CO)4 

Fe2(CO)9 + 40H--> [Fe2(CO)8]2- + CO^ + 2H2O 

3Fe(CO)5 + EtaN-^ [EtaNHl^ [HFe3(CO)iJ- 

Cr(CO)6 + BH;-> [HCr2(CO)io]“ 

O 
II _ . 

The initially formed formyl complex [(CO)5Cr —C —H] has a half-life of x-^i2 ~ 40 min 

at room temperature {Casey, 1976). 

Carbonylmetaliates are formed by most metal carbonyls. Their protonation generally 

(but not always) leads to metal carbonyl hydrides (Examples: Mn(CO)5‘, Fe(CO)4“, 

Co(CO)4). 
Other methods to generate transition-metal carbonyl hydrides: 

C02(CO)8 + 2Na-> 2Na+[Co(CO)4]~---^ 2HCo(CO)4 

Fe(CO)3 + I2-Fe(CO),l2 > H2Fe(CO)4 

Mn2(CO),o + H2 2oobar,,50°c>2HMn(CO)3 

Properties of some metal carbonyl hydrides: 

Complex mp Decomp. 

°C 

IR 

Vm-H 

^H-NMR 

3 ppm 

Acidity 

comparable to 

HCo(CO)4 -26 -26 1934 -10 1 H2SO4 

H2Fe(CO)^ -70 -10 -11.1 4.7 CH3COOH 

[HFe(CO)J- ■v 14 H2O 

HMn(CO)5 -25 stab. RT 1783 - 7.5 7 H2S 

The term “hydride” for these complexes is based on the assignment of formal oxidation 

states (hydrogen has a higher electronegativity than most transition metals, cf. p. 8) and 
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should not be equated with chemical reactivity. The properties of transition-metal hy¬ 

drides vary considerably; they range from hydridic through inert to acidic in character. 

M —H functioning as a hydride donor: 

C5H5Fe(CO)2H + HCl-> C5H5Fe(CO)2Cl + H2 

M —H functioning as a proton donor: 

HCo(CO)4 + H2O-> H3O+ + [Co(CO)4]- 

Structural elucidation of metal hydrides by means of X-ray diffraction is difficult (the 
atomic scattering factors are proportional to the square of the atomic number; light 

atoms have high amplitudes of thermal vibration). Neutron diffraction is preferable. 

Typical values for the bond parameters in transition-metal hydrides; 

<i(M —H) = 150-170 pm £(M —H) « 250 kJ/mol 

The hydride ligand occupies a definite position in the coordination polyhedron. MnlCOljH has the 

structure of a slightly distorted octahedron. The Mn — H distance approximates the sum of the covalent 

radii. With increasing bulk the ancillary ligands {e.g. PPhj) may dominate the overall geometry of the 

complex, however. 

The localization of a bridging hydride ligand (W^ is especially difficult because of the proximity 

of two strongly scattering metal atoms. The position of the hydride ligand in |Et4N|''' IHCrjfCOlifl] 

was determined by neutron diffraction. 

The bonding situation in the bridge is similar to that in the moiety B B 

(“open” 2e3c bond) encountered in boranes. 
M - H units are easily detected by large high-field shifts of their *H-NMR signals (see also 

p. 306). This shielding cannot be directly related to structure and reactivity of these 
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complexes, though. The absence of a high-field NMR signal (0 > 5 > — 50 ppm) does not 

necessarily imply that an M —H moiety is absent. More reliable indications of the 
presence of direct M —H bonds are found in the coupling constants, e.g. V(^°^Rh, 

^H) = 15-30 Hz, ^H) = 28-80 Hz, ^H) = 700-1300 Hz. 
In addition to protonation, other important reactions of carbonylmetallates include alkyl¬ 

ation and silylation: 

[Mn(CO)5]“ + CH3I-^ CH3Mn(CO)5 + r 

[C5H5W(C0)3]- + (CH3)3SiCl-> C5H5W(CO)3Si(CH3)3 + cr 

Carbonylmetallates have also found application in organic synthesis (Na2Fe(CO)4, 

“Collman’s reagent”). Organic halogen compounds can be functionalized in many ways 
via intermediary reaction with disodium tetracarbonylferrate: 

Advantages: high yields (70-90%), other functional groups need not be protected since the 

organoiron anions do not add to carbonyl or nitrile groups. 

Limitations: Fe(CO)4“ is a strong base and, with tertiary halogen compounds, effects 

HX-elimination. 
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Examples: 

1) Na2Fe(CO)4, THF, CO 

-► 
2) HOAc 

1) Na2Fe(CO)4, THF, CO 

-► 
2) n-C7F.,5COCI 

CHO 

98% 

14.5.6 Carbonyl Metal Halides 

Carbonyl metal halides are known for most transition metals. They are formed by 

reaction of metal carbonyls with halogens or by reaction of metal salts with CO: 

Fe(CO)g + 12 

M n 2! 0 O ).|Q 4" I2 

Fe(CO)4l2 + CO 

CO CO 

2Mn(CO)5l — ° .'. 

O^ I I '^O 
CO CO 

C5H5N 

(py) 

CO CO 

. 1 .' py oc,„„ 1 
"Mn-" ◄- Mn'' 

^ 1 ^ 
U C 1 p y OC 1 py 

py CO 

The formation of the fac-substitution product results from the trans effect of the CO ligands. 

The late transition metals copper, palladium, platinum, and gold, while not forming 

stable binary carbonyls, do give carbonyl metal halides: 

Cl ^ /Cl / /CO 
2PtCL + 2CO -> /Pt/ /Pt/ 

OC Cl Cl 

The reversible fixation of CO to Cu(I) serves to remove carbon monoxide from gases: 

2[CuCl2]- + 2CO^=^ [Cu(CO)Cl]2 + 2Cr 

Cu VNH4OH + CO-> [Cu(NH3)2CO]+ Cu+ + CO 

The corresponding complex [Cu(en)CO]Cl of the chelating ligand ethylenediamine (en) 

can be isolated, although it is rather unstable. 
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Carbonyl metal halides are suitable precursors for the formation of metal-metal bonds: 

Mn(CO)5Br + [Re(CO)5]--^ (CO)5Mn-Re(CO)5 + Br' 

14.6 Thio-, Seleno-, and Tellurocarbonyl Metal Complexes 

Although the molecules CS, CSe, and CTe as monomers are unstable at room tempera¬ 
ture, they can be generated in the coordination sphere of a transition metal. The most 

common source for CS is CS2, which itself is first coordinated as an ^y^-ligand to the 
metal. The f]^-CS2 unit is then attacked by triphenylphosphine to yield the fj^-thiocar- 

bonyl complex and triphenylphosphanesulfide (Wilkinson, 1967): 

RhCKPPhglg 
CSg 

MeOH 
- PPh3 

PhgP. 

PhgP 

\ 
Rh 
\ 

+ PPh3 
-► 
- PhgPS 

PhoP 

Rh 

Cl^ \ 

CS 

PPhc 

CSe2 

Mn 

OC^ I ^THF 
cb 

I 
Mn 

OC = CS©2 

CO 

+ PPh3 ^ 
- PhgPSe 

1 
Mn 

OC^ \ ^CSe 
cb 

Other sources for CS are ethylchlorothioformate or thiophosgene (Angelici, 1977 R): 

N 
1 

Fe 
EtOCCI 1 
-► OC—Fe —C 

HCI 1 
-► Fe 

CO^ ^CO 

o
_

 
0

 

/
 

0
 

m
 -EtOH i N 

OC i CS 
CO 

2 Cr(CO)g 
+ 2e- 

Na/Hg 
THF 

- 2CO 

[Cr2(CO)^of 
4-2e- 

-2e- 
2 [CrtCOlg]^- 

-2 Cl 
CI2CS 

(Thiophosgene! 

(COlgCrCS 
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An additional approach is the substitution of two chlorine atoms in a dichlorocarbene 
complex by (Roper, 1980): 

PR3 
Cb, 

Os^ 

Cl ̂
 1 ^ CCb 

PRc 

HE~ 

-HCI 
-ci- 

PR3 

Cb 

Cl 

Os 

,^l ^ 

xCO 

CE 

PR3 

E - S, Se, Te 

The M —C —S segment is usually linear, the M —CS bond being shorter and therefore 
stronger than an M —CO bond in the same coordination sphere: 

181 

oc. 
Te 

C 
O 

179 pm 

^Cs 

173 

O, 

oT I 
In 

C 216 pm 

pO 
.s'" 'O, xv'' 

w 

I 

I s 
194 pm 

206 

'O 

(Angelici, 1987) 

Vcs = 1031 cm“ ^ 

(Angelici, 1976) 

Vps = 1240 cm “ ^ 

(R = cyclohexyl) 

Bridging CS ligands are also known; apparently CS is even more inclined to serve as a 

bridging ligand and in this function more versatile than CO: 

s 
c 
o 

(Angelici, 1977) (Lotz, 1986) 

Vcs = 1031 cm”^ Vcs = 1156 cm~^ 

[vcs = 1220 cm “ ^ 

in (PhMe)Cr(CO)2CS] 

Note the preference of /t-CS bridging over /r-CO bridging in [(C5H5)Ru(CO)CS]2 and the 
bridging mode M —C —S —Min (PhMe)Cr(CO)2CSCr(CO)5. For the ligand CO, bridg¬ 

ing of the type M — C — O — M has only been observed in a few exceptional cases (Trogler, 

1985). 
The valence electron formula used above is in agreement with the bond angle CSCr and 
with the very short Cr = C bond, which is reminiscent of the bond length in carbyne 

complexes (p. 219). 
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Transition-metal thiocarbonyl complexes exhibit Vcs frequencies in the range of 1160 to 

1410 cm" ^ (free CS in matrix isolation: Vcs = 1274 cm" ^). Obviously, metal coordination 
can either weaken or strenghten the CS bond. Compared to CO, CS is thought to be a 

better rr-acceptor. This conclusion can be rationalized using a valence bond argument: 

§ © - 
LnM—C=Ol -► LnM = C = 0 

|LnM-C=Sl -► LnM = C=S 

a b 

© § ) 
► LpM = 0 Oi r 

© § I 
-► LnM=C-Sl[ 

C 

M A C backbonding leads to an increase of the metal-ligand and a decrease of 

the intra-ligand p^ — p^ bond order {canonical forms b, c). According to the “double-bond 

rule” {p. 108) contributions b and c should be more significant for CS than for CO. A 

comparison of the bond lengths (i(M —CS) versus r/(M —CO) confirms this notion. The 

propensity of thiocarbonyl complexes to form “end to end” bridges M —C —S —M reflects 

the weight of the canonical form c(S); this propensity increases with decreasing frequencies 

Vcs infrared spectra of L„ MCS. In a more refined treatment of the n-acceptor/a-donor 

ratio for CS, the particular electron density at the metal atom also has to be considered 

{Andrews, 1977) as well as the fact that the n-donor contribution M(7i:) <- 1 {n) ((5)) P- 227) 
is more important for CS complexes than for CO complexes. 

14.7 Isocyanide Complexes (Metal Isonitriles) 

Substitution of the oxygen atom in carbon monoxide IC = OI for the group NR leads to 

isocyanides (isonitriles) IC = N —R. In composition and structure, metal isonitriles closely 

resemble the corresponding metal carbonyls. 

M(CNR)6 M(CNR)5 M2(CNR)8 M(CNR)4 

M = Cr, Mo, W M = Fe, Ru M = Co M = Ni 

However, a more detailed analysis (major contributions by L. Malatesta) reveals impor¬ 
tant differences between CNR and CO: 

• In contrast to CO, isonitriles possess a considerable dipole moment: Pcwh — 3-44 Debye 
(negative end on carbon), = 0.1 Debye. 

• CNR can displace CO as a ligand: 

Ni(CO)4 + 4 CNPh-^ Ni(CNPh)4 'F 4 CO 

• Some metal isonitriles as yet have no metal carbonyl counterparts 

Examples: [Pt(CNR)4]2 + , [M(CNR)4]+ (M = Cu, Ag, Au). 

• Although documented, the ability of CNR to acts as bridging ligand is not as pronounced 

as for CO [example: (RNC)3Co(^-(CNR)2)Co(CNR)3]. 



14.7 Isocyanide Complexes (Metal Isonitriles) 241 

• Compared to metal carbonyls, metal isonitriles have a greater tendency to occur in higher 

oxidation states (M*, M”) and a reduced ability to stabilize low oxidation states 

(M°, M“^). 

• Metal coordination of CO without exception results in a lowering of the stretching 

frequency Vco- For isonitriles, shifts of to higher as well as to lower wave numbers 

are observed upon coordination: 

L = p-CHjCgH^NC L L^Ni L^Ag^ 

VcN/cm‘^ 2136 2065 2186 (sh) 

2177 

2033 2136 (w) 

Compared with CO, isonitriles CNR display stronger <T-donor and weaker 7t-acceptor 

character, the latter being influenced by the nature of the group R. 

Contrary to what might be anticipated from the contribution of canonical form b, backbond- 

ing does not lead to a bent structure for the isonitrile ligand. 

Whereas strict adherence to the octet rule (a VB concept) for b would necessitate placing 

a lone pair of electrons on the nitrogen atom with concomitant ligand bending, the use of 

vacant antibonding orbitals n* of linear CNR for the backbonding interaction circumvents 

a “violation” of the octet rule. Note that the concept of antibonding molecular orbitals and 

their engagement in chemical bonding is alien to the valence bond formalism. 

From the large number of reactions of metal isonitriles, only the addition of compounds 

with active hydrogen (alcohols, phenols, amines, hydrazines) are mentioned here: 

,NHMe ■|2+ 

/' I 
/C CNMe 

1. H2NNH2 \ / 

[Pd(CNMe)4] -► I Pd 
2. HBF4 HN^ ^ \ 

\C CNMe 

’.I 
■NHMe 

This type of reaction constitutes a general route for preparing aminocarbene complexes 

(cf. Chapter 14.3). 
The fact that the chemistry of metal isonitriles has long been overshadowed by that of 

metal carbonyls is not due to a lack of interesting reactions, but rather to the repulsive 

smell of the free ligands. 
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Excursion 
Photochemical Reactivity of Organotransition Metal Complexes 

Absorption of a photon converts a molecule into an excited electronic state, which 
constitutes a new chemical species with altered molecular and electronic structure and 
therefore different chemical behavior. Compared to the respective ground state, 

molecules in an electronically excited state may display different bond angles (formation 

of strained systems, p. 415), as well as drastic changes of the acidity constants and in the 
redox potentials. Most importantly, specific bond weakening in an excited state may 
cause greatly enhanced chemical reactivity. Thus, thermal substitution of CO in (i/^- 

C5H5)Mn(CO)3 requires high temperatures, whereas photochemically it proceeds at 
room temperature. 
A thorough discussion of a photochemical reaction ideally includes a description of 

photophysical aspects (nature and life-time of the electronically excited state), photochem¬ 
ical primary processes (bond cleavage, bimolecular substitution, redox process) and of 
synthetic utility. In organometallic chemistry, this completeness is hardly ever achieved. 

Already, the problems begin with an unequivocal assignment of the excitation since the 

differentiation between metal-centered {d — d) and charge-transfer (CT) transitions, dear 
to the practitioner of ligand field spectroscopy, finds only limited applicability to organo- 
transition-metal complexes, where covalent bond character dominates. Here hoth orbitals 
involved in an electronic transition usually contain metal- and ligand contributions, 

rendering criteria of assignment like solvatochromism or substitution effects inappropri¬ 
ate. 

In the simplified MO scheme of an octahedral complex, the various types of electronic 

excitation are defined. Correlation liney lead to the basis orbitals which dominate in the 

respective molecular orbitals. Source: N. Sutin, Inorg. React. Meth. 15 (1986) 260, 
J. J. Zuckerman, Ed. 

LF 

MLCT 

LMCT 

|ig 

Ligand- field transition between orbitals with dominant metal (nd) character. 

Example: [piperidinefH{CO)X = 403 nm, e = 3860 {Wrighton, 1974). 

This category also includes transitions cr(M —M)-> o-*(M —M) in oligonuclear com¬ 

plexes with metal-metal bonds. 

Example: Mn2(CO)io, X = 336 nm, e = 33700 {Wrighton, 1975). 

Metal-to-ligand charge transfer, formally an intramolecular oxidation of the metal and 

reduction of the ligand{s). 

Example: {4-formyl-pyridine)V\f{CO)X = 470 nm, e = 6470 {Wrighton, 1973). 

Ligand-to-metal charge transfer. 

Example: [Cp2Fe]^, X = 617 nm, e = 450 {H. B. Gray, 1973 R). 

Intraligand transition, electronic excitation n ^ n* or n ->■ n*, respectively, between or¬ 

bitals which are predominantly centered on a ligand, counterpart to LF-transition. 

Example: {trans-4-styrylpyridine)W{CO)^, X = 316 nm, e = 16300 {Wrighton, 1973). 
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Ma*, Mtt* 

(n-H)p 
,,/f 

Ltt" 

MCT*d 

(n + 1)s 

nd 

TT’ 

m 

A [LF] 

MLCT 

Mvrd 

LMCT 

Ltt 

TT 

METAL 
ORBITALS 

L(j 

MOLECULAR 
ORBITALS 

LIGAND 
ORBITALS 

Additional excitations are: 

IT Intervalence transition, M -> M' charge transfer in mixed valence oligonuclear complexes. 

Example: biferrocenyl^, [(C5H5)Fe"(C5H4 —C5H4)-Fe‘"(C5H5)]^, X = 1900 nm, 
e = 550 {Cowan, 1973 R). 

MSCT Metal-to-solvent charge transfer. Example: Cp2Fe in CCI4,1 = 320 nm. Irradiation at the 

frequency of the MSCT band causes photo-oxidation of the substrate according to 

Cp^Fe+ CCl4-^{Cp2Fe-CCl4}*-^Cp2Fe- + CC + CClj 

For the photochemical primary processes which follow the initial absorption of light, the 

life-times of the electronically excited states are of critical importance. The photochemi- 

cally active state of a molecule is not necessarily generated directly by the absorption of 

a photon: 

The intensive red color of [Fe(bipy)3]^’'' is due to an MLCT transition. However, the MLCT 

state is extremely short-lived (t < 10“ s) and rapid relaxation to a longer lived chemically 

active LF state occurs (i = 10“ ® s, Sutin, 1980). Note that direct generation of an LF state 

{d — d transition) would be Laporte-forbidden. 

Electronic excitations are usually accompanied by vibrational excitations (vertical tran¬ 

sition, Franck-Condon principle). Excessive vibrational energy is rapidly dissipated into 
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the surrounding medium, though, resulting in a thermally equilibrated excited state 

(“thexi-state”). 
Depending on the energy and the life-time of the excited states, the following processes 

may succeed: 

Unimolecular primary processes: 

Radiationless deactivation 

-> MLg -h heat 

Luminescence 

-> MLg + hv 

Dissociation, association 

ML* ML5 ML5A 

Dissociation, oxidative addition 

ml*— 

Isomerization 

cis/trans or d/l rearrangement 

Homolytic cleavage 

L5M - ML*5-^ 2 MLj 

Reductive elimination 

L^MCH)!-^ L^M + H2 

Bimolecular primary processes: 

Collisional deactivation {thermal) 

ML^ + A->■ MLg -I- A -H heat 

Energy transfer (electronic) 

ML*6 + A-> MLg + A* 

Electron transfer (after MLCT) 

ML*6 + A-> ML^ + A“ 
ML*6 + B-> MLg + B + 

Association (after MLCT) 

ML*6 + A-> MLgA 

(-> ML5A + L) 

In the following sections, four photochemically initiated reaction types, which have 

gained preparative importance, will be discussed. 

1. PHOTOCHEMICAL SUBSTITUTION AT METAL CARBONYLS 

This is the best known and the most frequently executed photoreaction in organometallic 

chemistry. Examples: 

W(CO)6 + PPh3 

Fe(CO)5 + 

hv 
W(CO)5(PPh3) + CO 

hv 

■•Fe(CO)3 + 2 CO 

CpV(CO)4 + PhC = CPh CpV(CO)3_„(PhC = CPh)„ + n CO n = 1, 2 

CpMn(CO)3 CpMn(CO)2THF CpMn(CO)2L 

The rate constant for the dissociation Cr(CO)6 ^ Cr(CO)5 -I- CO, which proceeds 

the entrance of a new ligand L, is increased upon photochemical excitation 

Cr(CO)g ^ Cr(CO)| by a factor of 10^^! This effect may be traced to the ligand-field 

transition t2g(n) 0^(0*) which leads to the depopulation of an M —CO bonding- and 
the population of an M — CO antibonding MO (see p. 188). In metal carbonyl complexes 

M(CO)„L„ with a mixed coordination sphere, photochemical excitation causes dissocia- 
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tion of that ligand which is most weakly bonded in the ground state as well. This will be 

the ligand at the lowest position respectively in the spectrochemical series: 

M(C0)5THF 
hv 

M(C0)5 + THF 

For this reason, the weakly bonded ligand THF can only be introduced once. Among 

ligands which form bonds of comparable strength, competitive reactions are observed: 

CO + M(C0)4L M(C0)5L M(C0)5 + L 

Thus, in the presence of an excess of trimethylphosphite, quantitative photochemical 

conversion of Mo(CO)6 into Mo[P(OMe)3]g can be achieved (Poilblanc, 1972). 

In (f7^-arene)Cr(CO)3, the arene as well as the carbonyl groups may be replaced: 

+ CO 

(;7®-arene)Cr(CO)3 
hv 

{(;7^-arene)Cr(CO)2} 

+ L 

(?7^-arene')Cr(CO), 

(A7^-arene)Cr(CO)2L 

Mo- and W-complexes undergo CO substitution less readily. 

If suitable free ligands are absent, the gap in the coordination sphere, generated through 
photochemical dissociation of CO, may be closed by dimerization: 

2 RetCOlsBr hj^ 
CCI4 

-2 CO 

(CO)4Re Re(CO)4 

(Wrighton, 1976) 

O 

hv 
2 CgHgCotCOlg - -»► (CsHsICo ==Co(C5H5) 

C 
o (Brintzinger, 1977) 

The gap may also be filled internally via (T{rj^) n{ri^) rearrangement: 

Mn(CO)g 
hv 

- A — Mn(CO)4+ CO 

(M.L.H. Green, 1964 R) 

Another possibility of coordinative saturation is oxidative addition, as exemplified by 

hydrosilation (Graham, 1971): 

SiCl3 

Fe°(CO)5 

hi^ (__ I noiv.13 ^ -XjlF'" 
Fe(CO)4[ --► Fe 

-CO 

HSiCl3 H 

oC^ I 
c 
o 
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Whereas the previous examples of carbonyl substitution featured dissociative activation, 

the electronic peculiarities of the ligand NO permit an associative mechanism which is 

initiated by a preceding photochemical conversion of NO^ (linear coordination) into 

NO“ (bent coordination) (Zink, 1981): 

-I hi' ( ■•■I v. ^*PhoP , , -I 
(CO)3Co-N=OI -» (COlgCo-N^ PhgPCCOgCo-N^Oi 

18 VE 16 VE 18 VE 

short-lived 

intermediate 

2. PHOTOCHEMICAL REACTIONS WITH CLEAVAGE 

OF METAL-METAL BONDS 

Oligonuclear organotransition metal compounds may hold metal-metal bonds of the 

orders 1-4 (chapter 16). In the simplest case, two 17 VE fragments are linked by means 

of an M —M single bond. Examples: [(C5H5)Mo(CO)3]2, Mn2(CO)io, Co2(CO)8. 

(COlsMnCD (COlsMn —Mn(CO)5 (T^MnlCOls 

In these dinuclear species, the M —M single bond is the weakest link. Photochemical 

excitation a ^ a* reduces the bond order to zero and homolytic cleavage yields two 
organometallic radicals which undergo subsequent reactions: 

Mn2(CO)io 2 Mn(CO)'5 2 Mn(CO)5Cl 

From a study of competitive reactions for the halogen abstractions, the following reactiv¬ 
ity sequence was derived (Abrahamson, 1978): 

Re(CO)5 > Mn(CO)*5 > CpW(CO)3 > CpMo(CO)-3 > CpFe(CO)-2 > Co(CO)i 

This series parallels the trend in the energetic splitting E{o, a*) which manifests itself in 
the optical spectra of the respective dimers. 

Other photolytic and follow-up reactions which are synthetically useful include: 

[CpNi(CO)]2 2 CpNi(CO)- 2 CpNi(CO)SR 

[CpMo(CO)3]2 2 CpMo(CO)3 2 CpMo(CO)2NO 
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Through co-photolysis heterometallic dinuclear complexes may be prepared; 

Re2(CO)io + [CpFe(CO)2]2 2(CO)5ReFe(CO)2Cp 

A few seemingly simple photochemically induced subsitutions have been shown to pro¬ 
ceed via an initial cleavage of the metal-metal bond (Wrighton, 1975): 

Mn2COio + PPha-> Mn2(CO)9(PPh3) 

hv 

2 Mn(CO)5 Mn(CO)5 + MnCCO^PPh-j 

The 17 VE radical Mn(CO)-5 is substitution-labile; replacement of CO by PPhj takes an 
associative path, that is without preceding expulsion of CO (T. L. Brown, 1985). 

In [CpFe(CO)2]2, however, the dimeric structure is maintained during the substitution 
process (T. J. Meyer, 1980): 

^pu Cp2Fe2(CO)3PPh3 

This also applies to :ri^-Et2C2) [CpMo(CO)2]2 (Muetterties, 1980): 

Et 
C, 

Cp(CO)2Mo; -Mo(CO)2Cp 
c ■ 
Et 

Jl£_ 
P(OMe)3 * 

-CO 

Cp(CO)2M 

P(OMe) 
‘ / 
Mo(CO)Cp 

3 

Obviously, bridging ligands in addition to metal-metal bonds obviate homolytic cleav¬ 

age. If the cluster Ir4(CO)i2 is photolyzed in the presence of an alkyne, the aggregation 
Ir4 is preserved, the metal frame changing from tetrahedral to planar geometry, however. 

The entrance of an electron-rich alkyne abates the electron deficiency of the Ir4-unit with 

concomitant reduction of metal-metal connectivity (B. F. G. Johnson, 1978); 
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On the other hand, the thermodynamic stability of certain organometallic clusters may 

also lead to the generation of new metal-metal bonds under photochemical conditions; 

2Co2(CO)8 Co4(CO)i2 + 4CO 

Occasionally, photoreactions of dinuclear metal carbonyls are accompanied by dispro¬ 

portionation: 

[CpMo'(CO)3]2 + cr CpMo"(CO)3Cl + [CpMo°(CO)3]- 
' (T.J. Meyer, 1974) 

Mn2(CO)3o + 3NH3 [fac-Mn'(CO)3(NH3)3]"] Mn-'(CO)3]- 
-2 CO (Herberhold, 1978) 

Mechanistically, these reactions may follow the sequence homolysis ^ substitution ->■ 

electron transfer. 

3. PHOTOCHEMICAL REACTIONS WITH CLEAVAGE 
OF METAL-HYDROGEN BONDS 

While transition-metal hydrogen bond cleavage reactions do not strictly belong to the 

realm of organometallic chemistry, they are closely related to it. 

• In the case of mononuclear di- and oligohydrides, the primary reaction of the photo- 
chemically excited molecule usually is reductive elimination of H2 (Geoffroy, 1980 R). 

The electron-rich and sparsely coordinated species which are formed in this way are 

highly reactive. They combine even with relatively inert partners, which is of consider¬ 
able preparative significance (see p. 440); 

hv 2 N 
(dppe)2MoH4 {(dppe)2Mo} -^ trans-[(dppe)2Mo(N2)2] (Geoffroy, 1980) 

/iv C H 
CP2WH2 —— {CP2W} CP2W^ (M. L. H. Green, 1972) 

^ Ph 

(dppe)2ReH3 —^ {(dppe)2ReH} (dppe)2Re ^^^CH (Geoffroy, 1980) 

dppe = Ph2PCH2CH2PPh2 

Evidently, elimination of H2 proceeds in a concerted way, since HD is not formed in the 
following photolysis (Geoffroy, 1976): 

(PPh3)3lrClH2 + (PPh3)IrClD2 
hv 

^2(PPh3)3lrCl + H2 + D2 
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• Oligohydridometal clusters like Re3H3(CO)i2 resist photochemical H2 elimination. 

Here, the hydride ligands are in metal bridging positions, which impedes the concerted 

elimination of an H2 molecule. Instead, the photochemistry of these hydrido clusters 
is governed by metal-metal bond cleavage and by carbonyl substitution. 

• In monohydrido complexes as well, photoinduced ligand substitution is the usual 

reaction, homolytic cleavage of transition-metal hydrogen bonds being the exception. 

This is plausible because the concerted loss of an H2 molecule from a dihydride is a 
low energy reaction path, whereas the cleavage of a single metal-hydrogen bond in a 

monohydride is a high energy one. Photoinduced dissociation of a metal carbonyl 

hydride can be studied by means of IR spectroscopy in matrix isolation (Orchin, 1978): 

HCo(CO)4 HCo(CO)3 + CO 

In the presence of potential ligands, photosubstitution is effected: 

HRe(CO)5 HRe(CO)4 HRe(CO)4PBu3 

This reaction is much slower than photosubstitution of Re2(CO)io, which was shown 
to proceed via Re(CO)5 radicals. Thus for HRe(CO)5, Re —H homolysis as a primary 

process may confidently be excluded (T. L. Brown, 1977). 

4. PHOTOCHEMICAL REACTIONS WITH CLEAVAGE 
OF TRANSITION METAL-CARBON BONDS 

The study of photochemically initiated reactions of organometallics containing transition 

metal — carbon a bonds is complicated by the fact that these molecules often have access 

to thermal pathways of decomposition like /1-hydride elimination (p. 198). If one 
turns to thermally more stable complexes with a mixed ligand sphere (example: 

CpMo(CO)3CH3), the photochemical reactivity of the metal-alkyl bond is complemented 

by the possibility of reactions in other segments of the molecule. This diversity clouds the 

mechanistic picture. Even more than in the preceding sections preparative utility will be 

stressed here. 

• An early application of photochemical excitation in organometallic chemistry was the 

synthesis of Ti-allyl complexes \'\a. a -* n rearrangement (M. L. H. Green, 1963): 

J ^ 
) 

hJ' { I / 1 
(CO)3 // 

-—r—Mo"^ \ 
"CO ( (CO)2 ^ I (CO)2^^ ■)[ 

18 VE 16 VE 18 VE 

The primary photoreaction here is loss of a CO ligand, followed by the change in the 

bonding mode of the allyl group from (cr-complex) to rf’ (71-complex). According to 

this pattern, (;7^-pentadienyl)metal moieties can also be generated (p. 290). 
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• Photodealkylation, a method for the formation of reactive organometallic inter¬ 

mediates, has found extensive preparative application. Example (Alt, 1984 R): 

CO 

Cp2Ti(CH3)2 

16 VE 

hu 

-2 CH4 

lCp2Ti} 

14 VE 

Cp=C5H5 
—o 

-Ph 

Cp2Ti(CO)2 

—-► Cp2Ti^_^S. 

PhC=CPh 

A remarkable aspect is the loss of CH4: labeling studies indicate that the hydrogen 

required is furnished by the C5H5 ligand. Only traces of C2H6 are observed; therefore, 

the intermediacy of CH'j radicals is unlikely. Apparently, the photolysis of molecules with 
TM —C bonds differs fundamentally from that of organometallic dihydrides, where 
reductive elimination of H2 dominates. In the absence of potential ligands, photodealky¬ 

lations may be succeeded by dimerization of the organometal fragments (Wrighton, 

1982): 

CO 

CpRu(CO)2C2Hg 
t\p 

-CO 
CpRu' . H CO 

-► [CpRu(CO)2]2 

+ H2 + C2H4 

Here as well, the initial step is photochemical loss of CO. An olefm(hydrido)complex 
intermediate is implied by the reaction products H2 and C2H4,. A prerequisite for the 

jS-elimination mechanism to occur is the initial generation of a vacant coordination site. 
If in addition to a-bonded alkyl groups, the central metal atom carries only multidentate 

ligands, photochemical excitation may lead to bond weakening for one of these ligands, 

reducing its hapticity (e.g. ri^ rj^). The photochemical formation of (^/^-C5H5)3Th from 

the thermally stable compound (?7^-C5H5)3Th(i-Pr) is thought to follow this pattern 
(Marks, 1977): 

(ijS-CgHglgThCi-Pr) 
hi' / 

H 

i' 

(r/S-CsHglgTh 
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• The Fischer-Miiller reaction, a versatile method for the synthesis of arene- and olefin 

complexes is also based on the photochemical cleavage of M — C bonds (M = V, Cr, 
Fe, Ru, Os, Pt; R = i-Pr). Example (E. O. Fischer, 1962): 

FeClg a-Pr)MgBr ^ (i.p,, peCsoW) 
EtgO 

— ■^Qo not 
isolated 

+ H2 

L 

H 

(i-Pr)2Fe 
I 

.t 

Once again, the formation of C3H6 and CaHg (1 : 1) suggests a )3-hydride elimination 
mechanism with an olefm(hydrido)complex as an intermediate. 

Despite numerous practical applications, a mechanistic understanding of the photochem¬ 

istry of organometallics is still in its infancy. Significant advances are expected from the 
application of ultra-fast methods like laser flash photolysis, which explores the picosec¬ 
ond range (Peters, 1986 R). A particularly attractive aspect of photochemistry is the close 

symbiosis between spectroscopy and chemistry. After all, electron spectroscopic charac¬ 
terization of the educts in their ground states and photochemical generation of the new 

reactive species often are identical processes. 
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A common feature of the extensive class of 7r-complexes is the fact that the L M donor- 

as well as the L <- M acceptor interaction utilizes ligand orbitals which with regard to 
the intra-ligand bond - have rc-symmetry. The ligand-metal bond in Ti-complexes always 
contains an L <- M Ti-acceptor component; the L -» M donor contribution, as will be 

discussed for the various ligands, can have cr-symmetry (monoolefins) or a- and Ti-symme- 

try (oligoolefms, enyl ligands, arenes and heteroarenes). 

15.1 Olefin Complexes 

15.1.1 Homoalkene Complexes 

Olefin complexes are widespread among the transition metals. These complexes play an 
important role in reactions that are catalyzed by organotransition-metal compounds, 

such as hydrogenation, oligomerization, polymerization, cyclization, hydroformylation, 
isomerization, and oxidation (see Chapter 17). 

Conjugated oligoolefms form particularly stable complexes, as do nonconjugated di¬ 

olefins with a sterically favorable arrangement of the double bonds (chelate effect). 

PREPARATION 

1. Substitution Reactions 

K2[PtCl4] + C2H4 ^ K[C2H4PtCl3]-H20 + KCI 

This complex was prepared for the first time by Zeise in 1827 by boiling PtC^ in ethanol. The first 

preparation starting from ethylene was described by Birnbaum (1868). With SnClj as a catalyst, this 

reaction proceeds in a few hours, given a C2H4 pressure of 1 bar. 

AICI3 facilitates the substitution of Cl" by incorporating it into the [AlClJ" counterion: 

AICI3 

RetCOlgCI + C2H4 -► [Re(CO)5C2H4] AICI4 

The use of AgBF^ leads to the precipitation of silver halide and the introduction of the 
noncoordinating anion BF4 (Caution: AgBF^ is also a good oxidizing agent!): 

CpFe(CO)2l + C2H4 + AgBF4 —[CpFe(CO)2(C2H4)]BF4 -|- Agl 
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Thermal ligand substitution (Reihlen, 1930); 

Fe(CO)5 + 
135° ^ 

2 0 bar 
2 CO 

Photochemical ligand substitution proceeds at low temperatures (E. O. Fischer, 1960): 

CpMn(CO)3 
CHO 

Mn 

O 

Metal-induced ligand isomerization (Birch, 1968): 

Fe(CO)5 

A simple method to separate isomeric olefins by recrystallization of their silver nitrate 
adducts is based on the following equilibrium: 

EtOH 
AgN03 -I- olefin ^ ^ [Ag( olefin)2]N03 

Coordinatively unsaturated complexes can add olefinic ligands without replacement of 

another group (addition); 

lrCI(CO)(PPh3)2 + R2C = CR2 

CO 

PhaP- 

PhaP^ 
Ir 

I 
Cl 

CR2 

16 VE 18 VE 
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2. Metal Salt + Olefin + Reducing Agent 

(Trans-trans-trans- 

cyclododecatriene)Ni° 

{Wilke, 1961): The 

high reactivity of 

this complex is ex¬ 

pressed in the term 

“naked nickel”. 

Ni°(COD)2, a good source of Ni° for further The first binary metal-ethylene complex, color- 

reactions. l^ss, stable up to 0°C (Wilke, 1973). 

PtCIgd,5-COD) + CQH3Li2 + 1,5-COD 
EtpO 
—--► Pt(1,5-COD)2 

C2H4 

▼ 
Pt(C2H4)3 

Trisethyleneplatinum is only stable under a C2H4 atmosphere (Stone, 1976). 
A special variation of this reaction type is the reductive cleavage of metallocenes (Jonas, 

1980): 

Co 

K/C2H4 

-20 C 

I 

Co + K 

o 

CpCo(C2H4.)2 is a useful reagent for the transfer of the half-sandwich unit CpCo. 

R h C |0 + ^2^4 
C2H5OH/H2O 

Rh Rh 

\c,/ 

In this reaction, Rh(III) is reduced by an excess of ethylene. 
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3. Butadiene Transfer by Means of Magnesium Butadiene (cf. p. 41) 

C4H6 

MnCl2 + (C4H6)Mg • 2 THF+ PMeg 

PMec 

Mn 

iz-?.:. V 
(17 VE) 

■MgCl2 

(Wreford, 1982) 

This procedure is also applicable to other transition-metal halides. 

4. Metal-Atom Ligand-Vapor Cocondensation (CC) 

In the cocondensation method (sometimes referred to as metal-vapor synthesis) metal 

vapors are condensed with the gaseous ligand on a cooled surface or into ligand solutions 
of low vapor pressure. On warming to room temperature, metal complexes are formed 

in competition with metal aggregation (Skell, Timms, Klabunde, M. L. H. Green). For a 

number of fundamental organometallics, cocondensation techniques currently represent 
the only way of access. Drawbacks to this method include the frequent low yields and the 

large amount of cooling agent required. 

Mo(g) -F 3 C4Hg(g) 
1. CC,-196° 
-► 
2. 25° 

(Skell, 1973) 

trigonal-prismatic coordination 

Fe(g) 

starting material for other Fe°-complexes. 

5. Transformation of Enyl Complexes 

CN“ 

CH3O 

(CO)3 

Such nucleophilic additions are generally regio- as well as stereoselective; the nucleophile 

attacks trans to the metal. 
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6. Hydride Abstraction from Alkyl Complexes 

^ T 
I 

Fe 

O 

STRUCTURE AND BONDING OF MONOOLEFIN COMPLEXES 

The coordination of a monoolefm to a transition metal provides the simplest example of 

a metal 7r-complex. The qualitative bonding description (Dewar, Chatt, Duncanson, 
1953) is similar to that for the M-CO moiety as far as the donor-acceptor synergism is 

concerned. 

The donor component {from the ligand's viewpoint) is the interaction of the filled, n-bonding orbital 

of ethylene with vacant metal orbitals, the acceptor component that of filled metal orbitals with the 

vacant n*-antibonding orbital of ethylene {shading indicates orbital phases.) 

The tendency to form olefin complexes is therefore also controlled by the cr-acceptor/ 

TT-donor characteristics of the metal. Under the assumption that the cr-acceptor properties 

correlate with the electron affinity EA and the 7r-donor properties with the promotion 
energy PE, data for the free transition-metal atoms or ions can be used to evaluate their 

tendency to form complexes with olefins or with other donor/acceptor ligands (p. 257). 

The ability of an olefin to function as a Lewis base as well as a Lewis acid in its bonding 

to a transition metal helps to fulfill the electroneutrality principle. In this context, con¬ 

sider the results of quantum-chemical calculations on some model compounds (Roos, 

1977): 

Calculated charge on 

Ni NH2 or NH 

{C,HfiNi{NUfi, 

(C,HJNi(NH3)^ 

'Ni(II) complex' 

'Ni{0) complex” 

-hO.83 

+ 0.58 

+ 0.02 
-0.78 

-0.43 

+ 0.11 

Despite the different formal oxidation states, this quantitative treatment of the bonding 
leads to very similar charges on the central atom! 
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High electron affinity (EA) of the metal favors 

the M olefin contribution, low promotion en¬ 

ergy {PE) the M ^ olefin contribution to chem¬ 

ical bonding: Ni® is a good n-donor, a 

good a-acceptor; Pd^ is a good n-donor and a 

good a-acceptor. The donor/acceptor behavior 

of the metal towards the olefin is also influenced 

by ancillary ligands. 

Source: R. S. Nyholm, Proc. Chem. Soc. (1961) 

273 

* Ground-state configurations; 

Ni° d^ s^ 

Pd° d^°, 

Pt° 

Atom or 

Ion 

Electr. 

Config. 

PE in 

eV 

EA in 

eV 

Ni{0)* d^° 1.72 1.2 
Pd(0)* d^° 4.23 1.3 

Pt(0)* d^° 3.28 2.4 

Rh(I) d® 1.6 7.31 

Ir(I) d® 2.4 7.95 

Pd(II) d® 3.05 18.56 

Pt(II) d® 3.39 19.42 

Cu(I) 8.25 7.72 

Ag(I) d^° 9.94 7.59 

Au(I) d^° 7.83 9.22 

Zn(II) d^° 17.1 17.96 

Cd(II) d^° 16.6 16.90 

Hg(II) 12.8 16.90 

jnd^° -> nd^ (n -\- \)p^ 

{nd^ nd'’ (n -t- l)p^ 

nd^° ^ nd^° (n -h l)s' 

nd^ -> ud® (n -H l)s* 

The MO treatment of the MC2 fragment consists of symmetry-matched combinations of 

metal and ligand orbitals: 
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Both the M ^ olefin donor and the M A olefin acceptor part of the interaction serve to 

weaken the intra-ligand C — C bond. In principle, this is evident from the phase relations 

in the L (n) und L (tt*) molecular orbitals, verification being provided by a comparison of 

the Vc=c vibrational frequencies of free and coordinated ethylene: 

Complex Vc=c/cm ^ Complex Vc=c/cm ^ 

[(C2H4)2Ag]BF4 1584 (C2H4)Fe(CO)4 1551 

[(C2H4)2Re(CO)4]PF6 1539 [CpFe(CO)2C2H4]PFe 1527 

[C2H4PdCl2]2 1525 K[PtCl3(C2H4)]H20 1516 
CpMn(CO)2(C2H4) 1508 [C2H4PtCl2]2 1506 

CpRh(C2H4)2 1493 C2H4, free 1623 

An important structural aspect is the loss of planarity of the olefin upon coordination to 

a transition metal. In substituted ethylenes C2X4, this deformation increases with increas¬ 
ing electronegativity of X. 

