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The Chemistry of the Metal-Carbon Bond will be a multi-volume work within the 
well established series of books covering The Chemistry of Functional Groups. It aims 
to cover the chemistry of the metal-carbon bond as a whole. but lays emphasis on the 
carbon end. It should therefore be of particular interest to the organic chemist. The  
general plan of the  material will be the  same as in previous volumes with the exception 
that. because of the  large amount of material involved, this will be a multi-volume 
work. This present volume is concerned with: 

(a) Structure and  thermochemistry of organometallic compounds. 
(b) T h e  preparation of organometallic compounds. 
(c) T h e  analysis and  spectroscopic characterization of organometallic compounds. 

Chapters on the  theoretical understanding of the metal-carbon bond and the 
preparation of organometallic compounds of the  main group m-etals have not yet been 
completed. They  will be included in the second volume, which will also cover 
metal-carbon bond cleavage reactions. Later volumes will be concerned with the use 
of organometallic compounds for t he  formation of new carbon-carbon, carbon- 
hydrogen and o the r  carbon-element bonds. In classifying organornetallic compounds 
we have used Cotton’s hapto-nomenc1atl;re ( q - )  to indica:: the number of carbon 
atoms directly linked to a single metal atom. 

In common with o ther  volumes in The Cliernistry of the Functional Groups series, 
the emphasis is laid on  the functional group treated and  on  the effects which i t  exerts 
on the  chemical and  physical properties, primarily in the immediate vicinity of the 
group in question, and  secondarily o n  the behaviour of the whole molecule. The 
coverage is restricted in that material included in easily and  generally available 
secondary or tertiary sources. such as Chemical Reviews and various ‘Advances’ and 
‘Progress’ series as well as textbooks (i.e. in books which a re  mually found in the 
chemical libraries of universities and  research institutes) is not, as a rule, repeated in 
detail, unless it is necessary for the balanced treatment of the subject. Therefore each 
of the authors has been asked tiot t o  give an encyclopacdic coverage of his subject, 
but t o  concentrate on  the most important recent developments and  mainly on material 
that has  not be  adequately covered by reviews or other secondary sources by the  time 
of writing of the chapter, and  to address himself to a reader who is assumed to be at a 
fairly advanced pqstgraduate level. With these restrictions, i t  is realised that no  plan 
can be devised for a volume that would give acottiplete coverage of the subject wi thno  
overlap between the chapters, while at the same time preserving the  readability of the 
text. T h e  Editors set themselves the  goal of attaining reasoriuble coverage with 
moderate overlap, with a minimum of cross-references between the  chapters of each 
volume. In this manner  sufficient freedom is given to each author to produce readable 
quasi-monographic chapters. Such a plan necessarily means that the breadth, depth 
and thought-provoking nature of each chapter will differ with the  views and  incli- 
nations of the author.  

T h e  publication of the Functional Group  Series would never have started without 
the support of many people. Foremost among these is D r  Arnold Weissberger, whose 
reassurance and  trust encouraged the  start of the task and who continues to  help and  
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advise. This volume would never have reached fruition without Mrs Trembath’s help 
with typing and the efficient and patient cooperation of several staff members of the 
Publisher whose code of ethics does not allow us to thank them by name. Many of 
our colleagues in England, Israel and elsewhere gave great help in solving many 
problems, especially Professor Z. Rappoport. Finally, that the project ever reached 
completion is due to the essential support and partnership of our wives and families. 

Shrivenham, England 
Jerusalem, Israel 

FRANK HARTLEY 
SAUL PATAI 
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1. INTRODUCTION 

The increasing interest in the synthesis and chemistry of organometallic compounds 
during the period 1950-65 was accompanied by the desire to know more about the 
structures of these complexes. It was fortunate that this desire came at a time of great 
advance in X-ray structural analysis. Many organometallic compounds were ideally 
suited to the application of the ‘heavy atom’ method of phase determination and 
this, together with the very rapid improvement in computing facilities, enabled the 
structural features of these complexes to be revealed. More recent improvements in 
data collection and handling, and also in methods of structure solution, have led to 
a continual expansion in the number of structure determinations of organometallic 
compounds. If one adds to these the structural work carried out using electron and 
neutron diffraction and also the various spectroscopic techniques, the amount of 
structural information available to the organometallic chemist is truly overwhelming. 
To survey the whole of structural organometallic chemistry would be a task of 
Herculean proportions and perhaps as pointless as many of those classical labours. 
It has therefore been necessary to restrict the aims of this chapter. 

A. The Alms of the Chapter 

The Patai series of textbooks is directed towards thc research worker in organic 
chemistry, who need not be an organometallic chemist, and is almost certainly not 
a crystallographer. The aims of this chapter on the structures of organometallic 
compounds have been determined with this in  mind and are as follows: 

(a) to survey the main types of organometallic strwture, keeping this within 
manageable bounds; 

(b) to provide dctails of the structural effect on the organic group of being bound to a 
metal atom rather than detailing metal geometry or overall molecular structure; 

(c) to provide a starting point from which the interested organic chemist may quickly 
increase his knowledge of the structural chemistry of any of the main types of 
organometallic complexes. 

To try to achieve these aims the following guidelines have been used. 

(i) The structures described are mainly solid-state structures determined using X-ray 
and, morc rarely, neutron diffraction methods. 
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(ii) The structures have been classified in terms of the  number of carbon atoms in the 
ligand which C ~ R  Se considered to be bound to the metal atom. 

(iii) In order to reduce the number of structures described for each class, the reader is 
referred wherever possible to sources in the literature which contain 
comprchensive lists of structurc determinations relevant to that class. 

(iv) Many of the structures rcported in the chapter are recent examples of types 
originally rcported a number of years ago. This is because reference to the most 
recent structural papers will frequently lcad the rcader back through the 
literature, by way of similar complexes, down to thc prototype. Thus, what the 
examples quoted have lost in terms of primacy i t  is hoped that they have gained as 
starting points for literature searches and also, probably. in accuracy of structural 
parame ters. 

8. Sources of Structural Data OR Crystalline Organometallic Complexes 
Obtained by Diffraction Methods 

In addition to the normal journals reporting structural data for organometallic 
complexes, there arc scvcral sourccs which provide comprehensive listings of such 
data on an annual basis. They vary in content and also in method of access. Thus some 
provide considerable structural detail and others simply a bibliography; some are 
available in book form and others as computer files. A useful general guide to these 
sources is given in an article by M. R. Truter'. The two most comprehensive genera! 
sources are: 

(i) Structure Reports. An annual survey of all published crystal structures carried out 
under the auspices of the International Union of Crystallography. 

(ii) The Cambridge Crystallographic Data Files. Computer-based files containing 
bibliographic and structural dctails of all organic and organometallic structure 
determinations from 1935 onwards. Thc files are available in a growing number of 
countries and are compiled by the Cambridge Crystallographic Data Centre, 
Lensfield Road. Cambridge, UK. The bibliographic files are published in book 
form under the title Molecitlar Structures and Dimensions. 

Two annual compilations of structural data for organometallic complexes only arc 
publishcd in: 

(a) Organometallic Chemistry. Spccialist Periodical Report, Royal Society of 

(b) Journal of Orgnnonietallic Clternistry. Annual Surveys. 

C .  Structural Results from X-ray Diffraction Data 

The bond lengths and angles quoted in this chapter arc followed by their estimated 
standard deviations in parentheses, where these are available. However, i t  should be 
noted that the standard deviations are derived from parameters obtained by 
least-squares procedures which assume that all of the data errors are random 2nd that 
no errors reside in the thcoretical model. Thcse assumptions are not strictly valid and 
care should therefore be exercized in the interpretation of the significancc of small 
differences in bond lengths and angles. 

Chemistry, London, UK. 

11. a-BONDED (MONOHAPTO) LIGANDS 

Complexes involving metal-carbon a-bonds can be classified as follows: 

Class A: complcxcs where the organic ligand can be described as an anionic 
a-donor(a1kyls. aryls. acyls, etc.). 
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Class B: complexes where the organic ligand can be described as a neutral 

These two broad classes will be subdivided into structural groups where the complexes 
contain (i) terminal metal-carbon bonds, (ii) bridging metal-carbon bonds. The 
structurcs of complexes containing only n-acceptor ligands, such as carbonyls and 
isonitriles, are beyond the scope of this chapter. 

a-donor/n-acceptor(carbenes. carbynes). 

A. Class A(i) Structures 

1. Alkyl, alkenyl, alkynyl, and awl complexes 

Alkyl compounds involving most metals have been prepared. Those containing the 
most clectropositive metals are in general ionic' and thc bonding and structures of the 
other alkyls are normally those which would bc cxpected. Indecd. the main structural 
interest frequently centres on the metal atom rather than thc organic ligand to the 
extent that such complexcs are a rich sourcc of unusual stereochemistries, oxidation 
states and multiple metal-metal bonds. 

Thus, in [{(Me3Si)2CH}3Cr] the chromium is three-coordinate (1) and 0.32 A out of 
the plane defined by the ligated carbon atoms3. The Cr-C distance is 2.07(1) A. 
The complex [ Cr(CO),(Ge{CH(SiMe,)2}] contains Ge(I1) in a planar 
three-coordinate environmcnt (2)5.  The Ge-C distances arc 1.984(7) and 1.989(6) 

I CH(SiMe3)2 
CH(SiMe3I2 

(1J 

0 
C 

I 

(2 )  

A, the C - G e C  angle is 102.8(2)", and the Ge-Cr distancc is 2.406(1) A. This 
complex is the germanium analogue of a metal-carbene complex (see Scction II.B.l). 

Some of the shortest metal-mctal bonds havc been rcported in complexes 
containing metal-carbon u-bonds. In tetrakis(2-methoxy-5-methylphenyl)di- 
chromium (3), the Cr-Cr bond is only 1.828(2) A and represcnts a Cr-Cr 
quadruple bond5. A quadruple Re-Re bond is found in the octamethyldirhenate(II1) 
ion (4); the ReMej units are cclipsed with Rc-Re and Re-C distances of 
2.198( 1) and 2.19( I )  A, respectively6. 

oc 

Me 

OMe 

2 -  Me Me 

\ 

Me Me 

( 4 )  
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The length of the metal-carbon bond in mctal alkyls. in gencral. comparcs 
favourably with calculated values using appropriate covalent radii. For example. 
the Re-C(sp3) distances in [(qS-CSHS)(C0)2HRe(CH2Ph)J7 and [ ReMe?(q'- 
CSHSMe)(qS-CSHS)18 are 2.29(1) A and 2.232(26), 2.251(56) A, rcspectively, 
and are close to thc calculated Re(II)-C(sp3) distance of 2.28:A. However, 
care must be taken in using calculated, bond distances owing to the uncertainty 
in the values of the radii for many metal atoms. 

When thc metal-carbon bond lcngth in alkyl complexes deviates from that 
expected, i t  is normally because of steric factors. Thus. in [ ( C S H ~ ) ~ S ~ ]  the lengthening 
of the Sn-C bond to 2.23-2.29(3) A from 2.17 A (calculated) is ascribcd to steric 
hindrance"'. The tin coordination geometry is a slightly distortcd tctrahedron 
described by the a-bonded C S H ~  groups (5 ) .  

(5 )  

In mctal aryls, alkenyls and alkvnyls the metal-carbon distancc should bc shorter 
than that observed in the corresponding alkyls bccause of thc smaller carbon atom 
radius and the possibility of multiple bond character in such a bond. Sometimes this 
difference is not detected. as in [SnPh3(CHII 3 .  whcre the Sn-C(aryl) and 

Similarly, in [ Cr{C(Ph)=CMe2}4] the Cr-C bonds are cqual within experimental 
crror. averaging 2.03(2) A12. and this is in thc range 2.01-2.07(3) A found in the 
complcx [Cr(CH2CMe2Ph)J]13. This observation is taken to indicate that there is no 
significant multiplc bond character in the mctal-carbon bond in such complexcs. 

Evidence supporting an identical proposal for transition metal-alkynyl complcxes 
is found in the structure of rruns-chlorobis(diethylphenylphosphine)(phenylethynyl)- 
platinum(II), where the observed Pt-C(sp) distancc of 1.98(2) A is similar to those 
reported for a range of Pt(I1)-alkynyl complexes14 and agrees with thc predicted 
value of 2.00 A calculated using the covalent radii of Pt(I1) and C(sp). The C G C  
bond distance in the complex is 1.18(3) A. 

Howcver. considerable shortening of the transition mctal-C(aryl) bond has been 
reported. Thus, in tris(r]l-phenyl)bis(diethylphenylphosphin~)rheniuIn thc shortening 
of the Re-C(sp2) bond to 2.024-2.029( 11) A from the calculated 2.22 A value is 
believed to indicate significant metal dn-phenyl px' back donation15. An interesting 
feature of this molccule is that all of the phcnyl groups lie in the equatorial planc of thc 
trigonal bipyramidal ligand arrangemcnt, and are nearly coplanar (6). Complete 
planarity is restricted by thc closc approach of thc orrho-H atoms. 

Sn-C(alky1) distances of 2.133(6) and 2.1 34(6) A are not  significantly different". 
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2. Acyl complexes 

Multiple bonding in the metal-carbon bond in acyl complexes is expected because 
of the possible interaction between the metal d~ orbitals and the pn’ orbitals of the 
acyl group. Shortening of the M-C(acyl) bond, which could be in part related to such 
an interaction, is observed in (maleonitriledithiolato)bis(triethylphosphine)- 
propanoylrhodium(III)’6, where the Rh-C(acy1) distance of 2.002(7) A is 
significantly shorter than most Rh(I1I)-C a-bonds, which range from 2.05 to 
2.26 

In their report of the structure of [ (CSH4C6H6CO)Fe2(CO)5J (7), Churchill and 
Chang tabulate known Fe--(a) bond distances for iron alkyls (2.06-2.11 A), 
alkcnyls (1.987- 1.996 A), and alkynyls (1.906-1.920 A)18. They compare these 
values with the observed Fe-C(acyl) distance [ 1.9596(30) A] in the complex and 
conclude that this bond must have some multiple bond character. 

( 7 )  

T h e  significant differences obscrved in the M--C(acyl) distances in different 
complexes of the same transition metal are prcsumably related to the extent of the 
metal-ligand n-interaction. Thus, the Fe-C(acyl) distances in the metallo- 
P-diketonate complex [(q5-CsH5)(OC)Fe(MeCO)(i-C~H7CO)]BF2 are 1.859(2) 
and 1.867(2) approximately 0.1 A shorter than those observed in  Churchill 
and Chang’s complex.. Again, the Re-C(acyl) distance in cis-[(C0)4Re(COMe)- 
(NH2Ph)] is 2.21 l(6) A2”, whereas in the formyl complex [(q5-CsH5)Re(PPh3)- 
(NO)(CHO)] i t  is 2.055(10) A’’. The acyl C-0 distances reported for the 
latter two complexes of 1.214(7) and 1.220( 12) A, respectively, are not significantly 
different. 

T h e  substituent on the acyl carbon does not appear to affect the metal-carbon bond 
length unduly. In [ (MeCO)(PhCO)(CO),Mn]-, where two different acyl groups are 
attached to the same metal, the Mn-C(acety1) and Mn-C(benzoy1) distances of 
2.045( 1 1 )  A and 2.O91( 11 )  A. respcctively, are not significantly different”’. and this is 
also t h e  case for the C-0 distances of 1.203(13) A (acetyl) and 1.218(13) 8, 
(benzoyl). The acyl groups are in the cis-positions (8), with both oxygen atoms 

oc 
oc 

Me 

( 8 )  

orientated in the same direction with respect to the plane defined by thc Mn and thc 
two acyl carbon atoms. The plancs of the acetyl and benzoyl groups are twisted out of 
the equatorial plane by 73.9” and 66.1 ”, respectively. the oxygen atoms being tilted 
away from each other. 
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The  impetus for the determination of the structures of many metal-acyl complexes 
has been provided by the long-standing interest in the 'carbonyl insertion reaction'. 
which is of fundamental importance in many processes involving homogeneous 
catalysis. Calderazzoz3 and Berke and H ~ f f m a n n ~ ~ .  although primarily concerned with 
the mechanistic and theoretical aspects of carbonyl insertion, provide useful sources of 
structural information o n  metal-acyl complexes. 

3. Ylide complexes 

The structures of complexes containing ligands derived from ylide systems have 
been determined. Phosphorus ylides, R3P+- C-R2, pro..!lde the most frequently 
encountered ligands of this type25.26. 

In the carbonyl-ylide complex [(CO)3Ni{CH(Me)-P(C6Hll)3}] (9 )  the 
Ni-C(ylide) and P-C(ylide) are 2.09(6) and 1.74(5), respectively2'. This complex 
shows the ylide ligand in a terminal bonding mode, whereas in the dimer 
[ {Me2P(CH2)2}2Ni]2 the structure reveals the use of the ylide as a 
chelating and a bridging ligand (10). The Ni-C (chclating) and P--C (chelating) 
distances are 2.031(3) and 1.736(3) A, respectively, the equivalent distances for the 
bridging ylide being 1.978(3) and 1.754(3) A.  

H2 
c 
H2 PMe2 

(9) (10) 

The use of ylide ligands as bridges between transition metals has been exploited by 
Cotton and his colleagues in their studies of multiple metal-metal bonds. Thus, the 
Cr-Cr and Mo-Mo distances of 1.895(3) and 2.082(2) A in the ylide complexes 
[M2{(CH2)2PMe2}4], where M = Cr or Mo, correspond to metal-metal quadruple 
bonds (11). However, it should be noted that the metal-C(ylide) distances observed 

M e  

/- \ 
Me Me 

(11) 

in these complexes are not significantly different from the mctal-alkyl distances 
observed in the corresponding methyl complexes [ M2Me8]'-, for example the relevant 
average Cr-C distances are 2.22(1) A in thc ylidc complcx and 2.199(13) A in the 
alkyl complex. Nevertheless, consideration of the structural parameters for a number 
of complexes containing the [ Me2P(CH&- ligandZ9 shows that the P-CH2 bond is 
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always shorter than the P-CH, bond and that the CH2-P-CH2 angle has expanded 
to 1 14". These observations are consistent with the retention of ylidic character by the 
ligand. 

B. Class A(I1) Structures (Complzxcs with Bridging Ligands) 

The alkyls of lithium, beryllium and aluminium are associated and contain bridging 
alkyl groups. Thus, in dimeric trimethylaluminium the two tetrahedrally coordinated 
aluminium atoms are linked by two methyl bridgcs The. Al--C(bridge) bond 

H 
I-3 

(121 

(2.15 A) is longcr than the Al--C(terminal) bond (1.96 A) and the AI-C 
(bridge)-Al angle is 74.7'. This pattern of metal-carbon distances and very acute 
bridging anglcs is typical of this type of complex. Another feature observed in Me6AI2 
which is found in similar complexes is the short metal-metal distance which at 2.60 A 
is only slightly longer than the sum of the covalent radii. 

In the mixed mctal complex [ ($-C5H5)2Y(p-Me2)AlMe2] (13) the same pattern of 
metal-carbon bonds is found [ Al-C(termina1) 1.90-1.97(3) A, Al--(bridge) 
2.08-2.11(2) A] and the Y-AI distance of 3.056 A indicates some metal-metal 
interaction3'. The Y-C-A1 angle has increased to 91 O ,  presumably reflecting the 
disparity in size between the two mctal atoms. 

Alkyllithium complexes are  tetrameric and hexameric in the solid state. In 
[(methyllithium)2(NN~'N'-tetramethylethylenediamine)] the diamine links together 
(LiMe)4 gr0ups3~. These methyllithium tetramers (14) consist of a tetrahedral cluster 
of lithium atoms [Li-Li 2.561-2.571(6) A] and p3-M~ groups on each tetrahedral 
face [ Li-C 2.234-2.279(6) A]. Bridged structures similar to those described above 
are found for alkenyl and aryl complexes of aluminium and lithium. 

L i  

Me 

(14) 
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Binuclear transition metal complexes containing bridging alkyl groups have been 
reported. In bis (p-methyl-l,3-dimethyl-r]3-allyInickel)33 (15) and di-ptrimethyl- 
silylmethylbis[(trimethyiphosphine)(trimethylsilylmethyl)chromium(II)j34 (16) the 
complexes are folded across the vector joining the two bridging carbon atoms. 

(1 5 )  (16) 
Both structures show evidence of asymmetric bridging [ Ni-,uC 2.045-2.067 A, 
Cr-pC 2.181-2.269(3) A], its more pronounced nature in the chromium complex 
being duc to the closc contact of one of the hydrogens on thc p-carbon with the 
chromium atom. Both complexes contain metal-metal bonds [ Ni-Ni 2.371 A. 
Cr--Cr 2.1007(5) A] and in the chromium compound the metal-C(sp3, terminal) 
distance is shorter r2.123-2.140(3) A] than the metal-C(sp3, bridging) distance, as  
would be expected. 

C. Class'B(i) Structures 

I .  Carbene (alkylidene) complexes 

T h e  stabiliza ion of carbenes by bonding to trailsition metals was first achieved by 
Fischer and M a a ~ b o l ) ~  and confirmed by the structure determination of penta- 
carbonyl[methoxy(phenyl)carbene]chromium3~~ (17). The main structural features of 

o o \  

OC-Cr-C 
/ \  \ 

c c Ph 
0 0  

(1 7 )  

this molecule, which are  also typical of carbene complexes with heteroatom 
substituents. are as follows: 

(i) The carbenoid carbon atom is coplanar with the metal atom and the carbenc 
substituent atoms [ 0 and C (phcnyl)]. 

(ii) The  metal-Ctcarbene) bond [2.04(3) A] is shorter than that calculated for a 
mctal-carbon(sp2) single bond (Cr-C 2.21 A). but appreciahly longer than the 
metal-carbonyl bonds (Cr-CO 1.88 A. avcraae). 

(iii) The C(carbene)-X(heteroatom) bond length [Cr-0  1.33(2) A] is shorter than 
the corresponding C-X single bond length (Cr-0 1.46 A). indicating 
substantial multiple bond charactcr. 

These features imply that the main stabilizing influcnce on the carbcne is the 
interaction between the carbon p r  orbital and lonc-pair electrons associated with the 
heteroatom. 

Me 

"\/" P 
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Complexes where the carbenoid carbon interacts with two heteroatoms have been 
extensively studied by Lappert and his colleagues37. They found, in general, no 
evidence for very short metal-carbene bonds, thus indicating minimal multiple bond 
character. Indeed, in the carbene complex rrum-dichlorotetrakis-( 1,3- 
diethylimidazolidir1-2-ylidene)ruthenium(II)~~ (18) the Ru-C(carbene) distances 

(1 8 )  

average 2.105(5) A, which compares well with the Ru-C(naphthy1) single bond 
length of 2.16( 1) A found in hydridobis[ 1,2-bis(dimethylphosphino)ethane]- 
naphthylr~thenium(I1)~~. However, multiple bond character in the carbene-hetero- 
atom linkage is indicated by the short C-N distance of 1.349(11) A. The carbene 
ligands are in a 'propeller-like' arrangement in the equatorial plane. 

Although a number of structure determinations of carbene complexes without 
heteroatom substituents have been reported [e.g. pentacarbonyl(2,3-diphenylcyclo- 
propenylidene)chr~mium~~ and (qs-cyclopentadienyl)(phenylbenzoylcarbene)di- 
~arbonylmanganese~'], and have revealed metal-carbene distances compatible with 
significant multiple bond character, the first conclusive metal-carbon double bond 
was reported with the structure determination of [(q5-CjHS)2Ta(CH2)(CH3)]42.43 
(19). The CH2 plane is perpendicular to the plane defined by Ta, C(Me), and 

C(carbene). The H-C-H angle is 107(9)" and the Ta-CH2 system is planar. The 
orientation of the CH2 group allows the interaction of thep, orbital on the methylene 
carbon with the appropriate n-orbitals of the tantalum, resulting in a Ta-C distance 
of 2.026( 10) A, which is considerably shorter than the Ta--(methyl) single bond 
of 2.246(12) A. 

In complcxes containing the group Ta=CHR (R f H). considerable obtuseness of 
the Ta-C-C angle has been observed. Thus, in mesitylbis(neopenty1idene)- 
bis(trimethylphosphine)tantalum(V) (20). the Ta-C(,)-C(g) angles at formally 
sp2 hybridized carbon atoms are 154.0(6)" and 168.9(6) , respectivelyu. This 
obtuseness has been noted before in [ (qs-CSHs)2TaC1(CHMe3)], 150.4(S)"45, 
and in [ W(0)(CHCMe3)(PEt3)Cl,1, 140.6( 1 1)"46. The apparent flexibility 
of the M-CC,,)-C(B) angle in such complexes would appear to be related to the 
ease of a-hydrogen abstraction in them and also to their role in olefin metathesis 
reactions. 



1. Structure of organometallic compounds 11 

In complexes containing the Ta=C bond the carbene carbon is nucleophilic in 
character and the compounds have been compared to the main group ylidcs of 
phosphorus and antimony43. In contrast, the carbene carbon in the 
heteroatom-substituted carbene complexes of Fischer is e l e~ t roph i l i c~~ .  

2. Carbyne (alkylidyne) complexes 

By analogy with carbene complexes where a formal metal-carbon double bond is 
postulated, Fischer named compounds containing formal metal-carbon triple bonds 
as carbyne complexes47. The basic structural features associated with such complexes 
are seen in the structure of truns-(iodo)tetracarbonyl(methylcarbyne)chromium4~ 
(21 1. 

o c c o  
oc co 

\ /  

/ \  
I -Cr=C--hrle 

0 )  

(ii) 

(iii) 

(21 1 

The three-atom group consisting of metal. carbyne carbon. and carbyne 
substituent is linear. 
The metal-C(carbync) distance [Cr-C 1.69(1) A] is significantly shorter than 
the corresponding metal-C(sp2), metal-carbene, and metal-carbonyl 
distances, which in this case are 2.1747. 2.0436, and 1.946(9) A48, respectively. 
The nature of the carbyne substituent determines the C(carbyne)- 
X(substituent) bond length and can also affect the metal-carbyne distance. 
Thus, in the methylcarbyne complex the C(carbyne)--(methyl) distance 
of 1.49(2) A is in agreement with a normal C(sp)-C(sp3) bond length (1.46 
A). However, in the cationic carbyne complex [(CO)=,CrCNEt2]+ the short 
C(carbyne)-N distance [ 1.282 2) A] together with the comparatively long 

over the complete Cr-C-N system49. This roposal is strengthened by the 
metal-carbyne bond [ 1.782( 1) d 3 indicates delocalization of the positive charge 

occurrence of a long Cr-CO bond [ 1.975(2) 8: ] tram to the carbyne ligand. 

The tungsten carbyne complex [W(CCMe3)(CHCMe3)(CH2CMe3)(MezPCH2 
CH2PMe2)] is interesting because it allows the comparison of alkyl, carbene 
and carbyne ligands (all related by a-hydrogen abstraction) at the same metal 
centres0. The W-C(sp3), W=C(sp2), and W=C(sp) distances are 2.258(9), 
1.942(9). and 1.785(8) A; respectively. The corresponding W-Ca-CCp angles 
of 124.53(69)", 150.44(67)", and 175.34(69)" again reflect the flexibility of the 
system. The tungsten coordination geometry is a distorted square-based pyramid 
(22). 
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CMe, 
I 
C 

D. Class B(ll) Structures (Complexes with Bridging Ligands) 

Carbene and carbyne systems can bridge two metal atoms5'. Thus, in 
(p-methylene)bis[(~5-cyclopentadienyl)carbonylrhodium] (23) the p-carbon atom 
has tetrahedral geometry and the Rh-C(p) distances are 2.045(4) and 2.029(4) As', 
and the Rh-C-Rh angle of 81.7(1)" is similar to the acute values observed in many 
organomctallic complexes. The C5H5 groups are arranged in a trum configuration with 
rcspect to the Rh-Rh bond. 

H H  

\ 

Similar methylene bridged binuclear transition metal complexes whosc structures 
have been determined include [ (p-CH2){($-MeC5H4)Mn(C0)2}2]s3, [ (p-CH2)- 
{Fe(CO)4}21549 [(~-CH2)(C(-Co){Co(~I"-Me5c5)}2Is5~ and [(C(-CH2)3{Ru2(PMe3)6}156, 
all of which contain metal-metal bonds. p-Methylene complexes have been described 
as dimetallacycl~propanes~~. 

The structure of the carbyne complex [ (p-CMe)(p-CO){(~5-C5Hs)(CO)Ru}~] shows 
the C(carbync) atom to have a trigonal gcometry (24). The Ru-C(carbyne) distances 

&! Ru-RU /T% 
co / \ /  \ co c 

I1 
0 

(24) 

are 1.933 and 1.941(5) A. and the Ru-C(carbync)-Ru angle is 89.0(2)". The CSH5 
groups are in a cis arrangement with respect to the Ru-Ru bond. This complex. 
together with the analogous p-methylcarbene and p-vinylidene compounds, was 
prepared and characterizcd during investigations into thc reactions of ethync at  a 
di-metal centre5". On passing from the p-carbyne to the p-vinylidene complex the 
Ru-C(p) distance increases [ 2.029(7) A], as would be expected, and consequently 
the angle at the p-C(viny1idene) atom decreases [83.2(3)"]. The structure of the 
p-mcthylcarhcnc complex has not becn detcrmincd but is believed t o  be similar to that 
o f  thc corresponding iron compIcx5" in which the Fe-C(carbcnc)-Fe angle is even 
more acute [78.8(1)"]. 
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A. Transltlon Metal- Alkene Complexes 

There have been numerous structure determinations of q2-alkene-metal complexes, 
many of which have been undertaken because of the role of such compounds in 
chemical proccsses of considerable industrial importance. The simplest q'-alkene 
ligand, and one of the most studied, is ethene. 

1. q2-ethene complexes 

The structures of [PtCI,(C$i,)I- 6o (25) and [ Pt(Ph3P)2(C2H4)J61 (26) show 
features associated with the complexed ethene that are representative of those found 
for more complicatcd alkcne ligands and are listed below. 

- 

C"2 
Pt-\\ 

PhP, 

Ph3P' C"2 

(25) (26) 

(a) The C--C bond distance in the complexed alkcne is significantly longer than in 
the free alkene [ 1.375(4) 8, in 25, 1.43(1) 8, in 26, and 1.337(2) in ethene]. 

(b) The planar alkene becomes non-planar on coordination, the substituents bending 
away from the metal. This distortion of the ligand is very evident in some 
substitutcd ethenc complexes. Thus. in [Pt{C,(CN),} (PPh3)JG2 (27) the angle 
between the pknes defined by Cj2; C(+ Ct3), C(4). and Ct5), C(3), C(Z). c(6) is 
141.3". and in [(C2CI4)Pt(PPh3), the corresponding angle is 132(2)". It is 
noteworthy that in both thcse complexes the C=C bond is longer than usual. 
1.49(5) 8, in 27 and an  cxceptional 1.62(3) 8, in [(C2CI4)Pt(PPh&]. This very 
long bond length is probably suspect". 

(27) 

(c) Thc alkene carbon atoms are essentially equidistant from the metal atom [Pt-C 

(d) the alignmcnt of thc alkene doublc bond with rcspcct to the metal coordination 
2.128. 2.135(3) A in 25, Pt-C 2.106(8), 2.116(9) A in 261. 

geometry can be generalized as follows: 
(1) trigonal planar geomezry; the C=C bond is in the plane as in 26. 
(2) square planar geometry; the C=C bond is pcrpendicular to the plane as in 25. 
(3) trigonal bipyramidal geomctry; the C=C bond lies in thc equatorial plane as 

in [{M~(H)NNC(MC)C(M~)NN(H)M~)P~CI,(C,H~)]~~ (28). i t  is pertinent to 
note hcre that this complex contains Pt(I1) in a n  unusual coordination 
geometry. However, the C--C and Pt-C distances of 1.46(2) A and 
2.073( 12) a, respectively, comparc well with those rcported for 
alkene-platinum(0) complexes". 
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H C \  \CH2 I 

CI 

Me,PhP,I ,CO 

CI'I Ru \ PMe2Ph 

CI 

(28) (29) 

(4) octahedral geometry; the C=C bond is aligned parallel to one axis as in 

A detailed discussion of the features listed above, together with a list of structural 
parameters for a number q2-alkene and alkyne-transition metal complexes, is given 
in a recent review67. 

It is possible for more than one ethene molecule to be bound to the same metal atom 
and complexes of this type include [ (C2H4)2Rh(acac)]68 (30) and [ (C2H4)2NiCH3]-69 
(31). In 30 the two ethene molecules are perpendicular to the rhodium coordination 
plane and the C=C distance is 1.41(3) A, whereas in 31 they lie in the nickel 
coordination plane and the shorter C-C distances (1.36, 1.38 A) appear to indicate 
weaker alkene-metal bonding. 

[ ( Me2PhP)zC12(CO)Ru(C2H4)]64 (29). 

(30) (31) 

Rosch and Hoffmann7" have discussed the possible structure that could be adopted 
by metal complexes with q2-ethene as  the only ligand. but as yet crystal structures of 
such compounds do not appear to have been reported. However, the all-q2-alkene 
ligand complexes [ Pt(C2H4),(C2F4)] and [ Pt(n~rbornene)~]  have been studied; the 
alkene ligands all lie in the trigonal plane7@". 

2. Alkenes as chelating ligands 

The use of alkenes as chelating ligands in organometallic chemistry is well 
documented. Thus, in bis(cyc1oocta- 1,s-diene)nickel (32) both double bonds in the 

Ni-C 2.114-2.135(21) A 
C-C 1.384-1.392(13) A 

(32) 

diene are coordinated to the nickel, giving the metal a distorted tetrahedral 
arrangement7'. Similarly in the Dewar-benzene complex \[(Me,&)Cr(C0)4]72 the 
doublc bonds of the organic ligand occupy cis-positions in the Cr coordination 
octahedron (33). 

An example of an alkene acting as a tridentate chelating ligand is found in the 
complex rrans,rram,iruns- 1,5,9-~yclododecatrienenickel~~. The nickel has trigona] 
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planar geometry with respect to the centres of the double bonds (34) and these bonds 
are arranged in a propeller-like fashion (35). 

NI-C 2.021- 2.027A 

C=C I .  370-1.374 A 

The structural features associated with the C=C bonds in the chelate complexes 
are, in general, similar to those described for the ethene complexes unless steric 
factors involving the rest of the organic ligand force changes. Thus, in 
(but-2-enyl-l-methylallylether)pentane-2,4-dionatorhodium(I) (36) the double bonds 
are perpendicular to the rhodium coordination plane, as  would be expected'*. 

n 
0 0 = pentane-2,4-dionato 

Rh-C 2.108-2.135(6) A 
C=C 1.400.1.368(9) A 

(38 1 

However, in chloro[hex-3-ene-1,6-diylbis(di-r-butylphosphine)]rhodium(I) (37) the 
coordinated double bond is at an angle of 74" to the rhodium coordination plane 
because of thc conformation of the chelate ring75. An interesting feature concerning 37 
is that it is prepared from RhCI3 and the fully saturated diphosphine. Therefore, it is 
presumed that the steric requirement that the P atoms be in rram positions forces the 
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\ Rh-C 2.139-2.160(21) A 
t-BuP-Rh--.Bu-t 

H2C H 
1 I ICH2 C=C 1.37(3) A 
’CNC4C- CH2 

(37) 
H2 ti 

short rnethylene chain to interact with thc metal and reductive elimination occurs t o  
produce the q2-bonded alkene. 

Alkene complexes of Rh(1) are commonly associated with hydrogenation reactions 
and much structural work has been undertaken in order to gain an insight into t h e  
mcchanisms involved in these reactions. In the square planar complex 
[{ 3-(diphenylphosphino)propyl}(3-butenyl)phenylphospt1i~1~chlororhodium( (38), 
the  Rh-C distances of 2.203-2.208(6)A are long compared with the v a h e s  
observcd in the two Rh(1) complcxes described above, which indicates the weaker 
metal-alkene bonding. It is suggested that the influence of the phosphorus atom trans 
to the double bond may cause the alkene to dissociate easily in solution o r  activate it 
sufficiently to react with molecular h ~ d r o g e n ’ ~ .  

Ph ‘Ph 

Ph C--6 
H2 H2 

3. p- q2-Alkene ligands 

Alkenes can function as  bridges between two o r  more transition metal atoms. In 
~-but-2-ene-~-ethenebis(q~-l-methylindenyl)dirhodium (39) the alkenc is a-bonded to  

(39) 

one rhodium and q2-bonded to the other”. This complex catalyses the trimerization of 
alkynes. e.g.  2,2-dimethylbut- l-yne to 1.2,4-tri-r-butyIbenzene and the unsubstituted 
indenyl analogue reacts with carbon monoxide to give the ap-unsaturated ketone 40. 

T h c  bridging ligznd in the cluster complex [ (s-rrans-C4H6)(CO),oOs~] is a d i m e  
(41). The C=C distances are not equal [1.32(4), 1.45(4) A] but the author7’? notes  
that thc inncr atoms of the C4 chain are not well determined. However, this is  a n  
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oc-0s 0s-co 
I ,OS\l 

c c 
0 0 

unusual mode of bonding for buta-1,3-diene. which is more normally encountered in 
organometallic complexes as the cis-isomer acting as an q4-ligand to a single metal 
cent re. 

B. q*-Ligands Containlng Heteroatoms 

The complex [(qS-CSH5)Mo(C0)2(q2-MeCNPh)] contains an $-CN system (42). The 
Mo-C and Mo-N distances are 2.106(5) and 2.143(4) A, re~pectively'~. and the 
C = N  distance is 1.233(6) A. 

The linear carbon disulphide molecule is bent on coordination. Thus, in 
[ (q2-CS2)(CO)2(PMe3)(PPh3)FeJ (43) the S-C-S angle is 138.9( 1)" and also the 

PPh3 

(42) (43) 

C-S distances of 1.676(7) and 1.615(8) A are  both longer than those observed in free 
carbon disulphide". Similar distortions of the C 0 2  molecule have been observed when 
it is q2-bonded to transition metalsR'. 

Interaction of acetyl chloride and [Ti(C5H5)2(CO),] affords a complex (44) where 
the acyl group acts as an q2-ligand. The Ti-C and Ti-0 distances are 2.07(2) and 

Me 

Ti."" 

(44) 

2.194(14) A, respectivelys2. This structure provides an explanation for the low CO 
stretching frequency (vc0 = 1600 cm-l) observed for the complex. Low values of vco 
are normally found for acyl derivatives of the early members of the transition series83. 

Diphenylketene can act both as an $-CO ligand as in [(CsHs)2Ti(PhCCO)]2w (45). 
and as an q2-CC ligand as in [(CsHs)(CO)2Mn(PhCCO)Jss (46). In both complexes the 
ketene is no longer linear the C-C-0 angle being 128.8" in the titanium complex 
and 145" in the manganese complex. 
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Ph, ,Ph 
C 

C 
Ph' \'Ph 

T i -0  2.037(2). 2.099(3) A 
C=C 1.357(4) A, c=O 1.311(4) A 

(45) 

Mn-Cll) 2.17 A 
Mn-C,2) 1.96 A @;gy / /  \o c=O c=c 1.35 1.21 A A 

(W 

oc co 

C. Transttlon Metal - Alkyne Complexes 

The structural features possessed by q2-alkene ligands are shared to a large extent by 
their alkyne counterparts. However, the bending away from the metal of the ligand 
substituents is much more marked in the alkyne systems whcre the ligand asumes  the 
geometry associated with a cis-alkene. In the trigonal planar platinum complex 
[ (Ph3P)2Pt(CF3CCCF3)]86 (47) the deviation of the alkyne from linearity may be 
judged from the avcrage C=C-C angle, which is 140.8". The alkyne makes an angle 
of 3.6(4)" with the coordination planc of the platinum and the triple bond has 
lengthened to 1.255(9) A in comparison with the value of 1.204(2) A for an 
uncoordinated alkyne. In bi~(diphenylethyne)platinum~~ the platinum has an 
essentially tetrahedral configuration (48); the angle between the two ( P m )  
planes is 82". The C=C and Pt-C distances are 1.291(5) A and 2.021, 2.022(5) A 
and the Ph-C-C angle is 153". 

(47 1 (48) 

In general, the metal-carbon bonds in the alkyne complexes are about 0.07 A 
shorter than in the related alkene compounds. The carbon atoms are essentially 
equidistant from the metal atom unless steric requirements dictate otherwise. Thus, in 
[ (C5Hs)2Ti(CO)(Ph2C2)]88 (49) steric factors result in Ti-C distances of 2.107(7) and 
2.230(7) A, respectivelv. The C E C  bond length is 1.285(10) A and the average 
C-C-Ph angle 142.3". 

The complex [ ( $-CSH5)(q2-C6H4)Me2Ta]89 contains benzyne complexed to a single 
metal atom (SO). The Ta-C(benzyne) distances are 2.059 and 2.091(4) A, which are 
significantly shorter than the Ta-C(methy1) distances of 2.169 and 2.181(6) A. The 
benzyne system is perpendicular to the cyclopentadienyl ring and bisects the 
Me-Ta-Me angle. The C-C distances in the C6 nng alternate as follows: 
C(,)-C(b), C(zj--C(3), C(~)-C(S) are 1.364(5), 1.362(6) and 1.375(6) A, respectively, 
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(49) ( 5 0 )  

whereas Ct1)-C(2), C(3)--C(+ and C,s,-C(,) are 1.410(5). 1.403(6) and 1.408(6) A, 
respectively. 

Although alkynes coordinated to one metal centre are generally regarded as 
2-electron donors, the extra rr-bond allows the possibility of 4-electron donation. Thus, 
in the first structure determination of a mononuclear complex containing coordinated 
unsubstituted ethyne, [(Et2NCS2)2(CO)(C2H2)w (51), the C E C  bond is aligned 
parallel with the W-CO axis of the pseudo-octahedral coordination polyhedron. The 
authorsg0 believe this to be consistent with donation from both of the filled ethyne l n u  
bonding orbitals to metal orbitals. 

... 
c c  
O H  

Another example of an alkyne apparently donating more than two electrons to one 
metal atom is found in the novel tungsten complex [(Ph2C2)3W(CO)]91. This molecule 
has essentially Cj, symmetry with the alkyne groups inclined to the nearly linear 
W-CO axis by an average of 13.4" (52). The C-C-Ph angle is 139.6" and the triple 
bond has lengthened to 1.30 A, giving the ligand a geometry approaching that of 
cis-stilbene. In order for the tungsten to have an 18-electron structure the alkyne 
groups must donate ten electrons. 

The commonest structural mode for an alkyne to adopt when donating four 
electrons is that of a bridging ligand as shown in [(p-Ph2C2){(CO),CoNi(C~Hs)} 92 

(53). In this complex the C-C bond has lengthened considerably [ 1.337(5) B 3. 
Ph 

0 
C 
I Ph 

C 
C C Ph 
Ph Ph 

Ph w,p c 
(CO),CO - 

(52) (53) 

reflecting the involvement of both the alkyne n-bonds. The  M-C distances lie in the 
range 1.904-1.917(4) A (M = Ni) and 1.963-1.989(4) A (M = Co), and the 
C-C-Ph angle is 144.2(3)". 
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IV. TRDHAPTO LIGANDS 

A. q3-Ailyl Ligands 

The first three-dimensional X-ray structure determination of an q3-allyl complex, 

(54) 

[(q3-C3HS)PdC1I2 (54), was publishcd in 1965 and rcvcalcd somc of the typical 
structural features associated with the q3-allyl ligand: 

( I )  The  C-C distances in the allyl group are not significantly different [ 1.357( 15), 
1.395( 15) A]. 

(2) The  C-c-c angle is close to 120" [ 119.8(9)"]. 
(3) The  metal-carbon distances are equal,  within experimental error. It should be 

no: -1 that thc central carbon atom frequently appears nearer t o  the metal atom 
thall the two terminal carbons [ Pd-C(centra1) 2.108(9) A; Pd-C(termina1) 
2.121, 2.123(7) A]. although these differences are not always significant. 

(4) The  dihedral angle between the C3 plane and the mctal-chloride coordination 
plane is not 90" (1 11 So). 

The above details show the allyl ligand to be symmctrically bound to the metal 
atom. However, there are a number of complexes where this is not so and the 
asymmetry leads to differences between the metal-C(termina1) distances and also 
between the two C-C distances. This asymmetry occurs when there arc differences in 
the electronic character of the other ligands in the complex. A good example 
of this is secn when the structures of [(qS-C5H5)(q3-C3H=,)(CO)~Mo] (55) and 

Mo-C(i)  

Mo-Cip) 

MO- CQ) 2.236 (4) A 

2.359(3) A. C11)-C[2) 1.380 (4) A 
2.359 (3) A. c(2)-ci3) 1.380(4) A 

(55) 

[ (qS-CsH,)(q3-C3Hs)(N0)(I)Mo] (56) are  comparedYs. In 55 the q3-allyl group is 
symmetrical, whcrcas in 56 a pronounced asymmetry is observed, the origin of which 
can bc ascribed to the different n-accepting ability of the nitrosyl and iodide ligands. 
Note also that 55 has the allyl group in the e m  conformation, whereas in 56 it is endo. 

Structural differences of the type just described have been used to  rationalize the 
stcrcoselectivity observed during thc reactions of some $-ally1 complexes with 
n u c l e o p h i l e ~ ' ~ ~ - ~ ~ .  In  some cases thc asymmetry of the ally1 system is so marked that 
authors have represented the metal-ally1 linkage in terms of a u--K arrangcment 
(57)')h. 
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A n  attempt to bring some o rde r  into the structural chemistry of q3--nllyl complcxes 
has been made by Ibers and his collcaguesyn. In a study of the corrclations between 
geometric structure and the number  of nietal d electrons they 'describe the  geometry 
of thc M-(q3-C3H5) linkagc by threc parameters which a re  independent of the 
geometry and number  of other ligands prcsent' (Figure 1). l h i s  study, based upon a 
large sample of q3-C3HS structures found that: 

(a) the bow anglc /? was almost constant (M. 90"). indicating ncarly symmctrical 
n-bonding of the ally1 group; 

(b) there was a strong correlation bctween a and D (the largcr D. the larger tnc value 
of a). It would seem that the  allyl geometry altcrs. in order  t o  maximize the 
overlap of thc  orbitals rcsponsible for thc M-ally1 bonding. with thc varying size 
of the  metal atom; 

(c) thcrc was a correlation betwccn the avcrage C-C distance and D .  T h e  larger the 
value of I )  t he  shorter thc C-C distance. T h e  d s  complexcs tend to havc smaller 
D values than d 4  complexes and also their C-C distanccs are shorter. This  is 
taken to indicate that transferencc of electrons from t h e  metal d orbitals into 
n-antibonding allyl orbitals is of grcatcr importance than some previous workers"' 
havc believcd. 

A similar study has  been carried o u t  by Putnik and his colleagucs'nn. 
In substituted q3-allyl ligands. it is observed that the substituents are, in gencral. 

bent ou t  of the  ally1 lane. Thus ,  in bis[ (q3-2-mcthylallyl)palladium chloride] the 

metal, although this is not exclusively the  case, and  in bis(q3-2-methylallyI)- 
bis(trimethylphosphite)ruthenium"'? the methyl groups are bent away from the 
ruthenium atom. 

T h c  structurcs of a number of complexes containing only q3-allyl ligands have bcen 
determined. Bis (q3-2-methylallyl)nickel is a sandwich complex (58) adopting a /rails 
arrangement with the methyl groups bent towards thc metal and  12" out of planeIU3. It 
is interesting that frcquently bis(q3-allyl) complexes of Ni. Pd. and  Pt are proposed as 

mcthyl group is 0.29 s: o u t  of planeI"l. Usually thc substituent is bent towards the 

\ 
I 
I 
I 
I 

FIGURE I .  Geometry of the metal-$-allyl linkage. 0 = 
Centre of mass of the ally1 group; D = distance from the mctal 
a tom M to the centre of mass of C3H5; Q = C(I)-C(?)-C(~) 

anglc; T = t i l t  angle. i.e. angle between the vector O M  and 
OC(z); p = bowing angle. i.e. angle betwccn the vector O M  

and thc vector parallel to C(l )c (3 )  passing through 0. 

A 

Cfll - 
M 
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M e  

M e  

(58) 

intermediates in metal-catalysed cyclo-oligomerization and cycloco-oligomerization 
reactions involving 1 ,3-dieneslo4. 

In tetra(q3-allyl)dirhenium (59) the allyl groups present a staggered arrangement 
when viewed along the  Re-Re axislo’. A completely different structure is observed 
for the analogous molybdenum complex (60), where two allyl groups act as 
symmetrical bridging ligands. their planes bcing parallel with the Mo-Mo axislo6. 

(59) (60) 
The use of $-ally1 groups to bridge two metal centres is well documented. Thus, in 

[ Pd3(p:{ q3-C3(p-MeOC6H4)2Ph}l)(acac)2] the allyl ligands bridge the palladium 
atoms in the bent Pd3 chainlo7 (61). The terminal carbon atoms of the Cs groups are 
closer to the terminal Pd atoms [2.01(2) A] than to the central Pd atom [2.12(2), 
2.13(2) A], and the central carbon atoms are at longer distances from the metal atoms 
[Pd(terminal)-C 2.55(2) A, Pd(centra1)-C 2.31(2) A]. However, in [Ni2(C0)2- 
(p-C3C13)(p-C1)]2 the q3-allyl groups are orthogonal to the planar Ni4C12 ring (62). 
The Ni-C(termina1) distances lie in the range 1.920-1.978(8) A and for Ni-C 
(central) the range is 2.254-2.328(8) Ale*. 

oc. /ct. / co 
Ni Ni 

Ni  
oc ’ ‘ct’ ‘co (acac) Pd Pd (acac) 

(ally1 substituents omit ted)  (ally1 substi tuents omitted) 

(611 (62) 

8. Cyclk $-Llgands 
Many cyclic organic molecules are coordinated to transition metals through an 

$-ally1 fragment. Thus, in the sandwich complex his($-cyc1ooctatrienyl)nickel (63) 
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(63) (64) 

the two ally1 fragments are mutually and in bis(cyclooctatetraene)dinickel(64) 
both metal atoms are sandwiched between the CgHs rings, which each use two q3-allyl 
fragments for metal-carbon bondinglo9. 

Bis(tpcyclopentadieny1)dicarbonyltungsten (65) provides an example of the 
normally q s  and planar CSH5 ligand acting in a trihapto manner with corresponding 

loss of planarity1I0. The angle between the olefinic and allylic fragments of the q3-CsH5 
ligand is 20”. This mode of bonding for the C5H5 group is necessary in order to give 
the metal an 18-electron configuration. It is noteworthy that the tungsten achieves this 
configuration by distortion of the CSHS ring rather than by eliminating one of the 
carbonyl ligands. 

A neutron diffraction study of the [Fe{P(OMe)3}3(q3-C8H13)]+ ion (66) revealed 
that the $-bonding of the CsH13 ring allows one of the aliphatic h drogen atoms to 
enter into a strong interaction with the iron atom [He-Fe 1.879(9) K ]I1*. C-H bond 
activation of this type has been considered to be of importance in many 
homogeneocFIly catalysed chemical reactions. 

\ 

POMe3 

POMe3 
(66) 
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C. $-Ligands Containing Heteroatoms 

Structural data for these systems are scarce. An q3-CCN system is reported in 
[(qs-C,Hs)Mo(CO)(l){C(NMe2)C(Me)N(Me)}]112 (67) and bridging $-xanthato 
groups are found in [ M O ~ ( S ~ C O E ~ ) ~ I ~ ] " ~  (68). 

I ...Ny 1.332 A 
,Me:. CMe 

I / .. / 1 .455  A 
CNMe2 

OC 

Mo-N 2.257A 

Mo--(Me) 2.354 A 
Mo-C(NMe2) 2.027 A 

I 

(67)  (68) 

V. TETRAHAPTO LIGANDS 

A. q4-cls-l ,SDlene Complexes 

There has been considerable discussion on the most appropriate bonding modcl for 
q 4 4 s - l  .3-diene-metal complexes11"117. The main structural features reported for 
such complexcs are consistent with a modcl intcrmcdiatc between (69) and (70) and 

as follows: 

(69) ( 7 0 )  

The inner carbon atoms of the diene ligand are equidistant from the metal atom 
and significantly nearer to it than thc two terminal carbon atoms which are also 
equidistant from the mctal. 
The length of the inner C-C bond tends to be shorter than the  average of the two 
outer C-C bonds. This differcnce between the two typcs of bond has been 
quoted to lie bctwecn 0.015 and 0.021 A 1 i 8 , i 1 9 .  However, this trend is not always 
observed and it is perhaps better to compare the C-C distances of the complexed 
diene with those of the free diene [C-C (outer) 1.341(2)& C--(inner) 
1.463(3) A]'@. A reasonable generalization is that on coordination the 
C-C(inner) bond becomes significantly shorter than that observed in the free 
diene and :he outer bonds become significantly longer. 
The internal C-C-C angles close up [values in thc range 114-121", compared 
with 122.9(5)O in the uncoordinated dicne]. These angles are sometimes affected 
by the stercochcrnical requirements of the rest of the molecule of which the 
q4i.is-1,3-diene may be only a fragment. 
The four carbon atoms of the diene are coplanar. 
The substitucnts o n  the outer carbon atoms tcnd to be twisted out of the C4 plane. 
Immirzi designated these substitucntssyrz and until2" (71) and noted that thc urzri 
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(71 1 
substituents are twisted away from the metal atom whereas the syn substituents 
(together with the substituents on the inner carbon atoms) are twisted towards the 
metal. 

Compilations of structural data for .$-cis- 1,3-diene complexes and attempts to 
rationalize the data in terms of various bonding models can be found in references 
118, 119 and 121. 

The structure of (q4-buta- 1,3-diene)(tricarbonyI)iron is a classic example of the type 
of complex under discussion (72). Unfortunately, the X-ray data were such that the 

J-.Tc 
oc4e'co 

C 
0 

(72) 

positions of the H atoms could not be determined"4. Irnmirzil2" has suggested, from 
the structure analyses of syn- and anti-substituted cis-buta-l,3-diene(tricarbonyl)iron 
complexes, that the structural parameters for the parent compound should be 
C-C(outer) 1.4 16 A. C-C(inner) 1.404 A, and that the anti-H atom is displaced 30" 
from the d ime plane away from the iron atom, whereas thesyn-H atom isdisplaced by 
20" towards the iron. The  inner H atoms are displaced 6" towards the iron. 

A similar arrangement of substituents is found in bis(buta-1,3-diene)- 
carbonylmanganese122 (73), where the anti-H atoms lie 0.72 A above the Cd plane 
and away from the metal, syn-H atoms iie in the plane, and the inner H atoms lie 
0.24 A below the plane towards the metal. The C-C distances are 1.39( 1) A(outer) 
and 1.46(1) A(inner), and the Mn-C distances are 2.15(1) &outer) and 
2.06( 1) A(inner). 

Tetrahapto bonding of dimethylvinylketene to a tricarbonyl iron moiety results in 
the distortion of the linear ketene system (74). The C=C=O angle is reduced from 
180" to 136.5(6)" and the Fe-C(0) distance is 1.929(6) A. This iron-carbon bond 
length is considerably shorter than the other three, Fe--(outer) 2.235(5) A, Fe-C 
(inner) 2.090(5), 2.109(6) A'23. 

\ 
$-co ... 

(73) 

oc/ ye\ co 
C 
0 

C-C (outer) 1.416. 1.442(9) A 
C-c (inner) 1.407(8) A 

(74) 
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8. Cyclk q4-Llganda 

7. Cyclic ligands excluding cyclobutadiene 

When cyclic ligands are bound to a transition metal by a tetrahapto cis-l,3-diene 
fragment, the out-of-plane twisting of the outer carbon substituents, noted with the 
acyclic Ligands, results in the folding of the cyclic molecule. Thus, in 
[ { q4-C6(CF&} (qs-CsHs)Rh] (75) the benzene ring is bent along the 1 ,4-axis, the 
dihedral angle between the two planes being 47.9°124. 

The q4-diene fragment in (~4 -cyc looc ta te traene) (~~-hexamethy lbenzene)ruthe~~~~  
(76) is accurately planar with the two H atoms on the outer carbon atoms bent towards 

Ru-C (inner) 2.115. 2.126(10) A 
F3C F3+ F3 

-3 I Ru-C (outer) 2.232.2.234(10) A <&> C-C (inner) 1.400(16) A 
C-C (outer) 1.413 (16). 1.423(15) A 

( 76) 

a 
(75) 

the ruthenium (ca. 0.4 A out of plane). Atom C’ and C” are out of plane by cu. 0.8 A, 
resulting in the folding of the C R H ~  ring’2s. 

The structures of some other transition metal-q4-diene complexes with 
carbo-, hetero-, and metallocyclic ligands are illustrated in 77llS, 78lZ6, 79lZ7 and 8 0 l 2 * .  

o=c- dH . ...... .. . . . . . 

I 
co 

. .  
co 

c 
0 
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2. q4-Cyclobutadiene complexes 

Although the structures of several substituted cyclobutadiene-metal complexes 
have been known for some time'29-130, very few data are available for the unsubsti- 
tuted q4-cyclobutadiene ligand. The structure of (q4-cyclobutadiene)( 1,2-bis- 
(dipheny1phosphino)ethane-PP')carbonyliron has been determinedl3l and shows 
the coordination geometry of the iron to be tetrahedral if the centroid of the ring is 
taken as one apex (81). The C4 ring is planar and the H atoms appear to lie out of 

C-C 1.436-1.453 ( 5 ) A  

Fe-C 2.023- 2.040 (4) A 
L C C C  89.4 -90 .5  (3) A 

the plane and away from the metal. (This is the reverse of the H atom distortion 
observed in q5-CsHs complexes; see Section V1.A.) 

Davis and Riley131 analysed the structural results for cyclobutadiene complexes of 
type [(C,R4)ML3] and showed that the structures exhibit C4 orientations over the 
entire range between the two idealized arrangements (82), thus indicating a low 
barrier to rotation about the metal-C4 axis. 

'@ 
I 

-@ 
\ 

eclipsed staggered 

(82) 

C. Trlmethylenemethane Complexes 
The structure of (phenyltrimethy1enemethane)tricarbonyliron reveals the iron to  be 

positioned directly below the central carbon atom of the trimethylenernethane ligand, 
which in turn adopts a staggered arrangement with respect to the Fe(CO)3 group 
(83)132. The central carbon atom lies above the plane defined by the three methylene 

(83) 

carbons (away from the iron atom) by 0.315 A. The C-C distances in thc q4-ligand 
are in the range 1.405-1.436(13) A, and the internal C-C-C angles lie between 
114.4" and 116.2(9)". Two distinct Fe-C distances are observed, firstly that to the 
central carbon atom [ 1.932(10) A] and secondly those to the methylene carbons 
[2.098-2.162(11) A]. 
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Cyclic molecules are known to coordinate to transition metals via an q4-tri- 
methylenemethane fragment. Thus, in (q4-l  ,6,7,8-heptafulvene)tncarbonyliron (84) 
the carbonyls and the trimethylenemcthane moiety again adopt a mutually staggered 
arrangement1)) and the molecular parameters are similar to those observed in the 
phenyltrimethylenemethane complex described above. 

/-I>, . . . . . . . . 

Fe 

/ \'co 
OC co 

VI. PENTAHAPTO LIGANDS 

A. Cyclopentadlenyl Complexes 

The main structural features associated with the $-cyclopentadienyl ligand are: 

The carbon atoms of the q5-CsHs group are accurately coplanar and equidistant 
from the metal atom. 
The C-C bonds in the complexed CjHS are, in general, of equal length and 
longer than those observed in uncoordinated benzene. Thus thc electron 
diffraction data for a number of (q5-CSH5)2M complexes lead to C-C distances in 
the range 1.423-1.440(2) A',', whereas the C-C distances in benzene have been 
reported as 1.397(3) A (electron diffraction data)135, 1.377 A (X-ray data at  
-3°C)136, and 1.390 A (neutron data at -55"C)137. It is pertinent to cote here 
that some workers have reported distortion of the Cs ring from regular pentagonal 
geometry. Thus, in (q5-pentachlorocyclopentadienyl)(~2:~2-cycloctadiene)- 
rhodium the C5 ring has two short C-C bonds [ 1.399(6) A] and three long bonds 
[ 1.436(7) A], and the ring is folded about the C(l.)-C(2) direction by 4.6" (85)138. 
The most conclusive evidence for C5 ring distortion was presented by Byers and 
Dah1139 in their structure analysis of [(q5-C5Me5)(C0)2Co]. The C-C distances 
shown in (86) led the authors to describe the distortion as a move from q5 to q3:q2  
geometry and they noted a slight bending of the ring about the terminal carbon 
atoms of the 'ally1 system'. 

1.407 (x 14 ( 6 )  

1 .447 (6 )  C O  1.44516) 

\ oc'-'co 
1.392 ( 6 )  

(85) (86) 

The substituents on the aromatic framework are bent out of the ring plane. This 
feature is also observed for the q6-benzene, q7-cycloheptatrienyl, and 
qR-cyclooctatetraene ligands. At present there seems to be no consistent 
raticnalization ior the conflicting cvidcnce concerning these deviations from 
planarity. Hydrogen atom substitucnts are usually displaced towards the metal a s  
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in f e ~ ~ o c e n e ' ~ ~ .  ferrocenedicarboxylic acid"". (q6-benzenc)tricarbonyl- 
chromium'", q'-cycloheptatrienyI[ qh-phenyl(triphcnyl)borato]molybde~iuin~42, 
and q8-cyclooctatetraene( tetrahydrofuranjdichlorozirconium14). However, larger 
substituents are normally displaced away from thc metal, as in syrn-octa- 
m e t h y l f e r r o ~ e n e ' ~ ~  and (q6-phenyldimcthylphosphine)tris(dimethylphenylphos- 
ph ine )m~lybdenum'~~ .  

1 .  [ M(C,H,),I complexes 

The best known member of  this class is ferrocene or bis(q5-cyclopentadienyl)iron. 
The two Cs rings in ferrocene arc planar and arc also parallel to each other. It was 
originally thought, from crystallographic considerations, that the two rings werc 
staggered with rcspect to one another (87)140. However, rccent work by Seiler and 
Dunitz. who carried out a re-determination of the crystal structure of f e r r ~ c e n e ~ ~ ~ . I ~ ~ ,  
has called into question the assignment of a staggered arrangement for the two rings. 

staggered 
(87 )  

eclipsed 

Ferrocene undergoes a phase transition at 164 K. and in the low-temperaturc 
(triclinic) phase Scilcr and Dunitz found that the two rings arc neither staggered nor 
eclipsed but are closer to the latter conformation, the rings being mutually rotated by 
about 9" from the eclipsed oricntation. The high-temperature (monoclinic) phase is 
disordcred and can be described in terms of the averagc superposition of thc four 
ncarly eclipsed molecules which are present in the low tcmperature unit cell. 

I t  would appear, therefore. that the rings in ferrocene in thc solid state arc ncarer to 
thc cclipscd arrangement observed for the gas-phase molecule using electron 
diffraction  technique^"^. Ferrocene thus joins ruthcnocenel" and o~mocene '~" .  both 
of which havc cclipscd rings in thc solid statc. A ncutron diffraction studyl4" of 
fcrrocene at 173 and 298 K resulted in conclusions similar to those arrivcd at by Seiler 
and Dunitz. 

In contrast to ferrocene. n o  phase changc is observcd when nickebcene is coolcd 
from room tcmperature to 101 K. The structure analysis of [(CsH5)2Ni] shows 
essentially the same structure at both temperatures (i.e. a staggered arrangcnient). At 
101 K the average Ni-C and C-C distances (corrected for vibrational moiion) are 
2.1 85(4) are 1.423(6) A. respcctively, and the H atoms are displaced ou t  of the ring 
plane towards the nickel by 0.028 Thcre is no reason to believe that the 
staggcred arrangement is observed becausc of random disorder over two eclipsed 
molccules as in ferrocene, and i t  is suggested that the energy barrier between the  two 
conformations for nickelocene is so small that thc arrangement is almost exclusively 
dctcrniincd by packing forces, which in the monoclinic crystal structure would favour 
the centrosynimetric staggcrcd conformation. 

The work of Scilei. and Dunitz raises thc question of whcthcr further structural 
reinvestigation of mctalloccncs isomorphous with ferrocene (e.g. cobaltoccnc: 
staggered a r r a i~gcn ien t '~~)  \vould be advisable. One particularly interesting 
re-investigation would bc that of berylloccne whosc crystal structurc at room 
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I 
Be 
I 

(88) 

temperature15’ and 153 KIs4 is disordered and has been interpreted in terms of a 
‘slip-sandwich’ with qs and q1-C5Hs groups (88). Howcver, the room temperature 
crystals are isomorphous with ferrocene and it seems likely that the proposed average 
structure is very diffcrent from the actual structure of the individual molecules. 

Manganocene is unlike the other first transition series biscyclopentadienyl 
complexes in that the structure a n a l y s e ~ ~ ~ ~ - ~ ~ ~  indicate essentially ionic bonding. The 
dark brown anti-ferromagnetic modification of manganocene consists of a polymeric 
zig-zag chain of manganese atoms linked by CSH5 bridges. Each manganese atom is 
bound to a $-CsHS group and also interacts with one p-CsH5 via a q3-system and with 
a second p-C5HS via an q2-system (89). This structure is similar to that observed in the 
solid state for [ (C5H5)2Pb]1s8, although in this case the p-CsHs groups are $-bonded 
to the lead atoms (90). 

I 
I 

\ 

-\/ - 
Mn I 

A Mn-C 2.40-2.43 (41 A & 
(69) (901 

The alkali metal cyclopentadienides are ionic in nature, as are the biscyclo- 
pentadienyl complexes of strontium and barium. Monocyclopentadienylindium 
and the corresponding thallium compound are polymeric with ionic p - ( q s :  qS-C5H5) 
groupsIS9. Biscyclopentadienylcalcium is also polymeic with qs, I]’, and ql-CsHs 
groups, and is considered to be predominantly ionic in characterI6”, although there is 
still some debate as to the exact nature of the bonding161.162. 
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[(CsHs)IM] complexes with x =- 2 are generally found with the lanthanide and 
actinide elements. although the structures of some such complexes for the heavier 
d-block elements have been determined. Thus the zirconium atom in [(CSHS).,Zr] is 
coordinated to three $- and one q'-cyclopentadienyl ligands (9l)lh3. 

2. [ (C5H5),ML,] complexes 

Numerous mono-, bis-, and tris-qs-cyclopentadienyl-metal complexes containing in 
addition a-bonded, n-bonded and n-acceptor ligands have been prepared and 
structurally characterized. Many examples of the structures of such complexes have 
already been given in this chapter under other headings. The structural features 
involving the CsHs group are as listed at  the opening of this section. 

Lauher and Hoffmand3 discussed the structure and chemistry associated with 
[(CSH5)2MLJ complexes and made reference to the structures 1.2 many such 
compounds. It should be noted that in these biscyclopentadienyl complexes the two 
C,H, rings are not parallel but are inclined to each other (92).  

B. CyClOheMdknyl Complexes 

Pentahapto coordination of cyclic dienyls other than cyclopentadienyl usually leads 
to some distortion of the ligand geometry. Thus, the uncomplexed cyclohexadienyl 
ligand is either planar or only moderately d i ~ t o r t e d ' ~ ~ ,  whereas in its metal complexes 
five of the ring carbon atoms remain approximately planar whilst the sixth moves 
significantly out of plane away from the metal to give an envelope conformation (93). 
The  dihedral angle between the two planes intersecting along the fold line XY is 
normally between 40" and 50", being 42.8" in [(C6H7)Mn(CO)3]166, 41" in 

(OMe)2}]+ 168v The larger angle of 58" found in 1-5-pexo-l-acetyl-2,4,6- 
tris(trifluoromethyl)cyclohexadienyl(q~-cyclo~ntadienyl)iron (94) is presumably due 
to steric hindrance169. 

[ (C6H6CH(COOEt)2)}Mn(C0)3]'67, and 42.9" in [ Rh(tlS-C~Me4Et)(qS-C6H6P(o)- 

<yqy . . . . . . . . . 

Mn 
oc' * I ' c o  
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The C-C distances between the ring carbon atoms bound to the metal are not 
significantly differcnt from one another { 1.388- 1.415( 12) A in [ (C6H7)Mn(CO),], 
1.408- 1.419(5) A in 94}, indicating the delocalization of electrons in this portion of 
the ring, whercas the C-C distances in the bent back portion are normal single bond 
lengths [1.511(13) A in [(C,H,Mn(CO),], 1.510, 1.518(5) A in 941. The interior 
angle at the saturated carbon is significantly smaller than the ideal tetrahedral angle 
{ 104.1(8)" [(C6H7)Mn(CO),], 98.7(3)" in 94). 

The mctal-carbon distancc in $-cyclohexadienyl complexes show a pattern in 
which thc metal atom is significantly nearer to thc central atom of the delocalized set 
than to the two terminal carbon atoms {Mn-C(centra1) 2.141(9) A, Mn-C(tcrmina1) 
2.21 9(7) A, in [ C6H,)Mn(Co),]; Fe-C(ccntra1) 2.042(4) A. Fe-C(tcrmina1) 2.060, 
2.069( 3) 8, in 94). 

C. Heterocycllc Llgands 

There are many examples of heterocycles acting as $-ligands, for example the anion 
of 1-t-butyl-3-methyl-2-phenyl-A3- 1 ,2-azaboroline can act as a CSHS- analogue 

TripleI'I and tetra-decker sandwich complexes have becn synthesized using 
heterocyclic ligands. Thus, bis(~5-cyclopentadienyliron-~-~s-thiadiborolene)iron is a 
tetradecker sandwich molecule (96) and the distances between the iron atoms and the 
best planes through the ligands are 1.67 A (to CSHS), and 1.63, 1.64 A (to C2B2S), 
respectiveIyl 72. 

(95)'70. 

I 
Fe 
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VII. HEXA-, HEPTA-, AND OCTAHAPTO LIGANDS 

The structural features associated with q6, q7, and $-cyclic ligands are similar to those 
described for $-systems. Thus, the metal-bonded cabon atoms are coplanar and 
equidistant from the metal atom, their substituents are bent out of the plane, and the 
C-C distances are equivalent and slightly longer than those found in free benzene. 
There arc exceptions to these generalizations and structures i!!ustrating, these, together 
with more typical cxamples, are described below. 
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A. qO-Llgands 

Bis(q6-benzene)chromium has an eclipsed sandwich structure (97). The rings are 
planar and parallel to each other and all the Cr-C distances are equivalent. The 
possibility of distortion of the bcnzene to give C-C bonds of alternating length has 
been the subject of somc debate. The consensus of opinion is that the C-C bond 
lengths are equal within experirricntal error173. 

I 
Cr 

(97) 

However, in an X-ray and neutron diffraction study of (q6-benzenc)tricarbonyl- 
chromium, Rees and Coppens14' found that the C-C bonds in the staggered 
molecule (98) alternate in length. Those bonds cis to CO groups are longer (1.423 A 
average) than those trutzs to CO groups (1.406 A average). The ring is accuratcly 
planar, the hydrogen atoms are bent out of the ring plane by cu. 0.03 A, 
bendin towards the metal, and thc Cr-C(bcnzene) distances range from 2.223 to 
2.243 1. Alternation of the C-C bond lengths in the benzene ring is reported in the 
similar molecule (q6-hexamethylbenzene)tricarbonylmolybdenum~74 (99).  The three 

E! 
L 

' Cr .. 

(98) 

oc q O q c o  
C 
0 

(99) 

long bonds average 1.441(9) A and the three short ones average 1.405(5) A. The ring 
is planar and the Mo--(benzene) distances lie in the range 2.386-2.397(5) A. 
However, the methyl substituents arc displaced out of thc ring plane and away from 
the metal atom, in contrast to thc substituents in [(C#6)Cr(CO)3]. This reversal of 
direction of displacement is ascribed to steric factors. 

There is no indication of alternation of the C-C bond distances in the CC, ring in 
(q6-mesitylene)(q2-maleic anh dride)dicarbonylchromium, where the bond lengths lie 
in the range 1.393-1.428(10 i17s. Likewise, there is no significant difference between 
the C-C bond lengths in the q6-ring in the anion [ M O ( C O ) ~ ( ~ ~ - C ~ H ~ B ( C C , H S ) ~ } ] -  
(100). However, the lengthening of the C-C distance on complexing is illustrated by 
comparing the average C-C bond length in the ligated ring [ 1.415(6) A] with those 
observed for the other three rings [ 1.396(6), 1.394(6). and 1.394(7) A]142. 

The benzene ring does not always rcmain planar on q"-coordination Thus, in 

This results in two 
distinct types of metal-carbon ( q h )  bmd length. i.c. four in the range 
2.164-2.171(5) A and two in the rangc 2.232-2.251(7) A. Similar boat distortions of 

the $-ring has a small boat-type distortion (lol), two carbon 
of planc and away from the 
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the q6-ring have been observed in [ (q6-C6H5Me)Mo(p-SMe),Mo(q6-C6H5Me)]2+ 177 
and in [(q6-C6H4F2)2V]178. In the vanadium complex the two rings are parallel, with 
the carbon atoms nearly eclipsed (102), and the fluorine-substiLuted carbon atoms are 
displaced by 0.06 A from the mean plane of the ligand. 

When the q6-1igand is a polycyclic molecule, coordination can result in a slight 
distortion of the ring system. Thus, in the (q6-phenanthrene)tricarbonylchromium: 
1,3,5-trinitrobenzene adduct (103) the angle between the plane of the q6-ring and the 
mean plane of the non-bonded part of the phenanthrene is 4.7" 179. The mean C-C 
bond length for the complexed side ring is 1.418 A and the equivalent value for the 
other two rings is 1.398 A. 

In (q6-fluorenyl)(q5-cyclopentadienyl)iron the fluorenyl group is bound to the iron 
atom not through the C5 ring but through one of the c6 rings (104)180. Five carbon 

Fe 
n I 
b 

(1 03) 

atoms of the q6-ring are coplanar but the sixth (that bound to the unique atom of the 
C5 ring) is diplaced by 0.15 A out of the plane and away from the metal atom. This 
stereochemistry is reminiscent of that observed in (qs-cyclohexadicnyl)-metal 
complexes (see Section VI.B), as is the pattern of iron-carbon bond lengths 
[Fe-C(centra1) 2.039(5) A, and Fe-C(termina1) 2.122, 2.152(5) A]. However, the 
sixth carbon atom is close enough to the iron to be considered to be bonded 
[2.316(5) A], whereas in cyclohexadienyl complexes the equivalent atom lies a t  
distances >2.7 A from the metal. Perhaps a better structural model for this complex 
is a zwitterionic formulation with the positive charge on the metal atom and the 
negative charge centred primarily on the unique atom of the Cs ring, a description 
which is in keeping with the carbanion character of the latter atom. 

Cyclohepta-l,3,5-triene can act as an q6-ligand o n  coordination to a transition 
metal. In (q5-methylcyclopentadienyl)(q6-7-exo-phenylcyc~ohepta-l,3,5-triene)- 
manganese the six atoms of the triene fragment are coplanar and the Mn-C distances 
are in the range 2.06-2.15(2) A, the larger values corresponding to the distances 
between the Mn atom and the terminal atoms of the triene systernl8l. The final atom 
of the C7 ring is too far away to be considered to be bonded to the ME atom (105). 
Bonding the triene to the metal in this manner results in a flattening of the conjugated 
system. Thus the dihedral angle between the planes defined by atoms 1,2,5,6 and 
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2,3,4,5 is 8", a significant decrease from the 23.2" found in the non complexed 
p-bromophenacyl ester of 5,5-dimethylcyclohepta-l,3,5-triene-l-carboxylic acid'82. 

B. q7-Llgands 

Complexes of molybdenum containing the q7-cycloheptatrieny1 ligand are well 
d o c ~ r n e n t e d ' ~ ~ - ' ~ ~  and, as expected, the C7 ring is planar which, together with the 
equality of the C-C distances, is taken to indicate delocalization of the ring 
n-electrons. The rings in  [ (q7-C7H7)Mo(p-CI)2(p-0H)Mo(q'-C7H7)]+ (106) can be 

(1 06) 

described as essentially regular heptagons, the C-C-C angles vary from 125 to 
132(1)O and the C-C distances lie in the range 1.39-1.43(2) Als3. Similarly, in 
(q7-cycloheptatrienyl)(q6-tctraphenylborato)mo~ybdenum the interior angles of the 
planar C7 ring range from 128.4 to 129.0(4)" and the C-C distances lie between 
1.401 and 1.413(7) A142. In these two complexes the Mo-C(q7) distances are in the 
range 2.218-2.297(13) 8, and 2.263-2.286(5) A respectively. 

C. $-Llgands 

Cyclooctatetraene, which can act as an q2-, q3- and q4-ligand when coordinated to 
transition metals, can also be used as an qe-ligand. Bis( q8-cyc1ooctatetraene)uranium 
(uranocene) is a sandwich complex in which the two rings are parallel and ecli sed, 
and each is planar (107)186. The C-C distances range from 1.337 to 1.439(23) if and 
the carbon atoms are equidistant from the uranium atom [2.635-2.675(11) A]. The 
interior ring angles lie between 133.3 and 136.7(12)", compared with 135" for the 
interior angle of a regular octagon. 

In the two substituted uranocenes bis(l,3,5,7-tetrarnethylcyclooctatetraene)- 
uranium187 and the phenyl analogueIs8, the C8 rings are nearly eclipsed. The sub- 
stituents in the methyl complex are found in nearly eclipsed and nearly staggered 
arrangements in the two crystallographically independent molecules and are bent out 
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I 
(3 1 

(107) 

of the CA plane towards the uranium atom. In the phenyl complex only the staggered 
form is found, with the phenyl groups tilted at  an average angle of 42" to the Cs 
plane. 

The uranium atom is centrcd accurately on the cyclooctatetraenc fragment of the 
bicyclic ligand bicycle[ 6.2.0ldeca- 1,3.5,7-tetracne in the sandwich complex 
[(CloHio)2U]'", and the C4 ring is set at an angle of 6.8" to the plane of the c8 ring. 

Hydrogen atoms in the q8-CeHA ligand are bent out of the ring planc and towards the 
metal atom giving the 'umbrella' arrangement obscrved in several cycloctatctracne 
complexes, c.g. [(q8-C8HA)(C4H80)ZrClz]'Yo and [ (q8-C,HA)(C4H80)Tic1]2iY1. 

In the sandwich anion [(  - 8 &Nd]- the C-C distarices for the two rings 

the angle between the two ring planes being 7.28". This results in two scts of Nd-C 
distances: the average value for ring 1 is 2.68( 1) A and that for ring 2 is 2.79( 1) A.  
This deviation from the normal arrangement for [ (q8-C8Hs)2M] complexes is thonght 
to arise from an interaction of one of the rings with the neodymium atom of the cation 

average 1.40(2) and 1.42( 1) f C H  . respectively")2. Howcver. thesc rings are not parallel, 

[ (q8-CAHs)Nd(C4H80)z1' (108). 

THF THF 

@- 
(1 08) 
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I. lNTRODUCTlON 

The main interest in organometallic thermochemistry in recent years has been on 
compounds involving transition metals, which cxhibit great variety in the typcs of 
chemical binding between the metal and  ligand. Although one  definition of 
organometallic compounds restricts these to compounds containing metal-carbon 
bonds, thc thermocheniical interest is somewhat wider. This  review will refcr to some 
compounds which d o  not contain metal-carbon bonding but which are of relevance in 
organometallic thermochemistry. 

Recent reviews of this topic wcre made by Skinner’ in 1964, Cox and  Pilcher2 in 
1970, Pilcher) in 1975, and  Pedley and Rylance4 in 1977. In this chapter, the  literature 
is surveyed to the end  of 1979; all thermal da ta  a re  presented in SI units. 

II. EXPERIMENTAL METHODS 

In this section we consider the morc important experimental methods that have been 
used to obtain the data presented in Table 1. 

A. Enthalples of Combustlon 

Static-bomb calorimetry is the most widely used method for determining enthalpics 
of formation of organic compounds containing C,H,O. and N by measurement of their 
energies of combustion in oxygen; rotating-bomb calorimetry is prefcrred and is morc 
reliable for organic compounds containing S and the  halogens. Both typcs of bomb 
calorimetry have been applied to organometallic compounds. 

1. Static-bomb calorimetry 

Early static-bomb nieasurements on  organometallic compounds often gavc results 
which were misleading, but this method has become more  successful in recent years 
with improved techniques of chemical analysis. and  the use of ‘combustion aids’. The  
main problems are: (a) t o  contain thc substance within the bomb when it is volatile, o r  
reacts spontaneously with oxygen; (b) to achieve complete combustion of both the 
organic ligand, and of the metal; and (c) to form products which can be 
thermodynamically defined. Careful quantitative analysis of the combustion products 
(in particular the amount of carbon dioxide) can establish completcness of 
combustion. X-ray powder photographs of the  oxides produced can yield information 
on the state of the final products. The  use of combustion aids can significantly improve 
the completeness o f  the oxidation process, but this depends on the metal. and  in some 
cases the static-bomb method is not satisfactory, and  o ther  mcthods a re  used. 

The  static-bomb combustion method has been shown to be satisfactory for the 
following classes of compound. 

a. Dialkylzirrc compourrds. T h e  static-bomb results of Long and  Norrish5 for 
ZnMez(l)  and  ZnEtz(l) agree to within thc  limits of experimental e r ror  with values 
derivcd from enthalpies of hydrolysis by Carson et ~ 1 . ~ .  

b. Alkpl-  and urylinercury compounds. T h e  results of the  study by Jones  et 01.’ in 
1935 are doubtful. but in 1952 Carson er niadc reliable measurements on 
HgMel(l) and  HgEt2(1). The amount of compound burned was determined from the 
carbon dioxide produced and most of the mercury in the products was elemental. only 
a small correction being required for the HgO formed. T h e  enthalpies of formation 
agrccd with those from reaction calorimetry by Hartlcy el 01.’. For HgPhz(c) there is 
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excellent agreement between the static-bomb measurcments by Carson a n d  
Wilmshurst”’ and Fairbrothcr a n d  Skinner". and the  enthalpies of formation f rom 
reaction calorimctry by Chcrnick el ctl. I ? .  

C. O r p m h o r o t l  cotnpoutlds. Ckx agreement on the enthalpies of formation of 
BMe3(1) and BEt,(l) h a w  becn obtained by Long a n d  Norrishj and Johnson el  al. l 3 ,  

although thc cornbustion conditions differed greatly and the solid products were 
B@,(am) and H3B03(c) for  the twb investigations. rcspectively. Gal’chenko a n d  
co-workers have studied several boron alkylsI4 and somc carboranes”. and  studies o n  
enthalpies of hydroborination of alkcnesI6 yielded cnthalpics of formation in 
agreement with combustion valucs. 

d.  AIkyl- aid  nrylh’n c o n ~ p o u n d ~ .  Static-bomb combustions in 45  atm of oxygen by 
Davies et d.” yielded a consistcnt Set of cnthalpy of formation data when tested 
against bond-energy schemes. A small thermal correction was required for the  
incomplete combustion of thc tin. and  the amount o f  carbon dioxide was measured to 
demonstratc the completeness of combustion of the organic part of the molecule. 
Other static-bomb measuremcnts on tin compounds reported in the literature, in 
which the amount of carbon dioxide was not determined, are unsatisfactory. 

e. Trurisiriorr tnerd orgarionietallic compoutitls. T h e  problems in making successful 
static-bomb measurements on thcse conipounds are severe, and only in the last decade 
has sufficient progress been made  to yield rcliable results. 

Static-bomb combustion ot metal carbonyls can bc successful when done in dry  
oxygcn because there will bc n o  complication from hydration of the oxide farmed. 
Barnes er al. measured thc energies of combustion of Mo(CO),(c) and  w(co)6(c) 
in this manner; thc amount of carbon dioxide was determined and the oxides MOO, 
and W 0 3  casily dissolved to determine tracc amounts of unburned metal. The  derived 
enthalpies of formation agrced with thosc from enthalpies of decomposition (sec 
later). Similar measurcments on  Cr(CO),(c)” werc less successful owing to the  
difficulty of analysis of the mixture of Cr,O, and Cr .  l h c  enthalpy of formation of 
Ni(CO)4(I) from static-bomb mcasurcments by Fischer et ~ 1 . ~ ”  is in agreement with 
that derived from equilibrium studies of thc thermal decomposition by Sykes a n d  
Townshcnd”. Cotton el ul. ?: havc used this technique for Fc(CO)s(I). 

Rabinovich and  co-workcrs. in a recent series of papcrs. appear to have solved many 
of the difficulties in the static-bomb combustion of organometallic compounds. Their 
method is to burn a relatively small amount of compound with a largc amount of 
auxiliary material such a s  polyethylcne or benzoic acid. Although a price is paid in the  
precision of measurcment (because the compound contributes a smaller fraction than 
usual to the  measured enthalpy). the advantages a re  that the  auxiliary material 
promotes completeness of combustion. Moreover. because the oxide product is 
formed at high temperature.  it will be fused and is unlikely to hydrate, c.g. Tel’noi er 
al. ’3 burned bisbcnzcne chromium in heavy polyethylene ampoules. and  product 
analyses (CO,) indicated complete combustion of the  benzene and of the chromium 
metal. T h e  derived value, AH~{[Cr(C,H,),],c} = ( + 1 4 6  2 8.4) kJ/mol is in excellent 
agrcement with the valuc derived from the enthalpy of d e c o m p ~ s i t i o n ~ ~ ,  
(+ 142.3 * 8.4) kJ/mol; carlicr static-bomb combustion values were discordant, being 
(+89.1 2 32.0) kJ/mo125 and  (+213.0  z 12.0) kJ/mol’6. 

For compounds which react spontaneously with oxygen, such as the 
dicyclopcntadienyl dcrivativcs [Ti(CSHS)?](c) and [ V(CSHS)~](C),  Tel’noi 
protectcd the samplc beforc combustion by coating it with paraffin wax. This served 
additionally as the auxiliary combustion aid. An analysis for complete combustion by 
dcterniining carbon dioxide was made. and  therc was no evidence of incomplete 
combustion o f  thc metals. 
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The static-bomb combustion method may be satisfactory but has not been proved to 
be so far the following: 

f A!Cylphosphorus, alkylarsenic, alkylantinroriy atid alkylbismurh compounds. The 
enthalpies of formation of these compounds were all obtained by static-bomb 
combustion calorimetry. in which the experimental problems resemble those 
encountered with organoboron compounds. There are, however. no independent 
investigations by other methods, and insufficient data to test for internal consistency SO 

that we cannot accept the values for these compounds as  established. 
The  static-bomb combustion method has been shown to be unsatisfactory for the 

following classes of compound. 
g .  Alkylaluminium compounds. Values from static-bomb calorimetry for these 

compounds are discrepant, c.g. for AIEt2H(I) the energy of combustion obtained by 
Shaulov et is 103 kJ/mol less than that by PawlenkozY; incomplete cornbustion 
may have been responsible for difficulties with this compound. Apparently reliable 
reaction calorimetry studies of enthalpies of hydrolysis gave enthalpies of formation 
differing from those obtained by combustion, for AIEt3(l) by 30 k J / m 0 1 ~ ~  and for 
AIMe3(l) by 80 kJ/mo13’. Shmyreva el ~ 1 . ) ~  measured both the energy of combustion 
and the enthalpy of hydrolysis in dilute hydrochloric acid of Al(n-Pr3)(l), but the 
enthalpies of formation from the two methods differed by 46 kJ/mol. The  magnitude 
of the discrepancies makes it difficult to accept that any of the published enthalpies of 
formation of aluminium alkyls are reliable. 

h. Organosilicon compounds. In 1964. Good ef  al. 33  developed a rotating-bomb 
technique for organosilicon compounds; this work demonstrated that the static-bomb 
technique for these compounds is completely unsatisfactory and that all static-bomb 
results should be rejected. 

i. Alkylgermanium compounds. T h e  problem with these compounds lies in the state 
of the germanium oxide produced, and most authors. on the evidence of X-ray powder 
photographs, have taken this product to be crystalline, in either the hexagonal or 
tetragonal forms. It appears, however. that i t  is largely amorphous and the enthalpies of 
transition between the three forms are fairly large34: 

Ge02(am) - Ge02(c ,  hex) 
A H  = - 15.7 kJ/mol 

GeOz(c. hex) - GeOZ(c, tet) 
AH = -25.4 kJ/mol 

This uncertainty regarding the state of the oxide product necessarily enters the 
enthalpy of formation of the alkylgermanium. Although the static-bomb combustion 
of germanium metal with benzoic acid auxiliary probably produced an amorphous 
oxide similar to that from the combustion of alkylgermanium compounds. the 
rotating-bomb technique for germanium compounds avoids any argument and is 
clearly preferable. 

compared the results from static and 
rotating-bomb techiliques. and showed that the formcr method was inadequate for 
these compounds. The  differences in the enthalpies of formation were - 123.0 kJ/mol 
for PbMe3(g) and + 166.6 kJ/mol for PbEt3(1), despite the care taken in the analysis of 
the combustion products from the static-bomb experiments. 

j .  Alkyllead compounds. Good and 

2. Rotating-bomb calorimetry 

T h e  rotating bomb was originally developed for combustion of organic compounds 
containing sulphur, since by rotation of the bomb and its contents after combustion the 
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sulphuric acid produced was of uniform concentration. This method has since been 
applied to several organometallic compounds, but the chemical problems associated 
with the combustion reaction arc specific to each element, and must Se resolved 
individually. With properly designed comparison experiments, the rotating bomb 
method is superior to conventional combustion techniques and has been successfully 
applied in the following examples. 

a. Organosilicon compounds. Good el al. 33 applied tbe rotating-bomb calorimeter 
to hexamethyldisiloxane: the compound. mixed with ma-trifluorotoluene, was burned 
in oxygen in a bomb containing water. After combustion and rotation a homogeneous 
solution of hexafluorosilicic acid was produced according to the reaction 

5PhCF3(I) + (Me3Si)20(l) + 49.502(g) + 406H20(1) - 
The enthalpy of formation of the final solution in the bomb was determined by burning 
silicon mixed with poly(viny1idene fluoride) to produce a final solution of the same 
composition. Hence the enthalpy of formation of hexamethyldisiloxane was 
determined with respect to elemental silicon. Iseard el al? have described an aneroid 
rotating-bomb calorimeter, and used a similar procedure. with trifluoromethylbenzoic 
as combustion aid; measurements were made on SiEt,(l) and Si,Et6(l). Steele3' has 
measured the enthalpy of formation of SiPh,(c) by rotating-bomb calorimetry. 

Hajiev and A g a r ~ n o v ~ ~  studied the combustion of chlorosilicon alkyls by 
rotating-bomb calorimetry. A solution of hydrazinium chloride was placed in the 
bomb to reduce any chlorine produced on combustion to chloride ion. The silicon on 
combustion was transformed into a homogeneous colloidal solution of amorphous 
silica. The enthalpies of formation of Me2SiC12(l) and Me3SiC1(1) so derived agree with 
those obtained from enthalpies of h y d r o l y ~ i s ~ ~ .  

b. Alkyl- and arylgernianium compounds. The rotating-bomb technique for these 
compounds was introduced by Bills and Cotton40, who studied GeEt,(l). An aqueous 
HF solution placed in the bomb dissolved the G e 0 2  formed on combustion. 
Comparison experiments were made by burning benzoic acid and at the same time 
dissolving G e 0 2  (c,hex.) in the acid to produce a final solution of the same 
composition as that formed in the GeEt4(I) combustion. The enthalpy of formation of 
GeEt,(I) was determined with respect to  Ge02(c,hex.) from the enthalpy of the 
reaction 

41COz(g) + 2{(HzSiF6 + 1.5HF)(212H20)}(1) (3) 

Carson and co-workers used an aneroid rotating-bomb calorimeter charged with KOH 
solution to determine the enthalpies of formation of GePh4(c),*, Ge(CH2Ph),(c) and 
GezPh6(c)". The KOH solution dissolved both the G e 0 2  and the C02 formed. 

determined the enthalpy of 
formation of PbEt,(l) by rotating-bomb calorimetry. A solution of nitric acid 
containing some arsenious oxide was placed in the bomb and, after combustion and 
rotation, the nitric acid dissolved the metallic lead and the lead oxides whilst the 
arsenious oxide ensured that the dissolved lead was in the Pb2+ oxidation state. For the 
comparison experiments, hydrocarbon oil was burned in the presence of crystalline 
lead nitrate to produce a final solution of the same composition as in the normal 
Combustion experiments. The enthalpy of formation of PbEt4(1) was determined with 
respect to the enthalpy of formation of lead nitrate according to the reaction 

PbEt,(l) + 13.S02(g) + 2 ( H N 0 3  in  30HzO)(I) 

C. Alkyl- arid aryllead compounds. Good el 

- 
K O & )  + 11H?O(l) + Pb(N03)2(C) (5) 
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Using this method, Good et 0 1 . ~ ~  determined the enthalpy of formation of PbMe4(1) 
and Carson er ~ 1 . ~ ~  determined that for PbPh4(c). 

d .  Organoarsenic and -bismuth compounds. Mortimer and used the 
rotating-bomb calorimeter to determine the enthalpy of formation of AsPhJ(c). 
Aqueous NaOH was placed in the bomb to dissolve the C 0 2  and the arsenious oxide 
formed as  products of combustion (a small amount of sodium arsenate was also 
formed). The enthalpy of solution of the C02  was determined in comparison 
experiments in which benzoic acid was burned with the same initial solution in the 
bomb. The  enthalpy of formation was obtained from the enthalpy of the reaction 

AsPh3(c) + 22.502(g) + 43(NaOH, 1 2.93H2C)(l) - 
1 8C02(g)  + (40NaOH, Na3As03. 565H20)(1) (6) 

This method should be applicable to other arsenic compounds. has applied a 
similar rotating-bomb method for determination of the enthalpy of formation of 
BiPh,(c). 

e.  Organoseleniutn compounds. Combustion of selenium and its compounds 
produces selenium dioxide which is soluble in water. Barnes and Mortimer4* have 
studied several selenium compounds by rotating-bomb calorimetry; typical is the 
example of SePh2(l): 

SePh2(l) + 15.502(g) + 396H20(1) = 12C02(g)  + (Se02.401H20)(l)  (7) 

Comparison experiments were made by burning benzoic acid with a solution of 
selenium dioxide in the bomb: the enthalpy of solution of Se02 was measured in 
separate experiments. 

f. Tramition merd organonietnllic compounds. The only published work on a 
rotating-bomb study of a compound of this type is that for dirnanganesedecacarbonyl 
by Good er al.49. A procedure similar to that for the lead alkyls was used, except that 
hydrogen peroxide was added to the nitric acid solvent to ensure solution of the 
manganese as Mn2+, and a small thermal correction was required because of the 
catalytic decomposition of hydrogen peroxide by Mn2+. The bomb was charged at a 
lowcr than usual oxygen pressure (ca. 5 atm), to assist the solution of the manganese 
oxides by ensuring that they were not fused, but there was incomplete combustion of 
the organic part of the molecule requiring a thermal correction for the carbon formed. 
For the comparison experiments, hydrocarbon oii was burned in the presence of 
manganous nitrate in solution; the enthalpy of forniation of M ~ I ~ ( C O ) , ~  was 
determined from the enthalpy of thc reaction 

B. Enthalples of Reactlon 

The commonly used reactions of hydrolysis and halogenation of organic 
thermochemistry have been extcnsively applied with organometallic compounds, but 
also thcre arc some specific reactions for this class of compound. 

1 .  Enthalpies of hydrolysis 

For many organometallic compounds, the measurement of the enthalpy of 
hydrolysis is straightforward. It is preferable that the hydrolysis results in a 
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homogeneous solution rather than a precipitate. which may introduce uncertainties 
due to surface adsorption: e .g .  Carson er al. ’” preferred thc results of  the hydrolysis of 
CdMc,(l) in acid, even though the acidic and neutral hydrolysis gave results which 
agreed to within the limits of experimcntal error. Thc two rcactions were 

CdMez(1) + 2H20(1) - Cd(OH),(c, precipitate) + 2CH4(g) (9) 

CdMe2(l) + (H2SO4.100H20)(1) - (CdS04-100H20)(1) + 2CH4(g) (10) 

For some compounds, the reaction with liquid water can be violent, even explosive. 
and Fowell and Mortimer devised a method to control the rate of reaction by bubbling 
nitrogen saturatcd with water vapour through the reactive liquids. This method was 
applied to Li-n-Bu(l)’’ and to AlEt3(l)”. 

An interesting example of hydrolysis in acidic solution was of 
dicyclopentadienylmagnesium by Hull el al. 5 2 ,  and the reverse of hydrolysis was used 
by Hull and TurnbullS3 to measure the enthalpy of formation of 
cyclopentadienylthallium from the cnthalpy of reaction in aqueous solution: 

(TlOH*2050H2O)(I) + C-c~H,j(g) = TI(CsHs)(C) + 205 1 HzO(1) (1 1) 

Oxidative hydrolysis has proved lo be a useful method for organometallic 
compounds in which the  metal is in a low oxidation state. Adedeji er 0 1 . ~ ~  found that 
hexakis (dimethylamido)ditungsten, [ W2(NMe2)6](c), is rapidly hydrolysed in water, 
yielding a black powdered precipitate, but in thc presence of a suitable oxidizing agent 
this black prccipitatc is gradually oxidized to a precipitate of yellow tungstic acid. The 
oxidizing agent used was potassium dichromatc in sulphuric acid and the enthalpy of 
the following reaction (AH, )  was measured: 

[W2(NMe2)6](c) + (Cr20$- + 14H+ + H20)(scln.) - 
2H2W04(ppt./soln.) + (2Cr3’ + 6NMe2H:)(soln) (12) 

From separate experimcnts on the oxidation of hydrazine by the same acid dichromate 
solution, A H ? .  

1.5NzH4(1) + (Cr20.f- + 8H+ + 6NMe2Hi)(soln.) - 
1.5N2(g) + (2Cr3’ + 7H20 + 6NMezH~)(soln.)  (13) 

and the enthalpy of solution of Me2NH(I) in the same solvent, A H 3 .  

6NMe2H(I) + 6Hf(soln.) = 6(NMe2Ht)(soln.) (14) 

arc obtained and then the combination. A H ,  - A H ,  - AH3, yields the cnthalpy of 
reaction 

[Wz(NMe2)6](~) + 1 S N d g )  + 8H20(1) 
2H2W04(ppt./soln.) + 1.5N2HJ(I) + 6NMe2H(I) (15) 

from which A H : ( [  W2(NMe2)6],c) was derived without reference to the enthalpies of 
formation of dichromate or  chromic ions in solution. Adedeji er nl.” also studied 
[ M ~ z ( N M e ~ ) ~ l ( c )  by this mcthod. 

Oxidative hydrolysis was uscd by Cavell rr ~ 1 . ~ ~  to determine the enthalpies of 
formation of several tetra-pacetat0 derivativcs, including those of dimolybdenum(I1) 
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and dichromium(I1). The oxidizing agent was iron(II1) chloride in acidic solution, and 
the thermochemical reaction is represented by 

[Mo2(OAc),](c) + 8FeC13(c) + 8H20(l)  + 4NaCl(c) - 
2Na2Mo04(c) + 8FeCI2(c) + 12HCl(in 7.97H20)(1) + 4AcOH(I) (16) 

The enthalpy of reaction was determined by measuring the enthalpy of solution of 
each reactant and product successively in the calorimetric solvent, so that the final 
solution from dissolution of all the reactants was of the same composition as the 
corresponding solution from the dissolution of the products. 

2. Enthalpies of halogenation 

Enthalpies of halogenation are obviously important for determining the enthalpies 
of formation of halogeno-organometallic compounds; e.g. Pedley el al. s6 measured the 
enthalpies of several reactions, such as 

SnMe4(1) + Br2(g) = Me3SnBr(l) + MeBr(g) (17) 

Nitrogen carried bromine vapour (from a weighted evaporator containing liquid 
bromine) into a reaction vessel which contained the liquid tin alkyl within the 
calorimeter, and the amount of reaction was determined from the weight loss of the 
bromine evaporator. From the value of AH?(Me3SnBr(l)) so derived, the enthalpy of 
formation of hexamethyldistannane was calculated from the enthalpy of the reaction 

Me3SnSnMe3(I) + Br2(l) = 2Me3SnBr(l) (18) 

Cartner el al. 57 have determined the enthalpy of formation of dicobaltoctacarbonyl 
from the enthalpy of reaction with bromine in carbon tetrachloride: 

[CO~(CO)SJ](C) + (2Br2.nCC14)(l) = 2CoBr2(c) + 8CO(g) + nCC14(1) (19) 

The derived-enthalpy of formation agreed, within the limits of experimental error. 
with the value obtained independently from thermal decomposition studies. 

3. Enthalpies of redistribution reactions 

Single-centre redistribution reactions, defined by SkinnerS8 as those reactions in 
which the chemical bonds change in relative position but not in number o r  formal 
character, have been useful in the organometallic field, notably for organomercury and 
organotin compounds. For example. the enthalpy of the reaction 

Et?Hg(l) + HgClz(c) = 2EtHgCl(c) (20) 

was dcrived from the enthalpy of reaction in solution and the appropriate enthalpies of 
solution to obtain the enthalpy of formation of E t H g c l ( ~ ) ~ ~ .  The enthalpies of 
formation of alkylmercury halides are all derived from reactions of this type. 

Nash er o / . ~ ( )  studied the enthalpies of redistribution reactions of SnC14(l) and 
SnMe,(l): on mixing these liquids the whole range of redistribution products, 
MeSnC13. Me2SnC12, and Me3SnCI. can be obtained, the relative amounts of each in 
the final mixture depending o n  the composition of the initial reaction mixture. The 
composition of the final mixturc was determined by GLC, and by investigating over a 
wide range of composition the enthalpies of formation of all the chlorotinmethyls were 
obtained. 
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4. fnthalpies of hydroborination 

alkenes to produce alkyls according to 
Bennett and SkinnerI6 measured the enthalpies of hydrobcrination of zeveral 

6RCH=CH2(1) + B2H6(g) - 2(RCH?CH,),B(I) 

Gaseous diborane was admitted to a reaction vessel which contained a solution of the 
alkene in diglyme, through a sintered-glass disk covered with mercury. The enthalpies 
of formation of the boron alkyls obtained in this way are in excellent agreement with 
those obtained from static-bomb combustion experiments by Gal’chenko and 
Z a u g ~ l ’ n i k o v a ~ ~ .  

5. Enthalpies of thermal decomposition 

Many organometallic compounds thermally decompose at elevated temperatures to 
comparatively simple and stable products which can be thermodynamically defined. 
Measurement of the enthalpy of decomposition provides a route to the enthalpy of 
formation of the organometallic compound, but this method requires either a 
calorimeter capable of operation at elevated temperatures or a room-temperature 
calorimeter which contains a small high-temperature region, a ‘hot-zone’. 

Connor er ul.24.61.62 have measured the cnthalpies of decomposition of several 
transition metal carbonyls and related compounds using the Calvet high-temperature 
microcalorimeter. Two types of reaction, exemplified by reference to 
dimanganesedecacarbonyl, were studied: (i) thermal decomposition: 

and (ii) thermal decomposition in the presence of gaseous iodine: 

More recently, Z a f a r a n i - M ~ a t t a r ~ ~  used bromine to replace iodine in reactions of this 
type. One advantage is that the bromination reaction can be used at lower 
temperatures. For the thermal decomposition, cu. 3 mg of the sample at 25°C. 
enclosed in a glass capillary, were dropped into a glass reaction vessel filled with argon 
in the microcalorimeter at  241 “C. Thc rapid decomposition gave a manganese mirror 
on the walls of the glass reaction vessel, and the enthalpy of reaction is subject to 
possible error tecause of the exothermic adsorption of carbon monoxide on the thin 
metal film. The iodination cnthalpies do not suffer from this defect. and for 
[ Mn2(CO)10](~) the largest thermal decomposition enthalpies were cu. 120 kJ/mol 
less than that required to conform to the iodination value. Thermal corrections were 
required to convert the observed enthalpies of reaction to the value at 298 K, and to 
derive the enthalpy of formation of the carbonyl, the enthalpy of formation of the 
transition metal iodide, which could be non-stoichiometric, had to be estimated. The 
iodination results arc preferred and believed to be reliable to 2 10 kJ/mol. The 
compounds examined by this method include simple and polynuclear carbonyls, arcne 
derivatives (e.g. benzcnechromiumtricarbonyl), and ‘sandwich’ complexes including 
dibenzenechromium, dibenzcnemolybdenum. and ditoluenetungsten. 

The Calvet high-temperature microcalorimeter has also proved useful in measuring 
the enthalpies of sublimation of organometallic compounds, by dropping ca. 3 mg of 
the compound into the reaction vesscl in thc microcalorimeter at a temperature below 
that for decomposition. and then evaporating the solid by applying a vacuum. The 
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procedure was calibrated by dropping in substances of known enthalpies of 
~ub l ima t ion"~ .  and the results appear to bc reliable to +4kJ/mol. 

The  thermal decomposition enthalpies of thc hcxacarbonyls of chromium, 
molybdenum and tungsten werc measured by Pittam and c o - w o r k e r ~ ~ " ~ ' ~  using a 
hot-zonc calorimcter. For thcse measurements cu. 2.5 g of the carbonyl were dropped 
into a rcaction vcssel heatcd at cu. 400°C: by a hydrogcn-in oxygen flame. The carbon 
monoxide left thc calorimeter through a heat-exchangc spiral, was then oxidized t o  
carbon dioxidc, and the amount of this determined the amount of carbonyl 
decomposed. The  enthalpy of dccomposition contributed cu. 10% of the total heat 
produced, thc remainder being gencrated by the hydrogcn flamc (the latter was 
detcrmined precisely from thc mass o f  water formed). Adsorption of carbon monoxide 
on the metal surface was not significant in thcse macro-scale experiments bccausc of 
the small surface to volume ratio of thc metal produccd. For [Mo(C0)6] and 
[ W(CO),] the rcsults were in agreement with static-bomb mcasurements. and for 
[ Mo(CO)~] werc in good agreement with the microcalorimetcr iodination studyb1. 

Differential scanning calorimetry has becn used to study the cnthalpies of 
dissociation of metal-ligand bonds in a number of transition mctal complexes. O n c  
advantage of this method is that only a few milligrams of sample are necdcd for each 
determination, and the extent of decomposition is dcrived from thc decrease in weight 
of the samplc. The temperature of the calorimeter is raiscd linearly with respect to 
time until decomposition occurs and is completed; thus the observed enthalpies of 
decomposition for a series of compounds will refcr to different temperatures and for 
propcr comparison, heat capacity corrcctions are needed to convcrt thc values to 
A H  (298 K). 

Investigations using differential scanning calorimetry were initiated about 15 years 
ago, since when the technique has been widely applied. 

Mortimer and co-workershS4" studied the thermal decomposition o f  complcxes o f  
the gcneral formula MXzL,,. wherc M is a first-row transition mctal. X is a halogen and 
the ligand L is pyridine. o n e  of the methylpyridines. quinolinc. pyrazine, pyrimidine. 
or anilinc. The  decompositions followcd the equation 

MX?L,,(c) = MX?(c) + nL(g) 

and thc results werc interpreted in tcrms of u- and n-bonding componcnts and of steric 
interactions. 

Another  type of thermal decomposition, studied by Ashcroft et d."', was the 
decarbonylation of irom- bis(triphenylphosphine)chlorobenzoylplatinium( I ) ,  according 
to the equation 

and the results were intcrprcted to give 180.7 kJ/mol for thc dissociation cncrgy of the 
Pt-C bond in the grouping Pt-COPh. 

Mortinier 1'1 (11. 7 1  have also studied thermal dccompositions o f  thc typc 
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whcre X is a halogen arid A is either FzCZCF? or CF3CEECCF3. Thc results suggestcd 
that thc strength of the iridium-olefin bonding dcpends on thc combination of the 
o(olefin 4 metal) and the n(metaI+olcfin) coniponcnts of the bond. 

111. ENTHALPIES OF FORMATION AND ATOMIZATION OF ORGANOMETALLIC 
COMPOUNDS 

A compilation of enthalpies of formation of organonictallic cornpounds is givcn in 
Table 1 .  The metals are ordered according to thc Groups of the Periodic Table. Values 
arc given at 298.15 K in kJ/mol for the enthalpy of formation in the condensed state 
(crystal or liquid), thc enthalpy of sublimation or evaporation. the cnthalpy of 
formation in the gaseous state and the enthalpy of atomization. AHa. Estimated values 
are given in parenthcses. The enthalpies of atomization were calculated using the 
enthalpies cf formation of the gaseous atoms listed in Table 3.  

IV. STRENGTHS OF CHEMICAL BONDS IN ORGANOMETALLIC COMPOUNDS 

A. Deflnltlons of Therrnochemlcal Bond Strengths 

It is nccessary to distinguish betwecn thc commonly used terms bond dissociation 
energy, mcan bond dissociation energy, bond energy. and bond enthalpy contribution. 

For a diatomic moleculc, the spcctroscopist distinguishes between thc dissociation 
energy, D,, measured from thc minimum of the potential encrgy curve of the 
molecule. and Do. determincd from thc lowcst encrgy lcvel of the molecule. D ,  and D O  
differ by thc zero-point encrgy of thc molecule. The spectroscopic D,, corrcsponds to 
AUg for the process 

AB(g, 0 K) - A(g, 0 K) + B(g, 0 K)  (27)  

wherc all the species are in their ground states at the absolute zcro temperature. and is 
correctly called a bond dissocinriotr etwrgy. The thermochcmist measures standard 
enthalpies of formation, AH:, usually at 298.15 K. and for the process 

AB(g, 298 K) - A(g, 208 K) + B(g. 298 K) (28) 

thermochemical data can provide the cnthalpy of dissociation: 

AH‘i(298 K) = AHy(A. g, 298 K) + AHi’(B. g. 298 K) - AHi’(AB. g. 298 K) 
(2% 

Af$(298 K )  is a bond tlissocirtriori endicilpy. and will normally differ from Do and from 
DZg8, where 

DIyB = AUy(298) = AHy(208) - RT (30) 

For a gascous polyatomic molecule MX,, (where X is an atom). the etrrhnlpy of 
mmzizurioti. is given by 

AH$,, = AH:(M. g) + trAHy(X. g) - AHr(MX,.  g) ( 3 1 )  

wherc the normal thermochemical convention is followcd of not specifying 
temperature for reactions at 298.15 K. In so far as structural cvidence confirms 
equivalencc of the (M-X) bonds in MX,,, the quantity AHyl,,Jti measurcs thc mean 
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TABLE 2. Mean bond dissociation energies and enthalpies for some simple species 

Molecule (M-X) (k J/mol) T (K) (k J/mol) (kJ/mol) 

H 2 0  H - 0  917.76 0 458.9 458.9 
926.98 298.15 463.5 461 .O 

H3N H-N 1 1  57.87 0 386.0 386.0 
1172.61 298.15 390.9 388.4 

H3C. H-C 1209.60 0 403.2 403.2 
1224.36 298.15 408.1 405.6 

H4C H-C 1641.95 0 410.5 410.5 
1663.26 298.15 415.8 413.3 

Bond U R o m  D(M-X) D(M-X) - RT 

Me20 Me- 0 725.77’ 298.15 362.9 360.4 
Me3N Me-N 935.3v 298.1 5 311.8 309.3 
Me& Me-C 1469.27’ 298.15 367.3 364.8 

a A H ~ ~ m p l  (kJ/rnol). 

bond dissociation enthalpy, D(M-X). Correspondingly from the energy of 
atomization 

AUt,,, = AHt,,, - nRT (32) 

t_he quantity AU~,Jn measures the mean bond dissociation energy, equal to 
D(M-XI - RT. 

For a PolYatomic molecule, M k ,  where R is a radical, the enthafpy of the disruption 
reaction 

M R n W  M(g) + n R k )  (33) 

(34) 

is given by 

AHOdismpt = AHP(M9 g)  + nAHP(R, g) - AHP(MRn, g) 

and the quantity AHismpJn may properly, be termed the mean bond disruption 
enthalpy, symbolized by B(M-R). It is a measurable quantity provided that the 
cnthalpy of formation of the radical R is known. Some well established examples are 
listed in Table 2, together with mean bond dissociation energies and enthalpies at  0 and 
298.15 K for some simple species. 

When AHt(r, g) is not known, it remains possible to evaluate AH:,,, and thence to 
apportion this total enthalpy amongst the constituent bonds of the MR,, molecule. 
Values obtained in this way have been referred to variously as ‘bond energies’, ‘bond 
energy terms’, and more recently ‘bo_nd enthalpy contributions’. The last terminology 
is preferred here and symbolized E(M-X), to distinguish from _bond disruption 
enthalpies, 6(M-X). It is important to stress at the outset that E(M-X) values 
depend on the distribution rules of the scheme adopted in apportioning AH,“,,,, 
amongst the bonds present in MR,,. To illustrate this coint, consider the molecule 
Me&, for which the mean bond disruption enthalpy, D(C-Me) is experimentally 
determined@ = 367.3 kJ/molat298.15 K),andAH:,,,(298.15 K) = 6367.0kJ/mol. 
The starting point 

6367.0 = 4E(C-C) + 12E(C-H) (35) 
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is insufficient in itself to proceed further. The  distribution scheme of LaidlerI6' 
distinguishes between C-H bonds according to their description as primary, (C-H),. 
secondary, (C-H),, o r  tertiary, (C-H),. Applied to  the alkanes Me4C and C2H6 at 
298 K, the Laidler scheme gives 

AH',',,,(CMe.,) = 6367.0 = 4E(C-C) + 12E(C-H), 

AH!$,,(C2H6) = 2825.3 = E ( c - c )  + 6E(C-H), 

(36) 

(37) 

leading to  ,!?(C-C) = 358.2 kJ/mol and E(C-H), = 4 1  1.2 kJ/mol. The Laidler 
bond cnthalpy contribution, ,!?(C-C) in alkancs compares closely with E(C-C) in 
diamond (evaluatcd from AH,9,,,,/2 = 357.4 kJ/mol). 

The larger difference betwcen-i?(C-C)-and b(Me-C) in Mc4C arises from the 
differencc in meaning of D and E values. D values. and individual bond  dissociation 
enthalpies, such as  

D(Me3C-Me) = 354.5 kJ/mol 
D(Me-Me) = 376.6 kJ/mol 
D(CH3CH,-H) = 410.9 kJ/mol 

incorporate the enthalpies ofreorganizarion of the radicals as they become individual 
entities o n  disruption. E values, in contrast, derivc from AH:),,, and  are in n o  way 
associated with radical reorganization cnthalpics. When therc  is a substantial radical 
reorganization,- there are necessarily large differencics betwcen D and the 
corresponding E ;  azomcthane is a notablc cxamplc. The disruption process 

Me-N=N-Me(g) - 2Meg) + Nz(g) (38) 

has AHdqSrupt = 144 kJ/mol, corrcsponding to D(Me-N) = 7 2  kJ/mol. This may be 
compared with 312 kJ/mol for D(Me-N) in Me3N (Table 2), and with 
E(C-N) = 302.5 kJ/mol (Laidler scheme) in the same molccule. The re  is no reason 
to expect a large difference betwccn E(C-N) in Mc2N2 a n d  Me3N, but the large 
differences in D(Me-N) reflect the change -N=N - N E N  on dissociation of 
azomethane. 75 values are  particularly relcvant in cznsiderations of the thermal 
stability and reactivity of the parent molecule. whereas E valucs correlate morc closely 
with thc equilibrium molecular structure. 

For molecules in which the ccntral atom is bonded to dissimilar a toms o r  ligands 
(e.g. MX,,Y,, or MR,,R*,,). the distribution of AH:,,, o r  AH:I.\ruUpl amongst the bonds 
becomcs a matter of choice. For the disruption 

MR", R,'(g) - M(g) + m R(g) + n R'k) (39) 

(40) AhH~,sr ,p~  = ,?IL)(h4-R) + nD(M--R') 

and a common assumption is that D(M-R) is transferable from MR,,,,,, without 
change. Transferability in general would require that a redistribution reaction, 

MRni+,i(g) + M R i + n ( d  - MRmR:(g) + M R n X ( g )  (41) 

be thermoncutral. This is rarcly the case. as will be examined later, but this 
rcdistribution enthalpy is oftcn small. 

B. Metal-Carbon Mean Bond Dlsruptlon Enthalples 

1. Metal alkyl and aryl derivatives 

For moleculcs of the gcncral typc MR,, (where R is an alkyl or aryl radical), mean 
bond dissociation cnthalpies may be evaluated based on available values for AH:)(M.g) 



TABLE 3. Enthalpics of formation of gaseous atoms in their ground states at 298.15 K 

AH :' (g) AH: (6) AH: (Id 
Atom (kJ/mol) Atom (kJ/mol) Atom (kJ/mol) 

H 2 18.00 -c 0.0 1 c o  425.1 Cd 110.0 % 0.4 
In  243 5 8 Li 160.7 ? 1.7 Ni 430.1 

Be 324- 5 c u  337.6 2 1.2 Sn 3 0 l . 2 t  1.7 
B 560 -c I2 Zn 130.42 -c 0.20 Sb 264 r 8 

193 2 8 C 7 16.67 -t 0.44 Ga 288.7 Te 
N 472.68 -t 0.40 Gc 377- 13 I 106.76 % 0.04 
0 249.17 2 0.10 As 289% 13 cs 78.2 ? 1.3 
F 79.39 2 0.30 Se 206.7 5 4.2 Ba 177.8 
Na 107.9 -e 0.4 Br 111.86%0.12 Hf 619.2 
Mg 147.1 -t 0.8 Rb 81.6 5 4.2 -1-a 786.6 t 4.0 
A1 329.7 5 4.0 Sr 143.6 -t 4.2 W 859.9 t 4.6 
Si 450- 8 Y 424.7 5 0.8 Re 783 -c 8 
P 316.5 2 1.0 La 43 1 .O 5 0.4 0 s  783 2 8 
S 276.98 -t 0.25 Pr 372.8 5 1.3 I r  665 t 8 
CI 121.30 2 0.01 T m  247.3 2 0.8 Pt 565.7 t 4.2 

89.1 t 0.8 Yb 151.9 5 0.4 Au 369.4 5 3.8 K 
Ca 177.8 2 0.8 Zr 608.4 t 1.7 Hg 61.38 5 0.04 
sc 381.6 -t 1.3 Nb 7 2 4 2  8 TI 179.9 ? 4.2 
Ti 470.7 MO 658.1 5 2.1 Pb 195.20 % 0.80 
V 514.6 Ru 640 -c 8 Bi 207.1 t 4.2 
Cr 396.6 * 4.2 Rh 556.5 2 4.2 T h  598 t 6 
Mn 279.1 Pd 280.7 2 4.2 U 481 t 13 
Fe 416.3 5 4.2 Ag 284.9 t 0.8 

TABLE 4. Mcan bond disruption enthalpics in metal methyl. ethyl and phcnyl dcrivatives at 
298.15 K 

D(M-R) B(M-R) D( M- R) 
Molecule (kJ/mol) Molecule (kJ/mol) Molecule (kJ/mol) 

~ 

ZnMez 186.4 ZnEtz 145.0 
CdMe2 148.5 CdEtz 110.6 
HgMe2 130.0 HgEt2 102.7 HgPhz 160.1 

BMc3 373.9 BE13 344.5 BPh, 468.4 
AIMe3 283.3 AIEtx 272.6 
GaMe3 256.4 GaEt3 224.9 
InMe3 169.4 

CMe4 367.3 CEtJ 34.5.3 CPhj 404.8 
SiMe4 320.2 SiEt, 287.1 SiPh4 352.2 
GcMe4 258.2 GeEtj 242.9 GcPhj 308.0 
SnMe4 226.4 SnEt4 194.7 SnPh4 257.2 
PbMc4 161.1 PbEt4 129.6 PbPhd 196.4 

NMe, 31 1.8 NEt3 296.7 NPh3 373.7 
PMe3 285.5 PEt3 230.2 PPh3 325.9 
AsMe3 238.4 AsEt, 185.8 AsPh3 285.4 
SbMe3 223.5 SbEt3 179.8 SbPh3 267.8 
RiMe3 150.5 BiEt, 105.3 BiPh3 193.9 

OMe2 362.9 OEtl, 358.7 OPh? 423.8 

SeEt. 240.3 SePh? 285.3 
SMe? 303.6 SEt2 293.5 SPh2 348.0 

T ~ M c s  261.3 
WMeo 161.0 
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In 

300 400 500 600 
AHP(M.g)(kJ/mol) 

FIGURE 1. 
and In. 

Plots of b(M-Me) and D(M-Et) versus AHP(M,g) for B, AI, Ga. 
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FIGURE 2. 
C, Si. Ge, Sn. and Pb. 

Plots of D(M-Me), D(M-Et), and D(M-Ph) versus AHF(M,g) for 
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FIGURE 3. 
N. P. As, Sb. and Bi. 

Plots of D(M-Me), B(M-Et), and D(M-Ph) versus AHy(M,g) for 

and AH?(R,g). Enthalpies of formation of the gaseous atoms in their ground states are 
listed in Table 3, taken mainly from data compilations by CODATA168 and by 
PiIcher3, except for M o ' ~ ~  and W170. The following enthalpies of formation of gaseous 
radicals were taken from reference 3 where the original references are cited: AHY(R,g) 
in kJ/mol at 298.15 K: R = Me, +146.3 * 0.6; R = Et, +108.2 2 4.3; R = Ph, 
+325.1 2 4.3. Table 4 lists mean bond disruption enthalpics in  metal methyl, ethyl, 
and phenyl derivatives. 

Although more data are now available, Skinner's' conclusions of l964 remain valid; 
(i) n(M-Me) > 6CM-Et) by cu. 20 kJ/mol; (ii) b(M-Ph) >D(M-Me) by cu. 
40 kJ/mol; and (iii) D(M-R) falls progressively as M descends a particular B group 
(this trend is reversed for A group elements). When B(M-R) is plotted against 
AHF(M, g), the A and B group elements show similar behaviour, a(M-R) increasing 
with increasing AH;(M,g) as shown in Figures 1, 2 and 3. 

2. Metal cyclopentadienyls 

To calculate B(M-Cp) in a metal cyclopentadienyl, AHy(Cp,g) = 
+264.4 2 9.0 kJ/mol is used, recently reported by De Frees el u[.171 from 
ion-cyclotron resonance studies. The mean bond disruption enthalpies are listed in 
Table 5, and are plotted against AHf(M,g) in Figure 4. 

(i) 

It should be noted that: 

the AH:  values for the rare-earth compounds, [MCp,], were obtained from 
measurements of AU: by static-bomb combustion calorimetry, and it is yet to be 
established that this method is reliable for compounds of these metals; 
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TABLE 5. Mean bond disruption enthalpies in metal cyclopenta- 
dicnyls at 298.15 K 

D( M- Cp) D(M-Cp) 
Moleculc (kJ/mol) Molecule (kJ/mol) 

r MiKPzl 272.6 ITiC?2l 505.9 
[SCCPd 363.8 [ VCP21 420.0 
YCPd 385.9 [CrCpzl 340.3 

[ LaCpsl 337.0 [MnCPzl 265.6 
[ PrCp31 343.0 [ FeCp2l 351.7 
[TmCp31 326.1 [ COCPzl 323.5 
[ YbCP3l 339.7 “iCP2l 300.9 

1 

100 200 3 0 0  400 500 
nH,”(M,q) (kJ/mol)  

FIGURE 4. Plot of fi(M-Cp) versus AHy(M.g) for metal cyclopcntadienyl 
derivatives. 

(ii) the values of b(Co-Cp) and D(Ni-Cp) lie below the line drawn, but this is to  
be expected in terms of the occupancy of anti-bonding orbitals in cobaltocene (by 
one electron) and nickelocenc (by two electrons); 

(iii) the point for [TiCp?] (which lies well above the line through [MnCp2]. [CrCp,], 
[FeCp,] and [VCp?]) is questionable, as solid ‘[TiCp,]’ is of unusual 
and it is not established that the vapour is to bc classified with the other transition 
rnetallocenes included in Figure 4. 

3. Metal arene ‘sandwich’ compounds 

‘sandwich’ compounds. MAr2 (Ar = arene). leading to the disruption enthalpies, 
From therrnochcrnical studies. AHr(g) values are now available for several 

MAr2(g) - M k )  + 2ArW (42) 

and thc mean bond disruption enthalpies, B(M-Ar), listed in Table 6. 
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TABLE 6. Mean bond disruption cnthalpies in metal arcncs 
at  298.15 K 

73 

Molecule 
m d i r r u p i  D(M-Ar) 
(kJ/mol) (k J/ mol) 

4. Metal cyclopentadienyl derivatives 

The enthalpies of f ~ r m a t i o n ” ~  of TiCI2(g) (-238.5 2 12.0) kJ/mol) and TiCl,(g) 
(-541 2 5.0 kJ/mol), coupled with the reported AH:(& values (Table 1) for 
[Cp2TiC12] and [CpTiCI3], lead directly to 

[Cp2TiC12](g) - 2Cp(g) + TiCI?(g); AHdlrnrp, = 556 2 23 kJ/mol (43) 

[ CPTiC131(6) - cp(g) + TiCl,(g); Affd,,nrp, = 229 t 16 kJ/mol (44) 

and to the mean bond disruption enthalpies, D(Cp-TiCI2) = 278 2 12 kJ/mol and 
D(Cp-TiC13) = 229 2 16 kJ/mol. These values are decidely less than for D(Cp-Ti) 
from the reported AHY(TiCp2,g), but as previously remarked. there al_e reasons to 
doubt the validity of the latter. The linear plot in Figure 4 would place D(Ti-Cp) at 
cu. 383 kJ/mol. which remains, however, much larger than D(Cp-TiC12) or 
D (Cp-TiCI,). 

The Ti-Cl bond length in [Cp2TiC12], 2.24 + 0.01 A, is slightly longer”‘ 
than in TiCI4, 2.21 2 0.03 A, and so it is reasonable on this basis to allocate a 
bond-enthalpy contribution to each Ti-Cl bond in  [ Cp2TiC12] of magnitude similar to 
E(Ti--Cl) in TiCI4 for which AH,,,, = 1722 2 5 and E(Ti--1) = 
430.5 -t 1.3 kJ/mol. In [Cp2TiC12], AH,,,, = 10 329 t 10 kJ/mol. and the 
assignment E(Ti-Cl) < 430 kJ/mol leaves the residue of 9469 2 10 kJ/mol for 
the Cp2Ti part of the molecule. The same starting point, E(Ti-Cl) G 430 kJ/mol 
applied to [CpTiCI,] for which AH,,,, = 6017 2 13 kJ/mol, leaves 
>4727 2 13 kJ/mol for the Cp-Ti atomization enthalpy. Thesc ‘in-molecule’ AHa 
values correspond to ‘in-molecule’ AHP(g) values of (351 t 10 kJ/mol for Cp2Ti in 
[Cp2TiC12] and <420 -t 13 kJ/mol for CpTi in [CpTiCIJ, leading to 6(Cp-Td 
2326  2 8 kJ/mol in [Cp2TiCI2] and D(Cp-Ti) 2318  -t 16 kJ/mol in [CpTiC13]. D 

TABLE 7 .  ‘In-moleculc’ D(Cp-M) values in [Cp2MC12] (M = Ti, Zr. Hf. Mo. W) at 298.1 5 K 

mP (g) AH;:,, E(M-CI) MP (MCP2) D(M-Cp) 
Molecule (kJ/mole) (kJ/mole) (kJ/mole) Origin (kJ/mole) (kJ/mole) 

[Cp2TiC12] - 2 6 6 %  9 103265 10 C430-t 1 Tic14 <351 % 10 >328% 8 
[Cp2ZrClz] -433 -t 4 10631 -t 6 C489 -t 2 ZrC14 C302 5 8 >418 5 8 
[CpzHfClz] -429 5 3 10638 5 5 <496 -t 1 HfC14 <306 5 8 >421 % 8 

5 5  5 10243% 6 C 3 0 4 %  7 MoC16 <370% 15 12 
3 4 2  5 10416, 6 <347% 1 Wc16 C485’8 >450Ic- 10 

[CpzMoCIzl 
[CP2WC121 
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TABLE 8. Derived b(M-X) values in [Cp2MX2] (X = H, Br, I ,  Me, Ph. PhCH2) at 298.15 K 

b(M-X) 
(k J/mol) 

mP (€9 mP (CP2M) mP (XI 
Molecule (kJ/rnol) (kJ/rnol) (kJ/mol) 

134? 12 
1 5 5 2  17 
2 8 0 5  10 

3 7 5  3 
3 6 8 2  12 
303 5 6 
109% 19 
1 7 0 2  9 
3 5 4 5  6 
311 2 6 
1 1 2 5  18 
1 6 2 5  9 
359 5 6 

351 2 10 
3 5 1 2  10 
351% 10 
302 2 8 
302 % 8 
370% 15 
3 7 0 2  15 
370% 15 
3 7 0 2  15 
485 2 8 
485 5 8 
485 2 8 
485 2 8 

146 
325 
179 
146 
325 
218 
112 
107 
146 
21 8 
112 
107 
146 

255 2 8 
4 2 3 5  12 
215% 15 
278 2 8 
2 9 2 2  8 
252? 8 
2 4 2 5  12 
207 2 9 
1 5 4 5  8 
305 2 5 
2 9 8 2  14 
2 6 8 2  6 
209 2 5 

values obtained in this way allow for the reorganization of the Cp  ligand on disruption, 
but not for changes in TiCI2 or TC13 as they become free radicals. 

‘In molecule’ values were evaluated for Cp-Mo bonds-in like mznner by Tel’noi 
and Rabinovich’O’, from AH:[ Cp2MoC12](g) by assigning E(Mo-Cl) in MoCI6 to the 
Mo-Cl bonds in the cyclopentadienyl complex. These and other related results are 
summarized in Tables 7 and 8. 

5. Transition metal carbonyls 

D(M-CO), is readily derived from the enthalpy of disruption 
For a mononuclear metal carbonyl, the mean bond disruption enthalpy, 

[M(CO)nl(g) - M(g) + nCO(g) (45) 

given AHp(C0,g) = - 110.5 2 0.2 kJ/mo1’68. The known values are listed in Table 9. 
Connor et al. 62 transferred these mean bond disruption enthalpies to polynuclear 

transition-metal carbonyls, but pointed out the need to distinguish between the two 
types of metal-carbonyl bonding, the terminal type, T ,  [(M-CO) as in M(CO),], and 
the bridging type, (M--0-M), signified as  B. Each metal-metal bond was assigned 
a bond enthalpy contribution R, and it was assumed that for any particular metal, T ,  B 

TABLE 9. D(M-CO) values in mononuclear 
transition metal carbonyls at 298.15 K 

Molecule 
D( M-CO) 
(kJ/mol) Ref. 

106.9 
97.5 

117.7 
135.9 
146.7 
151.7 
180.1 
180.7 

175 

176 

177 
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TABLE 10. Mean bond disruption enthalpies in polynuclear transition metal carbonyls at 
298.15 K 

A H 0  
Molecule (kJ/%iy Bonds 

R = 74.8 

= 80.9 

@ = 87.8 
T' = 172.0; M' = 117.0 
T ' =  163.2; M ' =  111.0 

h? = 210.7 
2' = 189.9; 
T* = 189.7: 

M' = 129.0 
M' = 129.0 

and were constant in all the carbonyl derivatives of that metal, and also that the 
structure in the crystalline state is retained in the gaseous state. The polynuclear 
carbonyls to which this treatment was applicd are listed in Table 10. It was found that 
for the iron and cobalt carbonyls, B = 0.5T and M = 0.68T, and by applying these 
approximate relations to other carbonyls it was possible to derive additional and R 
values indicated in Table 10 by asterisks. 

The assumption that the enthalpies - -  of disiuption of [Fe(CO)s], [ Fe2(CO),], and 
[Fe3(C0)12] can be divided into T, B, and contributions allowed the epluation of 
the three unknowns from the three items of experimental data. The M value so 
obtained is an average Fe-Fe bond disruption enthalpy from four Fe-Fe bonds of 

I I  I I I , I 400 5 0 0  600 700 800 
hH~(M.g)(kJ/rnol) 

300 

FIGURE 5 .  Plots of "(M-CO) versus AHy(M.g) for transition metal carbonyls. 
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different lengthst2.46 A in [Fe2(CO)9and 2.56 8, and 2.67 A (twice) in [Fe3(CO)12]}. 
Some of these Fe-Fe bonds are associated with bridging carbonyls, e.g. in [Fe2(CO),] 
there are three CO molecules bridging the Fe-Fe bond, whereas in [Fe3(C0)12], the 
shorter Fe-Fe bond haslwo bridging CO molecules and the two longer Fe-Fe bonds 
havc none. Other transition-mctal carbonyls were similarly treated and the derived T 
values are plotted against AH:)(m,g) in Figurc 5 .  The curves for each group are 
approximately parallel. 

6. Transition metal carbonyl derivatives 

singlc-centre rcdistribution reaction in the gascsous state of  thc type 
In  s o  far as 7 hnd bond disruption cnthalpies are constant and transferable, a 

MA&) + MBmW - 2MA42Bt42k) (46) 

should have zero cnthalpy of reaction. A selection of actual enthalpics of 
redistribution are listed in Table I 1. 

The non-zcro enthalpies of rcdistribution are not large, so that enthalpies of 
formation based on the transferability of bond cnthalpy contributions are unlikely to 
bc seriously in error. 

The redistribution of the chromium arencs and chromium hexacarbonyl becomes 
more exothermic with increasing mcthyl substitution of the benzene ring. but there is 
n o  significant strengthening of thc arene-chromium bonding in bis(arene)chromiums 
with increasing methyl subst@tion in the arenc'. as indicatcd by the following mean 
bond disruption enthalpics [D(Cr-arene): [Cr(benzenc)?]. 171.4. [ Cr(mesitylene)z], 
175.7, [Cr(hexamcthylben~cnc)~] .  155.5. and [Cr(napthalenc)J, 145.4 kJ/mol. 

The exothcrmic redistribution reactions with [Cr(CO),] arc more probably due to 
stronger bonding in the Cr-CO bonds of [ (arcne)Cr(CO),] relativc to thosc in the 
hcxacarbonyl. rcflccted by thc shorter Cr-CO bond lengths in the arene-carbonyl 
corn plcxc s IJ3 .  

TABLE 1 1 .  Enthalpics of rcdistribution in the gascous statc at 298.1 5 K 

Kcaction" 
Enthalpy of redistribution 
(kJ/mol) 

C. Metal-Metal Bond Enthalpy Contributions 

1. Meial-metal single bonds 

thc disruption 
For compounds of the type K,,M-MR,, ( R  = a lkyl  o r  ary l  radical). thc cnthalpy of 

M2R2,,(g) - W g )  + 2nR(g) (47) 
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TABLE 12. E(M-M) values in polynuclcar metal alkyls and aryls at 298.15 K 

b ( M - R )  €( M- M) W M d  E(M-M)' 
Moleculc (k  J/ mol) (kJ/mol) (k J/mol) (kJ/mol) 

Me3Si-SiMe3 320.1 5 220.0 309.6 225.0 
Mc3Si--SiMe~-SiMe3 214.8 

( M c ~ S ~ ) ~ S ~  180.7 

Ph3Ge-GcPh3 308.0 193.7 272.0 188.5 

Mc$n-SnMc3 226.4 148.7 191.6 150.6 
Ph3Sn--SnPh3 257.2 160.1 

Mc3Si-(SiMe2)2-SiMe, 210.0 

can be thcrmochemically evaluated and allocated to the M-R and M-M bonds 
according to 

AHdlrrup1 = 2nb(M-R) + E(M-M) (48) 

The common assumption is made that b(M-R), determined from the disruption 
enthalpy of MRt ,+] ,  is transferable to M 2 R t l  and to higher homologues. Some 
examples using this procedure are given in Table 12. 

The values of E(M-M) compare reasonably with E(M-M)'. obtained from the 
enthalpies of sublimation of the crystalline elements (diamond structures). 
E(M-M)' = {AH (sub.), and are in all cases less than the dissociation energies, 
D(M2). of thc diatomic molccules in the gas phase. Thc  approximatc constancy and 
trends in the E(M-M) values for the silicon methyls suggests that the Allen 
bond-cnergy ~ c h e m c l ~ ~  could be satisfactory when data are sufficient to apply this 
scheme to these compounds. 

Thc same values for E(M-M) can be obtained. starting from thc ecthalpies of 
atomization, AH,,,,, of MzRbl and M R , + I ,  and the assumption that the sum of bond 
enthalpy contributions [3E(C--H) + E(M-C)] in M R l + l  remain the samc in M2Rtl. 
For example, 

AH,,,,,,(SiMe,) = 12E(C-H) + 4E(Si-C) = 6178.1 kJ/mol (49) 

and 

AH,,,,,(Si2Me6) = 18E(C-H) + 6E(Si-C) + E(Si-Si) = 9487.1 kJ/mol (50) 

so that 

AH,,,,,,,(Si2Me6) - ~AH,,,,(SiMe.,) = E(Si-SSi) = 220.0 kJ/mol (51) 

which is identical with thc valuc given in Table 12. 
Th: bond enthalpy contribution E(Si-Si) is substantially lcss than the bond 

dissociation enthalpy. D(Me3Si-SiMe3). in Si,Me6. From kinetic studics on the 
iodination of Me3SiH, Doncaster and W a l ~ h ' ~ ~  found that D(Me3Si--H) = 
378 2 6 kJ/mol, from which (with estimated AHY(Me,SiH,g) = - 186 kJ/mol), 
AHy(Me3Si) = 26 kJ/mol and D(Me3Si-SiMe3) = 31 1 kJ/mol. Similar studies on the 
kinetics of iodination of SiH4'8" led to D(H3Si-H) = 376 -t 8 kJ/mol, which corre- 
sponds to D(H,Si-SiH3) = 305 ? 11 kJ/mol compared with E(Si-Si) = 98 kJ/mol 
in this molecule. 

The bond enthalpy contributions E(M-M) in the poly-nuclear transition metal 
carbonyls may be similarly derived and compared with E(M-M)' values in the 
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TABLE 13. Comparison of E(M-M) values in transition 
metal carbonyls with E(M-M)’ values at 298.15 K 

Bond 
E(M-M) E(M-M)’ 
(kJ/mol) (kJ/mol) 

Re- Re 210.7 
Fe- Fe 80.9 
Ru- RU 117.0 
0s-0s 129.0 
C F  c o  87.8 
Rh- Rh 110.0 
Ir-Ir 129.0 

130.4 
69.4 

106.7 
130.4 
70.9 
92.8 

110.9 

crystalline metals, obtained by dividing the enthalpy of sublimation of the metal by 
half of the coordination number of each atom in the lattice. T h e  ‘metallic bond’ in a 
transition metal is electron deficient with respect to a normal covalent bond and might 
be expected to be longer and weaker in consequence. Metallic E(M-M)* values from 
the enthalpies of sublimation are compared with E(M-M) bond enthalpy 
contributions in the transition-metal carbonyls in Table 13. 

The reasonable agreement makes the ‘metallic bond’ enthalpy derived from the 
enthalpy of sublimation of the metal a useful first approximation for an unknown 
metal-metal bond enthalpy contribution in other polynuclear transition metal 
carbonyls. 

2. Metal-metal multiple bonds 

Multiple bonds between transition metal atoms have become well known18’ and 
many compounds containing such bonds have been characterized structurally. There 
are difficulties in analysing available thermochemical data for these compounds, 
particularly when attempting to make realistic estimates of the strengths of the 
metal-metal bonds. 

Thc problems have been highlighted in the study of the hexakis(dimethy1amido) 
derivatives of dimolybdenum(II1) and dit~ngsten(III)’~,  where the metal-metal bond 
lengths suggest triple bonding, i.e. these compounds are represented by 
[(Me2N)3MEM(NMe2)3], where M = Mo o r  W. The  enthalpies of disruption, 

[MZ(NMC2)6l(d - 2Mk) + 6(.NMe2)(g) (52) 

(53) 

can be calculated, given that AHF(.NMe2, g) = 123.4 5 4.2 kJ/mo1’82, and 

AHdirmp, = 6D(M-NMe2) + E ( M S M )  

The only mononuclear dimethylamido derivatives of Mo and W which can be used to 
derive the D(M-NMe2) values are: 

[Mo(NMe2),]; D(Mo-NMe2) = 255.4 kJ/mol; 
[W(NMe2)a]; D(W-NMe2) = 222.1 kJ/mol. 

When these values are transferred to the [ M (NMe&] molecgles, the derived 
E(M-M) values seem unreasonable; moreovey, ~ ( M o - N M Q )  > D (  W-NMe2), not 
in accord with the general trend of increasing D(M-X) with increasing AHF(M,g). It 
is known that D(Mo-X) and D(W-X) (X = halogen) in MoX,, and WX, depend on 
n, the number of attachcd atoms or the formal oxidation number of the central atom. 
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TABLE 14. D(M-NMe2) and corresponding € ( E M )  values for various formal oxidation 
numbers of MO and W at 298.15 K 

~ ~~~~~ 

D(Mo-NMe2) E(  Mo= Mo) D( W-NMe2) E( W E  W) 
Molecule (kJ/mol) (kJ/rnol) (kJ/mol) (kJ/mol) 

[M(NMedd 288 200 33 1 340 
[M(NM&] 255" 396 295 558 
[M(NMez)sl 223 592 258 775 
[M(NMe2)61 190 788 222= 995 

"Experimental value. 

If it be assumed that the trend of L)(Mo-NMe2) and B(W-NMe2) in [Mo(NMez),] 
and [W(NMe2),] with n parallels that in MoX, and WX,, then the values given in 
Table 141e3 are derived. 

This approach gives no  clear answer to the question of the thermochemical strengths 
of these metal-metal triple bonds. The  structure of [ W(NMe,)6]'w shows evidence of 
considerable strain in this molecule: the C-N-C angles in the ligand are compressed 
to 103", compared with 110" in [W2(NMe2)6]; also r(W-N) in [ ~ ( N M C ~ ) ~ ]  is 2.02 A 
compared with 1.98 A in [W2(NMe2)6]. Transfer of D(W-NMe2) derived from the 
strained [ W(NMe2)6] to the relatively unstrained [ W2(NMe2)6] could lead to a 
spuriously high value of E ( W G W ) .  The  structure of [ M O ( N M ~ ~ ) ~ ] ' ~ ~  does not suggest 
strain and the transfer in this case may be mere acceptable. the problem of 
transferability shows up well in this study because D(M-NMe2) enters six-fold into 
the derived value of E ( M E M ) .  

in considering the metal-metal 
quadruple bonds in the p-tetraacetates of dimolybdenum(I1) and dichromium(I1). For 
the disruption of the following molecules: 

A different approach was used by Cavell et 

[ M ~ ~ ( o ~ C M e > ~ l ( g )  - 2Mo(g) + 4(02CMe9 s> (54) 

[Mo(acac)3l(g) - + 3(acac, g) (56) 

i t  was assumed that 

(i) E ( M e M o )  has the same value in [ M o ~ ( O ~ C M ~ ) ~ ]  and in 
[ M 0 2 ( 0 ~ C M e ) ~ ( a c a c ) ~ ] ;  r(Mo-Mo) in these molecules in the crystalline state 
is 2.093 and 2.129 respectively; . 

(ii) B(Mo-0)  for the acetato ligands is the same in the two compounds, and in each 
molecule the dimensions within the bridge acetato groups are not significantly 
different; 

(iii) B(Mo-0) for the pentane-2,4-dionato groups are the same in 
[ M ~ ~ ( O ~ C M e ) ~ ( a c a c ) ~ ]  and in [ M ~ ( a c a c ) ~ ] .  

Application of these assumptions gives 

E(Mo=Mo) = $AHP(MO, g) + AH~([Mo2(02CMe)41, g) 
-2AH7([  M ~ ~ ( O ~ C M e ) ~ ( a c a c ) z ] ,  6) + $AH?([M~(acac)~] ,  g) 

= 321 kJ/mol (57) 

Although E ( M = M o )  so derived is unambiguous, the value does depend on the 
assumptions madc and. of these, the third is the most critical and may be incorrect. In 
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effect, assumption (iii) is that B(Mo-0) for the pentane-2,4-dionato group is 
independcnt of thc oxidation state of Mo and, in view of the variation in the mean 
bond disruption enthalpy illustrated in Table 14, this assumption is a weak point it1 thc 
derivation. 

By making the furthcr reasonablc assumption that 

D(Mo-O),,,, - B(Cr-O)acac = B ( M o - O ) ~ ~  - a ( C r - 0 ) ~ ~  ( 5 8 )  

the following expressions werc derived: 

E(Cr=Mo) - E(Mo--0) = AH:(Cr, g) - AHy(M0. g) 
- AHy([CrMo(02CMe),]. g) 
+ A H ~ ( [ M o ~ ( O ~ C M C ) ~ ] ,  g) + 33.6 

= -84.7 kJ/mol (59) 

E(CrECr )  - E ( M o E M 0 )  = 2AHy(Cr, g) - 2AH:(Mo, g) 
-AH:([Cr2(02CMe)d, g) 
+ AHy([Mo2(02CMe),], g) + 67.2 

= -277.8 kJ/mol 

so that 

E(Mo-Cr) = 236.3 kJ/mol 
E ( C r E C r )  = 43.2 kJ/mol 

The small value for E (CrECr )  may reflect the fact that r(Cr-Cr) in [Cr2(02CMe),] is 
one of the longest (Cr=Cr) bonds, but more probably this value is low because of  thc 
assumptions made in the derivation. Although the differences between E(MoZMo),  
E(Mo=Cr) and E(CrECr)  may be realistic, the absolute values must be tentative. 

D. Bond Energy Schemes for Organometalllc Compounds 

For any compound, the cnthalpy of atomization may bc equated to the total 
cheniical binding energy, so that 

A H a  = 1 bond encrgics + stabilization energy-strain cnergy (61) 
I t  is clear that bond energies can only be derivcd from A H a  values for compounds in 
which i t  is reasonable to assumc that cxceptional stabilization or strain are absent. The 
simplest assumption is that the cncrgy of a bond betwe211 i w U  particular atoms is 
constant and transferable between molccules containing the same type of bond. In the 
late 1950s. however, three schemes of slightly greater complexity werc proposed, the 
Laidler scheme16’, the Group scheme”’. and the Allen scheme178. I t  has been 
denionstrated that these schcmes are equivalcnt2. so that if the parameters are chosen 
in accord with thc cquivalence relations, the three schemes will produce identical 
rcsults. Essentially, thc rcason for this cquivalence is the assumption that the energy of 
a bond of a particular type is constant provided that the tiearest tieighbours of the hotid 
ore the sutne. As thc schcmes are in effect identical, i t  is o n l y  nccessary to apply one. 
and here we sclect thc Laidler schcmc. 