Structure (neutron diffraction) of K|PtCl3(C2H4)|. The C-C bond length is 137 pm, similar to the 

uncomplexed olefin (135 pm). The olefin is oriented perpendicular to the PtCl^-plane. The Pt-Cl bond 

trans to the olefin is slightly elongated. The atoms H(l)-H(4), C(l) and C(2) are not coplanar. The 

dihedral angle between the CHj planes is 146° (Bau, 1975). 

Struture (X-ray diffraction) of (CsH5)Rh(C2H4)(C2F4). The carbon atoms of C2F4 are closer to the 

metal than those of C2H4. The dihedral angle between the two Cli2-planes in C2H4 is 138°, that of 

the CF2-planes in C2F4 is 106° (Guggenberger, 1972). 
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,.CH2 1 

"yf" 

48 pm 

PhsP 142° 

10 1 - 131 pm 2 

The coordination of allenes also leads to considerable distortion of the C^-unit, which is linear in the 

free state. A similar distortion is also experienced by CO2, coordinated side-on as a “diheteroallene” 

ligand in complexes of the type (R3P)2Ni (ly^-COj) {Darensbourg, 1983 R). 

There is a certain structural similarity between the fragment (?7^-alkene)M and an 

epoxide, warranting a metallacyclopropane description of the former: 

_ 

\"cn 

c c 
N N 

Nf 

/ \ 
N C" 38^ 

Epoxide (i/^-Tetracyanoethylene)Ni complex 

(nickelacyclopropane) 

At first sight, such a formulation seems to bear little resemblance to the Dewar- 
Chatt-Duncanson model. It can be shown, however, that the actual bonding situation is 
well in accordance with a description somewhere between these two borderline cases 

(R. Hoffmann, 1979): 

Localized Linear com- 

orbitals bination 

Delocalized 

orbitals 

Metallacyclopropane description: 

two localized 2e3c MC a-bonds, alkene acting 

as a bidentate ligand (non-planar) 

0 

Dewar-Chatt-Duncanson model: 

One delocalised 2e3c MC2 o-bond, one delo¬ 

calised 2e3c MC2 n-bond, alkene acting as a 

“monodentate" ligand (planar). 
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While in the alternative B (p. 259), the carbon atoms are sp^-hybridized (planar rj^- 

ethylene), the percentage of p character in the hybrid orbital is higher in alternative A 
(non-planar t/^-ethylene). The deviation from planarity of coordinated ethylene should 

therefore correlate with the tendency of carbon atoms to form hybrid orbitals with higher 
p character. This tendency grows with increasing electronegativity of the substituents 

(Bent’s Rule, e.g. the CHg- radical is planar, CFg- is pyramidal). 
The conformation relative to the M-olefm axis depends on the coordination number of 

the metal as well as on the number of valence electrons: 

C ^11 
c 

L 

'■ M -// 
lX I C 

1 

C.N. 3, 16 VE C.N. 4, 16 VE 

L 

C.N. 5, 18 VE 

L2M {alkene) 

LjM {alkyne) 

{alkene) L4M {alkene) 

Examples: (PPh3)2NiC2H4 K[PtCl3(C2H4)] (PPh3)2lrBr(CO)TCNE 

Pt(C2H4)3 TCNE = tetracyanoethylene 

Hindered ligand rotation of coordinated alkenes (and alkynes) often occurs in a temper¬ 
ature range which is suitable for routine ^H- and ^^C-NMR studies. This is demon¬ 

strated by the temperature-dependent ^H-NMR spectrum of the fluxional molecule 

C5H5Rh(C2H,)2 (P- 261). 

On fast rotation around the metal-ligand axis {the rotational frequency is higher than the signal 

separation in Hz), the inner (H^) and the outer (Hg) protons appear equivalent. At low temperatures, this 

rotation can be “frozen”, and an AA'XX' spectrum is observed instead of a single signal {Cramer, 1969). 

That this rotation takes place around the metal-ligand axis rather than around the C — C axis of 

ethylene is proved by the temperature-dependent ^H-NMR spectrum of a chiral ethylene complex: 

Upon raising the temperature, the spectrum of C5H5CrCO(NO)C2H4 converts from an ABCD- to an 

AA'BB' type-, two pairs of diastereotopic protons are therefore retained. An additional rotation around 

the ethylene (C — C) axis would, however, result in an A^-type spectrum {Kreiter, 1974). 
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If the ligands C2H4 and C2F4 are present in the same molecule (see structure p. 258), the 

rotation around the M —C2F4 axis ceases at a higher temperature than that around the 

M —C2H4 axis, a consequence of the different rotational barriers for the two ligands. 
Apparently the backbonding contribution M A olefin, mainly responsible for the rota¬ 

tional barrier, is larger for C2F4 than for C2H4. 
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STRUCTURE AND BONDING OF DIOLEFIN COMPLEXES 

Distinguishing between compounds with isolated diolefins and those with conjugated 

diolefins is justified in terms of bonding theory. The metal-ligand bonds in complexes 
with nonconjugated diolefins closely correspond to those in monoolefin-metal complexes. 

Conjugated di- and oligoolefins, however, have delocalized ti-MO’s of differing energies 

and symmetries. They offer a larger variety of combinations with the metal atomic 

orbitals, resulting in more stable metal-carbon bonds. 

Metal-ligand interactions in butadiene complexes: 

In an extension of the Dewar-Chatt-Duncanson model, the bonding situation in 

can be described by the components ij/^ M, 1/^2 M, 1//3 M and 

1/^4 ■<- M. Both interactions M-L should result in a lengthening of the terminal C-C 

bonds and a shortening of the internal C-C bond. This is a consequence of the depop¬ 

ulation of \j/2, the population of 1/^3 and the nodal characteristics of these ligand orbitals. 
In this context, it should be mentioned that electronic excitation of free butadiene induces 
similar changes in bond lengths: 
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hz; 

The following examples illustrate the influence of transition-metal coordination on the 
ligand parameters: 

136 146 

(CO)3 
Zr 

Apart from bond lengths, coupling constants in ^^C-NMR spectra also 

argue for a change of bond orders within the 3-diene ligand. For the terminal carbon 

atoms, a hybridization state intermediate between sp^ and sp^ can be assumed on the 
basis of the observed coupling constants (^^C, ^H). This may be described by the two 

canonical forms: 

The relative weight of these two resonance forms can be discussed on the basis of the 
M — C distances. While complexes of the “late” transition metals merit a description as 
Ti-complexes, corresponding compounds of the “early” transition metals are better desig¬ 

nated as metallacyclopentenes. In such generalizations, however, the nature of the sub¬ 
stituents on the ligands should not be disregarded (cf. ?/^-C2X4, p. 259). 

“n-Complex” 

(r}‘^-cyclohexadiene)2^s.{CO) 

M — Ci^ (terminal) = long 

M — Cjiinternal) = short 

‘^Metallacyclopentene” 

(r]‘^-dimethylbutadiene)ZiCp2 

M — Cl (terminal) = short 

M — C 2 (internal) = long 
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Further structural characteristics of (l,3-diene)Fe(CO)3 complexes can be deduced from 

extensive X-ray diffraction studies and from spectroscopic data. This is discussed for the 
following representative example, the structure of tricarbonyl[3-6?/-(6-methylhepta-3,5- 

dien-2-one)]iron (Prewo, 1988): 
(Guide to three-dimensional viewing: p. 71) 

- The terminal substituents [e.g. C(7) and C(8)] are not coplanar with the coordinated 

carbon atoms C(3)-C(6). The deviation from planarity is 16.6° for the bond C(6)-C(7) 

and 52.4° for the bond C(6)-C(8). This is due to a strong distortion of C(6)-C(8) 
relative to C(3)-C(6), one result being that the overlap of the C(6)p^-orbital with 

Fe{3d)-orbitals is altered. 

- (l,3-dienc)Fe(CO)3 complexes are conformationally labile. Crystal structures disclose a 

nearly square-planar geometry, with the apical and two basal positions occupied by 

carbonyl groups. For a species of low symmetry like the iron carbonyl complex shown 

above, three signals for the three nonequivalent carbonyl groups would be expected in the 

^^C-NMR spectrum. At room temperature, however, only one signal is usually observed, 

indicating a rapid exchange process within the Fe(CO)3 moiety. Upon lowering the 

temperature, the slow exchange region can be reached (Takats, 1976). The experimental 

data are most reasonably explained by an exchange process involving rotation of the 

Fe(CO)3 moiety about its pseudo-C^ axis, whereby the olefin retains its planarity. 

- (l,3-diene)Fe(CO)3 complexes are configurationally stable. Prochiral diolefins form chi¬ 

ral complexes which can be resolved into enantiomers. 

In contrast to the corresponding (diene)Fe(CO)3 compounds, diolefm complexes of zirco¬ 
nium are configurationally nonrigid. The two cyclopentadienyl rings become equivalent 

through a rapid flipping movement of the diolefm (possibly via a purely cr-bonded 

metallacyclopentene intermediate). If Rj and R2 differ, then A and B are enantiomeric 
and the rearrangement effects racemization (Erker, 1982): 
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Among the organozirconium complexes, one also finds the only monomeric complexes 
in which butadiene adopts the s-trans configuration (Erker, 1982): 

In (fy^-C5H5)Nb(fy"'■-€4116)2, according to its 500 MHz ^H-NMR spectrum, the cis and 
trans forms of butadiene even coexist in the same molecule (Yasuda, 1988): 

CpNbCl4 

cis trans 

+ bis(cis) 
isomer 

Trimethylenemethane, a constitutional isomer of butadiene, is only stable if coordinated 

to a transition metal (Emerson, Pettit, 1966): 

The different Fe —C distances reflect the reluctance of trimethylenemethane to sacrifice its 

planarity and thereby its intra-ligand n-conjugation. 
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REACTIONS OF NONCONJUGATED OLEFIN COMPLEXES 

The thermodynamic stability of these complexes is strongly influenced by the nature of the 

olefin: 

• Electron-withdrawing substituents increase the stability whereas electron-donating sub¬ 

stituents decrease it. 

• In cases where cis-trans isomerism is possible, the more stable complex is invariably 

formed by the cis-olefin. 

• Complexes of ring-strained cycloalkenes like cyclopropene, trans-cyclooctene and nor- 

bornene display surprising stability. 

m As a consequence of the chelate effect, particularly high stability is shown by complexes 

in which isolated olefins are part of a carbocycle of favorable geometry. Examples: 

The redox behavior of olefin complexes is not easily generalized: 

(C5H5)M(C0)2(01efin) no reaction 
M = Mn, Re 

but 

[C2H4PtCl2]2 2 Pt + 4 HCl + 2 C2H6 

The most characteristic reaction of monoolefin complexes is ligand substitution, occuring 
in many cases under mild conditions, and providing an important method for the synthe¬ 
sis of metal complexes of low thermal stability: 

[(C6Hii)3P]2Ni(C2HJ + O2 -> [(C6Hii)3P]2Ni(02) + C2H^ 

(Wilke, 1967) (first Oj-nickel complex; stable up to — 5°C) 

Also of synthetic interest is the behavior of some metal-olefin complexes towards nucleo¬ 

philic reagents. This reaction has been extensively studied for dimeric (olefin)palladium 
chlorides: 

[C2H4PdCl2]2 

^CH2 = CHOAc 

(Synthesis of vinyl acetate) 

^ CH2 = CHOC2H5 -. CH3CH(0C2H5)2 
(Synthesis of vinyl ethers and acetals) 
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Complexes of the general type [CpFe(CO)2(olefm)]’^ react with a variety of nucleophiles 
via a 71 — (T rearrangement of the metal-ligand bond to give stable, neutral metal alkyls 
(Rosenblum): 

I 

Fe 

CO R 

REACTIONS OF DI- AND OLIGOOLEFIN COMPLEXES 

Metal-coordinated di- and oligoolefms are quite unreactive compared to the respective 
free olefin; they can neither be catalytically hydrogenated nor do they undergo Diels- 
Alder reactions. However, provided they are stable to oxidation, they can react with 

electrophiles such as strong acids. If the proton prefers addition to a coordinated carbon 
atom rather than to the metal, the valence shell has to be filled by an additional two-elec¬ 
tron ligand like carbon monoxide: 

/T\ /f\^" 
I HBF4/C0 \ 

Fe(CO)3 -► Fe(CO)4 

An alternative way to compensate this electron deficit at the metal is the formation of a 

C — H M bridge. Protonated diolefin complexes (form A) exist in a dynamic equilibri¬ 
um with forms B and C. At low temperatures, for M = Co, Rh form B and for M = Ir 

form C dominates (Salzer, 1987): 

18 VE 

M = Co, Rh, Ir 

16 VE 
M = Co, Rh 
C - H M bridge 

18 VE 

M = Ir 

metal hydride 

The CjMej congener of the rhodium complex is a fluxional molecule, whose dynamic 

^^C-NMR spectrum is discussed on p. 304). 
Such 2e3c bonds between the C-H entity of a ligand and the central metal atom, for 

which M. L. H. Green has proposed the term “agostic”, strongly resemble the familiar 
IJ 

B bridges in borane chemistry. Agostic interactions model the attack of an unsat- 
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urated fragment L„M at a C —H bond; they contribute to our understanding of C —H 
activation at transition-metal centers (p. 439). C —H^M bridges have mainly been 

detected in complexes in which C —H bonds are positioned P to coordinated allyl and 

diolefm units (Brookhart, 1983 R). 

The existence of C — H M bridges can be deduced from 

- structural data {especially those obtained from neutron diffraction) 

- chemical shifts to high field in the ^H-NMR spectrum {5 = - 5 to - 

- reduced coupling constants [^7(C, H) = 75-100 Hz] 
- vibrational frequencies at low wave numbers (v^h = 2700-2300 cm 

-15 ppm) 

A typical example of a C —H M bridge is seen in the structure of {(i;^-CgHj3)Fe(P(OMe)3l3}BF4 

{Stucky, Ittel, 1980). 

Friedel-Crafts acylations of (diene)Fe(CO)3 complexes are also initiated by an elec¬ 

trophilic attack at the terminal carbon atom of the ligand (Pauson, 1974): 

/T\ 
Fe(CO)3 

Fe(CO)3 

Besides electrophilic additions, nucleophilic additions to coordinated olefins are of grow¬ 

ing synthetic interest. At — 78°C, alkyllithium reagents attack (isoprene)Fe(CO)3 exclu¬ 

sively at an internal unsubstituted carbon atom. Since this addition is kinetically con¬ 

trolled and reversible, warming to room temperature favors the formation of the 

thermodynamically more stable allyl complex. The anionic complexes are only stable in 
solution, so that their structures have to be deduced from product analysis after aqueous 
quenching (Semmelhack, 1984): 
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Metal-coordinated oligoolefins can undergo valence isomerization in a manner similar to 
the free olefins; the ‘Woodward-Hoffmann rules’ of organic chemistry are not applicable 

to these organometallics, however. Instead, the course of the reaction is mainly influenced 
by the respective organometallic fragment and its coordinative preference. Bicy- 

clo[6.1.0]nonatriene and its metal complexes may serve as an illustrative example: 

Cr(CO)3 Cr(CO)3 
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The iron and cobalt complexes contain the ligand cyclononatetraene, a molecule of low 

stability if uncomplexed. In the case of CpCo(CO)2, an intermediate displaying a, n-co- 

ordination can be isolated, indicating prior insertion of the cobalt complex into the 

cyclopropane ring. The valence isomerization takes a different course when bicyclonona- 
triene is coordinated to a Cr(CO)3 moiety. 

15.1.2 Heteroalkene Complexes 

From the point of view of coordination chemistry it seems reasonable to regard organic 
carbonyl compounds as heteroalkenes (formaldehyde = oxaethene). The bonding modes 

-vinyl and ^y^-alkene of olefins then correspond to terminal and side-on O) 
coordination of carbonyl groups, respectively: 

H-(OCH2)n-OH 

(CgHgl^V -* 
(paraformaldehyde) 

The IR vibrational frequency for this r\^ (C, O) formaldehyde complex (vco = 1160 cm 
is strongly shifted to lower wave numbers {for free H2CO: v^o = 1746 cm“^) (Floriani, 
1982). 

1. H20,NaBPh4 

(C.HJ9VCI -► 
2. Me2CO 

+ 

On the other hand, (O) coordination of the keto group to the electron-deficient 

[(C5H5)2V]'^ ion weakens the C = 0 double bond only moderately (v^o = 1660 versus 

1715 cm"^), the reason being that backbonding M A L is absent here (Floriani, 1981). 

Because of their possible involvement in Fischer-Tropsch processes (see p. 430), formalde¬ 

hyde and formyl complexes currently enjoy considerable interest. However, an essential 
step, the CO-insertion into an M — H bond, 

H 
I 

LpM-CO + L' 

is thermodynamically unfavorable and does not usually proceed spontaneously (The 

formation of free formaldehyde from H2 and CO is also endothermic, AH° = -i- 26 kJ/ 

mol). In fact, a reaction sequence discovered by Roper (1979) is the reversal of a Fischer- 
Tropsch process: 

L' 
H 
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(Ph3P)30s(CO)2 + CHgO 
PPh, 

PPh3 

OC, I , CH^ 

Os 

OC I o 

PPho 

75” solid 

PPh< 

OC 

OC 

Os-CO + Hr 

PPhr 

40” 

solution 

PPh. 

OC 

OC I H 

PPho 

The formation of trimeric (?7^-formaldehyde)zirconocene from zirconocene dihydride and 

carbon monoxide does proceed in the proper Fischer-Tropsch fashion (Erker, Kruger, 
1983): 

3 
X 

I Cp2Zr^ 

\ H 

CO,150 bar 
-► 
toluene, 25° 

C P2Z r 
o- 

CHr 
7 

.ZrCpr 

C P2Z r CI2 

+ 3 CH3OH 

zirconaoxirane 

The work to formally split H2 into and H“ - required for the formation of Cp2ZrH2 

from Cp2ZrCl2 - has to be invested prior to the CO insertion described above, however. 
A typical example of the concept “stabilization of reactive molecules by complex forma¬ 

tion” is supplied by the isolation of compounds containing chalcogeno formaldehydes 

H2C = E (E = S, Se, Te) as ligands. These species are generated in the coordination sphere 
of the metal from the respective precursor ligands (Roper, 1977, see p. 272 above). 

The ambidentate nature of chalcogeno formaldehydes be¬ 

comes apparent in their function as bridging ligands in that 

the n-electron pair of the C = E double bond as well as the 

lone pair on E engage in metal-ligand bonding (E = S, Se, 

Te) (Herrmann, Herberhold, 1983). 
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PPhr 

Cl 

H 

PPho 

(Roper, 1977) 

1 PPh3 
PPh3 CO 

3 bar 

I
 

C
D

 

CS 
-PPh3 

oc^ 1 9.=s 
-cr 

0
 

0
 \

 
_

(
 C 

/
 

PPhgH PPh3 

'tJ^-Thioformyl 

CH, 

t] -Thioformaldehyde 

-CH3SH HCI 

PPh3 

Cl 

oc 
Os^ 

y I ^C1 

PPho 

Another class of highly reactive small molecules is that of 
the phosphaalkenes (cf. p. 1611). An achievement of recent 
vintage is the preparation of the first f/‘‘-l-phosphabutadiene 
complex of a transition metal. The reactivity of this ligand is 
apparent from the fact that for its stabilization, the coordina¬ 
tion of the TT-electron system as well as of the phosphorus 
lone pair to carbonyl tungsten fragments is essential 
(Mathey, 1987). 

j/^-COj metal complexes which may formally be regarded as coordination compounds of 
the ligand dioxaallene, have been alluded to on p. 259. They may play a role in transition- 

metal catalyzed carbon-carbon coupling between CO2 and organic substrates (“CO2 

activation”, Braunstein 1988 R). 

15.2 Alkyne Complexes 

The most important aspects pertaining to the organometallic chemistry of alkynes con¬ 
cern the cyclooligomerization of acetylenes and the amazing product variety found in the 

reactions between acetylenes and metal carbonyls. This is largely due to the following 

facts: 

• The alkyne ligand can coordinate like two orthogonal alkene units. 

• The alkyne ligand can formally occupy one or two {resp. three or four) coordination sites. 

The assignment of its denticity is closely associated witl^ descriptions of the bond type: 

—C = C — II 0
 N

 

/ 
0

 

III 0
 \ /

 
0

 II 0
 \

 

/b/ - M"^\/ 1 \/ /\ A'/ 
M M M —M M M M 

monodentate bidentate bidentate tridentate quadridentate 
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• Alkyne ligands can be complexed in dimerized or trimerized form. 

• Alkyne oligomerization can also involve the incorporation of carbonyl groups and/or the 
metal atom. 

15.2.1 Homoalkyne Complexes 

ALKYNES AS FORMAL MONO- OR BIDENTATE LIGANDS: 

Na2[PtCl4] 

(Chatt, 1961) 

1. t-Bu2C2, EtOH 

2. RNH2 

R=4-MeC0H4 

t-Bu 

RH2N—-|||~ 124 pm 

c 
Cl 

t-Bu 

Vrr = 2028 cm “ ^ 

Cp2Ti(CO)2 + PhC = CPh 

heptane 
vacuum -► 
25°C,3h 
-CO 

(Floriani, 1978) 

R R 
\ / 

C 
(PhgPlgPt—II + C2Ph2 

0 

... 
pm 

PhgP’ 
Ph 

(Grim, 1967) 
Vcc = 1750 cm ^ 

The C — C bond lengths in transition-metal coordinated alkynes cover almost the whole 

range between d{C = C)i^^^ = 120 pm and d{C = C)[^^^ = 134 pm. Notable here is the 
correlation between , the CCR bond angle and the stretching frequency 

(vc=c, free = 2190-2260 cm“^, depending on the substituents). In fact, it seems appropri¬ 
ate to describe (PPh3)2Pt(Ph2C2) as a metallacyclopropene since the alkyne formally 
occupies two coordination sites. 

As with alkene complexes, the stability of alkyne complexes increases with increasing 

electron-withdrawing character of X in XC = CX. Thus, halogen-substituted acetylenes. 
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which are highly explosive compounds in the uncomplexed state, may be stabilized by 

complex formation (Dehnicke, 1986): 

WCIg + C2Cl2*OEt2 + C2CI4 

1. -C2Cle 

2. -Et20 
[WCI4(C2CI2)]2 

PPh4CI 

PPh, 

This example shows that alkynes can also be coordinated to transition metals in higher 

oxidation states. 

Even eyclohexyne, unstable as a free molecule, is obtained in metal-coordinated form. 
This stabilization is due to the distortion from linearity which alkynes experience on 

coordination, and which in this case relieves ring strain (Whimp, 1971): 

127° 129 pm 

No less remarkable is the coordination of benzyne C6H4, also not stable as a free 

molecule (Schrock, 1979): 

The aromatic ring of the fj^-benzyne unit exhibits C —C bond-length alternation (symme¬ 

try Djh); the bond length between the two coordinated carbon atoms is not significantly 

different from those of the other two short C —C bonds. The formulation of this complex 

as an aryne Tt-eomplex or as a metallabenzocyclopropene remains largely a matter of 

semantics. 
Very recently, even benzdiyne C6H2 (tetradehydrobenzene) could be stabilized by means 

of coordination to two Ni(0) centers. The structural parameters of this unusual complex 
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indicate extensive localization of the n electrons in the region of the coordinated carbon 
atoms (Bennett, 1988): 

ALKYNES AS BRIDGING LIGANDS 

CogCCOs + PhC=CPh 

Ph 

(CO)oCo- Co(CO)o 
247 3 

The classification of these and similar oligonuclear compounds as acetylene complexes 

is somewhat arbitrary; they could just as well be regarded as metal-carbon clusters (cf. 

Chapter 16). 

The coordination of an alkyne to a Co2(CO)g moiety considerably reduces the reactivity 

of the C = C triple bond, allowing selective reactions at the functional groups of the 
coordinated alkyne to be carried out. For example, propargyl alcohols are converted by 

strong acids into metal-stabilized propargyl cations. Spectroscopic data speak for delocal¬ 

ization of the positive charge over the whole (alkyne)Co2(CO)6 unit. Such complexes can 
be used as selective electrophilic alkylating agents in reactions with ketones, enol acetates 

and arenes (Nicholas, 1987 R). , 

HC=C—CHoOH HBF. HC=C-C 
H 

H 
BF, 

Co2(CO)6 AC2O Co2(CO)6 

The free alkynes can be generated by oxidative decomplexation. 
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A further interesting reaction of the cobalt cluster (alkyne)Co2(CO)6 is the conversion 

/.t2-alkyne ->• ;U3-alkylidyne; 

R 
1 

RCHp 
1 ^ 1 

(CO)oCo — 1 C —H 
HCI (00)30 0 — ^——^00(00)3 

(00)3 
\j/ Co 

(CO)3 

MeOH 

Two edge-sharing metallatetrahedrane clusters build the framework of the binary 
iron alkyne complex (Me3SiC2SiMe3)4Fe2 which forms from the precursor (/y®- 

toluene)ironbis(ethylene), the latter being accessible through metal-atom ligand-vapor 

cocondensation (Zenneck, 1988); 

OLIGOMERIZATION OF ALKYNES 

Reactions of alkynes with metal compounds can lead to di- tri- or tetramerization of the 

organic ligand. Not in all cases is an isolable metal complex formed, though (see Chap¬ 
ter 17). The reaction with palladium salts yields cyclobutadiene complexes in addition to 

alkyne complexes and benzene derivatives (Maitlis, 1976 R): 

PdClg 

Certain organocobalt complexes have also proven suitable for the cyclotrimerization of 

alkynes, the isolation of arene complexes being possible in individual cases (Jonas, 1983); 
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This binuclear complex with a '^fly-over” ligand, formed by alkyne trimerization, contains Co{d^) 

centers which are rj^-bonded to terminal carbons and rj^-bonded to internal allyl units. Carbonyl ligands 

and a Co —Co bond complete the 18 VE shell. 

Of greater importance is the cobalt-catalyzed cotrimerization of alkynes and nitriles 

discovered by Yamazaki (1973) (see p. 375). Whereas this reaction has been extended by 
Bonnemann (1985 R) into a versatile pyridine synthesis, Vollhardt (1984 R) has placed the 

emphasis on synthesizing homocyclic systems; 

2 HC=CH + R-C = N 

CpCo(COD) 

-► 

COD = 
1,5-Cyclooctadiene 

(Bonnemann, 1974) 

n = 2-5 (Vollhardt, 1974) 
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The best catalysts for the cyclotetramerization of acetylenes to give cyclooctatetraene 

derivatives are labile Ni(II) complexes like Ni(acac)2 or Ni(CN)2 (Reppe, 19401). This 
reaction forms the basis of an industrial process to produce cyclooctatetraene (see p. 421). 

Cyclooligomerizations can also be accompanied by incorporation of one or more 

molecules of CO: 

Among the possible products are dimeric complexes in which one Fe(CO)3 moiety is 
7c-bonded, the other becoming part of a metallacyclopentadiene (“ferrole”): 

The two Fe(CO)3 units are presumably linked by a metal-metal bond (249 pm), and, as 

labelling experiments have shown, are subject to intramolecular exchange. Chiral deriva¬ 
tives of these ferracyclopentadienes undergo rapid thermal racemization. 
A related cyclization is the Pauson-Khand reaction, in which substituted cyclopentenones 

are formed in a single step from an alkyne, an alkene and CO, with Co2(CO)8 acting as 
a catalyst. 

I 
H 

In most cases, however, this reaction is carried out by first isolating the (alkyne)Co2(CO)6 

complex, followed by its stoichiometric addition to the alkene. The CO group usually 
ends up adjacent to the bulkier substituent of the alkynes 
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15.2.2 Heteroalkyne Complexes 

The heteroalkynes RC = E (E — P, As, Sb see p. 164) are related to the heteroalkenes 
R2C = E (E = S, Se, Te) in that they can also function as n ligands (Nixon, 1981): 

(Ph3P)2Pt(C2H4) 
t-BuC = P ^ 

25° CqHq 

-C2H4 

PhgP*^ 

0 

This type of coordination results in a considerable lengthening of the C —P bond from 

154 pm (free) to 167 pm (f/^-bonded), a consequence of Pt A ligand backbonding. 

The well-known alkyne bridging mode is also displayed by phosphaalkynes: 

C 02 (C O) 0 

t-BuC = P 

THF, T<25‘> 

- CO 

t-Bu 
C 

/I \ 
(CO).,Co-i—Co(CO)3 

3 

This side-on coordination of the phosphaalkyne is in contrast to the usual terminal 
coordination of nitriles (azaalkynes), for which side-on coordination is exceptional 

(Wilkinson, 1986). Recently, however, an example has been reported in which a phos¬ 

phaalkyne coordinates via the terminal phosphorus atom (Nixon, 1987): 

N 
III 
N 

N 
III 
N 

2 AdC=P 

- 2 N2 

P P = 1,2-Diethyl- 
phosphinoethane 

Ad 
C 
III 
P 

P 
III 
C 

Ad 

Ad = Adamantyl 

As expected, the P = C triple bond is affected only marginally by this bonding mode. 
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15.3 Allyl and Enyl Complexes 

Unsaturated hydrocarbons C„H„ + 2 with odd numbers of carbon atoms can be regarded 
as neutral ligands with an odd number of n electrons or as anionic or cationic ligands 

possessing an even number of valence electrons: 

^ ^ i(^ '0 ^ 
3e 4e 5e 6e 7e 6e 

The neutral radicals are highly reactive, whereas the anions in the form of Li-, K-, or Mg 
salts are stable and characterizable, although very air- and moisture-sensitive (see p. 23). 
In their transition-metal complexes, allyl- and enyl units are remarkably inert, as evident 

from thermal robustness and stability towards hydrolysis. 

1 1 1 

1 

M 
1 

M 
1 

M 
1 

M 

f/®-pentadienyl jj^-cycloheptadienyl f/^-cyclooctatrienyl 

(C3H5) (C5H,) (C2H9) (C3H9) 

Only the binary allyl complexes are rather labile; they tend to release the metal via 
dimerization of the organic ligand and thus become important intermediates for homo¬ 

geneously catalyzed cycles (Chapter 17). As far as bonding and reactivity are concerned, 
no basic differences exist between enyl- and oligoolefin complexes. As a matter of fact, 

their mutual interconversion is one of the most important features of their synthesis and 

reactivity. 

15.3.1 Allyl Complexes 

The first synthesis and accurate description of an jj^-allyl metal complex was reported by 

Smidt and Hafner (1959), who prepared [(C3H5)PdCl]2 from the reaction of palladium 
chloride with allyl alcohol. Since then, the structural element (?7^-allyl)M has become 

widespread among transition-metal complexes, sometimes appearing as part of larger 
ligands. The routes to ^j^-allyl metal complexes therefore are manifold. 

PREPARATION 
V 

The following synopsis of preparative methods can be divided into the reaction types: 

• Replacement of X~ by allyl~ {metathesis reaction) 1 
• Rearrangement o-allyl{rj^) Ti-allyl{rf‘) 2, 3 

• Conversion n-olefin or 0) -> n-allyl{rf') 4-7 
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1. Metal Salt + Main-group Organometallic (Metathesis) 

NiBr^ + 2C3H5MgBr Ni(C3H5)2 

Co(acac)3 + 3C3H5MgBr-> Co(C3H5)3 decomp. > — 55°C 

ZrCU + 4C3H5MgCl 
Et;0 

-78 °c’ ZTic.n,)^ 

This is a general route to the binary allyl complexes. Synthesis and isolation must be 

performed at low temperatures, as complexes of this type are very thermolabile (Wilke, 

1966 R) 

4PdCl2 + (C3H5)4Sn 
4PPh3 
-SnCu’ 

4(C3H5)PdCl(PPh3) 

2. Carbonyl Metallate -I- Allyl Halide 

-I 
Na[Mn (COg] + 

XI 
.Mn^tCOg 

CO 

-Mn^ (CO)4 

The aj-K rearrangement with attendant loss of CO can be initiated thermally (80 °C) or photo- 

chemically. 

,1 o 

oC^ I 
c 
o 

PhCH2CI II 

- Cl' 

Q0— Mo-CH2Ph 

/ 
ht2 

-CO 

X Co 

CH2 

(allyl 7c-complex of the benzyl anion) 

Metal Carbonyl -I- Allyl Halide 

CpCo^(CO)2 + C3HgI 
III 

Co, Co 
III 
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3. Metal Hydride + Diolefin 

HCo(COL + 

anti syn 
:h-; 

[Ic 0)400 

L 

\ ^H3- 

00(00)3 00(00)3 

This reaction is initiated by a 1,4-hydrocobaltation of butadiene. The syn-complex is the 

more stable isomer. 

4. Metal Salt + Olefin + Base 

Na2lPdOl4] + 
N 330 O3 

A mechanism for this reaction was proposed by Trost (1978): 

7^3 

5. Metal Salt + Allyl Halide 

Na2[Pd0l4] + 
00( cat. )/H20/MeOH 

1/2[03H5Pd0l]2 

The formation of an tj^-allyl complex from allyl chloride formally is a disproportionation 

which yields organic keto products in addition to the coordinated allyl anion (lira, 1971). 

The reaction can be accelerated by introducing other reducing agents (e.g. CO, SnCl2). 

This measure becomes unnecessary, however, when one starts from Pd° (Klabunde, 
1977): 

2 C6H5CH2CI (g) + 2 PdO(g) 
CK 

OA Cl 

Pd —I 
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6. Conversion i/^-AIiyl Alcohol -♦ i/^-Allyl: 

7. Electrophilic or Nucleophilic Addition to Olefin Complexes 

The coordinatively unsaturated 16 electron complex generated by protonation accepts a 
Lewis base. 

8. Hydrogenation of a Complex with Excess Electrons 

20 VE Ni 
Na/Hg 

EtOH ^ 

^^7 

Ni 

H2 

18 VE 

9. Dimerization of an Allene 

Fe2(CO)g + 2 CH2=C=CH2 

(COgFe-Fe(CO)3 



284 15 ff, Tc-Donor/TT-Acceptor Ligands 

STRUCTURE AND BONDING 

Metal-ligand interactions in allyl complexes: 

O TC 71 

In the ligand C3H5" ij/^ and 1J/2 are doubly occupied. The metal-ligand bond can be 
described by the components M, 1/^2 ^ M and 1/^3 A M. These overlap character¬ 

istics induce an electronic rotational barrier within the (ty^-allyl)M unit (see p. 287). 

—CH3 

The structure of the prototypical bis{2-methylallyl)nickel in the solid state is characterized by a parallel 

disposition of the two allyl ligands and slight bending of the C —CH3 bond towards the metal {Dietrich, 
1963). 

Bis{ri^-allyl)nickel {Wilke, 1961) was the first binary allyl metal complex to be isolated. 
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Structure o/lC4H7PdCI|2. The Pd- and Cl atoms lie in one plane which intersects the plane of the three 

allyl carbon atoms at an angle of 111.5°. 

Structure of the binuclear complex (C3Hs)4Mo2. Two allyl groups function as bridging ligands. This 

complex is fluxional in solution, whereby the bridging and the terminal allyl groups experience ligand 

scrambling {Cotton, 1971). 

d(Mo —Mo) = 218 pm 

In the *H-NMR spectra of allyl complexes, syn- and anti-protons of the terminal CH2 
groups are generally nonequivalent. Frequently, however, dynamic behavior is observed 

in solution which renders the terminal protons equivalent on the NMR time scale. The 

most likely mechanism to explain this phenomenon is a rapid 71: — cr — 71 conversion, which 

at the (T-stage allows free rotation around the C —C- and the M —C bonds. In this 
manner, syn- and anti-protons can exchange their positions; 

Often, the presence of a Lewis base (e.g. a nucleophilic solvent) is sufficient to trigger this 

dynamic behavior. This will be illustrated by the ^H-NMR spectra of [C3H5PdCl]2. In 

CDCI3 (upper trace), the spectrum of the Tr-allyl ligand is that of an A2M2X system, while 

in the solvent ^i^-DMSO at 140 °C (lower trace) an A^X pattern with seemingly equiva¬ 

lent terminal hydrogen atoms is observed. Presumably, upon attack of solvent molecules. 
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the dimeric structure of the complex is reversibly cleaved with accompanying non 

conversions (Chien, 1961). 
'^H-NMR spectrum of [C3H5PdCl]2 (CDCI3, 25 °C, 200 MHz): 

^H-NMR spectrum of [C3H5PdCl]2 (d*-DMSO, 140 °C, 200 MHz): 

Cl 

I 
Pd-DMSO 

I 
DMSO 

H3 ^1.2 

6 5 4 ppm 
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During the rotation of the allyl ligand around the —M axis without n~a — n conversion the 

terminal syn- and anti-protons necessarily remain nonequivalent', they experience changes in the shield¬ 

ing, however. .4s this rotation at room temperature is slow on the NMR time scale, both isomers are 

observable. 

Structural fluxionality of a different type is found in binuclear complexes in which two 

organometallic moieties are synfacially bonded to the bridging ligand cycloheptatriene. 

For the compound (/r-C7H8)[C5H5Rh]2, low-temperature NMR results suggest the 
simultaneous presence of the bonding modes ?7^-allyl and ^/^-alkyl -I- rj^-alkene. On 
raising the temperature, the two enantiomers interconvert, coalescence of the respective 
NMR signals eventually being reached. 

The isoelectronic complex (yU-C7H8)[Fe(CO)3]2 even at low temperature exhibits the 
bis(?7^-allyl) structure. 

REACTIONS OF ALLYL COMPLEXES 

Besides the significance of allyl complexes as intermediates in homogeneous catalysis (e.g. 
oligomerization reactions, p. 422), they have become increasingly important as selective 
electrophilic substrates in organic synthesis. 

Thus, the cations [(allyl)Fe(CO)4]'^, readily obtained by protonation of(?7Ldiene)Fe(CO)3 

complexes in the presence of CO, are highly electrophilic. They are attacked at the 

terminal carbon atom by a variety of nucleophiles to generate unstable (rj^-ole- 

fin)Fe(CO)4 species which easily decompose releasing the respective olefin (Whitesides, 

1973): 
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In the case of the dimeric complex [(allyl)PdCl]2, the reaction usually requires the pres¬ 
ence of a phosphine or a nucleophilic solvent, because only the cationic allyl complex 

formed as an intermediate is sufficiently electrophilic to react with other nucleophiles: 

Nucleophilic attack always occurs from an antifacial direction, i.e. at the non-complexed 

side of the ligand. 
For economical reasons, palladium complexes are rarely used in stochiometric amounts. 
Instead, Pd°-catalysed reactions are generally preferred, i/^-allyl complexes playing an 

essential role as intermediates (Tsuji, 1986 R). Nucleophilic substitution at allyl acetates 
may serve as an example: 

Pd^-catalyzed allylic substitutions proceed stereospecifically with retention of con¬ 
figuration at the a-allyl carbon atom (Trost, 1977 R): 

Me 

NaCH(C02Me)2 

Pd(PPh3)4. PPh3, THF 

This is due to the fact that the acetate group leaves trans to palladium and the new 
nucleophile again enters from the trans-direction. 

In chiral allyl complexes, even the terminal carbon atoms of symmetrical allyl ligands are 
nonequivalent. Selective attack by a nucleophile at one of these centers and subsequent 
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oxidative decomplexation can generate chiral olefins in high enantiomeric purity (Faller, 
1983): 

R 

one diastereomer 
employed 

FeCl3 

'' 

chiral olefin 

Olefin isomerization, catalyzed by transition metals, presumably also proceeds via allyl 
complex intermediates. By metal insertion into a CH2 group adjacent to a coordinated 
olefin, an allyl hydride complex is formed, which can then rearrange to give the isomeric 
olefin complex: 

C 

'^CH2 
H-C 

H 

II 
M—H n—m" 

R H 

15.3.2 Dienyl and Trienyl Complexes 

i/^-Dienyl and ly^-trienyl complexes can be regarded as vinylogues of allyl complexes. The 

stabilization of enyl ligands by complex formation facilitates their use as carbocation or 

carbanion analogues in subsequent reactions. The preparation of dienyl and trienyl 

complexes in many ways parallels the synthesis of allyl complexes. 
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PREPARATION 

1. Metal Halide + Main-Group Organometallic (Metathesis) 

2 

“open ferrocene” 

(Ernst, 1983 R) 

(CHgIgSn + MntCO^Br 

2. Transfer of H'*’ or H 

hydride addition 

I 

Fe 
(CO)3 

Ph3C'^BF4" 

(- H-) 

+ 

hydride abstraction 

Ph3C'^BF4 is the classical reagent for hydride abstraction. It is usually applied to cyclic 

systems. 
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I 
Cr 

(CO)3 

Ph3C'^BF4" 

(- H-) 

a homotropylium complex 

r,5 

HBF4 

( + H+) 

protonation of an uncoordinated double bond 

Alternatively, protonation can occur at an a-OH or a-OCHj group of an (?/'^-l,3-diene)M 
unit, water or methanol then being released to yield the dienyl complex: 

(00)3 (00)3 

-CH2OH 

Fe 
HPFc 

Fe 
CH. 

3. Metal Salt + Olefin + Reducing Agent 

This Fischer-Miiller reaction (p. 250) has considerable synthetic scope. Depending on the 

metal and the olefins involved, either olefin- or enyl complexes are obtained. 
In the case of ruthenium and cyclooctadiene, a mixed cycloolefin complex is initially 

formed which, on heating, undergoes a rearrangement to give the symmetrical bis(cy- 

clooctadienyl) isomer (metal-induced H-shift, Vitulli, 1980): 

Ru 
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STRUCTURE AND PROPERTIES 

The bonding in these complexes, involving synergetic bonding and backbonding contri¬ 

butions, is analogous to that of other n ligands. Structural studies have established 

planarity and uniform bond orders within the metal-coordinated enyl moiety. 

Structure of bis{2,3,4-trimethylpentadieny[)ruthenium. The M — C bond lengths differ from each other 

only slightly and they are very similar to those in the corresponding cyclopentadienyl complex, justifying 

the designation “open metallocene". The angle of twist in the ecliptical conformation shown above is 

52.5° {Ernst, 1983). 