1. The Laidler scheme 

Laidlcr parameters for metal alkyl and aryl derivatives arc listed in Table 15. The 
parameters previously derived for hydrocarbons’ arc listed first. The Laidler schcme 
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TABLE 15. Laidlcr bond energy parameters (kJ/mol) for metal alkyl and aryl derivatives at 
298.1 5 K 

E(C-C) 358.46 €( c= C) 556.50 f?(Cb-Cb) 499.44 
E(C-H), 41 1.26 €(Cd-H)2 424.20 E(Cb-HH) 42! .41 
E(C-W, 407.40 E(Cd-H)l 421.41 (cb-c) 372.81 
E(C--H), 404.30 UCIJ-C) 378.05 

E ( C- H);' 41 1.26 for all metals 

E(C-W, E(C-znL 395.45 €( C- H)? 399.61 E(C-H)P 389.83 

E( C- Cd) 139.02 €(C-Gc) 248.82 €( C- Sb) 2 14.05 
E( C- H)gd 397.22 E(C-H)Fc 406.32 €(C- H)?b 394.34 

E(C-HHg) 120.52 €( C- Sn) 217.00 €(C-Bi) 141.12 

E(C-H)pg 381.55 E ( C- H) p" 381.39 
E(Cb-HHg) 121.31 E( Cd-Srl) 230.25 

€(Cb-Sn) 234.07 
E(C -B) 364.52 €(Sn-Sn) 148.62 
E(  C- H),B 401 S O  
E(C-WP 397.70 E( C- Pb) 151.65 

E(  C- H)!b 400.44 
E( C- Al) 273.85 
E (C- H)P' 410.84 E( C--Ta) 251.86 

E(C-Ga) 246.99 €(C-P) 276.09 
E(C-H),G" 397.10 €(C--K)P 322.42 

176.97 E(C-Si) 3 10.75 €( C- AS) 229.02 

E(C-H)Fg 402.55 €(C-H)p 401.64 E(C-H),B' 393.55 

E(C-In) 159.99 

for alkanes has o n e  C-C bond energy and three C-H bond energies, E(C-H),, 
E(C-H),, and E(C-H), for primary, secondary and tertiary C-H bonds, 
respectively. For olefins additional parameters are employed: E(C=C) for the 

carbon-carbon double bond, E(Cd-H)z for the C-H bond in =CIH and 

E(Cd-H), for the C-H bond in =<:, where the C-C single bond involving thc 

doubly bound carbon atom C d  has the parameter E(Cd-C). For benzene dcrivatives 
we follow the procedure due to Cox188 by devising parametcrs which include the 
n-delocalization energy; thus for benzcne 

/H  

and E(Cb-H) has bcen taken as equal to E(Cd-H),. Metal alkyls can be rcgarded as 
substituted alkanes, for which there are two equivalent proccdures for applying the 
Laidler scheme: 

(a) The bond cncrgy E(M-C) can be taken as constant and the values for E(C-H) 
involving the carbon atom of M-C depend on the degree of substitution of that 
carbon atom, thus giving rise to the bond energies, E(C-H)\'. E(C-H)t', and 
E( C-H)?'. 

(b) An alternative approach is that the C-H bonds have the same bond energies 
as in alkanes but that E(M-C) depends on the degree of substitution of the 
carbon atom, giving rise to E(M-C),, E(M-C),, E(M-C),, and E(M-C),. 



82 G. Pilcher and H. A. Skinner 

Clearly, procedures (a) and (b) are equivalent, as they contain the same number of 
parameters. Procedive (a) will be followed here as it is more in keeping with the spirit 
of Laidler's original scheme. For  all metals, E(C-H)F will be taken as equal to 
E(C-H), in alkanes. Table 15 concentrates primarily on metal-carbon bonds. 
Laidler parameters for other types of bond in organometallic compounds, e.g. M-0, 
M-N or M-halogen, if required, can be derived from the appropriate enthalpies of 
atomization given in Table 1 together with the relevant parameters from Table 15. 
Care must be taken, however, t o  derive bond energies from AHa values which are 
considered reliable and from molecules for which steric strain should be absent. 

As an illustration, the Laidler parameters are  applied to tin compounds in Table 16: 
tin compounds were chosen because the experimental data are reliable. 

TABLE 16. Calculatcd and observed values for tin compounds at 298.15 K 

Ma (calc.) AHa (obs.) Difference 
(kJ/mol) Molecule (k J/ mol) ( k J/ mol) 

Me4Sn 5803.1 5803.1 0.0 
MesSnEt 6964.9 6966.1 -1.2 
Me$jn(i-Pr) 8135.2 81 36.0 -0.8 
Me3Sn(r-Bu) 9346.1 9309.0 37.1 
Et4Sn 10 450.1 10 439.5 10.6 
(n-Pr)*Sn 15 143.1 15 149.6 - 6.5 
(n-Bu)dSn 19 836.2 19 835.1 1.1 
Me3(Sn(CH=CH2) 6408.9 6408.9 0.0 

Ph4Sn 21 335.8 21 288.6 47.2 
(Me3Sn) 2 8853.3 8853.3 0.0 

Me3SnPh 9686.3 9690.1 - 3.8 
Me3SnCH2Ph 10 849.1 10 873.1 - 24.0 

(Ph3Sn)2 32 152.3 32 091.0 61.3 

It can be seen that for those compounds in which stcric strain is expected, i.e. 
Me3Sn(r-Bu), Ph4Sn, and (Ph3Sn)?. the observed AHa is less than the calculated value. 
For this reason, E(Cb-M) values from MPh4 compounds were not derived and are not 
listed in Table 15. The large negative deviation for Me3SnCH2Ph may arise because 
the secondary C-H bonds are subject to both the influence of the Sn atom and the Ph 
group. and allowance cannot be made for this. 

It appears that steric strain is present in (Ph3Sn)2 relative to (Me3Sn)2. whereas in 
Table 12 it can be seen that the bond enthalpy contribution E(Sn-Sn) is larger in 
(Ph3Sn)2 than in (Me3Sn)2. T h e  reason for this apparent contradiction is that in 
deriving E(Sn-Sn) from AHdirNpl of (Ph3Sn)2, D(Sn-Ph) was taken from AHdkN I of 
SnPh4, which exhibits steric strain: whereas the bond energy term E(Sn-Sn5 in 
Table 15 was derived from AH2(Me3Sn)2 and the value of E(Cb-Sn) derived from 
AH,(Me3SnPh), which is less likely to be affected by steric hindrance than SnPh4. 

This example highlights the danger of simply considcring values of mean bond 
disruption enthalpies, bond enthalpy contributions, or bond energy terms as  measures 
of bond strength. It is necessary to take into account the assumptions made in the 
derivations and the structures of the molecules and radicals involved. 

2. Bond energy differences 
A recent series of studies by Mortimer and co-workers concentrated on deriving 

differenccs in bond dissociation enthalpies f o r  the attachment of various ligands to 
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TABLE 17. Enthalpies of reaction for dctcrmining differences in bond dissociation enthalpies at 
298.15 K 

AH3 = -44.0 -C 2.2 191 

AH4 = - 176.6 2 5.4 192 

5. [ P ~ ( P P ~ ~ ) ~ ( C H ~ = C H ~ ) ] ( C )  + CH2ICH2I(g) -+ 

~is-[Pt(PPh3)zIz(~) + 2C~Hq(g)  A H 5  = - 107.8 -t 6.0 192 

6. [ P ~ ( P P ~ ~ ) ~ ( C H ~ = C H ~ ) ] ( C )  + CH31(g) -+ 

C b - [  PW'h3 12 (CH3 I)I(c) + C2 H4(g) A H 6  = -78.9 5 2.0 192 

7. [Pt(PPh3)2(PhC=CPh)](c) + HCl(g) -+ 

[ Pt(PPh3)2Cl(PhCGCPh)](c) AH7 = -90.2 5 6.0 193 

8. [Pt(PPh3)2(PhC=CPh)](c) + 2HCl(g) -+ 

cis-[ Pt(PPh,)zC12](~) + rrom-CHPh=CHPh A H 8  = - 139.0 2 16.0 193 

platinum, rather than primarily attempting to determine the absolute values. From this 
work it is possible to see how the strength of bonding depends o n  the nature of the 
ligand. A selection of the results obtained by reaction calorimetric studies is given in 
Table 17. 

The general arguments used to derive differences in bond dissociation enthalpies 
can be illustrated by considering the first reaction in Table 17. for which it would be 
desirable to kr.ow AH$' for all the reactants and products in the gaseous phase. It is 
reasonable, however, to assume that the enthalpies of sublimation of the two 
crystalline complexes will not be very different, hence the observed AH? should be 
close to the gaseous value. The enthalpy of reaction can be equated to the difference, 
D(Pt-ethylene) - D(Pt-tetracyanoethylene), but changes in the olefinic bonds should 
also be considered. On dissociation the C=C bond in the ethylene molecule shortens 
and thus presumably makes an exothermic contribution to AH!,  whereas there will be 
an endothermic contribution arising from the lengthening of the C=C bond in 
(CN)2C=C(CN)2 when it bonds to platinum. 

By applying arguments of this type to the enthalpies of reaction listed in Table 17, 
Mortimer and co-workers deduced the following differences in  bond dissociation 
enthalpies: 

D(Pt-tetracyanoethylene) - D(Pt-ethylene) = 156 kJ/mol 
D(Pt-tolane) - D(Pt-ethylene) = 82 kJ/mol 
D (Pt-CS,) - D (Pt-cthylene) = 44 kJ/mol 
D(Pt- CH,) - D( Pt-I) = 6 kJ/mol 
D(Pt-tolane) - D(Pt-Cl) = 1 I<J/mol 
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It should be noted that thcsc differences in bond dissociation enthalpies are derived 
directly from thc enthalpies of reaction and that it has not bcen necessarry to derive 
thc enthalpies of formation of the compounds involvcd. 
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3. Bond energy-bond length relations 

That the bond energy and bond length of a given bond are  interrelated has been 
generally accepted for some time. c.g. C--C bond lengths diminish with increasing 
multi licity [r(C-C)diamond 1.544 A, r(C--C)benzene 1.39 A. r(C=C) ethylene 
1.33 1. r(CEC)acetylcnc 1.20 A] and the C--C bond energy increases with 
increasing bond ordcr. Dcwar and  S c h m e i ~ i n g l ~ ~  postulated that 

- 

- 

- 

- 

- 

- 

(63) ri = (l/b1){a1 log[a1 + (a; - E,’)1’2] - ai log Ei - (a? - E?) l ’Z}  

where ai and b ,  are constant for a given bond type, but when applied to C-C and 
C-H bonds. the values of Ei arc  very scnsitive to changes in ri, especially for C-H 
bonds. The most precise structural data for benzene by Langseth and Stoicheff’’’, 
r(C-C) = 1.397 2 0.001 A, r(C-H) = 1.084 2 0.005 8, when substituted into the 
appropriate bond energy-bond length equations, the uncertainty in the bond lengths 
givcs rise to an uncertainty in the sum of the bond energies of 5 4 5  kJ mol-I, and 
possibly for this reason this approach has not been widely applied to organic 
compounds. 

Attempts have bccn made r e ~ e n t l y ~ ~ ~ . ~ ~ ~  to analyse the bond enthalpy contributions 
of metal-oxygen and other metal-ligands in organometallic complexes of Cr and Mo, 
from which bond enthalpy-bond length curves for Mo-0  and Cr-0 bonds have 
been derivcd. Cavell er ~ 1 . ’ ~ ~  considered the bonding in [M0~(0--i-Pr)~] in this way 
starting from a provisional plot of E(Mo-Mo) against r(Mo-Mo). This served to 

[ Mo2(02CMe)Jococ),]\ 

\ [ M O ~ ( O ~ C M ~ ) ~ ]  

intermolecular 1 

r (Mo - 0) (a) 
17 18 19 2 0  2 1  2 2  2 3  2 4  2 5  2 6  27 

FIGURE 6. Plot of E(Mo-0)  V P T S I ~ S  ~ ( M o - 0 ) .  
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FIGURE 7. Plot of E(C-C) verxlo' r(C-C). 

obtain Mo-0  bond enthalpy contributions in complexes of dimolybdenum, e.g. 
[ Mo2(02CMe).J. and to combine thcse with other data for M o - 0  bonds from MOO,, 
[ Moz(0-i- Pr)6] and [ Mo(acac)3]. The  resultant smoothed energy-length curve is 
shown in Figure 6: the sources of the da ta  points a re  indicated on thc figure. 

The molccular structure of [ M~z(O--i-Pr)~l in the crystal is knownIy6: 

i-Pr 
I 
0 - Pr - oy ,A ,o -;- Pr 

1.g5Y y ' y  \O-;-Pr 

1.872 
i - P r - O - M o =  M o - 0 - i - P r  r (Mo-Mo) 2.52 

i - P r - 0  0 
I 
I- Pr 

and thc bond energies from Figure 6 corresponding to the five Mo-0 lcngths are 378. 
365, 300. 285. and 202 kJ/mol. T h e  Mo-Mo energy-length plot indicates 
E(Mo-Mo) = 230 kJ/mol. Fo r  thc disruption reaction 

[ M ~ ~ ( O - i i r ) ~ ]  - 2Mo + 8(0--iPr) (64) 

summation of thcsc bond energies givcs 3290 kJ/mol compared with the experimental 
AH" (disruption) of 3257 kJ/mol. 

Similar plots have been givcn for Cr-Cr and 0-0 bonds"". and  these have 
reccntly bccn  used with an encrgy-length plot for C-C bonds. shown in Figurc 7. in 
an  attempt to construct Cr-C and Cr-N energy-length curves. 

The  available thcrniochemical data a re  insufficient a t  prescnt to progress V C Y  far. 
but the approach is a promising onc for future dcvclopmcnt. 
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1. INTRODUCTION 

Classical organic ylides are neutral molecules possessing a carbanionic function in an 
a-position to an onium centrc. The onium function can be represented by all the 
Group Va elements. as well as by sulphur, selenium, tellurium. and iodine. The most 
common mcthod of organic ylide generation consists in proton abstraction from the 
corresponding onium salts (R33E-CR1R2H)+X-. This chapter is mainly concerned 
with ylide compounds in which the negative charge, adjacent to an onium centre. is 
located at a carbon atom. In Section IV base-stabilizcd germylenes and stannylenes. 
which arc formally analogous to classical y!ides+ will bc given brief consideration. 
Metal complexes of compounds such as RjN- NR,  K3P=NR, R2S=NR, etc., with 
the isoelectronic imino group in an a-position to the onium centre are omitted because 
they do not contain new metal-carbon bonds. 

In non-stabilized ylides the negative charge achieves stabilization only by the induc- 
tive cffect and the n-acceptor capacity of the adjacent onium atoms. The extrcme of 
this interaction is shown in the ylene resonance formula B in Figure 1. In contrast, 
compounds in which the negative charge is further delocalized by anion-stabilizing 
carbonyl, cyano, sulphonyl. nitro, or  vinyl substituents are regarded as stabilized 
ylides. The chcmical and physico-chemical properties of ylidic compounds can in most 
cases be described with aid of the zwitterionic resonance formula A (Figure 1) .  In 

R 1 \ z  + 

R2’ 
R 2  R1\ ,c= ER: C - E R ~ ,  - 

( A )  (ylide) ( 8 )  (yleneJ 
FIGURE 1 .  Rcsonance structures of 
simple ylides. 

this chapter the ylene formula is also used. 
Although phosphorus’ and sulphur’ ylides have becn known as extremely uscful 

reagents in organic synthesis for about 30 years, their inorganic and organomctallic 
chemistry were neglected for a long time. Only  within the last decade has the 
coordination chemistry of ylides developed to a wide and rapidly cxpanding ficld of 
research which has attracted a great dea! of attention3. Almost all metals form a wide 
variety of novcl types of complexes containing the ylide ligand, in which the lattcr 
functions as an extremely powerful electron donor. In these complexes the 
metal-carbon bonds generally exhibit surprising thermal and chemical stability and 
thus differ from other organometallics to a significant extent. Some ylide complexes 
serve as excellent  catalyst^^-^ and othcrs may be useful in pharmacology’0. 

Figure 2 illustrates the positions of an ylidic species R1R2C=ERi - ,(CR:H) to 
which mctals (M) can be attached. 

The simplest way of bonding the ylidc to a mctal can bc best dcscribcd in tcrms of 
the donation of thc lone-pair electrons of the ylide carbon atom to the metal atom. 
This coordination is accompanied by a change in the hybridization of the ylide carbon 
atom from sp2 to sp3 in the resulting metal-carbon a-bond. 

Ylides with anion-stabilizing substituents such as R’  = vinyl o r  R1R2 = 
-(CH=CH)?-- can be best rcgarded as allylide or cyclopentadieiiide anions which 
experience intramolecular stabilization by the adjaccnt onium centrc. As q3- and 
qs-ligands thcy are capable of forming organometallic n-complcxes (Figure 3). In  
both a- and n-complexes thc metal is linked to the ylide at the same position as is a 
proton in the corresponding oriium salts. Therefore. the previous complexes (IIA in 
Figure 2) are describcd as mctal-substituted onium salts in the casc of cationic com- 
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FIGURE 2. 
The Roman numcrals refer to the rcspective sections of this chapter. 

An illustration of the different sites a metal atom can occupy in an ylidic molecule. 

M- M- 

FIGURE 3. 
ylides and metal atoms. 

n-Interactions of vinyl- and cyclopentadiene-substituted 

pounds such as I ” ,  or as onium-metallates in the case of neutral betain-like species 
such as 212. 

[(r]s-Cp)(CO)2Fe-CH2PPh3]+BF, [(CO)5Cr-CH2PPhJ 

Complexes such as IIl in Figure 2 are obtained if one or both substituents R’ and R2 
at the carbanionic centre are replaced by organometallic fragments. Metal-substituted 
ylides are known for main-group metals as  well as for transition metals. 

In the so-called classical ylides the carbon atom always carries the anionic function. 
If the carbon atom is substituted by its higher homologues, especially by metals such as  
germanium and tin, a novel class of ylides is established in the base-stabilized ger- 
mylenes and stannylenes (Figure 4). The metal now takes the position of the car- 
banionic centre (IV in Figure 2). The formal analogy of such ylides to the classical ones 
finds additional experimental support in the trapping of the bivalent species CX2I3-I6, 
GeXz”, and SnX218 with tertiary phosphines. 

The replacement of phosphorus or  sulphur in classical ylides by main-group or transi- 
tion metals leads to ylides in which the onium centre is formed by metal atoms. 
Metal-onium ylidcs (V in Figure 2) are known for arsenic. antimony, bismuth, and 

(1) (2) 
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R’ , ,Ge - ER; 

FIGURE 4. Base-stabilized germylenes and stannylenes as germanium 
and tin ylides. 

tellurium. Most surprisingly, the recently discovered niobium and tantalum 
alkylidenes also exhibit ylidic properties. In sharp contrast to Fischer’s carbene com- 
plexes, the  alkylidene carbon atom in compounds such as  R1R2R3Ta=CHR displays 
nucleophilic character. 

Another type of coordination compound containing an ylidic ligand is obtained by 
displacing one of the organic substituents at the onium centre by an organometallic 
group (W in Figure 2). As the carbanionic centre in  such ylides is a powerful donor, it 
may undergo an additional coordinative interaction to form a three-membered ring 
(3)19a-b or a metallocycle with a bridging ylidic unit (4)2). This is illustrated in Figure 5. 
Experimental results have confirmed the analogies between this kind of ylide complex 
and those of type HA. 

FIGURE 5 .  Ylides with organometallic substituents at the onium centre. 

The alkylation of a functionalized methyl complex leads to metal-ylide species of 
type IIA whereas complexes such as 3 and 4 result from coordination reactions a t  the 
donor function of the alkyl ligand (Scheme 1). 

R’  

SCHEME 1 

Proton abstraction from the organic substituents of the oniurn centre by strongly 
basic organometallics with subsequent metallati~n leads to another possibility of 
ylide-metal interaction (Scheme 2). The nucleophilicity of the carbanionic carbon and 
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CH2” \CH2 

M M 
/ \ 

\ ’ 
cy 
Me’ \Me 

the electrophilicity of thc metal generally result in stabilization of the so generated 
species by chelation2*, or dimerization to eight-membcred heterocycles22 (see also 
Section 1I.B). 

Three-fold lithiated ylides of thc type (LiCH2),ECH2 (E = N23, P24), accessible by 
multiplc metallation of the free ylidcs or the corresponding onium salts, are described 
as reactive intermediates. 

II. ONIUM-METALLATES AND METAL-SUBSTITUTED ONlUM SALTS 

A. Non-stablllzed Ylldes as Termlnal, Monodentate Llgands 

Complexes with monodentate ylides as terminal ligands are accessible via a series of 
synthetic routes as illustrated in Figure 6, in which thc dotted lines indicate the forma- 
tion of which respective bond eventually leads to thc new ylide complex. 

R’ R3 
2 c . .  .. . . .. 

: I y . 2 d  

L M - C - E R3,- 

1 I 2 a . b  FIGURE 6. An illustration of synthetic approaches to ylide 
complexes. Numbers 1 and 2 rcfer to subheadings in Section 

R *  1I.A. 

A simple synthesis of metal-ylide complexes involves the attack of a free intact 
organic ylide on a metal complex fragment with the formation of bond 1. In indirect 
metal-ylide complex syntheses, the ylide ligand is constructed in the coordination 
sphere of the metal. As the existence of the free ylide is of no importance, thew 
procedures are useful for stabilizing unstable ylides by complex formation. Addition of 
the donor molecules, ER,), to the electrophilic carbenc carbon atom of carbene-metal 
complexes leads, with the formation of bond 2a, to ylidc complexes. The displacement 
of good leaving groups X in compounds of the general type [L,,,MCH2X] by similar 
donor systems also affords bond formation be!ween the hcteroatom and the ylidic 
carbon (bond 2b). Thc bond 2c of the spccies under discussion results from the 
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addition of lithium alkyls. LiR'. to the ylidic ccntre in cationic. metal-substituted 
ylides [ L,M=C(R)-ER:]+. Alkylating the  heteroatom of aminomethyl, 
phosphinomethyl, and  thiomethoxymethyl complexes leads to the  formation of bond 
2d in ylide complexes. 

1. Direct syntheses 

a. Addition reactions with coordinatively unsaturated metal compounds. Coordina- 
tively unsaturated complexes o r  metal alkyls containing electron-deficient bonds  rcact 
with phosphorus ylides to give stable betain-like adducts (equation 1). In the tetra- 

Me3PCH2 + MMc3 - [Me3PCH2MMe3] 
(5) (6 )  

M = AIZ5, Ga ,  In, 

hedral molecule 6, four metal-carbon a-bonds exist with surprisingly thermal stabil- 
ity. Generally, the thermal stability of metal-carbon a-bonds in ylide cornplexcs far 
exceeds the stability of simple metal alkyl or aryl species; this stability is only compar- 
able to that of corresponding bonds in stable pcrfluoroalkyl complexes. The  stabiliza- 
tion is attributed to the inductive effect and the  d-orbital acceptor capability of the 
onium centre in a n  a-position to thc metal-carbon bond. As a result of this, 
[ hlc j?CH2T1i~k3; dccomposts  at  temperatures higher than 100°C, whereas the ccn- 
veliiional tetraalkylthallatcs X R 4 -  a r e  known as thermolabile systems. 

Simple and highly reactive adducts a re  obtained from the rcaction of Me3PCHSiMe3 
(7) with zinc and  cadmium alkyls (equations 2-4)22. The size of the metals and  the 
bulk of the ligands determine the coordination number of 8, 9 a n d  10. Lithium salt- 

[Cd(CH2S~Me3)2] - (Me3S~CH2)2Cd-CH: pMe3] (2) 
SiMe3 

1 [ZnEt2] 2 (4) 

(1 0 )  

bearing ylides, synthesized according t o  equation 5, are best described a s  lithium-ylide 

(Me4P)C1 + n-C4'rIgLi - Me3PCH2-LiCI + n-C4Hlo ( 5 )  

6 .  Ligand substitution reactions. Most of the complexes under discussion result from 
the thermal or photochemical substitution of ligands such as carbonmonoxide, phos- 
phines, olefins. e thers  and  halides by a suitable ylide. Ylidc ligands usually occupy o n e  
or more coordination sites in the  standard coordination polyhedrons. Thermally stable 
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linear complexes are known with one or two ylide ligands (112' and 1228). In contrast 
to the extremely sensitive dialkyl aurate(1) complexes (RAuR')-, complex 11 melts at 
119-121°C without decomposition. 

With respect to the marked thermolability of dialkyl cuprate(1) complexes 
(RCuR')-, the stabilization of the CuC2 moiety by two onium centres is remarkable. 
Complexes similar to 1228 but with triarylphosphonium ylides have also been inten- 
sively s t ~ d i e d ~ ~ . ~ ~  

[MeAuPMe3] + 5 - PMe3 + [*AuCHnPMe3] (6) 

(111 

12 a b C 

M cu Ag AU 
m .p .( O C) 124 141 138-142 

The carbonyl ligands of nickel tetracarbonyl are kinetically labile and easily suscept- 
ible to substitution (equation 8)31. The ylidic ligands in 13 function as powerful donors 

without considerable acceptor properties. The electron density thus accumulated at 
the nickel is to some extent removed by the remaining three carbonyl ligands via IT 
back-bonding. From i.r. spectroscopic studies i t  can be deduced that the ylides in 
complexes 13 behave as stronger donor ligands than P ( ~ - B u ) ~ .  Proton n.m.r. spectra 
and the X-ray structure analysis of [ (CO)3NiCH(Me)P(C6HI confirm the 
u-coordination of an sp3-hybridized ylide carbon atom to the nickel. As a result of K 
back-bonding the nickel carbonj.1 carbon boi& ci e reiiiforced so that further CO 
displacement is inhibited (equatioa 9). 

[(CO)3NiCH2PPh3] + Ph3PCH2 *- [(CO)2Ni(CH2PPh3)J + CO (9) 

The reaction of the double ylide 14 with Ni(C0)4 produces 15, which exhibits a 

[Ni(CO),] + Ph3P=C=PPh3 - [(C0)3Ni-C(PPh3)2] + CO (10) 

The neutral tetrahedral complex 9 with two terminal ylide ligands has been men- 

u-bond between the metal and the central ylide carbon atom. 

(14) (15) 

tioned above. Similar ionic compounds involving tetravalent tin centres are known32. 

2 Ph3PCH2 + 2 Me2SnX2 - 
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Metals with d*-electron configuration such as Ni(II), Pd(II), Pt(II), and Au(II1) give 
rise to well investigated ylide complexes of square-planar configuration (equations 
12-14)33*34. 

M e  
I 

I 
M e  

(18) 

[(Me3Pj2NiMe2] + 5 - [Me3P -Ni - CH2PMe3] + PMe3 (12) 

19 + 2 L- L + 2  AgPF6 

- 2  AgCl  
* 2 [(L- L)(CI)Pd - CH (SiMe3)(PMe2Ph)]+ pF6- (14) 

(201 

20 a b 

L-L 1.5-cyclooctadiene norbornadiene 

To elucidate the mode of coordination of the ylide ligand in 20a a molecular struc- 
ture analysis was ~ n d e r t a k e n ~ ~  (Figure 7). The ylide alkyl bond of 20a exerts a strong 
trans-influence on the opposite cyclooctadiene slefir! bond. Lengths to the cod car- 
bon atoms C; and Ci are significantly longer than lengths to C; and C$, the latter being 
of similar length to those in [(cod)PdClJ (2.20 A). Olefinic carbon-carbon distances 
also reflect the difference in bond strcngth to the metal, with the C;-Ci bond leiig- 
thened to 1.370 A compared with the C; -C; distance, which is essentially that of a 
free olefin. 

(cod) ( n W  

Bond length (A) 
C;-C; = 1.327 
C'FC', = 1.370 
Pd-CI = 2.097 
Pd-C'I = 2.317 
Pd-C; = 2.306 
Pd-Cj = 2.178 
Pd-Ck = 2.198 

FIGURE 7. 
in 20a. 

Molecular structure of and selected bond distances 

The displacement of bidentate olefin ligands generally affords a mild and convenient 
access to bis-ylide complexes (equation 15)36. Neither methane nor ethane is observed 

2R2MePCH2 + [ (cod)PtMe2] - cis-[ (R2MePCH2)2PtMez] + cod 

(21) (15) 
(a) R = Me 
(b) R = f-Bu 
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during thc synthcsis of 21. whereas the reaction of (Me3Pt)+PFg with 14 is accom- 
panied by spontancous gencration of 'The reactions illustrated in Schemes 
3 and 4 further cmphasizc thc exceptional thermal and chemical stability of 
mctal-carbon a-bonds in the compounds under discussion'*. 

Me 
I 

Me-Au-PPRB 
I 
Me 

+ 5  

- PR) 

Me 
I 

I 
CI 

Me 

I 
Me 

Me-Au-CH2PMe3] I - [ Me--Au-CH2PMe3 

(22) (23) 

SCHEME 3 

[Me2AuBr]2 + 45 - 2 

Me, ,CH2PMe3 [ Me3PCH2-Au-CH2 PMe3)' Br-  

(26) 
I+  Br- 

I +% 
CH2PMe3 

c,/  Au\ 

(25) 

[ Me3PCH2-Au- CH2PMe3]+ Br- 
I 
x 

(271 

SCHEME 4 

Compound 22, a representative of a tetraalkylaurate(II1) compound, does not 
decompose at temperatures below 185"C, whcrcas AuR? anions are not capable of 
existence at ambient tempcrature. Trcatment of 22 with gaseous hydrogen chloride 
leads only to the scission of a gold-methyl bond, whilst the ylide carbon-metal bond 
remains unaffectcd. A similar behaviour is encountered in thc reaction of 24 with HCI. 
When hcated to temperatures higher than 205"C, 24 is readily converted to 26 with 
loss of ethane. In aqucous solution, 24 resists hydrolysis. The carbon-gold a-bonds in 
26 are also resistant to oxidizing reagents such as bromine and iodine. 

The rcaction of [ V(CO),] with Ph3PCH2 produces ionic 28 via disproportionation. 
In this complex four ylide ligands occupy the coordination sphere of the V2+ ion". 

If the q5-CSHS moiety is regarded as a tridendate ligand, the coordination number 5 
is cstablishcd in a scrics of cyclopcntadienyl-nickel-ylide complexes40. In the 
formation of 29, a cyclopentadicnyl ligand serves as the leaving group. 
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( I )  216 

[(s5-cP)2Nil (2) NaBph4- [ ( I I ’ - C ~ ) N ~ ( C H ~ P P ~ ~ ) ~ ] +  B P h i  (17) 

(29) 
In octahedral complexes monodentate ylidcs a re  capable of occupying one. two. or 

three coordination sites. Octahedral 30 is onc of the few ylide complexes derived froni 
ruthenium4’ (equation 18). 

When synthesizing metal carbonyl ylide complexes of chromium, molybdenum, and 
tungsten, it is of advantage to employ organomctallic precursors with labilc ligands in 
order to avoid side-reactions. T h e  strongly basic ylides especially favour addition to 
the electrophilic carbon atom of the carbonyl ligand in hcxacarbonyls with subscqucnt 
transylidations. Section VII provides further coverage. When  the electrophilic feature 
is sufficiently decreased. as in 31. thc reaction proceeds smoothly and displaccnient 
becomes the major coursc of reaction (Schcmc 5)4’. 

thf 

-(NEt4)Br 
(NEt4)[Cr(CO),Br] + Ph3-,,Me,PCH2 [ (CO)  @ Z H ? P P h  3 - ,, Me,] 

(31) (217 (32) 

n = O  1 2 3 

2 32b 324 3M I 33e 33b 33c 33d 
[ (CO)sCrCH( Ph)PPh3 -,,Me,] 

(33) 
SCHEME 5 

T h e  analysis of the 3’P n.m.r. data leads to the conclusion that a d,-dn interaction 
exists between thc  highly charged (C0)’Cr moiety and thc phosphonium centre which, 
presumably for steric reasons, increases with increasing mcthyl substitution. This 
effect is especially evident in 33 in which the steric requirements of the ylidic phenyl 
group account for a decrease of the P-C-Cr angle. Similar interactions a r e  also 
postulated for o thcr  ylide c o m p l e ~ c s ~ ~ - ~ ~ .  T h e  preparation of 33c.d is accompanied by 
the production of 34, the formation of which is probably due to base-catalyscd 
rearrangements of the free ylides with subsequent complex formation. 

tn = I 2 

(34) -34 a b 
[{(PhCHz)Ph,,-,,Me,PCH2} c r ( c o ) , l  

Phosphorus ylide complexes of the type [ (arcne)M(CO),(ylide)] (arcne = CSH4Me. 
M = Mn; arcne = C6H6, M = Cr) can be  gencrarcd by trcating the corresponding 
photochcmically prepared thf complexes with the appropriate ylidesj3. 

Photochemically synthesized [ (thf)M(CO)S] solutions have bcen utilized for the 
coordination of the less basic sulphur ylides 35 and  3747.48. 
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lhf 
[(thf)M(CO),] + Me2S(0)CH2 - [ { Me2S(0)CH2} M(CO)5] + thf 

20°C (36) (19) (35) 
M Cr Mo W 

36 a b C 

M Cr Mo 

38 a b 

The analogous tungsten species 3&, however, can be prepared only by direct 
photolysis of excess of [ W(CO)6] in a light petroleum solution of 37 (equation 21). 

O n  the other hand, the photochemical reactions of M(CO)(, with excess of 35 in 
diethyl ether produce the disubstituted cis-complexes 39 (equation 22)49. 

El20 

hv 
[M(C0)6] + 235 - c~-[{M~~S(O)CH~}~M(CO)~] + 2CO (22) 

(39) 
M Cr Mo W 

39 a b C 

The displacement of norbornadiene (nbd) and cycloheptatriene (cht) ligands 
provides a convenient and mild method for the synthesis of di- and trisubstituted ylide 
carbonyl c o r n p l e ~ e s ~ ~ . ~ ~  (equations 23 and 24). 

(23) 
Et2O 

[(nbd)M(C0)4] + 235 - 39a-c + nbd 
r.1. 

Et20 
[(cht)M(CO)J + 335 - fuc-[ {Me2S(0)CH2}3M(C0)3] + cht (24) 

For steric reasons, the yellow chromium derivative 40a exhibits a considerably lower 
thermal stability than 40b and 40cs1. The more bulky ylide 37 only permits the 
generation of the molybdenum complexes 41 and 42 under otherwise similar reaction 
conditions. It is generally observed that increasing substitution of carbonyls for ylides 
results in a decrease in the ciiemicz! and thermal stability of the product. 

&a-c r.1. 

[ {(Me”Me)S(O)CH2), MO(C0)6-nl n 

2 41 
3 42 

The tetrahalides of germanium, tin, titanium, and zirconium are reported to be 
starting materials for adducts with ylides of octahedral geometry and of even higher 
coordination  number^^^.^^. 
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c. Oxidative addirioris of halogeriared oniutn salts to metals. The rcaction of 
[Pt(PPh3),] with CHzClI t o  form ionic 43 is believed to involve the oxidative addition 
of a chlorinated phosphonium intermediate to the coordinatively unsaturated and 
electron-rich [Pt(PPh3)2] which is known to be present in bcnzenc solutions of 
[Pt(PPh3).,] (Scheme 6)54. 

[Pt(PPh3),] [Pt(PPh3)2] + 2 PPh3 

PPh3 + CICH21 - (Ph3PCH2CI)' I -  

SCHEME 6 

An alternative mechanism is based o n  the oxidative addition of the halomethane to 
the electron-rich platinum species with subsequent rearrangcment as is postulated for 
the formation of [(Me3PCHz)2CoC12] in Section II.A.2b55. 

Halogenated phosphonium salts, available from the reaction of polyhalomethancs 
with phosphines, are dehalogenated by treatment with zinc, cadmium and mercury to 
generate ylide complexes of varying ~ t a b i l i t y ~ ~ - ~ ~ .  

PPh3 + CXY3 + Zn - [Ph3PCXY(ZnY)]+Y- Ph3PCXY + ZnY2 

(25) X = F, Y = CI 

dmf 

o c  
(Ph3PCHFI)I + Zn(Cu) [ Ph,PCHF(ZnI)]+I- + 

Ph,PCHF + ZnIz (26) 

(Me2N)3PCFCI + ZnC12 

Organic carbonyls, when exposed to these crude reaction mixtures, undergo Wittig 
reactions, thus supporting the postulated dissociation proccsscs a s  shown in equations 
25-27 (see also Section VIII). In contrast to the free ylide, thf solutions of 44a exhibit 
remarkable stability (> 10 h at  60°C, >30 days at 20°C). The stability of the mercury 
derivative 44c in benzonitrile solution of 60°C far exceeds those of the zinc and 
cadmium homologues. Despite the fact that compounds 44a-c resist isolation and 
therefore complete analytical characterization, the observation of mctal-fluorine 
coupiing constants in the I9F n.m.r. spectra of 44b and 44c proves the presence of 

[(MezN)3PCFC12]+CI- + M - [(Me2N)3PCFCI(MCI)]+Cl- (28) 
PhCN 

60°C (44) 

M Zn Cd Hg 

4 4 a  b c  
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covalent metal-carbon u-bonds. The metal atoms in 44a and 44b are readily 
exchanged by mercury, and 44d, possessing a complex anion of low nucleophilic 
power, is an isolated and analytically characterized compound. The exact molecular 
structures of 44a-d, however, have yet to be established. 

44a + HgCI2 - [(MetN)3PCFCl(HgCl)]+[ZnC13]- (29) 
(a) 

2. lndirect syntheses 

a. Addition of donor molecules to carbene complexes. In some cases ylides have 
been synthesized by thc trapping reactions of carbenes with ph~sph ines '~ - '~ .  
Transition metal-carbenc complexes arc converted to ylide complexes by addition of 
Group Va bases to the sp2-hybridized carbene carbon atom. Although this synthetic 
method is independent of the existence of free. stable ylides, the unavailability of 
many carbene complexes poses a limitation for the application of these reagents. 

Whereas primary and secondary amines react with alkoxycarbene complexes of the 
Fischer type to give aminocarbene complexes with elimination of alcohols9, tertiary 
amines such as 1-azabicyclo[ 2.2.2loctane (45) or 1,4-diazabicycl0[2.2.2]octane (46) 
are added to the electrophilic carbene centre to generate nitrogen ylide complexes6"*6' 
(Scheme 7). 

M Cr W 

47, 48 a b 

SCHEME 7 

The y!ide complexes 47 and 48 are postulated to be important as model compounds 
for the first step in the aminolysis of alkoxy-substituted carbene complexes. As a result 
of kinetic investigations, it was concluded that aminolysis proceeds by reversible 
nucleophilic attack of the amine at the carbcne carbon atom which produces such 
tctravalent carbon speciesb2. The phosphorus ylide complexes 49a and 49b also 
rescmble the intermediates of the reaction under discussion. In contrast to the 
homologous amines, thc reaction of HPMez with carbene complexes ceascs with the 
intermediatc ylide complex without eliminating methanol and generating 
phosphinocarbcne complexes (equation 30)63.6J. The thermolability of 49a and 49b 
permits manipulation of these compounds only at temperatures below -40°C. In 
acetonc solution. 49a is converted to 50 by initial scission of the carbene-chromium 
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(49) 

49 M R T("C) 

a Cr Ph -50 
b W Me -78 

bond and subsequent rearrangement (equation 31). This result is also in contrast with 
the reactivity of carbene complexes towards Me2NH (see Chapter 4, Section II1.A). 

The same synthetic method has been applied successively to the preparation 
of ylide complexes from the reaction of alkoxycarbcne-. alkylthiocarbene-, and 
alkylselenocarbene-chromium and -tungsten complexes with phosphines, e.g. PMe3, 
PEt3, and P ( ~ - B u ) ~ ~ . ~ ~ .  Diarylcarbene tungsten pentacarbonyls have also proved to 
be suitable precursors for ylide complexes66. 

Et2O 

- 78°C 
[(CO)=,W=CR'R2] + PMe3 - [ (CO)SWCR1R2(PMe3)] (32) 

(51) 
51 a b C d e f 

RI 
R2 

metaP7. 

Ph 2-CdH3S 2-C4H30 2-C4H30 2-CdH3S 2-CdH30 
Ph Ph Ph 2-C4H3S 2-CdH3S 2-CdH30 

With the preparation of 52, this synthetic principle was extented to a Group VIIB 

+ PMeS - 
\Ph 

q5 -Cp(C0I2Re=C 

Aminocarbene complexes resist addition of donors, which emphasizes the 
importance of a sufficient electron deficiency at thc coordinated carbene carbon atom 
required for donor attack. 

The ylide complexes under discussion gain further importance as intermediates in 
carbonyl displacement reactions of carbene complexes carried out at elcvatcd 
temperatures with phosphines. Kinetic investigations show that the initial adduct 
formation of pentacarbonylmethoxymethylcarbenechromium and -tungsten with a 
series of phosphines reprcscnts an equilibrium reaction strongly dependent on the 
choice of temperature. For the same carbene ligand, low temperature, polar solvents, 
decreased steric bulk, and increased basicity of the phosphines, and also an increase in 
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the size of the central metal with a concomitant decrease in steric hindrance, favour the 
generation of ylide complexes68. 

The presence of stable and isolable carbene complexes is not crucial for the 
successful application of this ylide complex synthesis. O n  the contrary, amine and 
phosphine additions are a useful probe for the existence of highly reactive 
metal-carbene species (equations 3469 and 357"). 

[ $-CpRe(NO)(PPh3)CH3] + 

(34) 

[ $-Cp(PPh3)(NO)ReCH2PR3]+X- [ $-Cp(PPh3)( NO)R~CH~NCSHSI+X-  
(53) (54) 

53 a b 

R n-Bu Ph 

+Me3SiO3SCFj 

- MejSiOMe, - 35°C 
* [ qs-Cp(CO)3W(CH2) J'S03CFT [(rlS-Cp)(C0)3WCH20Me1 

+NEt3. (35) 
-35°C 

[ qS-Cp(CO)3WCH2NEt3]+S03CF, 
(55) 

1 
Reversible a-elimination of hydrogen from a methyl-tungsten compound to give a 

tungsten-methylene hydride derivative has been proposed a s  a key step in the 
preparation of ylide complexes 57 (Scheme 8)". 

(57 1 
57 a b C 

PR3 PMe3 PMezPh PMePh2 
SCHEME 8 

The formation of 57 is facilitated by increasing phosphine basicity: 
Ph2PMe < PhPMez < FMe3. Rearrangement to phosphinemethyl-tungsten com- 
pounds is achieved by prolonged heating of acetone solutions of 5772. 

The rearrangement of platinacyclobutanes to pyridium ylide complexes proceeds 
from treatment with pyridine bases in warm benzene (equations 36-38)73-7s. 
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(36) 

Experiments with partially deuterated platinacyclobutanes lead to the conclusion 
that reversible a-elirnination again produces a reactive carbene species, which is 
subsequently intercepted by the pyridine base (Scheme 9)75. 

SCHEME 9 
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Thc synthesis of vinylene phosphorane complexes (61) proceeds via phosphine 
addition t o  the clectrophilic carbon atom of an intermediate vinylcne-iron complex76 
(Schcnic 10). The reverse of this method offers a possiblc route to novel carbene 

A c 2 0  
[q5-  CP (C0)2Fe-CC-C-Ph] + H X  -70 ’~  [ r ~ ~ - c p l C O ) ~ i e = C = C H P h ] ’  X- 

I 
x- +PPh) 

[r15-Cp(C0)2Fe-~=CHPh]+ X- I I H ,’ 

/ PPh3 

\\ 
q 5 -  Cp(C0)2Fe-C 

C-Ph 

X -  c10; B F; 

SCHEME 1 0  

complexes via organomctallic ylide species77. This mcthod also 
access to alkylidcne complcxcs of and zirconium7’. 

r vid X 

Ph>PC(SPh)2 1. is, 
[ (thf)Cr(CO) j] - [(CO)sCrC(SPh)lPPh3] - 

- Ph3PS (62) -thf 
. ,  

[ (CO)5Cr=C( SPh)?] 
(63) 

Ile 

(39) 

+ E l J P C H M e  

“rI5-Cp)2Ta(Me)PR3I . P R 3 ( R  = Me,* 

(64) 

/Me ] (40) 
fr15-cp)2Ta,r:tiMe] /Me  [ (r15-CPi2Ta* 

CHMe 

(65) (66) 

The labile phosphine ligand in 64 is rcadily displaced by thc ylide. generating 65, 
which is stabilized by loss of PEt, to the ethylidene complex 66. Ethylidene complexes 
such as 66 cannot be prepared succcssfully via the routcs usually employed for the 
generation of tantalum-alkylidene compounds. Analogously. trcatmcnt of 64 
( R  = hlc2PPh) with Me,PCHPh affords 67”. 

Attempts to isolatt‘ the first zirconium-carbenc spccics 69’”. which is isoclectronic 
with [($-Cp)_.l‘a( Me)(CH2)]. failed. Nevertheless. the presence of this compound 
gc.ncr;itcd from unstahlc 68 in about 40% yield can bc confirmed by IH n.ni.r .  studies 
(cquatiori 41). 
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(691 

6.  Displnccrmw~ rcacrions oti fioicliotinlized melnl-ulkyl complexes. Another 
method of indirect ylide complex formation is accomplished by nucleophilic 
displacemcnts with metal alkyl complexes with a good leaving group X (X = dmso. 
halidc) at the carbon atom adjaccnt to the metal. 

A characteristic feature of the organic chemistry of sulphur ylides is the capability of 
sulphanes to serve as reasonably good leaving groups?. In  accordance with this. 
nucleophilic attack at the sulphur ylidc ligand in 36a by phosphines and arsines results 
in the formation of other ylide complexes concomitant with the loss of dmso 
(equation 42)R". 70 possesses the otherwise unstable (MeO)3PCH2 ligand. 

[(CO)5CrCH2L] + M e 2 S 0  (42) [(CO)5CrCH2S(0)Me2] + L - CgH6 

(36a) 6noc (2), (32b,c). (70). (71) 

L PPh3 PMePhz PMczPh P(OMe):, a5ph3 

2 32b 32c 70 71 

The displacement of halide ions in the M-CH2X unit by tertiary amines and 
phosphincs has been studied. The addition of NMe3 and PPh3 to cthereal solutions of 
oligomcric [ (ClCH2)rZn],,, pre-generated by treatmcnt of ZnClz with diazomcthanc. 
leads to thc ylide complexes 72 and 73"' (Schcme 11). 

PPh3 NMe3 
[(Ph3PCH2)2ZnC12] - 1 [Zn(CH2C1)2],, - [ (Me3NCH2)2ZnC12] 

(72) Eta0 f i  1320 (73) 
SCHEME 1 1  

Analogous transformations have been reported with mercury compounds". 
Attempts to synthesize [ ( I - B U C H ~ ) ~ S C H ~ ] ~ Z ~ I ~  rcsultcd in the isolation of saline 
[ ( ~ - B U C H ~ ) ~ S M ~ ] [  ( I - B U C H ~ ) ~ S C H ~ Z ~ I ~ ]  in which thc sulphur ylide is ligated to a 
tetrahedral zincate anione2. 

Equation 43  describes the preparation of germanylated phosphonium saltsn3. 

Me3GeCH2Cl + PMe3 - (Mc3PCH2GeMe3)CI 
(74) 

(43) 

3[(Me3P),Co] + 2R'R2CCI2 
pe nra nc 

- 10°C 
- 

[ ( M C ~ P C R ~ R ~ ) ~ C O C I ~ ]  + 2[ (Me3P)3CoC1] + 4PMc3 (44) 
(75) 

75 a b C d 

R1 H D H H 
K2 H D Me SiMc3 
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An ylide synthesis at the cobalt centre has been shown to be feasible with (Me3P)4Co 
and geminal organodihalidesss. This synthesis is believed to be initiated by the 
oxidative addition of the dihalidc to two cobalt complex molecules. The postulated 
intermediate 76 undergoes rearrangement to the cobalt(1) ylide complex 77, which 
eventually disproportionates to 75a and (Mc,P)~CO (Scheme 12). All attempts to 
obtain 77 independently from [ (Me3P),CoCI] and Me3PCH2 failed and produced the 
same disproportionated materials. 

2[L4Co] + CH2CI2 - [L3CoCIJ + 
76 

76 7- [ L3Co-CH2PMe 3 
(77) 

277 - 75a + [L4Co] + 2L 
L = PMe, 

SCHEME 12 

c. Addition of nucleophiles and electrophiles to metal-substituted ylides. The ylidic 
carbon atom in the transition-metal substituted cationic ylide 78 exhibits electrophilic 
character and thus allows the addition of lithium organyls to yield the onium metallate 
5267. (equation 45). In comparison with this, the organotin-substituted ylide 79, with 
the usual nucleophilicity at the tervalent carbon atom, is susceptible to alkylation with 
metal iodidee4. 

Me3Si, C __  PMe3 + - 111 Me1 Me3Si, ,C-PMe3i + PFs- (46) 
Me3Sn’ IZI P F ~  (Me3Sn be 

(79) (80) 

d .  Alkylation reactions on q’-aminomethyl and q’-thiomethoxymethyl complexes. 
Compounds of the type [L,MCH2SMe] or [L,MCH2NMe2] can be both protonated 
and alkylated at the basic heteroarom of the alkyl ligand, thus producing an ylide 
complex by the creation of an onium centre (equations 47-50)85-88. 

82 a b 
~ 

L PPh3 PMePliz 
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PPh, 

111 

1 

In contrast to phosphorus ylides, simple nitrogen ylides are not isolable and can 
apparently only be generated as lithium halide-stabilized species. MezSCH2 is a 
thermally very sensitive compound whereas free Me2NHCH2 cannot be generated in 
the usual fashion from the quaternary salt. Thus, indirect syntheses such as  
protonation and derivatization of substituted alkyl complexes could develop into a 
further general method for generating metal-ylide complexes, especially when the 
free ylides are inherently unstable. 

B. Non-stablllzed Double Ylldes as Llgands 

Double ylides possess two carbanionic donor sites adjacent to one or two onium 
centres. In the simplest double ylide 87, the two ylidic functions interact with the 
same phosphonium moiety (Scheme 13). Double ylides of the shown type may occur 
as bridging groups (as in Figure 8, A) or  as chelating species (as in Figure 8, B). 

R R  R R  R R  
\ + /  

P - \ /  \ /  - 
/p+ - / l  

P +base 
MeR,P=CH, - 

- 
Cl-( 'GH2 CH, CH2 9 4 2  GH2 

Hbase' 

(87) R = alkyl. aryl 
SCHEME 13 

R R  
\P/  

c/  'c 
I I 

M M  

R \  /R 

c\ 

P 
/ \  

M 

A B 

FIGURE 8. Bonding interactions between 
87 and metal atoms. 

1. Ylide-bridged complexes 

In complexes of type A (Figure 8), the two metal atoms can be linked by two or four 
bridges. Their metal-carbon a-bonds are characterized by the usual high thermal and 
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chemical stability, inherent in ylide complexes. Further, it is remarkable that ligands 
such as 87 keep the mctal a toms of binuclear complexes in close proximity, thereby 
favouring not only weak intermetallic interactions, but also providing the fundamental 
requirements that stabilize metal-metal multiple bonds. The  indispensable proton 
abstraction accompanying the coordination of 87 is performed in most cases with 
excess of ylide via transylidation (Scheme 14). 

LnXM-CH2\ ___) [LnXM-cHz P 
P 

/ \  
H,C Me \Me 

(881 

, Me 

i 

(89) 

SCHEME 14 

The  bridging ylide ligand 87 originates from a specics which is already terminally 
ligated to the metal. Thc alternative deprotonation at  the methylcne bridge in 88, 
which is realized with Group IVA and VA metals, does not occur with Group  IIA and 
IIB metals or with the d8--dl0 electron systems at the cnd of the transition pcriod3 
(see also Section 11I.A.1). 

Organometallic starting materials 90 with strongly basic alkyl or aryl ligands react 
with Me3PCH2 to  generate ligated 87, presumably via intramolecular proton 
abstraction (Scheme 15). 

1 -CH4 

+5 [ YH3 
[L,,,MCH3] 7 L,M-CH2PMe - $89  - 

SCHEME 1 5  

The direct displacement of ligands, providing a total of threc electrons, by thc 
lithium o r  rnagncsium complexes of 87 affords another useful synthetic tool for the 
compounds under discussion (Scheme 16). 

l’hc synthetic strategics developed here are also valid for thc preparation of chclate 
complexes B depicted in Figure 8 (see Section II.B.2). 

The trcatment of phosphine halide complcxes of the coinage metals with cxccss of 
ylide allows the isolation of MzPzC4 eight-membered rings with alternating onium and 
metallate centres”~8‘1~y0 (equation 51). 

(W 
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+L, , . !MX $ 8 9  

y2 - L1X,- L 

'Li' J 
SCHEME 16 

2' P /Me]  (51) 

Me, /CH2-M-CH - I  Me/ "CH2- M - CH2/ \Me 

2 - 2 PMe, 
[(Me3P)MClIn + 4 5 

- 2  IMe,P)CI 

~~ 

M Cu Ag Au 

Molecular structural analyses of 91a91 and 92y2 confirm the presence of tetrahedral 
phosphorus atoms and approximately linear C2M arrangements in the ring. The  
relatively short metal-metal distances (Cu-Cu = 2.843 8, and Au-Au = 3.023 A)  
indicate weak transannular metal-metal bonds. Metallocycles originating from 
arsonium y l i d e ~ ~ ~ . ~ ~  as well a s  double spirocyclic complexes such as 9394 and  94" have 
also been the subjects of investigation (equation 52). 

(52) (93) (94) 

M c u  Ag Au 

x = 4  93 
x = 5 94a 94b 94c 

By coordination to  gold atoms in 93 the othenvise unstable monomeric 
AS-phospholane (CH2)4P(Me)CH2 achieves stabilization. 

Eight-membered heterocycles have been reportcd for gallium, indium and thallium 
(equation 53)"". T h e  synthesis of 95 is accompanied by polymer formation; however, 
monomeric species cannot be detected. Strongly covalent thallium-carbon a-bonds in 
9% are indicated by the observation of coupling constants such a s  2J(TICH3) = 305.5 
Hz. and 2J(T1CH2) = 152 Hz in the 'H n.m.r. spectrum. Magnesium, zinc, and 
cadmium alkyls have also been found to undcrgo reactions of this type with 
phosphorus ylides. With these reagents, the higher acceptor capacity of the metals 
leads to thc formation of the novel organometallic polymers 9622. Mercury ylide 
complexes, on the other hand, always exhibit low molecular or ionic 
 characteristic^^^^^^. 
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2 [Me2MX]  

X = C I .  Br 

+ 4  5 - 
- 2  IMe,PlX 

Me0 ‘Me 

/ r \  
Me Me 

(95) 

95 a b C 

M Ga In TI 

96 a b C 

As shown below, both the carbanionic centres of 87 can be accommodated at the 
acceptor sites of gold, rhodium, nickel, palladium and platinum, resulting in 
complexes of square-planar configuration. The close vicinity of the gold atoms in 91c 
and 92 provides the conditions for the transannular oxidative addition of electrophiles 
such as halogens, methyliodide, and disulphides with the generation of metal-metal 
multiple  bond^^"-'^-' (equation 54).  

R = Me 97a 97b 97c 97d 
R = Et 9aa 98b 98c 98e 

The molecular structure of 98a was elucidated by X-ray analysis”“ (Figure 9). The 
gold atoms, surrounded by ligands of approximately square-planar configuration, are 
arranged in the same plane as the chlorine and phosphorus atoms from which the 
carbon atoms C1 and C2 deviate slightly. The gold-gold bond distance of 2.597 A is 
the shortest reported to date, and can be compared with the corresponding bond 
lengths in the mctal of 2.884 A, and with those in gold clusters, which range from 2.68 
to 2.98 A.  The metal carries a formal oxidation state of +I1  in a linear 
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X 

N c t 4 2 - A ~  - CH2\ 
I /x 

I 

/ CH2-AU -CH2 \ 
C l i 2 - A ~  x /  ,x -CH2/ pMe2] 

X /  
I 

Me2P I 
\Cti2- AIJ - CH2' 

X 

115 

CI' 

C12 

FIGURE 9. 
(hydrogen atoms have been omitted). 

Molecular structure of 9th 

X c1 Br 

The methylation of 99b with methyllithium yields the complex 101 instead of the 
expected tetramethyl derivative 100. Severe steric hindrance of the gold substituents in 
100, as may also be true for the hypothetical tetraiodo complex 99c, provides a 
rationale for this result (equation 56)99. 

/ Me 
LlMe 

, Me 
,CH2- Au -CH2, 

1 L ' M e  

,CH~-AU- CH,, 

\ 

/ 

CHZ-AU - CH2 
/ 

(100) 

Me2P M e  / M e  ,PMe2 *+99b- 

Me 

Me2P \ Me/ / PMe21 (56) 

1 
CH 2- AU - CH2 

(101) 

In 102, heterocycles containing gold serve as building blocks for a polymeric chain 
(equation 57)1o2. 

In the eight-membered heterocycle 105, nickel atoms, coordinated in a 
square-planar environment, are incorporated as metallatc centres. Whereas in pcntane 
solution the reaction of 103 with stoichiometric amounts of ylide leads to  the salt-like 
104, the synthesis of 105 is accomplished by employing 103 and excess of ylide in ether. 
Catalytic amounts of ylide also effect the conversion of 104 to 109) (equations 58 and 
59). 
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2,Me2P(CH 1 PMe2 c 
+ 2n lMe3PAuCI)  

6\\ - 2 n P M e ~ . - n [  MelP(CH2I6PMe3lCl2  

CH2 
// 

CH2 

(102) 

CH2PMe3 

CH2PMe3 
[(Me3P)2NiCI(Me)) + 2  5 

(1 03) 

€ 1 2 0  
lo3 ' 

- 2  PMel .  - 2 ( M e , P ) C I  * 

(104) 

Me Me 

/ '  \ 
Me Me 

(105) 

The metal-metal quadruple bonds of 107 between two nuclei, chromium(I1) and 
molybdenum(II), are excellently stabilized by four bridging ylides. The  preparation of 
107 involves a stoichiometric amount of phosphonium salt which is deprotonated by 
the methyl ligands of the precursor 106103*105 (equation 60). 

(1 07) 

107 a b 

M Cr Mo 
m .p .( "C)  165-167 256-275 

(dec.) (dec.) 

The thermodynamic and kinetic stability of 107, which possess eight metal-carbon 
a-bonds per molecule, is attributed to the inductive effect of the phosphonium centres 
and to the cxistence of four bridges embedding and protecting the multiple bond. 
X-ray analyses reveal extremely short metal-metal distances, the chromiurn- 
chromium bond length of 1.895 8, being onc of the shortest between two 
chromium nuclei. Further, i t  is noteworthy that the phosphorus-methylene carbon 
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distances (1.75 A) are always significantly shorter than the phosphorus-methyl 
carbon bond lengths (1.84 A), which suggests that at least some of the ylidic character 
of the PCH2 linkage is maintained after complex formation'0s. 

In the organotitanium compound 108, two octahedrally coordinated metal atoms are 
held togethcr by bridging ylide ligandsIo6 (equation 61). Here again phosphorus- 

methylcne carbon distances of 1.71 and 1.75 A in addition to the  long titanium- 
carbon u-bonds (2.30A) confirm the inheritance of some ylide nature in the  
bridging unit. 

The two anionic functions at the central carbon atom of hcxamethyl- 
carbodiphosphorane are coordinated to the acceptor sites of two gold atoms in 
109, thus illustrating the bridging properties of this ambidcntate double ylide'"' 
(equation 62). 

Me3P, ,AuMe + 2  [ MeAuPMe,] 
Me3P=C=PMe3 (62) 

- 2  - [ Me3P"\AuMe] 

(109) 

2. Chelates 

As mentioned earlier, the double ylide 87 also possesses chelating properties (see B 
in Figure 8). With R = Me. however, complications are oftcn encountered owing to 
the presence of monomer-oligomer equilibria or  to the appearance of different 
oligomers. The employment of ylides with two bulky r-butyl substituents at the 
phosphorus atom enhances the selectivity of the reaction and favours only the 
formation of monomeric chelates. Thus, the carbonyl rhodium derivative 111 exists in 
solution as a strongly temperature-dependent equilibrium mixture of monomeric and 
dimeric  specie^^^"'^. The samc reaction sequence involving r-Bu2CH3PCH2 instead of 
Me3PCH2 yields monomeric 112 and 113, respectively, as the sole organmnetallic 
p roduc t~ ' "~  (Scheme 17). 

In contrast to 110, the  homologous iridium compound can only be obtained as 
mononuclear chelate complex'I0. The nickel complex 114 is converted to the salt-like 
115 by treatment with Me3PCH; in..? pentane slurry. In thf as solvent the ionic 
intermediate canrmt be detccted, and transylidation proceeds to give a mixture of the 
two binuclear isomers 116a and 116b (equations 63 and 64)'". 

Onc of the isomers, 116a, obtained in platelets by slow crystallization. was subjected 
to a crystal structure analysis and its constitution fully c~tabl ished,~ (Figure 10). This 
isomer contains thc ylidic ligand 87 (R = Me) both in the bridging position A and in 
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+ 4 C O  
- 2 cod I 

Me, ,Me 
P 

HZYO ' CH2 I 
(cod) Rh Rh (cod) 

I I 

P 
Me0 ' Me 

11101 

"ZC\ 0 C"2 

+ 4 C O  
- 2 Cod I 

H2C' ; CH2 
P 

Me' 'Me 

(1111 
SCHEME 17 

[(Me3P)2NiC12] + 2 5 pentane 1 'l=Ni( (63) 
Me3P CH2PMe3 

(114) (115) 

(64) 2 114 + 8  5 4 (Me,P)CI + 116a.b + 4 PMe3 

C 

FIGURE 10. Molecular structure of and selected bond distances in 11Q. 
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the chelating position B. as shown in Figure 8. The phosphorus atom of each chelating 
ligand is displaced 0.79 A from the plane defined by the four carbon atoms around 
each nickel atom. The dihedral angle of 43.9" between this plane and the one defined 
by the methylene carbon atoms and the phosphorus for each chelating ligand ives rise 
to  a weak nickel-phosphorus bonding interaction (Ni-P = 2.536 w ). The 
phosphorus-methylene bond lengths in each chelate part of the molecule clearly 
indicate slight multiple bond character. The nickel-phosphorus interaction is best 
described in terms of the resonance structures A-D (Figure 11) with predominance of 
A and C. Therefore, the geometry of the ligand resembles the well known array of 
A-ally1 groups with the restriction of a minor interaction between the metal and the 
phosphorus in the heteroatomic system. 

\ /  

KP> 
M M' 

\ /  

<p> M 

A B C D 
FIGURE 11. 
chelate interaction in 116a. 

Various resonance structures for the description of the nickel 

Rapid cooling of the mixture resulting from the reaction of 114 and Me3PCH2, or 
rapid removal of solvent leads to the isolation of yellow 116b, the cage structure of 
which is postulated on analytical and spectroscopic grounds. In the gas phase, the 
existence of monomer 116c is also evident. 

Me\ 9 4 2 ,  ,CH2 
P Ni 

Me/ \ CH2/ 'CH2' \Me 

(116b) ( 1 1 6 ~ )  

In contrast to the above, the utilization of bulky r-Bu2MePCH2 furnishes only the 
specific generation of bischelate 117. The analogous palladium and platinum 
derivatives of 117 have also been reportedIl2. 

(1171 

The complications encountered in the production of complexes derived from 87 
(R = Me) are also circumvented when two alkyl substituents and the phosphorus atom 
of the ylidic substrate are incorporated into a phospholane or phosphorinane system. 
Although the low steric requirements of these ligands suggest a straightforward 
synthetic route to oligomers, most surprisingly exclusive monomer formation is 
observed with nickel"2 and rhodiumIo9 (equations 66 and 67). The unexpected 
generation of 118 is attributed to a small CPC angle in the heterocycle concomitant 
with opening of the ylidic CPC angle, which in turn may allow a more pronounced 
pseudo-allylic interaction between ligand and metal atom. 
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(118) 
118 a b 

n 4 5  

(119) 

With palladium in the form of [(Me3P)2PdC12], excess of Me3PCH2 in benzene 
solution affords a mixture of the ionic chelate 120 and the dimer 121 (Scheme 18)l13. 

Me, ,CH2, ,CH2PMe3 [ MeHP\CH2 /Pd\CH2PMe3 
121 + 2 

+ 8 5  
- 2  iMe,P)CI / ’  

/ (120) 

2[(Me3PI2PdCI2] 

- 4  iMe,P)CI 

M e  
Me\ / 

+\ 

Me\  /CH2\ /CH2 

Me’ \CH2/ CH2 

CH2\pd/ CM2 \ / M e  

CH2/ \CH2/ \ M e  

/p\  

\P’ 

P Pd \ P 

1 / \  
Me M e  

(121) 
SCHEME 18 

Obviously, the low solubility of 120 in benzene prevents its subsequent transformation 
to 121. Treatment of [ (Me3P)2PdC12] with 1-methyl-l-methylene-As-phospholane and 
-phosphoiiaane proceeds with exclusive transylidation to the structurally fascinating 
dimers 122 and 123, respectively. This result can be attributed to the minimal steric 
demands of the ligands and altered solubilities (Scheme 19)”’. 

The introduction of the chelate ligands into quasi-tetrahedral complexes of 
scandium, vanadium, and titanium is achieved by employment of pre-lithiated ylidesS 
(Scheme 20). 

The ylide in 128’14 functions as a chelating ligand occupying one octahedral edge. 
However, compared with the nickel compound 116a, there are significant 
stereochemical differences in the configuration of the four-membered ring. The 
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+ 8  ICHz14PfMelCH2 + 8 ICHzlc,PfMelCH2 

1 --41fCH214PMe~lCI. 2'(Me3P)2PdC'1 - 4  I I C H z ) ~ P M e z ] C I .  1 
- 4  PMe3 

121 

- 4  PMe3 

rPd7 
'P 

b d J  

(,> 
(I 

(1221 (1231 
SCHEME 19 

,Ph 

CH2' 'Ph 

(124)-(126) 

CH2/ \ Ph 

[ ( Q ~ - C P ) ~ M C I I  -L1CI 

M = TI 

124 125 126 

1(Q5-Cp) TI \CH/p\E:] M sc  Ti V 

+ L I  

I 
M e  

HCH2, / 

I 
Me 

(127) 
SCHEME 20 

planarity of the CoCzP ring suggests more regular a-type bonding for the cobalt(II1) 
 specie^“^ (equation 68). 
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In the distorted octahedral chromium derivative 130, the double ylide 87 appears a s  
the sole ligand comprising all six chromium-carbon a-bonds. The mobile carbanionic 
ligands of precursor 129 behave as bases during the generation of 87 from the 

lh l  
Li,[CrPh,] + 3(Me,P)CI 

- 6  CCH6 

M? ,Me 
P 

(129) 

(69) 

phosphonium salt’ 15=. This reaction can be described in terms of various dissociation 
and deprotonation processes which occur either simultaneously or consecutively. 
Intermediate Irons-[ PhCr(CH2PMe3){(CH2)2PMe2)21 was isolated in low yields. 
Because of the mutually trans-configuration of the phenyl and terminal ylide ligands, 
subsequent benzene release from this intermediate leading to the product 130 is 
hindered”Sb. Regardless of its extreme sensitivity towards oxidation and hydrolysis 
and despite the presence of six covalent carbon-metal a-bonds, 130 exhibits 
remarkably thermal stability. It melts in the range 59-68°C and can be sublimed at  

The lanthanide compounds 132, analogous to 130, were synthesized by treatment of 
the salt-like ylide complexes 131 with n-butyllithium. Transylidation reactions, 
however, failed1I6 (equation 70). 

torr and 30°C. 

Ln La Pr Nd Sm Ho Er Lu 

131, 132 a b C d e I g 

Chelates 133lI5” and l W 7  represent a related class of complexes which, in addition 
to the vlidic centres. oossess orrho-metallated aromatic rings at the onium functions 
(equations 71 and 72j. 

* 
-3 thl.. -3 C6H6 

[Ph,Cr(thf),] + 3 Ph3PCH2 

(133) 

A crystalline sodium complex (136) was prepared from the phosphine-substituted 
ylide 135 and NaNH2 or NaH in an ether solvent (equation 73). Its novel structure, 
elucidated by X-ray crystallography, is shown in Figure 12’17. The ylidic ligand is 
attached to the metal via a P-* Na donor bond and via a sodium--benzylide 
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Ph 
(1 35) 

Ph Ph 

(1 36) 

FIGURE 12. Molecular structure of 
136. 

interaction. The latter appears to result from electrostatic forces between Na+, the 
negatively charged benzylide, and ortho-carbon atoms, which is in accordance with the 
classical charge distribution in a benzylide anion. 

Double ylide bridges with additional chelating functions are characteristic of the 
uranium binuclear complex 137 (Figure 13). In this organometallic species, the 
uranium atoms of formal oxidation state +IV utilize the unusual coordination number 
g118 (equation 74): 

Et20 

- S O T  
[CP~UCI] + 2Li(CH2)2PPh2 - $137 + LiCl + Ph2MePCH2 + LiCp 

(74) 
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In contrast tornumerous reports on the ligating properties of systems such as 87 
with phosphonium centres, there exists only one W e l l  characterized and 
low-molecular-weight transition metal compound in which a sulphur ylide 
accomplishes chelating functions119 (Scheme 21). 

M e  PEt3 
+ / M e  \ /  

R \  
SiQ ~ I M R ~ I  

M S> 

Me M e  PEt, 

Et,P-C\ 
+ 4 E1,PCnMe 

- 2  IE1,PlCI 
- 

R' \ C /  
- 

Etgb- C' / \  \ 

''\si> 
CI/  

+(LPdC12]2 .+  2 Nal 

- 2  fMe,SOICI. - Z L . - Z N s C l  
* 4 35 

+ 4 Nan 
(Me3S0)' - 4  H2.  - 4  Nal 

(75) 

. 

L = s t y r e n e  (138) 

SCHEME 21 

141 142 

M Z n  Cd 
R Et Me 

Proton abstraction from the isoelectronic onium salts 143a-c affords the cumulated 
double ylide 144a, the conjugated double ylide 144b and the monofunctional ylide 
1&, respectively (Scheme 22). 

In alkyl-substituted carbodiphosphoranes such as 144a, the ylidic function is not 
strictly limited to the central carbon atom as it is in the hexaphenyl derivative 14, but 
can, under appropriate conditions, be prototropically transferred to the periphery of 
the molecule. This behaviour turns out to be of eminent importance for complex 
formation with metals (Scheme 23). Similar prototropic phenomena are also observed 
with 144b. 

Repeated deprotonations at the peripheral methyl groups convert 144a-c into a 
series of isoelectronic bidentate ligand anions (145a-c) (Scheme 22). Using their 
peripheral donor sites, these anions operate as extremely powerful ligand systems in 
main group and transition metal chelates. Their generation from 143 or 144 in a metal 
coordination sphere follows the same principles which have been applied to the 
synthesis of ligated 87. 

With 145, Group IIIA metals generate tetrahedral complexes, the metal chelate 
moiety of which appears to be isostructural, irrespective of the nature of the central 
ligand atom Y (Scheme 24)122-'24. 
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M e  M e  
\ /  

Me, ,CH2-P, 

M e /  \CH2-P / y  M 

/ \  
M e  M e  

2 I 144a.b + M M e 3  . 
- cn, 

H 
[ (CH3I3P-C 7. P(CH3I3] X 

(143a) 

+ LoAIMe, -L,F Me3PCHPMe3F 

[(MegP)pBHp]Br 
- - 2 C H ,  

I - H X  
I 
t 

(144a) (144b) 

CH2 CH2 

(145b) 

SCHEME 22 

r -. 

M = Al 146a 146C 
M = Ga 147a 147b 
M = f l  148b 

SCHEME 24 

With these chelating ligands, G r o u p  IIB metals lead to  tetrahedral complexes in 
which all the metal acceptor sites are occupied122-126 (Scheme 25) .  

In contrast to their zinc and cadmium analogues, dialkylmercury compounds are 
extremely weak acceptor molecules with non-basic alkyl groups. Despite their 
inherent inability to form simple tri- o r  tetraalkylmercurates(II), such as  HgR3- o r  
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\ '  

NP-CH2, N C H 2 - P .  
M .Y I 4 2 145c - L i  (thfl- 2 144a,b + M R 2  

- 2  An y ,  P-CH2' 'Ck 

Me Me 
Me' I 

M R Y M R Y 
~~ 

14% Z n  Et CH 
149b Zn Et N 
144k Z n  BH2 

15oa Cd Me CH 
15Ob Cd Me N 
15oc Cd BH2 

SCHEME 25 

HgR4-, using 144a the synthesis of the first species (151) with a tetraalkylmercurate 
structure has been a c c ~ m p l i s h e d ' ~ ~  (equation 76). 

+ 4  I44a 

HgC'2 - 2[iMe,Pl2Cn]Ci 

Me Me Mew 
\ /  < A -  

\P - CH2 
/ \  

H C  CH 

Me Me Me Me 

(76) 

The excellent ligating capacity of these chelating systems certainly also accounts for 
the successful preparation of the first low-molecular-weight magnesium ylide complex 
containing four metal-carbon a-bonds"'. 

The same structural principle has been found in a number of square-planar 
complexes (equations 78122*126 and 79109."0) (Scheme 26122-'25.126). A pentacoordinate 
indium derivative of 1 4 s  has also been reportedllO. 

In all the complexes under discussion, the ligand is attached to the metal centre by 
covalent a-bonds. Molecular structural analyses of 153a,bI2*, 156b126 and 156c125 
indicate metal atoms in square-planar environments as members of largely 
isostructural heterocycles which maintain strainless chair conformations. In 153a the 
P-CH bonds of the planar PCHP moiety appear significantly shorter than the 
P-CH2 bond distances. These results, in addition to the high field resonance of the 
CH protons in the n.m.r. experiment, confirm the strong ylidic character of the bridge, 
illustrated by resonance structurcs A-C in Figure 14. 

Figure 15 shows the molecular structure and selected data for 153a128. 
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+ 4 144m.b 

[Me2AUC'12 -211Me3P12Y]CI* 

Me I ,Me 

Me, ,CH2-PP, 

M ~ / ~ " \ C H ~ - P /  Y 
[ \ M e  

Me 

(78) 

Y CH N 

153 

Me 
I ,Me 

, CH2 - p\  
2 (cod)M, N 

CH2-P' 

Me 
I'* 

(1 549) 9 (1 55) 
I + 4  144b 

-2[1Me3P)2N]CI 

M 

a b 

(79) 

Rh Ir 

Y CH N BH2 

M = Ni 156s 156b 156C 
M = Pd 157a lslc 
M = Pt 1% 15th 158C 

SCHEME 26 

Me Me Me 
I ,Me + I  /Me +I,& 

- ,CH2-f'\ - ,CH2-P,- 
,,CH - M\ M, 

I \ M e  I Me I'm 
+ CH - ,CH2-P+CH - 
/" CHZ-P, CH 2- P M'CH2-6/ 

Me Me Me 
A B C 

FIGURE 14. Resonance structures of ligating 145a. 
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FIGURE 15. Molecular structure and 
selected data for 153a'28. 

C. Carbonyl-stabllbed Ylldes as Termlnal, Monadentate Llgands 

Ylides with acyl, aroyl, alkoxy carbonyl, and cyano substituents at  the carbanionic 
centre experience additional stabilization from efficient delocalization of the negative 
charge (Figure 16). 

Employment of the carbonyl group for charge delocalization shown in resonance 
structure B in Figure 16, is supported by the i.r. spectra of this class of ylides. The 
bands due to carbonyl stretching vibrations have considerable longwave shifts 
compared with those in the spectra of the corresponding onium salts [e.  . 
Ph3PCHCOPh: u(C0) = 1523 cm-I; (Ph3PCH2COPh)Br: u(C0) = 1656 cm-']12'. 
The ylidic carbon centre and the enolate oxygen site of such carbonyl-stabilized ylides 
can be utilized for coordination to metal atoms in a monodentate fashion. The first 
mode of bonding enhances the weight of resonance structure A in Figure 16. As a 
result, the carbonyl band appears between those of the free ylide and the onium salt in 
the i.r. spectra of the metal complex. On the other hand, in metal-enolate coordinated 
species, resonance structure B is stabilized, and hence carbonyl bands close to those of 
the free ylides are exhibited. 

A B 

FIGURE 16. Resonance structures of carbonyl- 
stabilized ylides. 

7 .  Metal-carbon coordination 
The bonding interactions between carbonyl-stahilized ylides derived from 

phosphorus, arsenic, sulphur, and nitrogen, and dihalides of palladium and piatinum 
have been well studied, and it has been shown that the ylidic carbon represents the 
effective donor centre of the ligand. In order to form the metal-carbon a-bond, the 
carbon atom is rehybridized from sp2  to sp'. Palladium(I1) mainly forms monomeric 
square-planar complexes with trans-ylide ligands (Figure 17). 

Such complexes are readily obtained from the reaction of free ylides with palladium 
dihalides in the presence of donor solvents such as  acetonitrile or dimethyl sulphoxide, 
o r  from labile ligand-bearing palladium precursors (equation 80). 

Analogous complexes with Ph3PC(R1)COR2 (R' = H, PhCO, Me; R 2  = OMe, 
OEt,  Ph), PhSPCHCN, B u ~ P C H C O P ~ ,  Ph,AsCHCOPh, and Ph3AsCHC02Me are 
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+ 2 NaOAclMCOH 

162 -2NaCI. - 2  HOAc * 

129 

Z 
I 
C- H 

PR3 
H - C  

I 
Z 

0 0 
II 

R 2  -C,, x ,C- R 2  
R ' k C - P d - C r R '  I 8  

' I '  FIGURE 17. General constitution of palladium complexes 
R!E ERf containing carbonyl-stabilized ylide ligands. 

CH3CN 
PdC12 + 2PhCOCHPPh3 - rruns-[ (Ph3PCHCOPh)2PdC12] (80) 

(159) 
- 2PhCN - rruns- [ (RzECHCOR')2PdC12] 2R'COCHER: + [ (PhCN)2PdC12] 

(81) 

accessible in a similar way'29 (equation 81). The substituent R' at the carbonyl 
function is mainly a methyl or an aryl group, whereas the ER; moiety is more varied 
since it can originate from aryl and alkyl phosphines, triphenylarsine, pyridine, and 
diorganyl s ~ l p h a n e s ~ ~ ~ - ~ ~ ~ .  The procedure exemplified by Scheme 27 involves 
deprotonation of the onium salts of halopalladates, leading directly to the complexes 
under discussion. One major advantage of this approach arises from the fact that the 
syntheses of sensitive free ylides, which often require special precautions, are 
P.y.,?-lV-.. i. -.. c,,ted132. 

+ Na2[ PdBrr]/MeOH 

-2NaBr 
2(PhCOCH2SMe2)Br * [ (PhCOCH2SMe2)2PdBr4] 

160 + [ (PhCOCHSMe2)zPdBr2] 

( 160) 
+ ZNaOAc/MeOH 

- 2HOAc. - 2NaBr (161) 
SCHEME 27 

The application of this reaction to the complex phosphonium salts 162 makes feasible 
the synthesis of binuclear halide bridged systems 163*33 (Scheme 28). 

(1 62) 

PR3= PPh3, PMePhp; Z =  COMe. C02Et.  CONH2. C N  

SCHEME 28 

The cleavage of the halide bridges in 164 by ylide ligands produces the mixed 
substituted compounds 165, for which cis-rruns isomerism is observed depending on 
the respective ylide and the state of aggregation. In solution, complexes 165 isomerize 
utilizing dissociation-association mechanisms134. 
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L = PMe3. PMe2Ph: ERn = PMePh2. AsPh3. SMe2 

Information about the nature of the palladium ylide bond was provided by an X-ray 
diffraction analysis of 166, which was shown to possess trans-ylide ligands attached 
through sp3-hybridized carbon atoms to the metal centre (Figure 18). The consequent 
asymmetry at the ylidic carbon atoms leads to additional isomers, but only the 
d,l-trans-configuration is realized in the solid state’30. 

The interconversion of d,f- and meso-configurat i~ns’~~ as well as ligand-exchange 
reactions with differerir ylides reflect the existence of dissociation-association 
equilibria in solutions of 166, in addition to the kinetic lability of its ligands”’. 

166 + 2p-M&C6H4COCHSbk2 

2 PhCOCHSMtl, + [( p - k o  C6H4COCHSbk2)2PdC12] + mixed COInpleXeS (83) 

Similar ligand-exchange experiments employing phosphonium, arsonium, and 
pyridinium ylides have shown that the stability of the respective complexes in solution 
is determined by both the nature of the heteroatom and the substituents at the ylidic 
carbon atom. With comparable ylide substitution, the complex stability, depending on 
the onium centre, varies as follows: S > P; As S P; N(pyridinc) 5 P. The application of 
these synthetic methods to platinum chemistry led to a series of structurally analogous 
derivatives which have also been carefully studied129*’34-136. 

In the most competent work concerning mercury complexes of carbonyl-stabilized 
y l i d e ~ ’ ~ ’ - ’ ~ ~ ,  a dimeric halide bridged structure (167) is assigned to this kind of 
mercurial’29. The ylides examined in that study were derived from PPh3. PBu3, AsPh3, 
SMe2, and pyridine. 

(167) 

Cobalt(II1) forms an octahedral complex (la), which is of interest because of its 
strong Co-C a-bond which is comparable to that in cobalt a l k y l ~ ’ ~ ~ .  

2. Metal-oxygen coordination 
Whereas for all metal complexes of carbonyl-stabilized ylides, so far discussed, 

metal-carbon 0-bonds are structurally characteristic, tin and lead allow in addition the 
synthesis of metal-oxygen bonded species. This mode of attachment is realized in the 
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... H ... 
0"' "'0 

.o 
....H....'' 

Q.. 

0 
II 
C- Ph 

1:l adducts of Me3MCI (M = Sn, Pb) and ylides such as Ph3PCHCOR (R = Me, Ph, 
OMe), Ph3PC(Me)COzMe, and P ~ ~ A s C H C O P ~ ' ~ ~ ,  where carbonyl bands in the 
range 1465-1510 cm-' in the i.r. spectra imply a metaknola te  structure. The carbonyl 
stretching mode of 169 (1665 cm-I), however, seems to be consistent with a 
metal-carbon i n t e r a ~ t i o n ' ~ ~ .  The X-ray diffraction analysis of 170 proves the 
tin-oxygen interaction beyond any doubtI4'. 

D. Carbonyl-stabllloed Ylldes as Chelatlng Llgands 

Carbonyl-stabilized ylides should be capable of functioning as chelating ligands via 
the ylidic carbon and the oxygen atom. In the chelztes craminea to date, howevei, the 
ylide ligands cmtain additional substitueiiis exhibiting donor properties and thus 
provide a second coordination site apart from carbon or oxygen. 
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1 .  Picolinyl methylide ligands 

With ylides 171, substituted at the carbanionic function by a picolinyl group, 
coordination to palladium and platinum dihalides proceeds via the ylidic carbon and 
the pyridine nitrogen atom irrespective of the nature of the onium (equation 
86). 

(86) 

C 

2 4-MeC5H4N Me2S PPh3 

Similar bonding interactions operate in the analogous palladium derivatives as well 
as in the salt-like bis-chelates 173 and in the carbonyl-tungsten compound 17414’. 

173 a b 

Z 4-MeC5H4N 3.5-Me2CsH3N 

+ U l a  
c 

-1hl.-CO 

The structural alternative is realized in 175 where the pyridine nitrogen atom and 
the enolate function occupy the two available acceptor sites at one edge of the 
octahedron 14’. 
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2. Acyl methylene o-phosphinoalkyldiphenylphosphoranes 

Bidentate ligands such as  176 have been utilized in a series of palladium and 
platinum dihalide chelates with the carbanionic function and the trivalent phosphorus 
atom as the sole donor centres'48. 

Ph2P( CH2),PPh2cHCO R R Ph Me OMe 

n = l  a b C 

n = 2  d e 

(176) 

176 + [ (PhCN)2PdC12] - [ (176)PdC12] + 2PhCN (88) 

176 + [(Me2S)2PtC12] - [(176)PtC12] + 2Me2S (89) 

(177) 

(178) 
Substitution studies of 177 and 178 with pyridine led to the conclusion that the ylidic 

moiety in the chelates is more tightly bound to the metal atoms than for example the 
monodentate Ph3PCHCOR in [ (Ph3PCHCOR)2MC12]. The chelate ligands of 178 do 
not undergo displacement reactions with pyridine at all, whereas with palladium the 
five-membered ring chelates 177a-c appear to be kinetically more stable than the 
six-membered ring species 177d-e. On top of this, the reluctance towards pyridine 
attack is influenced by the substituents R at the carbonyl group in the same way as is 
the basicity of the free ylides: Ph > Me > OMeIJ8. The mode of bonding in 177 and 
178 was deduced mainly from i.r spectroscopic observations, and molecular structural 
analysis of 177d (Figure 19) fully confirms these  assumption^'^^. The different 
palladium-chlorine bond distances in 177d imply that the trans-influence of the 
phosphine group is superior to that of the ylidic carbon atom. 

FIGURE 19. Molecular structure of 177d. 

A chloride ligand in 177 and 178 is labilized to such an extent that replacement by 
monodentate neutral donor molecules readily takes place. Both chloride ligands may 
also be exchanged for other halide and pseudo-halide ions (Scheme 29)lS0. 

[(176)MC12] + NaBPh4 + L 
CH2G4j 

acetone 
- [(176)MCIL]BPh4 + NaCl 

(179) 
+2M'X 

M = Pd, Pt; M' = alkali metal 

L = PPh3, P(C6H11)3, P(OMe)3, PMePh2, AsPh3, SbPh3 

X- = Br-, I-, SCN- 
SCHEME 29 

-2M'CI 

4-MeCsH4N, 3,5-MezCsH,N 
I 

[(176)MXzI 
(1W 
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3. Others 

The oxygen atom 
capability to displace 
(equation 90). The a1 
in the longwave shift 

of the oxosulphonium group in 181 inherits sufficient donor 
the adjacent diethylthioether with the generation of chelate 182 
teration in the coordination sphere of the metal atom is reflected 
of the SO stretching mode in the i.r. spectral5’. 

(1811 (182) 

v(CO)(cm- l) u(SO)(cm-’) 

181 1650 1230 
182 1660 1140 

In the chelate complexes discussed so far, the free carbonyl-stabilized ylides used as  
ligands are stable compounds which do not rearrange while being attached to the 
metal atom. In ccntrast, the binuclear orrho-metallated complex 183 was isolated from 
the reaction of PdC12 with Ph3PCHCOPh in the presence of sodium acetate in boiling 

(equation 91). 

The ligand of. the unusual molecule 185 is generated from the ylide 184 and a 
carbonyl ligand from iron. The formyl proton originates from one of the o-phenyl ring 
positions of the phosphonium moiety. This occurs in the coordination sphere of the 
iron atomsls3 (equation 92). In 185 (Figure 20) the (C0)3Fe-Fe(CO)3 unit is doubly 
bridged by the C(CHO)P(Ph),(C6H4) ligand which bonds from the original ylide 
carbon atom and the orrho-carbon atom of one phenyl ring. The orzho-dimetallated 

do CO FIGURE 20. Molecular structure of 185. 
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phenyl ring is similar to that of a Meisenheimer complex found in nucleopb‘lic 
aromatic substituion reactions. 185 can also be considered as a chelate complex wirc .e 
each donor site is attached to two metal centres simultaneously. 

Phosphine addition to the metallocyclic carbenc species 186a,b results in the 
formation of complexes containing chelating ylide systems (187a,b) (Scheme 30)’54. 

OC’MLCO R\ti I Me H 

@ I 

OC’MLCO 
0’ 

Me H 

186,187 a b  

O w C \  ti PMe3 
/ \  

Me ti 

(187) 

M Mo W 
SCHEME 30 

E. Alkenyl-steblllzed Ylldes (Onlum Allylldes) as Llgands 
Ylidic centres are also remarkably stabilized by resonance interactions with 

open-chained or cyclic olefins. Vinyl substituents effect conversion of the ylidic carbon 
to an integral constituent of an onium-stabilized ally1 anion which can be employed 
in coordination chemistry as ql- and ~’-1igands. 

1.  $-Coordination 

$-Phosphonium allylide pentacarbonyl complexes of chromium and molybdenum 
are accessible from the corresponding hexacarbonyls by photochemical as well as 
thermal routes (equation 93)15’. 

light petroleum 

SO-60°C OK hv 
Ph3PCHR + [ M(C0)6] + [Ph,PCH--M(CO)5] + CO (93) 

I 
R 

(I=), (189) 

R -CH=CH2 -CH=CHMe CH=CHPh 

M = Cr lfBb 
M = Mo 189a 189b 189C 

2. $-Coordination 

When phosphonium allylides and metal hexacarbonyls are allowed to react under 
more forcing thermal conditions, the $-phosphonium allylide complexes 190 and 
191’5sJ56 are obtained (equation 94). 

An X-ray analysis showed 190a to be a distorted octahedral molecule in which the 
molybdenum atom is attached only to the planar ally1 unit of the ligand (Figure 2l)? 

A similar mode of interaction is encountered in a variety of pal!adium complexes of 
alkenyl-substitued ylides. Base treatment of the corresponding onium halopalladates 
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A 
Ph3PCH--CR=CH2 + [ M(C0)6] - [ (Ph3PCHCR=CH2)M(CO)r] 

(190), (191) (94) 

R H Me 

M = Mo 1% 1% 
M = W  1910 

/" 
H C  

FIGUR!Z 21. Molecular structure of 
1%. 

constitutes a useful synthesis of compounds such as 192132 and 193i58. The 
circumvention of the free ylide in the reaction, as shown in Scheme 31, turns out to be 
crucial, as free C3H5SMe2 suffers rearrangement to MeS(CH2)2CH=CH2. 

+ 2 N a l  IPdBr, I 
2(CH2=CH -CH2SR2)Br - 2  IyI% - (CH2=CHCH2SR2)2 [PdBr,] 

+ NaOnclMeOH 
-NaBr ! 

192 0 b 

SCHEME 31 

The addition of 193 to polymeric 194 leads to the neutral binuclear complexes 195IS9 
(equation 95). 

The interaction of 193 with an equimolar amount of silver ions, followed by the 
addition of donor ligands, yielded the cationic species 197 in a reaction se uence 

empioyrnent of twice the molar amount of silver salt in the presence of neutral 
implying halide bridge cleavage of intermediate binuclear 196 (Scheme 32)' 2 O. The 
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R ' =  Ph. E t :  R 2  = ti. Me 

R3 = ti. M e :  X = CI. Br 2 
Y - =  PFS-. BFd-. CF,SO< 

R i P  = PPh3, PMe2Ph; X = CI. Br; E = C02Me: R2. R3 = H. Me 

r 

- R z  3- Pd: :ph]Y- 

& RAP 

+ 2  PPh3 1 

137 

(95) 

+ 2 AgY 
193 + L-L 

198 a b 

R3 

/ 
R i P  

(198) 

C d 

L-L bipyridine cod nbd R3CH=C(RZ)CHPRi 

bis-allylide complexes such as 198d, effected by the onium centres, merits 
consideration because in contrast to the related [ (q3-C3H5)2Pd], they do not suffer 
facile decomposition with ligand coupling16*. 
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F. Cyclk Ylldes as Llgands 

1.  Cyclopentadienylide complexes 

According to calculations, the electronic ground state of the sulphonium and 
phosphonium cyclopentadienylides 199 and 200 can be understood in terms of 
resonance structures A and B with contributions of 80% from the ylide structure A and 
20% from the ylene structure B (Figure 22)163.By analogy with the cyclopentadienyl 
ligand, q l ,  q3, and $-coordinated 199 and 200 can be predicted. 

A B 

FIGURE 22. Resonance structures of 
simple cyclopentadienylides. 

( 2 0 0 )  

u. ql-Coordinution. This mode of combination is encountered in the adducts of 200 
and mercury dihalides. As is evident from an X-ray analysis, a a-bond exists between 
the metal atom and the C(3) position of the ring in crystalline 201c. 'H and 13C n.m.r. 
data, however, are consistent with the presence of fluxional molecules in solutionla 
(equation 97). 

lhf 1 
200+%X2 y 5 

PPh3 

h ,x\ / x  

x'Hg'x'"g'Q PPh: 

(201) 
201 a b C 

(97) 

X CI Br I 

b. q3-Coordinorion. Treatment of polymer 194 with 200 results in the formation of a 
complex (202) which has allylic coordination of the ligand (equation 98). In 202, bond 
lengths CI-Cs and C2-C3 of the ylide ring appear to indicate almost single bond 
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E = C 0 2 M e  

FIGURE 23. Molecular structure of 202 with selected bond lengths in A.  

character. The ally!ic interaction between the palladium atom and the ring atoms 
C3-Cc4-Cs is reflected in significantly shorter bond distances between these carbon 
atoms and the metal centre. Intramolecular repulsions between the phosphonium 
phenyl rings and the palladocycle methyl groups restrict the Pd atom to the lower 
region of the ylide ring, thus precluding a more regular $-coordination (Figure 23)'6s.  

c. $-Coordinafion. The attachment of a metal complex fragment to all five carbon 
atoms represents the mode of bonding most frequently realized in organometallic 
cyclopentadienylide compounds. Silver ion-induced halide abstraction in 193, and 
interception of the coordinatively unsaturated intermediate by 200, provided a 
synthetic approach to a series of stable palladium species (203) (equation 99)162. The 
acceptor sites at the palladium atom, occupied by the allylide in 203, may also be 
utilized by other four-electron donors such as nbd, cod'61, and the q3-allyl grobp'62. 

(193) 

1 
RAP 

(203) 

PPh3 

Neutral as  well as cationic cyclopentadienylide complexes, including 
carbonyl-metal derivatives of Group VIB4s.166*167a.b, VIIB, and VIIIB metals where 
the ring also manifests the properties of an qs-ligand, are obtained by labile ligand 
displacement reactions in ether solvents. The latter constitutes a very important 
general process used for (&-ring) M(CO), generation. Ionic complexes 206'm.169, 
207169, and 2M8 were prepared analogously. 

The presence of the onium functions accounts for the remarkable increase in the 
stability and retarded reactivity of 204 and 205 compared with the related 
[ (qs-Cp)M(CO)3]- anions. X-ray structural analyses of and 20gR show that the 

(204). (205)  

M Cr Mo M 

ER, = PPh3 2we 2 w  2wc 
ER, = S M C ~  205a 205b 2 0 5 C  
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ER, = SMe, 207a 207b 

(206), (207) (208) 

4 

[CO (co),]- 

combination of the ylides with the transition metal atoms does not result in a drastic 
perturbation of thc ylide structure itself, but only in an  enhancement of the 
contribution of resonance structure A (Figure 22) t o  the electronic ground state of the 
$-bonded ring. $-Coordination effects a significant balance of the bond distances as  
well as  the electron density distribution in the ring'63. Differences in the reactivities at 
the a- and P-positions in the free ylides are also compensated by complexation a s  is 
inferred from H/D exchange experiments with 199, ZOO, and the corresponding 
M(C0)3 dcr iva t ive~ '~" .  A bonding interaction between the chromium and sulphur 
atoms in 205 can be excludcd. Complexes 204a-c display Lewis base behaviour 
towards AIMc,. protons, halogens, nitrosyl, and diazonium ions a s  well a s  towards the 
halides of mercury, cadmium, boron, gallium, and  i n d i ~ m ' ~ * ~ ~ ' - ' ~ ~ .  Whereas AIMe3 is 
reversibly added to the carbonyl oxygens, the other  Lewis acids exclusively attack the 
metal centre. 

Ionic complexes of 200 and thc halides of G r o u p  IVB and VIB  element^"^ and  the 
arsonium ylidc compound 20945 have also bcen reported. 

2. Phosphabenzene and thiabenzene complexes 

and 21Z177 differ 
from cyclopcntadienylides, because their or.Iurn anits are incorporated as  integral 
constituents in the ring systems. In these ylides, the negative charge achieves 
stabilization both from dclocalization over the five ring carbon atoms and the onium 
function. All thrce ring systcms exhibit ligand properties towards tri-carbonyl metal 
fragments of chromium. molybdenum, and tungsten. 

AS-Phosphabenzenes 210'75 and also A4-and A6-thiabenzenes 

(210) (211) (212) 

u. I"-Phosphabetizc.tre cotnplexcs. When the abovc mentioned procedure used to 
gcncrate cyclopcntadienylide organometallics was applied to  210, a series of  
As-phosphabcn+ene complcxes (213) wcre obtained (equation 1 01)'78. 210 suffers loss 
of planarity when coordinated to the Cr(C0)3 moiety. In 213a, the phosphorus and C4 
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(21 3) 
213 a b C d e I g h i  

X OMe OMe OMe OMe OMe OMe OMe F F  
R Ph Ph Ph Me CHzPh r-Bu phthalimido Ph r-Bu 
M Cr Mo W Cr Cr Cr Cr Cr Cr 

carbon atom deviate from the plane defined by the remaining ring atoms, whereas in 
213i only the heteroatom, at  the face opposite to the metal, is located above the planar 
arrangement of the ring carbon atoms. These results, obtained by X-ray analyses, 
clearly exclude any bonding interaction between chromium and the onium ~ent re ’ ’~ .  

b. A4-Thiabenzene complexes. A4-Thiabenzenes such as  211 have so far resisted 
isolation owing to the inherent instability generally associated with these  specie^'^^.^^". 
However, the decomposition of 211 in Jmso solution is retarded sufficiently to allow 
for the interception and fixation of this species at the M(CO)3 template. To achieve 
the synthesis of 215, the thiinium salt 214, an appropriate precursor of 211, is subjected 
to deprotonation in the presence of metal complexes, the labile ligands of which are 
readily displaced by the (equation 102). 

[L,M(CO),) + 

CH3 

(214) 

KOCMe-,/dmro 

BF4- -KBF,. - 3 L .  -HOCM~, )  
I 
CH3 

(215) 
(102) 

215 a b C 

M Cr Mo W 

The combination of the heterocycle and the chromium complex fragment is 
achieved by utilization of the five carbon atoms of the ring alone, which are arranged 
in a coplanar array. The position of the sulphur atom is at a distance of 0.75 A above 
this plane, and thc chromium-sulphur bond length of 2.88 8, undoubtedly proves the 
absence of any bond interaction between these two atoms (Figure 24). 

CH3 
I 
I 

Ph 

Ph ps Cr 

.c’ L ‘ c .  
L \  

0 
FIGURE 24. Molecular structure of 215a. 

0’ I 
0 
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c. A6-Thiobenzene complexes. Molecular structural analysis identified 212 as  a tilted 
ring molecule in which the sulphur atom deviates by 0.46 A from the plane of the five 
carbon atomsia2. During complex formation with 212 the occurrence of isomers, 
inferred from the different possible orientations of the S(0)Me group to the M(C0)3 
moiety, can be predicted. This phenomenon, however, can only be detected in the case 
of chromium (equation 103). In contrast, asyn orientation of the ligand, similar to  that 

216 a b C d 

M Cr Cr Mo W 

in free 212, is encountered in the molybdenum and tungsten derivatives 216c,d, with 
chromium syn- and anti-isomers are produced in a 10:3 ratiolB3. The different ring 
geometry in the two isomers is reflected in both their spectroscopic and chemical 
properties. Complexes 216 contain a series of reactive centres which are susceptible to 
further chemical transformations, as  depicted in Scheme 33l". 

111. METAL-SUBSTITUTED YLIDES 

This section is concerned with syntheses and characteristics of ylidic compounds 
substituted at  the carbanionic centre by main group or transition metal atoms. A more 
detailed account of the chemistry of silicon-substituted ylides is not given here, owing 
to the purely non-metallic nature of this element. 

A. Syntheses vla Metallatlon of Slmple Ylldes 

7 .  Deprotonation of metallafed onium salts 

Proton abstractions from onium salts containing de-d'o transition metals and d"  
group IA-IIIA metals generally proceeds at one of the alkyl groups attached to the 
phosphorus, followed by ring closure through intercomplexation (see Section 1I.B). 
On the other hand, it is apparent that do Group IVA and VA metals exert a 
considerable stabilizing effect on ylidic carbanions concomitant with a reduction in 
ylide basicity. In accordance with this, the acidity of the methylene protons in the 
corresponding onium salts such as 74 is sufficiently enhanced so that an ylidic centre is 
regenerated at  that position upon base treatment. In addition, the lack of a suitable 



3. Synthesis of ylide cornplcxes 

\ 
11  LiBu 

21 R X  

0 
I I  

i43 

M = IYI. M =Cr  

M'Nu = Na2( Fe(C0I4]. \ 
65'C. thl 

M = Mo 

212 + [(Me2PhP)3Mo(C0)3] 

LiHBEt3. LiPPh2 

+(lMcCNI,Cr ICOl,l 

M = Cr 

0 
I I  

SCHEME 33 
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+ L i B U  

-C,H10, -LiCl 
* Me3P-CHGeMe3 (104) 

(217) 
( Me3PCH2GeMe 3) + CI- 

(74) 

acceptor site with the Group IVA elements obviously renders unfavourable a reaction 
pathway similar to those discussed in Section II.BE3 (equation 104). 

The synthesis of metallated ylides such as 217 generally does not require isolated 
onium salts as precursors, but may also be accomplished by the reaction of simple 
ylidcs with 0.5 equiv of organometallic halides. This procedure involves the 
transylidation of in siru generated metallated onium salts (equation 105)18s. 

+7 ( ' ,MMe3) "- - IMe3StCH2PMe3)CI  

t Me3MCI 
Me3PCHSiMe3 - Me3PCH, 

SiMe3 

(218) 
+ -,MMe3 

Me3P-C, (105) 
SiMe3 

(m), (219) 

M Ge Sn 

219 79 

Transylidation occurs between ylides and onium salts only when the competing 
ylides differ significantly in basicity or when there are large differences in the lattice 
energies of the onium salts. Another requirement for the successful application of this 
process concerns the stability of the metallated onium salts, which should not 
equilibrate with their starting materials. Under appropriate conditions the subsequent 
transylidations proceed at rates which preclude the detection of salt-like species such 
as 218 even in the presence of excess of Me3MCI. In some caws the application of 
suitablc stoichiometries afforded double metallated y l i d e ~ ' ~ ~ . ' ~  (equation 106). 

3R,ECH2 + 2Me3MCI - 2(R,ECH3)CI + R,EC(h4h4e3)2 (106) 
(1% (220), (221) 
R" E M 

2% (Me2N)(Me)S(O) Ge 
2 m  (Mc2N)(Me)S(O) Sn 
22 1 PPh3 Ge 
184 PPh3 Sn 

Often the chemistry of do-configurated tetravalent titanium parallels that of 
the d" elements of Group IVA. Thus, the preparation and structures of the 
dititanacyclobutane (222) and the silicon derivative (223) are comparable53. 

The reactions between [Cp2MC12] (M = Ti, Zr) and 2 equiv of Me3PCH2 lead to 
ionic complexes (224) with terminal ylide ligands. T h e y  cannot be converted into 
metal-substituted ylides o n  base treatment (Scheme 34). 

In contrast, employment of thc more bulky ylide Ph3PCH2 obviously inhibits 
the formation of analogous ionic products. The  proposed intermediates 
[Cp2MCI2(CH2PPh3)] (hi = Zr, Hf) are transylidated by a second molecule of 
Ph3PCH2 and thus generate transition metal-substituted ylides 225IE7. 

Mercury atoms arc generally not capable of acidifying adjacent hydrogen atoms in 
mercurated onium salts, but like other d'"-systems they tend to do  the reverse. 
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2 [(Me2N)2TiC12] % 2 l(Me3PCH2)2Ti(NMe2)2)C12 + 2  5 0 222 (107) 
-4fMe.PICI 

'PMe3 
I 
c- 

/ \  
(Me2Nl2Ti  Ti(NMe2)2 

\-/ I C 
I 

( 222 1 

'PMe3 I 
(223 1 

Zr Hf 

a b 
b C 

,C' 
r15-Cp2M\- + 

CHPPh3 

(225) 
SCHEME 34 

Therefore, neither transylidation nor treatment with lithium alkyls can achieve the 
conversion of ionic mercurials of Me3PCH2 into mercurated ylides or heterocyclesY7. 
Mercurated ylides, however, are accessible when anion-stabilizing substituents at the 
ylidic carbon compensate for the retarding influence of the metal (equation 108). 

+ r  MeHgCl + 7 - c 
- IMe3PCH2SIMe,lCI 

The  successful syntheses of 227 and 228137-'39.142 depend strongly on the 
electron-withdrawing capacity of the benzoyl, cyano, or carbomethoxy substituents 
and o n  the increased electronegative effects of a triphenylphosphonium group 
compared with the trimethylphosphonium analogue (equations 109 and 1 10). 

At this point the problem concerning the electronic and structural features of 
transition metal complex frameworks required for stabilization of adjacent ylidic 
centres merits discussion. In contrast with the behaviour of electron-rich d*-d'" 
transition metals, do titanium. zirconium, and hafnium in some cases stabilize an 
anionic ylide function. The synthesis of compounds 124-128 and 130 containing 
tervalent metals with do, d l ,  d2 ,  d 3 ,  and d 6  configurations, respectively, clearly 
illustrates that low numbers ofd electrons can hardly be the sole factor responsible for 
ylide generation, as  might be expected. It is well known that the electron density at the 



COPh 
i 

CI, /CI, / CH , 
/Hg\c, /Hg\CI  PPh3 Ph3P -CH 

I I COPh 

R = CN. C02Me 

. COPh 

2 NaOMe 

-2 NaCl 
- 2  MeOH/DMFC 

metal atom is extensively governed by the nature of the ligands present, and this is also 
obvious for a number of d6-configurated systems that have been exposed to reaction 
with ylides. Thus, when [(Me3P)3Me2CoBr] was allowed to combine with Me3PCH2, 
chelate formation took preference over the generation of metallated ylides. On the 
other hand, iron complex 1 and the chromium derivative 2 were reluctant to undergo 
proton abstraction a t  all. whereas five-electron withdrawing carbonyl ligands in 
combination with formal positive charges at manganese(1) and rhenium(1) in 229 
constitute a situation suitable for transylidation (equation 11 1)l2. Furthermore, steric 
hindrance may play an important role in these reactions18’. Clearly, further 
experimentation is necessary in this area. 

[ (CO)SMBr] - [ (CO)SMCH2PPh3]Br * 
+ 16 + 16 

- (Ph3PMe)Br (229) 
[ (CO)sM-CePh3] (1 11) 

(230) 

230 a b 

M Mn R e  

An interesting alternative to the reaction of ylides with organometallic halides arose 
in the heterolytic cleavage of metal-metal bonds in species such as 231 by ylides 
( Sc he me 3 5 )  

[L,M1-M2R,] - [ R,M2CH2PMe3]+ [ MIL,]- * 

’ 93. 

+S +5 

-(MQ‘)(M’Lm) 
[ R2M2CH-PMe3] 

(7)s (233)-(236) 

L,M1 = qs-Cp(C0)3Cr; qS-Cp(CO)3Mo; qs-Cp(CO)3W; q ’ - c ~ ( c O ) ~ F e ;  (CO)4C0 

(231) (232) 

7. 233 234 235 236 

R, M~ SIR; SnMe3 AsMe2 SbMe2 

SCHEME 35 

Compared with organometallic halides, the reactivity of 231 towards ylides is 
considerably diminished. Thus, cleavage of the metal-metal linkage becomes the 
slowest step in the reaction sequence, followed by very rapid transylidation of in sim 
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generated 232. The retarded reactivities of 231 also rationalize the omission of double 
metallations and disproportionations generally associated with the utilization, of 
organometallic halides. Monostannylated ylides such as 234 are especially suitable 
targets for this approach, as other synthetic techniques failed to produce clean, isolable 
samples. The applicability of the above transformation seems to depend on the 
stability of the heterometallic bond and on the basicity and the stereochemistry of the 
ylidic centre. Ylide activity decreases in the order Me3PCH2 > Et3PCHMe > 
Me3PCHSiMe3 > Me2S(0)CH2 > Me3PC(SiMe3)21E8. 

2. Metallation of ylidic anions 

Treatment of anionic double ylides such as 87 with equimolar amounts of 
organometallic halide R2Cl is also applicable to the  formation of metal-substituted 
ylides83.97.194. 

226 219 79 236 

R' SiMe3 !%Me3 SiMe3 H 
R2 HgMe GeMe3 SnMe3 SbMe2 

This mode of synthesis exhibits interesting phenomena of prototropy and 
rearrangements leading to products in which the substituents are exclusively situated 
at the ylide carbon ~ e n t r e ~ ' . ' ~ ~ .  Multiply lithiated ylides constitute precursors to other 
multiply metallated species24 (Scheme 36). 

( 1 1  + 2 LIR. ( 1 )  + 3 LIR .  
- 3  RH - 2  RH 

Me$-E(GeMe3)2 (;I + 3 Me3GeC1, 5 (21 + 2 Me3GeCI. Me36-C (GeMeg)~  

- 2 LlCl  
- 3  L lC l  

I 
CH2GeMe3 

(237) 
(2381 

SCHEME 36 

3. Exchange reactions on silylated ylides (helerosiloxane method) 

Reaction of Me3PCHSiMe3 with heterosiloxanes Me3SiOMMe, provides an elegant 
route to simple phosphonium ylides with methylgermanium, methyltin, and 
methyllead substituents. The driving force of this unusual transformation has been 
attributed to the marked propensity for disiloxane formationE3 (equation 11 3). The 
generation of 217 and 235 proceeded smoothly, whereas 234, which under these 
conditions underwent facile disproportionation to Me3PCH2 and 239, was only 

Me3PCHSiMe3 + Me3SiOMMe, - (Me3Si)20 + Me3PCHMMe, 
(2171, (m), (235) 

(113) 

217 234 235 

MMe, GeMe3 S n M q  AsMe? 
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2Me3PCHSiMe3 + 2Me3SiOMMe3 - 2(Me3Si)20 + Me3PC(MMe3)? + 5 
(239)- (240) ( I  14) 

239 240 

M Sn Pb 

detected spectroscopicallye3. The analogous lead derivative was found to be even more 
sensitive24 (equation 114). 

The susceptibility to disproportionation exhibited by the higher homologues 
contrast sharply with the behaviour of Me3PCHSiMe3, which is accessible via 
comproportionation according to equation 1 15. Silicon and, to some extent, 

Me3PCH2 + Me3PC(SiMe3)? - 2Me3PCHSiMe3 (1 15) 

germanium atoms stabilize ylidic carbanions, whereas this function is destabilized and 
thus enhanced in reactivity by tin- and lead-containing substituents. The increased 
acceptor capacities of tetracoordinated tin and lead species, compared with silicon and 
germanium analogues, facilitate the nucleophilic attack of the ylide, inducing 
d i s p r o p o r t i o n a t i ~ n ~ ~ - ~ ~ .  The reactivity of metallated ylides is evidently also governed 
by the nature of the onium centre. In accordance with this, monogermylated 
dcrivatives of sulphonium and arsonium ylides such as 241 and 242 undergo rapid 
disproportionation (equations 1 1 6lE6 and 1 1 724). Similar behaviour was encountercd 
with the ylides Me3PCHMMe2 (M = P, As, Sb)83. 

B. Phosphlne kddltlon to Carbyne Complexes 

Phosphine addition converts triply coordinated carbene carbon atoms of carbene 
complexes (see Chapter 5) into tetravalen: carbon atoms of the corresponding ylide 
complexes. In the case of transition metal carbyne complexes (Chapter 7). phosphine 
addition to the dihedral carbyne carbon atom generates transition metal-substituted 
ylides possessing three substituents at the ylide centre as usual. 

(244) (2451 

SiPh3 p-MeCbH4 2.4,6-Me3ChH2 R Me CHzPh Ph 

x = CI d 
X = Br a b C e 
X = I  r 

h 
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Extremely thermolabile carbonylchromium ligated ylides such as 245 were obtained 
from carbyne complexes 244 and PMe3 at  low temperatures (equation 1 18)19s.196. 

Chromium compounds such as 245 and 246 were decomposed by excess of PMe3, as 
illustrated in equation 1 19. Intermediate 247, containing a semi-ylidic ligand, resisted 
isolation197. In contrast, the analogous molybdenum and tungsten carbyne complexes 
incorporate two PMe3 molecules, the second of which dispiaces a carbonyl l i g a r ~ d ' ~ ~ . ' ~ ~  
(equation 120). 

+PPMe3 
[(CO),Cr-CNEt2 J' BF,- - 

248: M = MO, X = CI, R = p-MeC,& 
249: M = w; R p-MeC6H4 SiPh3 Ph 

x = CI 249a 
X = Br 249b 24% 249d 

The thermal stabilities of phosphine complexes 248 and 249 far exceed those of 
ylides 245. At elevated temperatures repeated carbonyl displacement seems to be 
possible with 249b,d producing 250b,d, which are very stable at ambient 
 temperature^'^*-'^^ (equation 121). 

(249 b,d)  (250 b,d) 
250 b d 

R p-MeC6H4 Ph 

A pronounced degree of thermolability is also inherent in the cationic 
arene-substituted chromium species 25167 (equation 122). 

(78) .  (251). (252) 

2Sla 251b 251c 252 78 
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P Me3 4% , PMe3 - xL,M=C 
‘R 

- XL4M-C, 
R 

XL,M - c4 
‘R 

A B C 

FIGURE 25. Resonance structures of transition metal-substituted ylides. 

In 78 the short bond distance between the rhenium atom and the ylide carbon atom 
(1.97 A)200, indicating considerable double bond order, favours resonance structure C 
for the description of the mode of coordination in transition metal-substituted ylides 
(Figure 25). 78, possessing an electrophilic site at the ylide carbon atom, is susceptible 
to nucleophilic addition with LiMe (equation 45) and PMe367 (equation 123). Unlike 

the chromium intermediate 247, which 
with expulsion of !he semi-ylidic ligand, 

BC14- (1 23) I‘ , PMe3 
~f-Cp(CO)zFte- C- Ph 

PMe3 \ 

(253) 

decomposes via metal-carbon bond fission 
253 regenerates 78 with loss of phosphine at 

room temperature. A different mode of reaction is encountered when phosphine is 
added to the tungsten carbyne derivative 254, containing the complex anion 
[Re(CO)s]- in the rrans-position instead of a halide ligand. The availability of 
acceptor sites at the adjacent rhenium atom in 255 obviously induces the ylidic ligand 
to function as a bridge in which it donates three electrons20’. - 

Ph\ ,PMe, 
C 

C 
II 
0 

W(COI4 (124) 
€120  / \  C- Ph] + PMe3 - (CO),Re= [(C0)5Re(CO)4W 

(254) (255) 

Complexes 137 and 185 may also be considered as compounds in which carbon 
atoms of transition metal-substituted ylides are utilized as bridges. 

The unavailability of many carbyne complexes poses a severe limitation on the 
general application of these reagents. Moreover, the competing formation of transition 
metal-substituted ketenes, which are the sole products of the reaction between 
[Cp(C0)2MGCR] (M = Mo, W) and PMeZU2. also Limits the scope of this method. 

In this connection, the addition of phosphines such as P(OMe)3, P(OEt)3, and 
P(OMe)Ph2 to the u-n-acetylide diironhexacarbonyl derivative 256 is worth 
mentioning. During the course of the reaction, the acetylide is transformed to a 
two-carbon, three-electron ligand bridging the metal atoms. The mode of coordination 
is best described in terms of the rewnance structures 257a and 257b203 (equation 125). 
Structure 257a features a metal-substituted ylide which is attached to the second iron 
atom through a carbene function in a side-chain. 
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IV. METALS AS ANIONIC CENTRES IN YLIDES 

A. Base-stabllzed Germylenes and Stannylenes 

1. Complexation of metal dihalides 

In contrast to carbenes, the homologous germylenes, viith the exception of dialkylated 
and diarylated derivatives, represent a clas! of compounds already stable under 
normal conditions. For a long period informiition about them was restricted to 
ccordination polymers20J. Like dihalocarbenes, germanium dihalides (dihalo- 
germylenes) form adducts with tertiary phosphines to give products which are 
at  least formally analogous to dihalornethyleneph~sphoranes~~.~~~~~~. 

- A 

xylene 
Ge12 + PR3 - R3P-Ge12 (126) 

(2%) 
258 a b C d e f 

R3P PPh3 PMePh2 PEtPh, PPh2Pf PBu”Ph2 PBuJ 

- 
(1 27) 

C6H6 GeC1yC4H802 + PR3 - R3P-GeC12 + C4H802  

260 a b C 

(259) (260) 

R Ph Et ~ - B u  

Whereas in classical ylides triply coordinated carbon atoms represent the donor 
functions, the negative charges in a-positions to the onium centres of 258 and 260 are 
located o n  triply coordinated germanium atoms. Owing to large differences in the 
stabilities of divalent carbon and germanium, differences in the chemical properties of 
the two classes of ylides are not unexpected. Their dissociation phenomena in 
solution18.206 or behaviour on heating17 lead one to the conclusion that base-stabilized 
germylenes and their tin analogues (equation 128)206 are best described as metal 
coordination compounds. 

SnX2 + PR3 R3PSnX2 R t-Bu NMe2 (128) 
- 

x = c1 261a 261b 
X = Br 261c 261d 

(261) 
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2.  a- Elimination reactions on trihalogermanes 
Compounds such as 260 were prepared from dialkylphosphinotrihalogermanes 

under very mild conditions, which was rationalized as being due to a marked tendency 
of formation of the germanium phosphorus linkage in the a d d ~ c t ' ~ . ~ " ' .  

C6"6 f-Bu2PGeX3 + PR3 - r-Bu2PX + R3PGeX2 
(260) 20°C 

R Ph I-BU n-Bu 

x = c1 26oa 26oc 2606 

a-Elimination of Me3SiCI from C13Ge-SiMe3 is believed to be a key step in the 
synthesis of monomeric germylene complexes of heteroaromatic nitrogen bases such 
as 263 (Scheme 37)208*20y. 

m * S i M e 3  + HGeCI3 - [ Q'&si~e3]' ~ 1 ~ 1 -  

H 

(262) 

262 - [a;): + CI3Ge--SiMe3 a . e l ' m ' n a l ' o n .  
-Me+CI 

I I 
ri 

262,263 a b (263) 

X S NMe 
SCHEME 37 

The decomposition of intermediate 262b proceeds spontaneously in solution at  
room temperature, whereas 262a can be isolated as an ionic solid which is converted to 
263a at 91°C. To explain the surprisingly short bond distance between the 
germanium and nitrogen atoms (2.092 A) in 263a, it is necessary to invoke 
interactions between the n-system of the heteroaromatic ring and vacant d-orbitals 
of germanium. This interaction appears to be crucial for the stabilization of 
germanium-nitrogen ylides, which is consistent with the fruitless attempts to obtain 
GeCI2 complexes of tertiary aliphatic and aromatic amines of the general type NR3. 
Nevertheless, the dative bond between a donor molecule and MX2 in base-stabilized 
germylenes and stannylenes is kinetically labile, thus facilitating ligand-exchange 
reactions' 

8. Transttlon Metal Complexes wtth Ylldes of Germanium and Tin 

Base-stabilized germylenes and stannylenes are capable of functioning as ligands in 
transition metal complexes by utilizing the free electron pair at the main group metal. 
In contrast to classical ylides, the tin and germanium species exhibit excellent 
n-acceptor properties due to vacant d-orbitals at the metal atoms. 
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1 .  Direct syntheses 

A direct access to germanium and tin ylide complexes is available from the 
photochemical displacement of carbonyl ligands by base-stabilized germylenes and 
stannylenes. 263a and the thf adduct of GeCI2, the latter of which may be 
pre-generated in thf from 259 or GeCIj,  have been used as germanium ylide 
ligands, whereas anhydrous tin dihalides represent a convenient source of 
tetrahydrofuranodihalostannide ligands (Scheme 3821n and equation 1 3021 1.212). 

2 6 4 a  b C X C1 Br I 

M Cr Mo W M = C r  265a d g 
M = M o  b e h 
M = W  C f i 

SCHEME 38 

2.63a, thf 

hv 
[L,(CO),M] - [ L,(CO)~M{GeC12(benzothiazole)}] + CO (130) 

(266) 
2 6 6 a  b C d e f 

2. Indirect syntheses 

a.  Addition of buse to germylene complexes. Addition of base to germylene 
complexes such as 267 and m2I3 parallels the synthesis of classical ylide complexes 
from carbene complexes and donor molecules (Section II.A.2a) (equation 13  1)214*21 5.  

R 

267 2.4,6-Me3C&S 
268 rnesityl 

Steric crowding at the germanium atom in 268 presumably precludes the addition of 
bulky bases such as PPh3 and benzothiazole as well as thf and diethyl ether. 

b. Base-exchange reactions on complexed ylides. The nuc1eoph;lic displaccment of 
donor molecules constituting oniurn centres of ylide complexes (see Section II.2.b) is 
paralleled in the complex chemistry of tin ylides. The isolation of 271 shows that 
tin-phosphorus coordination clearly takes preference over the respective tin-oxygen 
interactionz1 6 2 1  * (equation 132). 

The coordination of dihalogermylenes and stannylenes to transition metals leads to 
a considerable enhancement in the Lewis acidity of the coordinated ligands compared 
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M = Cr. W; M’ = Ge,  Sn; PR3 = PPh3, P(t-Bu)3 

with the free species. Owing to extensive dissociation, free Ph3PSnCI2 is obviously 
non-existent, whereas the corresponding pentacarbonyl chromium complex 271 
appears to be an isolable compound2”. 

The occurrence of the exchange of substituents between base-stabilized germanium 
dichloride and mercaptosilanes yielding base-free low-molecular-weight germylenes 
272219 suggested the applicability of this method as  a procedure for base-free 
germylene complex formation. 

GeCI2-B + 2Me3SiSR - Ge(SR)2 + 2Me3SiCI + B (133) 
(2591, (363) (272) 

R = Ph, PhCH2, n-Bu 

As expected, the transformation of 264a into germylene complexes 267 and 273 is 
accompanied by removal of the weakly basic thf; however, the more basic 
benzothiazole of 266a remains attached to the germanium throughout the 
r e a c t i ~ n ~ I ~ * ~ ’ ~  (Scheme 39). 

1 (274) 1 

274 a b C d e 

(267). (273) 

267 273 

R Me Et Ph PhCH2 mesityl R mesityl Me 

SCHEME 39 

The excellent n-acceptor capacities of germanium and tin ylide ligands are 
illustrated in the i.r. spectra of their metal-carbonyl complexes and in a remarkably 
short Mo-Ge bond length (2.521 A), deduced from the X-ray structural 
determination of 266b2”. 

c. Dehalogenation reactions of halogenated germanes and stannanes by metal 
carbonyiates. The reaction of sodium transition metal carbonylates with geminal 
dihalo- and trihaloalkanes constitutes a valuable route to carbene complexes. The 
generation of base-stabilized germylene and stannylene complexes, inevitable in thf as 
a solvent, from the reaction of dihalodialkylgermanes and -stannanes or the 
tetrahalides of tin and germanium with organometallic nucleophiles undoubtedly 
resembles this carbene complex synthesis (Scheme 40)220.221. 

The attachment of the pyridine molecule to the tin atom in 275 was confirmed by 
an X-ray diffraction analysislz2 (Figure 26). 

On the other hand, dechlorination of RzM’C12 with Na2[ Fe(CO),] produces 
binuclear complexes with germylene and stannylene bridges which, however, suffer 
facile and reversible cleavage with Lewis bases223 (equation 134). 



3. Synthesis of ylide complexes 

Na2 [M2(C0)101 

155 

M = Cr; M‘ = Ge, Sn 

R = Me, t-Bu X = CI. Br. I 

M = Cr. Mo. W; M’ = Ge. Sn; 

SCHEME 40 

FIGURE 26. Molecular structure 
of 275 with selected bond distances 
in A. 

R, .,R 
+ 2 R ~ M ’ C I ~  (C0I4Fe, / M A  FeiC0l4] = 2[(C0I4Fe - M’R2- B] 

2 Na2[Fe(C0)41 - 4 N a C l . t h t  [ R , M < R  

(134) 

M’=  Ge. Sn. Pb: R = Me. Ph. t - B u .  n - B u :  

B = thf. C5H5N. MeCN. E t 2 0 .  dmf. acetone 

Attempts to isolate the iron-containing ylide species proved to be successful only for 
[ (c‘O)*Fe{ GeMe2(NC5HS)}] and [ (CO)*Fe( S~(~-BU)~(NC,H~)} ] ,  whereas when thev 
were not isolated their presence was claimed from solution i.r. data. Removal of the 
solvent results in complete formation of the dimers. The susceptibility to fission of the 
bridges is enhanced by the basicity of the solvent, and in thf as  solvent ylide complex 
formatiol? is impeded with increasing atomic weight of the bridging atoms. 

V. METALONIUM YLIDES 

Semi-metals and metals of main Groups V and VI are known to form ylides containing 
the metal atom in the centre of the onium function. Replacement of the phosphorus 
atom of classical ylides by the higher homologues such as arsenic, antimony, and 
bismuth leads to successive loss of stability of the corresponding ylides with increasing 
atomic weight of the metals. Although simple non-stabilized arsonium ylides such a s  
Me3AsCH2224 and P ~ ~ A s C H ~ ~ ~ ~  appear to be isolable compounds, their thermolability 
is evident when compared with Me3PCH2 and Ph3PCH2, Related stibonium ylides 
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have n o t  bcen isolatcd. However, the introduction of stabilizing trimethylsilyl 
substitucnts i n t o  the rnolccule allows the preparation of 276. which is further stabilized 
by isorncrization to 277'?h (equation 135). Resonancc-stabilized ylide 279 exhibits 

( Mc3SiCHz)&bCI * [ (Me3SiCH2)3Sb-CHSiMed - +EI~PCHMC A 

(276) - (E14P)CI 

[ Me(Me3SiCH2),Sb-C(SiMe,)2] (135) 

sufficient stability at ambicnt temperature. whcreas slow decomposition of the 
bismuth derivative 280 is incvitable under these conditions (Schcme 41)227. 

(277) 

Ph Ph Ph 

( 279 1 (278 1 
SCHEME 41 

(280) 

Similar observations have also bcen made  for  selenium a n d  tcllurium ylides, which 
a re  capable of existcncc only when extensively resonance stabilized, and  even then 
most of these species suffer decomposition above 0°C227-134. 

Concerning synthesis and reactivity toward electrophiles, alkylides of niobium and 
tantalum bear a close resemblance to phosphorus ylides (Scheme 42)23s. 

+ ,Me 
(q5-Cp)2Ta, 

CH2- f i lMeg I 
[(rl 5 -Cp)2TaMe2]+ BF,- - + b a s e [  (q5-Cp) 2 ~ a  / M e 1 7  

*CH2 - HBF, 

(281 

+ ,Me CH2Si Me3 ]+EW 

+ base 1- HBr  

CHSiMe3 

SCHEME 42 (285) 
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+ LICH2CMe3 [ Ta (C H, C M e  l3  C I J 
+ [Ta(CH2CMe3l4CII 5 [CI(Me3CCH2)2Ta =CHCMe3] -LIcI 

b 

[ fMe3CCH213Ta =CHCMe3] 

R’ Me Me H Me H H 

R2 Me 3-MeCsH4 Ph OEt OEt NMez 
SCHEME 43 

Proton abstraction with bases such as Me3PCH2 or LiN(SiMe3)? convcrts the 
tantalonium salt 281 to the tantalonium ylide 282. The nucleophilic mcthylene carbon 
atom of 282 permits entry into a series of reactions with electrophiles such as AIMe3 or 
Me3SiBr, thus providing the ylide complex 283 or the tantalonium salt 284, 
respectively. Dehydrohalogenation of 284 leads to the silylated ylide 285 in a reaction 
sequence that is known for phosphorus ylide chemistry. Transition metal ylide 287, 
generated from 286 a n d  2 equiv of LiCH2CMe3236, was utilized in the conversion of a 
series of organic carbonyl compounds into ole fin^^^' (Scheme 43). 

In contrast t o  the Wittig reaction, esters, amidcs. and even COz prove to be 
susceptible to this olefination procedure. It is assumed that the first stcp of the reaction 
consists in adduct formation between the metal atoni and the carbonyl oxygen a tom.  
This complexation proceeds efficeintly with 14-elcctron systems where vacant 
acceptor sites are readily available. O n  the other hand, reaction of the 18-electron 
complex 282 with carbonyls appears to be sluggish. A t  this point the very interesting 
transition metal ylide chemistry of niobium and tungsten is not discussed further. T h e  
very competent review by Schrock is recommended to thc interested reader2)*. 

Resonance structure B of the iridium complex 288 also possesses the features of an 
iridium(II1) ylide”‘ (Figure 27). 

- \.. 
C=Ir-CI - c - 4 -  CI 

/ I / I 

A B 
FIGURE 27. Rcsonance structures of 288. 

VI. YLIDE COMPLEXES WITH METAL-SUBSTITUTED ONlUM CENTRES 

The  compounds discussed in this section are not real ylides with respect to the classical 
ones. Their relationship. however, is revealed if the transition metal atom attached to 
the heteroatom is regarded as a normal substituent (Figure 28). 
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A B C 

D 

MLn 
E 

CH2':EMem .. - \M' 

CH2- EMe, 

M 
\ i- - 

D- M 

F G H 

FIGURE 28. 
with metal-substituted onium centres. 

Descriptions of the mode of bonding of ylides and ylide metal complexes 

Thus, heteroatoms in species A-C in Figure 28 formally represent onium centres of 
ylides. Owing to its pronounced donor capacity, the anionic function is always 
accommodated at  the acceptor site of a metal, thus leading either to the formation of 
three-membered ring units D or to complexes with ligand bridges such as E. The mode 
of bonding in the three-membered ring D is further illustrated by resonance structures 
F-H . 

A. Yllde Complexes Contalnlng Three-membered Metallocycles 

1. Syntheses involving neutral ligands 

The dimethylphosphinomethyl(hydrido)iron complex 289 results from the reduction 
of [(Me3P)2FeC12J with magnesium in the presence of excess of phosphine (equation 
136). The generation of the ligand can be understood in terms of the oxidative 

(289) 

addition of PMe, to the coordinatively unsaturated and electron-rich reduced metal 
centre. The  reactivity of 289 toward n-acceptor ligands stabilizing low oxidation states 
indicates the presence of 290, which equilibrates with 289 in a temperature- and 
solvent-dependent mannerlga (equation 137). 

The same structural array is encountered in the ruthenium species 292, where the 
phosphinomethyl moiety is believed to onginate from a PMe, ligand deprotonated by 
the strongly basic Li(CH2)2PMe2 (87)"' (equation 138). 
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Me3Sn 
:CH2 

+ I M l C 0 ) 5 B r ]  

1 
oc, 1 , N R ' R ~  

M 
oc' I 'co 

C 
0 

R' R2N C H 2S n Me3  

(293) 

2. Syntheses with nucleophilic methyl compounds 

with metallated a m i n ~ m e t h y l ~ ~ ~  and pho~phinomethyl '~~  compounds, respectively. 
This synthetic approach involves the treatment of transition metal halide complexes 

- -Me3SnBr [(r12-R'R2NCH2)M(CO),] 

(295) 



160 Lothar Weber 

ligand. The compounds with ql-coordinated thiomethoxymethyl ligands, obtained as 
primary products, are readily transformed into the desired complex 296 by the 
thermally or photochemically induced expulsion of a carbonyl ligand241 (equation 
140). 

2% a b C 

MLm qs-Cp( CO) ~ M o  q s - c ~ ( c o ) 2 w  (OC),Mn 

The application of the same procedure to metal carbonylates and methylene 
iminium salts provides an alternative route to q2-aminomethyl complexes" (equation 
141). 

+ (Me2NCHz)X A or hv 
* [(Me2NCH2)MLm(CO)l 7 

- NaX 
Na[ MLm (C0) l  

[ (q2-Me2NCH2)MLm] (141) 
(297) 

297 a b 

MLm qS-Cp(C0)2Mo q'-Cp(CO)Fe 

The oxidative addition of MeSCH2Cl or methylene iminium salts to zero-valent 
metal complexes of Mo, W, Fe, Ni, Pd, and Pt opens a general pathway to the 
coordination compounds under d i s c u s ~ i o n ~ ~ * ~ ~ ~  (Scheme 45). 

1299) 

(298) 
X CI Br I 

H = Me 298 b C 

d SCHEME 45 = Et 

The stable ring arrangement of the nickel complexes is manifested by the occurrence 
of diastereotopic methylene protons in the n.m.r. spectrum of 298d and by the 
molecular structural analysis of 298a87. 

Complex 300, synthesized by oxidative addition of MeSCH2CI to [ Pd(PPh&], 
undergoes facile dissociation in solution, as was concluded from its osmometric 
molecular weight determination and n.m.r. data243 (Scheme 46). 
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(302a) (302b) 

SCHEME 46 

The phosphine ligands and the chloride ions are engaged in the dissociation 
processes of 300 leading to ionic 302a, from which the chloride is easily replaced by the 
PF; ion upon treatment with NH4PF6. Repeated recrystallization of 300 effects 
removal of a phosphine, accompanied by ring closurc to give 301. N.m.r. spectroscopy 
and X-ray analysis provide evidence for the identity of the palladothia- 
c y c l ~ p r o p a n e s ~ ~ ~ .  

6. Yllde Complexes Containing Bridging Phosphlnomethyl and 
Thlomethoxymethyl Groups 

1. Syntheses from neutral ligands 

The reaction of nucleophilic 303 with [(Me3P)3CoCl] did not yield the expected 
dinuclear [ (Me3P)3CoN2Co(PMe3)3] (304), but rather the five-membered heterocyclic 
420 (Scheme 47). The Co2P2C-ring of 4 almost acquires a chair conformation. Its 

I PMe2 PMe2 

( Me3P 1 2 C f- / \  Co ( P M  e 1 2] $-& [Me P )(C 0 1 2Co ' 'Co(C0)2(PMe3) 

CH2- PMe2 CH2- PMe2 
..- + /  ?. - + /  I 

(4) (305) 
SCHEME 47 

remarkably short PCH2 bond length (1.707 A), of the order of P-C distances 
expected for stabilized ylides, and the respective bond angle (88.0"), led to the 
postulation of an sp2-hybridized methylene carbon atom. The cobalt-cobalt 
interaction in 4 is disrupted by the addition of carbonyl ligands, producing another 
heterocycle with a bridging CH2PMe2 unit2". 
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2. Syntheses with electrophilic methylene compounds 

In contrast to the behaviour of 300, the analogous platinum complex 81 is a 
ql-thiomethoxymethyl ligand containing compound which resists phosphine 
dissociations5. When compared with simple alkyl complexes such as trans- 

[ Pt(PPh,),] + MeSCH2Cl = Irons- [ (q1-MeSCH2)(PPh3),PtC1] (142) 

[(Ph3P),(Me)PtC1], i t  is seen that the sulphur atom in the  alkyl ligand of 81 
effects considerable activation of the complex. Hydrogen peroxide affords oxidative 
cleavage to give Ph3PO and a coordinatively unsaturated fragment which undergoes 
dimerization to 306 (equation 143). Reaction of [Pt(AsPh&] and MeSCH2CI leads 
directly to a dimeric product structurally resembling 3ME5. 

(81) 

c. others 
As outlined in Scheme 48, the phosphonium centre of Ph3PCHCOPh oxidatively 

adds to zero-valent nickel atoms, generating a chelate complex which also possesses 
the feature of an ylide substituted at the onium centre by a metal atom. Further, the 
enolate oxygen is accommodated in the coordination sphere of the nickel so that the 
product provides an example of a case where five-membered ring formation takes 
preference over three-membered ring formation (Scheme 48)6. 

[Nikodln] PPh3 

--2cod1 
+ PhjPCHCOPh . tolueno. 24h 

SCHEME 48 

1 Ph, /Ph 
Ph, ,P-CH 

Ni i I  
PhgP’ ‘ 0 - C  

‘Ph 

VII. REACTIONS OF YLIDES WITH COORDINATED LIGANDS 

This section deals with reactions between free ylides and ligated molecules within the 
coordination sphere of a metal. In this connection, bond formation between ylide and 
metal centre is generally not observed. 

A. Orgenlc Carbonyl Functlons In Oleflnlc Llgands 

Wittig reactions of phosphorus ylides and organic carbonyl groups attached to 
coordinated species gain special importance when the free ligand cannot be employed 
owing to  its inherent instability. Thus, iron complexes of formylated cyclobutadienes 
such a s  308 and 310 are typical precursors providing a route to a wide variety of 
derivatized novel cyclobutadiene ligand systems245-249 (equations 144, 145). 
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(308) (309) 

309 a b C d e f g 

R' H H M e  H H Br Br 
R2 H Ph Me Me COzEt Br COzMe 

J Fe(C0) 

Free norbornadien-7-one spontaneously decomposes to benzene and carbon 
monoxide. The stability of the related tricarbonyliron complex, however, allows it to 
react with weakly basic ylides of phosphorus and sulphur at the ketone function. 
Transformations of 311 with Ph3PCH2 or Me2SCHz were prevented by the strongly 
basic conditions used for in situ ylide generation250 (Scheme 49). 

+ ( M e 2 S C H 2 C O P h l B r .  + N E t j  

(311) 

-Me2S. - ( H N E t j l E r  

SCHEME 49 

Attempts to synthesize regiospecifically either 314 or 315 from the reaction of 
[Fe3(CO),2] and the free polyolefin invariably led to inseparable mixtures of both 
isomers. Each species, however, is obtainable cleanly by means of carbonyl 
olefination, as  illustrated in Scheme SOzs1. 
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+ 2  Ph3PCHPh 

- 2  P h j P O  1 + P h j P C H P h  

- PhjPO I 
SCHEME 50 

8. Carbon Monoxlde Ligands 

1 .  Transformations resembling the Wittig reaction 

The conversion of coordinated CO into vinylidene complexes by simple Wittig 
reagents has not been observed so far. Nevertheless, transformations formally 
analogous to the Wittig reaction have been described in a very few cases in which the 
double ylide 14 was employed (equation 146). 

0 0- 
C \ ,6Ph3 

oc, I ,c-c - P h j P O  
((COIsMBr] + 14 - [.COI\Br *PPh3 - 

(316) 

316 a b 

M Mn Re 
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” 

A B C 

FIGURE 29. 
316. 

Resonance structures of cumulated ylidcs (X = 0, S) and complex 

31th contains a bent MnCzP array containing a carbon-carbon triple bond252. The 
bond angles in 316a are comparable to those found in the cumulated ylide 
Ph3P=C=C=S, which can be described by the resonance structures A-C in Figure 
29. 

For 316a (X = M ~ I ( C O ) ~ B ~ ) ,  structure B appears to be preponderant. U.V. 
irridiation of a mixture of 14 and [W(CO),] furnished small amounts of the tungsten 
derivative 317j4 (equation 147). 

hu 
[W(CO),] + (Ph3P)2C - [(CO),W-C=C-PPh3] + Ph3PO + . . . 

(317) (147) thf (14) 

2. Metal acylate formation 

Kinetically labile carbonyl ligands are subject to facile displacement by ylidcs 
(Section II.A.l). As an alternative pathway, carbonyl ligands possessing sufficient 
electrophilicity at the carbon atom allow nucleophilic addition of an ylide at this 
position. The methylene protons in the primary adduct experience additional 
acidification by the adjacent carbonyl group, causing subsequent t r a n s y l i d a t i ~ n ’ ~ . ~ ~ ~ . ~ ~ ~  
(equation 148). 

0 
+ 16 [ - :.I + 1 +16 

[M(COIn] (CO)n.rM-C-CH2PPhS - 
(148) 

(31 8)  
M Fe Cr W 

n = 5  3% 
n = 6  31% 31% 

The anion in 318, as an ambident base, is alkylated at the acylate oxygen atom by 
hard alkylating 

“ I  CH-PPh3 

Fe Cr W 

/ 
(COI,-rM=C ,- + 

(319) 
-I + M e S 0 3 X  

- ( P h 3 P M e l l S 0 3 X l  
31 8 

M 

r1 = 5 319e 
n = 6  319b 31% 

(1 49) 
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If one regards t!ie M(CO), - , fragment to be analogous to oxygen, complexes 319 
may be considered as organometallic derivatives of Ph3P=CH-C02Me. A different 
situation is encountercd in the rcaction of [ ( M e c ~ ) M n ( C 0 ) ~ ]  with Me3PCH2 and 
Et3PCHMe. 321, which is prepared from [ ( M e c ~ ) M n ( C 0 ) ~ ]  and 2 equiv of Me3PCH2 
in pcntane, dissolves in thf, benzcne, or large amounts of pentane and subsequently 
undergoes a reverse reaciion with complete regeneration of the starting materialsZS5 
(Scheme 5 1 ) .  

@rMe I 

@JMe I 

I 
Mn ” 

/ /  ..?\ I oc - :C-C’PMe2 
0 0’ 

(321) 
SCHEME 51  

Apparently, addition of the ylide to the carbonyl carbon atom and the subsequent 
proton abstraction at the methylene bridge in adduct 320 by a second molecule of ylide 
are completely reversible processes. The enhanced u-donorln-acceptor ratio of the 
cyclopentadienyl ligand compared with carbon monoxide may account for this 
phenomenon, which is unknown with binary transition metal carbonyls. The ligand 
propertics of the ring bring about (a) a low electrophilicity of the carbonyl carbon 
atoms in concert with low stability of the primary adduct 320 and (b) high electron 
density at the manganese atom, thus increasing the basicity of the ylide function of the 
metal acylate 321 to such an extent that deprotonation of the counterion PMea 
appears to bc feasible. 

Exhaustive methylation of 321 with excess of MeS03F yields the salt-like 322, which 
is readily convertible to the phosphonium ylide-carbene complex 323 by equivalent 
amounts of free ylide (equation 150). 

Resonance structures A and B (Figure 30) help to give a suitable description of the 
mode of bonding in 319 and in 323, the latter of which has been investigated by X-ray 
structural analysisZs6. 

The sulphur ylide Me2S(0)CH2 (35) exhibits less basicity than, for example, 
Me3PCH2 or Ph3PCH2, which is in agreement with i.r. studies of the carbonyl 
stretching vibration of complexes such as (ylide)M(CO)S. Thus, i t  was impossible to 
add 35 to a carbonyl unit in the hexacarbonyls of chromium and tungsten. However, 
thc increased electrophilicity inherent in carbonyl ligands of F C ( C O ) ~  and 
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+h3pcn2 
c c - PMe3 -(MS4PlS03F 

Me OMe 

/ C \ 

H'I 

+ 2  M e S O j F  

321 - IMS,PlS03F 
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O M  = /  OMe - L A - - *  + 
0 

LnM=C,= + 
C- PR; C- PR; 
I I 
R' R' 

A B 
FIGURE 30. 
complexes such as 319 and 323. 

Resonance structures of carbene-ylide 

[ ( c ~ ) F e ( c O ) ~ ] +  provides enough reactivity for the performance of the desired 
r e a ~ t i o n ~ ~ ~ ~ . ~  (Scheme 52).  

- 

+FelCOIS - 1 
0 

(324) 

1 
0 
II - + 

-Cp(C0)2Fe-C-CCH-S(0)Me2 
[+ $CpFdCOIs]' PFe- 2 35 

- IMs3SOlPFI 

(325) 
SCHEME 52 

1 .O . ...Si Me3 

(CO),-,M-C-C-PMeg - 
H 

-...I I + 

(326) 

IM(CO)nl  + 7  - 

n = 5 327a 
n = 6  327b 327c 327d 
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Neutral 325 may be described either as a sulphuranylidene derivative of 
[ (Cp)(C0)2FeCH3] or as a metal-substituted carbonyl-stabilized sulphur ylide such as 
RC( O)CHS( O)Me2. 

Reaction of Me3PCHSiMe3 with [ Fe(CO)s] and G r o u p  VIB metal carbonyls appears 
also to be initiated by the attack of the ylide at the carbonyl function. However, in this 
case, stabilization of adduct 326 does not proceed via transylidation, but is achieved by 
a 1,3-silyl shift, thus affording carbene complexes which are functionalized in the 
side-chain by an ylidic moietyZs8 (equation 151). 

C. Carbene Llgands 

The electrophilic carbene carbon atom of carbene-metal complexes is another 
suitable target for ylide attack, which furnishes in this case the initial step of a novel 
enol-ether synthesisZSY (Scheme 53). 

SCHEME 53 

The betain-like intermediate 328 collapses to the enol-ether complex 329 and free 
PPh3, followed by foimation of the final products. T h e  proposed mechanism of this 
transformation is supported by the observation of [ (CO)sW{P(C&i4Me-p)3}] when 
the reaction is run in the presence of tri-p-tolylphosphine. The generation of 
enol-ethers proceeds smoothly at  ambient temperatures with the ylides Ph3PCH2 and 
Ph3PCHMe. The employment of Ph3PCHPh necessitates heating at  60°C, whereas 
Ph3PCMe2 as  well as carbonyl-stabilized ylides, appear to be unreactive. Attempts to 
expand this reaction to alkylmethoxy-carbenc complexes failed owing to the 
abstraction of a proton from the carbon adjacent to the carbene carbon atom 
(equation 152). 

Thc occurrcnce of small amounts of the rrons-stilbene complex 334 in the synthesis 
of the ylide complex 332 is assumed to result from a nucleophilic attack of the ylide at  
carbenc complex 333. In solution 333 apparently equilibrates with 33243 (Scheme 54). 

A novel ring expansion takes place when pyridinium ylides are allowed to react with 
carbene complexes 335260.261 (equation 153). 
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+ P h j P C H P h  
[(q5- MeCp)Mn(CO)2(thf 11 - f h l  * (r15-MeCplMnlC0)2(CHPhPPh3) 

(331) ( 332 ) 

169 

[ (q5- MeCp)Mn (C0)2PPh3] + [ (q5- MeCp)Mn(CO)n (PhCH=CHPh)] 

(3341 
SCHEME 54 

A 
M = Cr, Mo: X = OEt. OMe. Ph. NH2. NHEt. N uo 

D. Oleflnlc Llgands 

1 .  Addition reactions 

Ph3PCH2 cleanly displaces the olefinic ligand of [( q5-Cp)(CO)2Fe(C2H.t)]+ BF, 
(337), but the phosphine-containing derivative 338, in a competing reaction, also adds 
to the coordinated ethylene262 (equation 154). 