Enyl complexes have gained some importance through their application in organic 

synthesis. This is particularly true for [(dienyl)Fe(CO)3]^ cations, to which nucleophiles 

add regioselectively (at the terminal carbon) and stereospecifically (antifacial to iron) 
(A. Pearson, 1980 R). The Fe(CO)3 group can be subsequently removed by oxidation: 

MeO 
Ph3C'*’BF4 

Fe 
(CO)3 

MeO 

Fe 
(00)3 

1. Me3NO 2. H30^ 

O 

In the following example, the ortho-deactivating effect of the methoxy group results in 
nucleophilic attack at the ipso-C atom (A. Pearson, 1977): 

MeO 
Fe 

(00)3 

free 

ligand 
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Nucleophilic addition to cationic 7c-complexes is one of the most important methods for 

the conversion of ^/"-bonded ligands into the corresponding ligands. Allyl and enyl 

ligands as well as unsaturated hydrocarbons like ethylene (p. 267), butadiene (p. 283) or 

benzene (p. 3511), which do not normally undergo nucleophilic addition reactions, are 

readily attacked by nucleophiles like H“, CN“ or MeO” when coordinated to a transi¬ 

tion-metal cation. This enhanced reactivity of coordinated polyenes is a consequence of 

metal-ligand bonding, which results in a transfer of electron density from the hydrocar¬ 
bon to the positively charged metal atom. Based on perturbation-theoretical consider¬ 

ations, Davies, Green and Mingos (1978) have proposed three general rules which allow 

predictions of the direction of kinetically controlled nucleophilic attack at 18 VE cationic 
complexes containing unsaturated hydrocarbon ligands. Applications of these rules re¬ 

quire the ligands to be classified as even {rj^, ri^) or odd (i/^, rj^). Furthermore, a 
distinction between closed (cyclic conjugated) and open ligands is necessary. 
The propensity for kinetically controlled nucleophilic addition to 18 VE cationic com¬ 

plexes decreases in the following order: 

even odd 

open closed open closed 

0 Nucleophilic attack occurs preferentially at even coordinated polyenes. 
0 Nucleophilic addition to open coordinated polyenes is preferred to addition to closed 

polyene ligands. 
0 In the case of even open polyenes, nucleophilic attack always occurs at the terminal 

carbon atom; for odd open polyenyls, attack at the terminal carbon occurs only i/ L„M 

is a strongly electron-withdrawing fragment. 

The Davies-Green-Mingos (DGM) rules have to be applied in the sequence 0 0 0. 

Examples: 

Rule 

0 
0 

0 
0 
0 

<S> 
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Understanding the DGM Rules 

Let us start from the premise that the readiness of a ligand carbon atom to accept a 
nucleophile is governed by its partial positive charge. Chemo- and regioselectivity of nucleo¬ 

philic attack then reflects unequal charges at the ligand carbon atoms. These charge differ¬ 

ences must be a result of metal coordination, since for free alternating polyenes C„H„ + 2 

well as for cyclic n-perimeters C„H„ the charge distribution along the C„ chain is uniform. 
The occurrence of charge differentiation in the complex cations may be explained using the 
prototypes CjH'g (allyl) and (butadiene) as examples. Herein the complex cations are 

mentally constructed from the respective neutral ligand and the fragment realizing 
that - because of the positive charge on L„M ^ - the metal-ligand bond should be dominated 

by the donor contribution L„M L (HOMO). The removal of electron density from the 
ligand with concomitant generation of partial charges will then be proportional to the 

squares of the HOMO coefficients at the individual carbon atoms, depicted qualitatively by 
the sizes of the orbital lobes. 

^3^3- C4H4 

As suggested by the diagram, removal of charge dominates at the terminal carbon atoms, 
which consequently attain higher partial charges S and which therefore are the preferred 
sites for nucleophilic attack (Rule (3)). 

The limitation to rule (5) is apparent as well. In the case of e^en polyenes, the ligand HOMO 

is occupied by two electrons which in the complex populate a bonding MO. Thus, irrespec¬ 
tive of the acceptor strength of L„M^, MO formation will always generate partial positive 

charges (0 < q < +2) on the polyene. Odd polyenes, on the other hand, contribute with a 
singly occupied ligand HOMO to metal-ligand bonding with the effect that, depending on the 
acceptor strength of L„M'^, negative or positive partial charges ( — 1 < q <+i) can accrue 
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on the ligand. In the prototypical example rj^-allyl, CjHj- or C3H5-/ifee behavior can 
therefore arise: 

L„M is a strong electron acceptor 

(^/^-CjHj) reacts like 

is a weak electron acceptor 

(>7^-C3H5) reacts like CjHj" 

Since charge transfer is more extensive for even polyenes {0 < q < +2) relative to odd 

polyenes ( — 1 < q < +1), higher reactivity of the complexes is expected for the former, as 

compared to the latter {Rule 0). 

The preferred nucleophilic attack at complexes of open polyenes probably results from the 

fact that in open polyene ligands, charge distribution is less balanced than in the cyclic 

polyene counterparts (Rule 0). Refined discussion must, of course, include substituents 

effects and possible competing reactions like nucleophilic attack at CO ligands. 

Excursion 

*^C- and ^H-NMR Spectroscopy of Organometallics 

‘^C-NMR 

Despite the low natural abundance 

(1.1 %) and the relatively low receptivity 
of the nucleus (p. 25), ^^C-NMR has 

become an indispensable tool in the 

study of organometallic compounds. Es¬ 

sential features of ^^C-NMR as applied 

to organometallics are the following: 

1. Proton decoupled {^Hj spectra, in 

the absence of other magnetic nuclei, dis¬ 

play sharp singlets. Since signal disper¬ 

sion is far superior in ^^C-NMR as com¬ 
pared to ^H-NMR, spectra lend 

themselves to the analysis of elaborate 

molecules, of mixtures of isomers as well 

as to the recognition of fine structural 

details. 
If the central atom possesses a magnetic 
moment, high isotopic abundance and 

relaxation times Tj and T2 which are not 

too short (e.g. ^^^Rh, ^^^Pt), scalar cou¬ 

plings J (M, are observed. The latter 
provide insight into the nature of the 
metal-ligand bond. 

2. The analysis of coupled ^^C-NMR 
spectra furnishes the coupling constants 

JC^C, ^H). Together with the values 
J(^H, 0) from ^H-NMR, they reflect 

ligand structure and the hybridization 

states of the carbon atoms. Particularly 

revealing are geminal and vicinal cou¬ 

pling constants which offer hints to coor¬ 
dination induced changes in the intra-lig¬ 

and Ti-bond order. 

3. Special techniques allow isotopomeric 
species to be studied (even at natural 

abundance) which contain two neighbor¬ 
ing nuclei so that coupling constants 

^^C) also become available. This 

parameter again reveals the hybridiza¬ 

tion states of the respective carbon atoms 

as well as C, C bond orders in the ligand. 
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Furthermore, for complexes of a certain 

metal, linear correlation usually exists be¬ 

tween the coupling constants 
and the bond lengths d{C — C). 

4. ^^C-NMR is particularly well-suited 

for the study of exchange processes. Dis¬ 
persion of the chemical shifts in ^^C- 
NMR spectra being about five times as 

large as in ^H-NMR, considerably faster 
processes may be studied by ^^C-NMR 

over the total dynamic range. Thus, lig¬ 
and reorientation in (cyclooctatetraene)- 

Fe(CO)3 (p. 366) by means of ^H-NMR is 
amenable to study in the fast exchange 

region only, whereas using ^^C-NMR, 
the total range from slow to fast exchange 

can be investigated. Additionally, in ^^C- 
NMR spectra simpler splitting patterns 

are often encountered, rendering line- 
shape analyses less cumbersome than for 
the respective ^H-NMR spectra. 

I. Chemical Shifts for Nuclei 

in Diamagnetic Organometallics 

In attempts at a quantitative interpreta¬ 

tion, the shielding terminology (cr) intro¬ 

duced by Ramsey is usually employed in¬ 
stead of the chemical shift (<5). Therein, 

the chemical shifts are governed by 
diamagnetic and paramagnetic shielding 

terms, Eq. (1). Note that, by convention, 

the shift and the shielding possess oppo¬ 
site signs. 

a; = (1) 

The diamagnetic shielding term of'® ac¬ 

counts for the unperturbed spherical mo¬ 

tion of the electrons; it dominates in ^H- 
NMR. 

The paramagnetic shielding term 

which corrects for eventual perturbations 

of electronic motion and for non-spheri- 
cal charge distribution, is opposed to 

According to Karplus and Pople, 
may be evaluated if a mean electronic 

excitation energy AE is adopted: 

cr‘ = -^<r-^\AQ, + ZQ,]m 
Z 71 

IIq = permeability (vacuum) (2) 

Pg = Bohr magneton 

Besides ’the mean radius r of the 2 p or¬ 

bitals of the respective carbon atom, 

Eq. (2) contains the parameters Qi (elec¬ 
tron density at atom i) and Qj (bond or¬ 

ders between atoms i and j). Like the 
mean excitation energy AE, which is diffi¬ 

cult to infer from experiment, Qi and Qj 
are often derived from MO calculations. 

AE is usually approximated by the ener¬ 

gy gap between the HOMO and the 
LUMO. The third, nonlocal term <Tjj de¬ 

scribes the influence of the remote elec¬ 

trons (e.g. ring current effects); for the 
nucleus in rudimentary discussions, this 

term is generally neglected. Apart from 
hydrogen, for all other magnetic nuclei 

the paramagnetic shielding term 
dominates. In a number of cases Eq. (2) 

provides a link between the chemical shift 
S and the electronic structure of the 
respective molecule. As for other nuclei, 

however, a quantitative interpretation of 

5 is not yet feasible, mainly because 

various factors which in addition to AE 

influence the paramagnetic term, cannot 
be assessed precisely. Coordination of an 

organic ligand to a metal fragment affects 

the resonance frequencies of the ligand 

nuclei in a characteristic way. This coor¬ 

dination shift Ad is defined as the chemi¬ 
cal shift difference between the metal- 

bonded and the free ligand: 

A(5 = _ ^(ligand) 

■V 

In Figure 15-1 representative examples 

for various classes of organometallic 

compounds are depicted, together with 

values 3 for the metal-coordinated 
carbon atoms. 
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1. CHEMICAL SHIFTS FOR 

ff-BONDED LIGANDS 

a) <T-Alkyl Metal Complexes 

The 5^^C values of a-carbon atoms 

which are directly bonded to the metal, 

strongly depend on the nature of the met¬ 
al and the ancillary ligands. Positive as 
well as negative coordination shifts are 

observed. Positive values A<5 ^^C (shifts 
to lower field) are primarily found for 
Zr, Hf, Nb and Ta. Note, however, 
that the coordination sphere of the 

metal fragment, which is cr-bonded to 
an alkyl group, has a dramatic effect 

on <5 ^^C (compare: W(CH3)6, H3CCH3, 
Cp(CO)3WCH3, p.297). For the ;6-car- 
bon atoms, small positive values A<3 ^^C 

are usually encountered whereas for y- 

carbon atoms, very small negative values 
A(5 ^^C arise. 

b) Carbene- and Carbyne Metal 
Complexes 

(5^^C values for carbene- and carbyne 
complexes lie in the range 400 > ^ ^^C 

> 200 ppm. Deshielding of a similar 

magnitude is also encountered for carbe- 
nium ions. Therefore, it is reasonable to 

conclude that the carbene- and carbyne 
carbon atoms in their respective metal 

complexes bear a partial positive charge. 
Similarly to carbenium ions, 7r-donor 
substituents like OR or NR2 at the car¬ 

bene carbon atom cause pronounced 
high-field shifts of the ^^C signals (cf. 
p. 214). 

c) Carbonyl Metal Complexes 

Let it be stated at the outset that metal 

carbonyl carbon atoms can be difficult to 
detect. This is because the absence of di¬ 

rectly bonded hydrogen atoms for ^^CO 

may result in long relaxation times 

(p. 24). Furthermore, in double-reso¬ 

nance experiments like ^^C{^H}, due to 
the large carbon-hydrogen distance, nu¬ 

clear Overhauser enhancement (NOE) is 

small. Techniques have been developed, 

however, to cope with this situation. 

S ^^C values for metal carbonyls lie in the 
ranges 150-220 ppm for terminal car¬ 

bonyl groups and 230-280 ppm for 

bridging carbonyls. Within a group of 
metals, shielding of the carbonyl car¬ 
bon nucleus increases with increasing 
atomic number [example: Cr(CO)g 212, 
Mo(CO)6 202, W(C0)6 192ppm]. For 

structurally related complexes of the 
same central metal, correlations between 
the chemical shift <5 and the force 
constant k{CO) of the stretching vibra¬ 
tion have been established: increasing 
force constants are paralleled by in¬ 
creased shielding (I. S. Butler, 1979 R). 

2. CHEMICAL SHIFTS FOR 
tt-BONDED LIGANDS 

In olefin metal complexes for protons and 
for ^^C nuclei large negative coordina¬ 
tion shifts A^ (shifts to high field or low 

frequency) are observed. Various authors 
have attempted to rationalize A(3 ^H as 
well as A(5 ^^C values on the basis of one 

dominant contribution. Possible sources 
of the coordination shifts include: 

• Changes in charge density on the ligand 

atoms 

• Changes in the intra-ligand n-bond or¬ 

ders 

• Changes in the hybridization states of 

metal-bonded carbon atoms 

• Various anisotropy effects 

Since these effects are in part mutually 

dependent, controversial statements as to 

the nature of the dominating influence 

are not surprising (Trahanovsky, 1974; 
Norton, 1974). 
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Characteristic ^^C-NMR spectra are also 
displayed by i/^-allyl- and i/‘*-diolefin 

complexes. In allyl complexes, the termi¬ 
nal carbon nuclei generally are shielded 

more strongly (80 >S^^C> 40 ppm) as 

compared to the central carbons (110 

> <5 > 70 ppm). For allyl complexes 

of the metals, shielding of terminal as 
well as of central carbon nuclei usually 

increases in the order Pd < Ni < Pt. 

For olefin complexes as well, AS val¬ 
ues for the terminal carbon atoms ex¬ 

ceed those of the central carbons C2 up to 

three-fold. The ratio A5 (CJ/dc? (C2) 
within a group of metals increases with 

increasing atomic number. 
Example: 

(j^'^-buta- M = Fe Ru Os 

diene)M(CO)3 

A5(Ci)/A5(C2) 1.47 1.65 1.68 

A possible rationale for this trend is the 
more extensive rehybridization sp^ -^sp^ 

of the terminal carbon atoms in com¬ 

plexes of the heavier metals. The 
{^H}-NMR spectrum of (^y^'-cyclo- 

heptatriene)Fe(CO)3 may serve to illus¬ 

trate the shielding difference between co¬ 

ordinated and non-coordinated olefmic 

carbon atoms as well as between terminal 
and central carbon atoms in the '^-buta¬ 

diene segment of a coordinated oligoole- 
fm (Figure 15-2). 

Free C^Hg: 5 = 120(Ci), 127(02), 
131 (C3), 28 (C7). Note the low intensity of 

the signal for the CO groups relative to 
C, (p. 298). 

II. Coupling Constants y(*^C, X) 

In fluid solution, by virtue of thermal 
molecular motion, through-space dipolar 
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interactions are averaged to zero and 
only the scalar spin-spin interactions, 

which are transmitted by the electrons, 

are observed. 
Scalar coupling "J (A, X) is independent 

of the external magnetic field; it is usually 

expressed in frequency units (Hz), n desig¬ 
nating the number of bonds between the 

atoms A and X. 
If scalar couplings between different 
kinds of nuclei are to be compared, rather 
than using the coupling constants 

"J (A, X) themselves, it is more conve¬ 
nient to employ the reduced coupling 

constants "K (A, X). The latter reflect the 

influence of the electronic environment in 
a more direct way, being independent of 

the magnitudes and signs of the magneto- 
gyric ratios y. Reduced coupling con¬ 
stants are defined according to: 

’'J{A,X) = hl^’'K{A,X) (4) 
2n 2n 

They are usually represented as the sum 
of the contributions orbital term 

dipole term and Fermi contact term 

"K (A, X) = (5) 

For the lighter elements void of lone 

paris of electrons (e.g. ^H, coupling 

across one bond is dominated by the 
Fermi contact term and the follow¬ 

ing grossly simplified relation has been 

proposed (Pople, 1964): 

"K{A, X)»X''^ = 
1671/9 ■ [Sii0)Si{0)P^s^s^] 

(6) 

^AE is the mean triplet excitation energy, 

Sa(0) and SKO) represent the electron 
densities in valence s orbitals at the nuclei 

A and X, respectively, and Sx is the 
s bond order between A and X. In discus¬ 

sions of spin-spin coupling across several 
bonds and for atoms bearing lone pairs 
(e.g. ^^F) the terms and must 

also be considered. 
Hence, the coupling constants V(‘^C, 

‘H) in principle provide hints as to the 
hybridization state of a certain carbon 

atom. Typical values of ^J(^^C, ^H) in 
free hydrocarbons are 125, 157, and 

250 Hz for sp^-, sp^-, and sp hybridiza¬ 
tion. Therefore, the following rule of 

thumb applies: 

500 s (Hz) 

s denoting the fraction of s character in 

the C —H bond orbital. 

Coupling constants V(^^C, ^H) for selected n-complexes and the respective free ligands {in 
brackets): 

H 168 
Cl 58) 

Cr 

H 146 

Pt 
(Ph3P)2 

H 175 
(158) 

Cr 
(CO)3 

H 161 (155) 

(159) 
J H 169 (153) 
Fe 

(CO)3 

H 175 
(159) 

H 144 (155) 

H 144 (159) 
j H 156 (153) 
Zr 

(CsHglg 
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Obviously, n-coordination may increase 

the coupling constant (^^C, ^H), leave it 

unaffected or decrease it. Whereas a simple 
explanation for the increase of 

encountered for rj^-arene- and r\^-cy- 

clopentadienyl complexes, is not available 
at present {Giinther, 1980), the coupling 

constants for olefin complexes may be 

discussed with reference to structural 
data. Thus, the decrease of ^H) 

upon complexation for ethylene in 

iFh,P),T>tiri^-C2n^) can be rationalized 
by a partial rehybridization from sp^ to 
sp^ which is in line with structural data 

{p. 259). Similarly, the decrease of (^^C, 

^H) for the terminal carbon atoms in 

(C5H5)2Zr (;y''^-C4H6) (p. 263) is a result of 
rehybridization which diminishes the s or¬ 
bital contribution to the C —H bond. The 

central carbon atoms apparently remain 

sp^-hybridized. Note that butadiene com¬ 
plexes of the early transition metals - as 

judged from structural data - are better 

described as metallacyclopentenes {p. 263). 

For complexes of the type (CO)3Fe 
diene) the discussion is more involved since 

here, in addition to rehybridization, twist¬ 
ing along the terminal C —C bond arises 

(v. Philipsborn, 1976). 

While it is often possible to find ex post 

facto explanations for an observed trend 

in the coupling constants ^H), 
this parameter may not yet be regarded 

as an unambiguous diagnostic tool. 
The coupling constants ‘/(M, ‘^C) con¬ 

tain information concerning the nature of 

the metal-carbon bond: for M — C bonds, 

considerably higher values V(M, ^^C) 

are observed as compared to M — C 
bonds. Again, the higher s character in 

the former bond type is responsible. 

As a consequence of pronounced differ¬ 

ences in the magnetogyric ratios the 

parameters V(M, ^^C) are spread over a 

wide range. Thus, in contrast to the small 

Rh 

In the complex (Cp)Rh(a-allyl)(n-allyl), the 

Rh —C bond is characterized by a value 

^^C) of 26 Hz whereas for the n- 

bonded allyl ligand ^^C) amounts to 

14-16 Hz. 

The <x-ferrocenylcarbenium ion, enriched in 

^^Fe, features the coupling constant 

^^C) = 1.5 Hz at the exocyclic carbon atom. 

Therefore, this carbon atom is probably not a- 

bonded to the central metal since for Fe —C 

bonds, coupling constants of about 9 Hz are 

typical, whereas for Fe —C bonds, values of 

1.5-4.5 Hz are observed {Koridze, 1983). 

values V(^°^Rh, ^^C) and V(^’Fe, ^^C) 

mentioned above, considerably larger 
coupling constants are encountered for 
other metals. Examples; 

i^C) = 43 Hz in WMCg; 
1J(183^^ 13C) ^ 126 Hz in WfCOl^; 

'3CMe) = 568 Hz, 
lj(195pt, 13QJ ^ 2013 Hz 

in ds[Cl2Pt(CO)Me]“. 

Even in the case of high isotopic abun¬ 

dance, a coupling pattern due to 

^7(M, C) is only observable if the relax¬ 

ation times T^ of both nuclei engaged in 

spin-spin coupling are long relative to 
\l2nJ(T^ > 10- 1/2 7c7). This conditon 

is usually fulfilled for interactions be¬ 

tween I — Xjl nuclei. If, on the other 
hand, T^ for one of the coupling nuclei is 

very short (Tj ^ 1/2 7tJ), a sharp singlet 

appears instead of the multiplet. This sit- 
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nation typically arises if nuclei with a 
quadrupole moment are coupled to 

Ty- and 1/2 71J values of comparable 
magnitude lead to severely broadened 

multiplet components. 
Geminal coupling constants ^/(X, 
provide stereochemical information: 

9 Hz 

104 Hz 
PMegPh 

For complexes of heavy transition metals like 

Ru, Os, Rh, Ir and Pt, cis- and trans coupling 

constants (X, strongly differ in magni¬ 

tude. Example: in ci's-Pt(Me)2(PMe2Ph)2 the 

coupling ^JtransC^^’ umounts to 104 Hz, 
the value only to 9 Hz. 

Like the coupling constants ^H) 

in transition-metal complexes, vicinal 
coupling V(M, ‘^C) and ‘H) is 
governed by the length of the central 

single- or double bond, the torsional an¬ 
gle (p and the electronegativity of sub¬ 
stituents. The dependence on the torsion¬ 
al angle is cast in form of an equation of 

the Karplus type (see textbooks on NMR 
spectroscopy); 

(X, C) = y4 cos^ (p B cos (p C 

A, B, and C are empirical parameters. 

X 

\ c 

Thus ^^C-NMR studies of platinacycles 

and of exo- and endo-norbornyl tri- 

methylstannanes have demonstrated that 

the coupling constants ^J(M, C) in the 

M — C — C — C segments adhere to a 

Karplus equation. 

Example: 

Coupling constants V('^®Sn, in Hz 

7 

Sn-C(4) = 23.0 

Sn-C(6) = 69.0 

Sn-C(7) = 0.0 

Sn-C(4) = 22.0 

Sn-C(6) = 34-38 

Sn-C(7) = 59.0 

A = 25.2 

B =-7.6 

C= 30.4 

The parameters A, B and C, derived from 

experimental data, provide a Karplus rela¬ 

tion for ^J(“®Sn, which can be ap¬ 

plied in the study of structure and confor¬ 

mation of organotin compounds {Kuivila, 

1974). 

In {r}‘^-\,2>-diene)metal complexes, where 

the ligand is n- rather than a-bonded, vici¬ 

nal couplings ^J{X, H), X = C or H, 

furnish information concerning ligand ge¬ 

ometry. Upon coordination to a metal 

fragment ML„, the vicinal cis- and trans 

couplings ^H) and ^H) are 

reduced to different extents. This effect 

may be explained by a twisting of the ter¬ 

minal C —C bond such that the endo sub¬ 

stituent moves away from the metal and 

the exo substituent towards the metal 

{cf. p. 264). In the case of {4-methyl- 

i,3-pentadiene)Fe{CO)^ the vicinal cou¬ 

pling ^H) is rcduccd to such 

a degree that it becomes smaller than the 

coupling ^H) - a situation 

never encountered for free olefins (v. 
Philipsborn, 1988). 
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Reduction 

,(H,H) =10.17 =6.93 Hz 32% 

,„,(H,H) = 17.05 V,_,(H,H) = 9.33Hz 45% 

Reduction 

(C, H) =7.0 H) =5.0 Hz 28% 

(C, H) = 8.2 (C, H) = 3.5 Hz 57 % 

III. Influence of Dynamic Processes 

^^C-NMR is not limited to the analysis of 

static molecular structures; it is well-suit¬ 

ed for the study of reversible intra- and 

intermolecular processes and the deter¬ 
mination of the respective activation en¬ 

ergies, since the line-shapes of the reso¬ 

nance signals in these cases show tem¬ 

perature dependence. For dynamic pro¬ 
cesses in which an observed nucleus is 

transferred from the magnetic environ¬ 

ment A to the environment B with a rate 

constant k, the following cases may be 

distinguished: 

• limit of slow exchange {k Aco) 

• coalescence region {k x Aco) 
• limit of fast exchange (k > Aco) 

wherein Aco is the difference in the reso¬ 

nance frequencies of the observed nucleus 

in the two magnetic environments. The 

quantitative interpretation of these spec¬ 

tra is possible without computer simula¬ 

tion only for the simplest case which in¬ 

volves a periodic change between two 
magnetic environments (“two-site ex¬ 

change”). For this type of exchange pro¬ 
cess, which frequently occurs in practice, 

temperature-dependent rate constants 
are readily calulated with the aid of ap¬ 
proximate formulae. Assuming equal 

populations of the sites A and B, the fol¬ 
lowing expressions apply: 

slow-exchange region 

k = 7r(fFi/2 - Wo^j2) 

coalescence 

k = nlkwiy/l = 2.22 Aco 

fast-exchange region 

k = {n^w^)|2{W,|2-Wo,|2) 

Wo-^^12 represents the half-width in the ab¬ 
sence of exchange (e.g. width of the sol¬ 

vent signal in Hz), and W-^i2 the half¬ 
width of the signal broadened by 
exchange. If the spectrum is recorded at 

different temperatures, the free enthalpy 
of activation AG* as well as AH* and 

AS* can be calculated by means of the 
Eyring formula. The activation enthalpy 
AH* is a measure of the height of the 

energy barrier, the activation entropy 
AS* reflects the change in geometry upon 

approaching the transition state. 

In many exchange processes, several 
magnetically active nuclei (e.g. ^H, 

^^P) are affected simultaneously. The ap¬ 

propriate choice of the nucleus to be ob¬ 

served by NMR then simplifies the analy¬ 

sis of the process considerably. Alter¬ 
natively, in order to check for internal 

consistency, an investigation of the ex¬ 

change process using all NMR active nu¬ 

clei is advisable. 

Example: The cation [(C5Me5)Rh(2,3- 

dimethylhutenyl)] * undergoes an intercon¬ 

version between the enantiomeric forms A 
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solvent 5/6 

C5 

283K 

1/4 

2/3 

169K 

5/6 

Met 

ii--- -^u- 
r I I I I I I I 'I-1 *L ""I I I .L—I-'-'—T" "T- 

160 80 60 40 20 ppm 

fast exchange 

coalescence 

of the signals 

1 ^ 4 

2-(->3 

slow exchange 

Figure 15-3: ^^C{^H}-NMR spectrum of [(C5Me5)Rh(2,3-dime£/i_y/buteny/)]BF4 in CD2CI2 at 

100.8 MHz. 

and B (p. 264). In ^H-NMR this fluxion- 

ality represents a "‘’five-site exchange"' be¬ 

cause the rotation of the terminal methyl 

group, which is fixed to the metal 

by means of an agostic interaction 

C-H —M, must be taken into account. 

In ^^C-NMR, on the other hand, the sim¬ 

pler “two-site exchange” case applies 

(1^4, 2^3, 5^6) {Figure 15-3). For 

the exchange the following param¬ 

eters where derived: AG300K = 38.9 kJ/ 

mol, AH* 29 kJ/mol, and AS* 

Si—35J/molK {Salzer, v. Philipsborn, 

1987). 

‘H-NMR 

Proton magnetic resonance for diamag¬ 
netic organotransition metal compounds 

is observed in the chemical shift range 

25>d^U > — 40 ppm. Paramagnetic 

organometallics may give rise to chemi¬ 

cal shifts of several hundred ppm [Exam¬ 
ple: (C6H6)2V', <5 = 290 ppm]. In the 
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latter case, detection depends on certain 

restrictions imposed by the electron spin 

relaxation time, further details being be¬ 
yond the scope of this text (cf. La Mar, 
Horrocks, Holm, NMR of Paramagnetic 

Molecules, New York, 1973). 

In discussions of the ^H-NMR properties 
of diamagnetic organotransition-metal 

complexes it is convenient to differentiate 

the following three cases of increasing 

metal-proton distance: 

@ LpM-H 

© LpM-C-H 

V 

C-H r 
L„M-C 

H directly 

bonded to M 

H bonded 

to rj-C 

H bonded 

to C 

@ Metal-bonded protons which in or- 
ganometallic chemistry are regarded as 
hydridic (p. 234), experience particularly 

strong shielding: 

For related compounds, across a row 

with increasing atomic number shielding 

tends to increase; smooth group trends 
are not discernible, however. A bridging 

hydride (/t-H) absorbs at higher field than 

a terminal hydride. Positive charge caus¬ 
es resohance to appear at low field, nega¬ 

tive charge shifts the signal to high field. 

Hydridometal clusters in which the hy¬ 
drogen atom is buried in the cavity of 

M„-polyhedron (p. 406), display totally 

different ^H-NMR behavior, in that reso¬ 

nance occurs at extremely low field. 

Examples: 
[HCo6(CO)i5]-, (5 'H = +23.2; 

[HRu6(CO)i8]“, = +16.4 ppm 
(Chini, 1979 R). 

In attempts to rationalize the ^H-NMR 
data of transition-metal hydrides, it must 
be borne in mind that the proton - as 

opposed to heavier nuclei - is exposed to 
intra (cr,)- and inter (cr;j) atomic shielding 

contributions of similar magnitude. 

If the range of 5 values for transition- 

metal hydrides is compared to the chem¬ 

ical shift of a typical main-group element 

hydride ([AlHJ", 5 = 0.00 ppm), one 

immediately recognizes that the transi¬ 

tion metal, as a bond partner to hydro¬ 

gen, plays a special role. Hence, the 

strongly negative d ^H values have been 

attributed to the paramagnetic shielding 

5(^H)/ppm ^(^H)/ppm 

(COljMnH -7.5 CP2M0H2 -8.8 
(COljReH -5.7 Cp2MoH3"^ -6.1 
(COl^FeH^ -11.1 Cp(CO)3CrH -5.5 
(COl^RuH^ -7.6 Cp(CO)3MoH -5.5 
(C0)40sH2 -8.7 Cp(CO)3WH -7.3 
(COl^CoH -10.7 Cp2'FeH"^ -2.1 
fraMS-(Et3P)2ClPtH -16.8 Cp2RuH^ -7.2 

r(CO),oCr2H -19.5 (p. 235) 

/i-H<^(CO),iFe3H- -15.0 (p. 234) 

[(CO)24Rhi3Hr -29.3 (p.410) 
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term of the neighboring transition 

metal (Buckingham, 1964). A characteris¬ 

tic feature of transition-metal complexes 

is the existence of low-lying, electronical¬ 
ly excited states which are admixed to the 

ground state under the influence of the 

external magnetic field. In this way, the 

field induces a magnetic moment at the 

metal which exerts a deshielding effect at 
the central atom and - due to the dis¬ 

tance relationship - a shielding effect at 

the hydride ligand non-local effect). 

@ Protons which are fixed to metal- 

bonded carbon atoms display a much 
smaller span of chemical shifts. The coor¬ 
dination shifts usually lie in the range 

1 < < 3 ppm; they are always 
negative. 

The gradation of the coordination shifts 
for a ligand of low symmetry can be read 

off the ^H-NMR spectrum of (f/'^-cis-l,3- 
pentadiene) Fe(CO)3: 

A(5 decreases in the order terminal, endo (HJ > terminal, exo (H2,5) > central (H3 J 
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The coordination shifts A(5^H of rj-CH 

units are ruled by local effects (partial 
charge, rehybridization) and by non-local 

effects (neighboring group anisotropy of 
the metal, coordination-induced pertur¬ 

bation of diamagnetic ring currents). A 
quantitative assessment of these contri¬ 

butions is not yet possible. Notwith¬ 
standing, the coordination shift A5 is 

of considerable heuristic value. 
The coupling constants /(^H, ‘H) - like 

the values J (^^C, ^H) - yield information 
with regard to intra-ligand bond orders, 

hybridization states of the carbon atoms 
and therefore ligand geometry. Occasion¬ 

ally, coupling constants ^/(M, ‘H) are 
also resolved; they characterize the type 
of metal-ligand bonding. Examples; 

W(CH3)6,V(1«3w,iH) = 3Hz; 

(?y"-C2H4)3Pt, 2j('^'Pt, ^H) = 57 Hz. 

Protons at non-coordinated carbon 

atoms, not surprisingly, show very small 

coordination shifts A(3 ‘H. In contrast to 
their influence on the shielding of carbon 
nuclei, non-local effects make a signifi¬ 

cant contribution to the shielding of pro¬ 

tons. Specifically, non-local contribu¬ 
tions to A5 are expected in cases 
where metal coordination affects the dia¬ 

magnetic ring current which governs the 

shielding in the periphery of arenes. 

0.20 

\ _ .. (v-0.04 

^-<^>-^-0.54 

I A5(^H) 
Cr 

Bis( 1,4-decamethylene-ri^-benzene)chromium 

may serve as an example. The area in space, 

where AS changes sign corresponds to the 

conical surface which, for free arenes, separates 

shielding and deshielding regions. The conclu¬ 

sion that metal coordination partially quenches 

the diamagnetic ring current therefore suggests 

itself {Elschenbroich, 1984). 
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15.4 Complexes of the Cyclic 7i-Perimeters C„H„ 

Cyclic conjugated ligands are known to occur in five different classes of 
compounds: 

I Sandwich complexes 

If an oxidation state of zero is assigned to the central metal atom, the rings 

in this series become 1- to 3-electron ligands. The combinations shown above 

result in 18 VE complexes. They have all been synthesized. The 18 VE rule 
cannot, however, be applied to lanthanoid and actinoid sandwich complexes 

icf p. 364). 

An alternative approach is to assign the 

complexed ligand the same charge as in its 

most stable uncoordinated form. The formal 

oxidation state of the metal is then derived 

by balancing the charge. 

II Half-sandwich complexes 

“piano chair' “milking stool" 

III Multidecker sandwich complexes 

IV Complexes with tilted sandwich structure 
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V Complexes with more than two C„H„ ligands 

r(Ti'" + ) = 74 pm 

('7^-Cp)2(>7^-Cp)2Ti 

Cp4Zr 

r(Zr^+) = 91 pm 

{ri^-CpUr,^-Cp)Zr 

CP4U 

r(U‘^+) = 117 pm 

(»7^-Cp)4U 

15.4.1 C3R3 as a Ligand 

A cyclopropenyl cation PhaCj , the most simple aromatic system obeying the Hiickel rule 

[{4n + 2) 7i-electrons, n = 0], was first synthesized by Breslow in 1957, the parent ion 
C3H3 appearing in 1967. The number of tj^-cyclopropenyl complexes known to date is 
still relatively small. 

P B r + Ni(CO)4 

(Kettle, 1965) 

P h^C^B r + 
I 

Ni 

Ph 

d(Ni-C) = 196 pm 

d(C-C) = 143 pm 

(Rausch, 1970) 

An interesting aspect of cyclopropenyl transition-metal complexes is the variety of coor¬ 
dination modes for the C3 moiety. In addition to axial symmetry found in the Ni - C3Ph3 

complex, unsymmetrical bonding modes are also encountered. 
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One short, two long M-C bonds (Sacconi, 1980): 

(C2H4)Ni(PPh3)2 + CgPhgPFg 

One long, two short M —C bonds (Weaver, 1973): 

(C2H4)Pt(PPh3)2 + 

The difference in bond lengths, established for (Me3P)2Cl(CO)Ir(Ph3C3), may be re¬ 
garded as a continuation of the trend discernible for the Ni- and Pt complexes above: 

CO 

trans-lrI(PMe3)2(CI)CO + Ph3C3PFg '^e3P-;|U"_"^^Ph 

261 ppm 

This structural gradation from the (^/^-cyclopropenyl)Ni complex to the iridacyclobutane 
structure is interesting since it mimics the various stages of strained three-membered ring 
opening (cf. Chapter 17.2). 

15.4.2 C4H4 as a Ligand 

The preparation of free cyclobutadiene by photolytic methods in low-temperature ma¬ 

trices (8-20 K) is a relatively recent accomplishment. The stabilization of C4H4 by 
coordination to a transition metal had, however, been predicted on theoretical grounds 

by Longuet-Higgins and Orgel in 1956, the first synthesis of a cyclobutadiene transition- 

metal complex being carried out by Criegee in 1959. 
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PREPARATION 

1. Dehalogenation of Cyclobutene Dihalides 

d(Ni-C) = 199-205 pm, d(C-C) = 140-145 pm 

air-stable, red-violet crystals (Criegee, 1959) 

^c, + Fe2(CO)g 
FeCl2 

+ FeCl2 

planar C4 ring, d{C — C) = 146 pm, diamagnetic, 

mp 26 °C (Pettit, 1965) 

2. Dimerization of Acetylenes 

Na2PdCl4 + 2 PhC = CPh 
EtOH 

[(C4Ph4)PdCl2]2 

3. Ligand Transfer 

[(C4Ph4)PdBr2]2 + FelCOg -► (C4Ph4)Fe(CO)3 
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4. Ring Contraction of Metallacyclopentadienes 

Ph 

Ph 

first binary cyclobutadiene 

complex (Hoberg, 1978) 

5. Decarboxylation of photo-a-Pyrone 

STRUCTURE AND BONDING 

While free cyclobutadiene, according to spectroscopic evidence, is rectangular (Schweig, 

1986 R), ^y^'^-cyclobutadiene in transition-metal complexes clearly adopts a square struc¬ 

ture. Square cyclobutadiene should possess two unpaired electrons (single occupancy of 

the two degenerate MO’s 1/^2 ij/fi. The diamagnetism of fy'^-C4H4 complexes is 
explained by the interaction of these singly-occupied n MO’s with singly-occupied metal 

orbitals of matching symmetry (formation of two covalent bonds). 
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REACTIVITY OF CYCLOBUTADIENE COMPLEXES 

The most important feature of (>7''’-C4H4)Fe(CO)3 is its similarity to aromatic com¬ 

pounds; this is exemplified by the ease with which it undergoes electrophilic substitution 

at the ring to form C4H3RFe(CO)3 (R = COMe, COPh, CHO, CH2CI etc). The following 
mechanism has been proposed for this reaction: 

a-CH2X-groups attached to C4H4Fe(CO)3 are easily solvolyzed. Apparently, coordina¬ 

tion to iron results in a stabilization of the a-carbenium ion; this effect is also attributed 
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to the ferrocenyl group (Watts, 1979 R). The intermediate cation may be isolated as a PFg 
salt: 

^CH-Cl 

Fe - 
(CO)3 

SbClg 

- Sbcig^ 

CH 2 

In organic synthesis, C4H4Fe(CO)3 serves as a source of free cyclobutadiene. After low- 

temperature oxidation, the liberated C4H4 reacts with alkynes to give Dewar-benzene 
derivatives, while its treatment with p-quinones opens up an elegant route for the synthe¬ 

sis of cubane (Pettit, 1966): 

c 
o 

k 

^t-Bu-perester 

thermolysis 

COOH 

-N. ^COOH 

iJ 

15.4.3 C5H5 as a Ligand 

HISTORICAL BACKGROUND 

1901 Thiele: Synthesis of KC5H5 from potassium and CsHg in benzene. 

1951 Miller, Tebboth, Tremaine: Formation of Fe(C5H5)2 in the reaction of CjHg 

vapor with freshly reduced iron at 300 °C. 

2 CjHg + Fe-> Fe(C5H5)2 + H2 

1951 Kealy, Pauson: 

3C5H5MgBr + FeClj-^ Fe(C5H5)2 + l/2CioHio + 3 MgBrCl 
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Their actual goal was the synthesis of fulvalene: 

2 CgHgMgBr --—► 2 C5H5'-►0^0^10 

-H2|FeCl3 

Fulvalene 

Structures which 
were originally proposed: 

H 

[C^HjFe^ + CsHn 

1952 E. O. Fischer: “Double-cone structure” 

based on: 

- X-ray structural analysis {compare 

the electron density contour lines) 

- diamagnetism 

- chemical behavior 

1952 G. Wilkinson, R. B. Woodward: “Sandwich structure” 

based on: 

- IR spectroscopy 

- diamagnetism 

- dipole moment = 0 

Woodward: The cyclopentadienyl rings of Fe(C5H5)2 are amenable to electrophilic substi¬ 

tutions. This similarity to the aromatic behavior of benzene led to the trivial name ferrocene, 

later being extended to the designation metallocenes for compounds M{rj^-Csli5)2 in gener¬ 

al. 

15.4.3.1 Binary Cyclopentadienyl Transition-Metal Complexes 

PREPARATION 

1. Metal Salt + Cyclopentadienyl Reagent 

Dicyclopentadiene has first to be “cracked” in a retro-Diels-Alder reaction to give 

monomeric CgHg. Cyclopentadiene is a weak acid, ^ 15; it can be deprotonated by 

strong bases or by alkali metals. Cyclopentadienylsodium (NaCp) is the most common 
reagent for the introduction of cyclopentadienyl ligands. 
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MCI2 + 2NaC5H5-. (C5H5)2M M = V, Cr, Mn, Fe, Co 

Solvent = THF, DME, NHjO) 

Ni(acac)2 + 2C5H5MgBr-> (C5H5)2Ni + 2acacMgBr 

MCI2 + (C5H5)2Mg-+ MgCl2 

Apart from being a ligand source, NaCjHs can also act as a reducing agent: 

CrCla + SNaCjHs-> (C5H5)2Cr + + 3NaCl 

In many cases, treatment of NaCjHs with metal(4(f, Sd) salts does not give MCp2 com¬ 
plexes, but Cp-metal hydrides or complexes containing cr-bonded cyclopentadienyl rings: 

TaCl^ (t75-C5H5)2TaCl3 

ReCls (t7^C5H5)2ReH 

2. Metal -I- Cyclopentadiene 

M + CjHg -^ MC5H5 + 1/2 H2 M = Li, Na, K 

M + 2C5H6-^°°^(C5H5)2M + H2 M = Mg, Fe 

The less electropositive metals react only at elevated temperatures or as metal atoms in 

the cocondensation method (cf. p. 255). 