+ Ph3PCH2. LiBr 
[ ( qs-Cp)(CO)( Ph3P)Fe(n-CzH4)]+ BFh D 

(338) [ ( q5-Cp)(CO)( Ph3P)Fe-(CH2),-PPh3] + BF;. LiBr 
(339) 

+ [qS-Cp)(CO)(Ph3P)FeCH2PPh3]+ BFJ-LiBr (154) 

The addition of less basic 340 to 337 yielded the phosphonium salt 341, which, upon 
treatment with alkali, was converted into the organometallic ylide 342. The W h i g  
reaction of 342 with aldehydes was used for the production of highly functionalized 
iron complexes such as 343 (Scheme 55)263. 
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/ 

\ 
[($- Cp)(C0)2Fe(C2H4)]+ + Ph3PCHC02Et q5-Cp(C0)2Fe- (CH212 -CH 

O'C (341) PPh3 C02Et I 
( 337 1 (340) 

+ Ph3PO 1 / C02Et 

C-H 
(q - C d (C0)  2Fe - (CH 1 - C* 

Ph' 
(343) 

SCHEME 5 5  

342 + P h C H O  - 

2. Stevens rearrangement 
Nickel-olefin complexes such as [ ( ~ o d ) ~ N i ] ,  all-trons-l,5,9-cyclododecatriene- 

nickel [ (cdt)Ni], or [ (Ph3P)2Ni(C2H4)] induce the Stevens rearrangement of 
arylphosphonium ylides (equatioa 155). 

70°C 
[Ni(cod)J + 4Ph3PCH2 - 2cod + [(Ph2PCH2Ph)4Ni] (155) 

Monosubstitution at  the carbanionic centre is tolerated, although the yields of the 
resulting phosphines decrease with increasing alkyl substitution. Ph3PCMe2 and 
trialkylphosphoranes resist this isomerization. A possible mechanism to explain the 
course of the reaction invokes the orrho-metallation of a coordinated ylide as  an initial 
step, followed by the fission of 
formation of the final product is 
benzylph~sphine~'  (Scheme 56). 

Ni 

the aryl-phosphorus linkage. The subsequent 
then preceded by reductive elimination of the 

SCHEME 56 

E. Organocyanlde Llgands 

Phosphonium ylides are also capable of nucleophilically attacking the Lewis acidic 
carbon atom of coordinated organocyanides. The occurrence of prototropy following 
the addition yields cis-irons mixtures of ketimine complexes which possess ylide 
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H ,CHPPh, 

R 
(C0)SCr- N=C, - + ] (156) 

+ PhJPCH2 
[(CO)SCr - N C- R] Ec20,0.C - 

functions in thc side-chain2".2h5 (equation 156). The success of this procedure is 
determined by the nature of the substituent R. Whereas nitriles containing substituents 
such as Me, Et. i-Pr. CH20Me,  Ph. andp-R'CaH4 are smoothly converted to 344, the 
alternative reaction, displacement of the nitrile, is observed with r-BuCN? PhCH2CN. 
p-O2NC6HJCH2CN. and 2,6-Me2C6H3CN. The use of this approach to ketimine 
complex synthesis can also be applied to manganese chemistry2". 

F. Halophosphlne Llgands 

Bimolecular substitution of halide ions in diphenylchlorophosphine-metal 
complexes has been accomplished by ylides. Upon subsequent transylidation, 
complexes 345 were generated where the ligand remains attached to the  metal atoms 
through the trivalent phosphorus atom267 (equation 157). 

+ 2Ph3PCHR 

-(Ph3PCH?R)CI 
[ (CO),MPPh2Cl] - [(CO),MPPh2C(R)PPh,] (157) 

(345) 

R H Me 

M(n) = Cr(5) 345a 345b 
M(n)  = Fe(4) 345c 

G. Hydrldo Complexes 

The interaction of hydrido complexes 346 with ylides of phosphorus and sulphur can 
be described in terms of acid-base reactions yielding ionic onium metallates 347268 
(equation 158). In the case of reactions with weakly basic ylides such as  

[ HM(CO),(Cp)] + RjPCR2R3 - (R:PCHR'R3)'[ M(CO),(Cp)]- 
(346) (347) (158) 

R1 = Me, Et, Ph; R2, R3 = H, Me, SiMe3; 
M = Cr, Mo, W 

Me2S(0)CHSiMe3, proton abstraction is followed by cleavage of the Me3Si group, 
thus providing desilylated onium salts such as (Me3SO)' [ M(CO),Cp]-. Even 
silyl-substituted phosphorus ylides suffer desilylation w!ien exposed to reaction with 
[HCr(CO),(Cp)], which is the most acidic carbonyl hydride of the Group VIB meials. 

VIII. YLIDE COMPLEXES IN SYNTHETIC CHEMISTRY 

A. Whig  Reactions 

A series of ylide complexes of Group IIB metals are capable of performing carbonyl 
olefination reactions with aldehydes and  ketone^^^-^^. The complexes generated 
according to equations 25-27 contain labile halomethylene phosphorane ligands, the 
treatment of which with organic carbonyls provides a route to a class of halogenated 
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R ’  \ c /  R2 

I1 
0 

(Me2N),PCFCI - ZnCIz IMe2N13PCFCI + ZnCl / 

R’ = CF,. CF2CI. CFzH. 

R 2  = OMe, OEt. OPr-i 

olefins. Activated esters are transformed into cis-rruns mixtures of the respective vinyl 
ethers when subjected to reaction with &aS8 (equation 159). 

The use of modified ylides containing MezN substituents at the phosphorus atom is 
of advantage in comparison with the utilization of the corresponding 
triphenylphosphorane derivatives mainly because of the ready availability of the 
halogenated precursors, high yields, and a facile work-up procedure (no Ph3PO!). 
Additionally, the zinc reagent does not require the strongly basic reaction conditions 
that arc necessary for the performance of classical Wittig reactions. Dissociation 
processes are also believed to bc responsible for the successful performance of Wittig 
reactions with [(P~COCHPP~J)H~CI~]~~~~-~~~ or  [ {(Me2N)3PCFCI}HgC12]5E. 
Kinetically labile ylide complexes are presumably the reactive species in a halo-olefin 
synthesis involving carbonyls, PPh,, and PhHgCXzBr (X = halogen)26v. Carbonyl 
olefination is also reported to be feasible with chelates [ (Cp)2M(CH2)2PPh2] 
( 124- 126y. 

B. Cyclopropanatlons 

Sulphur ylides have gained use as suitable cyclopropanating reagents for activated 
olefins in transformations initiated by Michael addition to a$-unsaturated carbonyl 
species?. However, a few sulphur ylide complexes of copper and iron exhibit the 
tendency to transfer methylene groups to non-activated alkenes. Reactive carbene 
complexes such as [(Cp)(C0)2Fe=CH2]+, derived from stable or transient sulphur 
ylide complexes by release of thioether, havc been postulated as i n t e rm~dia t e s~’~  
(equation 160). This method works for the cyclopropanation of 1-heptene, 

isobutyl vinyl ether, cis- and rruns-Zoctene, cyclohexene, and 3-methylcyclohexene 
with moderate y i ~ ! d s ~ ’ ~ .  The cyclopropanation of cyclohexene by PhCOCHSMez in 
the prescnce of CuS04 proceeds in only 5% yieldZ7’ (equation 161). Significantly 
better results are obtained when 348 and olefins are allowed to react in boiling dioxane 
(equation 162). 

H COPh 



3. Synthesis of ylide complexes 173 

H H  

This apparently stereospecific cyclopropanation suffers complications from 
competing reactions which consume the organometallic precursor. Thus, to achieve 
satisfactory conversions, the use of excess 348 is required. The synthetic potential of 
this method was ascertained from reactions with olefins such as cyclooctene, 
n-dec-1-ene, cis-n-dec-5-ene and tr~m-n-dec-5-ene~’~. The harsh reaction conditions 
can be avoided by utilizing 349 instead of 348 as cyclopropanating reagentz72. 

[ ( $-Cp)(CO)2FeCH2S(Me)Ph] + BF, 

Compared with Me2S, phenyl methyl thioether shows a greater propensity of serving 
as a leaving group and facilitates smooth accomplishment of the reaction at ambient 

7,7’-Spirobinorcarane (351) was isolated in poor yields as a product 
from the thermolysis of ylide complex 350 in the presence of cyclohexene. The  
mechanism outlined in Scheme 57 was postulated to account for these results273. 

(349) 

c20 + W(CO15 

c20 + 0 - 
SCHEME 57 

C. Catalysis 

Some transition metal ylide complexes have been found useful as catalysts in various 
processes. Thus, 307 accelerates the polymerization of ethylene in hexane solution a t  
room temperature to give linear crystalline polyethylene, whereas at elevated temper- 
atures and pressures of about 50 bar i t  fwours the generation of linear olefins6. 

Ths formation of crystalline polyethylene and polypropylene is also achieved by a 
mixture of Ph,PCH2, LiI, and TiC14. The ionic cobalt complex 208 trimerizes alkynes 
such as tolane and oct-Cyne to the corresponding benzene derivatives8. The dimeric 
rhodium complex 110 catalyses the hydrogenation of olefins such as hexe-1-ne, 
hexe-2-ne, and cyclohexene, but not that of methyl acrylate. The catalyst requires an 
induction period necessary for the hydrogenation of ligated cod in order to provide 
vacant acceptor sites at the metal. When hydrogenation has been completed, the 
catalyst decomposcs unless stabilizing ligands are added4. 
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1. INTRODUCTION 

Since the first planned synthesis and characterization of a stable transition 
metal-carbene complex by Fischer and Maasbol’ in 1964, this field of organometallic 
&emistry has expanded at a rapid rate. Stable carbene complexes had already been 
prepared b e f ~ r e ~ - ~  but were not recognized as such. Only as late as 1970 were they 
assigned correct  structure^^-^. The current interest in carbene complexes focuses 
mainly on three areas: (a) synthesis, structure, bonding properties, and reactivity, (b) 
their use as model compounds for the study of catalytic processes (e.g. olefin 
metathesis), and (c) their potential use as intermediates and as starting compounds for 
the synthesis of organic and organometallic compounds. A whole series of new 
preparative routes have been developed during the last 15 years and many hundreds of 
carbene complexes have been isolated, characterized, and studied. Several reviews have 
appeared, covering the whole area7-I0 or parts of 

This chapter deals with the different routes employed in the preparation of 
transition metal-carbene complexes. Owing to the limited space available, some of the 
great number of complexes and synthetic methods already available have necessarily 
been omitted. Especially emphasized are synthetic routes with a wide range of 
applicability. Excluded are complexes (1) in which the carbene carbon ztom is not 

essentially sp2-hybridized, e.g. the carbene carbon atom and the three substituents (M, 
X, Y) in 1 do  not lie within one plane, (2) with ‘bridging carbene ligands’ and (3) with 
a coordinated, sp2-hybridized carbon atom that is formally double bonded to one of its 
two nonmetal substituents (e.g. acyl- or imino-metal complexes), and (4) prepared by 
more ‘exotic’ procedures. 

The preparation of carbene complexes can be divided into roughly three different 
strategies: (a) synthesis from non-carbene complex precursors, (b) synthesis from 
carbene complexes by modification of the carbene ligand, and (c) synthesis from 
carbene complexes by modification of the metal-ligand framework. 

II. SYNTHESIS FROM NON-CARBENE-METAL COMPLEX PRECURSORS 

A. Nucleophllk Attack on Metal Carbonyls 
In spite of the variety of methods available, the original preparation by Fischer and 
Maasbol is probably still the most useful and general procedure for the direct synthesis 
of carbene complexes from non-carbene complex precursors. It involves attack of a 
nucleophile R- in LiR (R = Me, Ph, etc.) at the carbon atom of a coordinated carbon 
monoxide in a metal-carbonyl complex to give the anionic acyllithium salt 2. This 
complex can be converted into and isolated as the corresponding stable 
tetraalkylammonium salt (equation 1). Acidification of 2 gives the hydroxycarbene 
complex 3, which decomposes rapidly in solution at  room temperature [by a 
1,2-hydrogen shift to form bcnzaldehyde (for F. = Ph) a s  demonstrated for 
iron-carbene c ~ m p l e x e s l ’ ~ ~ ~ ] ;  compound 3. was not isolated in an analytically pure 
form until 197319. Reaction of 3 with diazomethane finally yields the methoxycarbene 
complex 4l. 

Carbene complexes such as  4 are thermally stable. On the other hand, they possess a 
strongly electrophilic centre at the carbene carbon atom and simultaneously a 
nucleophilic centre at the heteroatom (e.g. 0 in 4), allowing a variety of reactions. 
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1 +Me30*8F, 
or MeOS02F 

(4)  

By substituting PhN iBF4 for CH2N2, the corresponding phenoxycarbene complex20 
can be isolated in very low yield (equation 2). 

In 1967 Aumann and Fischer reported that better yields of 4 (>80%) can be 
obtained by direct alkylation of the acyllithium salt (2) with trimethyloxonium 
tetrafluoroborate2'. Casey et al.22 later introduced methyl fluorosulphonate, 
MeOS02F. In addition, 2 and other related metal acyl compounds also react with 
triethyloxonium te t ra f lu~robora te~~,  acyl t r imethy lch l~rs i lane~~-~~ ,  and 
dichlorodicyclopentadienyltitanium29~30 to give the corresponding ethoxy-, acyloxy-, 
trialkylsiloxy-, and titanoxy-substituted carbene complexes, respectively, e.g. 

(0 L i M e  .OTiCp$I 
[(CO)6Cr] ( 2 )  cp2T,c,2 * (C0)5Cr-c<Me +... (3) 

Among the different nucleophiles used are e.g. the anions in alkyl-', a~yl - ' .~ ' ,  
v i n ~ l - ~ ~ . ~ ~ ,  phenyla~etylenyl-~~, f ~ r y l - ~ ~ ,  t h i e n ~ l - ~ ~ ,  dialkylamid~-~' (equation 4), 
diphenylmethyleneamid~-~~, t r i ~ r g a n y l s i l y l - ~ ~ . ~ ~  (equation 5 ) ,  and ferro~enyl l i thium~~,  
as well as 2-lithiodithianeqO, potassium ethoxide4' and benzylmagnesium chloride42. 
General1 Grignard compounds react much more slowly than organolithium 
reagents" and alkoxides give extremely low yields. 

A great number of binary or substituted metal carbonyls have been employed as 
precursors for carbene complexes. e.g. [(C0)6M] (M = Cr, Mo, W), [(CO)loM2] (M = 
Mn, Tc, [(CO)5Fe]7.8, [(CO)4Ni]43, [ (CO)~NOCO]'~, [ (C0)2(N0)2Fe]43, 
[(CO)sWXPh3] (X = P, As, Sb)7.8, [(CO)SMnGeR3J44, [(C0)2(PPh3)2CI(N2)Re]4s, 
(rl'-GHs)(CO) 3Mn17, [ ( rlh-C6H6)( CO) $31 46 and [ (CO) sCr{C( NMeCH2) 2 )  1 47  

(equation 6). 
Monosubstituted metal hexacarbonyls tend to give the corresponding ck-substituted 

carbene c ~ m p l e x e s ~ ~ - ~ ~ ,  which, o n  heating in solution, isomerize to yield a solution 
containing both cis- and trans-isomers (equation 7)"'. Both isomers can be isolateds'. 
The equilibrium ratio of cis- to tram-isomers vanes depending on the steric 



184 Helmut Fischer 

Ph3P(C0)4Cr-C, 
Me 

(7) 

+OMel 

11) L t M e  

[Ph3P(CO)5Cr] 12) Me,O' eF, 

Ph 3 P (CO 14 C r - C'> 
\ .OMeI Me 

requirements of the carbene and the phosphine ligands, on the central metal (Cr, W), 
and on the solvent used50. 

Treatment of trimethylgermyl(pentacarbonyl)manganese. with methylZhi im and 
subsequent reaction with dilute hydrochloric acid rcsults in the evolution of methane 
and the formation of the cyclic carbene complex 7, probably via the hydroxycarbene 
complex as an intermediateu (equation 8) .  Compound 7 is in equilibrium with its 
dirner (8)52. 

L l M e  
[Me3Ge(CO)sMn] - 

Me3Ge(CO)4Mn- C*< 
Me 

Me2Ge -0 

I . .  NMe2 

>OTi(NMe2I3 
[(CO)nM] + [(Me2NI4Ti] - (CO)n-~M-C:2 
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An interesting variation of the stepwise synthesis of carbene ligands outlined in 
equation 1 is the addition oi a metal amide across the carbon-oxygen bond (equation 
9)s3. A similar reaction of tris(dimethy1amino)aluminium with tetracarbonylnickel 
(equation 

2 [(C0I4Ni]  + 2 A I (NMe2I3  - 
or pentacarbonylironss yields binuclear species such as 9. 

(9) 

Dimethylaminotin compounds were also found to add across the carbon-oxygen 
bond of pentacarbonyliron according to cquation 9s6-57. Zirconoxycarbene complexes 
can be prepared by addition of [(CSMeS)2ZrH2] to carbonyl ligands of transition metal 
complexesSR, e.g. 

Because of the highly electrophilic character of the carbene carbon in Fischer-type 
complexes such as 4, a nucleophilic anion in excess does not attack 4 at a carbon 
monoxide ligand but instead at the carbene carbon atom. Therefore, biscarbene 
complexes of type 4 could not, in general, be prepared by this route (the carbene atom 
in 5 is less electrophilic in nature and thus formation of 6 is possible). Another 
exception is the formation of the biscarbene complex 10 (yield 1.5%) in the very 
complex reaction of [(C0)6M] (M = Cr, W) with lithium dimethylphosphide and 
triethyloxonium tetrafluoroborates9 (equation 12). 

M = Cr. W 

B. Nucleophlllc Attack on lsocyanlde Complexes 

Like metal carbonyls, isonitrile complexes can also react with nucleophiles. 
Alcohols add to complexed isonitrile ligands to give alkoxy(amino)carbene 
complexcs60.6' (equation 13). Mainly Pd(I1) and Pt(I1) compounds were employed. 

I .5NHR1 OR' ( 1 3 )  

However, complexes from Au(1) and Ni(I1) have also been obtained. Using isonitriles 
with a /I- or y-hydroxy group, cyclic carbene complexes can be obtained62 (equation 
14). Similarly, thiols or primary and secondary amines can function as nucleophiles to 
produce a m i n ~ ( t h i o ) - ~ ~  (equation 15) or bisaminocarbene complexes64 (equation 16), 
respectively. 

cis- (CI2(PEt3)PtCNR] + HOR' - cis- Cl2(PEt3)Pt-C,> 

R = Me.  Ph; R' Me.  E t .  i - P r  
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ti 2’ 
I 

(14) 
Pd2+ + 4 CN (CH,),,OH - 

n = 2.3 

X = CI. Br; L = PPh3. AsPh3; Y = OMe. Me. H. N02;  

Z = OMe. Me. H. CI. NO2 

A kinetic investigation of the latter reactiod4 showed that electron-withdrawing 
groups Y and electron-donating groups 2 increase the reaction rate. Further, the 
chloro complexes react faster than the bromo complexes. These observations are 
consistent with an electrophilic attack of the amine at the isonitrile carbon atom in the 
rate-determining reaction step. 

The first non-chelated biscarbene complex was prepared in 1967 from mercury 
acetate, methylisonitrile and secondary a m i n e ~ ~ ~ ,  presumably via the intermediate 
formation of a mercury-isonitrile compound (equation 17). Likewise, carbene 

complexes of A u ( I ) ~ ~ . ~ ~ ,  Rh(III)6Y, and Ni(II)70.71 have been synthesized 
(equation 18). A remarkably stable tetracarbene complex was obtained by the 
reaction of [(MeNC),MI2+ ( M  = Pd, Pt) with m e t h ~ l a m i n e ~ ~  (equation 19). An X-ray 
crystallographic analysis of the platinum compound7) confirmed that (a) the nitrogen 
substituents of the carbene ligands are in the amphi-configuration shown in equation 
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19 and (b) the carbene planes form angles between 77" and 82" with the Pt-(C&J4 
plane. Such an arrangement is believed to protect the metal from any attack and may 
thus account for the overall stability of the complex. 

Reaction of [(MeNC)6M]2+ (M = Fe. Ru, 0s)  with amines yields different products 
depending on the metal and on the amine (equation 20). Whereas the iron complex 

[ ( M ~ N C ) E F ~ ] ~ +  (20) 

(1 1) adds methylamine to form the cyclic 

(13) 

biscarbene compound 1374, with the 
ruthenium analogue of 11 and amines no-complex such as  13 is-obtained but, instead, 
the analogue of 12 and, o n  prolonged heating with excess of ethylamine, the open 
ck-biscarbene complex 16 can be isolated7' (equation 21). On warming solutions of 
15, rearrangement takes place, probably via intramolecular cyclization to form 1775. 

I [ ( M ~ N C ) ~ R U ] ~ '  - HZNEt (MeNC),Ru -C:< 

I" .. NHMe 

NHMe 
( MeNCI4( E t NC ) R u - C:: 

\ 
(21) 

(17) (16) 

Reaction of the osmium analogue of 11 with methylamine finally gives mixtures of 
bis- (type 16) and meridional-triscarbene complexes76. Compound 14 also reacts with 
hydrazine to form a cyclic carbene complex74 (equation 22). This type of reaction was 
first performed in 191 5 with tetrakis(methylisonitnle)platinum(II) and h~ id raz ine~ .~  
but the resulting product 19 was assigned the wrong structure (equation 23). 
Compound 19 can be p r ~ t o n a t e d ~ ~  and, additionally. the same reaction can be carried 
out with the palladium analogue of 1877.78 as well as with monosubstituted hydrazines 
and h y d r ~ x y l a m i n e ~ ~ .  The correct structures of these compounds, which are best 
described as 'resonance stabilized' carbene complexes, were finally established by 
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(221 

HBF, 

OH 
- 
c_ 

1’’ H 
I 

H 
I 

/ -\ 
MeNC. CNMe 

(19) 

r H 

X-ray crystallographic analyses of 1979 and its Pd analoguea0. Recently, an 
aminocarbene complex of molybdenum formed by reaction of pentaisonitrile- 
(nitrosyl)molybdenum(O) with amines was prepareda’ (equation 24). Earlier attempts 
with chromium(0) and molybdenum(0) carbonyls, however, faileds2. 

C. Nucleophlllc Attack on Carbyne Complexes 

A relatively new method for the preparation of carbene complexes is the 
nucleophilic addition to the carbyne carbon atom of cationic carbyne complexes (see 
Chapter 5). Although the latter first have to be synthesized from carbene complexes, 
this route offers some advantages. Thus compounds become available which are 
inaccessible via any other synthetic route. Two types of cationic carbyne precursors 
have been used: (a) [ (Ar)(C0)2M3ZR]+ with Ar = $-Cp or MeC5H4 (M = Mn, Re) 
and Ar = q6-benzene (M = Cr) and (b) pentacarbonyl(dialky1aminocarbyne)- 
chromium. Dicarboi;)iijcyc!openraciie::yl)pher.ylcarbynemar.ganese tetrafluoroborate 
(21) adds thiocyanate to form an isothiocyanato(pheny1)carbene complex (22) 
(equation 25)”. 

] (25) 
- 9 N C S  

[Cp(CO)gMn=CPh]+ + SCN- - Cp(C012Mn-C ‘ Ph 

(21) (22) 
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Similar reactions can be carried out with cyanatea4 and cyanideR3 as nucleophiles and 
with the rhenium analogue of 21. Likewise, the sodium salts of long-chain alcoholsaS 
and methyllithi~rn"-~' or cycl~pentadienyllithium~~ (equation 26) were employed. 

[(r15-MeC5H4)(C0)2Mn-CPh]+ + C5H5- - 

Addition of neutral nucleophiles such as  trimethylphosphinea8 or isonitrileaY yields 
cationic carbene complexes (equation 27 and 28). An X-ray crystallographic analysisYo 
indicated a Re=CCarb double bond and a CCarb-P single bond supporting the 
formulation of 23 as a carbene-ylide. On thermolysis of 24 (R = r-Bu) the butyl group 

1' (27) 
P Me3 

- 50°C [Cp(CO)pRe-CPh]+ + PMe3 - Cp(C0I2Re=C\ 

[Cp(C0)2Mn=CPh]+ + CNR - Cp(C0l2Mn- 

I: = 

(28) 

Ph 

.;;; 
Cp(C0)2Mn-C, 

48% 

is split off and the resulting ncutral cyano(pheny1)carbene complex can be isolateda9. 
The first dimethylcarbene complex was obtained by reaction of the 
dicarbonyl(cyclopentadieny1)methylcarbynemanganesc cation with methyllithiurn86 
(equation 29). 

Cp(C0)2Mn=C /Me] + Li+ (29) 

From substituted bcnzene(dicarbony1)phenylcarbynechromiurn tctrafluoroborate 
and dimethylamine or ammonia a series of carbene complexes were synthesized9' 
(equation 30). 

[ ( r16-C6H3R,) (C0)2Cr~CPh]*  + HNR2 - 

[ \ Me 
[Cp(CO)aMnECMe]+ + LiMe - 

.>NR2 I + , +  
($- C6ti3R3)(CO),Cr-C, 

Ph 
i3u) 

Secondary carbene complexes are accessible via reduction of the metal-carbon 
triple bond of cationic carbyne complexes. This was shown with the rhenium analogue 
of 219* (equation 31) and by reduction of dicarbonyl(methylcyc1opentadienyl)diethyl- 

1 
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aminocarbynemanganese tetrafluoroborate with aluminium lithium hydrideg3. 
Pentacarbonyl(dialkylaminocarbyne)chromium tetrafluoroborate turned out to be 
excellent precursors for the preparation of interesting and previously inaccessible 
carbene complexes. By reaction of boron trifluoride with pentacarbonyl- 
[dialkylamino(ethoxy)carbene]chromium at - 100°C 24 are s y n t h e ~ i z e d ~ ~ . ~ '  
(equation 32). The cation 24 (R = Me) can also be produced via the reaction 

N R 2  = NMe2. N E t 2 .  (25). NC5Hlo 

of pentacarbonyl[chloro(dimethylaminojcarbene]chromi~~m with silver salts9'. The 
reaction in equation 32 using boron trichloride instead of boron trifluoride 
yields 24 with tetrachloroborate as counter ion. Whereas for R = E t  the 
tetrafluoroborate salt is relatively stable and can be handled at  room temperature in 
the crystalline state for short periods of time, the analogous tetrachloroborate salt 
forms pentacarbonyl[chloro(diethylamino)carbene]chromium (26)93 spontaneously 
above -25°C (equation 33). The complex 26 can also be obtained by reaction of the 
tetrafluoroborate salt of 25 with chloridey3. 

+ BCla (33) I . p N E t 2  

CI \ 

- 2 5  'C 
[(CO)sCr=CNEt2]+BCI4 - 

(25) (26) 

Hartshorn and Lappertgs found that the dimethylanalogue of 25 easily adds 
dimethylamide or cyanide to  form pentacarbonyl[ bis(dimethylamino)carbene]- and 
-[cyano(dimethylamino)carbene]chro~ium, respectively. They further noticed that in 
the dimethyl analogue of 26 synthesized by a different route (see Section 1I.G) the 
chlorine substituent can be replaced with cyanideVS (equation 34). In addition to 

(~015~r-c: NMe2] + K'CI- (34)  
CN 

+ K + C N -  - 1 .;;; N Me2 
(CO15Cr- C\ 

CI 

chloride, several other nucleophiles were also employed in the reaction with the cation 
25. Thus 25 adds, e.g. fluorideg6, bromideg7, iodideY7, thi~cyanate~ ' ,  and ~ y a n a t e ~ ~  
(equation 35). In 30 and 31 NCO and NCS are bonded to the carbene carbon atom via 

X = F(27) .  C l (26 ) .  Br (28). I(29). NCO(30). NCS(31) 

nitrogen. The first carbene complex with a main group metal bonded to the carbene 
carbon atom was also prepared by this routeYR (equation 36). The compounds 26, 28, 
29, and 32 show an unusual feature. In solution the carbene complexes spontaneously 

+ K +  (36) I - 9 N E t 2  
(C0)SCr -  C 

(32 1 

[(CO),CrFCNEt2)+ + KSnPh, - ' SnPh3 
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rearrange with loss of one carbon monoxide, forming trum- tetracarbonyl(diethy1- 
aminocarbyne)halogeno(or triphenylstannyl)chr~mium~'~~~~~~ (equation 37). The 
rate of the reaction strongly depends on the migrating group X9y. Whereas for X = I 
the reaction takes place above -60°C. for  X = Br a temperature of -35°C and for X 
= C1 and SnPh3 + 35°C is required. Finally the fluorine compound 27 is stable u p  to 
lOO"C, above which decomposition  occur^^^.^^^. However, for X = CN, NCSlOO, NCO, 
o r  SiPh3lo3 no rearrangement could be observed. The compounds 28, 29, and 32 
rearrange even in the crystalline state, forming 33; 26 gives pentacarbonyl- 
(ethy1isonitrile)chromium in 28% yield. Kinetic  investigation^^^-'^^^^"^ have shown 
(a) that the migration of X from C to C r  follows a first-order rate law and (b) neither 
the presence of free carbon monoxide nor  of an excess of X- nor radical initiators 
o r  radical inhibitors have any significant influence o n  the rate of the reaction. Further, 
the presence of PPh3 does not influence the reaction rate but does lead to a 
different p r ~ d u c t ' " ~  (equation 38). Compound 34 is also accessible via reaction of 33 

+ PPh, - rner-[CI(PPh3)(CO),Cr-CNEt2] + 2 CO 

(34) (38) 

(X = CI) with PPh3104. These results indicate an intramolecular mechanism, although 
chlorine in 26 may be exchanged with fluorine and, with bromide in large excess, also 
with bromine to form 27 and 28, r e s p e c t i ~ e l y ' ~ ) ~ .  The attempt to synthesize 
the rruns-PPh3-substituted analogues of the complexes 26-29 via addition of 
halide to rruns-tetracarbonyl(diethylaminocarbyne)triphenylphosphinechromium 
tetrafluoroborate failed. Surprisingly, 34 and its analogues (with PPh3 now cis to the 
carbyne ligand) were isolated, but no carbene complex104 (equation 39). 

1 [ 'CI 

.gNEt2 
(CO),Cr - C 

D. Alkylatlon of Acyl Complexes 
The second step in thc classical Fischer two-step synthesis of carbene complexes 

involves alkylation of the anionic acylmetallate. The  same type of reaction can be 
performed with stable neutral acyl complexes, producing cationic carbene complexes. 
This was demonstrated as early a s  1967 by Schollkopf and Gerhart with alkylation of 
dicarbamoyl r n e r ~ u r y ( I 1 ) ~ ~ ~  (equation 40). Subsequently, several other carbene 
complexes of iron106.107, ruthenium106, and molybdenum106 were obtained by this 

method (equation 41).  Compound 35 can also be protonated at the acyl oxygen to 
form the hydroxycarbene complex 36 which, on reaction with diazomethane. yields 37. 
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[Cp(CO)PPh3FeCOMe] & on [Cp(COIPPh3Fe-Cc Me 
(35) (36) 

(37) 

Treatment of 37 with methyllithium’06 or sodium iodidelo8 reverses the alkylation and 
35 is regenerated. Similarly, 36 is easily deprotonated. Water converts 36 back to 35. 
Similar procedures were applied to prepare aryl(methoxy)carbene and 
bis(methoxy)carbene complexes of n i ~ k e I ( I I ) ’ ~ - ’ ~  (equation 42). 

C6C15(PMe2Ph)Ni -c, --“I R MeoS02F- 

“1 + (4 2) 

A special variation of 0-alkylation of acyl complexes is intramolecular alkylation 
resulting in cyclic carbene complexes. This has been performed several times, mainly 
with manganese compounds. The cyclization can be initiated by silver salts as in 
equation 43”O. Whether the intramolecular alkylation takes place or not depends to a 

.$ 
trans- C6C15(PMe2Ph)Ni-C, [ R 

R 7 OMe. p-To1 

great extent on the nucleophilicity of the acyl oxygen. Thus, the complex 
(CO)SMnC(0)(CH2)3CI, related to 38, does not react with Ag+ according to equation 
43””; the cis-phosphite- and cis-phosphine-substituted compounds, however, do 
react”’ (equation 44). Intramolecular cyclization can also be initiated by strong 

( 4 4 )  

nucleophiles X (I- ‘ I 1 ,  [(CO)SMn]- ‘ ‘ I )  (equation 45). Obviously, exchange of one 
carbon monoxide ligand with X- increases the nucleophilic character of the acyl 
oxygen so much that nucleophilic attack of the oxygen at the o-carbon atom becomes 
possible. In  39 the a-hydrogen atoms are slightly acidic and thus base-catalysed H/D 
exchange is observed”’. This type of carbene complex synthesis can also be carried 
out with pentacarbonyl(w-halogenalky1)manganese as precursors by making use of the 
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(39) 
X = I-.[(C0)5Mn]- 

well known fact that nucleophiles react with pentacarbonyl(alky1)manganese t o  form 
acyl compounds which may function as intermediates for carbene coniplex 
s y n t h e ~ i s " ~ . " ~  (equation 46). By this method non-cyclic carbcne complexes can also 
be prepared (equation 47). 

.90Me 

' Me 

Me,O'BF, 

' Me 

(41) (42) 

X = [(CO)sMn]- ' 1 4 ,  GeCI3ll5 

The  corresponding reaction of 40 with X = [ (CO)5Re]-, however, did not produce 
the manganese carbene complex (42) but rather the rearranged rhenium complex 43'16 
(equation 48). Reaction of40 with X = Br or X = I yields a product analogous to  41, 
which can subsequently be protonated with phosphoric acid but not alkylated with 
oxonium salts'17. 

.$OMe 
[(CO)5MnMe] + [(CO),Re]- - cis- (C0I4Re-C ] (48) [ I 'Me 

(C0I5Mn 

(43) 

In addition to manganese, rnolybdenum'18*119, iron"', and ruthenium'" compounds 
were also employed in the synthesis of carbene complexes via intramolecular 
cyc lb t ion .  C!csc!j :.c!z.ted tc O-alkylation of acyl complcxcs is S-alkylation of 
thioacyl compounds'20*''', c.g. 

Y = OMe. SEt. NMe2 
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E. Electrophlllc Addltlon to Coordlnated lmldoyls 

be protonated reversibly as in equation 50122: 
The nitrogen atom of imidoyl ligands may also be attacked electrophilically. It may 

I+ .;;;NHR “1 trans- CO(PPh3)2(OAc)Ru-C 
‘H 

( PP h3) 2 (OAc I R U  - C z  
H 

(50) 

or it may be alkylated with methyl iodide123 (equation 51) or methyl sulphate. Several 
metal complex systems have been employed as precursors, e.g. systems of n i ~ k e 1 ~ ~ J ~ ~ .  

F. From Acetylene or Acetyllde Complexes 

Chisholrn and Clark reported’2s that platinum(I1) complexes react with 
monosubstituted acetylenes and alcohol in the presence of silver salts to give 
alkoxycarbene complexes (equation 52). The originally proposed mechanism - 

H C E C R l M e O H  
trans - Me(PMe2Ph I 2  P t - C /-- [ 

trans - [ M e  ( PMe2 Ph 12 P t C I] . (52) 

91’ - tic= cicn2i20n f r a n ~ - l M e ( P M e ~ P h ) ~ P t  -C 

exchange of chloride with acetylene, subsequent nucleophilic addition of alcohol to the 
coordinated acetylene to form a vinyl ether complex, which then rearranges via a 
hydride shift to give the carbene complex -could not be confirmed because vinyl ether 
complexes do not react under these reaction conditions. Cationic vinylidene 
complexes were therefore postulated a s  reaction intermediates’26. Several carbene 
complexes of i r i d i ~ m ( I 1 ) ’ ~ ~  and p l a t i n ~ m ( I I ) ~ ~ ~ . ’ ~ * * ~ ~ ~  were obtained by a similar 
procedure. By reaction of acetylide complexes with alcohol and acid, carbene 
complexes of n i ~ k e l ( I 1 ) ’ ~ ~  and p l a t i n ~ m ( I I ) ~ ~ ~ * ’ ~ *  were synthesized (equation 53). 

ncio, 
lracs - [ (CcC I 5 I i PM e 2 F h I2 N i (C CH I] - 

RObi 

CIO, (53) 1 .;;;OR 
(C&lg)(PMepPhIpNi -C, 

Me  

G. From Salt-llke Precursors and Oxldatlve Addltlon 

The reaction of anionic metal complexes with some organic salts or neutral 
compounds with highly ionic bonds was used for the preparation of carbene 
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complexes. In 1968 Ofele'33 reported the formation of pentacarbonyl(2,3-diphenyl- 
cyclopropeny1idene)chromium (45) from dichloro-2,3-diphenylcyclopropene (44) 
and sodium pentacarbonylchromate via oxidative addition (equation 54). The 

- l ( C O ) s C y q h l  + 2 NaCl (54) 

reaction of 44 with metallic palladium yields the dimeric species 46, which 
on heating in pyridine forms 47134 (equation 5 5 ) .  These carbene compounds (45, 

Ph 

Nap[Cr(C0)5] + "4 cI 

Ph Ph 
(441 (45)  

(47) 

46, and 47) are thermally very stable, probably owing to the aromaticity of the 
'diphenylcyclopropenium cation'. A marked stability is also characteristic of 
complexes such as  48, which can be prepared from imidazolium salts and 
carbonylhydndometal anions with elimination of molecular h y d r ~ g e n " ~ . ' ~ ~  (equation 
56). On heating, 48 disproportionates to yield a mixture of the hexacarbonyl and 
cis- tetracarbonyl(biscarbene) complexes137. Irradiation converts the latter into the 
corresponding trum-isomers, which isomerize thermally back to the c i s - i~omer~~" .  

Me 
I 

H-C"] " 

I 
Me 

M e 1  

120 'C 

H2 
____t 

(48) n = 5; M = Cr. Mo. W 

(49) n = 4 ;  M = Fe 

In addition to 44, other imidazolium ~ a l t s ' ~ ~ - ' ~ '  and pyrazolium, triazolium, 
t e t r a z o l i ~ m ' ~ ~ ,  and thiazolium  salt^'^^.'^^ have been employed in the preparation of 
cyclic carbene complexes via oxidative addition. Among the different metal complexes 
and metal salts used as precursors are compounds of mercury'44. nickelIqs, 
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palladium14s, platinum145, iron'43, rhodium'42, i r idiur~; '~~,  n~ then ium"~ ,  osmium'43, 
and manganese 142. 

Related to 48 are carbene complexes of ruthenium obtained by acid-catalysed 
rearrangement of the N-bonded imidazole compound146 (equation 57). Similar 

H 
I 

Me 

2+ 

( 5 7 )  

complexes from xanthine have also been ~ y n t h e s i z e d ' ~ ~ .  Another synthetic route 
developed in recent years is oxidative addition of immonium salts, derived from 
dimethyl(methylene)ammonium halides (SO), to metal complexes. Thus, by reaction of 
50148J49, 51148 or  52149J50 with either neutral metal complexes (equation 58) or  

(50): R' = R 2  = H; X = I. CI 

(51): R' = H; R 2  = S M e :  X = Br 

(52): R' = H; R 2  = CI; X = CI 

(53): R '  = CI; R2 = N M e 2 :  X 

(54): R' = R 2  = CI; X CI 

Me \  [ Me' N=CNR']+ ' R 2  X- CI 

trans - [ CI (P P h 1 I r N 2 ]  + [ Me2N = CH C I]+ C I - 7 
.$ N Me2 

C13(PPh3) 21' - C ] (58) 
'H 

-9 N Me 2 

' t i  
+ 2 CI- I [ C P ( C O ) ~ V ] ~ - +  [Me2N=CHCI]+CI- - 

(59) 

carbonyl metallates (equation 59) a series of secondary carbene complexes of Cr, 
Fe148.14y, Mo, W, Re, Co, Ru, Ir, Pt149, RhI5', and even V149 has been prepared. 
Although the yields are sometimes relatively low, this method is of special importance 
because of its wide applicability. 

Whereas compounds 50-52 function as precursors for the formation of the 
secondary carbene ligand, the reactions of 54 with e.g. pentacarbonyl chromate and of 
53 with diironnonacarbonyl result in the formation of chl~ro(dimethylamino)-~~~ and 
bis(dimethy1amino)carbene complexes1s3, respectively (equations 60 and 61). The 
related reaction of imidoyl chloridc (55) .and hydrochloric acid with binuclear 
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- Ph 
- 

..,C-. \ YMe 

1/2[(C0)2CIRh]2 + 2 MeN=C(Ph)CI - CI, (COIA h 
\ 
N=CPh 

Me - 
I 

197 

(56) 

[ PPh3(CO)C1Rhl2 affords the rhodium(II1) carbene complex 56154 (equation 62). In 
the complete absence of hydrogen chloride, however, [ (C0)2ClRh]2 and 55 furnished 
a rhodium(II1) carbene chelate complex (57), the chelate bridge of which can be 
cleaved with tertiary p h o s p h i n e ~ ' ~ ~  (equation 63). 

L 

+PMelPh 
- co 

(63) 

H. From Electron-rlch Oleflns 

Closely related in stability to the compounds 48 and 49 (see Section 1I.G) are 
complexes obtained from electron-rich olefins such as 59 and metal complcxes via a 
bridge-cleaving reaction of binuclear (equation 64) and/or a ligand substitution 
reaction of mononuclear metal complexes (equation 65). Thus, reaction of the 
chlorine-bridged platinum(I1) dimer 58 with 59 yields the  trans-dichloro(tri- 
ethy1phosphine)platinum carbene complex 60, which can be isomerized to the 
thermodynamically more stable ~ i s - c o m p o u n d ~ ~ ~ .  

Similar rhodium-carbene complexes are isolable intermediates in thc metathesis of 
two different electron-rich ole fin^^^'. Ligand-exchange reactions turned out to be 

Ptl Ph r Ph 1 

Ph Ph L 
(58) (59) (60) 
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(63) 

very convenient routes for the synthesis of such cyclic carbene complexes. 
Hexacarbonylmolybdenum reacts with 61 (the N-methyl analogue of 59) to form 
either pentacarbonyl(monocarbene)- or cis-tetracarbonyl(biscarbene)molybdenum, 
depending on the reaction conditions158. The chemical behaviour of 48 (see Section 
I1.G) is paralleled in 62. Like 48, 62 disproportionates above 100°C to 
hexacarbonylmolybdenum and 63, which upon irradiation isomerizes reversibly to its 
r rons - i s~mer '~~ .  A great number of different mono-, bis-, tris-, and even 
tetrakis-carbene complexes were synthesized from various metal complexes, e.g. from 
Cr4', M O ' ~ ~ ,  W159, Mn, Fe, Ru, Ni, CoI6O, Rh, W6], O S ' ~ ~ ,  and A u ' ~ ~ .  In addition to 
carbon monoxide, other groups e.g. phosphines, isonitriles, norbomadiene, and halides, 
were replaced by cyclic carbenc ligands resulting from electron-rich olefins. Further, 
other olefins such as 64,65 and the N-Et-, N-p-Tol- or N-CH2Ph analogue of 59 were 

Me Me Me 
I I I 

I 
Me 

I 
Me 

I 
Me 

(64) (65) 

employed. The olefins, however, show significant differences in reactivity, which 
decreases in the order 61 > 65 > 64. This is also illustrated in the reaction of 
hexacarbonylmolybdenum with 59,61, and 64. Thus, whereas (C0)6Mo and 61 yield 
mono- and biscarbene complexes (62 and 63), only a monocarbenc complex is 
obtaincd from (CO),,Mo and 64. Under similar conditions, however, 59 does not react 
any more. From tungsten a triscarbene complex was preparedIs9 and by reaction of 
dichlorobis(triphenyIphosphine)ruthenium(II) with 61 the first neutral tetracarbene 
complex was synthesized164 (equation 66). On the other hand, 66 reacts with 59 with 
elimination of PPh3 and HCI, forming a five-coordinated carbene complex containing 
an orrho-metallated N-aryl carbene ligand'65 (equation 67). From 61 and 
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!6a 

Ph 

tetracarbonyl(norbornadiene)molybdenum the "'-bonded isomer of 63, 67, can be 
isolated166, which can be transformed thermally into 63 (equation 68). 

The conditions for the rearrangement of 07 into 63 are, however, more vigorous 
than those for the direct synthesis of 63. Compound 67 can therefore be excluded as an 
intermediate in the preparation of 63 according to equation 65. Thus, a mechanistic 
scheme was proposed which involves replacement of one complex ligand by the 
electron-rich olefin. The olefin, initially N-bondcd, rearranges in a fast second step to a 
C-bonded species, which may then fragment to form the carbene-metal complex with 
expulsion of a resonance-stabilized carbene fragment. The latter may then react with 
another metal centre4'. 

A comparison between this type of cyclic carbene complex and Fischer-type 
complexes (e.g. 4) shows some significant differenccs. The carbene ligand in 4 has both 
a nucleophilic and an electrophilic centre and may thus react with acids. bases, 
electrophiles, and nucleophiles to give new compounds. The heterocyclic carbene 
ligand (e.g. in 62), on the other hand, does not show thc same high reactivity. On the 
contrary, reactions of these complexes are almost exclusively restricted to the 
metal-ligand framework. Thus, whercas mixed biscarbeiie complexes can be prepared 
from the chromium analogue of 62, organyllithium and MeOSO?F (see equation 6), 
the reverse procedure [reaction of 4 (R = Me) with 611 causes displacemcnt of the 
methyl(methoxy)carbene ligand47. 

1. From Dlazoalkane Precursors 

Other reactive molecules were also used as precursors for the synthesis of carbene 
complexes. Diazo compounds react with thc dicarbonyl(methylcyclopentadienyl) 
manganese-tetrahydrofuran complex to give carbene c o m p l e x e ~ ~ ~ ~ - ' ~ ~  (equation 
60). Upon irradiation, 69 rearranges intramolecularly to form the corresponding 
n-diphenylketene complex, which may also be obtained from 70 via high-pressure 
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-"'I (69) -- [ (MeCp) (C012Mn =C 
R' 

' R 2  ' R 2  
[(MeCp)(CO)2Mnlthf 11 + N2=C' 

(66) 

(69): R' = Ph. R 2  = C(0)Ph 

(70): R' = R 2  = Ph 
(71): R'  = p - C ~ H 4 N 0 2 .  R2 = COOEt 

carbonylation 170. Reaction of 68 o r  its cyclopentadienyl analogue with 
diazocyclopentadiene yields an oligomeric biscarbene complex171 with high thermal 
stability (equation 70). A bis(alky1thio)carbene complex was synthesized from 
pentacarbonyl(methylnitri1e)chromiurn or -tungsten and the sodium salt of the 
tosylhydrazone of a dithiocarbonate as carbenoid precursor172 (equation 71). 

1 
[Cp(CO)pMn(thf)] + N2 

Mn(C0)pCp 

(70)  

J. Alkylldene Complexes 

The first example of a secondary alkylidene complex (77) was obtained by Schrock 
in 1974'73 by reaction of [(Me3CCH2)3TaC12] (72) with Me3CCH2Li (73) (equation 72). 
The rate-determining step is believed to be the formation of thermally unstable 74, 
which can also be prepared from 77 and HCI at -78°C. 74 reacts very rapidly with 73 
compared with the rate at  which 72 reacts. It was proposcd that 77 is formed from 74 

MeJCCH2Li  I731 

-LIcI - [( M e3CC H 2 )sCI Ta ] 

( 7 2 )  (74) 

[(Me3CCH2I2CITa= CHCMe31 [(Me3CCH2J5Ta] (72) 

(75) (76) 

( Me3 C C H 1 3Ta = C , 
CMe3 
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by two different rapid paths: (a) via 75 and (b) directly from 74 by formal 
dehydrohalogenation possibly via short-lived 76174. In the fast hydrogen abstraction 
step a relatively more nucleophilic axial alkyl a-carbon atom of the trigonal 
bipyramidal complex removes a relatively more acidic proton from an equatorial alkyl 
a-carbon atom. Stenc crowding about the metal-alkyl precursor is believed to be an 
important factor in determining when a-hydrogen abstraction occurs. The analogous 
niobium compound has also been prepared175 but, in general, niobium-alkylidene 
complexes appear to be less stable than their tantalum analogues. 

Hydrogen abstraction may also be induced by substitution of a halide ligand with a 
cyclopentadienyl ligand in neopentyl and benzyl complexes. The neopentyl compound 
78 reacts with CpTl to  give the monocyclopentadienyl complex 79 which can be 
isolated for X = C1176. The compound 79 decomposes smoothly to form neopentane 
and the neopentylidene complex For X = Br the intermediate 79 could not be 

( 73) 

isolated but it could be detected by 'H n.m.r. spectroscopy. A tetragonal pyramidal 
structure is assigned to 79, for which only the trans-form could be observed. In a 
solution of the neopentylbenzyl complex [ X2Cp(Me3CCH2)(PhCH2)Ta] (81), both 
isomers are present and the equilibrjum constants for the cis/truns interconversion 
could be measured. Like 79, compound 81 (X = Br) decomposes in solution at room 
temperature to give 80 (X = Br). It was proposed that the electrophilic do metal in 79 
interacts with the C-HU electron pair in one neopentyl ligand, thus facilitating 
abstraction of H, by a second neopentyl ligand. Schrock and co-workers showed that 
(a) a-abstraction in these compounds is intramolecular, (b) the rate of the reaction for 
X = Br is 200-400 times faster than for X = Cl and varies with solvent, and (c) the 
rate of decomposition (79- 80) of the CSH5 complex is 5 x lo3 times that of the 
corresponding CSMe5 analogue. Furthermore, a deuterium isotope effect of k ~ / k ~  = 6 
was observed. I t  was concluded that only the cis-isomer reacts with a-hydrogen 
abstraction, whereas the trans-form is inert. Similarly, benzylidene complexes were 
~ r e p a r e d l ~ ~ . ~ ~ ~  (equation 74) and finally the first transition metal methylene complex 

(78) ( 79) (80) 

[CI ( PhCH, 1 3Ta] C p 2( P h C H , 1 Ta = C \ 
H 

2 CpTl  (74) 

was obtained by treatment of Cp2Me3Ta with trityl tetrafluoroborate and 
deprotonation of the resulting salt with a pho~phorane~~' . '"" (equation 75). 

P h3C BF, - [ Cp 2 Me 2Ta ] + BF, 

For the preparation of alkylidene complexes containing @-hydrogen atoms another 
technique has to be employed, as @-hydrogen atoms arc lost more readily than 
a-hydrogen atoms. Alkylidene transfer via replacement of the PMe, ligand in 82 by 
Et,P=CHMe and subsequent loss of PEt, from the intermediate gave 83''' (equation 
76). Bisalkylidene complexes have been prepared by addition of PMe3 to solutions of 
771E2 (equation 77) and also by reaction of Me3CCH2Li with the alkylidyne complex 
85lS2 (equation 78). X-ray analysis showed 84 to be a distorted trigonal bipyramid with 
both PMe3 ligands in the axial positions. The l'a=C,-C) angles in the equatorial 
plane are unusually large (154.0" and 168.9") for sp2-hybridized carbon atomsln3. 
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M e j P  - [ X3 ( mes ) MeTa] 

(W 

X = CI. Br 

Helmut Fischer 

.- 
/" 

. pMel M e  (82) 

X3( M e3P) 2Ta = C 

Cp2MeTa= C, 
M e  

€tap=  CHI& 

-PMe3. -PEt3 [ C p P M e3TaM e l  (76) 

( 7 8 )  

Another alkylidyne complex (86). obtained from WCI6 and Me3CCH2Li, 
reacts at 100°C rapidly and quantitatively with PMe, to give the unusual 
alkylalkylidenealkylidyne (or alkylcarbenecarbyne according to the Fischer 
nomenclature) complex 87IB4 (equation 79). Deprotonation of the cationic alkyl 

( Me-JX3-i 2) 3W CC Me3 ti 1 W ( = C, ' :Me) (=CCMe3)] 

(86 )  ( 8 7 )  
(79) 

rnetal(V) complexes 88 with [ (Me3Si)2N]Li also yields alkylidene complexes'8s 
(equaiion 80), as well as the reaction of Me3SiCH2Li with the bis(trimethylsilyl)amide 
complex 891B6 (equation 81). Instead of the expected methylene complex a 

(88)  
M = Nb. Ta 
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K. Miscellaneous Methods 

Abstraction of atoms or groups bonded to the a-carbon atom of alkyl complexes has 
been employed several times in the synthesis of carbene complexes. Thus, a 
non-heteroatom-stabilized iron-carbene complex was obtained via hydride 
abstraction with triphenylmethyl hexafluorophosphate from 911Re.'s9 (equation 83). 

Cp(C0)pFe 
Cp(C0)pFe 

[ + Ph3C+FF6 -phJcK 

(91) (83) 

Hydride abstraction was also used in the preparation of other iron-carbene 
complexes'90, e.g. equation 84 and also in the generation of the cationic carbene 

[Cp(CO)LFe-CH20R] + Ph3C*BF4 - 
L = CS. PPh3; R = Me. Et 

Cp(C0) LFe- C c  OR]+BFd + Ph3CH 
H 

(84) 

complex 92 from [ Cp(NO)PPh3ReMe] and a triphenylmethyl salt. Compound 92 
could not be isolated but could be observed spectroscopically and was trapped with 
PPh3I9' (equation 85). Closely related to this route is alkoxide abstraction. By this 

'H 
(92) 

Ph3C' 
[Cp(NO)PPh3ReMe] - CplNO)PPh3Re = C 

H 
I 

I 
Cp(CO)PPh3Re-C- PPh3 

ti 

method the cationic dicarbonyl(cyclopentadienyl)phenylcarbcnc complex was 
s y n t h e ~ i z e d ' ~ ~  (equation 86). The corresponding cationic methylene complex 

H Ph3C.P' 

Cp(C0)pFe - C - OMe 
I I IF C r 3 L u u  

Ph 
L 

[ Cp(C0)2FeCH2]+ has been postulated several times as a reaction intermediate'Y2-'Y4 
formed on acid treatment of the alkoxymethyl compound, but has never been isolated 
because of its instability. The comparable cation [Cp(Ph2PC2H4PPh2)FeCHrl'. 
however, could be generated by the same method from the ethoxymethyl compound 
and characterized spectroscopically1ys. Another related complex was obtained from an 
alkenyl precursor. Trimethyloxonium tetrafluoroborate reacts with 93 to form 94IY6 
(equation 87). Fluoride abstraction was employcd in the reaction of 
[Cp(C0)2LMoCF3] ( L  = CO, PPh3) with SbFS. Again. the resulting difluorcarbene 
complex could no: be isolatcd but could be observed by 'H n.m.r. spectro~copy'~'  
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[Cp(Ph2PC2H4PPh,) Fe CH = CMe2] 
Me3O'BF. * 

(93) 

(94) 

Dichlorcarbenc complexes, however, can be obtained in an analytically pure form: 
reaction of 95 with Hg(CC1,)z proceeds to give 96 in 80% yieldIg8 (equation 88). 

H g l C C l j l 2  
[(PPh3) 3CI(CO) OSH] + [ ( P P ~ ~ ) , C I ~ ( C O ) O S = C C ~ ~ ]  (88) 

(95)  ( 9 6 )  

A different approach to the synthcsis of dichlorcarbene complexes embraces the 
reaction of 5,10,15,20-tetraphenylporphinatoiron(II), [(tpp)Fe(II)], with carbon 
tetrachloride in the presence of an excess of reducing agent'99. The  structure of the 
resulting dichlorcarbcne complex (which is believed to be formed via the 
[ (tpp)Fe(III)Cl] complcx and CCI3 radicals) was confirmed by X-ray analysis2". This 
route was extended to the synthesis of related tetraphenylporphinato(carbene)iron 

R = C I S  CN, COOEt. SCH2Ph 

coniplexes20'.202. Hydride abstraction was also uscd in the preparation of iron- and 
tungsten-carbene ~ o m p l e x e s ~ " ~ ~ ~ ~ ~ ,  e.g. 

A scries of thiocarbcne complexes were synthesized from thiocarbonyl, CS2, 
thiocarbamoyl or  thioester complexes (see equation 49). Cyclopentadienyl( tri- 
pheny1phosphine)thiocarbonylrhodium and -iridium rcact with methyl iodide to 
form the methyl(thiomethy1)carbene compound 972"5 (equation 91). The proposed 

'Me 

e 2  Me1 [ Cp( P P h3 1 M (C S)] - (91) 

M = Rh. Ir (97) 

mechanism involves oxidative addition of Me1 to the metal followed by rearrange- 
ment via methyl transfer to the thiocarbonyl carbon atom and coordination 
of thc iodide to the mctal. This thioacyl intermediate then undergoes clectrophilic 
attack at the sulphur with formation of 97. Another iridium complex, 
[ (PPh3)212(C6FS)Ir{ C(SMe)Me}], was prepared 

Cyclic dithiocarbene complexcs are formed in the reactions of CS2 complexes with 
1,2-dibromcthanc"" o r  substituted acetylenes"I8 (equations 92 and 93). The addition 
of the acctylenc to 98 is reversible. as the carbcne complex 99 isomerizes to thc 
hcteromctallocycle 100. leading to an equilibrium mixture of 99 and 100. For this 
transformation (99 - 100) a mechanism was proposed involving retrocycloaddition 
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ao; 
(92) 

(100) 

(99 + 98) followed by 1,3-dipolar addition (98 + 100)208. In addition to 99, other 
iron-209 and manganese-carbene complexes210 were prepared by the same route. 

Non-cyclic dithiocarbene complexes (see also equation 49 and Section 11.1) were 
prepared by trapping :C(SPh)2 on pentacarbonylchromium and -tungsten moieties2": 

I SPh SPh I [(CO)sM( thf)] + :C(SPhI2 - (C0I5M-C< 

M = Cr, W t 

(941 

LiC(SPh13 

D e s u l p h u r a t i ~ n ~ ' ~ - ~ ~ ~  was also used in the preparation of carbene complexes, e.g. 
equations 9S213 and 96214. Formal desulphuration with concomitant ligand transfer 

was observed in the photochemical reaction of pentacarbonyl iron with 101215 
(equation 97). Transfer of the carbene ligand from carbene complexes to metal 
carbonyls can be induced by irradiation216 (equation 98) or thermally"' (equation 99). 
For other transfer reac:ions see also Sections 1I.G and 1I.H. 
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(1 01 1 

hv 
+ [Fe(CO)s] - 1 .;;; R 

C~(NO)COMO- C, I Ph 

Ph 
R = OMe, OEt. NMe2 [Cp(NO) (C0I2Mo] t 

140 'C 

In addition to the methods already mentioned, several other routes for the synthesis 
of carbene complexes from non-carbene precursors were developed in recent years, 
including the following: 

(a) reaction of metal carbonyl anions, e.g. 102. with a carbodiimide and subsequent 
protonation of the adduct 1032'8 (equation 100); 

[(CO)5Cr]2- + RN=C=NR - [ (CO)SC~-CC(NR)~]~- H' 
(102) (103) 

(b) reaction of silyl-substituted ylides with metal carbonyls21Y (equation 101); 

(101) 1 [ \ 

OSiMe3 
4- 

[(CO)"M] + MeaP=C(H)SiMe3 - (CO)n-tM-C 

CH = PMe3 

M = Cr, Mo,  W ( n  = 6) M = Fe(n = 5 )  

(c) addition of an ynamine to a metal carbonyl hydride and subsequent 
alkylation220 (equation 102); 

(102) 

(d) addition of cyclohexene oxide to an anionic iron complex and subsequent 
alkylation221 (equation 103); 
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Ir-CI 
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H2 

(e) thermally induced reversible dehydrogenation222 (equation 104); 

- (11 EuCi 
[(CO)sMS(CH2R1)R2I i 2 1  

(31 € 1 ~ 0 '  

1 OEt 
i I  

p c - O E t  

\S'C--R' 

.. 

(CO)3LM 11 

I 
R2 

( 1  05) 

111. SYNTHESIS BY MODIFICATION OF THE CARBENE LIGAND 

In addition to the synthesis of carbene complexes from non-carbene complex 
precursors, several routes for the modification of the carbene ligand were developed, 
thus extending the variety of preparative methods. Three different reactive centres in 
non-cyclic mainly Fischer-type carbene complexes (but also in some cyclic complexes 
such as 39) can be used for alterations of the carbene ligand: (a) the carbene carbon 
atom is highly electrophilic and is therefore susceptible to nucleophilic attack, (b) the 
heteroatom bonded to  the carbene carbon atom is nucleophilic and may therefore 
react with electrophiles, and (c) the hydrogen atom alpha to the carbene carbon atom 
is acidic and may be split off as a proton by bases, generating an anion which may be 
used in further reactions. 

A. Nucleophlllc Attack at the Carbene Carbon Atom 
Although Mulliken population and ESCA indicate 

that the carbon atoms of the carbonyl ligands of Fischer-type pentacarbonyl(carbene) 
complexes carry a greater positive charge than the carbene carbon atom, experimental 
results show that nucleophiles add to carbene complexes such as 4 at the carbene 
carbon and not at one of the carbonyl carbon atoms, e.g. in equation 106227-229. This 
was explained in terms of frontier orbital control of these reactions as the lowest 
unoccupied molecular orbital (LUMO) in 4 is encrgetically and spatially localized o n  
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M = Cr (4) .  W (104) 

the carbene carbon atom22s. The  magnitude of the electrophilicity depends to a great 
extent on the substituents bonded to the carbene carbon atom. Whercas phosphines 
react with c.g. alkoxy- and alkylthiocarbcne complexes of type 4 to form ylide 
complexes, e . g .  104, the samc reaction with aminocarbene complcxes failed. For somc 
phosphines adduct formation (equation 106) was shown to be reversible and the 
equilibrium constants were m e a s ~ r e d ~ ~ ~ . ~ ~ " .  Sterically fixed tertiary amines (e.g. 
1-azabicyclo[ 2.2.2loctanc) may also add to the carbene carbon atom to form the 
analogues of 104231.232.  With ammonia, primary and secondary amines, howevcr, 
instcad of an adduct the substitution product is isolated in high yield, e.g. 105 in 
equation 107233-23s. 

(CO),Cr --C.- / R  ] + MeOH (107) 
NHR 

+ NHZR 
OMe 

(CO),Cr-C.< 

(105) 

A detailed kinetic inve~tigation~".~" showed that this aminolysis is a reaction with a 
negative Arrhenius activation energy. The rate of reaction in non-polar solvcnts (e.g. 
hexane) is first order in carbene complex and third order in amine, and in dioxane it is 
first order in carbene complcx and second order in amine. A mechanism was proposed 
involving nucleophilic attack of an amine (the nucleophilicity of which is increased by 
hydrogen bonding to another amine or dioxane, respectively) at the carbene carbon 
atom and labilkation of the carbon-oxygen bond via hydrogen bonding of anothcr 
amine with thc oxygen atom at the carbene carbon. The climination of mcthanol from 
thc intermediate is considered to bc the rate-determining step. 

The aminolysis reaction is a fairly general type of carbene complex reaction. A 
whole series of amines including amino acid esters238.239 and alkoxycarbene 
complexes, both cationic cyclic and n o n - c y ~ l i c ~ ~ ~ ,  were employcd. With secondary 
amines, however. steric factors become important. The reaction of 4 with the sterically 
hindered diisopropylamine did not yield the expected methyl(diisopropy1amino)- 
carbene but instead via propylcnc elimination the methyl(monoisopropylamino)- 
carbene complex241. 

An interesting competition is observed in the reaction of dimethylamine with 
pentacarbonyl[ethoxy(phenylacetylenyl)carbene]chromium and -tungsten. At  room 
temperature, with the amine in excess, aminolysis and conjugate addition of one 
molecule of amine to the triple bond occur and the carbene complex 109 is isolated34. 
At - 11 5°C the aminolysis product 108 and at - 20°C the conjugate addition product 
107 are f ~ r m c d ~ ~ ~ .  At -78"C, however, a mixture of 107 and 108 (3:2) is obtained. 
Compcund 108. but n3t 107. can finally be converted into 109 at room temperature. 

These rcsults can be understood when considering the unusual negative Arrhenius 
activation energy obscrved for the aniinolysis reaction and a positive AG* value which 
is to be cxpccted for the conjugate addition reaction. Thus, with decreasing 
tcmpcrature the rate for the conjugate addition rcaction decreases. At  the Same time 
the rate for the aminolysis reaction increases. dominating at - 115°C. With increasing 
temperature the rate of aminolysis decreases and that for conjugate addition increases 
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(1 08) 

(109) 

more and more in proportion. This explains the formation of a mixture of 107 and 108 
at -78°C. At -20°C conjugate addition dominates. The failure to convert 107 into 
109 at room tcmperaturc or even at -5O'C may bc due to a strongly diminished 
electron deficiency of the carbenc carbon atom caused by the higher electron-donating 
properties of the enamine moiety in relation to the acctylenic group. 

Closely related to aminolysis is the reaction of alkoxycarbene complexes with 
thiols233.243 (e.g. equation 109) or with thiolates and subsequently with acids to form 

thiocarbene complexes244. Methylselenol reacts in a similar manner to give the 
corresponding selenocarbene complex'4s. The more acidic phenylselenol, however, 
yielded a rearranged complex in which the ligand was bonded via selenium to the 

In some cases alcohols'32 o r  enolate anions247 were used as nucleophiles 
(equation 11 1). 

, CH(Me) OMe 
+ HSePh - ] (110) 

Me OMeI Ph 
(C0)SCr - c z  



210 Helmut Fixher  

Taking advantage of the weaker carbene carbon-oxygen bond in acetoxycarbene in 
relation to alkoxycarbene complexes, aminolysis and thiolysis reactions can also be 
performed with acetoxycarbene complexes2s. By this route phenoxycarbene 
complexes are easily accessible. usually in relatively high yields (up to 92%)2s-24a, e.g. 
equation 112. The reaction of a siloxycarbene complex with methanol, on  the other 
hand, gave a hydroxycarbene complex (91%)28 (equation 113). 

M = Cr. W: R = Ph. fury1 

Th = thienyl 

Other nucleophiles have been used. Reaction of pentacarbonyl[ methyl(methoxy)- 
carbene]chromium (110) with benzophenoneimine gave ll124y (equation 114). 
Similar imino-substituted carhene complexes were isolated from 110 and benz- 
a l d o ~ i m e ~ ~ ~  and frcm pentacarbonyl[methoxy(phenyl)carbene]chromium and 
l - a m i n ~ e t h a n o l ~ ~ ~  (equation 115). - 

(21%) 
N=CPh2 

+ HN = CPh2 - (CO),Cr - C'$ 
OMel  Me [ 'Me 

(CO),Cr - C: 

(1 15) 

In the reaction of 110 with substituted hydrazines the hydrazinocarbene complex 
could not be isolated, but a nitrile complex was obtained as the product of further 
rearrangement and nitrogen-nitrogen bond cleavage2". The palladium compound 
112. however, yielded an amino(hydrazino)carbene complex ( 113)2s2 and, in a similar 
reaction with benzalhydrazone. complex 1 14'52 was isolated (equation 116). 

C12(RNC)Pd - C< (51%) 
NHNHPh 

(1 16) 
(113) 

OEt 
C12( RNC) Pd - C < 
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Non-heteroatom-stabilized carbene complexes may be obtained via a two-step 
reaction first reported by Casey and Burkhardt in 1973253. Nucleophilic attack of 
phenyllithium to a Fischer-type carbene complcx, e.g. 115 at -78°C. gives the adduct 
116253 which, in solution, decomposes rapidly at room temperature but may be isolated 
at low temperatures2s4. Treatment of 116 at -78°C with acids such as HC1253.255 or  
Si02256 induces loss of methanol and the diphenylcarbene complex 117 is formed 
(equation 117). This procedure was later extended to phenyl-, furyl-, thienyl-, and 

(1 17) 

pyrrolyl(methoxy)carbene complexes of chromium and tungsten as precursors and to 
other organolithium compounds including substituted phenyl-, furyl-, thienyl-, and 
p y r r ~ l y l l i t h i u m ~ ~ ~ .  

Attempts to synthesize alkylphenylcarbene complexes by a similar method 
employing alkyllithium failed, as the resulting alkyl(pheny1)carbenetungsten complex 
immediately rearranges with 1.2-hydrogen migration to form an olefin complex257 
(equation 118). However, methyl(pheny1)carbene complexes of manganese and 
r h e n i ~ m * ~ . ~ ~  and a dimethylcarbene manganese complexe6 were prepared by another 
route via addition of methyl anions to  cationic carbyne complexes (see Section 1I.c). 

In pentacarbonyl[ methoxy(sty~yl)carbene]chromium (1 18), phenyllithium adds to 
the carbon-carbon double bond to give a conjugate addition product (119) which may 
be obtained in higher yield from 118 and lithium diphenylcuprate (equation 119). The 

(118) (119) 

phenyl(styry1)carbene complex could not be isolated2s8. A similar reaction of 115 using 
the anion in potassium triisopropoxyborohydride as  nucleophile led to the isolation of 
the tungstate complex 120259, which, on  reaction with trifluoroacetic acid at - 78°C. 
gave 1212"".261, thc first phenylhydrogcncarbene complex. Because of its instability 121 
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could not be obtained in analytically pure form; it decomposes at  -56°C with a 
half-life of 24 min. but gives isolable phosphine adducts analogous to 104 (see 
equation 106) with tributylphosphine (equation 120). 

CFjCOOH 

-78 ‘C 

Chloride in pentacarbonyl[chloro(dimethylamino)carbene]chromium was 
exchanged with cyanide probably via nucleophilic attack of cyanide at the carbene 
carbon atom in the first reaction step (see equation 34). 

8. Electrophlllc Attack at the Carbene Llgand 

Electrophilic attack by Group I11 halides at the heteroatom of the carbene ligand 
results in the formation of carbyne complexes262. Using boron trifluoride and 
pentacarbonyl[dialkylamino(ethoxv)carbene]chromium (equation 32)y3*94 or boron 
trichloride and complexes of the general type [(Ar)(CO)2M(C(Y)OMe)] (Ar = 
q6-C6H6, M = Cr, Y = Ph; or Ar = q -CsHs, M = Mn, Re, Y = Me, Ph)86.87.91 cationic 
carbyne complexes are obtained which can, in turn, again function as precursors for 
further preparation of carbene complexes (see Section 1I.C). 

The formation of pentacarbonyl[ chloro(diethylarnino)carbene]chromium (26) from 
122 and boron t r i ~ h l o r i d e ~ ~ ~  (equation 121) probably also proceeds via the cationic 
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species 25 as the tetrachloroborate salt of 25 reacts above -25°C to form 26y3. 
Further, the cation 25 has been obtained by reaction of 26 with boron trichloride. 
From cis-bromo(tetracarbonyl)[ hydroxy(methyl)carbene]manganese and boron 
tribromide the unusual carbene complcx 123 was preparedI4 (equation 122). 

+ BBr3 y 1 $OH 
C, 

Me 

(1 23) 

Closely related complexes were obtained by a different route via addition of AIBr, 
to pentacarbonyl(methy1)manganese (equation 123) or tricarbonyl(cyc1opentadi- 
eny1)me thylmanganese2&. 

C. Reactlons of Carbene Anlons 

Alkoxy(a1kyl)carbene complexes are remarkably acidic. The hydrogen atoms 
attached to the a-carbon atom undergo rapid hydrogen/deuterium exchange in 
alkaline deuteromethano12"'. This is explained by the existence of an intermediate 
carbene anion. These carbene anions can be generated sroichiometrically from 
carbene complexes by reaction with sodium methanolate or butyllithium266. For 
example, with pentacarbonyl[ methoxy(methyl)carbcne]chromium (110) this anion 
(124) has been isolated as the bis(tripheny1phosphine)iminium salt267 (equation 124). 

It was demonstrated that 124 is not measurably protonated by methanol and that 110 
has an acidity in tetrahydrofuran comparable to that of p-cyanophenol (pK, = 8 in 
water)267. By addition of DCI in excess to solutions of 124 the dl analogue of 110 could 
be recovered in 90% yield and with 90% rnon~deuteration~"'. 

Casey and co-workers have used the moderate reactivity of these carbenc anions 
towards carbon nucleophiles including epoxides, aldehydes, a-bromoesters, and a,/?- 
unsaturated carbonyl compounds to prepare a series of carbenc complexes inaccess- 
ible by other synthetic routes. Reaction of the anion 124 with, for example, epoxidcs 
yields cyclic carbene complexes2"* (equation 125) and with ethylene sulphidc the 
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(125) R = H 

(126) R = Me 

analogous thiocarbene complexes269. The nucleophilic attack by the carbene anion 
occurs at the least hindered carbon of propyleneoxide (R = Me). 

The carbene anion generated from 126 reacts with benzyl iodide to give the alkyl- 
ated carbene complexes9. Methyl fluorosulphonate or trimethyloxonium tetra- 
fluoroborate were used to methylate carbene anions2& (equation 126). Acetyl chloride 

also reacts with metal carbene anions269 (equation 127); however, when the initial 
acylated product contains an enolizable hydrogen an enol ester is isolated266 (equation 
128). A similar reaction of acetyl chloride with the carbene anion generated from 

[ (CO),Cr -C .~p] - Ill (2) BuLi ACCI ~ o I , c ~ - C ~ ]  

Me 
0 

(1 27) 

ci.s-(2-oxacyclopentylidene)nonacarbonylmanganese and butyllithium resulted in the 
formation of a mononuclear manganese-vinylcarbene complex ( 127)270 (equation 
129). 

(127) 

Reaction of the carbene anion from 125 with acetaldehyde yielded a vinylcarbene 
complex271 (equation 130); with formaldehyde, on the other hand, a dimeric product 
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11) BULl 

I21 HCHO 
- 

(1 28) 

(128)271 was obtained (equation 131). The monomeric species 129 was finally obtained 
by inverse addition of the carbene anion to an excess of a formaldehyde equivalent, 
chloromethoxymethane, and subsequent treatment of the solution with basic 
alumina271 (equation 132). 