3. Metal Salt + Cyclopentadiene 

(Et3P)Cu(t-BuO) + CjHg-^ (??5-C5H5)Cu(Et3P) + r-BuOH 

In this process, an auxiliary base is required if the basicity of the salt anion is insufficient 

to deprotonate cyclopentadiene: 

TI2SO4 + 2C5H6 + 20H- 2TIC5H5 + 2H2O + SOr 

FeCl2 + 2 CjHg + 2 Et2NH-> (C5H5)2Fe + 2 [Et2NH2]Cl 

In other cases, a reducing agent is needed: 

RuCl3(H20), + 3C5H6 + 3/2Zn-^(C5H5)2Ru + CjHg + 3/2Zn2 + 
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ELECTRONIC STRUCTURE AND BONDING IN THE COMPLEXES (C5H5)„M 

The properties and bonding types of (cyclopentadienyl)metal compounds can vary over 
a wide range. In the following table, main-group compounds are also included. 

Character Bonding Properties Examples 

Ionic Ionic lattice 

similar to the 

halides MX„ 

Highly reactive towards 

air, water and other com¬ 

pounds with active hy¬ 

drogen, not sublimable 

» n = 1: alkali metals 

n = 2; heavy alkaline earth metals 

n = 2, 3: lanthanoids 

Intermediate Partially sensitive to 

hydrolysis (exception: 

TlCp), sublimable 

n = 1: In, T1 

n = 2: Be, Mg, Sn, Pb, Mn, Zn, Cd, 

Hg 

Covalent molecular lattice 

Tt-MOlCjHs) 

i 
M (s, p, d) 

and 

7r*-MO(C5H5) 

T 
M(d) 

Only partially air-sensi¬ 

tive, in general stable to 

hydrolysis, sublimable 

n = 2: (Ti), V, Cr, (Re), Fe, Co, Ni, 

Ru, Os, (Rh), (Ir) 

n = 3; Ti 

n = 4: Ti, Zr, Nb, Ta, Mo, U, Th 

The sequence of the chemically relevant frontier orbitals which follows from MO-calcu- 

lations on metallocenes with axial symmetry is already apparent from a simple electro¬ 
static model. This is based on the presence of a crystal field, generated by two negatively 
charged rings, which splits the energy levels of the metal d orbitals as a result of disparate 

electrostatic “repulsions” between the metal d electrons and the charge loops, intended 
to represent the ligands. 

For ferrocene (Fe", d% the (correct) electronic configuration ... in the 

frontier region is thus obtained. This crystal-field picture does not, however, do justice to 

the nature of chemical bonding in metallocenes which, ih the case of transition metals, 
is essentially covalent. 

The MO treatment of the cyclopentadienyl-transition-metal bond is based on the princi¬ 
ple outlined for olefin complexes (Chapter 15.1). The n MO’s of C5H5 may be classified 
in order of increasing energy as follows: 
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These ligand n orbitals are united pairwise, using plus and minus signs, to form symme¬ 

try-adapted linear combinations (SALC) which then overlap with metal orbitals of ap¬ 
propriate symmetry. For a metallocene in its staggered conformation (Dj^) the following 
interactions result: 
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If the metallocenes CP2M are visualized as being comprised of the components and 

2Cp“, the concept of synergism (p. 185) may be applied: 

Donor bond < 
[n 

Acceptor bond 3 

(Backbonding) 

Cp (ui)-> M(4s, 3pJ 

Cp (ei) - 

Cp(e2) ^-Mi‘^x2-y2,:cy) 

A generally accepted qualitative MO diagram for ferrocene in its staggered conformation 
(Djj) has the following appearance (intra-ligand a orbitals are not included): 
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Analogous metal-ligand interactions, albeit of different group-theoretical designation, 
pertain to eclipsed ferrocene or to any other rotamer (D5), the bond energy being 

nearly invariant to rotation. The preference for one or the other conformation in specific 

cases is governed by packing forces or by repulsive effects of peripheral substituents. A 

theoretical interpretation for the preference “eclipsed” over “staggered” is given by Mur¬ 
rell (1980). 

Details in the MO diagram such as the energetic separation or even the sequence of the 
molecular orbitals can vary depending on the quantum-chemical method used. Further¬ 

more, upon ionization, the sequence of certain MO’s may invert, which means that the 

MO scheme should not be regarded as “frozen”, but subject to modification with chang¬ 
ing complex charge. Koopmans’ theorem (Ionization energy = — orbital energy) there¬ 

fore occasionally fails in organometallic chemistry, the most prominent example being the 
apparent inconsistency in the electron configurations of Cp2Fe and Cp2Fe'^ (Veillard, 
1972). This “failure” is, of course, a result of the oversimplification inherent in equating 

electron configurations with electronic states whereby electron correlation effects are 
neglected. 

In the chemically relevant frontier-orbital region, the order 62 < already de¬ 

duced from the crystal-field model, reappears. Judging from their energy relative to the 
basis orbitals, the frontier orbitals must be regarded as bonding (cj), nonbonding {a^) and 
antibonding {e*). 

For some metallocenes, electron configurations can be inferred from the general MO 

scheme (p. 320) which correctly predicts magnetic properties. In other cases, an a priori 

decision between a high-spin or low-spin form cannot be made (example: CP2V), and a 

more refined approach is called for. Thus, the magnetic moment of the Cp2Fe^ cation, 
which considerably exceeds the ‘spin-only’ value, is not directly deduced from a rigid MO 

scheme, which would suggest a ground state ^A^^ at variance with the experimentally 
found ground state 

Electron Configurations and Magnetism of Metallocenes 

Electron configuration 

+ 

Number of 
unpaired 

electrons n 

Spin only 
value 

y/nin + 2) 

Magnetic moment 

(in Bohr magnetons) 

expected found 

Cp2Ti^ 1 1.73 >1.73 2.29 ± 0.05 
1 1.73 >1.73 1.90 ± 0.05 

Cp^V^ 2 2.83 2.83 2.86 ± 0.06 

CP2V 3 3.87 3.87 3.84 ± 0.04 

Cp2Cr^ 3 3.87 3.87 3.73 + 0.08 

Cp2Cr 2 2.83 >2.83 3.20 + 0.16 

Cp2Fe^ (^2/ (a'lgf 1 1.73 >1.73 2.34 + 0.12 

Cp2Fe 0 0 0 0 

Cp2Mn 5 5.92 5.92 5.81 

Cp2Co'' (^2gr(a\f 0 0 0 0 

CP2C0 (e2grKf(ef/ 1 1.73 >1.73 1.76 ± 0.07 

Cp2Ni" 1 1.73 >1.73 1.82 ± 0.09 

Cp2Ni 2 2.83 2.83 2.86 ± 0.11 



322 15 O’, 7c-Donor/7t-Acceptor Ligands 

Some Further Properties of Metallocenes 

Complex Color Melting 

point °C 

Miscellaneous 

“(CsHs)^^” green 200 
(decomp.) 

Dimeric with two /r-H bridges and a fulvalene 

bridging ligand 

(CsHjl^V purple 167 very air-sensitive 

“(C5H5)2Nb” yellow Dimeric with -0^114. bridges and terminal hy¬ 

dride ligands 

(C5H5)2Cr scarlet 173 very air-sensitive 

“(C5H5)2Mo” black several dinuclear isomers with 

“(C5H5)2W” yellow 

green 

fulvalene or bridges and 

terminal hydride ligands, diamagnetic 

(C5H3)2Mn brown 173 air-sensitive and readily hydrolyzed; at 158°C con¬ 

verted into a pink form 

(C5H5)2Fe orange 173 air-stable, can be oxidized to blue-green (C5H5)2Fe'^ • 

(C5H3)2Co purple-black 174 air-sensitive, oxidation gives the air-stable, yellow 

cation (C5H5)2Co'^ • 

(C5H5)2Ni green 173 slow oxidation by air to the labile, orange cation 

(C5H3)2Ni"- 

SPECIAL STRUCTURAL FEATURES 

d(Fe-C) = 204 pm 

Ferrocene at room temperature crystallizes in a monoclinic, at r< 164 K in a triclinic, 

and at T< IlOK in an orthorhombic modification. In the monoclinic form, disorder 

phenomena feign a staggered conformation (D5J of individual sandwich molecules. In 
the triclinic form, the molecules deviate from the eclipsed conformation (Dj^) by 5 = 9°, 
while in the orthorhombic form, the rings are fully eclipsed (D5J (Dunitz, 1982). In the 

gas phase, ferrocene also adopts an eclipsed conformation, the rotational barrier being 

small (?t!4kJ/mol, Haaland, 1968). Decamethylferrocene (Cp*)2Fe, however, has been 

shown to exist in a staggered conformation (D5J in both the solid state (Raymond, 1979) 
as well as in the gas phase (Haaland, 1979). 
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The neutral complexes ruthenocene and osmocene in the solid state exhibit the eclipsed conformation 

of orthorhombic ferrocene, with d(Ru —C) = 221 pm, d(Os —C) = 222 pm. The osmocinium cation 

[Cp20s]'^ forms a dimer with a long metal-metal bond, d{Os — Os) = 304 pm [Taube, 1987). 

The permethylated cation [CpIOs]^, however, possesses a monomeric sandwich structure, the ligands 

assuming a staggered conformation (Dj^) {J. S. Miller, 1988). 

f 
340(Co) 
360(Ni) 

i 

d(Co-C) = 210 pm 
d(Ni-C) =218 pm 

Structure of cobaltocene and nickelocene: The five-membered rings are reported to be staggered (E. 

Weiss, 1975). A comparison of M — C distances in various metallocenes shows a distinct minimum for 

ferrocene, in accordance with the occupation of all bonding orbitals in this molecule. Placing one or 

two electrons, respectively, into the antibonding orbitals of CoCpj und NiCp2 weakens the metal-ring 

bond, thereby increasing 4 (M — C). 

^^Titanocene'\ At least two isomers exist, possibly more, depending on the method used for their 

synthesis. Reduction of Cp2TiCl2 or treatment of TiCl2 with NaCp leads to the formation of a dimer 

with a fulvalene bridge and two hydride bridges. Under the assumption of 2e3c M —H —M bridges 

and a Ti —Ti bond, both titanium atoms acquire a 16 VE configuration. 

Decamethyltitanocene at room temperature exists as an equilibrium mixture of two 

isomers: a yellow paramagnetic 14 VE complex and a green diamagnetic 16 VE com¬ 

pound formed by insertion of titanium into the C-H bond of a methyl group of the 

pentamethylcyclopentadienyl ligand (Bercaw, 1978): 
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A complex of the stoichiometric composition “(C5H5)2Nb” also represents a dimeric species 

[C5H5)(C5H4)NbH]2. contains two -.rj^-cyclopentadienyl bridges and two terminal hydride ligands. 

This complex, in contrast to fictious “niobocene”, has an 18 VE shell. 

Monomeric metallocenes which would be analogous to chromocene are unknown for 

molybdenum and tungsten. So far, four dimeric isomers of composition [CjoH,oM]2 

(M = Mo, W) have been characterized, some of which appear to be interconvertible. Like 

the titanium and niobium dimers, they possess jyLj^^-cyclopentadienyl bridges or r\^-.r\^- 

fulvalene bridges as well as terminal hydride ligands (M. L. H. Green, 1982): 
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Manganocene CpjMn in the solid state has a chain structure without individual sandwich 
entities (E. Weiss, 1978): 

'5%’ 

The magnetic moment of (C5H5)2Mn shows an unusual temperature dependence: as a solid 

at T > 432 K, in the melt and in solutions at room-temperature, the complex has a magnetic 

moment of p = 5.9 B.M. as expected from an electron configuration (^29)^ (^19)^ (^19)^ 
[ground state Between 432 and 67 K, with decreasing temperature increasing antifer¬ 

romagnetic behavior is observed, corresponding to an increase of cooperative interactions. 

A dilute solid solution of (C5H5)2Mn (8%) in (C5H5)2Mg has a magnetic moment of 

p = 5.94 B.M. over the whole temperature range (Wilkinson, 1956). 

Decamethylmanganocene Cp^Mn displays a “normal” sandwich structure (Raymond, 
1979), and the magnetic moment p = 2.\S B.M. points to a low-spin Mn(d^) configura¬ 
tion [ground state ^£2^]. l,l'-Dimethylmanganocene, on the other hand, in the gas phase 

consists of an equilibrium mixture of high-spin (^Aj^) and low-spin (^£2^) states according 
to He-photoelectron spectroscopic evidence. 

Other derivatives of manganocene also show a puzzling dependence of the magnetic 
behavior on the molecular environment. Today, it is known that the free molecules 

(C5H5)2Mn and (CH3C5H4)2Mn are so close to the high-spin/low-spin cross-over point, 
that the small intermolecular forces existing in frozen solutions or in molecular crystals 

are sufficient to incite the observed changes of the electronic ground-state (Ammeter, 

1974). As expected from ligand-field theory, environments which tolerate a large Mn —Cp 
distance favor the high-spin state (^Ai^), while matrices enforcing a small Mn —Cp 

distance promote a low-spin state (^£29)- The energy difference is only 2 kJ/mol. (In this 
context, compare the pressure dependence of the electronic spectra of metal complexes.) 

205 pm 
Mn 

®2 
-t- 

-H- 

I 173 pm 
Mn 

AEs; 2 kJ/Mol 

Rhenocene CpjRe, isoelectronic with the osmocinium cation, is thought to have a dimeric 

structure with a metal —metal bond (Pasman, 1984). 
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Decamethylrhenocene CpfRe, however, like decamethylmanganocene is monomeric. The 
magnetic behaviour of decamethylrhenocene is as complicated as that of manganocene. 

The application of an arsenal of spectroscopic and magnetochemical methods has led to 
the conclusion that CpfRe, depending on the state of aggregtion and the medium, exists 

as an equilibrium of and ^£5^2 species (Cloke, 1988). 
These examples show that ring methylation can have a considerable influence on the 
structure and properties of metallocenes (cf. p. 47). ' 

A special type of alkylmetallocene is the recently prepared superferrocenophane (Hisa- 

tome, 1986). In this sandwich complex, the shielding of the central atom from its 
environment is perfect: 

Several ring-anellated derivatives of the cyclopentadienyl anion can also form metal 
TT-complexes. 

Indenyl Fluorenyl Fulvalenediyl^ Azulene 

Azulene prefers -coordination via the 5-membered ring. An interesting variant is revealed in the 

structure of azulene(benzene)Mo: the azulene ring coordinates in an r]^-fashion via a fulvene-like unit 

{Behrens, 1987). The deviation from ligand planarity is reminiscent of the structure of ferrocenyI 
carbenium ions (p. 329). 
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Bis-fi{fulvalenediyl)diiron (Biferrocenylene) interestingly forms a dication Fe^"^) which is dia¬ 

magnetic. It has been suggested that despite the large Fe —Fe distance 0/398 pm, direct exchange 

interaction (p. 388) between the two central metal ions M (d^) accounts for spin pairing here {Hendrick¬ 

son, 1975). 

Intersandwich compounds with fulvalenediyl bridges have been extensively studied as 

model compounds in the context of intramolecular electron transfer and the mixed- 

valence phenomenon. The following example also illustrates an application of ^^Fe- 
Mossbauer spectroscopy (Hendrickson, 1985): 

The observation of two doublets at room temperature points to the presence of both Fe^"^ and Fe^"^; 

it demonstrates that intramolecular electron transfer is slow on the time scale (« 10 ® s) 0/ the Moss- 

bauer experiment, mixed valence case. 

The merging into one doublet at temperatures > 350 K indicates but one type of iron to which an 

oxidation state of must be assigned; electron transfer is fast at this temperature, intermediate 

valence case. 

SELECTED REACTIONS OF METALLOCENES 

The cyclopentadienyl ring in ferrocene carries a partial negative charge. This is reflected 

in the following properties: 

C5H5FeC5H4NH2 is a stronger base than aniline 1 The ferrocenyl group therefore 

C5H5FeC5H4COOH is a weaker acid than benzoic acid J acts as an electron donor 
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Ferrocene, ruthenocene and osmocene are susceptible to electrophilic substitution. Com¬ 

pared to benzene, ferrocene reacts 3x10^ times faster. 

The electrophile should not be an oxidizing agent, as substitution would then be sur- 

pressed by oxidation to the ferricinium ion [FeCp2]'^ which is inert to attack by elec¬ 
trophiles. That electrophilic substitution of ferrocene does not involve direct participa¬ 

tion of the metal has been established by the intramolecular acylation of two isomeric 
ferrocene carboxylic acids. It was found that the cxo-isomer, in which the acylium ion 

cannot directly interact with the metal, cyclizes faster than the cnrfo-isomer (Rosenblum, 
1966); 

This result suggests that electrophilic attack occurs from the exo-direction. 

Using strong acids, ferrocene can, however, be protonated at the metal; the cation 
[(C5Fl5)2FeH]^ is detectable by ^H-NMR spectroscopy, ((5 = — 2.1 ppm): 

I 
Fe 
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Friedel-Crafts acylation: 

I 
Fe 

CH3COCI 
CHr CH, 

AlCL 
Fe Fe 

Mannich reaction (Aminomethylation): 

^Q^CH2N(CH3); 

I HCH0/HN(CH3)2 I 
Fe -► Fe 

HOAc 

Metallation: 

■Li -Li 

' n-BuLi J 
Fe -► Fe -1- 

I TMEDA I 
Fe 

Ferrocene exhibits an extensive organic chemistry. a-Ferrocenyl carbenium ions are par¬ 
ticularly stable and even isolable as salts with BF^, PFg as counterions (Watts, 1979 R): 

OAc 

Fe HOAc 

< 21“ 

d(Fe-C^j(Q) = 271 pm 

These species may also be regarded as pentafulvene complexes. X-ray structural data reveal that the 

a-carbon atom is involved in bonding to the metal, since the iron atom is displaced from its position 

below the center of the substituted ring towards the substituent {Behrens, 1979). As to the nature of the 

Fe —Cj, bond, compare p. 301. 
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Ferrocene can be oxidized both electrochemically and by many chemical oxidizing 

agents, e.g. HNO3: 

(C5H5)2Fe . ^ [(C5H5)2Fe] + 

18 VE ANfuClO ^vrrsL'sCE 17 VE 

Ruthenocene and osmocene can also be oxidized, but Jhe corresponding metallicinium 

ions are not stable as monomers. Dimerization occurs instead (see p. 323) or dispropor¬ 

tionation to give MCp2 und [MCp2]^^. In contrast, the permethylated complex 
(C5Me5)2Ru forms a cation [(C5Me5)2Ru]’^, which is stable at —30°C (Kolle, 1983); 

The influence methyl substitution exerts on the stability of metallocenes is also manifested 

in the properties of manganocenes and rhenocenes. While MnCp2 cannot be reduced and 
monomeric ReCp2 has only been detected in low-temperature matrices, both decamethyl- 

manganocene and decamethylrhenocene form stable 18 VE anions (Smart, 1979; Cloke, 

1985): 

17 VE M 
I 

M 
M= Mn.Re 

18 VE 

[(C5Me5)2Ru]'^, [(C5Me5)20s]'^ and (C5Me5)2Re are therefore the only documented 

examples of metallocenes of the 4d- and 5d series that do not follow the 18 VE rule but 
can nevertheless be isolated in quantity. 

The chemistry of the metallocenes of cobalt and nickel and their homologues is influenced 
by their tendency to attain an 18 VE configuration: 

(C5H5)2Co - [(C5H5)2Co] + 

19 VE ^ve7su“sscr 18 VE 

Cobalticinium salts are remarkably stable to further oxidation; with strong oxidizing 

agents, the dimethylcobalticinium cation gives the dicarboxylic acid without rupture of 
the Co —Cp bonds; 

1 HNOo I 
Co -=—► Co 

—CH3 —COOH 
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Towards alkyl halides, cobaltocene acts as a reducing agent: 

Co 
RX 

Co + R' 

Organic radicals add to cobaltocene. The ^y^-cyclopentadienyl ligand is thereby converted 
to fj^-cyclopentadiene with attendant change from a 19 VE- to an 18 VE configuration: 

,R 

Co* Co : 
R* 

Co: 

The biradical O2 as well adds to cobaltocene; the resulting bis(cobaltocenyl)peroxide may 
only be isolated at low temperatures: 

Co Co -»» 2 [(CgHglgCoJ"^ ^ 2 OH“ 

+ H202 

Nucleophilic addition to cobalticinium ions occurs from an ejco-direction: 

Co Co 

The 18 VE ions [RhCpj]^ and [IrCp2]^, like [C0CP2]''', are very stable, as opposed to the 
neutral monomers RhCp2 und IrCp2 which as yet have only been observed in matrix 
isolation. At room temperature, they immediately dimerize. ESR measurements and 

EH-MO calculations suggest that the unpaired electron in these complexes is located 

mainly on the C5H5 rings. 

18 VE 

Rh: 

18 VE 

t-,/2= 28(30°) 

1. T > 1 20°/HV 
2. cold finger 

(-196°) 

Rh: 

: Rh 
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Nickelocene is the only metallocene with 20 valence electrons. It is paramagnetic and 
easily oxidized to the nickelicinium ion (19 VE), which is of low stability. At low temper¬ 

atures and in extremely pure solvents, further oxidation to a dication has been observed 

as well as reduction to a monoanion (Geiger, 1984 R): 

[(C5H5)2Ni]- 
21 VE 

— e 

'-1.6V 
-60°C 

(C5H5)2Ni V 5 iJl Q, y 

20 VE 

[(C5H5)2Ni]" 

19 VE 

— e ^ 
0.74 V 

[(C5H5)2Ni]2 + 

18 VE 

Decamethylnickelocene is also oxidizable in two steps: 

(C5Me5)2Ni^ ^ 

Both cations can be isolated as salts. 
Quite unexpectedly, upon treating nickelocene with HBF4 in propionic anhydride, the 

prototype of the multidecker-sandwich complexes is formed (Werner, 1972): 

I 
Ni 

I 
Ni 

•ds? 

34 VE 

While numerous multidecker-sandwich complexes containing larger rings or heterocycles 

have been synthesized since, the cation [(C5H5)3Ni2]^ (tripledecker sandwich) remains the 
only complex of its type which features unsubstituted cyclopentadienyl rings exclusively. 

Intermediates can only be detected under special conditions. On protonating decamethyl¬ 
nickelocene, the reaction stops at the first stage: 

Tripledecker complexes with the ligand CjMej have recently been prepared with group 
8 metals (Rybinskaya, 1987): 



15.4.3 C5H5 as a Ligand 333 

30 VE 

These two tripledecker complexes are representative for the two series containing 34 and 
30 valence electrons, which according to MO calculations should display exceptional 

stability (R. Hoffmann, 1976). Tripledecker species with 31-33 valence electrons have, 

however, also been prepared (p. 383), as have examples in which the number of valence 
electrons falls considerably short of the “magic number” of 30 (p. 357). 

15.4.3.2 Cyclopentadienyl Metal Carbonyls 

PREPARATION 

1. Metal Carbonyl + Cyclopentadiene 

H 

Fe(CO)5 

or 

R 03(0 0)1 2 

+ 

O 
M = Fe,Ru [CpM(CO)2]2 

The cyclopentadiene- and cyclopentadienyl hydride complexes which appear as intermedi¬ 

ates here can both be independently synthesized under mild conditions. They are sensitive 

to heat and sunlight, readily dimerizing under elimination of H2. 

R ©2 ^ ^ ® Q -3 CO 
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2. Metal Carbonyl + Cyclopentadienyl Reagent 

Na[v(CO)6] + CsHsHgCI -► C5H5V(CO)4 + Hg + NaCI + 2 CO 

This is an usual method for introducing a cyclopentadienyl group; Hg(II) acts as the 

oxidizing agent here. 

W(CO)g + NaCgHg -► Na[C5H5W(CO)3] —CsHgWfCOgH 

^ [C5H5W(C0)3]2+H2 

As in the case of CpM(CO)2H (M = Fe, Ru) the corresponding Mo- and W analogues 

tend to dimerize, Hj being lost. An alternative method is oxidative coupling of the 

cyclopentadienyl carbonyl metallates. 

3. Metal Carbonyl Halide + Cyclopentadienyl Reagent 

[/r-CIRh(CO)2]2 + 2 TiCp ^ 2 Rh +2 TICI 

oC Co 

4. Cyclopentadienyl Metal Halide + Reducing Agent -I- CO 

1. Zn, THF 

2. CO 
3. NH3 

+ [Zn(NH3)4lCl2 

5. Metallocene + CO 

MnCp2 + 3 CO 
200 bar CO 

1 5h, 90 - 1 50° 

V o 

6. Metallocene + Metal Carbonyl 

Ni(C5H5)2 + Ni(CO)4 -► [C5H5Ni(CO)]2 + 2 CO 
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STRUCTURES 

—CH3 

o 

The monomeric complexes CpM(CO)„ are called half-sandwich complexes. 

The previously mentioned capability of the carbonyl group to act as a terminal or as a 
bridging ligand is also exhibited by the dinuclear (cyclopentadienyl)metal carbonyls: 

o o 

Note that carbonyl bridging is avoided by the heavier metals. 

[CpFe(CO)2]2 is a fluxional molecule. In solution, the following processes occur; 

• cisjtrans isomerization 

• '"scrambling’' {redistribution of terminal and bridging CO ligands). 

By IR and NMR spectroscopy, four different species can be detected: 

trans cis 

o 
c 

o 

CO 

The structural dynamics have been unravelled by Cotton (1973). 
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REACTIONS OF CYCLOPENTADIENYL METAL CARBONYLS 

(a) Reduction 

CpV(CO), ^ Na2[CpV{CO)3] 

[CpFe(CO)2]2 2Na[CpFe(CO)2] CpFe(CO)2CH3 + Nal 
% 

(b) Reaction with Halogens 

[CpFe(CO)2]2 + X2-> 2CpFe(CO)2X [CpFe(CO)3]^ 
(X = Br, I) 

Under photochemical conditions, CCI4 or PhCH2Cl serve as the halide source. 

(c) Ring Substitution 

CpV(CO)4, CpMn(CO)3 and CpRe(CO)3 readily undergo electrophilic substitution, 

similar to ferrocene. 

(d) Substitution of CO 

CpMn(CO)3 + L-> CpMn(CO)2L + CO L = phosphane, olefin, etc. 

CpCo(CO)2 + L2-> CPC0L2 + 2 CO L =: phosphane or another 
Lewis base 

L2 = diolefin 

Thermal as well as photochemical reaction conditions are suitable. 

(e) Oxidative Decarbonylation 

H202.30% 

-3 CO2 

CO,15 bar 

THF, 25° 

70% 

Apart from the vigorous conditions, a surprising aspect of this reaction is the fact that 

(f/^-CsRj) —M bonding apparently is not restricted to metals in low oxidation states. The 

distance d (Re — O) = 170 pm points to a high degree of double bond character and shows 

that the 0x0 ligand acts as a strong 71-donor. Partial deoxygenation leads to organometal- 

lic oxides with terminal as well as bridging oxygen atoms (Herrmann, 1987 R). 
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15.4.3.3 Cyclopentadienyl Metal Nitrosyls 

Nitric oxide is a very versatile ligand; it can function in two ways: 

as a coordinated NO'^ ion 

{isoelectronic with CO) 
as a coordinated NO ion 

{isoelectronic with O2) 

-I © ."14=0) 
1 M. 1 

© 

rN=o) .1 ...cn=q: 
n-1 - L LnM -► LnM- 

18 VE 17 VE 18 VE 

NO as 3e ligand 

linear structure MNO 
NO as 1 e ligand 

bent structure MNO 

The conversion MNO(linear) to MNO(bent) is triggered by intramolecular transfer of 

two electrons from the metal to the ligand; during this process, a free coordination site 

is generated and associative mechanisms of substitution become possible (cf. p. 232). 
In organometallic chemistry, NO is generally regarded as a 3e ligand; isoelectronic 

complexes are obtained by substituting three CO groups for two NO ligands, or by 

compensating the substitution of one CO for one NO by the introduction of a positive 
charge. Examples: 

Cr(NO)4 Mn(NO)3CO Fe(NO)2(CO)2 Co(NO) (00)3 Ni(CO)4 

C5H5V(C0)(N0)2, C5H5Cr(CO)2NO, [C5H5Mn(CO)2NO] + 

PREPARATION 

Ni(C5H5)2 + NO - CjHjNiNO 

2C5H5Co(CO)2 + 2 NO > [C5H3CoNO]2 

C5H5Re(CO)3 + NO + HSO4 [C5H5Re(CO)2NO]+ + HSO; 

STRUCTURE AND PROPERTIES 

Like CO, NO can serve as a terminal as well as a bridging ligand; an additional variable 
is the MNO angle of terminal nitrosyls. In certain cases both linear and bent NO 

configurations coexist in the same molecule: 

v(NO)[cm-i] v(NO)„_, = 1677 

v(NO),,id.e = 1518 

{Fontana, 1974) 

N 1 N- y •• , N 118 pm 

pm 

O' 

n''" 
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= 1845 

v(NO)be„, = 1687 
(Eisenberg, 1975 R) 

v(NO)„_,= 1830 

{Cox, 1970) 

= 1610 

fluxional at room 

temperature 

{Cotton, 1970) 

Compare: v(NO)free == 1876 cm \ v(NO^)free == 2250 cm ^ 

The Vco frequency is not a reliable criterion to distinguish between linear or bent MNO 
units, because the two absorption ranges overlap (Ibers, 1975). Bridging NO groups, 
however, exhibit considerably lower v^o frequencies and therefore are easily identified. 

Starting from CpMn(CO)3, optically active compounds have been synthesized with 
manganese as a centre of chirality: 

C3H5Mn(CO)3 [C5H3Mn(CO)3NO]" 

+ PPh3 -CO 

[CjHsMn^CCO) (NO)PPh3] 

The preferential substitution of CO indi¬ 

cates that its bond to the metal is weaker, 

as compared to NO. 

+ OR* 

CsHjMn^lCOOR*) (NO)PPh, 

For OR = OCioHjg {L-mentholate), diastereomers can be separated based on their different solubil¬ 

ities. In the solid state, the diastereomers are configurationally stable. 

The significance of these chiral complexes derives from their use in the study of 

organometallic reaction mechanisms, the observation of retention or inversion serving as 
an experimental probe (Brunner, 1971 R). 
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15.4.3.4 Cyclopentadienyl Metal Hydrides 

This type of complex is mainly encountered with 4d- and 5d metals: 

CP2MH3 (M = Nb, Ta) CP2MH2 (M = Mo, W) CP2MH (M = Tc, Re) 

Corresponding complexes of the 3d metals tend to dimerize with attendant loss of 
dihydrogen. 

PREPARATION 

M0CI5 + 2NaC5H5 + NaBH^ (C5H5)2MoH2 

Red, + NaCjHs —(C5H5)2ReH d^U = 3.64 ppm (10H) 
1 : 10 30-40% yield - 23.5 ppm (1H) 

Cp2ReH (Wilkinson, 1955) in contrast to the expected product Cp2Re (cf p. 325) is 
air-stable and diamagnetic. The investigation of Cp2ReH was one of the first applications 

of ^H-NMR spectroscopy in organometallic chemistry. 

Structure: In all complexes of composition (C5H5)„,MH„ known to date, the planes of the C5H5 rings 

are tilted in a fashion similar to Sn(C5H5)2 {see p. 134). 

The ability of Re'^" to accomodate a large number of hydride ligands in its coordination 

shell [cf. (R3P)2ReH7, K2(ReH9)] also manifests itself in the (cyclopentadienyl)metal 

hydrides (Herrmann, 1986): 

Re 

0^1'"'"'C, 

Cl 

'*'(ReH) =2018 cm ^ 

/It - 90 °C, the ^U-NMR spectrum shows separate signals for the axial and the equatorial 

hydride ligands, which at 60 °C coalesce due to rapid exchange between the two positions. 

Proton chemical shifts of transition-metal hydrides are listed on p. 306. 
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The reactivity of cyclopentadienyl metal hydrides is largely governed by the Lewis- 

basicity of the central metal. These complexes are readily protonated: 

(C5H5)2MH2 ^ [(C5H5)2MH3] " (M = Mo, W) 
UH 

(C5H5)2ReH [(C5H5)2ReH2]^ (base strength comparable to NHg) 
OH 

Other Lewis acids like BF3 can also add to cyclopentadienyl metal hydrides: 

Adduct formation of a different type is realized in titanocenyl boranate where the moieties 
Cp2TiH and BH3 - unknown in free form - associate through 2e3c hydride bridges: 

C i CI2 

The formation of CP2MH structural units, which then dimerize in a variety of ways, is 

a characteristic feature of the electron-poor metallocenes, I VE <16 (cf. p. 323). 

15.4.3.5 Cyclopentadienyl Metal Halides 

Halide ions and hydride ions share the property of both being anionic 2 e ligands. The 

variety of Cp-metal halides considerably outweighs that of the Cp-metal hydrides. 

CpMCU (Ti, V, Cr) CP2MCI2 (Ti, Zr, Hf, V, Mo, W) CP3MCI (Th, U) 
CpMCU (Ti, Zr, V) Cp2MBr2 (Nb, Ta) 

CpMCU (Nb, Ta, Mo) CP2MCI (Ti, V) 

PREPARATION 

TiCU + 2NaC5H5 (C5H5)2TiCl2 + 2NaCl 

TiCU + (C5H3)2TiCl2 ^ 2(C3H5)Tid3 

(C5H5)2V + (C5H5)2VCl2 -^ 2(C5H5)2VC1 

(C5H5)2Cr + ecu ^ (C3H5)CrCl2 
(C5H5)2MoH2 + 2CHCI3 (C5H5)2MoCl2 + 2 CH2CI2 
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M = Ti.Zr.Hf 

Complexes of the type CpjMClj (M = Ti, Zr, Hf) have a “pseudotetrahedral” structure. They are 

air-stable and sublimable. The bond parameters quoted here refer to the titanium derivative. 

Cp-metal halides are starting materials for the synthesis of Cp-metal alkyls and Cp-metal 
aryls; 

The Cp2-metal chloride of Ti(III) is dimeric: 

2 TiC+ 2 MqCp2 

Measurements of the magnetic susceptibility o/[Cp2TiCl]2 show that the singlet and triplet 
states coexist in thermal equilibrium thereby signalizing a weak intramolecular Ti —Ti 

interaction {R.L. Martin, 1965). 

The mixed Cp-metal chloride hydride Cp2ZrCl(H), presumably of polymeric structure, 

was introduced into organic synthesis as Schwartz’s reagent: By hydrozirconation and 

subsequent oxidative decomplexation alkenes are converted into substituted alkanes 

(Schwartz, 1976 R). 

Cp2ZrCIBr 

+ 

+ 



342 15 a, TT-Donor/Ti-Acceptor Ligands 

Mixed Cp-metal carbonyl halides are important reagents in organometallic synthesis; 

o 

These compounds are prepared through the oxidative cleavage of dinuclear precursors 

by dihalogens: 

[CpFe(CO)2]2 + I2-> 2CpFe(CO)2l 

They serve as starting materials in the formation of new transition-metal carbon bonds: 

(Glass, 1985) 

(t/^-Cp) (r/^-Cp)Fe(CO)2 was the first transition-metal complex for which the phe¬ 
nomenon of fluxionality (non-rigidity) was studied (Wilkinson, 1956; Cotton, 1966). The 
two Cp-rings display the different bonding modes n{ri^-) and respectively, the latter 

being subject to haptotropic shifts, which cause the position 1-5 to become equivalent 
at room temperature: (^H-NMR, p. 343); 

15.4.4 CgHg as a Ligand 

The coordination of neutral arenes to metals has been previously discussed in the context 
of main-group organometallics (p. 90). However, whereas for main-group elements metal- 

arene coordination must be regarded as a weak interaction, more or less confined to the solid 

state, the transition elements form the basis of a large variety of molecules containing 

{r\^-arene)metal segments, early as 1919, F. Hein isolated “phenylchromium compounds” 
by treating CrClj with PhMgBr in diethylether. Although unrecognized at that time, these 

materials were bis{r]^-arene)chromium{l) cations. The first rational synthesis of 
bis{arene)metal complexes was developed by E. O. Fischer and W. Hafner in 1955. 
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^H-NMR spectrum of (jyLCp) ()7^-Cp)Fe(CO)2 (60 MHz) 

15.4.4.1 Bis(arene)metal Complexes 

PREPARATION 

1. Fischer-Hafner Synthesis 

Scope: 

V Cr 

- Mo 
- W 

3 CrCla + 2 A1 + 6 ArH 3 [(ArH)2Cr] + + 2 A1‘" 

Na2S204 

KOH 

- Fe Co Ni (f/‘^-ArH)2Cr 

Tc Ru Rh — 

Re Os Ir — 

Limitations: 

The arene must be inert towards AICI3. Alkylated arenes are isomerized by AICI3. 

Aromatic ligands with substituents having lone pairs like halobenzenes, dimethylaniline 

or phenols cannot be used since they form Lewis adducts with AICI3. 
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2. Cyclotrimerization of Alkynes 

This route to bis{arene)metal complexes is of minor preparative importance {cf. p. 277). 

1) THF, 20° 

(C6H5)3Cr(THF)3 + H3CC = CCH3 -► 
2) H2O.O2 

—CH3 

3. Peripheral Substitution (see Reactions) 

4. Metal-Atom Ligand-Vapor Cocondensation (CC) (cf. p. 255) 

Ti(g) + 2 CgHgCg) 

1) CC,-196° 

-► 
2) 25° 

The following simple bis(f;^-arene)metal complexes as yet can only be prepared by means 
of cocondensation techniques: 

R = H, M=Ti.Nb (Green, 1974) M = Cr,Mo (Skell, 1971) 

R = t-Bu, M =Ti,Zr,Hf,Y,Gd (Cloke, 1987) 

(i/*^-|2.2|Paracyclophane)chromium(0) is a compressed sandwich complex; the average distance be¬ 

tween the two rings (ca. 290 pm) falls considerably short of the corresponding distance in (r/^-CgHgljCr 
(322 pm) (Elschenbroich, 1978). 
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: i;^-biphenyl)|dichromium. In solution, the monocation [ ] ^ represents the intermediate 

valence case The paramagnetic dication [ is an organometallic triplet species 

(Elschenbroich, 1979). In contrast, the structurally related cation [bis-p-{ri^: r]^-fulvalenediyI)diironY'^ 

is diamagnetic (p. 327). 

Neutral sandwich complexes of anellated arenes are also accessible by the CC method 

only (Elschenbroich, Kiindig, Timms, 19771)- Examples: 

In the case of higher anellated arenes like phenanthrene, triphenylene and coronene, the 

metal atom preferentially coordinates to the ring with the highest index of local aroma¬ 
ticity (ILA), i.e. the ring which among the canonical forms most frequently appears with 

a Kekule structure. This invariably is the terminal, least anellated ring; 

ELECTRONIC STRUCTURE AND BONDING 

IN BIS(ARENE)METAL COMPLEXES 

The situation largely resembles that of the metallocenes. Shifts of the energy levels in the 
MO diagram of bis(benzene)chromium, as compared to ferrocene, result from differences 

in the energies of the respective basis orbitals. These are lower for CgHg than for CjHs" 
and higher for Cr° than for Fe^'^. As suggested by the X-ray photoelectron spectrum 

(ESCA), the central metal atom in bis(benzene)chromium(0) bears a partial positive 

charge (ca. -t- 0.7) and the ligands partial negative charges (ca. - 0.35). 
The bond energy per ring £(Cr-CgHg), as determined by thermochemical measure¬ 

ments, amounts to about 170 kJ/mol; it is lower than the corresponding value (220 kJ/ 

mol) found for ferrocene. 



346 15 (T, 7r-Donor/;i-Acceptor Ligands 

As usual, the MO treatment starts from a consideration of the ligand n MO’s: 

Interactions of symmetry-adapted linear combinations of the n MO’s of two C^Hg 
ligands with appropriate metal orbitals in bis{benzene)chromium (Dg 
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A qualitative MO diagram for bis(benzene)chromium {D^^, intra-ligand a orbitals are 
not included) is shown below: 

This MO diagram for (C6H6)2Cr is similar to that of (C5H5)2Fe. As the basis orbitals of 

symmetry e2g are closer in energy for the combination Cr^/CgHg than for Fe^^/CjHj, 

the S bond (backbonding, <- M) contributes more significantly in bis(benzene)- 

chromium as compared to ferrocene. 
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Magnetic Properties of Bis(arene)nietal Complexes 

Number of 

unpaired 

electrons 

EYE Magnetic moment 

Spin-only 

value in B.M. 

Experimental 

value in B.M. 

(C6H6)2Ti 0 16 0 0 

(C6H6)2V 1 17 1.73 1.68 ± 0.08 

[{Celie)2W 0 18 0 0 

[(QMe3H3)2V]" 2 16 2.83 2.80 ± 0.07 

(CgHJ^Cr 0 18 0 0 

(C6H,)3Mo 0 18 0 0 

1 17 1.73 1.77 

[(C6Me6)3Fe]2" 0 18 0 0 

[(C6Mee)3Fe]" 1 19 1.73 1.89 

(C6Me6)2Fe 2 20 2.83 3.08 

1 19 1.73 1.73 ± 0.05 

[(C6Mee)2Co]" 2 20 2.83 2.95 ± 0.08 

(C6Me6)2Co 1 21 1.73 1.86 

[(C6Mee)3Ni]^" 2 20 2.83 3.00 ± 0.09 

Some Further Properties of Bis(arene)metal Complexes 

Complex Color mp/°C Miscellaneous 

(C6H6)2Ti red — air-sensitive, autocatalytic 

decomposition in aromatic solvents 

(C6Hg)2V solid: black 

solution: red 

227 very air-sensitive, paramagnetic, 

reducible to [(C6Hg)2V]“ 

(CeH5F)2V red — air-sensitive 

purple very air-sensitive, paramagnetic, 

decomposes at ca. 90 °C 

(C6He)3Cr brown 284 air-sensitive, the cation [(C6Hg)2Cr]'^ is air-stable, 
£0 = - 0.69 V in DME against SCE 

(C6H6)2Mo green 115 very air-sensitive 

{Ceiie)2^ yellow-green 160 less air-sensitive than (CgHg)2Mo 

[(CeMee)2Mn]" pale pink - diamagnetie 

[(CeMe6)2Fe]^^ orange reducible to [(CgMeg)2Fe]’^, violet, and to 

(CgMeg)2Fe°, black, paramagnetic, 

extremely air-sensitive 

[(CeMe6)2Ru]^^ colorless — air-stable, diamagnetic, reducible to (CgMeg)2Ru, 

orange, diamagnetic 

[(CeMe6)2Co]" yellow paramagnetic, reducible to (CgMeg)2Co“, 
very air-sensitive 
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STRUCTURAL FEATURES 

In the years immediately following the synthesis of bis(benzene)chromium, the structure 

and symmetry of this complex (D3J or Dg^?) was the subject of considerable debate. 

While IR spectra and neutron-diffraction studies spoke for “localized” electron pairs and 

alternating C —C bond lengths as in a fictitious cyclohexatriene, electron diffraction and 

low-temperature X-ray diffraction studies confirmed a geometry with equal bond lengths 
(symmetry This is the structure generally accepted today. 

142 pm 

The ring-ring distance is approximately equal to the van der Waals separation of two n-systems', 

compared to free benzene, d{C — C) is somewhat elongated in the complex. 

Paramagnetic bis(hexamethylbenzene)rhenium is unstable as a monomer at room temper¬ 

ature. The monomeric form can only be detected by means of ESR spectroscopy at 

— 196 °C. At room temperature, the dimer is irreversibly formed (E. O. Fischer, 1966): 

[(CgMeJ^RejPFg ^ (CgMe.l.Re' [(C^Meel^Re], 
18 VE 19 VE 18 VE 

black yellow 

This process can be formally ascribed to a transition Re(0) -> Re(I) and the formation of 

a cyclohexadienyl ligand bearing an unpaired electron which is then used in inter-ligand 

bonding. The transition metal thus retains its 18 VE configuration. (Compare the 
analogous dimerization of rhodocene!) The most likely structure of the dimer is; 
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Bis(hexamethylbenzene)rutheniuin(0) as an axially symmetrical sandwich complex would 

be a 20 VE system. However, since one of the rings is only r/'^-coordinated, an 18 VE 

configuration is attained. The complex is fluxional in solution (E.O. Fischer, 1970): 

2+ 

18 VE 

Na,NH3(f) 
pentane 

—CH-: 

T 

Ru^ 

REACTIONS 

(a) Oxidation 

All neutral bis(arene)metal complexes with hydrocarbon ligands are air-sensitive. 

This sensitivity to oxidation is diminished on replacement of the ring hydrogen atoms 
by electron-withdrawing groups. Example: (t/®-C6H5Cl)2Cr is air-stable. 

(b) Ligand Exchange 

Bis(benzene)chromium(0) is kineticaliy inert. Ring exchange occurs only in the pres¬ 

ence of a Lewis acid like AICI3. This reaction is, however, unsuitable for the synthesis 
of other derivatives (compare the limitations to the Fischer-Hafner synthesis, p. 343). 
In contrast, binary complexes of condensed arenes are labile. Example: 

(?7®-CioH8)2Cr + 3 bipy (bipy)3Cr -f 2 CioHg 

This lability of (CioH8)2Cr renders possible the synthesis of a mixed benzene-naph¬ 
thalene dinuclear complex (Lagowski, 1987): 

^^10^8^2®’'' 

THF. CqHq 

100° 

autoclave 
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(c) Electrophilic Aromatic Substitution 

In contrast to ferrocene, this reaction is not applicable to bis(benzene)chromium, 
since the attacking electrophile oxidizes Cr(0) to Cr(I), yielding the cation 

[(C6H6)2Cr]^ which does not undergo peripheral electrophilic substitution. 

(d) Metallation 

H/metal exchange is effected by means of iso-amylsodium or, better, by n-butyllithi- 

um in the presence of N,iV,Ar',iV'-tetramethylethylenediamine (TMEDA). 7i-Bonded 
benzene is metallated more readily than free benzene, i.e. the kinetic acidity of 

benzene is increased upon coordination to chromium. A mixture of lithiation prod¬ 

ucts is obtained, however. This reaction paves the way for the preparation of substi¬ 
tuted bis(arene)metal complexes. Examples: 

n-BuLi 

TMEDA 
C6H12 

C^^Li 

I 
Cr 

MeSSMe 

- LiSMe 

n-BuLi 

TMEDA ^ 
C6H12 

Li 

1. Ph2PCI 

2. Mo(CO)6 
Li 

The vanadium complex with 71-bonded PPhj may function as a paramagnetic biden- 

tate ligand. 

(e) Addition of nucleophiles 

Cationic bis(arene)metal complexes readily react with nucleophiles by ring addition: 
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The second addition of R to the iron complex is in accordance with the DGM rule 
0 (p. 293). The analogous ruthenium complex, on the other hand, also undergoes 

homoannular secondary addition, two products being obtained; 

This difference could be an outcome of thermodynamic control, in that the more 

noble metal ruthenium prefers the oxidation state (Note that the DGM-rules 

only apply to kinetically controlled reactions). 

15.4.4.2 Arene Metal Carbonyls 

Examples: [C6H6V(CO)J+ C6H6M(CO)3 (M = Cr, Mo, W) 

[CeH6Mn(CO)3]" C^HeFeCCO)^ 

[(C6H6)3Co3(CO)3] + 

PREPARATION 

1. Metal Carbonyl + Arene (Carbonyl Substitution) 

Me 

Me 

Mo(co)e 

This CO substitution does not proceed beyond the stage (ArH)M(CO)3. 

2. Metal-Carbonyl Halide -f- Arene -I- AICI3 

AICI3 

-2 CO 
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3. Ligand Exchange (Arene Substitution) 

(ArH)Cr(CO)3 + ArH' — (ArH')Cr(CO)3 + ArH 

(CH3CN)3Cr(CO)3 + ArH > (ArH)Cr(CO)3 + 3CH3CN 

STRUCTURAL FEATURES 

140 

172 

O' 1 
C ^ 
o 

The prototype “piano-chair” complex, i;*-benzene(tricarbonyl)chromium, does not present any struc¬ 

tural surprises. The M(CO)3 unit and the arene are staggered and the six-fold symmetry of rj^-benzene 

is maintained (Dahl, 1965). 

Compare d{C = 0)f^^^ = 113 pm. 

(Carbonyl)metal units also furnish examples for bonding modes of benzene which diverge 

from the usual rj^-type: 

|(i,®-C3Mes)Re(CO),|,. This complex forms on irradiation of (CjMejlRelCOlj in 

benzene solution (Orpen, 1985). The benzene ring shows pronounced C-C bond length alternation. 

: if-: jj^-CjHftlOsjfCO),. Benzene displays the novel “face-capping” ligation here (B. F. G. John¬ 

son, J. Lewis, 1985); the C-C bonds attached to the osmium atoms are shorter than the unattached 

C-C bonds. This coordination mode mimics the interaction of arenes with metal surfaces. 
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REACTIONS OF ARENE METAL CARBONYLS 

Complexation of an arene to the Cr(CO)3 fragment alters its reactivity in several ways, 

as summarized below (adapted from Semmelhack, 1976): 

Enhanced nucleophilic 
substitution Enhanced solvolysis 

The Cr(CO)3 unit exerts an electron-withdrawing effect. Compared to the free arene, the 

complexed arene is thus deactivated toward electrophilic substitution, but particularly 

susceptible to nucleophilic substitution: 

The reaction rate of(C6H5Cl)Cr(CO)3 resembles that of p-nitrochlorobenzene. According 

to kinetic measurements, the reaction proceeds via an intermediate with an r;^-bonded 
cyclohexadienyl ring, the rate-determining step being the endo-loss of the halide ion. 

Of greater preparative importance is the reaction between substituted arene chromium 
tricarbonyls and carbanions: 
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Nucleophilic attack occurs at the uncomplexed face of the arene ligand (exo). The inter¬ 

mediary anionic cyclohexadienyl complex has been isolated in some cases (Semmelhack, 
1981 R). 

Attack of c7-donor/7r-acceptor ligands can cause a displacement of the i/^-arene ligand: 

CRHoMeoCrtCOo + 3 PF3 -► fac-(PF3)3Cr(CO)3 

140°-150° 

Oxidation of 18 VE (arene)metal carbonyls in contrast to bis(arene)metal complexes does 
not lead to stable 17 VE radical cations. On oxidation of (arene)molybdenum tricarbonyl 

with iodine, molybdenum is oxidized to Mo” and an unusual counterion is formed 

(Calderazzo, 1986); 

3 (T?6-ArH)Mo(CO)3 ---► [(776-ArH)Mo(CO)3l]''+ [Mo2l5(CO)g]- 

18 VE 18 VE 

Other Complexes of the General Type (i/*-ArH)ML„ 

Only two reactions of fairly extensive scope are presented here: 
Me 

2M + 2 CgFgBr -t- CeHsMe 

M = Co,Ni 

CC 

— M B r2 
M 

/ 
CeFs CgFg 

Arene 

(ry-arene) M (C0F5 >2 

In this way, (CfiFs),M fragments can be transferred to a large number of arenes 

(Klabunde, 1978). 
Cationic complexes of the type [(f7®-arene)Ru(solv)3]^^ are useful reagents for transferring 

(arene)Ru^’^ half-sandwich units to other arenes: 

Boekelheide (1980) 
Bennett (1979) 



356 15 CT. 7r-Donor/7i-Acceptor Ligands 

15.4.4.3 Benzene Cyclopentadienyl Metal Complexes 

Complexes containing both six- and five-membered rings are accessible by several routes 

(E.O. Fischer, 1966): 

MnCl2 + NaCsHg + CgHgMgBr 
J.THF 

2.H2O 

(Biphenyl)MnC5H5 is formed as the main product; a further byproduct is the dinuclear 

complex : t/®-biphenyl)bis[(cyclopentadienyl)manganese]. (C6Hg)CrC5H5 (17 VE) 
can be prepared in an analogous manner. 
One cyclopentadienyl ring of ferrocene can be exchanged for an arene (Nesmeyanow, 

1963): 

Reduction of these 18 VE (arene) (cyclopentadienyl)iron cations affords stable 19 VE 
radicals (Astruc, 1983 R): 

18 VE (d®) 19 VE (d^) 

Nucleophilic addition occurs exclusively at the six-membered ring with the formation of 
neutral cyclohexadienyl complexes. 

(Arene) (cyclopentadienyl)ruthenium cations are only obtained in low yields from 
ruthenocene; a better synthetic route proceeds from dimeric (benzene)ruthenium dichlo¬ 
ride (Baird, 1972): 

tCeH6RuCl2]2 + 2 TICp 
1. EtOH_ 

2. H20,NH4PF6^ 

The cation [(C5H5)Ru(C6H6)]’^ is photolabile, forming solvates [(C5H5)Ru(solv)3]"^ 
which transfer (CsH5)Ru'" fragments to other arenes (cf p. 333, 368): 
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Successive elimination of two H ions from a cyclohexadiene complex can also lead to 
the formation of an (;7^-C5H5)M(?7®-C6H6) species; 

tCPhal+ ^ 
- HCPh3 

[CPh3]+ 

- HCPh3 

2+ 

The class of mixed ligand complexes features examples in which arenes act as bridging 
ligands, displaying syn- as well as anti-coordination. In the following syn-complex of iron, 

the bridging ligand is generated by trimerization of acetylenes (Jones, 1983): 

2 C5H5FeCQHi2 + 3 •-C=C-« 

Noteworthy is also the first tripledecker complex with a bridging benzene ligand 

[C5H5V]2C6H6 (Jonas, 1983): 

2 C5H5V(C3H5)2 Cr(g) 

.C3: 

26 VE 30 VE 



358 15 O’, n:-Donor/7r-Acceptor Ligands 

A tripledecker complex containing arene ligands only has been obtained from metal-lig¬ 
and cocondensation (Lamanna, 1987). With an increased number of decks and further 

development beyond the current state of laboratory curiosities, such complexes, when 

partially oxidized or reduced, could show interesting conductivity properties (cf. p. 383). 

15.4.5 C7H7 as a Ligand 

t/^-CyHy metal complexes are almost exclusively of the mixed-ligand or half-sandwich 
type, other ligands being present in addition to the cycloheptatrienyl ring. The ligand 

C7H7 is generally regarded as a coordinated aromatic tropylium ion and is thus 
classified as a 6^ ligand. C7H7 occasionally also acts as an rj^- oder i/^-ligand. 

Examples; 

CVH7MC5H5 (M = Ti, V, Cr) C7H7M(C0)3 (M = V, Mn, Re, Co) 

[CvH^MCsHs]^ (M = Cr, Mn) C7H7Re(CO)4 

[C^H^MoC^HJ" [C7H7M(C0)3]+ (M = Cr, Mo, W, Fe) 

[(C7H7)2V]^ + [C7H7Fe(CO)3]- 

PREPARATION 

1. Substitution Reactions 

V(CO)6 + C^Hg > C7H7V(C0)3 + 1/2 H2 + 3CO 

Byproduct: [C^H^VC^Hgl^lVlCQlg]- 

C5H5V(C0)4 + C^Hg > C5H5VC7H7 + 1/2 H2 + 4 CO 

[C7H7Mo(CO)3]+ + C6H5CH3^^^^^^[C7H7MoC6H5CH3]+ + 3 CO 
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(C7H0)2V 
2 [PhaC] BF4 

-2 PhgCH 

3. Ring Expansion 

Formally, this reaction is an insertion of RC’*' into the six-membered ring. This 
remarkable transformation is only feasible for the combination 
it is also observed for CsHsCrCgHg, but not for C^HgCrCCOja or for free C^Hg. 

4. Photochemically or Chemically Induced ff/Ti-Rearrangement 

o 

The analogous irradiation of C7H7COMn(CO)5 at — 68 °C yields >/^-C7H7Mn(CO)3 
directly, intermediates being too short-lived for isolation. 

5. Deprotonation 

/ 
Fe 

(CO)3 

n-BuLi 

- BuH / 
Fe 

(CO)3 

In the case of larger cyclic ligands, application of the 18 VE rule does not generally 
allow unequivocal structural prediction because increasingly, only partial coordina¬ 
tion of the 7c-perimeters is encountered. Partially coordinated seven-membered rings 
often show fluxional behavior. 



360 15 (T, 7i-Donor/7r-Acceptor Ligands 

STRUCTURE AND BONDING 

The description of the t/^-CyHy-metal bond is analogous to that for and rj^- 

CgHg. A common feature of all three carbocycles is the existence of n orbitals with 
symmetries a, and €2 which, by interaction with the appropriate metal orbitals, 

generate bonds of cr-, n- und <5 symmetry. 
The different energies of the ligand orbitals of 5- and 7-membered rings induce an 

unsymmetrical charge distribution in mixed-ligand sandwich molecules. CsHsCrC,!!^ 
therefore has a dipole moment, the negative end being located on the C5H5 ring (/r = 0.73 

Debye = 2.44 x C • m). For the vanadium analog, planarity of the C7H7 ring and 
the centrosymmetric bond to the transition metal was confirmed by X-ray studies. 

The crystal structure of C5HSVC7H7 reveals that the Y — C distances to both rings are almost identical. 

Accordingly, the distances from the metal to the ring centers differ in that larger rings are approached 

more closely by the metal. This situation leads to relatively poor metal-ligand orbital overlap, so that 

centrosymmetric bonding of a first row transition metal to a large ring is less favorable than to a smaller 

ring {Rundle, 1963). 

Comparison of the structures of C7H8Mo(CO)3 (left) and C7H7V(CO)3 {right): The 

triolefin complex shows considerable exo-bending of the non-coordinated CH2 group as well 

as alternating C-C bond lengths; the tropylium complex, on the other hand, exhibits planar 

coordination of the C7H7 ring and equal C-C distances {Dunitz, 1960; Allegra, 1961). 
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(a) Redox Reactions 
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CsHjCrC^H, + 1/212-> [C5H5CrC7H7]+ + r 

The redox potential for the couple C5H5CrC7H^/'^ (-0.55 V in DME versus SCE) is 

shifted anodically compared to the symmetrical isomer CgHgCrCgHg (—0.69 V). 

(b) Addition of Nucleophiles 

(CO)3 (CO)3 

(c) Ring Contraction 

(00)3 

Labeling experiments prove that the six-membered ring is formed from the tropylium 
ring rather than from the cyclopentadienyl ring, since reaction with NaC5H4CH3 

also gives (benzene)Cr(CO)3 whereas treatment of [C7H6CH3Cr(CO)3]'^ with 
NaCgHg generates (toluene)Cr(CO)3 (Pauson, 1961). 

(d) Formation of Dinuclear Complexes 

Partially coordinated seven-membered rings can form additional bonds to a second 

transition metal. This quite often results in the formation of a metal-metal bond as 

well as fluxional behavior of the bridging ligand (Takats, 1976). 
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15.4.6 CgHg as a Ligand 

In its versatility as a ligand, CgHg (COT) resembles the acetylenes. The variety of COT 

complex chemistry is due to the following facts; 

• CgHg can coordinate as a tub-shaped tetraolefm or as a planar aromatic anion CgHg^ 

• Potential coordination modes are rj^, and rj^ (in binuclear complexes also rj^ and 

rj^). 

• CgHg can function as a bridging ligand, supporting either syn- or anti-coordination. 

• As an 8e(C8Hg) or a 10e(C8H8~) ligand cyclooctatetraene forms complexes with 

metals from the actinoid- and lanthanoid series, in which, in varying degrees, metal 

f orbitals contribute to bonding. 

COMPLEXES WITH PLANAR CgHg RINGS 

TiCOC^H.,)^ + CgHg + A1(C2H5)3 
0.2 : 0.4 2 ->Ti2(CgHg)3 

0.2 : 2 ; 2 -^ Ti(CgHg)2 
HfCU + 2 Mg + 2 CgHg-> Hf(CgHg)2 + 2 MgCL 

Zr(allyl), + 2 CgHg -. Zr(CgHg)2 

: 3-6»;-CgHg| yellow crystals, very air-sensitive, paramagnetic. One double 

bond of the bridging ligand remains uncoordinated; two carbon atoms are coordinated to both titanium 

atoms (Dietrich, 1966). 

(j/^-CgHg) (•/‘‘-CgHg)!!: Violet crystals, very air-sensitive. One COT ring is planar (all 

diC-C) = 141 pm), while the other is puckered and bonded in a butadiene-like fashion. In solution, 

fluxional behavior is observed (Wilke, 1966). 

The cyclooctatetraene complexes of the lanthanoids and actinoids are of particular interest. 

A comparison of the two series reveals a marked difference in the extent to which 
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/ orbitals participate in metal-ligand bonding. The 4/ orbitals of the lanthanoids have 

no radial nodes and are deeply buried in the atomic core, so that their overlap with ligand 

orbitals is negligible. Therefore, the metal-ligand bond in lanthanoid-CgHg complexes is 

predominantly ionic. In actinoid-CgHg complexes, on the other hand, a considerable 
contribution from covalent interactions may be assumed since the 5/ orbitals are subject 
to less shielding than 4/ orbitals and therefore overlap more extensively with the ligand 

orbitals. Examples: 

CeCl3 + 2 KgOsHg —diglyme ^ [K(diglyme)] [Ce(C0H8)2] 

139 

IKfdiglyme)) [CefCgHgjJ : Pale-green crystals, paramagnetic, air- and moisture-sensitive. Both COT 

rings are planar and oriented in staggered conformation, symmetry The solvated ion in this 

contaction- pair is attached centrosymmetrically to one of the COT rings. This type of structure is 

realized by a number of lanthanoidocenes {Raymond, 1972). 

“Uranocene” (Streitwieser, Miiller-Westerhoff, 1968): 

O(CgHg), : Green crystals, paramagnetic, pyrophoric, but stable to hydrolysis. 

Structure: uniform, planar COT rings which are oriented in an eclipsed conformation, symmetry 

d{C-C) = 139 pm (Raymond, 1972). 

ELECTRONIC STRUCTURE AND BONDING 

(?y®-CgHg)2)U is a 22 VE complex (8 + 8 -f 6 or 10 + 10 -h 2). Whereas for sandwich 

complexes of the d metals, this electron configuration would lead to the occupation of 

antibonding MO’s (cf the MO scheme of ferrocene p. 320), in the case of / metals further 

bonding MO’s, capable of accepting additional electrons, can be formed through interac- 
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tions of symmetries 62 and e^ - In the following survey symmetry-adapted linear combi¬ 

nations (SALC) of the n MO’s of two parallel CgHg' ligands are matched with the 
appropriate metal orbitals: 
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The energetic sequence in the MO scheme for uranocene up to the level 62 g qualitatively 
resembles that for ferrocene (p. 320). However, instead of the essentially nonbonding level 

^19 (Fe, 'id^2) which follows in ferrocene, uranocene possesses molecular orbitals which 
are derived from C8H8-U(5/) interactions, namely the frontier orbitals 62^ and 
Thus, for the 22 VE complex uranocene, a triplet ground state ensues. 

Frontier orbitals for uranocene and related complexes {adapted from Streitwieser, 1973): 

®3u 

®3g 
6d 

®2u 
\ 
\ 

'2u ♦ ♦ 
\ 

2 ^0140^ 

®3u 

62 u 

\ _ 

■ / 

^2u 

0(08^8)2 

®1u 
®2u 
e3u 

5f 

14+ 

Interactions of symmetry e2« cannot occur in sandwich complexes of the d metals. In the 

case of f metals, they allow the covalent bonding of large, electron-rich n perimeters. 

Apart from uranocene, other acti- 

noidocenes have also been prepared. The 

magnetic moments of these complexes 

can be rationalized on the basis of the 

above MO scheme. 

Th(C8H8)2 = 20 VE diamagnetic 

Pa(C8H8)2 = 21 VE paramagnetic 

U(C8H8)2 = 22 VE paramagnetic 

Np(C8H8)2 = 23 VE paramagnetic 

Pu(C8H8)2 = 24 VE diamagnetic 
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CgHg also occurs in sandwich complexes of mixed ring size: 

CgHsTiCgHg, prepared from CpTiCl^ and CgHi in THF, is obtained as green paramagnetic crystals 

with one unpaired electron. Structure: centrosymmetrically bonded five- and eight-membered rings 

{Kroon, 1970). 

COMPLEXES WITH NON-PLANAR CgHg RINGS 

In numerous cases, CgHg ligates like a mono-, di- or triolefin to a transition metal, 

thereby exhibiting varying degrees of nonplanarity: 

Cl. 

The coordination of conjugated double bonds in the CgHg molecule to a metal frequently 
results in fluxionality. (t7'^-C8Hg)Fe(CO)3 was a subject of long-standing controversy: 

Fe(CO)5 + CgHg CgHgFe(CO)3 

This complex cannot be catalytically hydrogenated although it appears to contain two free C = C 

double bonds. In the ^H-NMR spectrum, a single line is observed, even at low temperatures, the 

slow-exchange limit {cf. p. 303) not being reached even at — 150°C. The ^^C-NMR spectrum, on the 

other hand, at T< — 110°C displays four signals for the ?7"''-C8H8 ring which merge into a single line 

at — 60 °C, £„ = 34 kJ/mol {Cotton, 1976). The ring rotation apparently involves simultaneous ring 

distortion, so that the geometry of the complex is retained despite successive 1,2 shifts. 

There are indications that fluxionality continues even in the solid state {Fyfe, 1972). 
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In cases where there is only partial coordination of a C„H„ perimeter to a transition metal, 

isomerism can arise. CpCoCgHg is an inseparable mixture of (1,2f/: 5,6?/-C8H8)CoCp 
and (l-4f/-C8H8)CoCp, which slowly interconvert. The l-4ri complex, like 
C8H8)Fe(CO)3, is fluxional in solution (Geiger, 1979): 

rigid 
{conjugated) 

fluxional 

Two different bonding modes of cyclooctatetraene to the same central metal are present 

in Fe(C8H8)2: 

FeCla + iso-CgH^MgCl + CgHj 

Fe(acac)3 + A1(C2H5)3 + CgHg 

Et,0 

■ 30 °C 
Fe(C8H8)2 

-10“C 

Black crystals, very air-sensitive, active as an oligomerization catalyst. Crystal structure of FefCgHglj: 

One COT ring coordinates with 3 double bonds the other COT ring with 2 double bonds The 

complex is fluxional in solution. 

In a number of binuclear complexes, cyclooctatetraene acts as a bridging ligand, e.g. in 

the binary complexes M2(C8H8)3 (M = Cr, Mo, W): 

2 CrClg + 3 Jso-CgHyMgBr + 3 CgHg 

Cr(g) + 2CgHg(g)- 

hv 

EtjO 

CC 
Cr2(CgHg)3 

-196 °C 

THF 
W2(CgHg)3 WCU + K2CgHg 
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d(Cr-Cr) =221 pm 
d(W-W) = 237 pm 

In both the M2(C8Hg)3 complexes, the terminal rings are only r]‘^-coordinated {Kriiger, 1976). Under 

the assumption of a metal-metal triple bond, the metals attain an 18 VE shell. Both complexes are 

fluxional in solution, ^H-NMR: singlet, 5 5.26 ppm. Obviously, all three COT rings participate in the 

structural dynamics. 

The CgHg ligands in Ni2(C8H8)2 are exclusively bridging: 

+ C0H0 
-40° 

Both nickel atoms are coordinated in an rf^-allyl fashion; due to disorder problems, the Ni —Ni distance 

could only be approximated (272-295 pm) {Kriiger, 1976). 

An interesting aspect of cyclooctatetraene bridging is the occurrence of syn- and anti-vari¬ 

ants. The most thoroughly studied complexes in this respect are those of the composition 

(C5H5M)2C8H8 (M = V, Cr, Fe, Ru, Co, Rh). 

Preparative examples; 

[ClRhC8H8RhCl], + 2TlCp -> (C5H5Rh)2C8H8 

(C5H5Rh)2C8H8 + 2 AgBF, -> [(C5H5Rh)2C8H8]^ + 

In (C5H5Co)2C8H8 and (C5H5Rh)2C8H8 (36 VE), where both metal atoms are anti-coor¬ 
dinated, each metal is bonded to a separate pair of non-conjugated double bonds of the 

tub-shaped C8H8 ring, {r]‘^: On oxidation, the rhodium complex forms a stable 
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The complexes (C5H5V)2CgHg and (C5H5Cr)2CgHg possess almost identical structures: in the 

chromium complex (30 VE), the bridging CgHg ring consists of two virtually planar Cj moieties which 

are inclined at a dihedral angle of 134°, and which have two carbon atoms in common. The Cr —Cr bond 

(239 pm) is formulated as a double bond. The vanadium complex (28 VE, d(V —V) = 244 pm) should 

contain a V —V triple bond 18 VE shells are to be attained by the vanadium atoms. (C5H5)2VCgHg 

shows slight temperature-dependent paramagnetism, however, thereby implying that the “third V —V 

bond” is weak (J. Heck, 1983). 

dication (34 VE), in which two carbon atoms of the CgHg ring are coordinated to both 
metal atoms, {rj^ : rj^) (Geiger, Rheingold, 1984). This “slipped-tripledecker” structure is 

also found for the isoelectronic complex (C5H5Ru)2CgHg (Salzer, 1986). 

By way of summary it can be stated that for complexes of the type (C5H5M)2CgHg 

decreasing number of valence electrons leads to more closed structures. This trend is 

already noticeable from the structural change which accompanies the oxidation of 
(C5H5Rh)2CgHg (36 VE ^ 34 VE, see above) and leads to dramatic results once 30 VE- 

and 28 VE configurations are reached in that a change from anti- to syn-coordination and 

concurrent formation of metal-metal bonds occurs. 
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Excursion: 

Transition Metal NMR in Organometallic Chemistry 

As in the chemistry of main-group or- 
gano-metallics (cf. p. 24, 73,122) for the 

transition elements as well, NMR spec¬ 
troscopy of metal nuclei increasingly 
gains in importance. In the sequel a few 
characteristics and applications will be 

outlined, using two representative exam¬ 
ples, namely ^’Fe (2.2%, 7=1/2) and 
^^Co (100%, / = 7/2). To underline the 
significance of transition metal NMR, it 

should be remembered that it was the 

detection of the magnetic resonance of 

^®Co nuclei which led to the discovery of 
the chemical shift phenomenon (Proctor, 
Yu, 1951). 

®’Fe-NMR 

The relative receptivity of ^^Fe amounts 
to only 0.4 % of that of ^ and the nucle¬ 

ar spin 7 = 1/2 of ^^Fe, because of the 
absence of quadrupolar relaxation, may 
lead to saturation problems with con¬ 

comitant low signal intensity. Never¬ 

theless, the availability of high-field 
spectrometers equipped with supercon¬ 

ducting magnets, special pulse techniques 
like the steady-state method, and polar¬ 

ization transfer experiments have ren¬ 
dered NMR studies on 7 = 1/2 nuclei 
with small magnetic moments like ^^Fe, 

^°^Rh or lO'^’io^Ag feasible. The pro¬ 

nounced increase in sensitivity achieved 

at high magnetic fields is a result of the 

more favorable Boltzmann distribution 
and the more efficient relaxation. For 

7 = 1/2 nuclei in strong magnetic fields 

Bq, the relaxation rate is dominated by 

the anisotropy of the chemical shift, l/Tj 

being proportional to B^. In the case of 

Rh- and Fe diolefin complexes in a mag¬ 

netic field of strength Bq = 9.4 T, nuclear 
spin lattice relaxation times Tj are usual¬ 

ly shorter than 20 s (for Fe" porphyrins, 

may even be as low as 0.02 s). Transi¬ 

tion metal NMR can then be detected 
even with conventional Fourrier trans¬ 

form (FT) techniques (Benn, 1986 R). 

The chemical shifts (5^’Fe for diamagnet¬ 
ic compounds of iron encompass a range 

of about 12000 ppm. As an external 
standard, Fe(CO)5 is usually employed. 
Fe(CO)5 absorbs at the upper end of the 

field scale. In the survey (p. 371) a few 
inorganic coordination compounds of 

iron have been included for comparison. 

Since the paramagnetic shielding term 
dominates, the chemical shifts 5®’Fe 

of many iron complexes may be inter¬ 
preted by means of Eq. (2) (p. 296) under 

the assumption of a mean excitation en¬ 
ergy AE: 

5. ~ ~ + Z Qj)/AE 
‘*j 

Accordingly, the chemical shift 5^^Fe de¬ 

pends on the electron density at the nu¬ 
cleus (Qi), the bond orders (EQj), the 

mean electronic excitation energy AE 
and the mean distance of the valence d 

electrons from the nucleus (for transition 
metals with partially filled d shells, the 
contribution from p electrons can be ne¬ 

glected). Therefore, deshielding, which is 

1500 ppm stronger in ferrocene, as com¬ 

pared to (butadiene)Fe(CO)3, may be 

rationalized by the smaller HOMO- 

LUMO gap ((5 AE = 0.2 eV) in the former 

as compared to the latter. An additional 
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Scheme I Cl Br CO n+ 

O C // // O C // n O C /. * O C /, I n >v >v >v >v OC^ I ^ OC^ I V OC^ I ^ OC^ I ^ 

CO 

contribution to the deshielding is the 

smaller charge density on the central 
metal in ferrocene, formally an Fe" com¬ 
pound. 

The dependence of the chemical shift on 
the oxidation state of the metal is a gener¬ 

al trend, resonances of Fe" compounds 
occurring at low fields and those of Fe° 
compounds at intermediate and higher 

fields. If electronegative atoms are direct¬ 
ly bonded to the metal, particularly large 

deshielding is observed [examples: 
phenylbutene-3-one)Fe(CO)3, Fe”(por- 

phyrine) complexes]. In the series (al- 
lyl)Fe(CO)3X, X = Cl, Br, I, the chemical 

shifts 5^^Fe correlate with the electro¬ 
negativity of the halogen (Scheme I). 

The influence, charge density on the cen¬ 
tral metal exerts on its magnetic shielding 

also manifests itself in the fact that the 

chemical shift range for neutral olefm- 
or diolefin iron carbonyl complexes 

Scheme II 

(550 > <5^^Fe > — 600 ppm) clearly dif¬ 
fers from the range for the complexes 

[(allyl)Fe(CO)4]+ and [(dienyl)Fe(CO)3] + 

(1500 > (5^^Fe > 600 ppm). This charge 
dependence is convincingly demon¬ 

strated by the (5^^Fe values for a series 
of structurally related but differently 

charged species (Scheme II). 

As an application of ^^Fe-NMR, consider the 

binuclear complex (CO)3Fe(/i-C7H7)Rh(C7Hg) 

which results from the reaction between 

[(C7H7)Fe(CO)3]Li and [{norbornadiene)- 

[RhCljj. 

A comparison of the <5®''Fe values for 

[(C7H7)Fe(CO)3]“ and the binuclear product 

suggests that in the latter, no charge equili¬ 

bration between the electron rich Fe° atom 

(18 VE) and Rh’ (16 VE) takes place (Salzer, 

V. Philipsborn, 1982). 

(5^^Fe 1435 170 — 172 ppm 
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Contrary to expectation, the iron nucleus 

in protonated ferrocene and in ferro- 

cenylcarbenium ions (p. 329) is strongly 

shielded as compared to ferrocene. This 

contradicts simple arguments which take 

only inductive effects into consideration; 

in fact, rehybridization of non-bonding 

Fe{3d) orbitals is generally deemed re¬ 

sponsible for this unusual shielding (Ko- 
ridze, 1983). 

These examples clearly show that in or¬ 

der to rationalize chemical shifts of metal 
nuclei, all contributions to the paramag¬ 
netic shielding term must be assessed. 

An interesting stereoelectronic effect is 

the dependence of the shifts ^^^Fe on ole¬ 

fin geometry and on the presence of alkyl 
substituents (v. Philipsborn, 1986 R): 

(5^^Fe Values for {diene)Fe{CO);j Complexes 

Methylsubstitution at (butadiene)- 
Fe(CO)3 causes deshielding of the ^^Fe 

resonance, a finding which cannot be ex¬ 

plained by inductive effects. Instead, a 

correlation of 5^^Fe with changes in lig¬ 
and geometry applies. Thus, strongest 

deshielding of the ^^Fe nuclei is displayed 

by those complexes which possess diene 
ligands with carbon atoms most exten¬ 

sively rehybridized towards a higher p 

orbital content (cf. 302). Similar deshield¬ 
ing effects are also encountered with 

methyl substituted [(allyl)Fe(CO)4,]'^ spe¬ 
cies (Scheme III). 

These deshielding stereoelectronic effects 
are most likely caused by modifications 

of metal-ligand {d^ — pj overlap. 
A correlation of a different kind is that 
between thermal and ^’Fe-NMR spec- 

Diene (55^Fe Diene ^”Fe 

Cyclobutadiene -583 Buta-1,3-diene 0 

Cyclohexa-1,3-diene - 72 Isoprene + 54 

Cyclohepta-1,3-diene + 86 trans-Penta-1,3-diene + 31 

Cycloocta-1,3-diene 4-169 cis-Penta-1,3-diene 4-119 

Cyclopentadiene -M85 2-Methylpenta-2,4-diene 4-179 

Norborna-1,4-diene 4-382 Hexa-2,4-dienal -h378 

Cycloocta-1,5-diene -f380 Hexa-l,3-dien-5-on 4-335 

Scheme III 

Ttr 
Fe(CO)4 Fe(CO)4 Fe(CO)4 Fe(CO)4 

998 ppm 884 896 796 

n+BF4- n+ 1+ 

For the iron carbonyl complexes of cyclic 

diolefins, with increasing ring size, i.e. 

with increasing CCC bond angle in the 
s-cis-diene segments, deshielding of the 

^^Fe nucleus increases. For 1,3-dienes, 

this effect is usually more pronounced 
than for 1,4- or 1,5-dienes. (Cyclopentadi- 

ene)Fe(CO)3, whose ligand may be re¬ 
garded either as a 1,3- or a 1,4-diene, as¬ 

sumes an intermediate value for (5^^Fe. 

troscopic behavior: for (diene)Fe(CO)3 - 
as well as for [(allyl)Fe(CO)4]’^ higher 

thermal stability is parallelled by in¬ 

creased ^’Fe shielding. 

®’Co-NMR 

In contrast to most transition metals, 

^®Co nuclei boast a very high receptivity 

which is comparable to that of the pro- 
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ton. (/ = 7/2) also carries a high 
quadrupole moment, however (p. 24). 

Consequently, for organocobalt com¬ 
pounds of low symmetry and/or of large 

molecular dimension, due to the large 
field gradient and/or slow tumbling rates 

in solution, very large line widths may 
arise (5-30 kHz), rendering the detection 

of ^®Co resonances difficult. Further¬ 
more, chemical shifts 3^^Co and the line 

widths Wj^i2 in particular are tempera¬ 
ture- and solvent dependent. Interpreta¬ 

tions of these NMR parameters therefore 
call for identical conditions of measure¬ 

ment. 
The influence that molecular symmetry 

exerts on the line widths W^i2 is exempli¬ 
fied by the cobalamins (p. 201); 

The chemical shifts are spread over 

a range of 18000 ppm; they are referred 
to K3[Co(CN)6] as an external standard. 

Again, the dependence of the chemical 

shift on the oxidation state of the central 
metal is a general trend. However, be¬ 

cause of the ambiguities which may be 

inherent in oxidation state assignments, 
there is considerable overlap between 

the different regions and Scheme IV 

should only be regarded as a crude 

guide line. There are also irritating 
exceptions: [Cp2Co“']Cl absorbs at 

(5^®Co = — 2400 ppm, a spectral region 

typical for Co“’ complexes, and reso¬ 
nance for the standard K3[Co(CN)g], a 

Co"' complex, occurs at 0 ppm. 

Cone, in 

mol 

T in 

K 

Solvent 

(pH) 

5^®Co in 
ppm 

Wi/2 in 
kHz 

Symmetry 

K[Dicyanocobalamin] 0.06 313 D2O (7) 4040 14.0 axial 

Cyanocobalamin 0.01 313 D2O (7) 4670 29.5 non-axial 

In the axially symmetric dicyanocobal- 
amin anion the nucleus ^®Co is shielded 
more strongly than in neutral cyano- 

cobalamin. Moreover, the axially sym¬ 
metric anion features smaller line widths 
(v. Philipsborn, 1986). ^®Co-NMR line 

widths therefore aid in the elucidation of 

molecular structure, an example being 
the differentiation between cis/trans- and 

fac/mer isomeric cobalt complexes (Ya¬ 

masaki, 1968). 

The significance of the 1/A£ factor in 

the paramagnetic shielding term 

emerges from a comparison of (5^''Co val¬ 

ues for compounds of the type CpCoL2. 
Contrary to expectations based on ligand 

electron affinities, ^^Co is shielded more 

strongly in CpCo(CO)2 relative to Cp- 

Co(C2H4)2. Apparently, the different 
magnitudes of the mean excitation ener¬ 

gy AE dominate here. This conjecture is 

Scheme IV 

Co(III) 

Cod) 

c5®®Co/ppm 

CpCo(olefin)2 

Co(-I, ^ 

I I • ’“'""“'“T” I I I 

12000 8000 4000 0 -2000 

KgLCoICNig] 
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supported by the results of Extended 

Hiickel calculations according to 

which the HOMO-LUMO gap in 

CpCo(C2H4)2 is smaller by 0.3 eV as 

compared to CpCo(CO)2 (Benn, 1985). 
The magnitude of the energy difference 

between the frontier orbitals HOMO and 
LUMO plays the dual role of influencing 

the magnetic shielding of ^^Co nuclei via 

the 1/A£ dependence, and of reflecting 

the strength of the metal-ligand bond. 

Therefore, besides correlations between 
^^Co-NMR data and electronic spectra 

(Griffith, 1957) relationships between 
<5^^Co values and chemical behavior 

would be expected. Parallels of the latter 

type have in fact been observed. They can 

be illustrated with a recent example, the 

activity of organocobalt complexes in 
the homogeneously catalyzed synthesis 

of pyridine derivatives (Scheme V, 
Bonnemann, v. Philipsborn, 1984). 

In this process, depending on the catalyst 

employed, singly and multiply substitut¬ 
ed pyridine- as well as benzene deriva¬ 

tives are obtained from alkynes and ni¬ 

triles (p. 277). For a series of complexes 

(R-Cp)CoL2 and (R-indenyl)CoL2 as cat¬ 
alyst precursors, it has been demonstrat¬ 
ed that their activity and selectivity corre¬ 

lates with (5^^Co. The actual catalyst 

CpCo (14 VE) is formed via thermal li¬ 

gand dissociation. Precatalysts of high 

activity, which operate even at low 
temperature, contain weakly shielded 

^®Co nuclei [example: CpCo(COD), 
<5*®Co = — 1176 ppm]. The complex 

CpCo(cyclobutadiene), on the other 

hand, in which the central atom is strong¬ 
ly shielded (<5^^Co = — 2888 ppm), is cat- 

alytically ineffective. Obviously, cyclo¬ 
butadiene is strongly bonded to cobalt 

(A£ is large) and CpCo(C4H4.) is not ca¬ 

pable of initiating the catalytic cycle by 
forming the coordinatively unsaturated 

species {CpCo}. 

The chemo- and regioselectivities of these 
catalytic cyclizations are governed by the 
nature of the cyclopentadienyl ligand 

which remains attached to cobalt. Here 
as well, a correlation with NMR data was 
discovered in that the product ratio 1,3,5- 
trisalkyl-pyridine/l,2,5-trisalkyl-pyridine 

rises with increasing shielding of the ®^Co 

nucleus. 

A quantitative interpretation of these 

findings is of course extremely difficult; 
correlations of the type discussed above 

are of high practical value, however, since 

they indicate a way to systematically 
search for catalytically active species by 

means of ^®Co-NMR. 
C 
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15.5 Metal Ti-Complexes of Heterocycles 

Unsaturated ring systems in which individual (or all) carbon atoms have been exchanged 
for heteroatoms can form transition-metal tt-complexes under certain conditions. In some 
cases, this can also lead to the stabilization of heterocycles unknown in the free state. 

15.5.1 Nitrogen-, Phosphorus- and Sulfur Heterocycles as Ligands 

The ability of organic molecules containing heteroatoms like N, P, O or S to bind to 

transition metals is relevant in classical coordination chemistry as well as for the in vivo 
binding of metals. If the heteroatoms are part of rings such as pyridine, thiophene or the 
pyrrolyl anion, they usually retain their Lewis basicity and the rings tend to coordinate 
through their lone pairs rather than via the cyclic conjugated n system. The number of 

71 complexes containing N-, P- and S-heterocyclic ligands is therefore relatively small 
compared to their carbocyclic counterparts. 

FOUR-MEMBERED RING LIGANDS 

The heterocycle 1,3-diphosphete (= 1,3-diphosphacyclobutadiene), unknown in the free 
state, has been obtained through cyclodimerization of t-butylphosphaalkyne (p. 164) in 
the coordination sphere of cobalt (Nixon, Binger, 1986): 

d(C-P) = 181 pm 

>CPC=81‘’ 

> PCP = 99° 

Like coordinated cyclobutadiene (p. 311), this 1,4-diphosphacyclobutadiene displays 

equal intra-ligand bond distances, although, due to unequal angles, the planar ring 
assumes a diamond shape. 