(1 29) 

Sometimes problems arise from dialkylation as a side-reaction in the alkylation of 
carbene anions, e.g. with a-bromo esters or chloromethoxymethane. Conjugate addi- 
tion of carbene anions to a$-unsaturated esters and ketones has also been investi- 
gated26q. An a-bromocarbene complex was obtained as  the product of bromination of 
a carbene anion269 (equation 133). 

D. Miscellaneous 
Vinylcarbene complexes such as pentacarbonyl[isobutenyl(methoxy)carbene]- 

chromium (130) or pentacarbonyl[ methoxy(styryl)carbene]chromium (1 18) add to a 
number of enolate anions to form new carbene complexes247. Thus, 130 reacts with the 
lithium enolate of cyclopentanone or the potassium enolate of isobutyrophenone to 
give 131 and 132, respectively (equation 134). Similar products are obtained using 
(118) instead of 130 and from the reaction of 118 with the sodium enolate of dimethyl 
malonate. The reactions of 130 or 118 with the lithium enolate of acetone, however, 
did not give the analogous carbene complexes, but organic products derived from 
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(1 32) 

addition to the carbene carbon atom. For conjugate addition of dimethylamine to 
ethoxy(phenylacetyleny1)carbene complexes (equation 108) and of phenyllithium to 
118 (equation 119), see Section 1II.A. 

An unusual addition was observed in the reaction of pentacarbonyl[ amino- 
(organyl)carbene]chromiurn with l-diethylaminopropyne. Instead of the conjugate 
addition product, compound 133 was isolated272 (equation 135). 

1 N = C(Et )NEt2 
+ MeCECNEt2 - (CO15Cr-CCSi: 

(135) 

[ 'R 

(1 33) 

I .fiNH2 
(CO),Cr -- C 

R \ 

R = Me, Ph 

[ 
Hydroxycarbene complexes react readily with dicyclohexylcarbodiimide (134) to 

form different products depending on (a) the central metal atom and (b) whether the 
hydroxy(pheny1)- or the hydroxy(methy1)carbene complcx is used. Whereas the reac- 
tion of pentacarbonyl[ hydroxy(phenyl)carbene]chromium with 134 gave a carbene 
complex anhydride via intermolecular elimination of (equation 136), from 
the reaction of the tungsten complexes and 134 under identical conditions bimetallic 
carbene-carbyne complexes (135) were ~ b t a i n e d ~ ~ ~ . ~ ~ *  (equation 137). Mixtures of 

R = Me, Ph (1 35) 

the hydroxy(pheny1)carbenc complexes of chromium and tungsten finally yielded with 
134 the chromium carbenc-tungsten carbyne compound 136 (55%) (equation 138). 
These results may be explained by a stronger W-CCCarh bond in relation to the 
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(138) 1 $0- W(CO),(-CPh) 
(CO),Cr - C-, 

GH4w -p 

(1 w 
Cr-Ccarh bond and simultaneously a weaker C C a r h - 0  bond in the tungsten com- 
pound compared with the chromium compound. Thus, C-0 bond rupture in an 
initially formed carbenc complex-diimide adduct is facilitated for the tungsten com- 
plex, resulting in the formation of a cationic carbyne intermediate which may react 
further with another molecule of hydroxycarbcnetungsten or -chromium to yield 135 
or 136, respectively. On the other hand, in the case of the chromium complex 
(equation 136) the carbodiimide adduct is already attacked by another molecule of 
hydroxycarbene complex to give the anhydride. 

Employing pentacarbonyl[ hydroxy(mcthyl)carbcne]chro~ium instead of the cor- 
responding phenylcarbene complex in thc reaction with 134, a mixture of 137 (27%) 
and 138 (47%) is isolated. The latter is probably formed via 2 + 2 cycloaddition of the 
carbodiimide and a ketene complex intermediate275 (equation 139). 

I '6"ll J 
(1 37) 

I 
'6"ll 

IV. SYNTHESIS BY MODIFICATION OF THE METAL-LIGAND FRAMEWORK 

A great number of reactions involving modification of the metal-ligand framework 
have been reported in the literature and only a few can be quoted here as illustrative 
examples. Modification of the metal-ligand framework can be grouped together in: 
(a) reactions involving the metal carbene-Iigand bond (e.g. insertion, metathesis), (b) 
substitution of non-carbene ligands and. (c) oxidative addition to the metal. 

A. Reectlons lnvolvlng the Metal Carbene-Llgand Bond 

Pentacarbonyl(carbene) complexes of chromium, molybdenum. and tungsten react 
with ynamines via insertion into the metal-carbene bond and redistribution of the 
n-electrons to give aminocarbene c ~ m p I e x e s ~ ~ ~ - ~ ~ '  (equation 140). The reaction is 
stereoselective, yielding predominantly the E-configurated insertion product. From the 
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M = Cr. Mo. W; R = Me, Ph; R‘ = H. M e  

results of a kinetic investigation an associative stepwise mechanism was deduced. A 
nucleophilic attack of the ynamine at the carbene carbon atom in the first reaction step 
is followed by the formation of a metallocycle. Ring opening finally leads to the 
aminocarbene complex278. 

Other ynamines and other carbene complexes have also been e m p l ~ y e d ~ ~ ~ - ~ ~ ~ .  
Ethoxyacetylene reacts with different carbene complexes to give similar products in 
which ethoxyacetylene is inserted into the carbene-metal bond261 (equation 141). 

R = H. Ph, OMe 

Insertion with concomitant carbon monoxide substitution was found in the reaction of 
bis(diethy1amino)acetylene with pentacarbonyl[methoxy(phenyl)carbene]chromium 
and -tungsten282 (equation 142). 

In addition to amino and alkoxyacetylenes,’other molecules containing a polar triple 
bond can insert into the carbene-metal bond, e.g. d i m e t h y l ~ y a n a m i d e ~ ~ ~ * ~ ~  (equation 
143) o r  is on it rile^^^^*^^^ (equation 144). In the latter reaction a non-carbene complex 

M = Cr, W; R’ = Me. Ph; R2 = Ph.OMe 

[ (CO)& (Hi 1C6N=C = C(Me)OMe)] (1 44) 

(1 39) 

(139) is formed, which can be used as  precursor in the synthesis of new carbene 
c ~ m p l e x e s ~ ~ ~ - ~ ~  (equation 145). The carbene complex l4Oid7 produced in the reaction 
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of 117 with 1-methoxycyclopentene can also be regarded as the product of a formal 
insertion of the carbon-carbon double bond into the carbene-metal bond (equation 
146). 2-Ethoxynorbornene and 117 gave a similar complex. Six- and eight-membered 
ring enol ethers, however, failed to react288. On the other hand, reaction of the 

OEt 

(117) (1 40) 

non-cyclic ethyl vinyl ether with 117 gave a cyclopropane derivative, l-ethoxy- 
2,2-diphenylcyclopropane, and hexacarbonyltungsten as the only metal complex 
isolated289, whereas from the reaction of 117 with l-methoxy-l-phenyl- 
ethylene the carbene complex 115 was obtained in 24% yieldzmy (equation 147). 

(1 15) 

A formal carbonyl insertion was observed in the reaction of pentacarbonyl- 
[ methoxy(phenyl)carbene]chromium with sodium alkoxide. A neutral carbene 
complex was obtained on subsequent alkylation with oxoniurn saIts290.29’ (equation 
148). 

The reaction of [(C0)6M] (M = Cr, W) with LiCH(SR1)R2 solutions does not yield 
simple carbene complexes on alkylation but rather, with further carbonyl insertion, 
heterometallocyclic chelates40 (equation 149). 

Alkylidene complexes react with nitriles via insertion of the carbon-nitrogen triple 



220 Helmut Fischer 

OMe CPh ( OMeb2 I 
14% 

M = Cr, W; R’ = Me, Ph; R 2  = Ph. SPh 

bond into the metal-carbon bond. The reaction product, however, is not an alkylidene 
or carbene complex (as in equation 143) but an imido c ~ m p l e x ” ~  owing to the 
reversed polarization of the metal-alkylidene carbon bond in relation to carbene 
complexes (equation 150). 

I Me ,C CH 2) ,Ta = C , + MeCN - 
H 

B. Llgand Substttutlon Reactbns 

Ligand substitution reactions are known for many types of carbene complexes. For 
Fischer-type carbonylcarbene complexes the displacement of carbon monoxide by 
phosphines has been particularly well studied292.293 (e.g. equation 15 1). Small amounts 
of the pentacarbonyl(ph0sphine) and rrans-tetracarbonyl(bisphosphine) complexes 
are formed in this reaction (equation 151), depending o n  the reaction conditions. A 
series of alkoxy(organy1)carbene complcxes of chromium, molybdenum, and tungsten 

phosphitesZY2, arsines, and stibines2Y4 were employed. 
p h ~ s p h i n e ~ ‘ ~ . ~ ~ ’ .  however, do not react with 110 via 

- _ .  
and of phosphines as well as 
Phosphorus t r i h a l i d e ~ ’ ~ ~  and 
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displacement of one  carbon monoxide, but rather by substitution of the carbene 
ligand. 

Comprehensive kinctic and mechanistic investigations of the carbene 
complex/tertiary phosphine system showed that the formation of the substitution 
products such as  141 followed an additive rate law of first and second ordcr: 
-d[llO]/dr = kl[l lO] + k2[l10][PR3]. T h e  initial reaction product is the cis-isomer; 
however, an equilibrium mixture of cis- and warts-isomers is obtained since 
equilibration is faster than the substitution reaction. The first-ordcr term indicates a 
rate-limiting dissociation of CO from the complex as  observed in the ligand 
substitution reactions of many carbonyl complexes. The  second-order term. which is 
negligible for some phosphines. suggests an associative mechanism: nucleophilic 
addition of a phosphine to the carbene carbon atom yields an adduct which is in 
equilibrium with starting materials. On dissociation of one carbon monoxide (probably 
a cis-CO) this adduct gives a coordinativcly unsaturated intermediate which is likely to 
react further by migration of the phosphine, bonded to the carbenc carbon atom, to 
the metal. Capture of an external phosphine by the intermediate, however, cannot be 
totally excluded229~2y8~299. 

The isomerization reaction was also studied and an intramolecular mechanism was 
proposed for the rearrangement3O0. Whereas thermally induced displacement of CO 
by PR3 yields an equilibrium mixture of the cir- and trans-isomers, irradiation of 
solutions containing 110 and phosphine gives only the ~ i s - f o r m ~ ~ ~ .  The similar photo- 
chemical reaction of pentacarbonyl[chloro(dimethylamino)carbene]chromium with 
tnethylphosphine also produced the cis-isomerg5 (equation 152). In contrast, the 

thermal substitution of CO by PPh, in 142'43 or  143216 was found to give the 
rrans-isomers (equation 153 and 154). In compounds such as  141 only one carbon 

(1 42) 

trans - 

OEt ] + co .;;; + PPh3 - trans- (C0)3PPh3Fe-C+ 
c6c15 

-9OEt  
(C0l4Fe-C 

'C6CI, 

(154) 

monoxide ligand could be displaced by PR, [ a  second molecule of PR, displaces the 
carbene ligand, forming trans- tetracarbonyl(bisphosphine) complexes]. In 
carbonylcarbene complexes containing a cyclic bisaminocarbene ligand, however, two 
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Et 
I 

CO ligands could be substituted for P(OR)31S9, e.g. equation 155. In 144 finally all 
carbon monoxide ligands were found to be displaced by a chelating bisphosphine 
molecule301 (equation 156). The reverse process, exchange of phosphine for carbon 
monoxide, was also observed for some rhodium(1) complexes302, e.g. equation 157. 

hv  
+ MeN(PF2I2 I .90Me 

Me 
(MeCp)(CO)pMn -C, 

(1 56) 1 /PFZ\ .$OMe 

\ /  ' Me 
(MeCpIMeN Mri-C 

PFZ 

Me 
I 

CO( PP h,) CIR h - < 
I 

Me 

A multitude of other ligand substitution reactions have been reported, especially for 
carbene complexes containing cyclic carbene ligands. Some examples are shown in the 
equations 1 58303, 1 5g304, and 1 6O3OS. Intramolecular substitution reactions have also 
been observed (see equations 142 and 161306). 

trans-[ BrzPEt3PtL] P 
L i M e  

trans - [C I2 PE t P t L] - trans - [M epPE t P t L) (158) 

..i' 
L=-c  3 T 

NMe 
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/:- 7 t rans - [ C I ( PF3 1 R u L 4 ]  ' C I - 

trans - [C I (CO) R u L4 ] 'CI - 

t EVLS - [ CI 2 R u L 4 1 

trens-[CI(CO)py2RuL2]'CI- co * PV 

[CI[P(OMe)3] ,RuL,]+CI- 

Me 
I 

OEt 

~ N H R  
12 (C N R) P t - C.? 

L = .... -c.y .PN] 

N 
I 

Me 

Na(CpMoICO1,l 

223 

(159) 

C. Oxldatlve Addltlon Reactions 

Oxidative addition to carbene complexes has also been used for the modification of 
already existing carbene complexes. Employing this method, gold(II1) complexes can 
be synthesized from gold(1) compounds307 (equation 162), and similarly platinum(1V) 

from platinum(I1) compounds308. The reaction of 145 with iodine gave a 
seven-coordinate species'59 (equation 163). In addition, methyl iodide has also been 
used in oxidative addition reactions"" (equation 164). A high electron density at the 
metal in 146 seems to be decisive for the reaction, since the analogous complex in 
which Me is replaced by CI failed to react. Several oxidative addition reactions were 
performed with compound 147142, e.g. equation 165. 
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Me(PMe2Ph)Pt- C 

I 

Me 
I 

I 
Me 

(1 65) 

V. OXIDATION OF CARBENE COMPLEXES 

One-electron oxidation of carbene complexes using silver salts as oxidants was 
employed to generate paramagnetic carbene complexes, e.g. equation 166. In addition 

(148) 

to 148, other paramagnetic carbene-iron(1) salts which are stable at room 
temperature have also been prepared. Infrared and e.s.r. measurements indicate that 
the odd electron is substantially metal-centred. The carbene ligand contributes to 
stability by its strong Fe-C bond and delocalization of the positive charge3w. A stable 
paramagnetic chromium(1)-carbene complex has also been synthesized and 
chara~ter ized~'~ ' .  
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Carbyne complexes containing a terminally bonded C-alkyl or C-aryl ligand were first 
synthesized by Fischer er a/. in 1973 by reaction of methoxy(organy1)carbene 
complexes with boron trihalides (see Section LA). These complexes were shown both 
spectroscopically and by X-ray structural analyses to have a metal-carbon triple bond. 
Following Fischer’s n o m e n c l a t ~ r e ~ * ~ ,  an organometallic compound is called a ‘carbyne 
complex’, if (1) there is a terminally bonded ligand CR, (2) the carbon atom of this 
ligand, which is bound to the metal, is essentially sp-hybridized, and (3) the 
metal-carbon bond has a bond order of three (or  at  least greater than two). This 
definition will be followed in this chapter. Thus, for example, the syntheses of 

233 
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complexes which contain C R  groups bridging two or three metals will not be 
considered, nor will Lewis acid adducts to carbonyl or thiocarbonyl complexes. 

Review articles on the early developments of thc chemistry of carbyne complexes 
have been published24. 

1. SYNTHESES FROM CARBENE COMPLEXES 

In all syntheses of carbyne complexes known up to the present time (July 1980). 
organometallic compounds are used as precursors. This means that an already existing 
metal-carbon bond of lower bond order is transformed into a triple bond. Carbene 
complexes have proved to be a valuable synthetic source in this respect. Complexes 
with either electrophilic3 or nucleophilicS carbene ligands can be used, although, of 
course, different types of reactions must be applied. 

A. Reactlon of Carbene Complexes wlth Lewls Adds 

1 .  Preparation of neutral carbyne complexes 

When solutions of pentacarbonylalkoxy(organy1)carbene complexes of chromium, 
molybdenum, or tungsten at  low temperatures are treated with one of the trichlorides, 
tribromides or triiodides of boron, aluminium, or gallium, the alkoxy substituent and a 
CO ligand are split off and trans-halogeno( tetracarbony1)nrganylcarbyne complexes 
are formed (equation 1). The nature of the substituent R does not affect the type of 

M=Cr. Mo,W; M’=B,Al,Ge; X=CI,Br, I 

products. This reaction is therefore a general route for the preparation of neutral 
carbyne complexes with a wide variety of substituents R ;  R may be an a l k ~ l ~ . ~  or aryl 
group (even chloro- and amino-substituted ones)6.8, a vinylic9 or acetylenicIO group, a 
m e t a l l ~ c e n e * ~ ~ ~ ~ ~ ’ ~ . ’ ~ ,  an amino groupIS, or a silyl groupI6. Although in most cases 
boron trihalides can be used as Lewis acids for these reactions, the graduated reactivity 
of the halides of aluminium or gallium sometimes offers preparative 
advantagess*’ l . l 3 . l 7 .  

Instead of alkoxy groups, other substituents at the carbene carbon atom, such as 
amino18, thio19, siloxy20, or acetoxy2’ groups, can act as leaving groups in the reaction 
with Lewis acids. Since carbene complexes bearing these substituents either are less 
easily prepared than alkoxycarbene complexes or are derived from them, there are 
generally no advantages in using them for the preparation of carbyne complexes. 

Reaction of cis-phosphine(tetracarbony1) carbene complexes leads to the formation 
of mer-halogeno(phosphine)tricarbonylcarbyne complexes for the incoming halogeno 
ligand still enters the position frms to the carbyne (equation 2). The same is true for 
cis-arsine-and cis-stibine-substituted carbene complexes22. 

A slightly different reaction is observed when BF3 is used as the Lewis acid. In this 
case, no rram-fluorocarbyne complexes are formed, but a BF4 group enters the 
from-position at  the metal2L2s (equation 3). 

Dicyclohexylcarbodiimid (DCCD) is widely used for condensation reactions. O n  
reaction with hydroxycarbene complexes of chromium, the corresponding symmetric 
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oc YMe3 

(2 J 
oc co 

r oc L 

+ co + ... (3) 
L 

M= Cr, W; L =  CO, PMea; R = alkyl, aryl 

anhydrides [(CO)SCrC(R)-O-C(R)Cr(CO)S] are obtained26. From the analogous 
hydroxycarbene complexes of tungsten, however, carbyne complexes are formed 
(equation 4). These complexes have the same elemental composition as the 
anhydrides; a metal acylate moiety is ligated trans to the carbyne ligand, however27. 
The mechanism of this reaction is believed to be similar to that of the syntheses of 
carbyne complexes with Group I11 halides (see Section I.A.3). 

M=Cr. W; R. R '=  alkyl, aryl 

2. Preparation of cationic carbyne complexes 

If rranr-substituted carbene complexes containing ligands which have a greater 
u-donorln-acceptor ratio than CO (e.g. PR,, AsR3, SbR328, or a n-aromatic 
~ y s t e m ~ ~ ~ ' )  are reacted analogously to equations 1 and 3, neutral carbyne complexes 
are no longer formed. These ligands remain in the product complex. Only the 
heteroatom containing substituent is removed from the carbene carbon and cationic 
carbyne complexes are formed (equation 5 ) .  The use of the former reaction (equation 
5) is limited by the fact that tram-substituted carbene complexes are difficult to 

Y= P, As, Sb; X=  F. CIS Br 

separate from their cis-isomers. The latter reaction (equation 6) seems to be more 
general (R = ary129-30 or sily13* groups). The preparation of the carbene complex 
precursors, however, is limited to a smaller variety of R groups compared with 
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; X = C I . F  30.31 M = C r :  n=E2' ;  Mn, Re: n = 5  

pentacarbonylcarbene complexes. A unique type of cationic carbyne complex is 
obtained either when pentacarbonyldialkylamino(e3thoxy)carbenechromium is reacted 
with boron trihalides's*32 (equation 7). or when pentacarbonyldimethylamino(chloro)- 
carbenechromium is treated with silver salts32 (equation 8) .  Up to the present, this 

X=CI. F 

Q =  BF4. PF6 clod 

is the only carbyne complex with a rruns-CO ligand. X-ray structural analysis33 shows 
that the Cr-C bond of the trans-CO ligand is labilized, despite some delocalization of 
the positive charge to the nitrogen atom. Therefore, it is probable that complexes 
of this type with simple alkyl or aryl substituents at the carbyne carbon atom 
cannot be isolated. 

3. Reaction mechanism 

The mechanism of the reaction of carbene complexes with Lewis acids according to 
equations 1-8 involves initial addition of the Lewis acid to the heteroatom bound to 
the carbene carbon. The heteroatom-containing substituent is thus transformed to a 
bettcr leaving group and splits off, e.g. equation 9. In the remaining cationic carbyne 

complex, the positive charge is localized principally on the metal atom. This increased 
positive charge at the metal decreases back-bonding to the ligands. particularly to the 
trotis-ligand L. Weakening of the back-bonding does not greatly affect ligands L with a 
high a-donor/n-acceptor ratio; therefore, cationic carbyne complexes with those 
ligands can be isolated. However. if thc a-donor/n-acceptor ratio falls below a certain 
limit. thc bond is broken and the ligand is replaced by a more suitable one, e.g. 
equation 10. Only the aminocarbyne ligand offers a possibility for charge 
delocalization into the carbyne ligand, reducing the positive charge at the 
(equation 1 I ) .  Therefore, cationic pentacarbonylaminocarbyne complexes can be 
isolated. Whether the steps in reactions 9 and 10 are concerted or not cannot be 
decided in niosr cases. I n  the reaction of pentacarbonyldiethylamino(ethoxy)carbene- 
chromium with boron trichloride, pentacarbonyldiethylamino(chloro)carbene- 
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[(CO)s&rfC-NR;J - [ ( cO)5Cr=C=N R2] (11) 

chromium can be isolated"; this rearranges to give frans-chloro( tetracarbony1)diethyI- 
aminocarbynechromium (see Section l.B). The  intermediacy of halo(organy1)carbene 
complexes in the reaction of carbene complexes other than amino-substituted ones is 
still in question. 

B. Rearrangement of Carbene Complexes 

A small number of pentacarbonyl carbene complexes of chromium rearrange 
spontaneously by loss of a CO ligand to give trans-substituted carbyne complexes. 

X=CI, Br. SnPhg 

Whether this reaction occurs or  not depends on the nature of the group X. U p  to now, 
it has been observed only for aminocarbyne complexes of chromium with X = C1, 
Br3s, and SnPh336, but not with X = F35, CN. SCN36, or  SiPh337. Kinetic 
 investigation^^^.^^ have shown that the rearrangements follow a first-order rate law and 
that free CO does not influence the reaction rates. Which properties of the group X 
are required for  this intramolecular reaction is at present unknown. The intermediate 
occurrence of halocarbene complexes has bcen postulated for the reaction of 
hydroxycarbene complex anhydrides with tetraalkylammonium halides. The reaction 

[(CO)=,Cr-C(R)-],O + [NRblX - 
f r a n ~ - X ( C 0 ) ~ C r _ C R  + [NR&][(CO),CrC(O)R] + CO (13) 

R = aryl; R' = alkyl  

depends strongly on the electronic propertics of the group R.  The 
p-CF,C6H4-substituted carbene complex is cleaved by both bromide and iodide, and 
the phenyl-substituted one only by iodide. However, no reaction occurs with the 
p-tolyl-substituted complex o r  between any of these complexes and 
tetraalkylammonium chlorides39. The first step in these reactions may involve clcavage 
of one carbene carbon-oxygen bond to give a metal acylate and a halocarbene 
complex; the latter would then rearrange according to equation 12. 

Another carbyne complex synthesis, probably involving the rearrangement of an 
intermediatc carbene complex (which was observed ir spectroscopically), is the 
reaction of a metal acylate with dibrom~triphenylphosphane~" (equation 14). 



238 Ulrich Schubert 

C. DeQrotonatlon of Carbene Complexes 

A variety of carbene (alkylidene) complexes of the early transition metals were 
prepared by Schrock et of. 5; these complexes exhibit different chemical behaviour to 
that of the transition metal-carbonylcarbene complexes discussed so far. Hydrogen 
atoms attached to the carbene carbon of these complexes can be abstracted by bases to 
give carbyne complexes. When trimethylphosphine is added to a solution of 
[ (q5-C5R5)TaCI(CHR)(CH2R)], the carbyne complex [ (q5-CsRs)(PMe3)2TaCI(CR)] 
is formed (equation 15)41. It is believed that PMe3 accelerates abstraction of the 

R =H, R'=CMe3; R =Me, R'=CMe3. Ph 

a-hvdrogen on the carbene ligand by the alkvl ligand. Similarly, 
[(qS-C5Hs)Cl2Ta = CHCMe3] can be deprotonated by Ph3P = CH2 in the presence of 
an excess of PMe3 to give [ (q5-C5H5)(PMe3)2TaCI(CCMe3)]41. 

When [(qS-C5H5)TaCI(CH2Ph)3] is reacted with PMe3, the complex [(q5-C5H5)- 
TaCI(PMe3)(CHzPh)3] is formed, which on heating also yields the tantalum carbyne 
complex41 (equation 16). Whether this reaction proceeds via a carbene complex has 

((r15-C5H5)TaCI(CH2Ph)3] + 2 PMe3 - 2 CH3Ph + 

not been proved. However, since carbene complexes of tantalum have been prepared 
by deprotonating the a-carbon atom of an alkyl ligand, this assumption seems 
reasonable. 

This reaction principle was extended to Group VI transition metals. If either wc16 
or MoCIS is reacted with 6 or 5 mol of LiCH2CMe3, the readily dissociable complexes 
[(Me3CCH2)3MCCMe3]2 (M = W, Mo) are formed. Heating the tungsten complex 
with trimethylphosphine or bis(trimethy1phosphino)ethane gives an unique type of 
complex which contains alkyl, carbene, and carbyne ligands within the same m~lecu le '~  
(equation 17). 

+(PP) wc16 + 6LiCH2CMe3 - f[(Me3CCH2)3WCCMe31z - 
[ (PP)W(CH2CMe3)(CHCMe3)(CCMe3)] (17) 

(PP) = 2PMe3, Me2P-CH2CH2-PMe2 

II. MODIFICATION OF CARBYNE COMPLEXES 

A. Modlflcatlon of the Carbyne Llgand 
In principle, unsaturated or functional groups within the carbyne ligand offer the 
possibility of synthesizing new types of carbyne complexes by making use of the 
reactivity of these groups. Up to now, however, only one such example is known. If 
rruns-halogeno(tetracarbonyl)phenylacetylenylcarbynetungsten is treated with 
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rrans-[X(C0)4W3C-EC-Ph] + HNMe2 - 
X = C1, Br, I 

rruns- [ X(CO),W=C-CH=C(NMe2)Ph] (1 8) 

dimethylamine, the amine adds to the organic triple bond (equation 18). In the 
carbyne complex formed, the carbyne carbon is substituted by an enamine moietyl0. 

8. Substttutton ot Llgands 
in a given series of carbyne complexes the ligands cis or trans to the carbyne moiety 

strongly influence the stability of these complexes. For example, the stability of 
trans-X(C0)4MCR (M = Cr, Mo, W) increases from X = CI to X = I and 
X = carbonylmetallate (equation 19). Further, cis-phosphine- or similarly substituted 

t r ans - [X(C0)4M~CR]  + Y- - r r~ns- [Y(C0)~M=CRl  + X- (19) 

X = CI, Br. M = Cr, Mo, W: Y = Br, I, (CO)5Re, (CO)5Mn. 

carbyne complexes are more stable than cis-CO-substituted complexes. If, for stability 
or any other reason, substituted carbyne complexes are desired, the preparation of the 
most accessible carbyne complex and subsequent substitution of ligands is often the 
method of choice. In some caws it is the only method of preparation available. It has 
been shown that a variety of such ligand-exchange reactions can be performed without 
affecting the carbyne moiety. 

Although trans-iodo-substituted carbyne complexes can be synthesized according to 
equation 1, the iodides required for this reaction are less easily handled than the 
chlorides and bromides. Therefore, it is better to prepare the trans-chloro- or 
trans-bromo-substituted complexes and then to exchange the chloro or  bromo ligand 
for iodide by treatment with Li19-11.16.43 (in the same way, the chloro ligand can be 
exchanged for bromide). Analogously, the halide can be substituted by a carbonyl 
metallate, yielding carbyne complexes with metal-metal  bond^'^.^^ (equation 12). 

When trans-halogeno(tetracarbony1)carbyne complexes are reacted with 
NaCSHs16.44 (or lithium indenide16), not only the halide, but also two CO ligands are 
replaced by the n-aromatic ligand. Better leaving groups than halides are 

M = W: Y = ($-CSH~)(CO)+IO, ($-CsHs)(CO)3W 

t r~ns - [ (CO)~M-  C(R)] (M = Cr, W)27 (see equation 4) and BF423*25 groups (see 
equation 3). BF4 is the most labile ligand and can be substituted by neutral or anionic 
groups, yielding cationic or neutral carbyne complexes (equation 21). The trans ligand 

+ x-. L = co 
tranS-(X(C0)4MGCR] 4 -BF, 

oc co 

M=Cr,  W; L=CO, PMe3; X-=SCN-. CN-25; Y=H2O, 

PPh323, *' 
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cannot be replaced as easily in cationic carbyne complexes (see Section I.A.2) as in 
neutral complexes (see Section I.A.3). So far. only pcntacarbonylaminocarbyne 
complexes (equation 11) are accessiblc to such substitutions. On reaction of 
[ (CO)=,CrCNMe2]BF4 with tricthylphosphinc (hv) or tetrabutylammonium iodide the 
rruns-CO ligand is split off and ~ ~ u ~ ~ - [ P E ~ ~ ( C O ) ~ C ~ C N M ~ ~ ] B F . ,  or 
Irons-[ I(C0).,CrCNMe2] is formed3*. 

In neutral rruns-halogeno(tetracarbony1)carbyne complexes, one or two CO ligands 
are easily substitutcd whcn solutions of these complexes are treated with donor 
molecules (L) such as pyridine, o-phenanthroline, YPh3 (Y = P, As, Sb), 
r-butylisonitrile, o r  triphenyl phosphite at temperatures between +20 and - 20 0C45 
(equation 22). Bis(dipheny1arsino)methane enters the complex as a monodentate 

oc L 
\ /  

Br-M -CPh 
/ \  

oc co 

oc co 
\ /  

M=Cr, W 

- co 
+ L  
- 

oc L 
\ /  

Br--M=CPh 
/ \  
L co 

ligand46. Depending on the nature of M and L, only monosubstituted complexes, or 
only  disubstituted complexes, o r  both can be isolated. When disubstituted complexes 
are formed, the two L ligands are in irons-positions for L = P(OPh)3, whereas they 
are in cis-positions for all other L. 

The kinetics of the monosubstitution reaction was studied for a variety of 
triaryl-substituted phosphines, arsines, and stibines4’. It was shown that dissociation of 
a CO ligand is the rate-determining step, and that the rate of reaction does not depend 
on the nature or concentration of L. Under a high CO pressure this substitution is 
partially reversible. 

111. SYNTHESES FROM THIOCARBONYL AND ISONITRILE COMPLEXES 

Thiocarbonyl and isonitrile complexcs can be protonated, alkylatcd, arylated, or 
acylated at sulphur or nitrogen to give CSR or  CNR2 ligands. However, this method 
for the preparation of carbyne complexes is usually restricted to those complexes 
which are sufficiently electron rich to allow electrophilic attack at the heteroatom. No 
examplc is known of a similar reaction at the oxygcn atom of a CO ligand. 

A. Syntheses from Thlocarbonyl Complexes 

When cis-[ W(CO)(CS)(dp~e)~][dppe = bis(diphenylphosphino)ethaneJ or rrum- 
[ I(C0)4WCS]NBu4 are reacted with methyl fluorosulphonate, triethyloxonium 
tetrafluoroborate. or anhydrides of acids, an alkyl or acyl cation adds to the sulphur 
atom and cationic or neutral carbyne complexes are obtained4* (equation 23). 

[ W(CO)5CS]. [ W(C0),(CS)(PPh3)J, and [ W(CO),(CS)dppe] are not elcctron rich 
enough to give similar carbyne complexcs. Protonation of W(CO)(CS)(dppe)2 with 
trifluoromcthylsulphonic zcid does not yield a carbyne complex but a hydride 
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[LL’4WCSI + R’ - [LL>W=CSR] 

24 1 

(23) 
L = CO, L; = dppe, R+ = Me, Et; 
L = I-, L’ = CO. R+ = Me, C(O)Me, C(0)CF3 

complex. Surprisingly, [(II’-C~H~)~(PP~,)(CO)(CS)I] was found to react with 
phenyllithium to give the carbyne complex [(q5-C,H,)W(PPh,)(CO)(CSPh)]49. A 
direct nuclcophilic attack of Ph- o n  the sulphur seems unlikely and a 
charge-transfer-radical mechanism is suggested. 

B. Syntheses from lsonltrlle Complexes 

When trans-[ ReCl(CNMe)(dppe)zl is treated with [ Et,OH]BF,, the carbyne 
complex rrum- [ ReCl(dppe)2(CNHMe)]BF4 is formed”. Extensive experimental 
and mechanistic details are available for protonation of trans-[ M(CNR),(dppe),]- 
(M = Mo, W) with strong acids such as  HBF4, HiS04, HBPh4, HCI, HBr, HS03F, 
and HS03CI (Scheme 1). Depending on the solvent used and the rate of addition of 
acid, a hydrido, hydridocarbyne”, monocarbyne, or dicarbynes2 complex is formed. A 
study of the interconversion of these complexes showed the initial site of the reaction 
to be the isonitrile nitrogen5’. 

R = Me, t.Bu, M = Mo, W 

SCHEME 1 

AS judged from their spectra, the dicarbyne cornplcxes should be regarded as 
bis(imin0carbene) compounds, with double rather than triple metal-carbon bonds 
and their positive charges located at both nitrogen atomss2. These complexes can be 
further protonated by HBF4 to give [ M(CNH,MC)(CNHM~>(~~~~)~](BF~)~~’. 

Trans-[ M(CNR)2(dppe)2] complexes also can be alkylated using MeS03F, Me2S04, 
o r  [Et’OIBF,. In contrast to  the protonation reaction, no dialkylated species could be 
observed. The initially f a m e d  complexes trans[M(CNRMe)(CNR)(dppe)2]X 
isomerize in CH2C12 solution to give thc cis-complexes. 

W. MISCELLANEOUS SYNTHESES 

In benzene solution and also in the solid state, the vinyl complex 
[ ($-C5Hs)[ P(OMe)3]3Mo-CH=CH--’Bu] undergoes an unusual rearrangement to 
form the carbyne complex [ ($-CSH5j[P(OMe)3]2Mo-C-CH2-’Bu] with loss of 
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P(OMe)3SS. The rearrangement is suppressed by the presence of free trimethyl 
phosphite, suggesting the requirement of a vacant coordination site for the H shift to 
occur. When [Sn(TPP)CIzl is heated with [Rez(CO)lO] at 160 "C for 240 h, the 
complex [Sn(tpp){C=Re(C0)3} J is formed (tpp = 5.10.1 5,20-tetraphenyl- 
porphyrinato)s6. 
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1. INTRODUCTION 

Progress in the synthesis of alkyl and aryl derivatives of transition metals has occurred 
in a stepwise manner. Early attempts to prepare such complexes, analogous to 
Frankland’s ZnEt,, were largely unsuccessful. A few thermally stable compounds such 
as [ PtIMeJ4 and [AuBrEt2I2 were isolated and their coordination chemistry was 
studied in detail, but more usually only organic decomposition products and transition 
metals or reduced metal species were obtained’. 

In the next step forward, it was found that thermally stable alkyls could be prepared 
if other ‘stabilizing’ ligands were present. Typical stabilizing ligands were qS-CSHS, 
CO, or PR,. and examples of such complexes are [ T ~ P ~ ~ ( $ - C S H S ) ~ I ,  [MnMe(CO)S], 
and cis-[ PtEt2(PMe3)2]2.3. The role of the ‘stabilizing’ ligands was not correctly 
interpreted at that time, but a great number of complexes were prepared and many of 
the characteristic reactions and general preparative methods were established. 

More recentiy, emphasis has been placed on the synthesis of binary complexes such 
as ReMe,, W e 6 ,  and TaMeS, compounds containing metal-metal bonds such as 
[ Moz(CH2SiMe3),], and compounds containing metallacyclic rings such as 

[Ti(CH2CMe2CH2)(qS-CsHs)2]. Much of this research has been stimulated by the 
realization that the M-C bond is generally strong in the thermodynamic sense, and 
that the successful synthesis of a transition metal alkyl derivative often relies on 
blocking decomposition pathways having low activation energies. The /?-elimination 
mechanism of decomposition is often particularly facile, and the use of bulky alkyl 
groups having no fl-hydrogen atom (such as  Me3CCH2--, Me3SiCH2--, (Me3Si)2CH- 
and Me2PhCH2-) or  in which fl-elimination would give an intermediate of high 
energy (such as norbornyl, adamantyl, o r  butane-1,4-diyl groups) has led to the 
synthesis of a very large number of simple alkyl-transition metal complexesq-6. 
However, facile decomposition by a-elimination, reductive elimination, or other 
mechanisms may still occur and frustrate logical synthesis. 

A further area of interest has been synthesis by unusual methods, for example, by 
the reduction of a carbonyl ligand progressively to formyl, hydroxymethyl, and methyl 
ligands. These more recent advances will be emphasized in this account of the 
synthesis of alkyl and aryl derivatives of transition metals. The review cannot be 
comprehensive and emphasis will be placed on synthetic methods, illustrated by 
selected examples. As a further restriction, syntheses in which subsidiary ligands are 
displaced to give new alkyl dcrivatives, but in which the alkyl metal bond is not 
affected, will be omitted. 

I 1 

II. SYNTHETIC METHODS 

A. Synthesis by Alkyl Transfer Reactions 

This is the most widely used method for the synthesis of alkyl and aryl derivatives of 
transition metals. The most frequently uscd reagents are alkyllithium or Grignard 
reagents but many other alkyl-metal compounds are useful, notably dialkylzinc, 
dialkylmercury, or tetra-alkyltin derivativcs, with which milder alkylating agents are 
required. 

1. Methyl derivatives 

Tetramethyltitanium can be prepared at -78°C under an inert atmosphere by 
reaction of TiCld with methyllithium in diethyl e t h ~ r ’ . ~  (equation 1). The product and 
ether co-distil from the reaction mixture under vacuum at -30°C and decomposition 
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[TiC14] + 4 MeLi - [TiMe4] + 4 LiCl 

occurs at around room temperature. However, the pure yellow [TiMe4] decomposes 
at about -70°C and is very air sensitive. Tetramethylzirconium can be prepared in a 
similar way8. 

With excess of methyllithium, 'ate' complexes can be prepared. These are ionic in 
solution and examples include Li[TiMe5J.2(dioxane), Li2[ZrMe6], and Li[TiMe4R]L, 
where R = Ph, Bz and L = N- or 0-donor ligand9-". 

Examples of all species [TiX,,Me4-,,] are known, where X = halide, alkoxide, o r  
dialkylamide. They are usually prepared using mild alkylating agents such as  
dimethylzinc, trirnethylaluminium, or tetramethyllead with TiX4. For example, TiC14 
with Me3AI gives [TiC13Mel and TiBr4 with Me2Zn gives [TiBr3MeJ2. Alternatively. 
stoichiometric reactions with methyllithium can give the same complexes. The 
products become progressively less stable, and hence more difficult to isolate, as more 
methyl groups are attached to titanium and thermal stability can be increased by 
addition of ligands such as 2,2'-bipy~idine'~-'~. Dimethylzinc reacts with ZrC14 to give 
[ ZrCI3Me] o r  [ ZrC12Me2] 16. 

Complexes of the Group IVA metals in lower oxidation states have proved difficult 
to prepare. For example, [TiCl,(thf),] in ether reacts with LiMe to give a solution 
thought to contain [TiMe,], whereas in pyridine solution a blue complex 
[TiC12Me(py),] is formed that can be isolated' * 1 8 .  

Probably the most closely studied methyl derivatives of Ti, Zr, and HF are the 
cyclopentadienyls [ MMe2($-C5H5)2] and [ MCIMe($-C5H5)2]. These can be 
prepared according to equation 2. These complexes decompose slowly at room 
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(1) 

€ 1 2 0  
[TiC12(q5-C,H5)2] + 2 MeLi [TiMe2(r15-C5H5)2] + 2 LiCl 

[TiCIMe(QS-C5H,) 21  

temperature and (when M = Ti) can be handled in air, and arc therefore much easier 
to prepare and study than the binary methyl derivatives. Derivatives of Ti, Zr, and 
Hf are known, as well as related $-indeny1 and $-pentamethylcyclopentadienyl 
c ~ m p l e x e s ' ~ - ~ ~ .  

Complexes containing one $-C5H5 ring, such as [Tih?e3(q5-C5H5)], and compounds 
with the metal in a lower oxidation state are less stable thermally and more sensitive to 
oxygen. They may be prepared in solution by reaction of methyllithium or  MeMgX 
with the corresponding cyclopentadienyltitanium halide. With excess of Grignard 
reagent the anionic [TiMe2(q5-C5H&- appears to be f ~ r m c d ~ ~ . ~ ~ .  

The best studied alkyl derivatives of the Group V elements are those of niobium and 
tantalum. Partially methylated derivatives were prepared by reaction of the 
pentachlorides with d i r n e t h y l z i n ~ ~ ~ ~ '  (equation 3 and 4). The compounds NbMeC14 
and TaMeC14 can be prepared in reasonable purity by the rcdistribution reaction 5. 
The monomethyl derivatives of niobium and tantalum can also be prepared using the 
very mild rnethylating agents HgMez or SnMe4 with the corresponding pentahalide. 
They readily form 6- and 7-coordinate complexes on reaction with donor ligands2'. 

NbC15 + ZnMe2 - ZnCl2 + [NbMe2C13] (3) 

TaCI, + 1.SZnMe2 - 1.5ZnC12 + [TaMe,Cj2] (4) 

[NbMe2C13] + [NbCls] - 2[NbMeC14] ( 5 )  
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Pentamethyltantalum is a volatile solid formed by further methylation of 
[TaMe3CI2] by methyllithium. It decomposes only slowly in solution at room 
temperature, but the corresponding [NbMed, which apparently can be formed at low 
temperature by similar methylation of [ NbMe2C13], dcconiposes a t  around -20°C and 
has not been fully characterized”. Further methylation to ‘ate’ complexes such as 
Li2[TaMe7] may also occur. The methyltantalum complexes are particularly 
significant as precursors of rnethylene complexes of tantalum such as 
[Ta(=CH2)Me(q’-CSH~)2], the chemistry of which has proved to be exceptionally 
i n t e r e ~ t i n g . ~ ~  

LCrC13(thf)3] + Me3AI [CrMeClz(thf)3] (6) 

[WC16] + 6Me3AI - [WMe6] + 6AlMe2Cl (7) 

Alkylaluminum compounds are used to prepare alkyl derivatives of chromium and 
t ~ n g s t e n ~ ’ . ~ ~  (equations 6 and 7). Hexamethyltungsten is a volatile solid, and synthesis 
by the above method requires trace amounts of oxygen to be present. It is potentially 
explosive. Methyllithium is able to form ‘ate’ complexes with thc Group VI elements. 
For example, reaction with CrC13 gives [ Li( 1,4-dioxane)]~[ CrMe6] which contains 
octahedra! chromium(II1) centres, and CrCl2 gives [ Li(thf)14[ Cr2Mes], which contains 
a Cr-Cr quadruple bond33.34. The corresponding anion [Mo2MesI4- is also 
known3s. Metal-metal multiple bonds are a feature of the organometallic chemistry 
of molybdenum and tungsten, and triple bonds are present in the complexes 
[ M2Mez(NR2)4]36.37 (equation 8). 

[ M O ~ C ~ ~ ( N M ~ ~ ) ~ ]  + 2MeLi - [ MozMez(NMe2)4] (8) 

Rhenium(II1) also forms quadruple bonds and the methyl derivative 
[Li(thf)],[Re,Me*] is a good examplc. It can be prepared by reaction of [ReCls] with 
methyllithium. Wilkinson has characterized many other rhenium-methyl derivatives 
and a particularly interesting sequence of reactions is shown in equations 9-11, 
illustrating the high methylating powcr of methyllithium. Attempts to prepare ReMe, 
have been unsuccessful. Complexes with methyl groups bridging between rhenium 
atoms can also be prepared (equation 12). A structurally characterized example is 
[ Re3Me9(PEtzPh)2], i i i  which each rhenium is bound to two terminal methyl groups 
and two p2-methyl groups. This chemistry has been reviewed briefly38. 

[ReOC14] + MgMeBr - [RcOMe4] (9) 

[ReOMe4] + AIMe, - [ReMe6] (10) 

[ReMe,] + 2LiMc - Liz[ReMee] (11) 
L 

[Re3(&] + MgMe2 - {Re3Me9), - [Re,Me&20,3I (12) 

Manganese(I1) forms thc polymeric [(MnMez),,] by reaction of Mn12 with 2 mol of 
methyllithium. and with cxcess of mcthyllithium the ‘atc’ complex 
[ Li(Me2NCH2CH2NMe2)]z[ MnMe4] is formed. These complexes have not yet been 
structurally characterized3‘. 

With the Group VIII elements mcthyllithium is again sufficiently reactive to give 
‘ate’ complexes and somc examples include [ FeMc4I2-, [CoMe4I2-, [NiMe412-, and 
[ PtMe612- 4(H2. However, the more important derivatives contain neutral ligands in 
addition to methyl groups. These are too numerous to treat in detail and only 
representative syntheses will be given. Mcthyllithium is still thc preferred methylating 
agent and reacts, for example, with [RhCI(PPh3),] to give [RhMe(PPh3)J. The similar 
cobalt complex is also known, and both decompose at room temperature by loss of 
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methane4,. This method was also used by Chatt and Shaw and by Coates to prepare 
methylplatinum(I1) and methylpalladium(I1) complexes such as cis-[ PtMe2(PEt3)2] 
and [ PdMe2(2,2'-bipyridine)]. Several reviews of this work have been publishedu6. 
Whereas methyllithium reacts with cis-[ PtC12(PEt3)2] to give cis-[ PtMe2(PEt&], 
methylmagnesium chloride only gives the monomethyl derivative 
trurzs-[ PtC1Me(PEt3)2]. 

Another useful synthetic method involves the reaction of [AIMelOMe] with a metal 
acetylacetonate and neutral ligand. The methyl-metal complex is the only insoluble 
product and so is easily isolated. This method has been used to prcparc complexes 
such as [NiMc2(2,2'-bipyridine)] and [ FeMe2(2,2'-bipyridin~)~] as well as  many 
methylcobalt complexes which cannot easily be prepared by other  method^^^-^^. 

2. Alkyl derivatives with /?-hydrogen atoms 

The synthetic procedures for the synthesis of ethyl, propyl. butyl, and similar 
derivatives are essentially identical with thosc described for the methyl derivatives. 
The chief difference is that, when /I-hydrogen atoms are present, thermal 
decomposition often occurs easily and hence the syntheses arc much less likely to yield 
stable products. 

The only derivatives known which do  not contain 'stabilizing' ligands are [Cr('Bu)J, 
[Cr(Pr'),] and salts of [M(Bu')J-, where M = Sm, Er ,  o r  Yb. The rcmarkable thermal 
stability of the chromium species is thought to be due to a cog-wheel effect whereby 
the interlocking r-butyl or i-propyl groups are rigidly held in a conformation in which 
/I-elimination is not  possible. The complex [ Cr(Bu'),] is prepared from [ C ~ ( O B U ' ) ~ ]  
and BU'L~'~ ' ' .  

A very stable series of complexes, M&, can be prepared from bridgehead ligands, 
R = I-norbornyl or 1-adamantyl. These are unable to /I-eliminate owing to the very 
unfavourable conformational strain which would be necessary. Thc compounds are 
usually prepared using the corresponding organolithium reagent. and a suitable metal 
halide or alkoxide. Examples include [Ti (n~rbornyl )~]  and [ Cr(adamant~l)~] ,  
prepared from [ C ~ ( O B U ' ) ~ ]  and the adamantyl Grignard reagcnt53-s5. 

3. Alkyl derivatives without /?-hydrogen atoms 

These now constitute an increasingly important class of compounds. Thc absence of 
/I-hydrogen atoms and the bulk of many of these groups togcther lead to remarkable 
thermal stability of many such compounds. Typical alkyl groups in :his class are 
PhCH2--, Me3CCH2--, Me3SiCH2-, (Mc,S~)~CH--, PhMe3CCH2--, and 
adarnantyl-CH2-. Some syntheses are illustrated in equations 13-1 5"-". With the 

[Ticla] + 4PhCH2MgCI - [Ti(CH2Ph)4] + 4MgC12 (13) 
TaCI, + 1 .5Zn(CH2CMe,)2 - TaC12(CH2CMe3)3 + 1 .5ZnC12 (14) 

V(OPr')4 + 4Li(CH2-adamantyl) - V(CH2-adamantyl)4 + 4LiOPr' (15) 

very bulky (Me3Si)2CH- group only threc alkyl groups can be easily accommodated 
in many cases. typical derivatives bcing TiR3. VR3. and CrR,. Even whcn the synthesis 
involves a titanium( IV) precursor only TiR3 is formed5Y. 

Reduction or a-elimination may be observed when attempts to put niorc than four 
of the smaller neopentyl or trimethylsilylmethyl groups around a metal are made. For 
example, reaction of Me3SiCH2MgCl with [ WCIG] gives the dimer [ W2(CH2SiMe3)6], 
while Me3CCH2Li with [TaCI2(CH2CMe,),] gives the alkylidene derivative 
[(Me3CCH2)3Ta = CHCMe3]60.61. 
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4. Ary/ derivatives 

Aryl derivatives are most commonly prepared by transmetallation reactions using 
aryllithium or Grignard reagents. Phenyl derivatives without stabilizing ligands are 
typically less stable towards thermolysis than neopentyl and related derivatives but 
considerably more stable than ethyl derivatives. For example [TiPh4] can be prepared 
in the usual way at low temperature and can be isolated. but decomposes rapidly at 
room temperature62. 

Mesityl derivatives may have higher thermal stability owing to increased bulk or  the 
absence of /I-hydrogen atoms. Thus MR., with R = mesityl and M = Ti, V, or Cr  are 
all thermally stable. Under suitable conditions mesityllithium and chromium halides 
may give LiCrR4,4thf, LiCrR3.dioxan.Et20 or Li,CrR4-thf, all of which can be 
i ~ o l a t e d ~ ~ . ~ ~ .  

Another useful technique is to use an aryl ligand with a donor substituent in the 
orrho-position, so that chelation can occur and hence stabilize the compounds. For 
example, [ AuCI(AsPh3)] with Li-o-C6H4CHzNMe2 gives [ Au+C6H4CH2NMe2],, 
which exists as an oligomer, and many related complexes can be prepared by similar 
 method^^^.^. 

5. Metallacyclic compounds 

Metallacycles are often prepared from a metal halide and a difunctional 
organolithium or  Grignard reagent. For example, cis[ PtCIz(PPh3)J with Li(CH2),Li 
gives [Pt(CH2),(PPh3)2], withn = 4-667.68. The reaction is not  successful whenn = 3, 
perhaps because the produc: would be strained. These compounds are resistant to 
p-elimination but, in some cases, metallacyclopentanes decompose easily by 
carbon-carbon bond cleavage to give ethylene. Examples in which this mode of 
decomposition is sufficiently facile to make handling of the metallacycle difficult 
include [Ti(CH2)4(qS-C5HS)z] and [ Ni(CH2)4(PPh3)2]. The syntheses are then carried 
out at low t e m p e r a t ~ r e ~ ~ * ' ~ .  

More stable derivatives may be obtained when the P-carbon or  p-hydride 
elimination is more difficult. For example, metallacycles formed from the Grignard 
reagent o-C6H4(CH2MgC1)2 have high thermal stability, an example being 

[ Zr(CHz-o-C6H4-CH2)(qs-C5Hs)2], as have derivatives prepared from the 
dilithiurn reagent LiCPh=CPh-CPh=CPhLi7'. 

B. Synthesls by Oxldatlve Addklon 

1.  Oxidative addition of alkyl halides 

Oxidative addition has been used principally in synthesis from complexes having the 
d a  or dIo electron configuration at the metal centre. One of the first such reactions 
involved oxidative addition of methyl iodide (equation 16). Here a d8  square-planar 

platinum(I1) complex is converted into a d 6  octahedral platinum(1V) complex, with 
formation of new methylplatinum and iodoplatinum bonds. Iridium (I) complexes are 
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even more reactive, and most alkyliridium complexes known have been prepared by 
this method7* (equation 17). 

Complexes with d'O configurations are typically converted into square-planar d8  
complexes, often with ligand d i ~ p l a c e m c n t ~ ~ . ~ ~  (equation 18). The reactions occur 
more readily for third-row elements (e.g. Ir' > Rh' > Co') and complexes in lower 
oxidation states are more reactive towards oxidative addition (e.g. Irl > PtI'). The 
reactivity is also greatly influenced by the donor power and steric bulk of ancillary 
ligands attached to the metal, and these factors may all be significant in synthetic 
procedures. Alkyl iodides are more reactive than bromides or chlorides. In general, 
methyl and benzyl halides give straightforward oxidative addition reactions and the 
S N ~  mechanism has been established in many of these reactions7s. However, methyl 
halides may react by radical mechanisms in some cases74. 

[ Pt(PPh,),] + Me1 - !runs-[ PtIMe(PPh3)J + 2PPh3 (18) 
Many other alkyl halides appear to add oxidatively to metal complexes by 

free-radical mechanisms. One consequence of such mechanisms is the loss of optical 
activity on reaction of chiral alkyl halides. An example of such racemization is the 
oxidative addition of chiral CH3CH(C02Et)Br to square-planar iridium(1) 
complexes76. Another consequence of radical mechanisms is that side-reactions, for 
example giving coupling of alkyl groups, may occur in competition with oxidative 
addition. This, of course, decreases the usefulness as a synthetic method. Finally, 
rearrangement of intermediate alkyl radicals may occur, for example 
cyclopropylmethyl to but-3-enyl or  hex-5-enyl to cyclopentylmethyl, and the metal 
derivative of the rearranged alkyl group will then be formed77. 

The complexes [ Rh(CN)J3- and the macrocyclic rhodium(1) complex shown in 
equation 19 are particularly reactive in oxidative addition, and many primary and 

secondary alkyl halides give normal adducts. In addition a,o-dihalides react to give 
binuclear  derivative^^^ (equation 20). In some cases binuclear rhodium(1) complexes 

may be induced to undergo binuclear oxidative addition giving alkylrhodium( II) 
complexes with an Rh-Rh bond. Alkyl derivatives of other metals in unusual 
oxidation states have been prepared by similar (equation 21). 
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[ Rh(p-CNCH2CH2CH2NC)4Rh]C12 + Me1 - 
[ M~R~(L(-CNCH~CH~CH~NC)~R~I]CI~ (21) 

p-Methylcne complexes can be prepared by binuclear oxidative addition of 
dihalogenomethanes in some cases8” (equation 22). When the transition metal 
complex is coordinatively saturated, simple halide displacement from alkyl halides 
occurs8’ (equation 23). 
[ Pd2(p-Ph2PCH2PPh2)d + CH2Br2 - [ Pd,Brz(p-CH2)(p-Ph2PCH2PPh2)2] 

(22) 

[Fe (C0)2 (q5-C~Hd-  + CH.d - [ CH3Fe(C0)2(t15-C5Hs)I (23) 

Many anionic complexes behave in a similar way and a reactivity series [Fe(C0)J2- 
> [Fe(CO)z(qS-CsH5)]- > [Ni(CO)(qs-C~H5)l- > [Re(CO)& > 
[W(CO)3(qs-CsHS)- > [Mn(CO)sl- > [M0(CO)drlS-CsHs)- > 
[Cr(CO),(qS-C5HS)- > [Co(CO),]- has been drawn up. The rates of reaction with a 
given alkyl halide vary over many orders of magnitude down this scries82-8S. The 
method has been very widely used in synthesis. It is not  necessary for thc initial 
complex to bc anionic. although anionic complexes are most reactive (equation 24). 

[ Rh(CO)(PMe2Ph)(q5-CsHs)] + Me1 - [ MeRh(CO)(PMe2Ph)(qS-CsH5)]I 
When carbonyl ligands are present, rearrangcment to acyl derivatives by migration 

of the alkyl group on to a coordinated carbonyl ligand can be a complicating factor in 
synthesis“. 

Aryl halides are much less reactive to oxidative addition than are simple alkyl 
halides, but they do react with nickel(0) or palladium(0) complexes (L = PPh3)87.88 
(equation 25). Vinyl halides behave similarly and intermediate alkene complexes have 
been isolated in some cascsR9. 

(24) 

[PdL4] + C6Hs1 - rrans-[PdIPhL2] + 2L ( 2 5 )  

In the above examples thc mctal is oxidized by two units in the oxidative addition. A 
few examplcs are known in which one-electron oxidation occurs, although these are 
seldom used in synthesis sincc the separation of two products is necessary. The 
reactions have been studied in greatest detail for cobalt( 11) and chromium(I1) 
corn plc xe sY0.” (equation 26). 

2[Co(CN)sI3- + MeBr - [COMC(CN),]~- + [ CoBr(CN)sI3- (26) 

2. Oxidative addition of C-H bonds 

This reaction occurs much less easily than oxidative addition of alkyl halides but, 
since i t  is significant in the activation of alkanes. it has been studied in some depth. 

Perhaps the best studied systems are based on [Ir(dmpe)z]+ and [ F e ( d m ~ e ) ~ ] .  The 
iridium complex reacts with acetonitrile to give r rms-  [ IrH(CH2CN)(dmpe)2]+ but fails 
to react with arenesY?. The iron complex is more reactive and reacts reversibly with 
naphthalene 10 give cis-[ FeH(naphthyl)(dmpe)2]. and with many other arenes to give 
analogous products. A C-H bond of acetonitrile. acctonc, or cthyl acetate can be 
added alsoY3. The complex [ R ~ ( d m p c ) ~ ]  undergoes oxidative addition of a C-H bond 
from a methylphosphorus group of the dmpe ligand giving a binuclear ruthcnium(I1) 
complexvJ. 

Another very reactive system is formed by photolysis of [ MH2($-CSH5)2], where 
M = Mo or W. which give hydrogen and. almost certainly, [M($-CSH5)2]. This latter 



6. Synthesis of transition metal alkyl and aryl complexes 253 

will then undergo oxidative addition involving C-H bonds of arenes or  alcohols, or 
undergo self-rea~tion~' .  Zirconocene is similarly reactive and zirconium will insert into 
a C-H bond of tolueney6. These C-H bond activations are thought to occur, at least 
initially, by cis oxidative addition and complexes have now been prepared in which the 
C-H bond is still present but interacts strongly with a transition metal centre, one 
example being the [Fe(q3-cyclooctenyl){P(OMe)3}3]+ cation". A particularly 
interesting example is found in the cluster [ Os3HMe(CO) lo], which is reversibly 
converted in to  [ O S ~ H ~ ( ~ - C H ~ ) ( C O ) ~ ~ ]  in solution. In the methyl derivative a C-H 
bond bridges between osmium centresy8. 

In many cases cyclometallated derivatives are formed by intramolecular oxidative 
addition9g (equation 27). Metallacyclobutane derivatives can be prepared in a similar 
way (equation 28). In many cases the intermediate alkyl is not detected but undergoes 
rapid oxidative additionlw (equation 29). These rcactions give rise to very interesting 
alkyl-transition metal derivatives but they are limited to metal systems which are 
very reactive towards oxidative addition. It has not yet been possible to prepare metal 
alkyls from simple alkanes, although catalytic activation of C-H bonds in alkanes has 
been achieved92. 

I 

[Ir (PMe3I4]+ + [CH2COCH3 1- - 

3. Oxidative addition of C-C bonds 

H 
Me3P ' CH2\ 

/ \  
Me3P 1 CH2 

\ I  / 
Ir /c=o 

PMe3 

(291 

These reactions are more difficult again than C-H oxidative additions. Thcre are 
reports of oxidative additions of the C-CN bond, for example of bcn~~nitr i le~ ' . ' ' ' ,  
but the most important reactions involvc strained carbocyclic compounds. 

Tetracyanocyclobutane or cyclobutenedione derivatives react with platinum(0) 
complexes to give platinacyclopentane~'~~~~~~ (equations 30 and 31). However. there 

CN 

[Pt(C2H4)(PPhJ)21 + NC NcQ.oEt - 
CN 

CN CN 

CN CN 

(30) 
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0 

are no examples of oxidative addition of cyclobutanes without functional group 
substituents. Cyclopropanes are much more reactive and many platinacyclobutanes 
have been prepared in this way1n4*10s (equation 32). A ferracyclobutane derivative has 
been prepared in a similar wayIo6 (equation 33). 

[Pt(C,H4)(PPh3)2] + cN$ 
CN CN 

CN CN 

(32) 

Oxidative addition to platinum(I1) also occurs easily and cyclopropane itself will 
form platinum(1V) metal lacyclob~tanes '~~ (equation 34). Arylcyclopropanes have 
been shown to react at a substituted C-C bond, but the products undergo facile 
isomerization to give mixtures of isomersIo8. 

4. Reactions with metal atoms 

Metal atoms, obtained by high-temperature vacuum vaporization techniques, are 
highly reactive and will undergo oxidative addition  reaction^'^^-^^' (equations 35 and 
36). This technique is described in more detail in Chapter 13. 

Pd(0) + C~FSBT - [ { PdBr(C6F5)} "3  - from-[ PdBr(C6F~)(PPh3)21 
PPh3 

(35) 

Pd(0) + CF31 - [ {PdICF,} .] (36) 

With benzyl halides, the initial product is [ {  PdX(q3-CH2C6HS)},] and ql-benqls 
are formed by addition of phosphine l igand~"~.  The reactions appear to occur by 
free-radical mechanisms, and typical coupling products may also be formed113. 
Interesting n-arene complexes may be formed when the reactions are carried out in 
arene solvents. 

These reactions require sophisticated equipment and attempts have been made to 
generate reactive metals, with chemical properties similar to those of metai atoms, by 



6. Synthesis of transition metal alkyl and aryl complexes 255 

simpler methods. Two promising techniques in this regard involve reduction of 
transition metal halides with potassium to give reactive slurries of Ni, Pd, o r  Pt o r  
electrochemical oxidation of a nickel or  palladium anode in the presence of alkyl 
halides and stabilizing ligands. Either method gives useful synthesis of compounds 
[MXRL,] with M = Ni or  Pd’’“’’’. 

C. Synthesls by Cyclometallatlon 

These reactions may be closely related to some of the intramolecular oxidative 
additions involving C-H bonds described above, but cyclometallations may occur by 
other mechanisms and they are of sufficient importance to justify a section of their 
own. 

Key discoveries were those of Kleiman and Cope and co-workers, who found the 
cyclometallation of azobenzene and of NN-dimethylbenzylamine”6”8 (equations 37 
and 38). In the latter case, and with similar compounds of platinum, the  products are 

usually characterized by addition of ligands or  by substitution of chloride by 
acetylacetonate or other bidentate ligands so a s  to give more soluble monomeric 
c ~ m p l e x e s ” ~ * ~ ’ ~ .  

The above examples illustrate many of the common features of the general 
cyclometallation or orrho-metallation reactions. Most commonly, the  donor atom 
(nitrogen) and the substituted carbon atom form a five-membered chelate ring. Steric 
hindrance appears to promote cyclometallation. Thus, NN-dimethylbenzylamine will 
undergo facile cyclometallation, but benzylamine or N-methylbenzylamine will not 
and form simple complexes with alladium(I1) ~ h l ” i d e l ’ ~ * ’ ’ ~ .  Several reviews on this 
topic have been published12sR2. and the number of ligands which can be 
cyclometallated in this way is very large. Further examples of nitrogen donor ligands 
which are  readily cyclometallated include 2-phenylpyridine, benzo[h]quinoline. 
8-methylquinoline, oximes and hydrazones of aryl ketones, and many more.12L128. 

With tertiary phosphine ligands, the presence of very bulky substituents such as 
tertiary butyl groups is often desirable or necessary in order to induce cyclometallation 
reactions (equation 39). The smaller methyl substituents are less effective than in the 
amine complexes discussed above’29. In the above example, metallation of a methyl 
group occurs but metallation or aryl groups occurs very readily when such groups are 
present’30 (equation 40). Metallation of the tertiary butyl group to give a chelate with 
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~ ' B u ~ P C H ~ C M ~ ~  + 2 PdCJ, - [ Ez4 2 HCI 

BU' 

PdCll 

BU' Q'" p, / BU' - + HCI 

(39) 

(40) 

a four-membered ring occurs in some cases when formation of the more favourable 
five-membered ring is not possible'31 (equation 41). This example also illustrates the 
use of a good 'leaving group' such as hydride or alkyl ligands in enhancing 
cyclometallation. As a more direct illustration, [ RhCI(PPh3)3] is not easily 
cyclometallated, but [ RhMe(PPh3),] and especially [ Rh(CH2SiMe3)(PPh3)3] undergo 
cyclometallation very readilyI3' (equation 42). In reactions of this kind, triphenyl 
phosphite, which gives a five-membered ring on ortho-metallation, is more readily 
metallated than triphenylphosphine which must form a four-membered ring132. 

Sulphur donor ligands such a benzyl thioethers and thiobenzophenones are also 
metallated in many cases133.134 (equations 43 and 44). 

-co 
PhCH,SMe + [MeMn(CO15] - 

Me 
I 

+ CH, (43) 
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R 
\ 

Re(CO), + [HRe(CO)S] &3- (44) 
R 

[MnMe(C0)5] + PhN=N d' * Ph 
I 

(45) 

\ 

2 

These presumably arise as a result of different mechanisms of metallation. It seems 
that manganese(1) acts as a nucleophile and palladium(I1) as an elcctrophile in such 
reactions, but detailed mechanisms are difficult to elucidate in many cases. It is often 
assumed that, when the metal acts as a nucleophile, the reaction occurs by an oxidative 
addition-reductive elimination sequence at the metal centre. The mctallation then 
occurs as  shown for oxidative addition of C-H bonds, discussed above. Whcn the 
metal acts as an electrophile, a mechanism akin to electrophilic aromatic substitution 
may operate. In the absence of a donor site on thc arene, such electrophilic aromatic 
substitution occurs easily with gold(II1) halides and gives a uscful synthesis of 
arylgold(II1) complexes136 (equation 47). 

AU2C16 + C6H6 - ~ [ ( A u C I ~ P ~ ) ~ ]  + H[AuCld] l(47j 

D. Synthesls of Metallacycles from Alkenes and Alkynes 

The most common form of this synthetic method may be represented schcmatically 
by equation 48. The first examples of these reactions involvcd the usc of fluorinated 
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(48) 
/+ 

b 
M + 2 C 2 H ,  = M Mz 

a l k e n e ~ ' ~ ' . ' ~ ~  (equations 49 and 50). Often intermediate alkene complexes can be 
isolated'39 (equation 51). It is necessary that there are vacant coordination sites 
present, or that such sites can readily be created by ligand dissociation, in order for the 
second alkene to coordinate and then form the metal la~yclopentane '~~.  

Fluorinated alkenes are not necessary and metallacyclopentanes have been 
prepared from the strained alkene norbornadiene (nbd) or even from ethylene 
i t ~ e l f ' ~ ~ - ' ~ '  (equations 52 and 53). Reaction 5 3  is mechanistically much more complex 

than is represented in this e q ~ a t i o n ' ~ ' .  Many functionally substituted alkenes will 
behave ~ i m i l a r l y ' ~ ~ * ' ~ ~  (equations 54 and 55). Such reactions are often selective 
although, in principle, many isomers may be formed. When electronegative 
substituents are present on the alkene these usually adopt a position a to the 
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metallacyclopentane (equation 56). The major isomer has the substituents in mutually 
t r ~ n s - p o s i t i o n s ~ ~ ~ .  In this case the dissociation of CO needed to create a vacant site for 
the incoming alkene is achieved photochemically. In other cases, displacement of 
weakly bound N2 ligands or loss of hydride ligands by hydrogenation of excess alkene 
may give a similar (equation 57). 

C02Me 

(COI4Fe 3 C02Me 

(56) 

- cY 
[(q5-C5Me12ZrH2] + CpH4 

These reactions are not limited to simple alkenes, and allene, 1,3-dienes and 
a,o-dienes can also give metallacycles in this way146148 (equations 58a-c). In these 

[(Ph,P)pNi] + CH2=C=CH2 - [ (Ph3P12N~ 51 (58b) 
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examples, it is again shown that the reactions are selective, although it is difficult to 
predict a priori which isomer will be formed. 1,3-Dienes may be coupled in a similar 
manner148 (equation 59). However, 1,4-addition of the metal across a single diene 
molecule may also occur148 (equation 60). 

[(cod)2Pt] + - [ (cod)Pt 2:] I (60) 

Nickelahydrindane complexes may be prepared by coupling of octa-1 ,7-diene149 

[(Ph3P)3Ni(C4He)] + cr [ ( P h 3 P ) 2 N m ]  (61) 

Alkynes can be coupled in a similar way to yield metallacyclopentadienes or 
metalloles (equations 62 and 63). Again, electronegative substituents o n  the alkyne 
often facilitate isolation of  product^'^^.'^'.. Again, alkyne complexes are almost 

(equation 61). 

C F3 I J 

(63) 

certainly intermediates in such reactions and the synthcsis may proceed in a stepwise 
fashion (R  = C02Me)152.153 (equation 64). In one case a ligand-free 
metallacyclopentadiene has been isolated and its chemistry has been thoroughly 
studied (equation 65; dba = dibenzylideneacetone, R = C02Me)lS4.  This, and the 
cobalt complexes in reaction 66, arc catalysts for the trimerization of alkynes o r  of 
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[Wp(dbah] + R C r  CR - 

R C  CR I 

R 
I 

Pd I 
,c*C-R 

\CGC-R 

I 
R n 

26 I 

(64) 

co-trimerization of alkenes and alkyncs to benzene or cyclohexadicne derivativcs, 
respectively, and the synthcses and reactions have thereforc been the subject of great 
intere~t*55-~5~.  

The formation of metallacyclopentadienes has been used to trap reactive 
intermediates. as  in the examples in equations 67 and 68I5"l6". A somewhat different 

L 

NalHg ,I kbc-cMe 
[Fe CIdPMe3 121 "Fe( PMe3 14 c 

Ph 1 

route is believed to be followed in the synthesis of zirconiacy~lopentadicnes'~' 
(equation 69). Further insertion of alkynes may occur to yield 
metallacycloheptatrienes and cven larger rings in some cascsl"z-'M (equation 70). 
Coupling of  an  alkcne and an alkyne to give a metallacyclopentenc can also occur's5 
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[ M C =  CMe 
[(q5-CsH5)2ZrHMe] * CH, + r l -  5 5 2  

M e C E C M e  (69) 

(equation 71). In one casc the coupling has been shown to occur within the 
coordination sphere of the (equation 72). 

1 J 

[ Rh(C2H4)(CF3C-CCF3)(Me3CCOCHCOCMe3)] + 2CSHSN - 
[ Rh{ CH2CH2C(CF3)=k(CF3)} (M~~CCOCHCOCM~,)(CSHSN);I (72) 

In principle, coupling of an alkene with a metal-carbenc complex should yield a 
metallacyclobutane but. although such reactions probably play an important rolc in 
catalysis. fcw syntheses using this method have been reported. A classic example is 
shown in cquation 73Ih6. Morc commonly. thc metallacyclobutanes decompose and 
metallacyclopentanes can be formed from the coupling of alkenes on the residual 
metal complex fragmentIh4 (equation 74). 
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DV 
[(‘15-C5H5),TiCHzAIMe,CI] + Me2C=CH2 - (V5-C5H5),Ti 

AIMe2CI [ 31 (73) 

[(‘15-C~H5)C12Ta= CH‘Bu] + CpH, - 

”(q5- C S H ~ ) C I ~ T ~ ”  + ‘BUCH~CH= CH, 

E. Synthesls lnvolvlng lnsertlon Reactlons 

1. Reactions of alkenes and alkynes 

The best studied reactions involve insertion of alkenes and alkynes into 
metal-hydride bonds. These reactions are involved in many catalytic reactions and are 
also frequently used in the synthesis of alkyl and vinyl derivatives of transition metals. 
One  of the first reactions to be studied is shown in equation 75168. The reaction is 

r run~-[PtHCl(PEt~)~]  + C2H4 - rrans-[PtEtC1(PEt3)Z] (75) 

reversible and a great amount of work, both experimental and theoretical, has 
established that this and related reactions of hydricioplatinum(I1) complexes occur by 
a dissociative process, with the key insertion step involving rearrangement of an 
intermediate cis-[ PtH(CZH4)(PEt3)2]+ 169.170. In general, for such insertion reactions 
to occur the alkene must first be able to coordinate to the metal, and insertion can be 
induced by ligand addition171 (equation 76). 