FIVE-MEMBERED RING LIGANDS 

C5H5“(cyclopentadienyl), C4H4N“(pyrrolyl), C4H4P-(phospholyl) and C4H4As“- 

(arsolyl) are iso-rc-electronic. The synthesis of n complexes containing these heterocycles 

is therefore often analogous to that of corresponding cyclopentadienyl and arene com¬ 
plexes. 

Azacyclopentadienyl complexes can be prepared in a redox reaction from pyrrole (Pau- 
son, 1962): 
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O 
,N 

Mn2(CO)^Q Mn. 
N 

I 
H 

■"7 \ 

+ Hg + 4 CO 

C 
O 

or via a preformed pyrrolyl anion (Pauson, 1964): 

CsHgFeCCOjI + -► fL 

I ^ 

40' 

N 
K+ 

- 2CO 

I 
Fe 

Azaferrocene (C5H5FeC4H4N) forms orange-red, diamagnetic, easily sublimable crystals, 
which are isomorphous to ferrocene. Treatment with acids leads to protonation at the 

nitrogen atom. Compared to CjHJ, the pyrrolyl anion C4H4N“ is a weaker rt-donor 

and/or a stronger Tc-acceptor. l,r-Diazaferrocene is as yet unknown. 
For the elements phosphorus and arsenic, however, both single and multiple incorpora¬ 

tion of the heteroatom into the ferrocene frame has been achieved: 

o 
‘P" 

I 
Ph 

+ [CpFe(CO)2]2 
150° 

xylene Fe 

THF 
20° 

x2 
4 Li 

T 

o + 2 PhLi 
AlCIc 

P 
Li 

- AlPh. 

FeCL 

P 
Li 

20° 

(Mathey, 1977) 

I 
Fe 

(Mathey, 1986) 

l,l'-Diarsaferrocene is accessible by the same route (Ashe, 1987). 

l,l'-diphosphaferrocene via its phosphorus atoms is capable of cr-donor/Tr-acceptor inter¬ 

actions. It can act as a diphos-type chelating ligand and can become a building block for 

oligonuclear complexes. Example: 
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Pentaphosphaferrocene, is formed in a surprisingly 

source of phosphorus (Scherer, 1987): 

[(C5Me5)Fe(CO)2]2 
xylene 
150°, 15h 

mundane fashion using P4 as the 

The similarity of thiophene to benzene also extends to coordination chemistry. Like 
benzene, thiophene forms M(CO)3 adducts, albeit of lower stability (Ofele, 1958): 

85° 

- 3CO A'/ \ 
O 

d(Cr-C) 
220 pm (thiophene) 

177 pm (carbonyl) 

C4,H4SCr(CO)3 is obtained as orange-colored diamagnetic crystals which are iso- 

morphous with C6H6Cr(CO)3. Selenophene and tellurophene complexes are prepared in 
the same way. 

SIX-MEMBERED RING LIGANDS 

For pyridine, a coordination via its lone pair is highly preferred over bonding which 
utilizes the 7r-electron system. Therefore, the direct synthesis of ?7®-pyridine metal com¬ 

plexes requires the N atom to be blocked by means of subsitution in the 2,6-positions 
(Lagowski, 1976): 

2 2,6-Me2C0H3N(g) + Cr(g) 
CC 

The parent complex bis(i/^-pyridine)chromium can be prepared by occupying the 2,6-po¬ 

sitions with protecting groups, which can be removed after complex formation (Elschen- 
broich, 1988): 

Cr 
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Red bis(?/^-pyridine)chromium differs from bis(benzene)chromium in its high thermal and 
solvolytic lability. 

Bis(>;^-arsabenzene)chromium (t/^-C5H5As)2Cr, which can be directly prepared by metal- 

atom ligand-vapor cocondensation, is considerably more stable (Elschenbroich, 1986). 

The observation that for arsabenzene, ri^-coordination {via the As atom) is disfavored as 

compared to rj^-coordination {via the n-electron system) concords with the Lewis basicities, 

which decrease in the order pyridine > phosphabenzene > arsabenzene. The n-donor 
character of the heteroarene is expected to follow an opposite trend, since the electropositive 

character increases in the order N < P < As. The disparate behaviour of the heteroarenes 

towards metal carbonyls conforms with this notion {Ashe, 1977): 

E—Mo(CO)5 
MotCOlgTHF 

E = N.P.As 

Mo(CO)3Py3 

Et20-BF3 * 

E = As.Sb C 
O 

Thus, as the atomic number of E increases, n coordination {rj^) dominates over a coordi¬ 
nation {ri^). In the particular case of arsabenzene, a a -» tt rearrangement has been 

established: 

Us-Mo(CO)5 
1 20° 

-► 
- 2CO 

Mo 
(CO)3 

A spectacular result is the formation of hexaphosphabenzene Pg as a bridging ligand in 

a tripledecker complex (Scherer, 1985): 

MogCgC C O )2M o = Mo( CO)2C5Me5 
P4, xylene 

140°,5h 

dCP-Pl = 217 pm 

dCMo-P) = 254 pm 

The formation of the Pg ring can be regarded as a cyclotrimerization of three |P = P| units 

in analogy to the alkyne trimerization. The complex ^-(cyclo-P^) [Mo(C5Me5)]2 is obvi¬ 
ously related to the cyclopentaarsyne complex /^-(cyclo-Ass) [Mo(C5H5)]2 which has 

already been mentioned (p. 160). For substituted heterocycles (E = N, P, As, Sb), the 
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respective products formed reflect the interplay of steric and electronic effects. For 
example, substituted pyridines, in which N-coordination is sterically hindered, react with 

Cr(CO)6 to give (//^-R„C5H5_„N)Cr(CO)3, while pyridine itself solely forms N-coordinat- 
ed complexes (C5H5N)„Cr(CO)6_„ (n = 1-3). (l,3,5-Triphenyl)phosphabenzene, depend¬ 

ing on the metal carbonyl precursor, gives both types of complexes (Noth, 1973): 

Ph 

Ph Ph 

(THF)Mo(CO)5 ^ 

(mesitylene) 
MofCOlg 

Mo 
(CO)3 

15.5.2 Boron Heterocycles as Ligands 

The first transition-metal complexes of boron-containing rings were synthesized as 
carbaborane-metal complexes by Hawthorne from 1967 onwards. While these com¬ 

pounds, consisting of metal cations and carbaboranyl anions, in many cases parallel the 
corresponding cyclopentadienyl compounds (p. 72), complex fragments built from metal 
atoms and simple boron heterocycles excel in their ability to form stacks (multidecker 

complexes). 

Not all principally conceivable B, C heterocycles have yet been realized; some hitherto 

have only appeared as ligands in metal complexes. 

The most important B, C heterocycles, serving as ligands in organometallic chemistry, are 
shown below: 

o 
H 

Borole Borole 
dianion 

Boratabenzene 

f=\ 
HB^BH 

H2 

2.3- Dihydro- 
1.3- diborole 

1,4-Dibora- 
cyclohexadiene 

r V 

HB^^BH 

H 
2.3- Dihydro- 
1.3- diborolyl 

1,4-Diborata- 
benzene 

The prefix bora- designates the replacement of a CH fragment by B, borata- the replacement of CH 
by BH". 
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Neutral boron-carbon cycles like borole and diboracyclohexadiene have low-lying, unoc¬ 

cupied molecular orbitals. Consequently, these neutral ligands are strong electron accep¬ 

tors, provided the substituents at boron are void of tr-donor properties. The existence of 

anions such as boratabenzene, 1,4-diboratabenzene and the borol dianion are in keeping 

with this idea. In their coordination to metals, B, C heteroCycles can be regarded as 

neutral ligands (the number of 7c-electrons being equal to the number of sp^ carbon 
atoms) or as anions with 4 or 6 tc electrons. Isoelectronic replacement of BH“ for CH 

relates the anionic species to carbocyclic aromatic systems (compare C^BH?” and C,Hs 
or CjBHe and CgHJ. 

HETEROCYCLES WITH ONE BORON ATOM 

Borole Complexes 

A versatile route to (f7^-borole)metal complexes is the dehydrogenative complexation of 

borolenes to metal carbonyls (Herberich, 1987 R): 

[(?7^-C4H4BMe)Co(CO)2]2 is isostructural with [(?7CC5H5)Fe(CO)2]2 which is a conse¬ 
quence of the isoelectronic nature of the building units C4H4BMe(47r) -I- Co{d^) and 

C5H5(57r) + Feid% 

Complexes of Boratabenzene Derivatives 

The first synthesis of a boratabenzene complex was accomplished by the treatment of 
cobaltocene with organoboron dihalides via an unusual ring expansion (Herberich, 

1970): 

I C6H5BX2 

-[Cp2Co]X 

X = Br,CI 

2 Co 

C ^ 

-[Cp2Co]X 

^6^5 
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Today, boratabenzene complexes are known in a substantial number. Their preparation 

follows two general routes; 

1. Independent Synthesis of the Boratahenzene Ligand (Ashe, 1975 R): 

R = C6H5,CH3,C(CH3)3 

R = H (1979) 

2. Bis(boratahenzene)cobalt as a Source for Boratabenzene (Herberich, 1976): 

R=CH3,C6H5 

[(C8Hi2)RhCn2 

-► 

V.Cr.Fe.Co 

M' = Ru 
Os 

The structure of bis{B-methyl-boratabenzene)-cobalt reveals that the metal is not centro-symmetrically 

bonded, but has slipped away from boron. The differences in the M—C and M —B bond lengths 

are greater than would be expected from the sum of the covalent radii, d(Co —Cj) = 208, 

diCo-Cj) = 217, diCo-C^) = 222, d(Co-B) = 228 pm (Huttner, 1972). 
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HETEROCYCLES WITH TWO BORON ATOMS 

2,3-Dihydro-l,3-diborolyl Complexes 

The neutral ligand 2,3-dihydro-1,3-diborole can be regarded as a neutral 3e ligand (after 
elimination of a hydrogen atom) or as an anionic Ae ligand (after deprotonation): 

R R 
\ / 
C=C 
/ \ 

R-B„^^^B-R 

H CH3 

Ni(C5H5)2 I 
Ni 

R 1 R 

bY!s5b 
y 

R=C2H5 CH3 

18 VE Siebert (1978) 

The replacement of carbon by boron appears to enhance the ability of planar ring systems 
to engage in bifacial coordination to metal atoms. While a characteristic of the carba- 
boranes is the formation of three-dimensional clusters with incorporation of metal atoms, 

the five- and six-membered rings with more than one boron atom described here show 

a pronounced tendency to form multidecker complexes. As “stacking reagents”, (cy- 

clopentadienyl)metal carbonyls are of great utility (Siebert, 1977): 

(C5H5)Co(CO)2 I 

err 

[(C5H5)Fe(CO)2]2 
Fe 

A'k 

Gtt 

30 VE 

This structural type is not limited to 30 VE complexes, a complete series with 29-34 VE 

having been realized: FeFe(29 VE), FeCo(30 VE), CoCo(31 VE), CoNi(32 VE), 

NiNi(33 VE), [NiNi]“(34 VE). \_/ 

I 

M 

M = Ni, Rh 

In addition to the tripledecker complexes, which are now known in a large variety, tetra-, penta-, and 

hexadecker complexes, in which \,3-diborolyl acts as the bridging ligand, have also been synthesized. 

The ultimate extension of this series has been reached by the preparation of polydecker-sandwich 

complexes, the nickel complex being a semiconductur and the Rh compound an insulator {Siebert, 1986). 
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Complexes of l,4-Diboracyclohexa-2,5-diene Derivatives 

The unsubstituted heterocycle C4B2H6 is as yet unknown. Its l,4-difluoro-2,3,5,6-te- 
tramethyl derivative, however, which is prepared from boron monofluoride and 2-butyne 
(p. 64), reacts with nickel tetracarbonyl to give a sandwich complex (Timms, 1975); 

+ Ni(CO)4 
1. toluene, 25°, 30 min 

2. hv, 12 h 

X-ray structural data point to bis-?7^-coordination. As expected from the isoelectronic 

nature of = O and — F |, this complex is isostructural with bis(duroquinone)- 

nickel (Schrauzer, 1964R). 
The synthesis of a B-alkylated derivative, coordinated to Co, proceeds as follows: 

/=\ 
CHoO—B B—OCHo 

(Herberich, 1980) 

(CgHg)C 0(00)2 

80° 
- 2 CO 

CH3—B 
/=\ 

B-CH-: 

(Siebert, 1987) 

(051-15)00(02144)2 

-2 C2H4 * 

-H2 

c'o 

0 H3O—B^^l^B—O 0 H 3 

20° CH3Mgl 

i' 

Co 18 VE 

CH3—b; ;b—CH3 

The corresponding rhodium species, upon reaction with protic acids, converts into a 
tripledecker complex (Herberich, 1981): 

30 VE 



15.5 Metal 7r-Complexes of the Heterocycles 385 

15.5.3 Boron-Nitrogen Heterocycles 

Cyclo-trisborazine B3N3Hg is occasionally referred to as “inorganic benzene”. Some of 

its alkyl derivatives actually form half-sandwich Ti-complexes which are, however, consid¬ 
erably less stable than the corresponding arene counterparts (Werner, 1969): 

/ 

•N' 
I 
R 

(CHgCNlaCrtCOla 

R—CHg, ^2^5 

Structure of (hexaethyl-cyclo-trisborazine)Cr(CO)3: In contrast to the free ligand, the ring is not 

exactly planar. The plane defined by the boron atoms deviates from the plane of the nitrogen atoms by 

7 pm. The Cr —B and Cr —N distance differ to an extent which is expected from the different covalent 

radii of B and N. The Cr(CO)3 unit is oriented such that the CO groups and the N atoms are 

trans-positioned (Huttner, 1971). 

The synthesis of sandwich complexes of cyclo-trisborazine has not yet been successful. 
Further examples involving boron-nitrogen heterocycles as ligands are the following; 

R‘ 

(CH3CN)3Cr(CO)3 

R-CH3, R'-C2H5 
Cr 

(CO)3 (Siebert, 1980) 

(CH3CN)3Cr(CO)3 

R=C(CH3)3, R'=CH3 

^R 

Tr' 
Cr 

(CO)3 (Schmid, 1981) 
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Oligonuclear metal complexes were first studied by A. Werner (1866-1919), pioneer in 
coordination chemistry. Oligonuclearity was achieved by means of bridging ligands and 

direct metal —metal bonds were absent. In modern complex chemistry metal —metal 
bonds play an important role; they are responsible for the formation of metal atom 

clusters. 

Classical Werner Complexes 

The properties of these oligonuclear complexes 

do not differ greatly from those of their mono¬ 

nuclear analogues. 

Metal Atom Clusters 

Because of the presence of metal — metal bonds 

these compounds display novel properties. 

Frequently they cannot be described in terms of 

2e2c bonds and through applications of the 

18VE rule. 

16.1 Formation and Criteria of Metal — Metal Bonds 

A definition of cluster compounds, according to Cotton (1963), includes all molecules in 

which two or more metal atoms, in addition to being bonded to other non-metals, are 
bonded to each other. 

From a structural point of view, clusters should contain at least three metal atoms. 

However, a unified treatment of the bonding situations profits from the inclusion of 
M 2-species. 
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Clusters of the main-group elements (i.e. Pbg , +, Te^ +) are not treated here since they 
are void of metal —carbon bonds. 

Apart from their fascinating structures, metal atom clusters possess properties which are 
highly interesting for potential practical applications: 

• [Rhi2(CO)34]^“ is effective in homogeneous catalysis of the Fischer-Tropsch synthesis: 

2 CO + 3 H2 CH2OHCH2OH 
^ pressure ^ ^ 

(Pruett, Union Carbide) 

• Chevrel phases MMo^Sg (e.g. PbMogSg) remain superconducting even in very strong 

magnetic fields. This is essential in the manufacture of electromagnets of extremely high 

field strength {Sienko, 1983 R). 

m Certain clusters with M = M quadruple bonds display photochemical properties with 

possible relevance for the conversion of solar energy {H. B. Gray, 1983). 

• Cluster units Fe4S4 are encountered in the important redox enzyme ferredoxin (p. 396). 

Transition-metal atom clusters may be divided into three groups of which only group 0 
will be treated in this text: 

0 Naked clusters, i.e. metal atoms in low states of aggregation. They are accessible in 
inert matrices and at low temperatures only and have to be studied by physical 
methods. 

Example: Agg. 
0 Metal halides and oxides, the metal being in a low oxidation state. 

Examples: [Mo6Cl8]^ + , [Re3Cli2]^“- 
0 Oligonuclear metal carbonyls, nitrosyls and mixed-ligand complexes containing cy- 

clopentadienyl groups. 

Example: [CpFe(CO)]4.. 

Favorable conditions for the occurrence of M —M bonds include a low formal oxidation 

state and a high atomic number since under these circumstances widely protruding 

d orbitals with good overlap properties are encountered. M — M bonds are likely for 
elements which possess high enthalpies of atomization. In their cluster compounds these 

elements tend to maintain structural features of the metallic state. 

Analogies between metal atom clusters and bulk metals: 

- Color {many closely spaced energy levels) 

- Redox activity {relationship to metallic conductivity) 

- Malleability {wide range ofM — M bond distances) 

Diagnostic criteria for the presence of M — M bonds: 

a. Thermochemical data. The chemical relevance of M - M bonds should be reflected in 

the thermochemical bond enthalpy D{M- M). Due to the difficulty in formulating 

correct equations for the combustion of organometallics (product analysis!), the num- 



388 16 Metal —Metal Bonds and Transition Metal Atom Clusters 

ber of experimentally determined bond enthalpies for multiple bonds is 

small. 
Approximate value: D(M=M) 400-600 kJ/mol 

compare: £) (N = N) = 946 kJ/mol (N2 molecule) 

D(Mn —Mn) = 160kJ/mol [Mn2(CO)io] 

b. Bond distances </(M — M) from X-ray diffraction. In the evaluation of a bond distance, 

the oxidation states of the metals involved as well as the nature of the ligands have 
to be taken into account. Assigning a bond order from structural data gets more 

difficult as the bond order increases, since with rising bond order the extent of bond 

shortening diminishes. Example: 

<i(Mo —Mo) (i(Mo = Mo) (f(Mo = Mo) (i(Mo=Mo) 

Cluster: 272 pm 242 pm 222 pm 210 pm 

Mo(s): 278 pm 

c. Spectroscopic data. A measure of bond strength is also provided by the position of the 

metal — metal stretching mode in the Raman spectrum. Examples: 

v(Cr=Cr) v(Mo=Mo) v(Re=Re) 

556 cm“^ 420 cm“^ 285 cm“^ 

Considering the large masses, these are surprisingly high values. 

d. Magnetic properties. Spin pairing is not synonymous with chemical bonding! Whereas 

for Mn2(CO)io diamagnetism is a consequence of the metal —metal bond between the 
two paramagnetic units Mn(CO)5 (direct exchange), spin pairing can also arise with¬ 

out direct metal —metal interaction, in which case a ligand-mediated mechanism is 
responsible (superexchange). 

An example for a superexchange interaction is provided by the magnetic properties 

of the ion [Ru20Clio]"^”: 

4- 

configuration (xy)^ (xz)^ (yz)h 

This diamagnetism may be rationalized by the idea that in the regions where the singly 

occupied metal orbitals overlap with the doubly occupied orbitals of the bridging 

ligands, antiparallel spin orientation accrues. The result is an antiparallel disposition 

of the electron spins on the two metal atoms, a (antiferromagnetic coupling). An 

alternative description proceeds in terms of 4e 3c interactions which lead to a low-spin 
state for the dinuclear complex, b: 

Cl 

Cl 

Cl 

Ru- 

Cl 

A 

Cl 

-o- 
Cl 

Cl 

-Ru- 

Cl 

>CI 

-Cl 

Ru’^' {d'*') in an octahedral environment possesses the electronic 

Nevertheless, the dinuclear complex is diamagnetic. 



16.1 Formation and Criteria of Metal —Metal Bonds 389 

The combination 2 M + O (p^,) is analogous. 

If, on the other hand, two orthogonal singly occupied metal orbitals contribute to the 

interaction, Hund’s rule calls for parallel spin orientation in the vicinity of the bridging 

atom leading to a preference for parallel spins on the metal atoms, a (ferromagnetic 
coupling). The alternative description (two orthogonal 3e2c bonds) demands that in 

the dinuclear complex a degenerate pair of antibonding molecular orbitals is occupied 
by two electrons. Consequently, a high-spin state is encountered, b: 

a b 

The terms ferromagnetic and antiferromagnetic originally served to characterize the magnetic behavior 

of extended solid state structures; increasingly they are used for descriptions on the molecular level as 

well. In the interpretation of a lowering or quenching of the magnetic moment of an oligonuclear 

complex which consists of units with unpaired electrons, the possible contribution of three mechanisms 

{direct, indirect antiferromagnetic and indirect ferromagnetic) must be invoked. Thus, a sizable propor¬ 

tion of work in the field of molecular magnetochemistry deals with the relative weight of these 

pathways. As a guideline it may be stated that under the provision of sufficient approach of the 

interacting centers, direct interactions are more effective than indirect interactions and that among the 

latter type, antiferromagnetic coupling is more effective than ferromagnetic coupling (see Gerloch, 

1979 R). Ambiguities may arise in the case of ligand-bridged oligonuclear complexes which possess 

M — M distances in the range 300-500 pm; here direct and indirect antiferromagnetic contributions can 

be of comparable magnitude and a decision for the dominance of one of the paths is tantamount to a 

decision for or against a prevailing chemical bond (example: [Cp2TiCl]2, p. 341 and R. L Martin, 1965). 

Therefore the study of magnetic properties eventually leads to statements of chemical relevance. 

In the following, a few metal atom clusters from the realm of organotransition-metal 

chemistry will be discussed. Oxo- and halometal clusters are part of inorganic coordina¬ 
tion chemistry and will not be treated here. In the designation “n-nuclear”, n implies the 

number of metal atoms in the cluster frame. 
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16.2 Dinudear Clusters 

The organometallic analogue of the well known ion [Re2Cl8]^ was first described by 

F. A. Cotton and G. Wilkinson in 1976: 

RC2CI10 
LiCH, Et.O 

Li2[Re2(CH3)8]-2(C2H5)20 

red, sensitive to air and moisture, stable at RT 

d(Re=Re) = 218 pm 

compare d(Re —Re) = 274 pm (Re metal) 

The short Re — Re bond distance and the ecliptic conformation (symmetry D4 ^) attest to 
the presence of an M = M quadruple bond with a (5-component. The preference for a 

staggered conformation {D^^) resulting from ligand-ligand repulsions should be even 
more pronounced for L = CH3 as compared to L = Cl considering the van der Waals radii 

of these two ligands. Notwithstanding, the ion [Re2(CH3)8]^" also displays D4;, symme¬ 

try. 

A qualitative MO scheme for [Re2(CH3)8]^“ may be set up in the following way (Cotton, 
1978 R): 

- Only Re(5d) AO’s are considered as a first approximation 

- Interactions between two Re atoms split the basis of the d-orbitals into the levels 

Basis: 

Overlap decreases, 

Splitting of pairs of neighboring metal or¬ 

bitals of appropriate symmetry decreases. 

- One component each of the S, S *-pairs interacts with a symmetry-adapted group 

orbital from eight CH3 ligands; the other d, (5*-component is used for the Re — Re bond. 
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MM o* 

Re=Re® [Me4Re=ReMe4 ligands 

Additional contributions to Re —CH3 bonding are provided by an admixture of 

Re (6 s, p^, Py) AO’s. Isoelectronic and isostructural with [Re2(CH3)8]^“ are the complex 

ions [M2(CH3)8]"‘^~ (M = Cr, Mo). Occupation of the bonding MO MM^ is responsible 

for the realization of an eclipsed conformation of [Re2(CH3)8]^“ and its congeners. 
Twisting about the Re — Re bond axis would entail a decrease in overlap of the Re 
orbitals and thus a sacrifice in bond energy. Conversely, the representatives of another 

important class of dinuclear clusters, M2R6, assume a staggered conformation. 

Mo(NMe2)4 + M02(NMe2)6 M0CI5 Mo2(CH2SiMe3), 

(Chisholm, 1974) 

Structure of Mo2(CH2SiMe3)5 in the crystal, 

symmetry D34 (idealized), d(Mo=Mo) =217 pm, 

compare: d(Mo —Mo) = 278 pm (Mo metal). 

(Wilkinson, 1971) 

_ / 
Mo=r-= Mo 

/ 
"1. 

R R-CH2SiMe3 

The Mo = Mo triple bond linking two ions Mo^^ (d^) can be described in terms of the 

electronic configuration analogy to — C = C —, this leads to an 
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electron distribution which is cylindrically symmetrical along the z axis. As far as the 

M = M interaction is concerned, the bond energy is rotationally invariant and it is 
ligand-ligand repulsion that dictates the staggered conformation. 

The generation of a metal —metal multiple bond from a single bond sometimes occurs 
spontaneously under ligand dissociation: 

18 VE complex 

congested 
18 VE complex 

relaxed 

A reduction of metal — metal bond order is effected by oxidative addition: 

o o 

Mo-Mo 

I I ''> 
o o 
R R 

RO OR 

2 X2 \ »OR 

X = CI.Br 

Mo =Mo 
POOR 

RO* 

RO 
\ 

OR 

RO OR R 

RO— Mo— Mo 
/ '^^OR 

O 
RO R OR 

16.3 Trinuclear Clusters 

Examples of a triangular arrangement M3: 

Ru(CO)4 

[HFe3(CO),J- 

from Fe3(CO)i2 by means of 
a Hieber base reaction 

RuCo2(CO)ii 

from Ru3(CO)i2 
and Co2(CO)8 
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For triangular M3 clusters the 18 VE rule demands the following total number of valence 
electrons E VE: 

M 
/ \ A /"w //\ 

M — M s
 II s
 

IVI = M M=M 

“magic number” 

IVE: 48 46 44 42 

I'VE = 318 — m-2 (m = number of metal —metal bonds) 

Apparently, depending on the respective metal — metal bond orders, a considerable vari¬ 
ety of valence-electron numbers may lead to triangular M3 clusters, odd VE numbers also 

being encountered occasionally (L. Dahl, 1986 R): 

46 VE 

from C5Me5Co(CO)2 

and h v 

48 VE 

from Co2{CO)g, 

C.Hs and AlBr, 

49 VE 

from (C5H5)2Ni 

and Ni(CO)4 

A compound with a linear arrangement M3 and an anticlinal conformation is formed in 

the following way (Herrmann, 1985): 

A related species featuring the unit Mn = Ge = Mn was obtained by E. Weiss (1981). 
The application of isolobal relationships (p. 396) reveals an analogy between 

[(f7-C5H5)Mn(CO)2]2Pb and COj, since 

Pb C and (;;-C5H5)Mn(CO)2 MCO)^ CH^ O 
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16.4 Tetranuclear Clusters 

BINARY METAL CARBONYLS 

A widespread geometry for M4 clusters is the metallatetrahedrane structure. 

2 Co2(CO)0 
ZIT 

-4 CO 

As the “magic number” for the formation of a tetrahedral M4 cluster one obtains 

T VE = 4 • 18 — 6 • 2 = 60. The presence [€04(00)12] or absence [Rh4(CO)i2, Ir4(CO)i2] 
of CO bridges does not affect the VE book-keeping. Like the generation of metal lattices, 
cluster formation is an aspect of electron deficiency. An increase of Z"VE above the 
respective “magic number” partially dispels this shortage and may result in cluster 

opening: 

60 VE 62 VE 62 VE 

Butterfly cluster 

An example is provided by 

the structure of the anion 

[Re4(CO),6]^- {Churchill, 1967): 

ALKYLIDYNE CLUSTERS 

XCBrg + 3 00(00)4- 

X = halogen or an organic group 

0 
V O 

1 VE = 50 (3 • 18 + 1 • 8 - 6 • 2) 

TM MGE M —M bonds 

Because of the participation of a main-group element which requires eight electrons only 

for a closed valence shell, the “magic number” for a tetrahedral frame is lower here. 
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CUBANE CLUSTERS 

Four /Tj-ligands which cap the triangular faces of an M4 tetrahedron generate a hetero- 

cubane structure M4L4. In transition-metal complexes the role of the /r3-ligand is often 
assumed by CO: 

03 

[{rj-CsHsW^{CO),], 

purple red 

[Fe4(^-C5H3)4(/i3-CO)4] 

greenish black 

Examples with pyL = are the cubane clusters M4(f;-C5H5)4(/r3-S)4. They are formed from the 

repective cyclopentadienylmetal carbonyls and sulfur or cyclohexene sulfide. 

By means of cyclovoltammetry it has been demonstrated that the iron sulfur cubanes 

undergo four reversible electron transfer steps whereby the tetrahedral Fe4 frame is 

preserved: 

Fe4 Fe; Fe^ Fe^ Fe^ 
-0.33 V 0.33 V 0.88 V 1.41 V 
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The oxidations are accompanied by increasing distortion of the cubane frame (Dahl, 

1977). ^^Fe-M6ssbauer spectra indicate, however, that the four iron atoms remain equiv¬ 

alent. This finding suggests delocalized bonding in the Fe^ frame. The significance of these 
M4S4 clusters rests in their similarity to the active centers of iron-sulfur redox proteins 

(ferredoxin, rubredoxin) and possibly nitrogenase. 

Excursion: 

Structure and Bonding Conditions in Clusters, the Isolobal Analogy 

A generalized treatment which embraces 
all types of clusters and metal —metal 

bonded species is not possible at present. 
Therefore, a variety of interpretations has 

been advanced (see B. F. G. Johnson, 
1981 R): 

Cluster 

size 

• 18 VE Rule (dating 

back to Sidgwick) 

• Skeletal Electron 

Theory 

small n = 2-4 

(Wade, Mingos) 

• Isolobal Relations 

(R. Hoffmann) 

medium n = 5-9 

• Closest Packing 

(metal lattices) 

large n > 10 

The success in applying these approaches 

varies with the class of compounds and 

with cluster size. An evaluation of the 
power of these models requires compre¬ 

hensive knowledge of descriptive organo- 

metallic chemistry which is out of the 
scope of the present text. In the following, 

the course of argumentation will be illus¬ 

trated with a few selected examples. The 

18 VE rule (p. 186f) and Wade’s rules 

(p. 68 f) were already introduced. 

ISOLOBAL ANALOGIES 

Applications of the skeletal electron theo¬ 
ry (SET) necessitate an a priori division 

of the metal orbitals into skeleton-bind¬ 

ing and ligand-binding functions; they 
depend on a preconception of the struc¬ 

ture of the molecule to be treated. An 
alternative approach was devised by 

R. Hoffmann who calculated the bonding 

characteristics of cluster fragments ML„ 
in the frontier orbital region by means of 

the Extended-Huckel-method and com¬ 
pared them with the units CH, and BH„,. 

Definition: Two fragments are isolobal if 
the number, symmetry properties, ap¬ 
proximate energy and shape of their fron¬ 

tier orbitals as well as the number of elec¬ 
trons occupying them are similar - not 

identical but similar. 
Example: 

, isolobal 
CH3 < o > •Mn(CO)5 

The symbol <- q > will be used not only 

for the fragments but also for the 
molecules they constitute. 
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Starting-point for the derivation of the lobal properties of organometallic fragments is the 

simplified MO scheme of an octahedral complex. The removal of one ligand L converts a 

bonding cr-MO of the complex MLg into a nonbonding frontier orbital \j/^ of the fragment 
ML,-. 

The removal of 2L creates two, the removal of 3 L three new frontier orbitals 

fragment 
structure 

Vhy 

JC 

Mn(CO)5 

d^-MLg 

^2g 

W, hy 

Jt 

LlJ 
: Fe(CO)4 

d8-ML4 

L___J 

:Co(CO)3 

d9-ML3 

The frontier orbitals ^2g (ind are filled by n electrons of the central metal {configuration 

d"). This provides Mn(CO)5 with one, Fe(CO)4, with two and Co(CO)3 with three singly 

occupied orbitals with distinct spatial orientation. These organometallic fragments are 

complementary to organic analogues: 

d^-ML, ■ CH3 
Methyl 

d^-ML^ ■■ CH2 

Methylene 

J^-MLj : CH 

Methylidyne 
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The isolobal connection allows a joint 

consideration of inorganic, organic and 
organometallic structures, the relation¬ 

ships being based on the isolobal nature 
of the respective molecular fragments: 

\ r 

,.oo; 

t \ 

An analogy 
of the following 

compounds 

is implied: 

\ # 
, C - 

/ \ 

^2*^6 

I 

M n2( C O )■) 0 (CO)5MnCH3 

C3Hg (cyclopropane] (C2H4)Fe(CO)4 CgHg (spiropentane] 

H2C 

^ I 

-I 

(/t-CH2)Fe2(CO)8 

Os" 
^ 1^ 

O S3( C O )i 2 

(CO)4Fe- 

V I 
(CO)4Fe’ 

Sn 

Fe(CO)4 Q-► 

Sn ► 

■Fe(CO)4 

Fe(CO)4 

CH2 

C 
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This leads to the following series of 

analogous clusters: 

R 
C 

(CO)3Co—/-Co(CO)3 

R 

R 
C 

(00)3 

Ir 

(CO)3Co—/—^Co(CO)3 

(CO)3 

(CO)3lr—lr(CO)3 

(CO)3 

Even the molecules P4, AS4 and Sb4 may 
be included into a larger family: 

CH As, 

hence the following tetrahedranes are 

analogous: 

R 
C As 

(CO)3Co—/-Co(CO)3 (00)300-/-—Co(CO)3 

^0 ^ 
R 

Structural relationships between boranes 

and carbaboranes {p. 70) stem from the 

isolobal analogy 

BH“ CH 
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Inclusion of the ligand which, 
as a donor of three 71-electron pairs for¬ 

mally occupies three coordination sites, 

yields the analogies 

Fe(CO)4 CpFe(CO)- CpRhCO (r/*-MLJ. 

The following molecules then are related: 

Athene Alkylidene 

complex 

Metal carbonyl 

(low temperature, 

matrix isolation) 

Another analogy is that between cyclo¬ 

propane and p-alkylidene complexes: 

HoC 

I 
H2C 

The realm of isolobal connections is con¬ 

siderably extended if the mutual replace¬ 

ment of cr-donor ligands and metal elec¬ 
tron pairs is introduced: 

Organic Coordination number of the metal on which the derivation of the isolobal 
fragment fragments is based 

9 8 7 6 5 

CH3 rfi-MLg d^-ML^ d^-MLg cF-MLj d^-ML^ 

CH3 d'^-MLg d^-ML^ d‘°-ML3 
CH d^-MLg d^-MLs d'-ML^ d^-MLj 
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Not for all of these general types have 

fragments yet been recognized. As a 

caveat it should also be stressed that 

applications of the isolobal principle 
do not necessarily furnish stable 

molecules: according to the relation 

CH2 <- oFe(CO)4 the existence of a 
molecule (CO)4Fe = Fe(CO)4 would be 

predicted. However, Fe2(CO)8 has only 

been observed in low temperature ma¬ 

trices; it readily accepts CO to yield the 
stable molecule Fe2(CO)9. Its analogue 

cyclopropanone, on the other hand, 
does not form spontaneously from 

H2C = CH2 and CO; it has to be pre¬ 
pared in a different way. 

CH2=CH2 -► (CO)4Fe = Fe(CO)4 

CO 

CHo — CHp 

C 

CO 

(COloFe-Fe(CO)Q 

C 
o 

“That’s Dr. Arnold Moore. He’s conducting an experiment to test the theory that most great scientific 

discoveries were hit on by accident.” 

(Hoff, © 1957, The New Yorker Magazine, Inc.) 
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16.5 Approaches to Systematic Cluster Synthesis 

As opposed to the formation of carbon —carbon bonds, the methods of cluster synthesis 

have not yet reached a stage where far-reaching generalizations would be warranted. 
Rather, many new cluster molecules owe their existence to serendipity, and writing 

balanced equations for their formation is fraught with,difficulties. In an attempt to plan 

cluster synthesis, the conceptional assembly of a cluster from fragments with distinct 
frontier orbital characteristics is translated into a preparative reaction sequence. Since the 
structural chemistry of metal atom clusters is extremely varied, the role of organic 

chemistry as a supplier of models is limited. In the following paragraphs, a few promising 

approaches are sketched. They are arranged according to the reaction types build-up (I), 
expansion (II) and exchange (III). 

I Cluster build-up starting from M—‘M and M—'C multiple bonds 

• Addition of carbene-like fragments to M = M (Stone, 1983) 

Rh 

Because of the isolobal connection Cr(CO)5 < q > CH2 this type of reaction corresponds 
to the formation of cyclopropane from ethylene and methylene. 

CpCo(C2H4)2 

-2 C2H4 

The two CO ligands engage in unsymmetrical bridging (Herrmann, 1985). 

• Addition of carbene-like fragments to M = C and to M = C (Stone, 1982) 
Principle: 

M=CR 
M' M"" 

M,M' = coordinatively 

unsaturated fragment 

Dimetalla- 

cyclopropene 
Trimetalla- 

tetrahedrane 
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Example: 

(Cp)(CO)2W=CR 
(lnd)Rh(CO)2 

© " 

R 

/\ 
(Cp)(CO)2W— Rh(lnd) 

Ind = t/^-C9H7 (Indenyl) Fe2(CO)9 

25“,THF 

R 
C 

(Cp)(CO)2W— Rh(lnd) 

Fe' 
iCOh 

In reaction 0 the fragment (Ind)Rh[d®-ML3] behaves like a carbene although it is a 

species of the type d®-ML4 which were introduced as carbene analogues {p. 398). The 

propensity of the late transition metals (d®, to form stable 16 VE complexes calls for 

a corollary in the classification of isolohal fragments. Accordingly, the fragments 

and d^°-ML2 also are carbene-like and can add to multiple bonds. 

Carbene analogues 

d^-ML^ 

Cp(CO)Co, (CO)4Fe 

and 

Cp(CO)2Re, (C6H6)(CO)2Cr 

but also 

CpRh, (acac) (CO)Ir 

d^°-ML2 

(R3P)2Pt, (l,5-COD)Pt 

The cluster formed in reaction 0 contains one element each of the three transition series 

and is chiral. Clusters of this kind show extremely high values of optical rotation (up to 

10"^ degrees). 

II Cluster expansion 

• Addition of the fragment PhjPAu (Lauher, 1981) 

The moieties H and Ph3PAu can mutually replace each other in carbonyl metallates 

(Ph3PAu^ < o ^ H~*'). Examples are the pairs (CO)4CoH, (CO)4CoAuPPh3 and 

(CO)4FeH2, (CO)4Fe(AuPPh3)2. This finding led to a general synthesis of transition- 

metal gold clusters from carbonyl metallates and Ph3PAu^: 
Fe 

[^F eCo0(CO).| 2] 
Ph3P AUNO3 / Acetone 

- NO3- 

This procedure has wide applicability. 

Au 

Ph3PAuFeCo3(CO)i2 
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• Addition of carbonyl metallates to M3(CO),2 (Geoffrey, 1980 R) 

Ru3(CO)i2 + [Fe(CO)J^- [FeRu3(CO)i3]2- 

H2FeRu3(CO)i3 

Ru20s(C0)i2 + [Fe(CO)J^- [FeRu20s(C0)i3]2- 

H2FeRu20s(C0)i3 

Os3(CO)i2 + [Co(CO)J- [CoOs3(CO)i3]- 

In this way triangular 48 VE clusters may be transformed into tetrahedral 60 VE 

clusters which contain various combinations of the elements Fe, Ru, Os, and Co in 
their frame. These reactions rarely proceed in a uniform fashion and product compo¬ 

sition is very sensitive to reaction temperature and duration. 

• Cluster expansion by main-group elements (Vahrenkamp, 1983) 

(CO)4Ru^^ 
/ Co(CO)^ 

Co-cC^"" 
(CO)3 

(CO)3 

Se+ RAs+ Co(CO)3 

Ru(CO)3- Co(CO)3 

(CO)3 

These isolobal analogies relate the 

Co2Ru(arsinidyne) cluster to the binary 

metal carbonyl Co4(CO)i2- 

III Metal exchange using isolobal fragments 

(CO)4 
Os.^^ 

o(.—'°s<CO>4 
(CO)4 

[RetCOlg]- 

- CO 

V- 
(CO)4 

/ ^0s(C0)4 
Re^- ^ 

(CO)4 

Re(CO)4 Os(CO)4 (Mays, 1972) 
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[CpNiCO]2 

25®, 14d 

-CO 

CpNi < o Co(CO)3 (Vahrenkamp, 1982) 

Ni. 

(CO)3Co—/-Co(CO)3 

(CO)3 

In contrast to the pyrolytic procedures used in the infancy of cluster synthesis, these 

reactions proceed under mild conditions and consequently are more specific. In the examples 

stated above, the high nucleophilicity of the carbonyl metallate [Re(CO)5]“ and the reactiv¬ 

ity of the 17 VE species CpNi(CO), which exists in equilibrium with its dimer, are decisive. 

The mechanistic study of this type of metal exchange reaction is still at an early stage - 

among the three conceivable sequences, cluster fragmentation/reconstitution, elimination/ 

addition and addition/elimination, the third variant is currently best supported by experi¬ 

mental evidence {Vahrenkamp, 1985 R). 

16.6 Pentanuclear and Higher Nuclearity Clusters 

(C0)3F 

(C0)3F 

FegtCOligC 

The carbido-cluster FejlCOluC is formed in low yield if Fe2(CO)9 or Fe3(CO)i2 are heated in 

hydrocarbon solvents in the presence of alkynes like \ -pentyne {Hiibel, 1962). According to IR spectros¬ 

copy, bridging CO ligands are absent. The five-coordinate C atom is located slightly below the Fe4 

plane. Formyl dissection into [Fe5(CO)i5]'^" and C'^^ followed by an application of the isolobal 

principle and Wade’s rules leads to a rtido structure for the Fej frame: 

Fe(CO)3 BH 

[Fe5(CO)j5]'^“ < o ^ nido (« + 2 skeletal electron pairs) 

N 
Fe- 

The nitrido-cluster [Fe5(CO)i4N]^ and its protonated form HFe5(CO)i4N also display nido struc¬ 

tures. They are prepared from NaFe(CO)4, Fe(CO)5 and NOBF4 at 145 °C (Muetterties, 1980). 
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Ru0(CO)-j jC 

The carbido-cluster Ru6(CO)i7C {Bianchi, 1969) - dissection into [Ru6(CO)i7]^“ and - possesses 

a closo structure which can be rationalized on the basis of isolobal relationships in the following way: 

[Ru,(CO)i7r- [Ru,(CO)is]^- 

(« + 1 skeletal electron pairs) 
closo 

In the context of the bonding mode of hydrogen in interstitial metal hydrides, the 

preparation and structural characterization of the hydrido cluster [HCo6(CO)i5] is 

relevant (Longoni, Bau, 1979); 

Co,(CO), -5^ [Co,(CO)„]^- [HCo,(CO)„l- 

d{Co-Co) ' d(Co-Co) 

251 pm 258 pm 

Structure {neutron diffraction) of the cluster anion [HCo^fCOIij]” in the crystal: the COg octahedron 

holds ten terminal CO ligands, four unsymmetrical CO bridges and one symmetrical CO bridge. Upon 

raising the pH, the H atom readily leaves the center of the COg octahedron. As opposed to conventional 

carbonyl metal hydrides, the H atom in the cluster center is strongly deshielded, S^H = 23 ppm {see 

p. 306). 

The octahedral structure (closo) of the ion [Cog(CO)i5]*-'~ and of its protonated form 

[HCo6(CO)i5]" is concordant with Wade’s rules because of the analogies 

[Cog(CO)i5]2“ [Rug(CO)i8]2“ (closo) 

Note the unusual coordination numbers of C, N, and H in these clusters! 
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A path of access to higher nuclearity clusters is, inter alia, the reductive aggregation of 
mononuclear precursors: 

[Ni5(CO)i2]2- [Ni6(CO)i2]"" + 4CO 

yellow red (Chini, 1976) 

{r,^-C,n,),Ni [(^^-C5H3)Ni]e + ... 

(Dahl, 1980) 

Another method of synthesis is thermally induced aggregation: 

Os3(CO),2 Os3(CO)i6 + Os6(CO)i8 + Os,(CO)3i + Os8(CO),3 

tube 

A conversion of the ligand sphere by means of a Hieber base reaction may follow: 

Os5(CO)i6 [Os5(CO)i5]^- [Os5(CO)35H]- OS5(CO)i3H3 

For these higher nuclearity clusters the 18 VE rule, which starts from the premise of 
localized 2e2c bonds, is no longer reliable. Instead, one attempts to rationalize the 

structures in such a way that the fragments of the framework are “translated” into 

the corresponding fragments, using isolobal analogies, and Wade’s rules are 

employed thereafter. The plethora of cluster geometries calls for an extension of the 
relations between the number n of apical units, the number of skeletal bonding electron 
pairs and the corresponding structural type: 

Skeletal bonding Wade Cluster geometry 

electron pairs type 

n — 1 

n 

n + 1 close 

n + 2 nido 

n + 3 arachno 

n + 4 hypho 

{n — 2)polyhedron, 2 caps 

(n — l)polyhedron, 1 cap 

(n)polyhedron 

{n + l)polyhedron, 1 apex unoccupied 

(n + 2)polyhedron, 2 apices unoccupied 

(n + 3)polyhedron, 3 apices unoccupied 
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Examples: 

Co(CO)3 CH BH" 

Os(CO)3 ^u-> BH 

hence 

[Os5(CO)i5]"- doso 
trigonal 

bipyramid 

A skeletal structure analogous to that of the dianion [Os5(CO)j5]^ is displayed by the protonated 

forms [OsjlCOlijH]' and Os5(CO)i5H2 as well as by the iso{valence)electronic neutral molecule 

OsfCO),,. 

Os5(CO)i8 for an octahedral structure is 

“short of one electron pair”. Therefore, a 

structure with a higher degree ofM — M 

connectivity is encountered: monocapped 

trigonal bipyramid. 

[Os5(CO)i8]^“ is a regular octahedron since 

n = 6 apical units dispose of {n + \) = 7 

skeletal electron pairs {closo structure). 

Accordingly: 

Os7(CO)2i monocapped octahedron from 6 + 1 Os atoms 

Os8(CO)23 bicapped octahedron from 6 + 2 Os atoms, 

verified for the iso(valence)electronic anion [Os8(CO)22]^~. 
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The reliability of predictions which are based on the analogy of TM carbonyl clusters to 

equiapical borane polyhedra is limited. Whereas the structural chemistry of higher bo- 

ranes is dominated by icosahedral geometry, which is also found in elemental boron, 

higher nuciearity TM clusters tend to form closest packed structures mimicking the 
metallic state. 

It is already with [Ni5(CO)i2]^~ that a comparison with the corresponding borane leads 
to inconsistencies. This cluster anion was found to have trigonal bipyramidal structure 

(p. 407) which according to 

Ni(CO)2 Os(CO)3 BH 

[NijCCO), [65^5]^“ (closo) 

would be predicted for the - hitherto unknown - anion [Ni2(CO)io]^~- 
The unique cluster (CpNi)g (p. 407) with an electron count of 90 VE in the spirit of Wade’s 
rules is “in excess of two electron pairs” for its octahedral frame: 

(f7'-C5H5)Ni (d^-MLj) Co(CO)3 4-^ CH BR- 

An analogy between (CpNlfg and [BgHg]®” - contrary to experimental evidence - would suggest for 

this Nig cluster an arachno structure derived from a square antiprism. Apparently, in this particular 

case the steric requirement of the ligands C5H5 must be considered which favors the highly symmetrical 

closo structure. 

A trigonal prismatic arrangement of six metal atoms is realized in the carbido cluster 

anion [Rhg(CO)i5q"- (Albano, 1973): 

Rh4(CO)„ ‘ [Me3NCHjPh]2[Rh«(CO).5Cl (90 VE) 

3. [MejNCHjPhJCI 70% 

The carbon atom is situated in the center of a trigonal Rhg prism with bridging and 
terminal CO ligands at the edges and corners, respectively. Contrarily, in the binary metal 

carbonyl Rhg(CO)i6 the Rh atoms span an octahedron ( = trigonal antiprism). It would 

appear that the central carbido C atom triggers the unusual disposition of the metal 

atoms in [Rhg(CO),5C]^". The following stereo view of this cluster anion also serves to 
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demonstrate an alternative way of looking at the structure of oligonuclear metal car¬ 

bonyls (B. F. G. Johnson, 1981 R): 

One recognizes a concentric arrangement of one C atom, an Rh^ prism and a (CO) 15 

deltahedron (= polyhedron with triangular faces). The positions of the terminal and the 

bridging CO groups are easily spotted. In this structural approach, it is assumed that the 
geometry of the ligandsphere is governed by a sterically optimal distribution of the 
external CO molecules (effective radius 300 pm) on the surface of a sphere as well as 

by the steric demands of the internal M„ cluster. 
One of the most interesting aspects of multiatomic clusters is the gradual transition from 

the molecular to the sub-microcrystalline metallic state. By way of conclusion this is 
exemplified for another higher cluster of rhodium (Chini, 1975): 

(i.a.) 

[Rh,3(CO),^H3]2- 

6i(Rh —Rh) = 281 pm 

compare: 

in Rh metal 

The 13 Rh atoms lie in three parallel planes; they form a cluster of symmetry and 

display hexagonal closest packing. The central Rh atom is connected to additional Rh 

atoms only; one half of the CO groups is in terminal, the other half in bridging positions. 

This cluster ion may be regarded as the smallest conceivable metal crystal with carbon 

monoxide chemisorbed at its surface. The connection to heterogeneous catalysis is obvi¬ 
ous. 
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pro memoria: 

A catalyst accelerates the rate of a thermodynamically feasible reaction by opening a lower 
activation energy pathway. If alternative routes exist, a catalyst can enhance product 
selectivity by accelerating just one of the competing reaction sequences. 

MODE OF ACTION OF TRANSITION-METAL COMPLEXES IN CATALYSIS 

• The coordination of the reaction partners to a transition metal brings them into close 

proximity, thus promoting the reaction {Example: cyclooligomerization of alkynes, 
p. 276). 

• Through coordination to a transition metal, a reaction partner can become activated for 
subsequent reactions {Example: hydrogenation of alkenes, p. 427). 

• The coordination of an organic substrate to a transition metal can facilitate nucleophilic 

attack {Example: 'PdC\2-catalyzed oxidation of ethylene to acetaldehyde, p. 425). 

Catalytically active systems therefore must possess vacant coordination sites or be able to 
generate them in a primary dissociation step. 

HETEROGENEOUS CATALYSIS 

The vacant coordination site is located at a phase boundary (solid/liquid, solid/gas), i.e., 
only the surface atoms are catalytically active. A principal advantage is the easy recovery 

of the catalyst. Disadvantages include low specificity, relatively high reaction tempera¬ 

tures and difficulties in the mechanistic study. 

HOMOGENEOUS CATALYSIS 

The catalyst can be tailor-made by ligand variation and is obtained reproducibly; high 

specificity is thus achieved and the catalysis can often be carried out at low temperatures. 
Ideally, the catalyst complex is stable in more than one coordination number and, 

through fine-tuning of chemical bond strength (variation of the ligands), capable of 

holding a substrate molecule selectively but not too tightly. 

The readiness of a particular metal to exist in a coordinatively unsaturated state is 

pronounced at the end of the transition series (M d®, d'-^, p. 189). Thus, the most 
important complexes which are active in homogeneous catalysis are those which contain 

the “late transition metals” Ru, Co, Rh, Ni, Pd and Pt. 

The mechanisms of catalysis are studied more easily in the homogeneous than in the 

heterogeneous case; catalyst recovery is, however, fraught with difficulties. A possible 
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remedy is to attach a homogeneously active complex to a polymeric support (Pittman, 

1974): 

Supported Wilkinson’s catalyst (cf. p. All) 

Another variant, already in industrial usage, is the catalysis in a liquid/liquid two-phase 
system. In this approach, the ligand tris(metasulfonato)triphenylphosphane is employed, 
which renders the catalyst water-soluble. The catalyst can be recovered quantitatively 

from the organic products (Application: hydroformylation of propene to give n-bu- 
tyraldehyde, the Ruhrchemie/Rhone-Poulenc process, cf. p. 437). 

17.1 Catalytic Reactions and the 16/18 VE Rule 

Discussions of organometallic reaction sequences may be systematized by the definition 
of five general reaction types and their reverse reactions (Tolman, 1972). Characteristic 
variables pertaining to these reaction types are: 

AVE Change in the number of valence electrons at the central metal 

A OS Change in the oxidation state of the metal {usual convention: -hydride, -alkyl, -allyl 
and -cyclopentadienyl are regarded as anions) 

AC.N. Change in the coordination number 

For olefinic ligands, the classifications Lewis-base ligand ashciation and oxidative addition 

are limiting cases for a continuum of intermediate types. Which term most adequately 

describes the bonding situation has to be decided either on the basis of the electronic 

properties of the incoming alkene or through inspection of structural details of the product 
as determined by X-ray analysis {Example, p. 413). 
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Elementary organometallic reaction steps 

Reaction AVE AOS AC.N. Example 

^ Lewis-acid ligand 0 0 
•i 

-1 
dissociation 

<- Lewis-acid ligand 

association 

0 0 -f 1 
CpRh(C2H4)2S02 CpRh(C2Hj2 -h SO2 

-* Lewis-base ligand -2 0 -1 
dissociation 

<- Lewis-base ligand 

association 

+ 2 0 + \ 
■ NiL4 NiLj -1- L 

-► Reductive elimination 

<- Oxidative addition 

-2 
+ 2 

-2 
+ 2 

-2 

+ 2 
> H2lr"'Cl(CO)L2 H2 -b Ir'Cl(CO)L2 

-> Insertion (migratory) 

<- Extrusion 

-2 
+ 2 

0 
0 

-1 
+ 1 

« MeMn(CO)5 MeCOMnlCO)^ 

^ Oxidative coupling 

^ Reductive decoupling 

-2 
+ 2 

+ 2 

-2 
0 
0 

■ (C2F4)2Fe°(CO)3 ^(CF2)4Fe"(CO)3 

Example: 

(Ph3P)4Pt I -2 PPh3 

(Ph3P)2Pt 

PtV^°) n-complex Pt"(4®) a-complex 

Lewis-base ligand association (metallacyclopropane) 

oxidative addition 

The formulation of a plausible reaction mechanism for an organometallic catalysis is 

assisted by the 16/18 VE rule (Tolman, 1972): 

(J) Diamagnetic organometallic complexes of the transition metals exist in significant 

amounts at normal temperatures only if the central metal atom has IS or 16 valence 

electrons. A concentration can be regarded as “significant'’’ if it is detectable by 

spectroscopy or in kinetic studies. 

@ Organometallic reaction sequences proceed by elementary steps which involve interme¬ 

diates having 18 or 16 valence electrons. 
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The conditions (T) and (2) considerably limit the number of possible reactions which 

a particular complex is likely to undergo: 

Elementary step expected for complexes with the configuration; 

Lewis-acid ligand dissociation 1 

Lewis-acid ligand association J 
16, 18 VE 

Lewis-base ligand dissociation ) 

Reductive elimination v 

Insertion ( 

Oxidative coupling J 

18 VE 

Lewis-base ligand association | 

Oxidative addition \ 

Extrusion 1 

Reductive decoupling J 

16 VE 

It should be stressed, however, that the 16/18 VE criterion is increasingly regarded as an 
undue restraint (Kochi, 1985 R). Thus, associatively activated CO substitution at 

Mn2(CO)io proceeds via the 17 VE intermediate •Mn(CO)5 (p. 247), and electron-trans- 
fer(ET) catalysis (p. 233) of substitution reactions at 18 VE species is explained by inter¬ 
mediates with 17 VE (oxidatively initiated) or 19 VE (reductively initiated). The ET- 

catalyzed substitution of CO by phosphanes in (methylidyne)cobaltcarbonyl clusters is a 
good example (P. H. Rieger, 1981). The reaction is initiated by a mere 0.01 equivalents of 

electrons, supplied either by electrochemical reduction or through the addition of minute 
amounts of benzophenone ketyl: 

Since in organometallic reaction mixtures traces of O2 can generate 17 VE radical cations 
or, likewise, reducing components 19 VE radical anions, a radical pathway cannot be 

excluded a priori, even in those cases which currently are rationalized on the basis of the 
16/18 VE criterion. 

Homogeneous catalysis proceeds via a series of organometallic reaction steps, coupled to 
each other in such a way that they form a loop. This will be illustrated in the following 

sections for several reactions, some of which are of vast industrial importance. The 

discussion will be organized according to increasing number of components involved in 

the catalyzed reaction. These cycles have not always have ^een worked out in detail; often 

they take on the character of plausible assumptions, of working hypotheses or even 
caricatures. 

When referring to a “catalyst”, it should be borne in mind that the actual catalyst of a 

reaction is not always known. The term catalyst in this book therefore often refers to the 
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precatalyst”, usually a well-known substance like (PPh3)3RhCl, which reacts with H2, 
CO or other substrates in solution to generate the active catalyst. In industrial processes, 

the catalyst sometimes forms directly in the reactor from simple precursors like a metal 

salt and the appropriate ligands, e.g. phosphanes, or from the bulk chemicals employed 
in the process. 

17.2 Transition-Metal Assisted Valence Isomerizations 

These reactions entail the rearrangements of a frameworks in small hydrocarbon rings 
(skeletal rearrangements) with relief of ring strain. They are usually initiated by the 
oxidative addition of a C —C bond to a transition metal. Examples: 

/I / 
7 

(PhaPiaRhci 

zb; 7 
50° 

Cubane (PhgPisRhCI 

r 
zb; J 

Quadricyclane Norbornadiene 

As concerted processes, the transformations quadricyclane norbornadiene and cubane 
^ cyclooctatetraene would be symmetry-forbidden (Woodward-Hoffmann rules). The 

presence of transition-metal ions may, however, open up low-energy multistep routes, 

rendering these rearrangements possible. In some cases, organometallic intermediates can 

be isolated. Example: 

A 

\/ZV 
[Rh(CO)2Cl]2^ 

7 

zb: "b 
PhgP 

-Rh-CI 
(CO)2 

7 

Jn: 
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The product of the initial oxidative addition to Rh' can release Rh' either directly or after 

intervening j5-hydride elimination, C = C double bonds being formed (K. C. Bishop, 

1976 R): 

Rh 
Rh 

III 

- RhI 
<20% 

III 
Rh —H 

1 
/5-Hydride elimination 

>80% 

Reductive elimination 

Valence isomerizations are also catalyzed by iron carbonyl moeties in a variety of ways. 

Occasionally, organic ligands which are unstable in free form are thereby stabilized: 

The free ligand bicyclo[4.2.0]octatriene would rapidly rearrange to its valence isomer 

cyclooctatetraene. 

Metal-catalyzed cyclobutene ring opening affords a dimer of benzene coordinated to 
Fe(CO)3: 

^_Fe(CO)4 /^=-V-^Fe(CO)3 

ZlT 

- CO 

After oxidative decomplexation, in a retro-Diels-Alder reaction monomeric benzene is 
immediately formed. 

Excursion: 
Interaction of Transition-Metal Fragments with Cyclopropanes 

The opening of a strained ring is preced¬ 

ed by the coordination of a C — C bond to 

the transition metal. In the case of cyclo¬ 

propane, it is instructive to examine the 

relationship between the “bent bond” in 

the CjHg skeleton and the conventional 
{o + n) double bond in alkenes. 
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Cyclopropane 

C3 bonding, C3 antibonding, 

occupied unoccupied 

The small bond angle in the three-membered 

ring induces a higher p character for the a bond 

relative to sp^ hybridization and an overlap re¬ 

gion lying outside the C — C axis {so-called 

Walsh orbitals). 

Cyclopropane complex Olefin complex 

M M 
rr 

While in the case of metal-olefin coordi¬ 

nation, the C — C bond of the ligand is 

retained, it is virtually lost on metal-cy¬ 
clopropane coordination: structural data 

for transition-metal cyclopropane com¬ 
plexes point to metallacyclobutane char¬ 

acter. 

The following reaction can therefore be 

classified as an oxidative addition to 
Pt(II) or as an insertion of Pt(II) into 

cyclopropane, respectively, ring strain 
being diminished. Besides their role in 

valence isomerizations, metallacyclobu- 
tanes also qualify as intermediates in the 

olefin metathesis mechanism (p. 419). 

[(C2H4)PtCl2]2 + 

^ CiC2C2/C3PtCi = 168°, 

C1-C3 = 255 pm, Pt —Cj = 269 pm 
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17.3 Isomerization of Unsaturated Molecules 

Catalysts of composition L„MH or combinations of the type (R3P)2NiCl2 + H2 can 
accelerate a rearrangement to the thermodynamically most stable olefin, i.e. they can 
catalyze the transformations terminal internal and isolated conjugated. Essential 

steps are; » 

LpMH + CH2=CH —CH2R LnM 

CH2R 

yCHg 

LnM—CH 

\ 
'CH2R 

H- ■CH. 
/ 

LnM-CH 

\ 
H- 

.CHR 

LnMH + CH2 = CH —CH2R 

-► LpMH + C Hg CH — CHR 

After hydrometallation according to Markovnikov’s rule (H adds to the carbon bearing 

the most hydrogen atoms), two ways for jS-elimination exist, either leading back to the 

starting material or to the isomerized product. This cycle accelerates the establishment 
of the equilibration terminal ^ internal. 

Practical example: allylalcohol propionaldehyde 

Since HCo(CO)3 is the actual catalyst here, HCo(CO)4 is an example of a “precatalyst” 
(p. 415). 

If DCo(CO)4 is introduced into the cycle, the only deuterated product found is 

CH2DCH2CHO. This proves the Markovnikov direction of the olefin insertion 
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17.4 Arylation/Vinylation of Olefins (Heck Reaction) 

In this reaction, a vinylic hydrogen atom is replaced by a vinyl-, benzyl- or aryl group. 
Example: 

C02Me 

+ Et3N 
100°_ 

1% PcI(OAc)2 ^ 

2% PPh3 

+ [Et3NH]Br 

The catalyst is a Pd° complex, formed in situ from Pd(OAc)2, EtjN and PPhj. 

With regard to the mechanism of the Heck reaction (1982 R), the following cycle has been 

proposed: oxidative addition (T)of R'X to the Pd° species first gives trans-R'PdL2X. In 
order to prevent rapid decomposition of this intermediate by /1-elimination, R'X can only 
be an aryl-, benzyl- or vinyl halide. After olefin insertion (2) into the Pd — C bond, the 
^-elimination (3) proceeds, the substituted olefin being released. The catalyst PdL2 is 

regenerated in step (4) by reaction with EtjN, which is consumed in stoichiometric 

amounts: 

17.5 Alkene Metathesis 

Principle: 

CH2=CHR cat. CH2 CHR 
^ ^ II + II 

CH2 = CHR CH2 CHR 

A possible application of olefin metathesis is the catalytic conversion of propene into 

ethylene (for ensuing polymerization) and pure 1-butene (to be used in the production of 
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C5 aldehyde via an 0x0 process). This reaction type is of less technical importance than, 
for instance, hydroformylation or olefin oxidation (Wacker process). Alkene metathesis 
is, however, intriguing from a mechanistic point of view, since it is the first homogeneous 
catalysis for which carbene complex intermediates have been established. Typical catalysts 

are Mo(CO)6 on AI2O3 (heterogeneous) and WCl6/EtOH/2 Et2AlCl (homogeneous). 
The mechanism of alkene metathesis has been intensively studied in recent years. Cur¬ 

rently, the following sequence is favored (Chauvin mechanism): 

The catalytically active species is the carbene complex 1. The metallacyclobutane inter¬ 
mediate 3 has two possibilities for ring opening. If the ring opens in a way which differs 
from the reverse reaction of its formation, the result is a metathesis (redistribution of 

alkylidene units). In support for the Chauvin mechanism, the following stoichiometric 
reaction may be cited (Casey, 1974): 

(CO)5W=:CPh2 + CH2 = CMe2  ► (CO)5W = CMe2 

+ CO 

(CO)4W = CPh2 

Me2C = CH2 

(CO.W —CPh, 

I I 
M 020 — CH2 

+ CHo = CPh< 

fl-< -l-CO -CO 

(COI.W — 
II 

M e 2 C 

CPh, 

CHc 

The tungstacyclobutane intermediate in this mechanism has not yet been isolated. The 

likely role of a metallacycle in the alkylidene redistribution is, however, supported by the 
following result (Puddephatt, 1976): 
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Py 

oCI 

Pt 2 

H2C-CHPh 

The isomerization of the platinacyclobutane is blocked in the presence of excess pyridine. 
The formation of a catalytically active carbene complex from WClg and the cocatalyst 
Me2AlCl could occur as follows: 

WCIg ) 
+ [—► —W—CH3 

(CH3)2AICI 1 
-CHg '^W=CH2+CH4 

This proposal is based on observations by Muetterties: when WClg is activated by 
(CH3)2Zn, CH4 is formed; if the reaction is performed in deuterated solvents, the methane 
produced contains no deuterium. 

17.6 Oligomerization and Polymerization 

CYCLIZATIONS 

The catalytic cyclization of alkynes to give cyclooctatetraene, discovered by Reppe 
(BASF), has already been mentioned (p. 278): 

Ni(CN)9/CaC2/THF 
4 HC = CH ---► 

80-120°, 15 bar 

Monosubstituted alkynes yield tetrasubstituted cyclooctatetraene derivatives whereas 

disubstituted alkynes are unreactive. In the presence of PPh3 (1 :1 relative to Ni), one 

coordination site at Ni is blocked and benzene forms instead of cyclooctatetraene. De¬ 

spite extensive investigations (cf. Colborn, 1986), the mechanism of this classical 

organometallic reaction has not been fully elucidated. Possibly, the dinuclear complex 

Ni2(C8H8)2 (p. 368) acts as the catalytically active species (Wilke, 1988). 



422 17 Organometallic Catalysis 

A topic of high complexity is the sequence of events in systems consisting of butadiene, 

This cyclotrimerization of butadiene to cyclododecatriene, initiated by bis(f7^-allyl)nickel, 
was one of the first organometallic reactions subjected to careful mechanistic study 

(Wilke, from 1960 onwards). Compound 3 can be synthesized independently and chan¬ 

neled into the catalytic cycle. Note the change in coordination number (3, 4), oxidation 
state (Ni°, Ni”) and valence electrons (18, 16) during the course of this cycle. 

Complexes of type 2, bearing a phosphane ligand L instead of effect the 

cyclodimerization of butadiene to 1,5-cyclooctadiene (COD), a frequently used chelating 
cycloolefin ligand: 

L=PR3 

1,5-COD 
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An alternative catalytic cyclotrimerization of butadiene leads to cis,trans,trans-l,5,9-cy- 

clododecatriene (10,000 t/a, Chem. Werke Hiils), which is subsequently converted into 
dodecane-l,12-dicarboxylic acid, a polyamide building block: 

COOH 
I 

(CH2)io 

COOH 

TiCl4 

R3AI2CI3 

1. O2 

2. HNO^ 

OLEFIN POLYMERIZATION 

The “growth reaction” (Ziegler) 

R2AIC2H5 + (n - 1) CH, = CH, R,A1(CH,CHAH 

competes with the dehydroalumination 

R2AICH2CH2R'-> R2AIH + CH2 = CHR' 

and is limited to the formation of linear aliphatics with a maximum chain length of about 

C200 (cf- P- 77). During a series of systematic studies aimed at producing higher-chain 
polymers by means of the growth reaction, one particular batch gave the opposite result, 
namely the quantitative formation of 1-butene from ethylene. A trace of a nickel com¬ 

pound, adventitiously present in the autoclave, was discovered as the cause. In the 
ensuing search for other transition-metal complexes which would also lead to premature 

termination of chain growth, a highly polymeric product was unexpectedly obtained 
when using zirconium acetylacetonate and triethylaluminum. 

It was soon realized that the most effective catalyst resulted from the combination 

TiC^/AlEtj and that ethylene polymerization could be carried our at a pressure as low 

as 1 bar (Miilheim normal-pressure polyethylene process, K. Ziegler, 1955 R): 

CH2 = CH2 polyethylene 
molecular weight 10“^-10^ 

In contrast to high-pressure polyethylene (ICI, 1000-3000 bar, catalyst: max. 0.01 % O2), 

low-pressure polyethylene is strictly linear. 
The application of Ziegler-type catalysts to the polymerization of propylene and the 

establishment of a link between the stereochemical structure and the bulk properties of 

the polymer was the contribution of G. Natta (1955): 

CH2 -CH -CH3 polypropylene 
molecular weight 10^-10® 

Owing to its stereoregular isotactic structure, low-pressure polypropylene has excellent 

material properties such as high density, hardness and tensile strength (Natta). 
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isotactic 

all C atoms have the same configuration 

syndiotactic 

regular change of configuration 

atactic 

irregular change of configuration 

Although plausible conceptions about the mechanism of the Ziegler-Natta polymeriza¬ 
tion and, in particular, the regiospecificity exist, there is little experimental evidence. The 

reaction is a heterogeneous catalysis in which fibrous TiClg, alkylated on its surface, is 
regarded as the catalytically active species. 
Chain propagation: 

H2C=CHCH3 

RH2C CHCHo RH2C 

CO 
I

 
0

-
 

1 

1 XII 
CH2 

Cl 1^ ^ 
Xi;,.-cn2 Cf .vCH2C-CH2R 

' 
/

 
0

 

/
 0

 \ ^ci '-k ,cr 1 ^ci^ 

Cl Cl Cl 

Chain termination: 

CH3 

H^C^CH2R 

( • 
H 

^CI^ 1 

Cl 
' c^l 

Cl 

H3C\ ^CH2R 

+ 

ct 
II 
CH2 

Cossee (1964R) 

■V 

For the central step of the Cossee mechanism, namely the intramolecular insertion of an 
olefin into a transition-metal carbon bond, there is little precedent. 
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Example (Bergman, 1979): 

^^7 

1 - PPh-, 
r.n -- 

1 CH., = CH„ 
^ r.n ^ 2 

1 
Cn. 

D3C'' / ^CDq 
PPh 

3 

DqC" 1 
3 CD 3 CH2 

' 

1 +CH„=CH 
Co ^2 2 Co. 

1 
Co 

/ \ CH2 
Ph p^ V ^ 

CH2 

D3C 1 V " 
^ CH 

1 

030/ ' 
\ 

CH2CH2 

+ CD3CH=CH2 CD3 

+ CDgH 

It may be noted in passing that insertions of CO into TM — C or into TM — H 
are much more common. 

17.7 Olefin Oxidation (Wacker Process) 

The commercially important organic intermediates acetaldehyde, vinyl chloride and 
vinyl acetate can be produced from acetylene. However, for economic reasons, the switch 
to ethylene as a chemical feedstock was highly desirable. 

The fact that ethylene-chloro complexes of palladium readily decompose in water to 

acetaldehyde and palladium metal has been known for a century. The reoxidation of Pd° 
to Pd" by O2, mediated by the couple Cu^/Cu^^, finally led to the design of a catalytic 

cycle (Wacker process, lira, 1962 R): 

(1) C2H4 + PdCl2 + H2O-> CH3CHO + Pd + 2 HCl 

(2) Pd + 2 CUCI2-^ PdCl2 + 2 CuCl 

(3) 2 CuCl + 2 HCl + 1/2 O2-^2CuCl2 + H20 

Total: C2H4 + 1/2O2-> CH3CHO 

Alkenes of the type RCH = CHR' and RCH = CH2 are converted to ketones (Example: 

propylene acetone). 
The following rate equation was derived for the Wacker process: 

d[CH3CHO] 
= k ■ 

[C2H4] [Pdcin 

dt [H"][cr]^ 
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Based on detailed kinetic studies a catalytic cycle of the Wacker process which conforms 

with this rate law has been proposed by Baeckvall (1979): 

Accordingly, the nucleophilic attack Q) at coordinated ethylene occurs by external HjO 

and not by OH “ coordinated to palladium. By its very nature, step (T) is an oxypalla- 
dation (addition of Pd and OH“ across the C = C double bond). That acetaldehyde is 

formed in the final step (T) from the a-hydroxyethyl a-complex rather than from the 
vinylalcohol ir-complex intermediate is supported by the fact that no deuterium is found 

in the product if the catalysis is performed in D2O. The formation of the a-hydroxyethyl 
palladium complex from the ;S-hydroxyethyl precursor probably occurs via )S-hydride 
elimination (£) and migratory insertion (^. 

The nature of the products of olefin oxidation depends on the reaction medium: 
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Solvent 

water 

acetic acid 

alcohol 

inert, non-aqueous 

> 

Product 

rCH2 = <^ 1 —►cH3-C^° 
L ^ohJ 

(acetaldehyde) 

^0C0CH3 
(vinyl acetate) 

^^2 = C.0CH3 
(vinyl ether) 

CH2 = C^CI (vinyl chloride) 

17.8 Hydrogenation of Alkenes 

The activation of molecular hydrogen by transition-metal complexes in solution is long 

known. Intermediate hydride complexes could, however, rarely be isolated. The following 
three types of reaction present possible ways in which dihydrogen can be activated for 

hydrogenation in homogeneous solution: 

• Oxidative addition: (Ph3P)3RhCl + H2-> (Ph3P)3Rh(H)2Cl 

• Heterolytic cleavage: [RuClg]^” + H2->• [RuCljH]^" + + Cl“ 
• Homolytic cleavage: 2[Co(CN)5]3“ + H2-> 2 [Co(CN)5H]3- 

The first complex to serve as a hydrogenation catalyst in homogeneous solution was the 
compound (Ph3P)3RhCl (Wilkinson’s catalyst, 1965). This species catalyzes the hydro¬ 
genation of alkenes, alkynes and other unsaturated molecules at 25 °C and a pressure of 

1 bar. 
A thorough mechanistic study of this system was undertaken by Halpern (1976): 

Alkene hydrogenation 
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The simplified reaction scheme on p. 427 shows two routes which differ in the order in 

which H2 and the olefin are taken up. As step @ is slow, the sequence (l) ^ ^ (D 
should take preference over (?) @ ^ @. The decisive step is the insertion (7): 

H 

H 

P 

.Cl 

Rh^ CHR 
I ^1 

P CH2 

CH2CH2R 

-0-► H—Rh—Cl 

/\ 
P P 

Cis-coordination of the phosphane ligands in these non-isolable intermediates is suggested 

by special NMR techniques {J. M. Brown, 1984). The rate determining nature of the intra¬ 

molecular migratory insertion 0 also follows from an ab initio MO study of the full 

catalytic cycle {Morokuma, 1988). 

While (Ph3P)3RhCl catalyzes the hydrogenation of terminal and internal olefins, 
(PPh3)2Rh(CO)H is highly selective, catalyzing hydrogenation of terminal olefins only 
(Wilkinson, 1968). A drawback of this catalyst is the concomitant isomerization of 

terminal to internal olefins, (cf p. 418), the latter being hydrogenated very slowly 
(Strohmeier, 1973). 

Alkene hydrogenation 

Another class of catalysts is cationic and of the general type ILjRhSjI"^, where S repre¬ 
sents a polar solvent molecule such as THF or CH3CN (Osborn, 1976). These catalysts 

are generated in situ from the easily available diolefin complex [(COD)RhL2]^ and H2. 

The addition of the olefin Q is followed by the oxidative addition of H2 © as the 

rate-determining step. Insertion @ and elimination @ complete the catalytic cycle 
(Halpern, 1977): 
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Asymmetric Hydrogenation 

If the catalyst of the variety (L2RhS2]''' bears an optically active diphosphane, prochiral 
unsaturated molecules can be hydrogenated to chiral products (asymmetric induction). 
In many cases, high optical purity has been achieved. Examples of chiral chelating 
diphosphane ligands are the following: 

H 

*\ 
''PPh2 

DIOP CHIRAPHOS NORPHOS 

O^* CH2PPh 2 

CH2PPh2 

PPh2 

* 

■PPh, 
CH. 

(Kagan, 1972) (Bosnich, 1977) (Brunner, 1979) 

The chirality of the diphosphane ligand can be centered either at a carbon atom of the 

ligand framework or at phosphorus. A commercial application of asymmetric hydrogena¬ 
tion is the manufacture of a derivative of the chiral amino acid L-Dopa, which is effective 

in the treatment of Parkinson’s disease: 

H A’’ 

C KU/catalyst 
II - 
C 

HOOC^ NHAc 

H CHoAr 

► *c 

HOOC NHAc 

97 

ArH2C 

HOOC 

\ / 
H 

NHAc 

3 

catalyst: /\ 

Ar = 3,4-C6H3(0H)2 

MONSANTO C1977) 

(Knowles, 1986 R) 
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The enantioselective step in this asymmetric hydrogenation is thought to be the oxidative 

addition (2) of H2 to the diastereomeric ?7^-olefm complexes formed in step @. The 

diastereomer less favored in the equilibrium reacts more rapidly with H2 and therefore 

accounts for the enantiomeric excess (Halpern, 1983 R): 

* Rh. 

H COOMe 
N / 
/C = C^ 

R NHCOMe 

slow H2 H2 fast 

(p. 429) 

17.9 Fischer-Tropsch Reactions 

m CO + n H2 “CHO products” 
synthesis gas 

Depending on the reaction conditions, liquid alkanes, olefins, methanol and/or higher 

alcohols are formed. A common feature of all Fischer-Tropsch variants is the use of CO 

as the source of carbon (“Cj chemistry”). 
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Generation of synthesis gas: 

• Controlled combustion of petroleum 

• "Reforming"' natural gas {which consists mainly of CH4) 

CH4 + H2O CO + 3 H2 = + 205 kJ/mol) 

present, this is the main source of syngas. 

• Coal gasification 

C + H2O CO + H2 (AH = + 131 kJ/mol) 

The production of syngas from coal in the (distant) future may well replace the process 

based on natural gas. This would, however, require that a catalysis of the water gas shift 
reaction be developed to enhance the H2 content in syngas (cf. p. 432). 

Classical Fischer-Tropsch processes are heterogeneously catalyzed. One problem is low 
product selectivity. Examples: 

Synthesis gas gasoline + diesel oil + waxes 

50% 25% 25% 

{Ruhrchemie A.G., from 1936 on, discontinued in Germany after World War II) 

Fc oxide cst 
+ CO 320 340°c 25 bar go-SoUne + diesel oil, waxes etc. 

3.5 ; 1 ’ 70% 

The availability of cheap coal as a feedstock for syngas enables South Africa to satisfy 

about half of its gasoline demand in this manner {Sasol plant). 

The introduction of homogeneous processes for the production of synthetic fuels from 
coal seems unlikely owing to the large plant size these processes would necessitate. With 

regard to the selective preparation of other Fischer-Tropsch products (short-chain olefins, 
glycols etc.), homogeneously catalyzed processes are potentially interesting, however 
(“New era of C^ chemistry”). Example: 

3 Hg + 2 CO 
[Rhl2(CO)a4l^^~ 

3000bar/250° 
HOCH2— CH2OH 

(Pruett, Union Carbide, 1974) 

At lower pressures, methanol is formed rather than glycol. This homogeneously catalyzed 

reaction has not yet been implemented, largely due to the drastic conditions required. 

There remains, however, a heavy industrial demand for glycol (anti-freeze, building block 

for polyesters etc.). 
Mechanistic models of the Fischer-Tropsch reaction are based on the grossly simplified 

reaction sequences sketched on p. 432. M can be an active site on the catalyst surface 

(heterogeneous catalysis) or the vacant coordination site of a transition-metal complex in 
solution (homogeneous catalysis). In order to elucidate the detailed mechanisms, poten¬ 

tial organometallic intermediates are synthesized and their reactivity patterns studied. 
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M 
CO Ho II 

17^-formyl 
complex 

H2 i' 
CH3OH 

fHo 
M-OCHo-^—^ M. I 

CH2 

H2 

M-H T?-formaldehyde 
complex 

► M —CH3 ► M—COCH3 

4 

H2 

M 4 

CH. 

I H2 

M_CH3 M—CH2 —CH3 

CO 

M —COCH2CH3 

The first experimental proof for the reduction of coordinated CO by H2 was supplied by 

Bercaw (1976): 

(C3Meg)2Z*^> 
,.CO 

■^co 

Ho/hV 
—=-► 
1.5 bar/250 

(CgM eg)2Z r 
-H 

‘OCH3 

2 HCI 
■■ (CgM eg)2Z r C12 

+ CH3OH + H2 

17.10 The Water-Gas Shift Reaction 

H2O + CO 
Fe/Cu cat, (heterogeneous] 

' T > 200 °C 
H2 + CO2 (AH = - 42 kJ/mol) 

The importance of this equilibrium, also known as “conversion”, lies in 

- H2 enrichment of synthesis gas for Fischer-Tropsch reactions 

- Exploitation of the reducing power of CO to produce H2 from H2O under mild condi¬ 

tions 

- Removal of CO from ‘‘"mixed gas’’’’ (50% N2, 30% CO, 15% H2, 5% CO2) for the 

Haber-Bosch process 

The relatively high reaction temperature, unfavorable for the position of the equilibrium, 

is dictated by the non-optimal properties of the currently available catalysts. The devel¬ 
opment of a homogeneous catalysis for the water gas shift reaction has assumed high 
priority. The following cycle illustrates a possible approach (King, 1978): 

HgO 

H2 
Watergas shift reaction 

OH“ 
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17.11 Monsanto Acetic Acid Process 

This involves the homogeneously catalyzed carbonylation of methanol to yield acetic acid 
(“Cl chemistry”): 

CH3OH + CO CH3COOH Capacity ^ 10® t/a 
99% 

The catalysis most likely proceeds by the following mechanism (D. Forster, 1979 R): 

CH3 

Monsanto acetic acid process I 

Since a large portion of the industrially produced acetic acid is converted into acetic 

anhydride to be used as an acetylation reagent, the direct formation of acetic anhydride 

by means of homogeneous catalysis is highly desirable. This target has been reached in 

the Tennessee Eastman/Halcon SD process, a carbonylation of methyl acetate in use since 

1983: 

CO + 2H2-> CH3OH CH3CO2CH3 (CH3C0)20 

An outstanding feature of this process is the fact that its Ci building blocks are derived 
exclusively from coal. The acetic acid required is obtained as a byproduct in the acetyla¬ 

tion of cellulose. As in the Monsanto acetic acid process, cis-[(CO)2Rhl2]“ serves as the 
catalyst and the overall cycle seems to share a certain similarity with that of the acetic 

acid process (Polichnowski, 1986). 
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17.12 Hydroformylation (Oxo Reaction) 

The hydroformylation of olefins is the largest-scale industrial process that is homoge¬ 

neously catalyzed, with a capacity of about 5x10^ t/a in oxo compounds and their 
follow-up products. The reaction was discovered in 1938 by O. Roelen (Ruhrchemie 
A.G.), who prepared propionaldehyde from ethylene and synthesis gas by means of a 

cobalt catalyst: 

CH,=CH, + CO + H, CHjCH^Ct^ 
100 400 bar 

Today, C3 -C15 aldehydes are produced by the 0x0 process and subsequently converted 

into amines, carboxylic acids and, above all, primary alcohols. The most important 0x0 

products are butanol and 2-ethylhexanol: 

In the 0x0 reaction, H and HCO are formally added across a double bond; it is therefore 

referred to as “hydroformylation”. 

A mechanism for the hydroformylation process was suggested by R. F. Heck and 

D. S. Breslow in 1961 (see p. 435 above). Experimental verification of this mechanism on 

the basis of kinetic measurements will be exceedingly difficult due to the large number of 

variables. The rate-determining step is possibly (J), the oxidative addition of H2. Alter¬ 

native mechanisms have been proposed by E. Oltay (1976, study under actual process 
conditions, assumption of a 20 VE intermediate) and by T. L. Brown (1980, radical mech¬ 

anism). 
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HCo(CO) 

HCo(CO) 

4 

CO 

RCH^CH^CHQ 

r 
RCH2CH2COCo(H2)(CO)2 

IH9J 

RCH2CH2COCo(CO)2 

\, 

|CH^=CHR 

HCo(CO) (CH =CHR) 

® 

/ 
RCH2CH2Co(CO)2 

CO 

Disadvantages of this process are: 

RCH2CH2Co(CO)^ Hydroformylation 

- Catalyst losses, since HCo(CO)4 is labile and highly volatile 

- Loss of alkene through hydrogenation in a reaction competing with hydroformylation 

- Inherent difficulties in mechanistic studies. 

Mechanistic details of the 0x0 reaction are often deduced from results obtained on other, 

similar complexes like (Ph3P)3Rh(CO)H. 

Typical mechanistic questions are the following: 

RCH2CH2Co(CO)3 + CO RCH2CH2COCo(CO)3 
alkyl acyl 

Is the CO insertion an inter- or an intramolecular process! In the latter case, is it the alkyl 

group or the CO ligand that migrates! 