(76) 
PPhj 

[ (rlS-CSHS)2MoH(C2H4)l+ - [ ( $ - C S H S ) ~ M O E ~ ( P P ~ ~ ) ] +  

It should be borne in mind that the insertion reaction is easily reversed 
(p-elimination) and that multiple insertionlfl-elimination sequences can lead to 
unexpected products. An important example is found in the hydrozirconation of 
alkenes by [ (qS-CSHS)2ZrHCI], which is very useful in organic synthesis. Both terminal 
and internnl alkenes react to give alkylzirconium compounds in which zirconium is 
always attached to the least hindered terminal carbon atom. Zirconium is able to 
migrate to the end of the carbon chain by the above mechanism172. 

This reversibility is not observed when the alkene has electronegative substituents, 
as illustrated by the irreversible reactions 77 and 78169.173. Other electronegative 

mm-[ FUIH(CO)(PP~~)~]  + C2F4 - rrum-[ Rh(CF2CF2H)(CO)(PPh3)2] 
(77) 

r r~ns - [P tHCl (PEt~)~]  + C2F4 - !rum-[ Pt(CF2CF2H)Cl(PEt3)2] (78) 
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substitucnts frcqucntly uscd includc -CN and - C 0 2 R .  and the  thermal stability of 
products usu;rlly incrcases with increasing number of such s u b ~ t i t u e n t s ' ~ ~ ~ ' ~ ~ .  

[ qS-C5HS)(Ph,P)2R~H] + C(CN),=C(CF,)z - 
[(q5-C~Hs)(Ph,P)zRuC(CN)zC(CF,),HI (75)) 

Morc cornplcx alkcnes such as 1,3-diencs o r  methylenecyclopropane derivativcs 
oftcn give 1.2-addition products in the usual way with metal hydrides. but further 
reactions may thcn occur and lead to complex  product^^^"^^' (equation 80). 

Alkynes most typically give cis-insertion into metal-hydride bonds, as expected for  
the mcchanisrn outlined a b ~ v e ' ~ " . ' ~ ~  (equations 81 and 82). Similar rcactions 
frequcntly occur with hydrido derivativcs of metal clusters, but the resulting 

[ (q5 -~5H5)2ReH]  + MeO$C=CC02Me - 
[(r15-C5H5)2Re(c;s-C(C02Me)=C(C02Me)H)1 (82) 

vinyl group thcn typically becomes bound to more  than o n e  metal centre. Fo r  
example. reaction of CF3C-CCF3 with [ O S ~ H ~ ( C O ) ~ O ]  gives 
[OS~H{C(CF~)=C(CF,)H}(CO)~~] with the vinyl group bound to three osmium 
atoms, (1)179.1R('. 

(1 1 

It is ccrtainly not  safe 10 predict cis-inscrtion and the alternative from-insertion i s  
frequcntly o b s c r ~ c d ' " ~ - l ~ ~  (equations 834 .5 ) .  'I'hc mcchanisrn by which thc t r a m  
products a rc  formed has bcen the subject of dcbatc. and  there is not yet a clear answer. 
I n  somc cases i t  is thought that cis-addition occurs. followed by isonicrization to thc 
[rmt.\-isonit'r. whilc in  other cases thc [ram-isomer is thought to be fornicd dircctly by 
free-radical or dipolar mcchanisnis o r  a mcchanisrn in which a twistcd vinyl group is 
formed initiallylH1.'"J-lx''. The stcreochernistry cannot be predicted in advancc. 
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r 1 

[IrH(CO)(PPh3)3] + f’hC=CPh - [Ir(frans-CPh=CHPh)(CO)(PPh3)2] (84) 

[MnH(CO)5] + Me02CC-CC02Me - [Mn I trans-C(C02Me)= CH(C02Me))(C0)5] 

(85) 

Insertion of alkenes and alkynes into metal-carbon bonds occurs less readily than 
insertion into metal-hydride bonds. Thus, ethylene is not known to give a simple 
insertion with any metal alkyl derivatives, although there is indirect evidence for this 
reaction in several cases18’. However, alkenes and alkynes with elcctronegative 
substituents will insert into many metal-carbon bonds’8a191 (equations 86-89). 

[(tl5-CsH~)Fe(C0)2EtI + C2(CN)4 - [(IIS-C5Hs)Fe(Co)2C(CN)2C(CN)2Etl 
(86) 

[(t15-C~H~)Mo(Co),C(CN)2C(CN)2Mel (87) 

[ PtC1Me(PMe2Ph)2] + C2F4 - [PtCI(CF2CF2Me)(PMe2Ph)2] (88)  

[ (rl5-C5Hs)Mo(CO)3MeI -+ C2(CN)4 - 
[AuMe(PPh3)] + C2F4 - [ Au(CF2CF2Me)(PPh3)l (89) 

Ally1 derivatives may react with tetracyanoethylene to give cyclopentyl 
derivativeslg2 (equation 90). 

.C N 

‘C N 
(90) 

Alkynes are more reactive and insertion can occur without electro-negative 
s~bsti tuents’~3.’9~ (equations 91 and 92). Again cis-insertion is most commonly 
observed and, when the product has rrarzs-stereochemistty, there is evidence in  at least 

Me 
(91) 

/ 
[(r\5-C~H5)2TiMe2] + PhC =CPh 2 MI? 

[NiPh&(PPh3)2] + M e C E C W  - (92) 

PPh, Me 
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one casc that this is formed by isomcrization of the initially formed cis-insertion 
productIvs (equation 93). Most synthesis still use alkynes with elcctronegative 
substituents, as illustrated by the example in equation 94IY6. In addition t o  the 
cis-stereochemistry at the vinyl group, it has also been shown in one case that a chiral 
alkyliron complex undergoes insertion with retention of stereochemistry at the chiral 
carbon, as expected for an intramolecular alkyl mig ra t i~n ’~’ .  

[(acac)(Ph,P)NiMe] + P h C G C P h  - 
[ (acac)(Ph3P)Ni(Z- o r  E-C(Ph)=CPhMe)] (93) 

There are many cases in which more than one alkyne may insert and very complex 
products may result. O n e  relatively simple case is illustrated in equation 95“6. 
Similarly, metallacyclic ring expansions may occur198 (equation 96). 

Insertion of alkenes and alkynes into metal-halogen bonds often occurs~y9~200. The 
alkyne insertions usually give trans-products, and the reactions have been used to 
prepare fluoroalkylsilver compounds (equations 97-99). Insertion into 

CF2=CF2 + AgF - [CF3CF2 Agln (97) 

CF2=C=CF2 + AgF [CF3C(Ag)=CF2In (98) 

metal-halogen bonds may occur more easily than insertion into metal-carbon 
bonds”” (equation 100). Insertion into metal-halide bonds may give cis-products and 
further insertions may then occur. Excellent examples are found in reactions of 
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[PtIMe(bipy)] + Me02CCCC02Me - 
[ PtMe{ C(CO2Me)=C(CO2Me)1)(bipy)] (1 00) 

alkynes with palladium halides, where the final product often depends on the bulk of 
the substituents, R, on the alkynezo2 (equation 101). 

R I R 

I R 

R 

Many examples are known in which bridging alkyl or vinyl derivatives are formed by 
insertion of alkenes or alkynes into metal-metal bondsz0~z05 (equations 102 and 103). 
A metal-bond may also be formed in such reactionszu6 (equation 104). 

A 
Ph2P PPh2 

CI -Pd - Pd -CI 
I 1  
I I  

PhzP-PPhZ 

Ph2P -PPh2 
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[(QS-CsjH5)Rh(C0)2] + CF3C- CCF3 - 

2. Reactions of carbon monoxide, isocyanides, and carbene precursors 

Carbon monoxide and alkyl isocyanide insertion reactions may be represented by 
the general equations 105 and 106. Acylmetal and iminoalkylmetal derivatives are 

A L 
/ / 

\ \ 
M + L - M  

co C-R 
II 
0 

/ / 

\ 

R L 

M + L  - M 
‘C-R 

I I  
N R’ 

CNA’ 

(1 06) 

therefore formed. These topics have been thoroughly revie~ed’~’-’~~,  and the 
mechanisms are understood well. Specific examples are shown in equations 107 and 
108, and the reader is referred .to the above reviews for more comprehensive 
covcrage’I0. 

[(CO),MnMe] + CO - [(CO)sMnCOMe] (1 07) 

Insertion into metal-carbon bonds occurs readily in many cases, but insertion into 
metal-hydride bonds is generally not possible. Thus the reactions essentially convert 
one metal-carbon a-bond into another. Thesc reactions may also occur during 
attempted insertion of alkenes and alkyncs into metal-carbon a-bonds of 
alkyl(carbonyl)metal derivatives. An example is given in equation 109 and many 
others are known196. 

r - 

[(qS-CsHs)(C0)2FeMe] (109) 

Me 
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With electron-deficicnt oxophilic transition metal alkyls the acyl group may be 
q2-bonded to the metal2" (equation 1 10). 

The insertion of methylene also gives 1,l-addition analogous to the insertion of CO 
and isocyanides. Generally diazoniethane is used as  the source of methylene, and it is 
unlikely that free methylene is involved in any of the reactions. The detailed 
mechanisms of methylcne insertions are not yet known but the overall effect is shown 
in reaction 111 for insertion into a metal-hydride bond212. Insertion into 
metal-chlorine bonds gives a route to chloromethyl derivatives2') (equation 112). 

[(qs-CsHs)(CO)3MoH] + CH2N2 - [(qs-C5Hs)(CO)3MoMe] + N2 (1 11) 

trans-[ IrCI(CO)(PPh3)2] + CH2N2 - rruns-[ Ir(CH2CI)(CO)(PPh3)2] -N2 

(1 12) 

There has been particular interest in the synthesis of p-methylene complexes from 
diazonicthane, and the topic has been reviewed?'". When mononuclear complexes are 
used a metal-metal bond accompanies the formation of the p-methylene g r o ~ p ~ ' ~ ? ' ' .  

When the precursor complex contains a metal-metal bond this may be broken218 
(cquation 115). Whcn thc precursor contains a metal-metal double bond, this may bc 
converted to a single bond2I9 (equation 116). Elimination of CO then recreates the 
double bond and further methylenc addition can occurz2" (equation 117). A 
particularly interesting synthesis involves diazomethanc addition to the clustcr 
[ O S ~ H ~ ( C O ) ~ ~ , ] ' ~ '  (equation 118). 

Addition of diphenyldiazomethane to a metal-metal triple bond occurs and the 
N-bonded intermediate can bc isolated (equation 19). In the product the CPht ligand 
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+ CH2N2 - 
Ph2P- PPh2 

0 
II 

L 

II 
1 0 



I heat 

1- 
[(IIs-CsHs)2(CO)4MO2(Cc-CPhz)1 (1 19) 

acts as a four-electron ligand222, and the Mo-Mo bond order is reduced from three to 
one. A related synthetic method is to react a carbene complex with coordinatively 
unsaturated metal complex, according to the general equation 120223. This method has 

proved to be very useful and examDles of comDlexes DreDared in this wav are 
[ ( CO)sW{ p-CPh( OMe)} Pt( PMe3)J 
Ni(PMe3)J. 

and [ ( ;s-CsHsj( Ca0)2Mn{ p-CPh(0Me))- 

F. Synthesls lnwolwlng Ellmlnatlon Reactlons 

These reactions are seldom used in synthesis and so will be reviewed only briefly. 
The reaction is the opposite of the insertion reaction but is more limited in scope. For 
example, while insertion of alkenes into alkylmetal bonds occurs as described in 
Section II.E, the reverse reaction cannot be used to prepare alkylmetal compounds. 
However, carbon monoxide insertion is reversible and CO elimination is sometimes 
used to prepare metal alkylsZoA (equation 121). Some examples of this reaction are 

L R 
/ heat 

- L  

/ 

co - M\ 
C-R 
II 
0 

M\ 
(121) 

given in equations 122-12422’226. The mechanism is well established and occurs with 
retention of stereochemistry at a chiral migrating alkyl group but inversion at a chiral 
metal centre 96.227. 

(122) 

(123) 

(124) 

- co 
[ ($-CSHS)2ZrMe(COMe)] - [ ($-CSHs)~ZrMe21 

[(CO)SMnCOCH2CH2C02Me] - [(C0)sMnCH2CH2C02Mel 

- co 
[ R I I ( C O M ~ ) C I ~ ( P P ~ ~ ) ~ ]  V [ RhMeClz(CO)(PPhdz] 

- co 

Another useful elimination involves loss of N2 from aryldiazonium complexes, as 
illustrated in equation 25228. 
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Dcrivatives which cannot bc prepared by the convcntional Grignard reagent can bc 
prcparcd in this way. but the method is more commonly used in thc synthesis of main 
group metal aryls. A rcliitcd mcthod involvcs use of diaryliodonium reagents2?" 
(equation 126). 

Elimination of COz from metal carboxylates or SO1 from mctal sulphinates can also 
give alkyl o r  aryl dcrivatives. The method is especially useful for synthesis of 
pentafluorophenyl complexes230 (equations 127 and 128). 

G. Synthesis by Attack on Coordinated Ligands 

1 .  Synthesis from alkene and alkyne complexes 

Nucleophilic attack on  coordinated alkenes is a useful synthetic method, and is 
rcpresented by the general equation 129. 

(1 29) 

Therc is an obvious rcscniblance to the alkene insertion reaction, but there is an 
important difference. Nucleophilic attack occurs on the face o f  the alkene remote from 
the mctal and hence thc stcreochemistry is different. This effect is seen clearly in 
reaction 13023'.  

M a n y  of thc earliest cxamples of thesc reactions involved nucleophilic attack o n  
dicne cornplcxcs of palladium and platinum (equation 131 ; M = Pd or Pt)23z. Again. i t  
is clcar that cxo attack by the nucleophile occurs. Thc nuclcophilc X- may be alkoxide. 
primary aniine. ammonia. azide, acetatc, acetylacctonatc. malonatc, and many more. 
The dicne may be I .5-cyclooctadicne. erino-dicyclopcntadiL.nc, norbornadiene. 
1.5-hcxadicne. and others?33. 

Hydroxidc attack on coordinatcd alkcnes is important in catalytic processes (e.g. thc 
Wackcr process). Several model studies have shown rxo attack to occur. but thcre is 
still some doubt about the stcrcochcrnistry in the catalytic rcactions. Onc example o f  
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X 

CI 

273 

2 

e m  attack is shown in equation 13223b236. Wherc simple alkcne complcxes are 
attacked, the products are often difficult to isolate but there are many good cxamples 
of such syntheses. e.g. equation 133231. When the nucleophile is neutral rather than 

[(qS-CsH5)(Ph3P)Pd(C2H4)]+ + MeO- - 
[(qS-C5H5)(Ph3P)PdCH2CH20Me] (133) 

anionic, dipolar complexes may be f o r ~ n e d ~ ~ ~ - ' ~ '  (equations 134 and 135). The 
reactions may bc promoted by the presencc of an elcctrophilic alkeneZ4" (equation 
136). 

cis- [PtC12(C2H,) (PY)] + PY - c;s-[Pt-CI,(CH2CH2py') ( p ~ ) ]  (134) 

+ CHCN=CHCN 

CN 

OMe 

(136) 

The presence of a donor atom may stabilize products as in reactions of coordinate 
a lk~nyIamines2~ ' -2~~ (equation 136). An attacking aniine ligand may also coordinate 
and give a chelate. the strained four-membered ring bcing more robust with platinum 

than palladium in thc ring MCH2CH2NMez resulting from attack of dimcthylamine on 
coordinated e t h y l c n ~ ? ~ ~ . ~ ~ ~ .  

- 
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Another versatile system involves nucleophilic attack on alkene complexes of 
ironz4' (equation 137). The nucleophile may be a carbanion, amine phosphine, thiol, 
or phosphine 

[(s5-CjH5)(CO)2Fe(C2H4)]+ + CH2NOz - 
[ ( $-CSH5)(C0)2FeCH2CH2CH,N021 (1 37) 

Coordinated allene derivatives also undergo nucleophilic attack to give vinylmetal 
derivatives24y (equation 138). Finally, binuclear metal alkyls can be prepared by using 
a metal-centred nuclcophile2" (equation 139). 

C W 2  CMe2 

[Lc12pt-f2 ] + N R 3  - [ Lc12Pt--c:c"2iRj (138) 

[(II~-CSH,)(CO)~W(CZHJ)~ + + [Re(cO)sI - - 
[(r15-C~H~)(C0)3WCH2CHzRe(C051 (1 39) 

2. Synthesis from carbene complexes 

The earliest examples of these reactions were discovered by Fischerz5' (equation 
140). Trialkylphosphines are the most widely used reagents, but the nature of the 

OMe OMe 

[~co)5cr=c<Me ] + PR3 - [ (CO)&r--C-Me <p+R3] (140) 

initial carbene complex can vary widely252.253 (equations 141 and 142). In some cases 
substitution of one nucleophile by another can occur (equation 143). Attack by 
anionic nucleophiles also occurs readily2S5 (equations 144 and 145). The formation of 
ylide complexes is sometimes even used to trap shortlived carbene c o m p l e x e ~ ~ ~ ~ ~ ~ ~ ~  
(equations 146 and 147). 

[ (CO)5WCPh2] + P M c ~  - [ (C0)5W-CPhz-PMe,] (141) 

[(CO)5WCHPh] + PPh3 - [(CO),W-CHPh-PPh,] (142) 

[(CO),crCH2-SOMe2] + Ph3As - [(CO),CrCH2AsPh3] + MezSO (143) 

[ (q5-C5H5)(NO)(PPh3)ReCH,I' + PhLi - 
(s5-C~H~)(NO)(PPh3)ReCHZPh (144) 

(CO)SCr=C(OMe)Ph + RLi - Li[ (OC)5Cr-C(OMe)PhR] (145) 
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"(Pv)CI~P~=CHCH~CHM~;'  + py - [ ( P Y ) C I , P ~ - C H ( ~ ~ + ) C H ~ C H M ~ , ]  (146) 

3. Synthesis from $-ally/ complexes 

Normally, nucleophiles attack a terminal carbon a $-ally1 complexes to give alkene 
complexes but, in one case, attack at  the central carbon occurs to give a 
metallacyclobutane (equation 148). Further examples of such syntheses may be 
expected2s8. 

4. Synthesis by reaction o! carbonyl ligands 

The best studied reactions of carbonyl ligands are those with carbanions to give 
carbene complexes and with base to give MC02H groups. The latter reactions are 
favoured in cationic carbonyl complexes and the products often eliminate C 0 2  to give 
the metal hydride2ss262 (equation 149). 

PEt3 

More recently interest has centred on reduction of carbonyl ligands. This is 
generally difficult although acyl ligands can be reduced to alkyl ligands; for example, 
BH,.thf will reduce [ (t]S-CsHS)(CO)zFeCOMe] to [ (rlS-CSHs)(CO)2FeEt1263. 
However, by careful choice of reducing agents and reaction conditions, it has been 
possible to reduce a carbonyl ligand progressively to formyl, hydroxymethyl, and 
methyl 1 igands262*264-268. 

H- 
[ ( $-CsHS)Re(CO)2(NO)] + - (,s-CsHs)Re(Co)(No)(CHO)I 
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Several other examples are now known in which reduction of carbonyl ligands to 
formyl or methyl ligands occurs; some cxamples are shown in equations 
151-15326*27'. In one case synthesis of a p C H 2  group from CO has been 

NaBH4 
[ (rls-c,Hs)(ph3p)w(co>,1 - r ( ~ ~ S - C ~ H ~ ) ( P ~ ~ P ) W ( C O ) ~ C H ~ I  

(151) 

(1 52) 

II Re2(CO) 103 - 1 Rez(Co)Y(CHo)I - (153) 

(154) 

BH3 
cis-[ IrH(CHO)(PMe3)4]+ - cis-[ I ~ H M ~ ( P M c ~ ) ~ ] +  

H- 

H- H+ 
10~3(c0 ) ,21  - [Os(CO)IICHOl- - los,(co)Il(P-CH')I 

a ~ h i e v e d ~ ~ ~ . ~ ~ ~ .  In one case rupture of a C-0 bond of a formyl complex can be 
induced by addition of a tertiary phosphine ligand27s.'76 (equation 155). In acother 

co 
[ {  (rlS-C~Me~)C12Ta}2(H)21 - [{(rlS-CsMes)C12Ta}2(H)(CHO)I 

] PMe3 

[{(rlS-CSMes)C12Ta}2(H)(CI-CHPMe3)(CI-o)l (155) 

example, intermolecular reduction of an acyl group gives a binuclear alkyl complex277 
(equation 156). Clearly the method may yield many exotic alkyl derivatives, although 
systematic planned syntheses by this route are not yet possible. 

H. Synthesls from Acldlc Hydrocarbons 

Alkynes are sufficiently acidic to react with many alkyl o r  hydrido metal complcxcs 
to give alkynylmetal complexcs by the general reactions 157 and 158. An example is 

M-R + R'CECH - RH + M-C=CR' (157) 

M-R + R'C=CH - Hz + M-C=CR' (158) 

shown in equation 15g2'8. More useful syntheses are bawd on reactions of acidic 
hydrocarbons with metal hydroxides. Such synthcses are only effective for 'class b' 
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- CH4 
[ P ~ M C ~ ( P M ~ ~ P ~ ) ~ ]  + CF,CECH - [ PtMc(CZCCF3)(PMezPh)2] 

CFjC=CH -CH4 i 
[ Pt(CGCCF3)2(PMe2(Ph)2] (1 59) 

metal ions with a very low affinity for oxygen donor ligands. Platinum hydroxides are 
the best studied ~ y s t e r n s * ’ ~ . ~ ~ ~  (equations 160 and 161). It is possible to generate the 

acetone/ 

[ y e ]  ’ 
T p’ ‘OH 

(160) 

metal hydroxide in situ from the more easily prepared metal chloride281.282 (equations 
162 and 163). In this region of the Periodic Table, many ligands which are normally 
oxygen donors may act as carbon donors, with acetylacetonates such as 
[ Au{ CH(COMe)2} (PPh3)] having been .best In some cases, both isomers 
may be formed (2 and 3)2&d. Substitution at the methyl group of the acetylacetonato 
ligand is also possible2*’ (equation 164). 

CH No 
cis- [ PtCI(CH,NO,)(PEt,),] 
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KMnO, acetum 
[Ph3PAuCH=CH2] - [Ph3PAuOH] - [Ph3PAuCH&OMe] (163) 

ti 

o $ ; ~ o  0 0 

PY 
Me OEt 

1. Mlscellaneous Synthetlc Methods 

The transfer of alkyl groups to a metal from dialkylmercury(I1) derivatives is a 
common synthetic method in main group organometallic chemistry but is rarely 
applicable for transition elements. The method is useful for synthesis of some 
ytterbium  derivative^^^-^^' (equations 165 and 166). A similar method is based on 

[Hg(CCPh),] + Yb - [Yb(CCPh)?] + Hg (165) 

(166) 
thf 

[Hg(C~jFs)2] i- Yb - [Yb(C3~)2(thf)i l  + Hg 

[AuCI(PPh,)] + (C8&TIBr - cir-[Au(C6Fs)2C1(PPh3)] + TlBr (167) 

transfer of aryl groups from thallium(111)288 (equation 167). Clearly, in both of the 
above methods the oxidation state of the metal is increased by two. Transfer of aryl 
groups is also possible from arylhydrazine derivatives, but there is not necessarily a 
change in oxidation state of the metal in this case. The mechanisms are ill-understood, 
but an example is shown in equation 168. 

2Et,N[ AuCI~] + PhNHNHIHCI - 
Et4N[PhAuCIS] + Et4N[AuC12] + N2 + 4HCI (168) 

The method is useful for the synthesis of functionally substituted derivatives. Thus, 
4nitrophenylhydrazine gives Et4N[ 4-N02C6H4AuC13] in the above reaction289. 
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1. INTRODUCTION 

The field of transition metal-olefin and -acetylene q2-complex synthesis has been 
well covered by review articles through the 1960s and early 1970s. A few of the more 
comprehensive reviews, with years through which the literature is covered (in 
parentheses), are listed below. 

Fischer and Werner ( 1  964) surveyed complexes of di- and oligo-olefinic ligands'. 
They covered general methods of preparation, followed by detailed surveys by type of 
q2-organic ligand. King (1 965) published a monograph on general techniques of 
organornetallic synthesis, containing selected examples with experimental 
procedures2. Hubcl (1  966) covered the synthesis of metal carbonyls with acetylene 
ligands3. Green (1 967) reviewed q2-complexes by type of ligand with one chapter each 
on  olefinic and acetylcnic ligands4. A survey of transition mztals coordinated to olefins 
was published by Quinn and Tsai (1968)5. The syntheses of acetylene q2-complexes of 
nickel, platinum, and palladium were briefly described by Nelson and Jonassen 
(1969)6. Shaw and Tucker (1969) categorized syntheses by reaction type and identity 
of metal'. Hcrberhold (1970) surveyed exhaustively general methods of preparation 
and transition metal complexes known up to 19708. Syntheses of both metal-olefin 
and -acetylene complexes were covered by Kemrnitt (1970)9. Black er 01. (1976) 
reviewed briefly common synthetic approaches with selected examples'". 
Comprehensive reviews in the areas of cobalt-acetylene (1 973)" and iron-olefin 
(i976)12 syntheses have appeared. 

Because of the number of works in this area through the literature of 1970, this 
chapter will concentrate on more recent advances. Where necessary, for reasons of 
completeness or historical importaye,  earlier works are cited. 

The coverage of this chapter is limited to non-conjugated monoenes, polyenes, 
monoynes, and polyynes q'-coordinated to transition metals. Complexes have been 
excluded in which no discrete olefin or acetylene ligand can be identified, such a s  1. 
Polymetallic compounds MM' (olefin or acetylenc), where M Z M'. are not covered. 
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Reports from the'patent literature have not been surveyed, since patents are rarely 
sufficiently detailed to allow reproduction of the reported results. In addition. 
syntheses of compounds unstable below -80°C or isolated in trace amounts are not  
included. 

A limitation to accuracy is that not all molecular structures presented in this review 
have been verified by diffraction methods. Some of them represent those suggested 
only by the authors indicated. 

II. GENERAL PREPARATIVE METHODS 

A. Addttlon to Coordlnatlvely Unsaturated Complexes 

Perhaps the most facile syntheses are those involving coordinatively unsaturated 
transition metal complexes. With such complexes, activation of the complex is usually 
unnecessary. In general, product complexes are formed by direct reaction of a transi- 
tion metal salt with olefin or acetylene (equation 1). Either the salt is dissolved in the 
liquid hydrocarbon or  a stream of gaseous hydrocarbon is directed through a solution 
of the salt'). 

MX, + (un), - EMx,(un),l (1) 

Olefin (monoene and polyene) complexcs of silvcr(1) salts can be prepared in which 
the anions are [ NO3] l4*lS, [ C104]14.16, [BF4]I7.I8, [hfacac] 19, [ P-diketonatoIzo. and 
[CF3S03]21*22. Corresponding copper(1) corn lexes are common when the anion is 
[ halideI2), [ C104]23, [ CH3C02]24, [CF3C02]2y.26, [ BF4I2', [ AICl4I2', and [ CF3S03]29. 
The q2-complexes are of var;.able stability and composition. Copper complexes with 
anions of low coordination ability often disproportionate to Cu(0) and Cu(II). In 
general, the most stable complexes of Ag(1) and Cu(1) with olefins and acetylenes are 
formed when the anion is [CF3SOJ21.29. The CuCF3S03 complexes are prepared by 
the two-step method (Scheme 1) and show no tendency to d i sp rop~r t iona te~~ .  The 

c u 2 0  + C& + 2CF)SO)H - [ CU2(ChH6)] (CF3S03)2 

[ CU2(C6H6)1[ (CF3S03)I 2 -I- 2un - 2[ Cu(un)I (CF3SO3) 

SCHEME 1 

AgCF3S03 q2-complexes of terminal acetylenes are so stable that they may be isolated 
without contamination by the corresponding silver acetylide (Scheme 2)22. Analogous 
olefin complexes of AuCF3S03 have been reported31. 

R-CEC-Ag + CF3SO3H 

R-CEC-H + AgCF3SO3 

SCHEME 2 

The stoichiometry of these complexes is dependent on the ligand, medium, and 
anion. The most complete series studied is the 1,s-cod complexes of CU(I)~*. 
Complexes of the type [ Cu( 1 ,S-cod)zX] result when the poorly coordinating anions 
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[C104], [BF,], and [CF~SOS] are present. More strongly coordinating anions such as 
[CI] and [Br] give a stoichiometry of [Cu(l,5-cod)X]. With anions [CF3CO2] and 
[CH3C02], products of the type [Cu2(1,5-cod)X2] result, in which the anions may be 
bridging. 

The q2-complexes of Cu(I), Ag(I), and Au(1) readily dissociate in solution. The loss 
of the olefinic ligand can be prevented if it is incorporated into a ligand bearing a more 
strongly coordinating arsenic or phosphorus atom32. 

While Cu(q2-3-phenylpropylene) and Cu(propy1ene) readily dissociate in solution, 
CuX (X = CI, Br, I) reacts with the bidentate o-allylphenyldiphenylphosphine (ap) to 
form 233. The isomorphous phosphine complexes are dimeric in chloroform and 

Ph 

(2 I 

non-conducting. They show absorption in the i.r. of only q2-coordinated 
carbon-carbon double bonds. With AgX (X = CI, Br, I) the same ligand forms 2:1 
adducts [ A g ( a ~ ) ~ X l ,  which are monomeric but contain three coordinate Ag(1) and 
uncoordinated olefinic ligands. The analogous product is obtained with A U B ~ ~ ~ .  Thus, 
copper(1) bidentate monoolefin complexes appear more stable than those of Ag(1) 
and Au(1). 

The available information indicates that phosphine ligands allow better olefin 
coordination than arsine ligands. As an example, PtCI, and NaNCS form complexes 
with a p  and o-allylphenyldimethylarsine ( o A ) ~ ~ .  The resulting [ Pt(ap)(NCS)2] (3) 
exhibits q2-coordination of the olefinic ligand whereas [Pt(oA),(NCS)2] (4) has 
coordination through arsenic only. 

(4) 

The ability of chelating ligands to form q2-complexes depends on the structure of the 
ligand and the identity of the coordinating heteroatom. Aromatic ligands of the 
type (5) and (6 )  form more stable chelate complexes than aliphatic ligands 
R2Y(CH2)xCH=CH232. In platinum complexes, arsine chelating ligands forming 
complexes with six-membered rings are more stable than those forming five- 
membered rings (relative stability 6 > 5)32. 

Examples of olefin or acetylene addition to coordinatively unsaturated complexes 
are found in most of the transition metal groups. Vaska's complex, 
trans-[ Ir( PPh3j2(C0)CI], undergoes olefin addition to yield [ Ir( PPh3),(CO)CI- 
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Y = As, P 

( 5 )  ( 6 )  

( ~ l e f i n ) ] ~ ~ * ~ ~ J ~ .  Since olefin addition is reversible, it is desirable to use an excess of 
olefin. Complex stability is maximized by the presence of electron-withdrawing 
substituents on the olefin. 

Similarly, other terracoordinate complexes of indium undergo addition of olefins 
and acetylenes (equations 2 and 3)38. In both examples, dienes (buta-l,3-diene, 
1,5-cod, nbd) are dihapto. 

[ Ir(chel)( 1,5-cod)]X + un - [ Ir(chel)( 1,5-cod)(un)] X (2) 

[ I r (~hel)(CO)~lX + un - [ Ir(~hel)(CO)~(un)]X (3) 

chel = bipy, phen; un = monoene, diene, acetylene 

chel = bipy, phen; un = monoene, diene 

The complexes [Ir(chel)(diene)](PF6) (diene = 1,5-cod, nbd) may add olefins and 
acetylenes with only five-coordinate complexes of rnaleic anhydride and fumaronitrile 
isolable (equation 4)39. The norbomadiene complex reacts more rapidly to give the 
more stable adducts. 

[ Ir(chel)(diene)] (PF6) + un - [ Ir(chel)(diene)(un)](PF6) (4) 

chel = bipy, phen 

Activated olefins such as diethyl maleate and diethyl fumarate add to [ V(Cp)2] to 
yield the paramagnetic [ V(Cp)2(olefin)]a. Olefins without strongly electron- 
withdrawing groups (from-stilbene, norbomadiene) are unreactive. 

The complex [MoO(S2CNEt2),(RC=CR)] can be prepared by the direct re- 
action of RCGCR (R=Ph, C02Me) with the coordinatively unsaturated 
[MoO(S~CNE~~)J"- '~ .  The phenyl-substituted complex is the first example of a 
Mo-acetylene q2-complex without electron-withdrawing substituents on the 
acetyleneq2. 

Olefin complexes of iron are easily prepared born commercially available 
[Fe(Cp)(CO)2]2 (equation 5)43. The method is general for monoenes of the type 

[ F e ( C ~ ) ( c o ) ~ ] ~  + olefin + Ph3CBF4 - r Fp(olefin)I(BF4) ( 5 )  

FP = Fe(Cp)(C0)2 

hept-1-ene, oct-1- and -4-ene, cycloheptene and cyclooctene. The presence of an 
oxidizing agent, Ph3CBF4, is necessary for splitting of the substrate dimer to form 
presumably the coordinatively unsaturated [ Fe(Cp)(CO)z] cation. The method is 
unsuccessful with norbornadiene, but if excess of Ph3CBF4 is quenched with cyclohep- 
tatriene prior to addition of norbornadiene, the corresponding q2-norbornadiene com- 
plex is obtained in 30% yield. Other methods for the preparation of olefin complexes 
of this type require prior availability of the cation [fp(isobutylene)] (see Section 
II.D.2) or the olefin epoxide (see Section II.F.4). 

The ligand hydrotris(pyrazolylborate), [ HB(pz)3], stabilizes labile, five-coordinate 
complexes of platinumcu6. The starting complex, [PtMe{ HB(pz)3}], is probably 
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a polymer with bridging pyrazolyl groups. In CH2C12, this coordinatively un- 
saturated complex undergoes addition of olefins (F2CyCF2, ma, dmm, 
drnfm, H2C=CHCN, PhHC=CHCHO, H2C=CHC02Me, H2C=CMeCN, 
Me2C= C= CMe2. Me2C= C= CH3 and acetylenes ( CF3CECCF3, 
Me02CC=CC02Me) (equation 6). 

[ PtMe{ H B ( ~ z ) ~ } ]  + un - [PtMe{HB(pz)3}(un)l (6) 

8. Anlon Dlsplacernent 

The earliest important example of anion displacement was the synthesis of Zeise’s 
salt, K[ PtC13(H2C=CH2)].H20*, which is prepared by passing ethylene into an acidic 
aqueous KzPtCI, solution47. The reaction and its modifications require several days 
and high pressure, and often yield impure products. However, the process has been 
useful in the synthesis of higher platinum-olefin complcxes by displacement of 
ethylene from Zeix’s salt (see Section II.D.1). Recent modification of the original 
procedure involves the use of SnC12 as  a catalyst (equation 7)47-48. Gaseous olefin 

SnC12 
K2PtCI4 + H2C=CH2 + HCl/H20 - K[PtC13(H2C=CH2)].H20 (7) 

pressures may be 1 atrn. Reaction times are shortened to 2-4 h and the yield is 86%. An 
additional modification makes use of incorporation of dimethyl sulphoxide (dmso) as a 
ligand4Y. Initially, halide is displaced by dmso (equation 8). Olefin (H2C=CH2, 
CH3CH=CH2, but-1 -ene, cis- o r  rruns-but-2-ene) can be bubbled through an acetone 
solution of 7 for 3 h to yield cis-[Pt(dmso)CI2(olefin)]. 

K2PtCI4 + H2C=CH2 + DMSO + HCI - 
C ~ - [ P ~ ( D M S O ) C I ~ ( H ~ C = C H ~ ) ]  (8) 

(7 )  

An interesting q2-complex results from the reaction of NalPtC14 with 
5-methylenecycloheptene (equation 9)s0. The product is a chelate complex in which 
two perpendicular n-bonds are coordinated to platinum. 

MeOH Na2PtCI4 + 5-methylenecycloheptene - Q7 PtCI, 

(9) 

Unsaturated alcohols (prop-2-eno1, but-2-eno1, but-3-en-2-01) yield K[P.d3(ole- 
fin)] q2-cornplexess1. The use of a stoichiometric excess of the unsaturated alcohol 
leads to dehydration with formation of chelating ethers (8). Similar intermolecular 

association of the O H  functional groups in acetylenic alcohols (9 )  gives bisacetylene 
qLcomplexes of platinums2. With alcohols such as MeEtC(OH)C=CC(OH)EtMe, 
Et,C( 0 H ) C G  CC(OH)Et,, Me(n -Pr)C(OH)CECC( OH)(n-Pr)Me, Me(n- 
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H 
I I 1  

I I 
-C -0  - H .... 0 - C - 

C 
Ill 
C 

C 
Ill 
C 

CSH, ,)C( 0H)C- CC( OH)(n- CSH I I)Me, and Et(n- Bu)C(OH)CGCC( OH)(n -Bu)Et, 
intermolecular hydrogen bonding is proposed on the basis of infrared spectral analysis. 

Platinum alkyl complexes of olefins and acetylenes can be prepared when stabilized 
by phosphine and arsine ligands (equation 10)53854. When L = PMezPh and 

( 1  0) 

un = MeC=CMe, PhCECMe, MeCECEt,  E t C s C E t ,  H2C=CH2, MeCH=CH2, 
ally1 alcohol, buta-1,2-diene, or vinyl ethers, the corresponding q2-complexes are 
obtained. When L = AsMe3, the PhC=CPh complex may be prepared. Syntheses 
with AsMe3 are unsuccessful with lower molecular weight acetylenes. 

A unique anion displacement process involves the reaction of [Pd(OAc)J with 
diphenylacetylene (equation 1 l)55. The origin of the q5-CsPh5 ligands is PhCGCPh. 

rrans- [ PtMeL2CIl + AgPF6 + un - rrum- [ PtMeL2(un)] (PF,) 

Ph 
I 
P 

Meon HL\ 
[Pd(OAc)p] + PhCECPh -- (Ph5C5)Pd- -1- -Pd(C5Ph5) ( 1 1 )  

\ /  
C 
I 

Ph 

Each is formed from two molecules of PhC=CPh and half of another PhC=CPh 
molecule. The other half of the acetylene yields an ortho ester by-product PhC(OAc),. 
The mechanistic pathway remains to be elucidated. 

The acetylene complexes of Group VIB metals are available in high yield from the 
halides MXS (M = Mo, X = CI and M = W, X = Br) (equation 12)56. The para- 
magnetic products (10) are isolated in yields of 77-97%. 

(12) 
CCl4 or 

[MXS] + RC=CR - [ MX4( RC= CR)] 
R=Me, Ph C6H6 (10) 

The classic method for preparation of olefin q2-complexes of rhodium involves 
displacement of ethylene from the complex 11 by higher olefins (see Section II.D.l). 
This precursor (11) is obtained by displacement of chloride from RhCI3 (equation 
1 3)57. Alternatively, the higher olefin complexes may be prepared directly (equations 
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Etow 
H 2 0  

RhCls + hexa-1.5-diyne - (RhCl(q4 -he~a-1,5-diyne)]~ (14) 

(12) 
14 and 15)58*59. The chiral product (12) contains a free carbonyl group that potentially 
can be used for derivatization or polymer linking. 

Similarly, IrC13 undergoes anion displacement by 1 ,S-cod and cyclooctene in reflux- 
ing EtOH and i-PrOH, respectively (equations 16 and 17)". 

(16) 

(17) 

EtOH 

i-ROH 

21rC13 + 1 ,5-cod - [ IrCI( q4-1 ,5-cod)12 

21rC13 + cyclooctene - [ I rCl (cyc l~octene)~]~  

reagents will split the chloro bridge. It is available via reaction 1@*. 
An important starting material in iridium chemistry is [ I rCl ( l ,S-~od)]~  (13). Many 

I0 r . P r 0 H . A  

121 ma. NaOAc 
(IrH2Cl6] + 1,5-cod * 

(1 3) 

The osmium complex [ OS(PR~)~(CO)(NO)CI] may be converted into acetylene 
complexes62, first by reaction with AgPF6 to yield an uncharacterized intermediate 
(equation 19). The intermediate 14 reacts with a variety of acetylenes (equation 20). 

CH2CL2/acetone 
[ OS( PR3)2(CO)( NO)CI] + AgPF6 * [0s(~R3)2(c0)(N0)l(pF6) 

or 
[ Os( PR3)2(CO)( NO)acetone](PF6) 

(14) (not isolated) 

(19) 

14 + un - [OS(PR~)~(CO)(NO)U~](PF~) (20) 
R = Cy, un = HC=CH 
R = Ph, un = HCGCH 
R = Ph, un = PhC-CH 
R = Ph, un = PhCECPh 

C. Replacement of Carbonyl Llgands 

Because of the variety of carbonyl complexes of the transition metals, displacement 
of carbon monoxide has been widely used to generate coordinatively unsaturated 
intermediates that subsequently will coordinate olefins and acetylenes (Scheme 3). 
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SCHEME 3 

Carbonyl ligands may be activated either thermally or photochemically. This section 
will deal first with thermal syntheses of various transition metal q2-complexes, fol- 
lowed by photochemically assisted preparations. 

7. Thermal 

A number of chelating diene complexes of the Group VIB metal carbonyls are 
known. For example, norbornadiene reacts with [ cr(co)6]63 and [ M o ( C O ) ~ ] ~ ~  in 
refluxing hydrocarbon solvent to yield [M(nbd)(CO)*] (M = Cr, Mo). An experimen- 
tal problem often encountered in such reactions is the amount of unreacted [M(C0)6] 
that sublimes from the reaction flask. This problem may be partially alleviated by use 
of the so-called ‘Strohmeier apparatus’ (Figure 1)65, which allows condensing solvent 

FIGURE 1 .  The ‘Strohmeier apparatus’ for metal carbonyl 
reactions6s. Reproduced by permission of Verlag Chemie 
GrnbH, Weinheirn, Germany. 
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to return sublimed metal carbonyl to the reaction flask. Fluorine-substituted norbor- 
nadienes undergo thc same reactiod6. 

Reactions of acetylcnes with metal carbonyls are often complicated by formation of 
oligomerization and/or carbonyl insertion products. Selectivity toward q2-complex 
formation can be enhanced by use of low temperatures with the concomitant disadvan- 
tage of long reaction times. An example is the reaction of [M(Cp)(CO)3X] with 
disubstituted acetylenes (equation 21)67.68. Additional recent preparations of 
acetylene complexes of molybdcnurn are shown in equations ZZ69 and 2370. 

< S O T  

8-100 h 
[M(Cp)(CO),X] + R C E C R  - [ M(Cp)X(RCGCR)2] (21) 

M = Mo, W; X = CI, Br, I; R = Me, CF3, C02Me,  Ph 

C6H6 
[ MO2(Cp)2(C0)6] + HCf CH - [ MO~(CP)~(CO).&-HC=CH)] 

(22) 
[Mo(CO)~{S~P(~-C~H~)~}~] + R C e C R ’  

[ Mo(CO)(RCECR’)(S~P(~-C~H~)~}~] (23)  

R = R ’ = H  
R = R’ = Ph 
R = R’ = C02Me 
R = Me, R’ = H 

To date, thc only simple dihapto olefin or acetylene complex of Group IVB has 
been the diphenylacetylene complex of titanium formed by carbonyl displacement 
(equation 24)”. Olefin interaction with these metals leads to Ziegler polymerization. 

[Ti(Cp)z(CO)z] + PhCGCPh - [Ti(Cp)2(CO)(PhC=CPh)] (24) 

A relatively few olefin and acetylene complcxes of Group VB metals are known. 
Those isolated are often stabilized by chelating ligands such as 15 formed trom 

R = Ph, R’ = H 
R = Ph, R’ = Me 
R = H, R’ = C02Me 

heptane 

[v(co), j]  and ap72. 

Ph Ph 

(1 5 )  

Activated and unactivated olefin complexes of manganese are most commonly pre- 
pared from [ M ~ ( C P ) ( C O ) ~ ]  (equation 25)73. In a two-step sequcnce, thf is used to 
displace one CO ligand, presumably forming the intermediatc [ Mn(Cp)(CO)2(thf)], 
followed by addition of olefin. The products are very air sensitive. 

thf. A 

WR’C=CH2. A 
- [Mn(Cp)(CO),(RR’C=CH2)] (25) [ Mn(Cp)(CO)31 

R = R ’ = H  
R = R’ = CH,O 
R = CH30 ,  R’ = H 
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Iron-olefin complexes of formula [ Fe(olefin)(CO)J can be prepared by thermal 
reaction of the olefin with [ Fe2(CO)9] in benzene at rnoderatc temperatures 
(20-60°C). While the reaction does not formally involve carbonyl replacement, but 
instead a bridge splitting (equation 26), it is considered in detail in this scction. With 
activated olefins (ma, maleic acid, fumaric acid, PhCH=CHC02Me) the correspond- 
ing complexes Fe(olefm)(CO)* are obtained in good ~ i e l d ~ ' ~ ~ .  

A 
[FedCo),] - [Fe(CO)51 + [Fe(CO),I ( 2 6 )  

Olefins with strained rings form Fe(CO)4 derivatives. The extent to which ring 
opening occurs depends upon the reaction conditions. For example, [ Fe2(CO),] forms 
a dihapto q2-complex with substituted rnethylenecyclopropanes at room temperature 
(equation 27)77. There is no equilibration of cb-  and trans-isomers under the reaction 

C02Me 

C02Me herane. 4 h  25.C - [ fl:::::] (271 

Fe(CO1, 
4 [ ~ e # U ) g ]  + 

conditions. However, at 40°C in hexane, products of ring opening are obtained. In 
contrast, the substituted methylenecyclopropane 16 reacts with Fe2(CO)9 in ether at 
room temperature over a longer period to give Fe(C0)3 and Fe(C0)4 complexes 
derived from ring-opened products (equation 28)78. The tricyclooctadiene 17 gives a 

dihapto complex with [ Fe2C0),] at room temperature, although it undergoes ring 
opening in refluxing hcxane (equation 29)79. Hexafluoro-'Dewar'-benzene forms 

(1 7 )  

mono- and bis-Fe(CO), $-complexes at low temperatures (equation 30)", although i t  
may be converted to hexafluorobenzene at higher temperatures. 

A few iron and ruthenium complexes from thermal reaction of acetylenes with 
[M,(CO),,] (M = Fe, Ru) are but when substituents on the acetylene are 
not bulky acetylene oligomerization and CO insertion are facile. 



Numerous complexes of the type [ C~~(ace tyIene) (CO)~]  (18) have been obtained 
by thermal reaction of [ C O ~ ( C O ) ~ ]  with the appropriate acetylene in light petroleum". 
A variety of substituents are tolerated on the acetylene R E C R  in which R = H, Et ,  
CH20H,  Phe3, CH2CI, C02He4, CI, Br, and IeS. Unsymmetrical, cyclic, and terminal 
acetylenes are easily madee3J". 

R 
I 

I 
R 

With some macrocyclic diynes cobalt promotes intramolecular transannular 
cyclizations to give tricyclic cobalt-cyclobutadiene n-compIexese6; however, reaction 
of 1,7-~yclododecadiyne with C O ~ ( C O ) ~  in light petroleum forms complexes 19 and 
20e7. The stoichiometry of the products depends on the initial [Co2(CO)~] to alkadiyne 
ratio. 
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Comparatively few olefin complexes of cobalt are known, although chelating diene 
complexes have been reported by displacement of CO from [ Co,(CO),] without 
cleavage of the Co(C0)zCo bridge (equation 3 1)88. 

light 
ptroleum 

A 

Rhodium carbonyl complexes promote cyclotrimerization of acetylene under 
thermal conditionsa9, but the rhodium carbonyl cluster complex [ Rh6(CO),J yields 
olefin complexes with a variety of stoichiometries (equation 32)90. Also, allene can 

[Co2(CO)a1 + nbd - [Coz(nbd)2(CO)J (31) 

[Ni(Cp)(CO)], + RC-CR’ 7 PhMe 

methylcyclohexane 

R’ 
I 

‘C’ 
I 

- R 

- (Cp)Ni-- t - -Ni(Cp) ] (34) 

A 

X Y  
1 14 
2 12 
3 10 

displace carbonyl groups from [ Rh(a~ac) (CO)~]  under mild thermal conditions 
(equation 33)91. 

[Rh(acac)(CO)n] + H2C=C=CH2 --%L 
J O Y  

acac-Rh Rh-acac 

The dimer [Ni(Cp)(CO)12 readily loses CO at elevated temperatures to lead to 
acetylene complexes of [ Ni(Cp)12. The [ Ni(Cp)lr and [Ni(Cp)]2 complexes analogous 
to 19 and 20, respectively, have been obtained via this r o ~ t e ~ ’ . ~ ~ .  A number of 
nickel-acetylene (terminal and internal) complexes can be synthesized by direct 
reaction of [Ni(Cp)(CO)12 with the acetylene in refluxing toluene (equation 34)9s95. 

R = R’ = E t  

R = R’ = Ph 

R = R’ = C02Me 

R = H. R’ = n-Bu 

R = H. R! = Ph 

R = M e ,  R’ = Ph 

R = H. R ’ =  M e  R = t - B u .  R’ = PPh2 

2. Photochemical 

The field of light-initiated reactions of metal carbonyls has been extensively 
These reviews have concentrated mainly on photoreactions, rather than 

on the preparative aspects. The remainder of this survey on replacement of carbonyl 
groups will attempt to provide an overview of photochemical syntheses of 
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representative complexes. Readers are referred to othcr sources for a comprehensive 
survey of photochemical equipment and techniqueslW. 

Group VIB metal carbonyls are susceptible to light-initiated activation of carbonyl 
ligands. After loss of one or more CO ligands, entering groups such as olefins or  
acetylenes give the corresponding q2-complexes. 

Molybdenum and tungsten hexacarbonyls react with low-molecular-weight olefins 
(ethylene, propylene, cis-but-Zene) in the presence of light to give complexes of the 
type [ M(olefin)(CO)s] and [ M(~lefin)~(CO),]  lol. The products arc too unstable for 
isolation. However, with n-ligands such as  aromatic rings, carbonyl substitution gives 
monoolefin and -acetylene q2-complexes (equations 351°2, 36Io3, and 371°4). Other 

hv 
[ Cr(C6Ph6)(CO)-j] + Un - [ Cr(C6Ph6)(CO)2unl (36) 

rhf 

un = ma, cyclopentene, PhC-CPh, maleic acid, fumaric acid, endic acid 

hc 
[ Cr(C6Me6)(CO)3] + RC=CR - [ cr(C6Me6)(co),(Rc_CR)] 

t h f  

R = Ph,p-MeOC6Hd (37) 

stabilizing ligands may be cyclopentadienyl (equation 38)lo5, AsMe, (equation 39)lo6, 
o r  PMe3 (equation 40)'06. Similarly, if enough carbonyl ligands are displaced, a 
complex such a s  [ Mo(PhCGCPh)3(CO)] can be prepared from photoreaction of 
[Mo(CO)~] with PhC=CPhlo7. The synthesis is not general and cyclooligomerization 
has been reported with other acetylenes. 

hr  
[W(Cp)(C0)3MeJ + H2C=CH2 - r W(CP)(Co),(H,C=CH,)MeI 

(38) 

[ W(CO),(AsMe,)] + un - cis-[ W(C0)4(AsMe3)un] (39) 

[W(CO),(PMe3)] + un - ~is - [W(CO)~(PMe~)unl  (40) 

hv 

tM 

un = dmm or dmfm 
hv 

t hf 

un = H2C=CH2, dmm, dmfm 

Olefin complexes of manganese, [ Mn(Cp)(CO)2olefin], are prepared easily by 
photolysis of [ M~(CP) (CO)~]  in hexane10E-'09. Appropriate olefins are H z C C H 2 ,  
MeHC=CH2, pent-1-ene, cyclopentene, cycloheptene, cis-cyclooctene, and nor- 
bornene. The analogous acetylene complexes are prepared by the Sarne method in 
ether (equation 41)110. In order to minimize photoreac:ion of the free acetylene, it is 
added to the reaction mixture only after initial irradiation of [Mn(Cp)(CO)J. 

hv 
[ M ~ ( C P ) ( C O ) ~ J  + HC_CCO2Mc - [ Mn(Cp)(CO)2(HECC02Mc)]  

ether, 

- 50°C 

Photochemical syntheses of iron complexes are possible from [ Fe(CO),], 
[Fe2(CO),] and [Fe3(CO),,]. A number of fluoroolefin complexes have been reported 
recently (equation 42)"'. If photolyses are carried out at low temperatures (-SOOC), 

(41) 
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[ Fe2(C0),] + olefin - hv [ Fc(olefin)(CO),] 
light 

olefin = H2C=CHF, H2CXCF2, FzCZCHF, F2C=CHBr, F2C=CHCI, 
CF,FC=CFCF,. CF3HC=CHCF3, (CF3)2C=C(CF,)2, C12C=CCl2 

iron complexes of olefinic substrates containing strained rings may be isolated. Upon 
irradiation with the parent olefin, [ Fe(CO),] yields Fe(CO), complexes (21)112, 
(22)II3, and (23)II4. 

(21) (22) (23) 
It is possible to activate selectively a carbonyl group photochemically without 

dissociation of other n-coordinated ligands from the metal. As an example, irradiation 
of [ Fe(cycI~butadiene)(CO)~] in the presence of dimethyl maleate or dimethyl 
fumarate gives the corresponding [ Fe(cycl~butadiene)(CO)~olefm]~~~. Since 
dissociation of the iron-cyclobutadiene bond is irreversible, ligand exchange is specific 
to the carbonyl group. 

Simple acetylenic complexes- of iron are stable only when the acetylene is 
disubstituted with very bulky groups. A synthesis reported with experimental detail is 
the preparation of [ Fe(Me3SiC=CSiMe3)(C0).+] from Me3SiCfCSiMe3 and 
[ Fe3( CO),J in benzene’ 16. 

Carbonyl displacement from ruthenium carbonyl complexes by photolysis gives 
isolable olefin complexes when they are stabilized by phosphine ligands and fluorine 
substituents on the olefin (equation 43)”’. 

hv 

hexane 
[ Ru(CO),L2] + olefin - [ R ~ ( C O ) ~ L ~ o l e f i n ]  (43) 

L = P(OMe3), olefin = F2C=CFz 
P(OEt313 CI FC=CF2 
PMe2Ph FHCyCF2 

CF3FC= CF? 
hexafluorocyclobutene 

D. Dlsplecement of q2-Coordlnated Llgands 

Often the displacement of an q2-coordinated ligand by another unsaturated ligand 
(olefin or acetylene) is of limited success. One reason is that a mixture of q2-complexes 
may result. Syntheses of this type are facilitated if the ligand being replaced is 
sufficiently volatile to be removed at room temperature or under reduced pressure. 

1 .  Ethylene displacement 

Ethylene is easily displaced from a variety of platinum complexes, including Zeise’s 
salt (equations 44 and 45)118.119, the platinum dimer [ PtCI2(H2C=CH2)]2 (equation 

K[ PtCI,(H2C-CH2)] + styrene K[PtCMst~rene)l  (44) 

Na[ PtC13(H2C=CH2)] + norbornadiene 
[ PtC12(q2-norbomadiene)] (45) 
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[ PtCI2(H2C=CH2)], + pent-2-ene [PtC12(pent-2-ene)12 (46) 

[ Pt(PPh&(H,C=CH,)] + PhC=CH [Pt(PPh3)2(PhCGCH)] 
(47) 

46)lIU, and [Pt(PPh&(HzC=CH2)] (equation 47)I2O. The reversible nature of the 
above reactions is overcome by use of a vacuum to remove the liberated ethylene. 

The [Pt(PPhj)2(ethylene)] complex has served as a good reagent for the p r e p  
aration of q2-complexes with thermally sensitive ligands. The strained olefin 
A*~4-bicyclo[2.2.0]hexene (24) can be stored as a dihapto ligand in a platinum 
phosphine complex at - 78°C (equation 48)121. 

In addition, the precursor to the first vinyl alcohol q2-cornplex was prepared by 
ethylene displaczment (equation 49)12'. The platinum complex of q2-coordinated vinyl 
alcohol is formed upon hydrolysis of 25. 

[Pt(acac)C1(H2C=CH2)] + H2C=CHOSiMe3 - =6H6 

[ Pt(acac)CI( H2C=CHOSiMe3)] (49) 
(25) 

Although there are many known platinum-olefm complexes which are stabilized 
by coordinating ligands such as tertiary phosphines or acac, the unique [ Pt(eth~lene)~]  
may undergo ethylene displacement to yield a variety of products without such ligands, 
pzrticularly with olefins bearing electron-withdrawing groups (equation 50)123. 

[Pt(H2C=CH2)3] + olefin - 
olefin = dmm, dmfm, def 

Bimetallic platinum-acetylene complexes can be prepared from reaction of 
[Pt(PPh3)2(ethylene)] with [P t (PhECPh)2]  in diethyl ether'24. The product (26) 
contains a bridging acetylene moiety. 

Et20 

[ Pt(H2C-CH2)(olefm)2] + [ Pt(01efin)~l (50) 

Ph 
I 

Ph 

(26) 

The replacement of ethylene is not limited to the preparation of higher olefin 
complexes of platinum. The methylenecyclopropanes 27 and 28 can form complexes 
with platinum (equation 51), rhodium (equation 52). and iridium (equation 53)12s. 

Chiral rhodium complexes result from reaction of tond (29) with the dimer 
[ RhCl(ethylene)2]2126. The resulting enantiomeric pair (30) may be resolved by 
treatment with a chiral amine (equation 54), followed by fractional crystallization. The 
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(27) (28) 

C6H6 
(51) [Pt(PPh,)2(H2C=CH2)] + olefin - [Pt(PPh3)201efm] 

olefin = 27, 28 
et20 

[ R ~ ( ~ c ~ c ) ( H ~ C = C H ~ ) ~ ]  + olefin - [ Rh(acac)(olefin)2] ( 5 2 )  
olefin = 27, 28 

E t z O  
(53) [ I r ( a ~ a c ) ( H ~ C = c H ~ ) ~ ]  + olefin - [ Ir(acac)(olefin)z] 

olefin = 27, 28 

Me 

(29) 

[ RhCl(tond)12 + (5)-a-methylbenzenemethanamine - 
[ RhCl(s-Am)(tond)] (54) 

dimer can also yield rhodium q2-complexes of the terpenes limonene (31), 
a-phellandrene (32), and carvone (33) (equation 55)12'. 

(30) (5-AM) 

H Me2 

(31) (32) (33) 

[ RhCI(H2C=CH2)I2 + terpene - [RhCl(terpene)] ( 5 5 )  

terpene = 31, 32, 33 

2. lsobutylene displacement 

A variety of cationic iron complexes can be prepared by reaction of 
[ Fp(isobutylene)](BF4) (see Section II.F.l) with the appropriate olefin (equation 
56)'28.129. The reaction is complete in approximately 10 min and may be monitored by 

CHzCl2 
[ Fp(isobutylene)](BF4) + olefin - [ Fp(olefin)](BF4) (56)  

olefin = H2C=CH2, cycloheptene, cyclooctene, cyclohexa-l,3-diene, 
cyclohexa- 1,4-diene, norbornadiene 
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evolution of isobutylene. The product complexes are dihapto, and thus the [Fp] cation 
may be used as a protecting group for one double bond of a polyene (Scheme 4 ) I 3 O .  

[ Fp(isobutylene)]+ $. & - [&/PIt 

Addition to the uncoordinated %z 
HgIOAd2 or- 

H p .  P d l C  n-bond only 

SCHEME 4 

In addition, the [ Fp] group selectively coordinates 
(Scheme 5). 

carbon-carbon double bonds 

x=-L - [Fp(isobutylene)]+ + 

SCHEME 5 

3. Cyclooctene displacement 

Cyclooctene has found limited application as a leaving group. A variety of 
r12-comdexes have been prepared from [ Cr(Cp)(CO)(NO)cyclooctene] (equation 
57) I31 . IJ2- 

CgH6 [Cr(Cp)(CO)(NO)cyclooctene] + un - [Cr(Cp)(CO)(NO)un] (57) 

un = H2C=CH2, HC=CH, ma 

The cyclooctene complexes [ MCl(cyclooctene)~]~ (M = Rh, Ir) undergo 
cyclooctene replacement to yield ~ l e f i n ' ~ ' . ' ~ ~ ,  allene134, and acetylene'35 complexes 
(equations 58-60). The syntheses (equations 58 and 59) are of interest because of the 

[IrCl(cyclooctene)2]2 + H2C=CH2 - [IrCI(H2C=CH2)2]2 ( 5 8 )  

[ Ir(PPh3)2Cl(un)l (59 )  [ I rCl (cyc l~octene)~]~  + PPh3 + un - CgH6 

un = ethylene, allene 

C6H6 [ RhCl(cyc l~octene)~]~  + PCy3 + RCGCR - 
R = H, Et, Ph 

marked instability of iridiurn(1) and its ready conversion to iridium(II1). In contrast to 
rhodium, rclatively few olefm complexes of indium without strongly n-accepting 
ligands such as CO or chelating alkenes are known. 

[ Rh(PCy3)2CI(RCGCR)] (60) 
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4. Cycloocta- 7.5-diene displacement 

Together with ethyiene, 1,5-cod is one of the most widely used ligands for easy 
displacement. It undergoes displacement by olefins and acetylcnes from a number of 
metals. 

The [ N i ( l , 5 - ~ o d ) ~ ]  complex may react with complete displacement of IS-cod 
(equation 61)136.137.138. 

[ N i ( l , S - ~ o d ) ~ ]  + 2PPh3 + PhHCZCHPh 
pcntane - 

[ Ni( PPh 3) 2( PhHC=CHPh)] (6  1 ) 

A two step synthesis starting from [Ni ( I ,S -c~d)~ l  involves the  formation of a 
coordinatively unsaturated intermediate isonitrile complex (equation 62). which then 

Er2O 
[ N i ( l , S - ~ o d ) ~ ]  + 2r-BuN3C - [ N ~ ( ~ - B U N Z C ) ~ ]  (62) 

[ N i ( r - B ~ N f c ) ~ ]  + un - [Ni(c-BuNGC)(un)] (63) 
E l 2 0  

un = (NC)HC=CH(CN), PhCGCPh 

adds olefins and acetylenes (equation 63)'37. In many cases, molecules of solvent 
remain coordinated to nickel in thc products (cquation 64)136, or only partial 
replacement of 1 S-cod is observed (equation 65)12". 

CH3CN 
[ Ni( 1,5-cod),] + 1,5-cod + olefin - [ Ni(CH3CN)(un),] (64) 

un = dmm, dmfm 

[Ni( l .5-cod)z]  + Me3SiCrCSiMe3 - 
SiMe3 
I 

C / \  
(1,5- cod)Ni - -1- - N i (  1 .5  - 

'C' 

1 SiMe3 
I 

C / \  
(1,5- cod)Ni - -1- - N i (  1 .5  - cod) 

'C' 

1 I 
SiMe3 

(65) 

Whereas the complcx [ Ni( 1,5-c0d)~] has been particularly valuable in both the 
synthesis of additional nickel compounds and catalytic  application^'^^, the similar 
chemistry of platinum and palladium has been slowcr to devclop. Now that a pathway 
exists to [M( l ,S -~od)~]  (M = Pt, Pd) in good yields (see Section 11.G.6), numerous 
olefin and acetylene complexes are becoming available. With these complexes, 
ethylene, trans-cyclooctene, and norbornadiene give the corresponding complexes 
M(un), ( M  = Pt, Pd and un = ethylene, trans-cyclooctene. nbd)14".14'. They appear to 
be thermodynamically more stable than similar nickcl complexes. Olefins with 
electron-withdrawing substituents do  not displace 1.5-cod as completely (equation 
66)'42. Acetylenes undergo analogous reactions (equations 67 and 68)'43.'44, and in 
the latter reaction product yield is sensitive to the reactant complex to acetylene ratio. 

[ Pt( 1,5-c0d)~] + olefin - [ Pt( 1,5-cod)(olefin)] (66) 
E l 2 0  

olefin = dmfm, defm, dem 
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light 
petroleum 

[ Pt( 1,5-~0d)2] + PhCf CPh * [Pt(PhCGCPh)2] (67) 
El20 

[ Pt(l,S-c0d)2] + CF3CGCCF3 - [Pt(q4-1,5-cod)(CF3ECCF3)] (68) 

The ruthenium complex [ Ru( 1,5-~od)(CO)~] readily 
complexes (equation 69)14'. 

loses 1.5-cod to form diene 

5. Norbornadiene displacement 

Since norbornadiene is relatively involatile and reasonably effective in coordination 
of transition metals, it may be replaced only when the entering ligand is even more 
strongly coordinating or is used in stoichiometric excess. Thus, the chelating 
phosphine-monoolefin complex 34 may be obtained (equation 70)'46. 

Ph Ph 

M = Cr. M o ;  

sp = o-styryldiphenylphosphine 
(34)  

6. Miscellaneous n-ligand displacements 

The trihapto ligands E,E,E-1,5,9-cyclododecatriene and benzene are labile enough 
in selected transition metal systems to be replaced by low-molecular-weight ole fin^'^' 
and acetylenes28 (equations 71 and 72). 

Et2O 

0°C 
[Ni(cdt)] + H2C=CH2 - [Ni(H2C=CH2)31 

- 10°C 
[CUL~](AICI~)  + RC=CH - [Cu(RC=CH)](AlC14) (72) 

L = C6H6, CaH5Me; R = H, t-Bu, Ph 

E. Dlsplacement of Mlscellaneous Llgands 

1 .  Tertiary phosphine displacement 

Tertiary phosphines are commonly used as stabilizing ligands in transition metal 
complexes. However, i t  is possible in some cases for olefins and acetylenes to displace 
one or more phosphines with resulting formation of q2-complexes. 

Whereas iron carbonyl complexes of olefins and acetylenes are legion, few iron 
phosphine complexes have been reported. The PF3 ligands in [Fe(PF&] undergo 
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ether 

hu 
[ Fe(PF&] + olefin - [ Fe(PF3)401efm] (73) 

olcfin = MeHC=CHCN, PhHC=CH2, H2C=CHC02Me 

substitution upon photolysis (equation 73)’48. Tine resulting PF3 complexes are more 
stable than the equivalent more common [ Fe(~lef in)(CO)~] complexes. The displaced 
PF3 is a gas, and thus product formation is irreversible. This is not the case with all 
phosphine ligands. 

Phosphine- hydride complexes of ruthenium are well known homogeneous 
hydrogenation catalysts. However, in some cases they yield stable olefin q2-complexes. 
The reaction of norbomadiene with [ R U ( P P ~ ~ ) ~ C I H ]  gives [ R~(PPh~)~ClH(nbd) l ,  
which is one of the rare examples of a hydrid-olefin complex’49. Similarly, ethylene 
and styrene react with [Ru(PPh3)4HJ to yield [ R~(PPh~)~o le f in ]  (olefin = ethylene, 
styrene)Is0. In this reaction 1 mol of ethane or ethylbenzene, respectively, is obtained 
per mole of starting ruthenium complex. 

Simple olefin and acetylene complexes are obtained on displacement of PPh3 from 
[ R U ( C O ) ~ ( P P ~ , ) ~ ]  (equation 74)”’. This pathway was the source of the first ethylene 
complex of ruthenium. 

MeCN 
[ Ru(C0)2(PPh3)3] + un - [ Ru(C0)2(PPh3)2un] (74) 

un = H2C=CH2, PhCECPh 

Cobalt-acetylene complexes [ Co(Cp)(PPh3)(RECR)]  ( R  = Ph, C02Me) are 
prepared in good yield from [ Co(Cp)(PPh,)2].C6H6152.1 53. 

The ethylene complex [ RhCl(PPh3)2(H2C-CH2)] is unstable with respect to 
ethylene dissociation. However, if the synthesis is attempted in solvent saturated with 
ethylene and in an ethylene atmosphere, it may be isolated (equation 75)15‘. 

CHCI-j 
[ RhCl(PPh3),] + H2CL-CH2 - [ RhCI(PPh3)2(HzC-CH2)] (75) 

Acetylene complexes of rhodium in large variety may be obtained by reaction of the 
acetylene with [ I U I ~ ( P F ~ ) ~ ]  (equation 76)IS5. In method A, the reactants are heated in 

[Rh2(PF3)8] + RC=CR’ - [ Rh2(PF3)6(pRC- CR’)] (76) 

Method A Method B 

R = R’ = CF3 
R = Ph, R’ = Me 
R = Ph, R’ = Et 
R = Ph, R‘ = C02Me 

refluxing hexane. In method B, the acetylene is condensed with Rhz(PF3)s in a vacuum 
system, and the resulting mixture is heated at 40-90°C. Yields are consistently 
higher with method A. The products have structures analogous to those of 

OlefinIs7 and a~etyleneI5~-ls8 complexes of iridium are obtainable by PPh3 

R = R‘ = Ph R = R ’ = H  
R = R’ = Me 
R = n-Pr, R‘ = Me 
R = n-Bu, R‘ = H 
R = f-Bu, R’ = H 
R = Ph, R’ = H 

[ c O 2 ( c o ) 6 ( p - R c ~ c R ) ]  

displacement (equations 77 and 78). 
C6H6 

[ Ir(CO)H(PPh3)3] + un - [ Ir(CO)H(PPh3)2(un)l (77) 

un = dmfm, fmn, dmm, tcne, maleic acid, cinnamic acid, cinnamonitrile, 
fumaric acid, CF3CGCCF3 
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C6H6 [IrCI(PPh3)3] + PhCSCPh - [ IrCI(PPh3)2(PhCZCPh)] (78) 

Platinum(0) and palladium(0) complexes of the type [M(PPh3)2(un)] (M = Pt, Pd) 
are prepared from M(PPh3)4. Activated olefins such as F2C=CF2IS9, C12C=CC12's9*160, 
tcnel6I, ma161, defI6I, and CF3FC=CFCF3'62 are reactive, but unactivated monoolefins 
do not appear capable of replacing two PPh3 moieties. Acetylenes give products of 
the type [Pt(PPh,)2(RCECR')], ( R  = R' = Ph, R = R' = 2-py, R = R' = 
2-(6-Me-py)) 163. 

2. Nitrile displacement 

Benzonitrile and acetonitrile coordinated through the non-bonding electrons on 
nitrogen are displaced by n-ligands. Olefin complexes of palladium(I1) may be 
prepared by reaction of the olefin [ H2C=CH2, Me2C=CH2, PhHC=CH2, 
H2C=CH(CH2)2HC=CH2] with [Pd(PhCN)2CIz]58.'64. The [ Pd(PhCN)2C12] starting 
complex is prepared by reaction of PdClz in PhCN. The pathway cannot be extended 
to platinum(I1) complcxes. 

Acetonitrile complexes of the Group VI metals have been useful intermediates in 
development of the chemistry of those metals. Three CO ligands of 
[M(C0)6](M = Cr, Mo, W) may be replaced upon refluxing in CH3CN'65.'66. The 
resulting [M(CO),(CH3CN),] is mixed with the liquid olefin or acetylene or mixed 
with the solid olefin or acetylene in benzene. It should bc noted that in most cases 
some carbonyl hgdnds are displaced along with CH3CN ligands (equations 79 and 
80)167-170. In the reaction of MeSCECSMe (equation 80) there is n o  evidence of 
sulphur coordination'6Y. Monosubstituted acetylenes do not give characterizable 
productsI6". 

[W(C0)3(CH3CN)3] + R C E C R  - [W(CO)(RCECR)3] (79) 

R = Ph, Et, SMe 
100°C 

[ W(C0)3(CH3CN)J] + CF3CECCF3 - [ W(CH3CN)(CF3CECCF3)3] 

(80) 

An interesting reaction is the formation of [ M(tf-dier~e)(CO)~] complexes from 
[ M(CO)3(CH3CN)3] (equations 81 and 82)'7""'72. The mechanism of M(CO)* 
formation from the M(CO)3 moiety has not been determined. 

[M(CO),(CH,CN),) + hmdb - ( 8 1 )  

M = C r ,  M o ,  W 
M 

- (co)4 
hcxane 

[ W(CO),(CH,CN)3] + 1,5-COd - [ W( I ,5-~od)(CO),] (82) 

3. Benzylideneacetone derivative displacement 

Until the recent synthesis of [ Pd( 1,5-c0d)~] (see Section II.G.6), there have been 
few routes to palladium-olefin complexes. Onc of the more general methods, 
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however, is displacement of the chelating acetone dcrivatives dibenzylidencacetone 
(dba) and tribenzylideneacetylacetone (tba) from [ Pd2(dba)3]’73 and 
[Pd3(tba)2(bipy)3]174, respectivcly (equations 83 and 84). 

acetone 
[Pd,(dba)3J + L + olefin - [ PdL(o1efin)J (83) 

[ P ~ f ~ ( t b a ) ~ ( b i p y ) ~ ]  + olefin - [ Pd(bipy)(olefin)J (84) 

olefin = ma, dmm, dmfm, acrylonitrile; L = bipy, o-phen 

acetone 

olefin = ma, dmm, dmfm 

4. Solvent displacement 

Often solvent ligands coordinated to a transition metal may be displaced. In some 
cases solvent coordination is so weak that the complex may be considered 
coordinatively unsaturated, depending on the position of equilibrium (equation 85). 

[ ML,(solvent)] e [ ML,,,] + solvent (85) 

Ethers form metastable complexes with many metals but can be replaced to givc the 
more thermodynamically stable olefin’ 75 and acetylene’76 complexes (equations 86 
and 87). More rccently, acctone has been displaced from the coordination sphere of 

CHzCl2 
[Fp(thf)](BF,) + olefin - [ Fp(q2-olefin)J(BF4) (86) 

olefin = H2C=CH2, cyclohexenc. cycloheptenc, cyclohexa-l,4-diene, norbornadiene 

[Mn(Cp)(CO)2(thf)] + P h C f C P h  - [ Mn (Cp)( CO) 2( PhCG CPh)] (87) 

octahedral ruthenium complexes by a variety of unsaturated hydrocarbons (Scheme 
6)‘77. 