These questions have been unequivocally answered by IR spectroscopy on a model system 

labeled with ^^CO: 

CH3 

oc- -Mn- 

cO 

-CO 

c 
o 

I 0° 

OC-Mn-CO 

Et20 

25° ^ 

+ *co 

heptane 
100° ^ 
- CO 

O O 
*c II 

I ^^vxC-~cH3 heptane 

OC-Mn'^-—CO ——». 
oc^ I -co*co 

^ cis-product only, 

no *CO in the 

CH3Mn(CO)4*CO 

+ 

CH3Mn(CO)5 

acetyl group 

*C 

I 
OC-Mn-CO 

I 
C cis-product only 
O 

cis 50% 
trans 25% 

25% 
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Conclusion: The CO group of the acetyl group originates in the coordination sphere of 

CH3Mn(CO)5; Le., CO insertion proceeds intramolecularly. The stereochemistry observed 

implies that the alkyl group migrates to the cis-positioned CO group and that the vacant 

coordination site, thus created, is occupied by a new ligand like CO or phosphane {Calder- 

azzo, 1977 R). 

A more recent outgrowth, the Union Carbide hydroformylation process, utilizes 
(Ph3P)3Rh(CO)H instead of HCo(CO)4 as a precatalyst. This procedure circumvents 

some of the disadvantages mentioned for HCo(CO)4: 

H(CO)Rh(PPh3)3 

RCH2CH2CHO 

-PPh, 

PPh3 

OC 

V CO 

PhqP-—Rh 

CH2=CHR 

CHR 
-II 
CH2 

CO 

I 

f f ^^CH2CH2R 

Pf’aP—^Rh-—pph3 

OC 

^CH^HgR 

-PPh3 
[C^ 

OC 

Union Carbide hydroformylation process 

A goal of great commercial interest is the development o^a catalytic 0x0 process which 
selectively yields linear products. In fact, replacement of cobalt by rhodium and the 

introduction of bulky phosphane ligands markedly increases the linear/branched product 

ratio. The reason for this could lie in the higher stability of the square-planar intermediate 

formed in step (2) with its trans-oriented phosphane ligands and a terminal alkyl group. 
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Compared to the cobalt-catalyzed oxo reactions, the rhodium-catalyzed process operates 
under rather mild conditions (100 °C, 10-20 bar). 

An important further development of the Union Carbide oxo process is that of a two- 

phase liquid/liquid reaction system, made possible by the introduction of water soluble 
(phosphane)rhodium catalysts, mentioned on p. 412 (Rhone-Poulenc/Ruhrchemie, 1984). 

The classical oxo reaction represents the hydroformylation of olefins. In an attempt to 

entirely switch to coal as a chemical feedstock, the hydroformylation of the Cj building 

block formaldehyde is currently being explored. It is hoped that the drastic reaction 
conditions {p = 3000 bar) which have so far prevented the commercial application of the 
Union Carbide ethylene glycol process can be attenuated. The starting material formal¬ 
dehyde itself is easily accessible from the Fischer-Tropsch product methanol. The follow¬ 

ing scheme traces the formation of ethylene glycol from synthesis gas (Monsanto, 1983): 

Ethylen glycol from synthesis gas (Monsanto, 1983) 

This process is still at an experimental stage. 
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17.13 Hydrocyanation 

Certain complexes, mainly of nickel and palladium, catalyze the addition of HCN to 
olefins (Tolman, 1986 R). An important commercial application of this homogeneous 

catalysis is the production of adiponitrile NC(CH2)4,CN from butadiene and HCN (Du 

Pont): 

+ HCN -► 

H2N(CH2)6NH2 

|hcn 

Polyamide building block 

The active catalyst NiH(CN)L2 is formed from NiL^. by ligand dissociation and oxidative 
addition of HCN: 

RCH 
ll••••NiH(CN)L2 

Hydrocyanation 

17.14 Reppe Carbonylation 

In this process, the carbonylation of alkenes and alkynes with the simultaneous addition 

of HX (molecule with active H) is achieved. HCo(CO)4, Ni(CO)4 or Fe(CO)5 can serve 

as the catalysts. An example is the production of acrylic ester from acetylene, CO, and 

ROH (BASF, Rohm & Haas, 140,000 t/a each). A disadva'htage are the hazards encoun¬ 
tered in handling acetylene. 
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Ni(CO)^ + HX 

H2C=CH-CO-Ni(CO)2X 

Reppe carbonylation 

17.15 Activation of C —H Bonds in Alkanes - a Topical Problem 
in Organometallic Research 

One of the most exacting tasks facing homogeneous catalysis is the intermolecular activa¬ 
tion of saturated hydrocarbons. The decisive step, the oxidative addition of C — H to the 

metal, formally resembles the addition of H2, but in most cases is thermodynamically 
unfavorable due to the weaker nature of M — C as compared to M — H bonds (Halpern 

1985 R): H 
L M + I -^ L AH<0 

n 

c c 
L M + I -> L AH>0 

" H H 

Thus, (hydrido)(T-alkyl transition-metal complexes are known in small number only; they 

tend to decompose by reductive elimination of alkanes (cf. the mechanism of homoge¬ 
neously catalyzed hydrogenation of alkenes. Section 17.8). Oxidative addition of arene 

C — H bonds to transition metals has been known for some time, however. 

Intramolecular C —H addition: 

PhgP^ 

Ir 
V' 

Cl 

PPh, 

H 

This reaction type is called orthometallation or, more generally, cyclometallation 

(M. I. Bruce, 1977 R). The widespread occurrence of such cyclometallations reflects their 
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neutral entropic character. A prerequisite is that the C —H bonds are located so as to 

allow close approach to the central metal atom. 

Intermolecular C —H addition: 

(dmpe)2RuH(CioH7) is thermolabile and in equilibrium with a complex (dmpe)2- 

Ru(CioH8) of unknown structure. 
Of more recent origin are observations concerning the intermolecular oxidative addition 
of alkanes to transition metal centers. A common feature of these reactions is the prior 
generation of a complex of low coordination number and high electron density at the 
central metal. These coordinatively unsaturated species react readily even with non-acti- 
vated aliphatic C — H bonds. What is particularly remarkable about this reaction is its 
high selectivity: the intermolecular reaction of the organometallic intermediate with 
saturated hydrocarbons is clearly favored over the reaction with the C — H bonds of its 
own ligands! 

C(CH3)4 
^6^12 

hJ' CH4 

-CO 10 bar 

CHo 
I 

CH3 

% H 

CH3 
'V 

Pt 

\h 

cy = cyclohexyl 

(R. G. Bergman, 1982) (W. A. G. Graham, 1983) (G.M. Whitesides, 1986) 
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In the case of [cy2P(CH2)2Pcy2]PtH(C5Hu), a coordinatively unsaturated Pt° complex 
is formed via reductive elimination of neopentane; this complex is especially suitable for 
illustrating important aspects of C —H activation: 

- Intramolecular cyclometallation is suppressed here since the incorporation of the 

organophosphanes into a chelating ligand prevents theC — H bonds from approaching the 

platinum atom. 

- The Pt —C bond from the intermolecular reaction should be relatively strong as inter-lig¬ 

and repulsion, which often weaken an M — C bond, is minimal here. 

- The isolobal relationship likens the re¬ 

action of the fragment L2Pt with C —H 

bonds to the insertion of singlet carbe- 

nes into C —H bonds. 

- The exposure of the Pt atom in the fragment L2Pt is reminiscent of that of the vertex 

atoms at heterogeneously active metal surfaces. 

These addition reactions have not yet found practical applications, as they have resisted 
incorporation into catalytic cycles. They demonstrate, however, that under appropriate 

conditions the reaction of non-activated C —H bonds with transition metal centers is 
thermodynamically and kinetically feasible and may therefore pave the way for further 

advances. 

Pt XT CR2 

d^°-ML2 
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Appendix 
Symbols and Abbreviations 

a isotropic hyperfine coupling E element 
constant (ESR) E energy 

ab antibonding E° standard reduction potential 
Ac acetyl for Ox + ^ Red 
acac acetylacetonate EH Extended Hiickel 
AIBN azoisobutyronitrile El electrophile 
AN acetonitrile E mean bond enthalpy 
AO atomic orbital (kJ/mol) 
Arp perfluoroaryl EN electronegativity 
Ar aryl en ethylenediamine 
b bonding ET electron transfer 
bipy 2,2'-bipyridyl ESR electron spin resonance 
B.M. Bohr magneton 2e3c two electron three center 
bp boiling point (°C) bond 
Bu 1-butyl EXT extrusion (= deinsertion) 
CC cocondensation (g) gas 
c-Hex cyclohexyl 

9 ^-value (ESR) 
C.N. coordination number 1 magnetogyric ratio 
COD 1,5-cyclooctadiene HMPA hexamethylphosphoric tris- 
COMC Comprehensive Organo- amide 

metallic Chemistry HOMO highest occupied molecular 
COT cyclooctatetraene orbital 
Cp cyclopentadienyl INS insertion 
Cp* pentamethylcyclopentadienyl J scalar nuclear spin-spin cou¬ 
D bond dissociation energy pling constant (NMR) 

(kJ/mol) (0 liquid 
d bond length (pm) LUMO lowest unoccupied molecular 
dmpe 1,2-bis(dimethylphosphino)- orbital 

ethane M metal 
dppe 1,2-bis(diphenylphosphino)- Me methyl 

ethane MGE main-group element 
<5 chemical shift (NMR) MO molecular orbital (method) 

'^0 splitting t2g/eg (octahedral mp melting point (°C) 
field) n normal 

DBPO di-t-butylperoxide Nu nucleophile 
DME 1,2-dimethoxyethane V stretching frequency (cm"^) 
DMF dimethylformamide nb nonbonding 
DMSO dimethylsulfoxide OA oxidative addition 
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Ox oxinate T temperature 

OS oxidation state T Tesla 

Ph phenyl hi2 half life 

Pr 1-propyl THE tetrahydrofuran 

PE petrol ether TM transition metal 

py pyridine TMEDA A,A,A',A/''-tetramethyl- 

r radius (pm) ethylenediamine 

RE reductive elimination Vi vinyl 

Rf perfluoroalkyl VSEPR valence shell electron pair re¬ 
RT room temperature pulsion (Gillespie-Nyholm- 

o shielding (NMR) model) 

(s) solid VE valence electron 
SCE 
t 

saturated calomel electrode 
tertiary, ton 

VB valence bond (method) 



Nomenclature of Organometallic Compounds 

Organometallic compounds containing only M —C bonds are named according to the 
lUPAC Rules D-3. Ligands are listed in alphabetical order, followed by the name of the 
metal (cations taking precedence over anions): 

(CH3)2(C2H5)2Sn Diethyldimethyltin 

Group 14 and 15 organyls can also be named by considering them to be derivatives of 
their binary hydrides (ending -ane, analogues to alkanes): 

(€1-13)3? Trimethylphosphane 

Anionic complexes are given the ending -ate, together with the charge on the anion or 
the oxidation number of the central metal atom: 

Na[(C2H5)3Sn] Sodium triethylstannate (1 —) or (II) 

Cations are also characterized by a charge or oxidation number: 

[C6Hii)3Sn]’^ Tricyclohexyltin (1 -f) or (IV) 

Complexes containing unsaturated hydrocarbons coordinated to a metal require a spe¬ 
cial nomenclature; this is also found in the lUPAC rules (volume 2, group 1, Rule 7.4). In 
Ti-complexes, at least two carbons of the ligand are bonded to the metal. However, use 
of the expression “rr-coordinated” alone is too imprecise, since the exact nature of the 
bonding {a, n) is often uncertain. Therefore, it seems wise to indicate the atoms bonded 
to the metal atom in a manner completely independent of theoretical implications 
(F. A. Cotton). 
The precision with which a compound is named is largely determined by the complexity 
of its structure. 

1. Designation of Stoichiometric Composition Only 

K[PtCl3(C2H4)] Potassium trichloro(ethylene)platinate (1 —) 

[Fe(C5H5)2] Di (cyclopentadienyl)iron 

[Fe(CO)3C8H8] Tricarbonyl(cyclooctatetraene)iron 

2. Designation of Structure 

If all the unsaturated C atoms are coordinated to the metal, the name of the ligand is 
preceeded by rj- (pronounced eta). The number of coordinated C atoms can be addition- 
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ally indicated by a numerical right superscript and rj then reads as -hapto (e.g., 

ri^ = trihapto, rj'*' = tetrahapto, = pentahapto etc.). 

Cr 

Di(r]^-benzene)chromium ► 

Tricarbonyl(r]^-cycloheptatriene)chromium ► 

3. Exact Designation of the Coordinated Atoms 

If not all the unsaturated C atoms of a ligand are involved in bonding, or if a ligand 

possesses several bonding modes, the locations of the ligating atoms appear in numerical 
sequence before the hapto symbol rj. If the coordinated carbon atoms are in a consecutive 

sequence, only the first and last positions are indicated. 

Co ^ 

5 
(1,2 : 5,6-ri-Cyclooctatetmene) {ri^-cyclopentadienyl)cobalt 

Tricarbonyl(A-l-r]-octa-l,A,6-trienal)iron ► 

6 5 

When it is desired to stress that a ligand is bonded to a single atom, the prefix cr- may 
be used; 

Dicarbonyl(r]^-cyclopentadienyl)- 

{a-cyclopentadienyl)iron 
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Ligands which coordinate simultaneously to two or more metals (bridging ligands) are 

given the prefix fx (mu). A metal-metal bond is indicated by italicized atomic symbols 

enclosed in parentheses at the end of the name: 

Di-jx-carbonyl-bis{tricarbonyl)- 

cobalt (Co —Co) 

o o o o 

OC"""'J° ."Co 

c 
o c 

o 

trans-iJ.[l-5 :4-S-ri-Cyclooctatetraene]- 

bis [{cyclopentadienyl)ruthenium] 

For further details relating to stereochemical nomenclature and notation see T. E. Sloan 

in “Comprehensive Coordination Chemistry”, Vol. 1, 1987, 109. 
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- Li-C 22 

- M-C 13, 22, 27, 33, 36, 43, 58, 94, 147, 

318, 345, 360, 362 

- Si-H 117 

- Sn-H 129 

Bond type 7 

Bora- 64, 380 

Boraarene 62 

Borabenzene 63, 64 

Boracycloalkane (Boracyclane) 62 
Boracycloalkene 62 

Borane carbonyl 73, 74 

Borane pyrolysis 70 
Borata- 64, 380 

Boratabenzene-TM 381 

Borazine („Borazole“) 65 

Borazine-TM 385 

Borepin 64 

Borin 64 

Borinic esters 60 

Borirene 62 

Borole 63 
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Borole-TM 381 

Boron heterocycles 62, 380f 

Boronic ester 60 

Boroxine 65 

Bridge, alkynyl 80, 87 

Bridgehead Si atom 114 

Bridges, alkoxy 46, 48, 81, 141, 200 

- alkyl 20 f, 44, 46, 78 f, 88, 174 

- alkylidene 400 

- alkyne 275 

- alkynyl 80, 87 

- allyl 285 

- arene 357 

- aryl 45, 79 

- azide 87, 182 

- C-H—M 268, 304 

- carbonyl 222 f 

- chalcogene formaldehyde 271 
- COT 362, 368 

- cyanide 87, 125, 182 

- f/^-cyclopentadienyl 49, 89, 145 

- fulvalenediyl 323 f 

- germylene 119 

- halide 43, 48, 81, 87, 124, 136, 146, 150, 

155, 225 

- hydride 40, 46, 48, 58 f, 81, 235, 248, 323, 

339, 410 

- isocyanide (isonitrile) 240 

- methylene 211 

- nitrosyl 337 

- plumbylene 144 

- silylene 107 

- stannylene 133, 135 

- thiocarbonyl 239 

- vinyl (cr/Tt) 207 
British anti-Lewisite (BAL) 156 

Butadiene, cyclodimerization 422 

- cyclotrimerization 422 

Butadiene-Mg 41 

Butadiene-TM 262 

Butterfly clusters 394 

C —H activation 267, 268, 439 

Cacodyl compounds 1 

Cadet’s fuming liquid 1 

Carbaborane-TM 380 

Carbaboranes 3, 66, 70 f, 74 

Carbaboration 61 

Carbalumination 75, 77, 82 

Carbene complex intermediate 420 

Carbene complexes in C —C coupling 215 
Carbene insertion 17, 161, 195 

Carbene transfer 53, 54, 215 

Carbene-analogous reaction 107 

Carbene-gold(I) complexes 181 

Carbene-like fragments 402 
Carbene-TM 4, 31, 210 f 

Carbenium ion, stabilization 314, 329 
Carbenoids 29, 49 

Carbido cluster 405, 409 

Carbocupration 178 

Carbolithiation 30 

Carbometallation 17 

Carbonyl metal halides 237 

Carbonyl metal hydrides 234 

Carbonylgold halides 181 

Carbonylmetal transfer agents 232 

Carbonylmetallates, acylation 195 
- alkylation 195 

- preparation 234 

Carbosilane 107, 108 

Carbyne-TM 4, 210, 218 f 
Catalyst recovery 412 

Catenation see chain formation 
Cj-chemistry 430 

Cereal seed 54 

CH acidity 9, 28, 96, 124, 215 

Chain formation (homonuclear) 95, 105, 

130, 137, 143, 157f 

Chalcogene formaldehyde 271 
Charge equlibration 372 

Chauvin mechanism 420 

Chelate therapy 146 

Chemical shift (discovery) 370 

Chemical warfare agent 156 

Chemisorption 410 

Chemoselectivity, alkyne nitrile cyclization 

375 

- C —H activation 440 

- carbalumination 83 

- Collman’s reagent 236 

- hydroalumination 76, 83, 84 

- hydroformylation 436 

- hydrosilation 96 

- hydrostannation 129 

- LiR, RMgX, AIR3 82 

- organocuprate 177 

- RCdCl 50 

- RTi(0-wo-Pr)3 addition 32, 45 

Chemotherapy 2, 158 
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Chevrel phases 387 

Chichibabin reaction 30 

Chirality, carbene complexes 215 
- C4H4EH derivates (E = N, P, As) 163 

- cluster 403 

- diphosphane ligands 429 

- ethylene complex 261 
- organogermanium compounds 120 

- transfer 6, 215 

Chiraphos 429 
Chloralkali electrolysis 55 

Chlorocarbene 29 

Chlorohydrocarbons, degradation 210 

CHO products 430 

Chromocene 324, 322 

P-Citronellol 84 
Closest packing 396, 409, 410 

Closo borane anions 70 
Closo-structure 68, 415 

Cluster expansion 403 

Cluster fragments 396 

Cluster synthesis 402 

Clusters 5, 136, 386 f 
CO insertion 270, 278, 317 

Coal gasification 431 

Coalescence 303 

Cobalamins 55, 201, 374 

Cobaloxime 202, 204 

Cobaltocene 323, 330f 

Cocyclization of alkynes and nitriles 277 

Collisional deactivation 244 

Collman’s reagent 236 

Columnar structure 23 

„Combining power" 1 

Complementary structures 149, 191 

Condensation, R3Pb(OH) 141 

- R„Si(OH)4_„ lOOf 

- R„Sn(OH)4_„ 127 

Configuration (Olefm-TM) 264 

Conformation (Olefin-TM) 260, 264 

Contact ion pair 26, 363 

Contour line diagram (CO) 227 

Conversion (water gas shift reaction) 432 

Coordination shift (NMR) 296, 298, 307, 

308 

Coordination site, vacant 245, 411 

Copper acetylides 173 
Correlation time 24 

Corrin 201 

Cossee mechanism 424 

Coupling constant (NMR), V(“B, ^H) 74 

- ^/(^^C, i^C) 263 
- V(”C, ^H) 163, 263, 268, 300 

- V(”C, ^H) 302 

- ^JC^C, ®Li), ^J(^^C, ^Li) 26 

- iy(”Fe, i^C) 301 

- V(iH, ^H) 302, 308 

- V(^ip:^^C) 302 

- V(^°''Pb, ^H) 137 

- i/(^®^Pt, ^H) 236 

- V(^®^Pt, ‘H) 308 

- iye°3Rh, ^H) 236 

- i/C^'Se, i^C) 167 

- ‘y(2^Si, *^C) 109, 111 

- ^7(“®Sn, i^C) 123 

- V(“®Sn, ^^C) 302 

- V(“®Sn, iH) 123 

- V(“®Sn, ^H) 135 
- ‘H) 236 

- V(^®^W, 'H) 308 

- reduced 300, 301 

- scalar 300 f 
Covalent contribution (Li — C) 26, 37 

Covalent radii 10 
Crop protection 94 

Cross coupling 175 

Cross linking (Silicones) 102 

Cubane cluster 395 

Cubane synthesis 315 

Cuboctahedron 70 

Cyanocobalamin 201, 374 

Cyclo-trisborazine 385 

Cyclobutadiene-TM 276, 311 

Cycloheptatrienyl-TM 358 

Cyclohexyne-TM 274 

Cyclohydrosilation 110 

Cyclomerization of alkynes 276, 344 
Cyclometallation 439 

Cyclooctatetraene derivatives 278 

Cyclooctatetraene synthesis 421 

Cyclooctatetraene-TM 362 

Cyclopentadienyl, MGE 90 
- TM 316 

- TM carbonyl halides 342 

- TM carbonyls 333 f 

- TM halidbs 340 

- TM hydrides 339 

- TM nitrosyls 337 

- transfer agent 33, 43, 90 

Cyclopentenone 278 
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Cyclopropanation 49, 54, 215 

Cyclopropane ring opening (Excursion) 416 
Cyclopropenyl cation 310 

Cyclopropenyl-TM 310 

Cyclosilazane 104 

Cyclovoltammetry 395 

Cytochrome P-450 201, 210 

Davies-Green-Mingos (DGM) rules 293, 
352 

Decamethylsilicocene 106 

Decarboxylation 18 

Deformation (?; —C2X4) 258 

Dehydroalumination 77 
Deltahedron 410 

Demercuration 53 

a-Deprotonation 219 

Deprotonation agent 161 

5'-Desoxyadenosylcobalamin 201 

Detergent alcohols 77 

Dewar-Chatt-Duncanson model 259, 262 

Dewarsilabenzene 109 

Diagonal relationship 39 

l,l'-Diarsaferrocene 377 
Diarsane 158 

Diarsene 165 

Diastereogenic C —C coupling 61 
Diazene 7t-Complex 165 

Dibismuthane 159 

1,4-Diboracyclohexa-2,5-diene-TM 384 

Diboration 58 

Dichlorocarbene-TM 210, 219, 239 

Dicyanocobalamin anion 374 

Dienyl-TM 289, 292 

Dihalocyclopropanation 54 

2.3- Dihydro-l,3-diborolyl-TM 383 

Dihydrogen storage medium 41 

Dimetallacyclopropene 402 

Dimetallatetrahedrane 276 

Dimethylselenide 171 

Diolefm-TM 262 

Diop 429 
1.3- Diphosphacyclobutadiene 376 

l,r-Diphosphaferrocene 377 

Diphosphene complexes 165 

1.3- Diphosphete-TM 376 

Direct exchange 388 

Direct process 96, 100, 124 

Direct synthesis 3, 15, 115, 138, 152 

Disiamyl borane 60 

Disilene (disilylene) 105, 111 

Disinfectant 137 

Displacement 76, 77 

Disproportionation, binuclear carbonylme- 
tallates 247 

- R2Pb 137 

Dissociative mechanism (D) 232, 244 
Distannylene 132 

Distibane 158 

Distibene 5, 166 

Donor bond 185, 227, 320 
a-Donor ligands 193 

a-Donor/jc-acceptor ligands 206 f 

a, Ti-Donor/n-acceptor ligands 252 

cr-Donor/rt-acceptor synergism 91, 185, 228, 
319 

L-Dopa 429 

Doping agents 86 

Double bond rule 108 

Double-cone structure 316 

Du Pont de Nemours Corp. 438 

Dynamic process see Fluxional structure 
Dyotropic rearrangement 104 

Early transition-metals 263, 301 
;8-Effect 99 

Electroalkylation 51 

Electrolytic conductivity, plumbocene 145 
- RMgX 44 

- RjSnM (M = Li, Na) 131 

Electrolytic coupling 44 

Electron affinity 256 f 

Electron deficient bond 12, 22 

Electron transfer 16, 34, 42, 244, 327 

Electron-proton hyperfine coupling constant 

36 

Electronegativity values 8 

Electroneutrality principle 189, 256 

Electronic properties of (R2Si)„ 106 
Electrontransfer(ET) catalysis 233, 414 

Electrophilic aromatic thalliation 93 

Electrophilic substitution, C^H^-TM 314 

- Cp metal carbonyls 336 

- ferrocene 328 

Element hydrides 9 

Elementary reaction steps 413 

Elementorganic chemistry 7, 155 

Elimination 15 

a-H-Elimination 219 

^-Elimination see Hydride elimination 
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Enantioselectivity, carbene transfer 215 

- hydroboration 61 

- hydrogenation, catal. 430 

- hydrosilation 96 

Energy transfer 244 

ESR spectroscopy (Excursion) 35 

- applications 106, 120, 132, 144 

Ether cleavage 19, 33 

Exchange, AIR3 80 
- ^H-NMR investigation 303 

- Hydride, equatorial, axial 339 

- MR3 (M = Ga, In, Tl) 87 

Explosion, acetylide complexes 208 

- AIR3 4- halohydrocarbons 82 

- CuMe 173 
- haloacetylene 274 

- TIR3 88 
Extended-Hiickel MO 68, 375, 396 

Extrusion 54, 412 

f-Orbitals (M —L bond) 362 f 

Fermi contact term 300 

Ferredoxin 387, 396 

Ferrocene 3, 314, 322 

a-Ferrocenyl carbenium ion 329 

Ferrole 278 
Ferromagnetic coupling 389 

Fischer carbene complexes 210, 218 

Fischer-Hafner synthesis 343 

Fischer-Miiller reaction 250, 291 

Fischer-Tropsch reaction 6,270, 387,430,437 

Fluorenyl 326 

Fluxional structure 20, 40, 52, 89, 99, 116, 

124, 154, 179, 285, 287, 303, 335, 342, 

350, 359, 361, 362, 366, 367, 368 

Fly-over ligand 277 

Food chain 55 

Force constant, k(C = 0) 298 

- k(M-C) 197 

Formaldehyde complex 432, 437 

Formyl TM complexes 432 

Four-center MO 22 

Friedel-Crafts acylation (metallocene) 329 

Front-side attack (Nu) 115 

Frontier orbitals, energy gap 375 

- HOMO, LUMO 35 

- lobal characteristics 397, 402 
- metallocenes 318, 364 

Fulvalenediyl 326 

Fungicide 51, 55, 94, 137, 152 

Galliumarsenide 86 

Ge = E (pn—pn) bond 120 

Germabenzene 121 

Germacycles 116 

Germaethene 120 

Germanes 115f 

Germanions 119 
Germanium-metal bonds 118, 119 

Germanocene 119 

Germanol 117 

Germoxane 117 

Germyl carbinol 117 

Germylene 118, 133 

Germylene-TM 119 

Gillespie-Nyholm rules 191 

Gilman reagent 175 

Glutathion peroxidase 171 

Glutathion transferase 146 

Gold carbonyls 180 
Gold(II) compound 179 

Gosio gas 153 

Grignard reagent 41, 43 f, 82 

Group orbitals 22 

Growth reaction 77, 423 

Half-sandwich complexes 71, 134, 309, 335 

Haloacetylene-TM 274 

Haloboration 58 

Hapticity 250 

Hapto(T|) terminology 459 f 

Hard acids 84 

Hard bases 84 

He-photoelectron spectroscopy 201, 325 
Heck reaction 419 

Heptafulvalene 97 

Herbicide 152 

Heteroalkene-TM 270 

Heteroalkyne-TM 279 

Heteroarenes C5H5E (E = N, P, As, Sb, Bi) 
161 

Heteroborane 70 

Heterocarbaborane 66, 72 

Heterocarbene-TM 214 

Heterocubane 20, 46, 48, 85, 197, 395 
Heterocuprate 178 

Heterocycle-*rM 71-complexes 376 
Heterogenic catalysis 411 

Hexagermaprismane 116 

Hexaphosphabenzene TM complex 379 

High pressure polyethylene 423 
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High-spin/low-spin cross over 325 

Homoalkene-TM 252 f 

Homoalkyne-TM 273 

Homoallyl alcohol 98 

Homocuprate 178 

Homogeneous catalysis 411 

Homolysis (M —C) 12 

Homolytic cleavage 244 

Homolytic thermal coupling 177 
Homotropylium-TM n-complex 291 

Hiickel rule 310 

Hills, Chem. Werke 76 

Hybridization ratio 9, 106, 120, 300, 308 

Hydride abstraction 256, 290 

a-Hydride elimination 219 

^-Hydride elimination 33, 39, 198, 250, 416 

Hydrido-TM clusters 306, 406 

Hydridocobalamin 203 

Hydroalumination 17, 75, 77, 83 

Hydroboration 3, 57, 60, 129 

Hydrocobaltation 282 

Hydrocyanation 438 

Hydroformylation 3, 434 

Hydrogenation of alkenes 427 

Hydrogermation 117 

Hydromagnesation 41 

Hydrometallation 16, 195, 418 

Hydroplumbation 138, 142 

Hydrosilation 96, 245 
Hydrostannation 64, 124, 128, 129, 143 

Hydrostannolysis 129, 130 
Hydrozirconation 341 

Hyperconjugation 59 

Hyperfine coupling constant (ESR), 

a(^H) 35 

- a^^Ge) 120 

- aCU) 36 

- a(i^N) 36 

- a(2^Na) 36 

- u(“®Sn) 132 

Hypho structure 407 

ICI (Imperial Chemical Industries) 2 

Icosahedron 70, 408 

Impregnation 103 
In vivo, organometallics of. As 152, 153 

- Co 55, 201 

- Hg 54 
- Pb 146 

- Se 171 

- Sn 137 

Increase 76 

Indenyl 326 

Index of local aromaticity (ILA) 345 

Inert gas rule 186 

Inert i electron pair 106 

Inorganic Benzene 65 

Insertion, carbene 17, 74, 161, 195 

- CO 204, 270, 413, 435 
- olefin 17, 205, 418, 419, 424, 428 f 

- SO2 140 

Interfacial effects 103 

Intermediate valence 327 

Interstitial metal hydrides 406 
Intervalence transition 243 

Intraligand bond order 308 

Intraligand transition 242 

Inversion barrier 112, 154, 163 

Ion exchange resins 56 
Ion pair 26, 36 

Ionic bond 12 

IR spectra (metal carbonyls) 229 

Iridacyclobutane 310 

Isocyanide-TM 181,211,240 

Isolobal relationships 4, 216, 393, 396 f, 441 
Isomer shift (Mossbauer) 122f 

Isomerase reaction 202 

Isomerization, strained molecules 415 

- unsaturated molecules 418 
Isonitrile-TM 240 

Isoprene 77 

Isopropyl Grignard method 250, 291 

Isotactic 424 

Isotopomers 27 

Kalignost 58 

Karplus equation 302 

Ketone synthesis 30, 50 

Ketone-TM 270 

^-Ketoselenium oxide 168 

kinetic CH acidity 16 

kinetic control 16 

kinetically inert 13 
Koopman’s theorem 321 

L-Dopa 429 

Lability 10, 13 
Lanthanoidocenes 363 

Laport rule 243 
Late transition metals 183, 189, 209, 263, 

403, 411 



474 Subject Index 

Lewis acidity, ER3 (E = P, As, Sb, Bi) 152 

- R3AI 84 

- R3M (M = B, Al, Ga, In, Tl) 86 

Lewis base adducts 13, 58, 64, 74, 84, 86, 

151, 200 

Lewisite 156 

Ligand metal charge transfer 242 

Ligands, Ccr-donor 193 

- exchange of (Arene, Cp) 350, 356 

- isomerization, metal induced 253 

- reorientation 296 

- void of 199 
Line width (NMR) and molecular symmetry 

24, 374 

Linear combination, symmetry adapted 

(SALC) 319, 364 

Lithium organyls 19 f 
Lobster 151 

Local shielding effects (^H-NMR) 308 

Localized orbitals 259 

Low-pressure polyethylene 423 

Low-pressure process 78, 423 

Lubricants 103 

Luminescence 244 

Magic number 393, 394 

Magnesacycles 41, 46 

Magnesocene 42 

Magnetic properties, bis(arene)TM 348 

- dinuclear complexes 388 

- manganocene 325 

- metallocenes 321 

Manganese, chirality center 338 

Manganocene 325 

Mannich reaction (ferrocene) 329 

Markovnikov direction 418 

Material properties (silicones) 102 

McConnell relation 35 

Mercuration 17, 51, 53 

Metal atom clusters 386 f 

Metal bases 196 

Metal carbon clusters 275 

Metal carbonyls 220 f 

Metal exchange, HGE 16 

- TM clusters 404 

Metal halide exchange 16, 175 
Metal protonation 207 

Metal surface reaction 441 

Metal-atom ligand-vapor cocondensation 4, 
41, 255, 344 

Metal-induced H shift 291 

Metal-Metal, bond cleavage {hv) 297 

- bond length 388 

- bonds 238, 386f 

- stretching vibration 388 

Metal-metal bond order, reduction 392 

- increase 392 
Metal-stabilized propargyl cations 275 

Metal-to solvent charge transfer 243 

Metal-to-ligand charge transfer 242 

Metallacycle 5, 45, 194, 420 

Metallacyclobutane 417, 420 

Metallacyclopentadiene 278, 313 

Metallacyclopentene 263, 301 

Metallacyclopropane 259, 402, 413 

Metallacyclopropene 273, 402 

Metallatetrahedrane 394, 402 f 

Metallation 16, 28, 29, 172, 173, 178 

- Arene-TM complexes 351 

- Metallocene 329 

Metallocene MO 320 

Metallocenes 315 

Metallotropic shifts see Fluxional structure 

Metathesis 16, 194, 281, 290, 419 

Methylarsorane 163 

Methylcobalamin 55, 201 

Methylcobaloxime 204 

Methylene transfer reagents 217 

Methylenephosphorane 4, 89 
Michael addition 177 

Migratory aptitude (R3Si) 104 

Milking stool 309 

Minimata disease 54 

Mixed metal synthesis 15 

Mixed valence 327 

Mossbauer spectroscopy, ^^’Au 179 

- ^'Fe 327, 396 

- ^"'Sb 147, 150 

- “®Sn (Excursion) 122f, 125, 127, 133 

Mold releasing agent 103 

Monoolefm-TM 256 

Monsanto process. Acetic acid 433 

- L-Dopa 429 

Morbus Parkinson 429 

Mulheim normal pressure polyethylene pro¬ 
cess 423 

Miiller-Rochow process 100 

Multicenter bonds 39, 40, 48, 66 f, 94, 173, 
268 

- 2e3c 12, 22, 60, 78, 235 
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- 2e4c 22 

- 4e3c 388 

Multidecker sandwich complexes 4, 309, 
380, 383 

Naked clusters 387 

Naked nickel 254, 422 

Nalco process 139 

Neutron absorber 57 

Neutron diffraction 235, 406 
NH acidity 85 

NiAs structure 33 

Nickelocene 323, 332 

Nido structure 68, 407 

Nido- and arachno boranes 70 
Niobocene 324 

Nitrido cluster 405 

Nitrogenase 396 

Nitrosyl-TM-Cp 337 

NMR, 295 

- 2"A1 84 

- “B 73 

- ”Co 373 

- ^^Fe 370 

- 304 

- ^•''Li 24 

- 43, 44 

- paramagnetic complexes 304 
- 137 

- ^’Se 167 

- “®Sn 122 

Nobel prizes (Organometallic chemistry) 
2-4 

Nonlocal effects (NMR) 308 

Nonlocal term (NMR) 296 

Norphos 429 

Nuclear medicine 57 

Nucleophilic addition to complex cations 

255, 293 

Nucleophilic Substitution at Si 114 

02-complexes 266 

Olefin, Insertion 17, 205, 418, 419, 424, 428 f 

- Isomerization 289, 418 

- Metathesis 419 

- Oxidation (Tl'") 92 

- Oxidation (Wacker process) 425 

- Polymerization 78, 423 

- TM complexes 252 

Oligohydridometal clusters 249 

Oligoolefin-TM complexes 267 

Onium ions R4E'^ (E = As, Sb, Bi) 149 
Open metallocenes 292 

Organo, arglutate 173 
- aurate 178 

- borate 58, 60 

- borinium ion 58 

- boron halides 58 

- boron hydrides 58 

- chlorosilane lOOf 
- cuprate 172 

- diselenane 167 

- diselenide 167 

- germane 117 

- halogermane 117 

- metal oxides 336 

- metallics 7 

- plumbane 139, 143 

- plumbyl radical 144 

- polygermane 116 

- polysilane 105 

- polysilazane 104 

- polystannane 130 
- selenane 167 

- selenide 167 

- selenium oxide 167 

- Si —N compounds 103 
- silanole 100 

- stannonium ions 126 

- stannyl anions 131 

- stannyl radicals 131, 132 

- stibane oxide 156 

- tin alkoxide 127 

- tin amide 127 

- tin carbenoids 49 

- tin halides 124 

- tin hydrides 128 

- TM radicals 246 

Organolead, alkoxides 141 

- anions 143 

- cations 140 

- halides 140 

- hydrides 141 

- hydroxides 140 

Organometallic catalysis 411 f 

Organometallic elementary steps (TM) 413 

Orthometallation 16, 439 

Osmocene 323, 330 

Oxidation state, changes, Co"7Co"/Co' 203 

- E"VE'' (As, Sb, Bi) 147f 
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- Ge^'/Ge" 118 

- In'"/In' 89 

- Sn'VSn''' 146 

- T1"VT1' 88, 92 

Oxidative addition 15, 88, 138, 143, 148, 

196, 199, 205, 206, 245, 412, 413, 439 
Oxidative coupling 176, 413 

Oxidative decarbonylation 336 

Oxo synthesis 14, 434 

Oxymercuration 53, 92 
Oxypalladation 426 

Oxyplumbation 141 
Oxythalliation 92 

7r-Complex 252 

7c-Radicals 35 

Paint protection 137 
Pauson-Khand reaction 278 

Pb„-chains 143 

Pd° catalyzed reactions, C —C coupling, 
vinylic position 419 

- Sn, vinylic position 288 
Penicillamin 56, 146 

Penicillium brevicaule 153 
Pentafulvene-TM 329 

Pentamethylcyclopentadienyl (Cp*) 47 

Pentaphosphaferrocene 378 

Perfluoroorgano-TM 204 
Tt-Perimeter 309 f 

Pharmacological action. As organyls 147, 
152, 157 

- Hg organyls 50 

Phenylboratabenzene 64 
Phosphaalkyne 279 

Phosphabenzene 161 

Phosphabutadiene TM complex 272 

Phosphaethyne 164 

Phosphinine 161 

Phosphole 163 

Phosphoniodiylid ligand 173, 179 

Photochemical primary processes 243 

Photochemical reactivity (Excursion) 242 f 

Photochemical substitution (metal car¬ 
bonyls) 244 

Photodealkylation 249 

Photoelectron spectrum 201, 325 

Photophysical aspects 242 

Piano stool 309, 353 

Plant growth substance 99 

Plastic surgery 102 

Plastics stabilizers 137, 146 

Platinacyclobutane 421 

Plumbocene 145 

Plumboxane 141 

Plumbylene 133, 144 

Plumbylene-TM 144 

Polyamide building block 423 

Polydecker sandwich complexes 383 

Polyisoprene 30 

Polymer-supported catalyst 412 
Precipitating agent 151, 152 

Production figures (organometallics) 6 

Promotion energy 256 f 

Propargyl cations 275 
Propene dimerization 77 

Proton affinity PhjE” (E = Si, Ge, Sn, Pb) 
142 

Protonation (Cp —TM) 340 

Prototropic shift 99 
Pseudorotation 115, 150 

PVC stabilizers 137 

Pyridine synthesis 277, 375 

Pyrimidine bases 56 

Pyrrole 163 

Quadripolar nuclei 24 

Quadruple bond 390 

Quadrupole moment 24, 374 

Quadrupole splitting 122f 

Racemization, 1,3-Diene-TM 265 

- Pyrrole, Phosphole, Arsole 163 

- RR'R"E (E = As, Sb, Bi) 154 

- RR'R"Si“ 112 

- RR'R"SnX 126 

- S[,i2(Si) 115 

Radiationless deactivation 244 
Radical anions 35, 58 

Radical trapping agent 42 

Radicals, methylene 106 
- organo-Li 36 

- organo-TM 233, 246, 414 
- RjC- 260 

- RjGe- 120 

- RaPb- 14l 

- RaSi* 112 

- RjSn- 131 

- RX‘ (Grignard reaction) 42 

Reactive organometal fragments 248 
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Rearrangement, nja 267 
- njaln 285 

- ajn 32, 245, 249, 359, 379 

Redox proteins 396 

Reducing agent, self indicating 34 

Reductive aggregation 407 

Reductive cleavage (metallocene) 254 

Reductive elimination 244, 248, 413, 440 

Reformatzky reaction 49 
Reforming 431 

Regioselectivity, addition of nucleophiles 
196, 241, 255, 292f, 356 

- alkene insertion 419 

- carbalumination 75, 83 

- carbolithiation 30 

- electrophilic aromatic thalliation 93 

- hydroalumination 75, 83 

- hydroboration 60, 61 

- hydrogenation (catal.) 427 

- hydrosilation 96 

- hydrostannation 178 

Rehybridization 298, 301, 373 

Relative receptivity 24 f 

Relaxation times Tj, T2, 24, 301 

Reorganization, enthalpy of 82 

Reppe carbonylation 438 

Retro-Diels-Alder reaction 316, 416 

Retro-diene-cleavage 108 

Rhenocene 325 

Rieke magnesium 41, 46 

Ring contraction 92, 313, 361 

Ring current 27, 296, 308 

Ring expansion 50, 161, 359, 381 

Ring opening, cyclopropane 311 

- metallacyclobutane 420 

Ring strain 274, 415, 417 

Rocket propellant 57 

Rohm & Haas 438 

Rotational barrier, alkene-TM 260 

- allyl-TM 287 

- aryl-TM 174 

- carbene-TM 214 

- metallocene 322 
RjSi group, migratory aptitude 104 

Ruhrchemie A.G. 434 
Ruhrchemie/Rhone-Poulenc process 412,437 

Ruthenocene 323, 330 

5,/7, (/separation 190 

Sn2 —Si mechanism 114 

Salvarsan 2, 158 

Sandwich complexes 3, 309, 316 

Sasol plant 431 
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