[ R U ( N H ~ ) ~ H ~ O ] ( P F ~ ) ~  + acetone - [ R~(NH~),acetone](PF,)~ 
un - [ Ru(h’H3)Sunl(PF6)2 

un = cyclohexene, norbornene, HC=CH. hex-1-yne, hex-3-yne, oct-1-yne 

SCHEME 6 

5. Silane displacement 

[Pt(PPh3)2(PhC=CH)] in  50% yield’7H. 
The chelating silicon atoms in 35 are reported to be replaced by PhC=CH to give 
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6. Hydrogen displacement 

Elimination of molecular hydrogen has been common to preparation of several 
complexes of Group VB metals. Niobium and tantalum complexes of olefins are 
obtained from reaction of the hydrocarbon with the metal trihydrides (equation 88)179. 

[M(Cp)2H3] + H2C=CH2 [ M ( C P ) ~ ( H ~ ~ = C H ~ ) ( C ~ H ~ ) ~  (88) 

M = Nb, T a  

If the metal trihydride-ethylene reaction is allowed to proceed in a limited amount 
of ethylene, the hydrido-ethylene complex is isolated. The first acetylene complexes 
of tantalum18" and niobium'*' were prepared by a similar route (equations 89 and 90). 

dioxane 
[Ta(CpMe)zH3] + CsHSI + RCGCR' - [Ta(CpMe)2I(RCECR')] 

(89) 
R = K' = n-Pr 
R = Me, R' = i-Pr 
R = Me, R' = n-Bu 
R = Me, R' = t-Bu 

(90) 
C6H6 [ Nb(Cp)2H3] + R C E C R '  - [ Nb(Cp)ZH(RCECR')] 

R = R' = Me 
R = R' = n-Pr 
R = Me, R' = n-Pr 
R = Me, R' = i-Pr 

The dihydride complex of molybdenum [ M O ( C ~ ) ~ H ~ ]  reacts with PhC-CPh to give 
the diamagnetic complex [ M o ( C ~ ) ~ ( P ~ C - C P ~ ) ] ' * ~ .  

The osmium-dihydride cluster complex [ O S ~ ( C O ) ~ ~ H ~ J  loses hydrogen in the 
presence of ethylene and cyclooctene to form [ Os3(cyclooctene)2(CO)~o]183. The 
cyclooctene is replaceable by other ligands so that [ Os3(cyclooctene)2(CO)~~] is a 
convenient source of the O S ~ ( C O ) ~ O  group. This trimetallic cluster has been of interest 
as a model for studying hydrocarbon chemisorption on metallic surfaces. 

Often hydrogen displacement syntheses lead to some hydrogenation of the entering 
unsaturated hydrocarbon. The ruthenium-dihydride complex yields olefin 
q2-complexes with ethylene and propylene (equation 91)I&. For each mole of product 

C6H6 [ R u ( P P ~ ~ ) ~ H ~ ]  + RHCXCH2 - [ R u ( P P ~ ~ ) ~ ( R H C = C H ~ )  + RCH~CHI  
(36) 

R = H, Me (91) 

one equivalent of hydrogenation product is formed. Styrene does not form an 
q2-complex by this method, but the ethylene complex (36) in styrene undergoes ligand 

[ l r (P - i -Pr3 )2H5]  + H2C=CH2 - ' 6 " 6  I (P;-Prl2 

C H M e  

CH2 I r (  P - i - PrJ) (H2C= CH2) + CH3CH3 (92) 



7. Synthesis of olefin and acetylene complexes of the transition metals 31 1 

exchange to give the styrene analogue of 36. If the synthesis (equation 91) is attempted 
with an excess of hydrogen, alkanes are the only hydrocarbon products with no 
formation of 36. Similar chemistry is observed with the iridium complex 
[ Ir(P-i-Pr3)2HS] (equation 92)18'. 

7. Oxygen displacement 

An ethylene complex of platinum has been reported from the displacement of 
oxygenIE6. Oxygen is bubbled through a benzene solution of [Pt(PPh3)4] and the 
resulting isolable adduct [ Pt(PPh3)202] is dissolved in ethanol. Ethylene is bubbled 
through the solution concurrent with addition of NaBE, to give 
[ Pt(PPh3)2(H2C=CH2)]. The generality of this method is unexplored. 

8. Methane displacement 

Cationic olefin and acetylene complexes of cobalt can be prepared by displacement 
of methane (equation 93)18'. The proposed mechanism involves a reductive 
elimination (Scheme 7). 

[ C O { P ( O M ~ ) ~ } ~ M ~ ]  + H+ + un [Co{P(OMe)3}4(un)l+ (93) 
un = H2C=CH2, MeHC=CH2, hex-1-ene, PhC-CPh 

[ C o 4 M e ]  + H' - [CoL,MeH]+ - [CoL4]+ + CHr 

L = P(OMe)3 
SCHEME 7 

F. Llgand Rearrangements 

1.  q'-Allyl 

A number of metal-q'-ally1 complexes undergo protonation with mineral acids in 
hydrocarbon solvents to form q2-complexes (equation 94). The product salts usually 

precipitate immediately from solution. Obviously ethylene complexes are not 
available by this route, but the cationic propylene complcxes 
[ Mn(pr~pylene)(CO)~] '~*,  [ F p ( p r ~ p y l e n e ) ] ' ~ ~ ,  [ W(Cp)(C0)3(propylene)] lY", and 
[ M~(Cp)(CO)~(propylene)]'~~ are. Higher olefin q2-complexes may be synthesized 
by the same general m e t h ~ d ' ~ ~ . ' ~ ~ .  Under similar conditions, iron-CH2CECR 
complexes are known to rearrange to q2-allene complexes (equation 95)19?. This 
acid-promoted rearrangement is reported to be unsuccessful with the complexes 
M-CH2C-CPh, where M = Mn(CO)S, M o ( C ~ ) ( C O ) ~ ,  and W(Cp)(CO),. 

[Fp(-CHzC=CR)] + HBFdacetic anhydride - 
R = Me, Ph 

[Fp(qLCH2=C=CHR)](BF4) (95) 
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2. q'-A/ky/ 

Another general method for generation of cationic metal-olefin q2-complexes is 
hydride abstraction from metal-q'-alkyl complexes (equation 96). TO be successful, 

there must be a hydrogen atom on the fl-carbon atom of the q'-complex. 
Triphenyl-carbenium salts are the usual hydride abstraction agents in ethereal 
solvents. By this method the salts [ M~(Cpj(CO)~(ethylene)](BF~)'~', [Mn(CO)5- 
(ethylene)] (BF4)le1, [ Fp(ethylene)]( PF6) 3, and [ Ru(Cp)( CO)2(ethylene)] 
(BF4)Ie9 have been isolated. Although not many examples exist, higher olefin 
complexes such as  [ Fp(pr~pyIene) ] (BF, ) '~  are available by this path. 

An ingenious adaption of the hydride abstraction process led to isolation of the 
unique bis-iron cation complcx of cyclobutadiene (Scheme 8)194.19s. 

+ (Na)[Fp]  (h( 
0 "C 

SCHEME 8 

3. Carbenes 

Metal-carbene complexes (see Chapter 5 )  may undergo conversion to olefin and 
acetylene complexes. Lithium-alkyl reagents, followed by chromatography of the 
reaction products on SiO2. convert [ W(carbenc)(CO)s] into [ W(~lef in) (CO)~]  
products by the reaction sequence in Scheme 9Iy6. 

( 1 )  L iCH2R. ether.  - 7 8 ' c  

12) S IOZ.  pentane. - 4 0 ° C  
(co)5w - c.2 

'Ph I 'Ph -OMel 

R = H. n-Pr. vinyl 

CHPh 

SCHEME 9 

A recent example involving an intcrmediate metal-carbenc complex that is 
converted to an acetylene q2-complcx is outlined in Schcme l O I y 7 .  Intermediates 37 
and 38 have been confirmed as  present in low concentration throughout the reaction. 
In addition, 38 with R = Me or Et. when heated to 45°C. produces 39, among other 
products. 
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CR' 

CR' 
I 
c=o 
I 

SR 

(38) 

I 
R 

(37) 

I 
R'  

(39) 

SCHEME 10 

4. Epoxides 

Appropriately substituted cyclic and acyclic epoxides arc susceptiblc to nucleophilic 
attack by the [Fp] anion. The reaction has led to a variety of complexes of the 
type [Fp(olefin)](BF,) (Schemc 1 l)"9.198. The method is limited by the availability of 

a 0 + (Na) [Fp] - THF [ $1 "BF4, FP i"" 

SCHEME 11 

epoxides but appears tolerant of a variety of functional groups. Yields are excellent 
(Table 1). q2-Coordination of [Fp] cation to an olefin activates the caroon-carbon 
double bond to nuclcophilic attack as evidenced by its susceptibility to Michael 
condensation 199. 

TABLE 1 .  Preparation of [Fp (olefin)] complexes from epoxidesIYn. Rcproduced with 
permission from Giering er nl., 1. Am. Chew. Soc.. 94, 7170. Copyright 1972 by thc Arncrican 
Chemical Society 

Yicld of Fp(olefin) 
Epoxide complex (%) Epoxidc complex (%) 

Ethylene oxide 90 rram-Stilbcnc oxidc 83 
Propylenc oxide 91 cis-Stilbenc oxide 82 
But- 1 -ene oxidc 91 Cyclohexene oxide 66 
cir-But-2-ene oxidc 64 Butadiene monooxide 91 
rroris-But-2-ene oxide 50 Acrolein oxide 90 
Styrene oxide 62 rrans-Ethyl crotonate oxide 06 

4-Vinylcyclohexenc dioxide 50 

Yield of Fp(olefin) 
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5. Keto-enol tautomerism 

A final example of ligand rearrangement is the keto-enol tautomerism leading to 
isolation of q2-vinyl alcohol complexes of platinum2"". The platinum complex 40 
results from reaction of [Pt(acac)CI(H2C=CH2)] with acetaldehyde, followed by 
treatment with base, then acid (Scheme 12)20'-202. Similarly, the complex 
[ Pt(acac)Cl(q2-CH2=C(OH)CH3)] can be prepared. 

K O H l  
[(Pt(acac)(CI) (H2C=CH2)] + C H ~ O  K[Pt(acac) (Cl) (q'-CH2CHO)] 

SCHEME 12 

G. Reductlve Oleflnatlon and Acetylenatlon 

Metals in positive oxidation states (typically metal halides) can be reduced by a 
variety of metals, metal alkyls, and hydrides. In the presence of olefin or acetylene, the 
metal-olefin or  metal-acetylene $-complex may form. Although the technique is 
generally applicable, i t  is not widely used. 

from 

M =  
un = 

un = 

1. Sodium 

Sodium amalgam reacts with chlorides of m o l y b d e n ~ m ~ ~ ~ ~ ~ ~ ~ ,  tungstenZo3, and 
niobiumZoS to give olefin and acetylene complexes (equations 97 and 98). The 
molybdenum and tungsten syntheses with gaseous hydrocarbons require pressures 

1 to 150 atm. 

(97) 

Mo; M = W; 
H2C=CH2 un = H2C=CH2 
HC=CH M e C I C M e  
MeC=CH 

PhC=CPh 
CF,C=CCF3 

PhMe 
[ Nb(Cp)2C12] + Na/Hg + un - [Nb(Cp)2Cl(un)] (98) 

cyclopropene, MeC-CH, CF3C-CCF3 

Cobalt(I1) chloride is reduced by sodium in the presence of l,S-cod, resulting in 
formation of [ CO(~~-CNH~~)(#-C~H,~)]~"~. 

2. Manganese powder 

products of reductive olefination (equation 99)207. 
Manganese powder reacts with cobalt(I1) halides (halide = CI, Br, I) to give 
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Mn 

R CN 
Cox2 + R02CHC=CHCO2R [ CO( R'CN)2(R02CHC=CHC02R)J 

X = CI, Br, I 
R = Et, R' = Me 
R = n-Pr, R' = Me 
R = n-Bu, R' = Et 

3. Aluminium trihalides 

Aluminium trichloride is often used to remove halide ligands irreversibly. Ethylene 
and Mo(C~) (CO)~CI  thus are converted into the [ M O ( C ~ ) ( C O ) ~ ( H ~ C = C H ~ ) ] +  
cation2O*. Ethylene2w and 1,5-cod2" react with [M(CO)sCI] (M = Mn, Re) in the 
presence of AIC1, to yield [ M(C0)5(H2C=CH2)]+ and [ M(C0)4( 1,5-cod)]+ cations, 
respectively. When very high pressures of ethylene (210 atm) are used, products of 
halide and carbon monoxide displacement ([ Re(C0)4(H2C=CH2)2]) are obtained2". 
The iron complex [Fp](X) (X = CI, Br) with AM3 and olefin (olefin = H2C=CH22"8, 
cyclohexene212, octadec-l-ene2I2) yields the cationic olefin complexes [Fp(olefm)]+. 

4. Aluminium trialkyls 

A large number of nickel(0) complexes of olefins have been prepared from 
[Ni (a~ac )~ ] .  For example, reaction of [ N i ( a ~ a c ) ~ ]  with PR3 (R = o-tolyl) in the 
presence of AlEt, leads to reductive olefination (equation The product (41) 

PhMe 
[ N i ( a ~ a c ) ~ ]  + PR3 + NEt3 + H2C=CH2 "i(PR3)2(H2C=CHd] 

(41) 
R = 0-tolyl (100) 

has proved a useful catalyst for the reaction of dienes. The 1,5-cod complex of nickel is 
prepared in high yield from [Ni (a~ac )~ ] ,  1,5-cod, and AlEt32'4. 

Reductive olefinations of metal(acac) complexes have been reported for iron 
(equation 101)2'5, molybdenum (equation 102)216, and palladium (equation 103)217. 
In equations 101 and 102, the organoaluminium reagent is the source of the ethylene 
ligand. 

El20 
[ F e ( a ~ a c ) ~ ]  + dppe + A1Et2(OEt) - [ Fe(dppe)2(H2C=CH2)] 

(101) 

[ Mo(acac),] + dppe + AIEt3 - [ Mo(dppe)2(H2C=CH2)] (1 02) 

[ P d ( a ~ a c ) ~ ]  + PR3 + AIEt2(OEt) + H2C=CH2 - [Pd(PR,)2(HzC=CH2)] 
Et20 

R = Cy, Ph, O-tOlyl (103) 

5. Grignard reacents 

Reduction with Grignard reagents is a general method of organometallic synthesis. 
The magnesium alkyl reagent Mg(i-Pr)Br reacts with [Co(Cp)(PPh3)12] in the 
presence of PhC-CPh to form [ CO(C~)(PP~,)(P~CECP~)]~I~. A Grignard synthesis 
of [Pt(l,S-cod)2] has been reported (Scheme 13). but the yields are 
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[PtC12(1,5-cod)] + Mg(i-Pr)Br 
MeOH 

- 50°C 
- 

hv 
[Pt(i-Pr)2( 1,5-cod)] - [ Pt( 1 S-cod)z] 

1 .S-COd 

SCHEME 13 

It is possible for the alkyl group of a Grignard reagent to serve as a precursor to an 
olefinic ligand. When the alkyl group bears a /?-hydrogen atom, a series of tantalum 
q2-complexes can be prepared (equation 104)220. In some examples. mixtures of 
isomeric olefin complexes are obtained. 

[Ta(Cp)2C12] + MgRCl - [Ta(Cp)2H(olefin)] (1 04) 

when R = q-Pr, olefin = propylene 
i- Pr, propylene 
n- Bu, but-1-ene 
S-Bu, but-1 -ene 
n-pentyl, pent-1 -ene 
cyclopentyl, cyclopentcne 

6. Lithium salts 

Development of the organometallic chemistry of platinum and palladium similar to 
that afforded by [ Ni( 1,5-c0d)~] has been slow to devclop owing to the lack of mono- or 
diolefin complexes in reasonable amounts. The recent development of synthetic 
pathways to [Pt( 1,5-c0d)~] and [ Pd( 1.5-c0d)~] by reductive olefination (Scheme 
14)140a141 should offer progress in this area. When M = Pd the preparation requires an 

HOAc 
K2MCIj + I , h o d  -- [ MC12( 1,5-~0d)] 

M = Pt. Fd 
EtzO 

[ MCI2( 1 S-cod)] + Li2cot + 1,5-cod - [ M( 1,5-c0d)~] 

SCHEME 14 

atmosphere of propylene. ' f i e  rM( 1,5-c0d)~] complexes are reported to be more stable 
to oxidation and thermal decomposition than the corresponding nickel complex. They 
undergo facile 1 $cod ligand displacement (see Section Il.D.4) to yield 
[ M(H2C=CH,)3] 140.141, [ M(norb0rnene)3]'~". and [ M ( ~ r c l n ~ - c y c l o ~ c t e n e ) ~ ] ~ ~ ~ .  

7. Hydrazine 

Mention should be made of the rcductkn of metal halides with hydride reducing 
agents. Hydrazine hydrate reacts with [ Pt(PPh3)2CIz] in ethanol to give olefin2z1, 
acetylene222, and ~yc loa lkyne~ '~  $-complexes (equation 105). 

EtOH 

un = PhHC=CHPh, 4,4'-dinitrostilbene. accnaphthene, 

[Pt(PPh3)2C12] + H2NNH2-H20 + un - [ Pt(PPh3)2un] (105) 

HCGCCH(0H)Me. HCfCCHIOMe, H C f C C H 2 0 H ,  HCGCCH(OH)Ph, 
t i -  P r C f  Cn-Pr. PhC=CC(OH)Mez, cyclooctyne 
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8. Phosphites 

A less common method of reductive olefination involves use of phosphites P(OR)3 
(R = alkyl or aryl) with CuX2 (X = CI. Br, C104, BF4) in  alcoholic media224. In the 
presence of norbornadiene and 1,5-cod, the corrcsponding complexes [Cul(nbd)X2] 
and [Cu( 1,5-cod)X] are obtaincd. The extent of carbon-carbon x-bond coordination 
(dihapto or tetrahapto) dcpcnds on the identity of the gcgenion X. 

H. Electrochemlcal 

Electrolysis has been used in selected cases for the synthesis of organometallic 
q2-complexcs22s. In general, the reduction of a mixture of a metal salt and olefin yields 
a metal(0)-olefin q2-complex (Scheme 15). The polarographic half-wave reduction 

;c=c: \C' 
M+ + e-  - M(0) - M-ll 

/ c \  
SCHEME 15 

potentials for several salts and potential ligands (Table 2) predict that the salt cations 
would be reduced prefercntially to olefin or acetylene226. 

Suitable solvents for elcctrolysis must be of adequate polarity for good conductivity 
and must have a high enough reduction potential to resist reduction. Diglyme, 
dimethoxyethane, thf, pyridine, and dmf are preferable. Additional experimental 
parameters have been completely reviewed226. 

Because of the tendency to form complex anions, orgallonretallic q2-complexes of 
copper(1) halides are unstable (equation 106). Hcwwcr,  the complex 

2[Cu(un)X] 2un + [Cu][CuX?] 

[Cu( 1 , 5 - ~ o d ) ~ ] ( C 1 0 ~ )  has been prepared by electrolysis at copper electrodes of a 
solution of [CU](CIO.,)~ and 1 ,5-codZ3. The suggested half-reactions are shown in 
Scheme 16. A synthesis of the corresponding tetrafluoroboratc complex is reported by 
the same procedure2'. 

TABLE 2. Polarographic half-wavc reduction potentials in 
thf0226 

Substrate 
Half-wavc reduction potcntial 
(V YS. SCE) 

Ni" acac 
co" acac 
Fe"' acac 

rruns-Stilbcne 

Diphen ylacetylene 
Styrene 
Phenylacetylene 
Cycloocta-1.5-diene 

- 1.57 
- 1.98 

(1) -0.82 
(2) -2.25 
(1) -2.25 
(2) -2.64 

- 2.41 
- 2.69 
-2.71 
-2.95 

'Dropping mcrcury elcctrode. tctrabutylammonium bromide 
as electrolyte. 
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Cathode: 

Anode: 

Cu2+ + 2( 1,5-cod) + e- + C104 - [ Cu( 1,5-~0d)2](C104) 

Cu + 2(1,5-cod) - e- + Clod - [Cu(l,5-~0d)2](C104) 

SCHEME 16 

Similarly, [Nil1 ( a ~ a c ) ~ ]  can be reduced in the presence of 1,5-cod without metal 
deposition. In pyridine, thf, or dimethoxyethane, yields of [ N i ( l , S - ~ o d ) ~ ]  up to 96% 
are obtained227. 

Reduction of [Co" ( a ~ a c ) ~ ]  with 1,5-cod in pyridine or a pyridine/alcohol mixture 
gives [ Co( 1 $cod)( q3-cyclooctenyl)] in yields of 27-40% (equation 1 07)228. 

111. GENERAL PROBLEMS AND LIMITATIONS 

T'le following is a brief summary of some of the major pitfalls and problems associated 
with application of the synthetic methods covered in this chapter. 

Olefinic and acetylenic substrates may undergo a variety of reactions in addition to 
q2-complexation. Transition metals are known to promote (often catalytically) 
hydrogenation, hydrogen transfer isomerizations, carbon transfer isomerizations, 
dimerization, oligomerization, polymerization, metathesis, carbonylation, and 
d e c a r b o n y l a t i ~ n ~ ~ ~ . ~ ~ ~ .  

In photochemically initiated syntheses, the olefin or acetylene may absorb in the 
u.v.-visible region and undergo photoreaction. Often this problem can be overcome 
by carrying out the photolysis in a weakly coordinating solvent (e.g. thf), which will 
occupy the vacated coordination sites on the metal. Subsequent to irradiation the more 
strongly coordinating olefin or acetylene is added to the reaction solution, with 
resulting displacement of weakly coordinated solvent ligandllO. 

In many organometallic syntheses reported in the literature, yields are cither not 
reported or not optimized. In the latter case, with adjustment of reaction variables, 
one may obtain products in yields greater than reported. When dealing with 
air-sensitive complexes particular attention should be given to the purity of inert gases 
used to blanket the reaction mixture. 

At times. dihapto olefins and acetylenes q2-coordinated to transition metals are not 
as stable as polyene or polyync complexes of the same metal. This is b e c a w  of the 
greater entropic stabilization to be had from coordination of chelating ligands. 

With terminal acetylenes the danger of the formation of explosive heavy metal 
acetylides is often present. In such cases examination of the literature to determine 
ligands. solvents, and reaction conditions that favour $-coordination rather than 
acetylide formation is recommended22. 
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1. INTRODUCTION 

Methods for thc synthesis of $-ally1 complexes have been discussed in several 
which cover comprehensively early work in this area. More recent research 

is described in texts which treat the organometallic chemistry of particular elements 
including titanium, zirconium, and hafnium’, iron8, nickel9, palladiumlO*ll and 
platinum”. Additional review references are given at  relevant points in this chapter. 
Only  those synthetic methods which lead either to the introduction of an $-ally1 group 
or the conversion of an organic ligand already present into such a substituent are 
discussed here. Reactions which involve other coordinated groups but which leave the 
allyl ligand unchanged are in general not considered. 

II. ALLYL GROUP TRANSFER 

A. Ally1 Grlgnard Reagents 

The reaction between transition metal halides and ally1 Grignard reagents provides 
a general route to binary ally1 derivatives, [ M(all)n]4. The preparation of 
allylmagnesium halides requires more care than is necessary for alkyl Grignard 
reagents, o n  account of ready Wurtz coupling giving hexa-1,5-dienes12. This side 
reaction is minimized by slow addition of the allyl halide to magnesium, and by cooling 
to - 10°C throughout. The synthesis of bis(q3-allyl)nickel from anhydrous nickel(I1) 
bromide and allylmagncsium chloride is typical. Binary allyls of the transition metals 
are generally cxtremely air sensitive, of low thermal stability, and labile towards 
displacement of allyl groups. Loss of ligands from bis(q3-allyl)nickel leads to ‘naked 
nickel’, which can act as a matrix for the cyclooligomerization of buta-1,3-diene to 
cyclod~decatrienes~. In conjunction with co-catalysts such as phosphines or 
phosphites, it and other nickel(0) complexes are versatile catalysts for diene and 
olefin  reaction^'^-'^. These properties are shared by-other transition metal allylsl”ls. 

Many binary allyls, including the tetraallyls [M(all)4] (M = Zr. Hf, Th, UIY, Mo, 
and W), the triallyls [M(all),] (M = V, Cr20, Fe, CoI6. Rh”, 1rz2), and the bisallyls 
[M(all),] (M = Ni, Pd23 and PtZJ) have been prepared by the Grignard method. 
Chromium and molybdenum in addition afford the dinuclear complexes Cr2(all)4 and 
M ~ ~ ( a l l ) ~ ,  respectively”. 

The Grignard method has also been widely used to introduce allyl groups into 
complexes bearing other ligands. In the reaction of allylmagnesium halides with 
[Ti(C5HS)ZC12], the Grignard reagent reduces titanium to the + 3  oxidation state prior 
to transfer of an ally1 group26 (equation 1). 

RMgX 
iTi(C~H~)2C121 - [Ti(C5Hs)(q3-R)1 (R = C ~ H S .  C4H7. CsH9) (1) 
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The analogous zirconium complex, however, is not reduced. and affords 
cream air-sensitive crystals, which probably have the  formula Zr(q’-C3H5)- 
(q3-C3H5)(C~H5)2]2’. Similar reactions of [ M(CSHS)2C12], (h? = V6, Nb2Y, and 
Ta’O) yield the reduced products [ M ( C S H ~ ) ~ ( C ~ H ~ ) ] .  The infrared spectrum of the 
vanadium compound and its paramagnetism (pecf = 2.7 BM) suggest q’-bonding of 
the allyl group, while the diamagnetic niobium and tantalum complexes arc probably 
q3-bonded. 

Treatment of titanium(II1) chloride with the dianion of cyclooctatetraene in 
tetrahydrofuran gives 1, which with allylmagnesium halides yields very air- and 
water-sensitive derivatives, 2)’ (equation 2). It again proved possible to prepare the 

allMgX 
TiCI3 + (K+)2(CsH$-) - [Ti( qs-C8Hs)C1.thf12 - 
z i r ~ o n i u r n ( I V ) ~ ~ ~ ~ ~  and h a f n i ~ m ( I V ) ~ ~ - ~ ~  complexes 3, although not the corresponding 
titanium(1V) derivative (equation 3). 

M(OR)4 + AIEt, - HCI C3HSMgX 
M(CsHs)2 - [M(CSH8)C121 - C8HS 

[M(qs-CsHs)(113-C3H5)21 (3) 

Some other allyl complexes which have been obtained by the Grignard method 
include [ R u ( ~ o d ) ( a l l ) ~ ] ~ ~ ,  [ R ~ ( P P h ~ ) ~ ( a l l ) ] ~ ~ ,  [ Rh(~od)all]~’, and [ Mo(arene)- 
(a11)2]38, where cod = cycloocta-1,5-diene. 

(3) 

8. Other Maln Group Ally1 Derlvatlves 

Allyllithium reagents are prepared by a circuitous route involving transmetallation 
from allyltin precursors, which in turn are obtained through the Grignard reagent. 
Their use in synthesis is therefore inconvenient. Allylzinc halides have also been used 
little, if at  all, in transition metal chemistry, although their preparation has been well 
researched39. Allylmercury halides, however, have proved useful for transfer of allyl 
groups to the platinum metals40. Although allylmercury iodide can be prepared from 
mercury and allyl iodide, and the chloride and bromide from the Grignard reagent and 
mercury(I1) halide, Nesmeyanov er of. found it convenient to obtain the reagents from 
readily available allylpalladium halides (see Section VIII) by reaction with metallic 
mercury4’: 

[Pd(C3Hs)C1]2 + 2Hg - 2Pd + 2C3HSHgCI 

Allylmercury halides are easily handled, being stable to air and also to hydrolysis 
under neutral conditions. The reactions in equations 4-7 illustrate their 
a p p l i ~ a t i o n ~ ~ . ~ ~ .  

Abel and Moorhouse made a detailed study of the transfer of ally], CYC~O- 

pentadienyl, indenyl, and related groups from tin to transition metals4). Various 
allyltin reagents, in particular allyltrimethyl tin, were reacted with carbonyl halides 
and orgdnocarbonyi halides (equations 8-1 1). 

In the preparation of q3-allyl metal carbonyls by other methods (see Sections I11 and 
IV), decarbonylation of an intermediate q’-allyl is often required. This step is 
sometimes difficult with formally 6-coordinate q’-allyls and may proceed in low yield. 
The successful preparation of q3-allyl complcxcs under milder conditions than those 
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thf, 4 h 

reflux 
CH2=CH-CH2SnMe3 + [ R U ( ~ ~ - C ~ H ~ ) ( C O ) ~ B ~ ]  - [ R~(~3-c3Hs)2 (co )21  

(83?6) (10) 

thf. 120 h 
CH2=CH--CH2SnMe3 + [MO(C~H~) (CO)~CI ]  - 

25°C 

[Mo(t13-C3Hs)(tlS-CsH~)(c0)21 (1 1) 
(60%) 

normally needed for the decarbonylation led the authors to suggest that q'-allyls are 
not intermediates in these reactions. It seems, however, that there may be cases where 
their intermediacy does occur. 

Surprisingly, the organotin method has not been widely employed for the synthesis 
of allyls, although it has proved its worth in making pentaalkylcyclopentadienyl 
complexes. [ RuCl(q3-C3H5)(q6-C6H6)] was obtained from [ R u C ~ ~ ( C & ~ ) ] ~  and 
te t raal lyl t i r~~~ and the conversion of [ W(CSHS)(NO)I2I2 into [ W(CsHs)(NO)- 
(q3-C3Hs)I] has also been reported4s. 

C. From Other Transttlon  element^^^.^' 
q3-Allyl complexes have also been prepared by transfer of ally1 groups from one 

transition metal to anothcr. In most cases q3-allylpalladium halides (see Section VIII) 
have been used as starting materials. Thus, [ Fe2(CO),] reacts with [ Pd(q3-C3HS)X]2 to 
yield allyltricarbonyliron halides (equation 12). 
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111. REACTIONS OF ANIONIC TRANSITION METAL COMPLEXES WITH ALLYL 
HALIDES 

A. Anlonlc Metal Carbonyls 

The attack of anionic mctal carbonyls on ally1 halides provides an important route to 
transition metal ally1 complexes. An qi-allyl derivative is formed initially'. If the 
formal coordination number of the mctal in this intermediate is 5 ( d R ) ,  e.g. 
[Co(q1-C3H5)(CO)J, it loses carbon monoxide spontaneously to give the q3-allyl com- 
plex. When the formal coordination number is 6 ( d 6 )  or 7 (d4), however, the CO is 
much less labile and heating or  irradiation is usually required to displace it (sec also 
Section 1V.A). 

Thus, the tetracarbonylcobaltate anion yields q3-allyltricarbonylcobalt at room 
temperature. The isoelcctronic anion [ Fe(CO)3(N0)]- also gives q3-allyl derivatives 
directly4R. One mole of CO is easily displaced by phosphines from [C~(q~-a l l ) (CO)~]  4 
or from [ Fe(q'-all)(CO),(NO)] 5. The resulting phosphine complexes are more stable 
thermally and to oxidation than the parent compounds. A dissociative mechanism has 
been suggcsted for substitution of CO in 449. A variety of pathways are indicated for 5 
depending on the nature of the allyl s u b s t i t ~ e n t ~ " ~ ~ ' .  The salts K[CoL4] (L = a trialkyl 
phosphitc), which are prepared by reaction of [CoHLJ with the strongly basic 
potassium hydride. yield q3-allyl and q3-methylallyl derivatives, [ Co(q3-all)L3]. with 
the appropriate allyl halide5'. 

One of the first reactions of this type to  be discovered was that bctwccn 
[ Mn(CO)5]- and allyl chloride, following thc method used for preparing 
methylpentacarbonylmanganese. Decacarbonyldimanganese is reduced in 
tetrahydrofuran by 1% sodium amalgam and the solution of the anion treated with the 
allyl halide. ql-Allylpentacarbonylmanganese 6 was isolated in high yield and 
decomposed to 7 by heating to 80°C2 (equation 13). 

NalHg 
t 

thf 25"Cl l5  h 

A(- COI 

(6) M n(C0I4 

89% 

( 7 )  

(13) 

A similar reaction sequence starting from NaRc(C0)s and ally1 chloride has been 
described5). 

The preparation and structures of q3-allyl vanadium complcxes have becn 
investigated in some detai154-s6. The appropriate salt and allyl halide are mixed in 
ether at room ternpcrature and irradiated with ultraviolet light to convert the 
qi-allyl formed initially into the q3-a11yl complcx (equation 14). Complexes 
[V(q'-allyl)(CO),(L-L')] where L-L is a bidentate ligand such as 
Ph2PCH2CH2PPh2, Ph2FCHzCH2AsPh2, or (o-MelAs)GH4 wcre also prepared. 

Reductive cleavage of dinuclear cyclopentadienylmetal carbonyls. 
[M(CSHS)(CO),l2 (M = Mo. W) or [M(C&)(C0)212 (M = Fe, Ru), with sodium 
amalgam yields strongly nucleophilic anioiis which react with ally1 halidcs. The 
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q’-complexes formed initially are decomposed photolytically to give q3-allyls2.57. The 
conformation of some of these compounds have been studied in solution by n.m.r. 
spectroscopy5*. Irradiation of [ M(q1-CH2Ph)(C~Hs)(C0),l (M = Mo, W), affords the 
interesting q3-beotyl complexes 859, which show fluxional behaviour60. 

(8)  

Anions [M(CO),X]- (M = Mo, W), which are derived from the hexacarbonyl and 
tetraethylammonium halides, form triply halogeno-bridged anions 9 with ally1 
halides61. Under different conditions a mononuclear anion of tungsten 10 was 
isolated62. 

- v 

hsnmxE/ PPh [ 5g] Et,N+[W(CO),CI]- + C3HsCI - red solution 3 Et,Nt 
CH3CN 

(10) (17) 

Use of phase-transfer catalysis in the synthesis of q’-allyl complexes leads to 
improved yields, and in some cases obviates the need for photolysis of an 
intermediate q1-ally163. For example, 7 was obtained from Mn(CO)5CI and ally1 
bromide in benzene or dichloromethane, using aqueous sodium hydroxide and 
benzyltriethylammonium chloride as catalyst. A 95% yield of [Mo(q3-C3HS)- 
(qs-CsH5)(CO)2J from [ MO(C~H~) (CO)~CI ]  was also reported. 

Although sodium amalgam is the usual reagent for converting carbonyls into their 
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anions, it can have the disadvantage of contaminating the product with small amounts 
of by-products which contain metal-mercury bonds. Other reagents which have been 
employed for generating carbonylate anions include lithium triethylborohydride in 
tetrahydrofurmu and potassium hydride in tetrahydrofuran or hexamethyl- 
ph~sphoramide~’. 

9. Reectlons of Complexes Wlth M-LI, M-Mg, and M-AI Bonds 

Some unusual inorganic Grignard, lithium, and organoalurninium reagents have 
been isolated from the reactions of [ M ( C S H ~ ) ~ H ~ ]  (M = Mo, W) with a main group 
organometallic reagent66-71. These compounds are strong nucleophiles and react inter 
oliu with ally1 halides. One example is given in equation 18. 

IV. ADDITION OF TRANSITION METAL HYDRIDES AND ALKYLS TO 
1,3-DIENES 

A. Dlrect Addhlon 

The addition of transition metal hydrides to 1,3-dienes has been reviewed recently7?. 
Two general mechanisms for these additions might be considered. In the first [path 
(a)], initial dissociation of a ligand L from the hydride is followed by coordination of 

(equation 19). Alternatively, [path (b)], 1 ,Caddition to the diene without 
prior coordination could occur, followed by loss of L74 (equation 20). 



332 P. Powell 

TABLE 1. Hydndes which add to 1.3-dieneso 
~ 

Lobile ligond presenr: Stable q'-intermediate not observed. 

Square-plonar: (4-coordinatc) (d") 

[ PtH( NO3)( PPh3):I; [ PtH( PR3)2(acetone)]+; [ PtH(C104)( PPh3)2] 

5-coordinore: ( c i a )  

[CoH(Nd(PPh3)31; [CoH(PF3)4]; [RhH(CO)(PPh3)31; [nH(PF3)41; [ RhH(PPh&]; 
[IrH(C0)z(PPh3)21 

No lobile ligond presenr: Stable q'-intermediate observcd. 

6-coordjnore: ( d 6 )  
[ MnH( CO),]; [Fell(  CO)4SiC13]; [ FeH(CO)z(C5H5)]; [ CoH(CN)5I3- 

OFor rclcvant literature see ref. 72. 

1 CoH(CO)4] ; [ NiH( P(OR)3 Id+ ; [ FeH(NO)(CO),I ; [ COH(CO)~-,(  PBu3),] ; 

If path (b) operates, the qI-allyl will be observed only if it is sufficient inert to ligand 
dissociation. Path (a) will be favoured if one ligand in the hydride itself is labile. 

Somer hydrides which have been shown to add to 1.3-dienes are given in Table 1. 
They are classified into two main groups. In the first group, either the hydride itself, or 
the ql-ally1 complex which would be formed by addition to the diene, contains a ligand 
which is labile to dissociation. In thesc cases an intermediate ql-ally1 is observed only 
transiently, if at all. The second group consists of Compounds which do not possess a 
labile ligand, so that an isolable q'-allyl complex results75. This ql-ally1 is converted 
into the q3-allyl by heating or, often more cleanly, by photolysis. 

The 5-coordinate 'labile' hydrides normally yield the q3-allyl complex directly. 
Tolman studied the addition of [NiH{P(OEt)3}4]+ to a wide range of d i e n e ~ ~ ~ .  He 
suggested that path (a) is followed, that is, dissociation of one phosphite ligand occurs 
to give a 16-electron coordinatively unsaturated intermediate, to which the dicne then 
adds. Butadiene yields a mixture of unri- and syn-~3-l-methylallyl products in the ratio 
88: 12, which is converted into the thermodynamically controlled mixture ( 5 : 9 5 )  by 
heating to 70°C. The preferential formation of the onri-isomer ariscs, it is suggested, 
by synchronous addition of the hydride [ NiHL3]+ to the diene in a cisoid configuration 
(equation 21). If the diene adds in a rransoid configuration. the syn-q3-l-methylallyl 
complex results. 

Hydridotetracarbonylcobalt adds to 1,3-butadiene at 25°C to give a mixture of syn 
(35%) and anti (65%) isomcrs. The onri-isomer isomerizes to the thermodynamically 
more stable syn-form on heating. The additions of [CoH(CO),] to many other dienes 
including isoprene, 2,3-dimethylbutadiene, cyclohexa-1,3-diene, and penta-1.3- and 
1,4-diencs have also been studied on account of their relevance to industrially 
important hydroformylation reactions74. The usual mode of addition to isoprene yields 
an $-I, 1-dimethylally1 derivative (as with [ CoH(C0)4]). [ RhH(PF3)4I7' and probably 
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[ C O H ( P F ~ ) ~ ] ~ ~ . ~ ~ ,  however, afford q3- 1 ,2-dimethylallyl complexes. These may arise by 
isomerization of a 1.l-dimethylaHyl complex, which is formed initially, through an 
intermediate dime metal hydride (equation 22). 

8. Synthesis of $-ally1 complexes 

The square-planar platinum hydrides [PtHYLJ (Y = NO3 or C104) and 
[PtHQ(PPh&]+PF6- (Q = acetone, methanol) all possess one ligand which is a good 
leaving group in the presence of an incoming diene80-82. On treatment with buta-l,3- 
dime a cationic q3-l-methylallyl derivative is formed (equation 23). AIlene gives the 

~~ 

corresponding q3-allyl complex (equation 24). 

then 
trans- [PtH(N03)(PEt3)2] + 7 

ffens- [ P t H ( a ~ e t o n e ) ( P P h ~ ) ~ ] +  PF6- + H2C=C=CH, - [ (- Pt (PPh3)2] ' PF6- 

(24) 

The ligands in the octahedral hydridcs ( R  = H) [ MnR(CO)S], [ FeR(CSHs)(CO)2], 
[FeR(CO)4SiC13], and [COR(CN)~]'- or in their derivatives ( R  = qI-aIlyl) are much 
less labile to substitution than those in the 4- or  5-coordinate complexes discussed 
above. When they react with dienes, therefore, an ql-ally1 intermediate is observed, 
and can commonly be isolatcd. Thus, the initial product from the reaction between 
buta-1,3-diene and [MnH(CO)5] is an 85:15 mixture of cis- 11 and /runs- 12 
geometrical isomers (equation 25). 

Thermal or photolytic decomposition of the mixture yields the syn-1-methylallyl 
tetracarbonyl. 13. A synchronous 1.4-addition of hydridc to cis-butadiene is proposed 
to account for the major product 11. This is supported by deuterium labelling studies 
of the reaction with isopreneA3." (equation 26). 

The substitution of a carbonyl ligand in the octahedral complexes [MX(CO)s] 
(M = Mn. Re) (X = C1, Br, GePh3, etc.) proceeds by a dissociative mechanism in 
which a carbonyl ligand cis to the substituent X is lostss.86. The formation of 13 from 11 
and 12 may take place similarly. In the presence of [Ir(dppe)KlI, a strong co 
acceptor, the ql-complex is converted into the q3-allyl even at room temperature. 
Under these conditions the reaction proceeds with retention of configuration of the 
I-methylallyl ligands: the product contains the same ratio of uriri to syn-methyl groups 
(85:15) as thc cis to rruns ratio in the precursorw. 

When the hydride [ C O H ( C N ) ~ ] ~ -  is treated with buta-l,3-diene in aqueous media 
the ql-l-methylallyl derivative [ C O ( C N ) ~ - C H ~ C H = C H C H ~ ] ~ -  is produced. An 
equilibrium between this and q3-complex [ CO(CN)?(~~-CH~CHCHCH~)]~- is 
gradually set up and can be reversed by addition of cyanlde. The $-ally1 compound 
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[MnH(CO)s] + - [(OCISMn-CH2, 

15% H 

(1 3) 

85% 
(11) cis- 

[lrIdnpeJ2CI] I 

85 % 

$ 1  Mn(CO), 

15% 
(25) 

could not be isolated pure from this system but it has been obtained from 
[ C O ( ~ ~ - C ~ H , ) ( C O ) ~ ]  by the method shown in equation 2787. 

[CO(~~"C~H, ) (CO)J  + 12 + 4KCN 
K ~ [ C O ( $ - C ~ H ~ ) ( C N ) ~ ]  + 3CO + 2 K I  (27) 

Cobalt cyanides are catalysts for the monohydrogenation of 1,3-dienes to alkenesaa. 
The reaction of [ VH(C0)J  with butadiene at 20°C under ultraviolet irradiation 

provides an alternative method of preparation of [ V( q3-CH2CHCHCH3)(CO),] (see 
Section IV.A),l. 

Maitlis and his group, in the course of their detailed work on 
pentamethylcyclopentadienyl complexes of rhodium and iridiuma9, studied the 
reactions of [ M(C5Me5)ClJ2 (14) (M = Rh, Ir) with olefins and dienes in the presence 
of an alcohol and a base, usually sodium carbonate. Two reactions were identified, 
the first leading to q3-allyl complexes, the second to q4-diene derivatives. Thus, 16 was 
obtained from buta- 1,3-diene while cyclohexa- 1.3-diene gave [ M(CSMe5)( q4-C6Hs)]. 
The reaction proceeds via a bridged chlorohydrido complex (15), which could be 
prepared by reduction of 14 (equation 28). 
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14 + (28) 

Some of the q3-allylic compounds eliminate hydrogen chloride, either spontaneously 
or under forcing conditions. Those with 1-unri-alkyl substituents lose HCl so rapidly 
that they can barely be detected even in the absence of base. The mechanism shown in 
equation 29 is suggestedg0. This is essentially the reverse of the mechanism proposed 
for addition of hydrogen chloride to q4-diene complexes. 

A study of several dienes showed that isomers with syn-1- or -3-alkyl substituents 
were always obtained. It was concluded that the diene is in the rrunsoid form when it 
reacts with the hydride, in contrast to additions by [NiH{P(OEt)3J4]+ or  
[MnH(CO)J. On steric grounds a 1,Zaddition of the rhodium hydride to the diene to 
give the syn-isomer directly is proposed (equation 30). 

MLn - 1 

B. The Isopropylmagneslum Bromlde Method 

When a halogeno complex of a transition metal is treated with isopropylmagnesium 
bromide at low temperature, an qI-isopropyl complex is probably formed initially. This 
is susceptible to p-elimination, yielding propene and a metal hydrideY1. In principle the 
hydride can then add to a diene to give an ally1 complex. 

Treatment of [Ti(C5H5)2C12] with two molar proportions of i-PrMgBr and one of 
diene yields 17, possibly as shown in equation 3192-93. Other examplesof its use include 



the synthesis of [ Nb(C5.H5)2(q3-C,Hg)] from [ Nb(C5HS)2C12] and cyc lo~cta te t raene~~,  
and in a sencs of rhodium complexes35 (equation 32). 

Analogous q3-cycloheptenyl and -cyclooctenyl complexes were obtained from 
cycloheptadiene and cyclooctadiene and butadiene and isoprene yielded the 
syn-1-methylallyl and 1,2-dimethylallyl derivatives, respectivelyg6. Irradiation of the 
reaction mixture was found to improve yields. 

The isopropylmagnesium bromide method has been extensively used, especially by 
Miiller and c o ~ o r k e r s ~ ~ . ~ ~  and by the Groningen groupgy, for the synthesis of 
compounds containing hydrocarbon ligands. It is by no means restricted to the 
preparation of q3-allyl complexes (see, for example, Chapter 7, Section II.G.5). 

C. Addltlons of Alkyls and Aryls 

There are a few examples of the insertion of 1,3-dienes into metal carbon ql-bonds. 
These are covercd in a recent review72. The ql-alkyl and aryl complexes of manganese, 
iron, and cobalt carbonyls are considered to react via the acyl derivativeIw. For 
example, phenylpentacarbonylmanganese adds to rrans-l,3-pentadiene to yield 18. On 
heating, 18 is converted into thc novel oxopentadienyl complex 191°1. 

[PhMn(CO)s] + H3C 

Ph 

Insertions of dienes into metal-q3-allyl bonds are considered in Section VII1.C. and 
addition of metal-carbon bonds to allenes in Section V1II.D. 
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A. Protonatlon 

The protonation of q4-diene complexes should provide a synthetic route to $-ally1 
derivatives, but it suffers from the disadvantage that a reduction of 2 in the formal 
electron number of the metal occurs if a non-coordinating acid is used for the 
protonation. The resulting 16-electron complex therefore may be labile and not 
readily isolated. Proton addition to dienetricarbonyliron complexes has been studied 
by n.m.r spectroscopy, but conflicting and confusing results have been reported. The 
position has now apparcntly been clarifiedIo2. 

Hydrogen chloride adds to butadienetricarbonyliron (20) at room ternperaturc to 
give covalent chloro(syn-l-methylallyl)tricarbonyliron'03. Whitesides and Arhart 
showed that addition of DCI to I-phenyl-3-methylbutadienetricarbonyliron (21) at 
-78°C occurs stereospecifically to give 22, in which the deuterium is entirely in the 
on ti su bst i t ue n t Io4. 

It is likely, 'therefore. that in the reaction of 20 the anti-1-methylallyl derivatives is 
formed initially but then rearranges to the syn-isomer. 

With acids containing weakly coordinating anions the situation is more complicated. 
Trifluoroacetic acid gives a covalent trifluoroacetate in solution, but after addition of 
HBF. in acetic anhydride the allyltetracarbonyliron salt 24 could be isolated105. This 
species must arise by capture of CO by the 16-electron allyltricarbonyliron cation. 
Better yields of 24 are obtained by conducting the reaction under an atmosphere of 
carbon monoxideIo6. The allyltetracarbonyliron tetrafluoroborates are yellow 
crystalline salts, fairly stable thermally and in dry air. 

In CF3COOD the terminal protons of the complexed diene are rapidly and 
completely exchanged. Studies of H/D exchange in ( q4-cyclohexadiene)tri- 
carbonyliron'" and (q4-cyclohexadiene)cyclopentadienylrhodium and -iridium'"' 
in CF3COOD suggest that protonation occurs stereospecifically eudo. A metal hydride 
intermediate is likely to be involved. Such intermediates have been observed by n.m.r. 
measurements at -80°C in the system HS03F/SG2 and at 0°C in CF3COOH/ 
HBF4102.108. 

Some reactions of 20 with acids are summariscd in equation 35. 
In thc carbonyl series, i t  has not proved possible to isolate directly protonated 

species such as 23 with weakly coordinating anions. Recently, however. Ittel and 
co-workers found that the phosphitc complexes [ Fc(dicne)( P(OR)3}3] are very readily 
protonated even by such weak acids as the ammonium ion'"'. Whereas 
[Fe(diene)(CO)J requires HBFj in acetic anhydride (pK,, = -6) ,  [ Fe(diene)- 
{P(OMe)3}] is protonated by ammonium hexafluorophosphate in methanol (pK,, = 9) 
and [Fe(diene)(PMe3),] reacts even with methanol itself (ph', = 16)"". 'The 
resulting salts [ Fe($-allyl){ P(OR)3}3]'BFj- can be isolated as air-stable crystalline 
materiaIs'"Y~"'. 

The apparent 16-electron configuration of the iron atom is only nominal. N.m.r. 
studies reveal a bonding interaction between iron and a hydrogen atom attached to 
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Fe-CI 

t c o (  

(24) 

carbon adjacent to the allylic group. This interaction has been confirmed by a neutron 
diffraction study of the complex [Fe(r]3-C8H13){P(OMe)3}3J+BF4- 25 which is 
prepared by protonation of the q4-l ,3-cyclooctadiene 

+ 

BF4- 

Protonation of q4-dienonetricarbonyliron complexes occurs at oxygen to give 
$-hydroxypentadienyltricarbonyliron cations via intermediate t r ( ~ ) ~ ~ - i o n s ~ ~ ~ - ~ ~ ~ .  The 
complexes 26 are protonated at carbon affording $-ally1 derivatives (27). The infrared 
spectrum of 27 indicates that the acyl CO group is coordinated to the metal. In this way 
an 18-electron configuration is achieved in the presence of a weakly coordinating 
anion. PF6- l I 6 .  
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8. Frledel-Crafts Acylatlon 

Friedel-Crafts acylation of dienetricarbonyliron complexes with RCOCI/AIC13 
proceeds via an intermediate, 28, which has a structure analogous to that of 27117*118. 
This shows that, as with protonation, attack of the RCO+ electrophile occurs endo to 
the organic ligand119. Hydrolysis of 28 gives mainly the anti-acetyl isomer 29. 

b 

Acylation of tri- or tetracarbonyliron complexes of unsaturated aldehydes or 
ketones leads to similar products (3O)l2O. 

C. Addttlon of Fluorooleflns 

A typical example is the reaction which occurs when butadienetricarbonyliron and 
tetrafluoroethene in hexane are irradiated by ultraviolet light (equation 39)12'. Similar 
reactions have been observed between [ Fe(diene)(CO),] (diene = cyclobutadienes, 

The addition of fluoroolefins to q4-diene complexes has been studied in 
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Fe (39) 

C4K4 where R = H or  Me, isoprene, 2.3-dimethylbutadieiic, rmrrs-1.3-pcntadiene) 
and a variety of substrates including CF2=CF2. CF3CF=CF,. (CF3)2CO, CFz=CFH 
and CF2=CFCI’*?-’’’. In  common with the addition of other electrophilcs such as H’ 
or CH,CO+. endo attack of the fluoroolefin is observcd12‘. 

VI. OXIDATIVE ADDITION OF ALLYL HALIDES 

A. Introduction 

The oxidative addition reaction 

[L,,M] + XY - [L,,MXY] (40) 

requires (a) non-bonding electron density on the nictal M. (b) two vacant coordination 
sitcs on the complcx to pcrmit formation of bonds X and Y. and (c) a metal with its 
oxidation states separated by two units. The addition of an ally1 halide can yield 
initially a n  ql-allyl complex. from which a ligand must be lost for conversion into thc 
q3-allyl derivative. Thus the 18-electron dIO complex bis(cyclooctadienc)platinum(0) 
affords 31. from which 32 can be obtaincd by treatment with AgPF61’6. 

W’F,, 
[Pt(cod)?] + C3HsX - [PIX( ? ‘ - C ~ H ~ ) ( C O ~ ) ]  - 

(31) 
[ Pt( q3-CJH5)(cod) J PF, (4  1) 

(-12) 

Oxidative addition to an  18-electron complex rcquircs prior dissociation of a 
2-electron ligand. The dl‘’ platinuni(0) compounds [ P I ( P R ~ ) ~ ]  provide good 
illustrations (sce Scction VI.D.2). 

B. Reectlons of Ally1 Halldes With Metal Complexes 

The addition of ally1 halidcs to iron carbonyls provided one of the carliest routes to 
$-ally1 complexcs8. Both thermal"' and photochemical methods have been describcd. 
Thesc reactions proceed by addition to thc coordinatively unsaturatcd species 
FC(CO)~  to yield r13-allyltricarbonyliron halides [ FeX( q3-C3H5)( CO),] (X = CI. Br. 1). 
Thesc compounds consist of a mixture of two isomers in solution, the equilibria 
between which have becn studied by n.m.r. spccrroscopy”*. 

The claim that F C ? ( C O ) ~  reacts with disilanes to givc q3-1 -silapropenyl complexes 
(33) has recently been shown to be incorrect.’?”l‘he products are in fact q’-vinylsilanc 
compIexe~l?~”.  

Pentakis( trimethyl phosphite)iron, unlike FC(CO)~.  yields ionic [ Fc( q3-C3HS)- 
{ P(OMe)3}4]‘Br- on  rcaction with ally1 bromide’”’. [ Fe(PF3)’J, however. gives 
[ FeX($-C3Hs)(PF3)3] ( X  = Br, I )  on irradiation with the appropriate holidc in solu- 
t ion in diethyl etherI3’. [ R U ~ ( C O ) ~ ~ ]  and  ally1 bromide afford the complcx 
[ RuBr(q3-C3HS)(C0),] in 97% yield on heating at 60-70°C in isooctane’”’. 



8. Synthesis of $-ally1 complexes 34 1 

R = Me, vinyl 

Rcduction of [FeI($-C3Hs)(CO),J yields allyltricarbonyliron. which cxists as a 
monomer/dimcr equilibrium mixture in solution133. The monomer is paramagnetic 
and its e.s.r. spectrum has becn studied between - Y O  and +40°C’34. The cnthalpy of 
dissociation of the dimer is 55.0 kJ mol in pentane. An X-ray diffraction study shows a 
very long Fe-Fe bond (314 pm)I3’. 

A dark blue-green monomeric 17-electron complex, [ Fe(q3-C8HI,){ P(OMC)~}J.  is 
similarly obtained by reduction o f  25’””. 

Oxidativc addition of allyl halidcs to tetracarbonylnickel yields allylnickel halides 
(equation 43). which are important catalysts for olefin reactions. This aspect of thcir 
chemistry has been r e~ icwcd‘~’~~”~’” ,  and their application in organic synthesis is 
covered by a chapter in ‘Organic Reactions’ which includcs dctailcd procedures for 
their handling and isolation13*. 

Cyclopcntadicnyldicarbonylcobalt (34) is vcry susccptible to addition of ally1 
halidcs. Depending on the halide and thc solvent. eithcr covalcnt [Co(all)(CSHs)X] or 
ionic [Co(all)(C,H,)(CO)]’X- is obtained. or a mixture of b ~ t h ’ ~ ” ~ ~ ~ .  The bromides 
allBr (all = C3HS, l-MeC3H4, 2-MeC3H4) in a non-polar solvent yield ionic species 
prefcrcntially. which can conveniently be isolatcd as air-stable hexafluorophosphates. 
Ally1 iodides in tetrahydrofuran or in light petroleum give a mixture. 
Phosphine-substitutcd ally1 complexcs are obtained as shown in equation 44Iy3. 
Similar reactions with C O ( C ~ M ~ ~ E ~ ) ( C O ) ~ ]  have been r ~ p o r t e d ’ ~ ~ .  

(34) 

Dicobalt octacarbonyl is not usually a useful starting material for the synthcsis of 
allyls in one step. Initial conversion into the anion (see Section 1II.A) or  the hydride 
(see Section 1V.A) is usually necessary. Triphenylcyclopropenium tetrafluoroborate, 
however, givcs an $-cyclopropenium complex directly (equation 45)143. 

The addition of allyl halidcs to the hexacarbonyls of chromium, molybdcnum and 
tungsten has been studicd in acetonitrile solution. [ M(CH3CN)3(CO)3] is probably 
formed initially. No addition product could be isolated for M = Cr, but wiih M = M o  
or W high yields of [ M(aIl)(CH,CN),(CO),X] were obtainedlJ4. In the absence of any 
structure determination by X-ray crystallography these complexcs have usually bcen 
written with the allyl and halide ligands mutually trutis. Recent work suggests that the  
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correct formulation may be cish2. The acetonitrile ligands are readily displaced by 
bidcntate ligands such as 2,2'-bipyridyl, o-phenanthroline or Ph2PCH2CH2PPh2145. 
Tri-n-butylphosphine displaces allyl bromide, however, to give Friedel's complex 
(3S)'&, in which the acetonitrile ligands are labile, being replaced even by butadiene 
or c y c l ~ o c t a t e t r a e n e ' ~ ~ .  

[ M O I C H ~ C N ) ~ ( P B U ~ ) ~ ( C O ) ~ ]  35 

[ M O ( ~ ~ P Y ) ( C ~ H ~ ) ( C O ) ~ L ] +  BF,- 

No allyl complexes were isolated from the reaction of [Mo(CO)~]  and ally1 halides 
in cyclohexane. When [ w ( c o ) 6 ]  was irradiated in this solvent for 100 h, and then left 
for several weeks, [ W2(C0)6(C3H5)C13] (44%) or [ W(C0)4(q3-C3H5)X] (X = Br, 
64%; X = I, 67% were isolated. Further reaction with 2,2'-bipyridyl gave 
[ W(CO)2(q3-C3H~)(bipy)Xl, and with triphenylphosphine or pyridine, [ W(C0)2-  

Various cationic q3-allyl carbonyl nitrosyl derivatives of molybdenum and tungsten 
(37) have been obtained from neutral precursors (36) by treatment with allyl bromides 
in the presence of silver salts (equation 47)151.'52. A more general route is from 38 and 

( V ~ - C ~ H ~ ) L ~ X ] ' ~ " .  

RC3H4Br/AgPF6 
+ [MO(C,H,)(C~H~R)(C~)(NO)I+PF~ 
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NO+PF6- I S 3 .  Complexes 37 and 38 show conformational equilibria in solution. The 
stereochemistry has been established from an n.m.r. study of the indenyl complcxes. 
The indenyl ligand adopts a preferred conformation in which the Cd ring lies above the 
ally1 ligand (equation 48)’54. 

endo ex0 

C. Dlrect Reactlon Between Ally1 Halldes and Metals 

The direct reaction between allyl halides and metals could, in principle, provide a 
route to allyl metal halides. Fischer and Burger found that allyl bromide and finely 
divided metallic palladium afforded [ Pd($-C3HS)BrIz in 56% isolated yieldlSs. Ally1 
chloride and allyl alcohol did not appear to react, while allyl iodide gave a red solution 
which decomposed to a palladium mirror. There was no reaction. however, between 
nickel o r  platinum and allyl halides. 

Combination of bulk transition metals with organic halides may be disfavoured 
thermodynamically, especially if the organometallic products are endothermic. There 
is also likely to be an appreciable kinetic barrier to their interaction which could 
necessitate heating to temperatures at which the products would decompose. The 
metal atom technique is thus useful for preparing gram amounts of complexes which 
are thermally labile or otherwise difficult to obtain. The metal is vapourized under 
vacuum either thermally or with an electron gun and co-condensed with the 
reactant(s) on the walls of a vessel cooled to - 196°C. On allowing the condensate to 
warm up gradually, the metal atoms, which have a high energy content, combine with 
the other reactant(s). Difficulties lic not so much in effecting a reaction, but in working 
up and isolating products which may be thermally labile. The method can be scaled up 
to produce up to 50 g of organometallic compound in a single run. The technique is 
described more fully in Chapter 13 and in recent  review^'^"'^^. 

Nickel, palladium, or platinum atoms, co-condensed with allyl halides, afford 
[ Ni(q3-C3Hs)XI2, [ Pd($-C3HS)X]2 (X = CI, Br), and [ Pt(q3-C3H5)CI]4, respec- 
tivelylS6. Possibly of more interest is the synthesis of q3-benzyl complexes of palladium 
(39) wnich are not otherwise a c ~ e s s i b l e ~ ~ * . ~ ~ ~ .  Co-condensation of PF3 and propene 
with cobalt or iron atoms affords [M(q3-C3Hs)(PF3)3] (M = Co, Fe)156. 

co.condenre 

- 196-c Pd(g) + PhCH2CI (49) 
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Another approach to the production of highly reactive metals is to reduce a salt with 
an alkali metal in an organic solvent such as 1,2-dimethoxyethane, preferably in the 
presence of an electron carrier such as na~hthalene '~".  Solutions of allylnickel halides 
have been prepared in this way16'. 

Reduction of metal salts either clectrolytically'6z or with zinc in the presence of 
suitable ligarids has also been used successfully. Allylnickel halides result from 
conjugated d i e n e ~ ' ~ ~ .  Cobalt(I1) chloride yields complexes of the type 41. 

L PPh3 

The anti-butenyl isomer 41 is formed initially and is stable at room temperature. It is 
converted into the syn isomer by treatment with ligands such as pyridine or 
triphenylphosphine IU. 

D. Other Oxldatlve Addttlons 

1. To d'O complexes of Ni(O), Pd(O), and Pt(0l 
Bis(cycloocta-l,5-diene)nickel reacts with allyl halidcs with displacement of both 

the chelating olefin groups to yield allylnickel halides (40). This provides a convenient 
method of preparing these complexes which avoids the use of the highly toxic 
tetra~arbonylnickel'~". [ N i ( c ~ d ) ~ ]  can itself be obtained by reduction of nickel salts in 
the presence of c~cloocta-l,5-diene by t r ie thyla l~minium'~~ or more easily by 
manganese powder166. Bis(cycloocta-1,5-diene)platinum'67.'68 adds allyl to afford 
q'-allyl halides, which form q3-allyl complexes on treatment with silver ion126, 
~ y r i d i n e ' ~ ~ ,  or TIC2Hs1'" (equation 53). 

[Pt(q'-all)(cod)]+PF~ 
AgPF6 

Pt(cod), + allX - PtX(q'-all)(cod) [PtX(ql-all)pyJ (53) --E [Pt(r13-all)(CSHs)1 

Oxidative addition to coordinatively saturated d l o  complexes M 4  requires prior 
generation of a vacant coordination site. Dissociation of one or two ligands in solution 
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is well established"'. I t  is aided by increased a-donation from ligand to metal and, 
very significantly, by increased size of the ligand'72. Thus there is little dissociation for 
L = CO,  PF3, or P(OMe)3, although kinetic studics show that ligand exchange and 
substitution occur by a dissociative mechanism. [ Pt(PPh,),], however, is completely 
dissociated in solution to [ Pt(PPh3)3], but the equilibrium constant for 

[Pt(PPh3)3] [Pt(PPh3)2]] + PPh3 (54) 

is only about in benzene. With very bulky phosphines such as  P(i-Pr)3 o r  P(I-Bu)~ 
monomeric species, PtL2 can be isolated, although as expected their reactivity in 
oxidative addition is low. 

An excess of allyl chloride reacts with [Pd(PPh3)4] to give [Pd(q3-C3H5)(PPh3 C1 173. 

[ Pt(PPh3)3] or [ Pt(AsPh3),] affords ionic products (equation 55)17'.'7! k l i s  
contrasts with a report that 2-methylally1 chloride forms only [ Pt(PPh3)2C12]. 
Kurosawa, however, found that $-allylplatinum complexes result even from the 
oxidative addition of 2-butenylamine or 2-buten-1-01 to [Pt(C2H4)(PPh&]"b, or of 
ally1 acetate to [Pt(PPh3)3]'77. 

[ Pt(PPh3)J + C3HS - [ Pt(PPh3)2( q3-C3H5)]+X- ( 5 5 )  

Dibenzylidene acetone complexes of Pd(0) and Pt(O) are useful precursors to 
q3-allyl and related derivatives. They are obtained from dibcnzylidene acetone (dba) 
(1.5-diphenylpenta-1,4-dien-3-one) and NazPdC14 or KzPtCI4 in methanol in the 
presence of sodium a ~ e t a t e ' ~ ~ . ~ ~ ~ .  Species [Pd2(dba)3] . solvent (solvent = CHC13, 
CH,C12) have been established by X-ray diffraction. They react with allyl halides as 
shown in equations 56-58. Metallacyclobutenyl complexes result from their reactions 
with triarylcyclopropenium salts'83. 

[Pd2(dba)3] + 2 PhCH=CRCH=CH=CHCH2CI 

PhCH=CR 

Tlscsc 
[Pd(CPh3)CIIn - (58) 
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2. To de complexes 

The basis for a good understanding of the chemistry of allylrhodium complexes was 
laid by Powell and Shawla4. Ally1 chloride reacts with [Rh(C0)2CI]2 in aqueous 
methanol at pH 7 to yield the chloro-bridged dimer 42. A detailed mechanism for this 
reaction was proposed. 

[Rh(C0)2C1]2 + 4H20  + 6C3HsCI - 

(42) 

Some further transformations of 42 are shown in Scheme 1. They include some which 

[RhpCl~(all)2(CO)~] [Rh(~'-al l ) (r13-al l ) (Cs~~) - [RhCl(r13-all)(CsHs)] 

are relevant to other sections of this Chapter. 

n u  

[ Rh C I (a1 I) L] 

[Rh2Cl,(a11)2] 
SCHEME 1 

Isocyanide complexes of -(I) and Ir(1) react with ally1 halides as  shown in 
equations 60 and 61IRS. 

[Rh(RNC)4]+PFz + C3HsX - [ Rh(RNC)d(q'-C,HSX)J +PFc (60) 
PFZ 

[ I ~ ( ~ - B U N C ) ~ ] + P F ~  + 2MeC3H4X - 
[ Ir(f- BuNC)~(  q3-2-McC3H4)] 2+ (PF,7)2 (6  1) 

The square-planar complexes [ IrCI(CO)L2] (43) are converted into octahedral d6 
derivatives with ally1 haIideslR6. In benzene cis-addition occurs, which is very unusual, 
as alkyl halides normally add fruns to Vaska's compound and its  analogue^'^'. 
Recrystallization of 44 from ethanol yields isomer 45, and treatment with NaPF6 in 
methanol leads to the q3-allyl derivative 46. 

The initial oxidative addition could go through an q3-allyl in benzene but not in 
methanol, where normal tram-addition occurs. Wilkinson's complex, [ €UI(PP~~)~CI] ,  
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1 1 L’ I ‘CI 
L 

(L = PMe2Ph 

AsMepPh 

PMePh2) 

X C H ~ C R = C H 2  kn 

(45 1 

and the triphenylarsine and -stibine analogues react with allyl halides to afford 
[ RhL2(allyl)CI2]. These derivatives are fluxional in solution; exchange of syn and anti 
substituents occurs by an q3-q1-q3 rnechani~m”~.  

3. To d6 complexes 

Bis(arene)molybdenum complexes, prepared by the reducing Friedel-Crafts 
procedure or by metal atom synthesis, are electron rich and hence readily undergo 
oxidative addition with allyl halidcs’8a. The chlorine-bridged products 47 catalyse the 
1,Zpolymerization of butadiene and the conversion of propyne into a mixture of a 
polymer and 1,3,5- and 1,2,4-trimethylben~enes’~~. Some reactions are illustrated in 
Scheme 2. 

Nucleophiles attack the cations 48 at the butadiene ligand (see Section VI1.A). For 
further details of the chemistry of these molybdenum complexes, the original literature 
should be consulted’90. 

VII. NUCLEOPHILIC AlTACK ON COORDINATED DIENES 

A 1,3-Dlenes 

Nucleophilic addition to a coordinated 1.3-diene yields an q3-allyl complex. Thus, 
reduction of 49 affords a mixture of syn- (50) and anti- (51) 1-methylallyl isomers’Y1. 

Similarly, reduction of [ Mo(qs-indenyl)(q4-C4H6)(CO)J+ with sodium borohydride 
yields the unti-q3-l-methylallyl complex192. Other examples are quoted in a recent 
review, which includes three simple rules to enable the site of attack to be predicted in 
cases where more than one possibility exists’93. 

Tetraphenylcyclobutadiene palladium and platinum complexes (52) are attacked by 
nucleophiles such as ethoxide ion’94-19s to yield em-substituted cyclobutenyl 
derivatives (53). 
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R O H l  

base 
- 

.CH3 + I 
RO 

(M = Pd. Pt)  (64) 

The endo-ethoxy isomer (55) of the palladium complex can be prepared from PdC12 
and diphenylacetylene in ethanol. A butadienyl complex (54) is an i n t c r m c d i a t ~ l ~ ~ ~ ' ~ ~ .  
Alkenes can insert into the Pd-butadienyl bond of 54 to yield $-ally1 d e r i v a t i v ~ s ' ~ ~ .  

B. Alkoxycarbonylation and Related Reactions 

Treatment of VI-propargyl complexes of transition metal carbonyls with alcohols 
yields 2-carboxyalkylallyl derivativcs (57). Mercaptans givc the corrcsponding thio 
c o r n p o ~ n d s ' ~ ~ - ~ ~ ~ .  The propargyl derivatives 56 are vcry air and light sensitive, 
especially when R' = H. Improved stability is achieved when one carbonyl ligand is 
substituted by a phosphine or phosphite. The products [ M(CSH5)(CO)L(allyl)] show 
conformational equilibria in solution2@). The mcchanism in equation 67 has been 
proposed for the reactions, which takes i n t o  account the obscrvcd acid catalysis. Thc 
first step involves the formation of a cationic allene complcx. followed by nuclcophilic 
attack of alcohol or thiol on a coordinated carbonyl ligand. The -COXR group finally 
transfers to the central carbon atom of the allene. Somc related reactions which lead to 
~3-allylcyclopentcnonc complexcs have been described by the same research 
groUp202-205. 
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PdC12 + PhCECPh - 
P. Powell 

Ph 

I I I  - PdC12 - C 

C 
Ph 1 OR- 

RO Ph [phipp] phc=cph+ 

OR 

Ph 

(54) 

Ph 
L O R  

-H' 
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5-Bromopenta- 1.2-dienes, on treatment with carbonyl anions. yield air-sensitive 
ql-complcxes, which rearrange in tetrahydrofuran into the products 58. 

[(M)(CO)]- + Br(CH,),C=C=CH [(M)(COIICH,),C=C=CHR' 
I I I 1 -  
R R' 1 R 1 

H 

(MI - "$-J 
R 

The insertion of alkynes into Mo-alkyl and W-alkyl bonds to give, inter uliu. 
$-bonded lactone complexes have been describedzo6. 

Treatment of 1,4-dichlorobut-2-yne with [ Fe(CsHs)(CO)2]-, [ Fp(C0)2], in 
tetrahydrofuran yields [ (C0)2FpCH2-C=C-CH2Fp(CO)2] in 66% yield. If the 
reaction is carried out in the presence of methanol, however, the product is 
[Fp{q3-CH2CH-C(CH3)(COOCH3)}(CO)z] (40!A,)207. 

WIII. REACTIONS OF METAL SALTS WITH UNSATURATED COMPOUNDS 

In this section, various reactions of transition metal salts with unsaturated organic 
compounds are described. Palladium in particular shows a strong tendency to afford 
q3-allyl complexes from such reactions. As detailed accounts of this area of chemistry 
have been published'".", thc emphasis here will be on recent developments and on 
modifications of the original methods which lead to improved yields. Where similar 
reactions are known for other metals, notably platinum, these will be mentioned. 

A. Allyl Alcohols, Halldes, and Amlnes 

Ally1 alcohol, on warming with palladiurn(I1) chloride in the presence of dilute 
hydrochloric acid, yields the dirneric complex [ Pd(q3-C3HS)C1Iz (59). The bromide is 
obtained similarly. Allyl chloride can with advantage replace the alcohol. Huttel 
obtained a 50% yield of 59 from ally1 chloride and PdCIz in 50% acetic acid at 
30-60°C207". Yields are improved by carrying out the reaction in the presence of a 
reducing agent2"8. Carbon tin(I1) chloride, ethene, carbon monoxide an 
arnine, titanium(II1) chloride, and even metal powders such as iron, zinc, o r  copper 
have been used210. 

The corresponding platinum complexes have not been so widely studied. Lukas and 
Blom obtained [Pt(q3-C3H5)Cll4 in 90% yield from KZPtCIdLiCI and ally1 chloride in 
tetrahydrofuran, using tin(I1) chloride as reducing agent210. The 2-methylallyl complex 
was prepared in 85% yield by heating KzPtCI, and 2-rnethylallyl chloride under reflux 
with sodium acetate in aqueous ethanol2". 

An ingenious method was developed by Kurosawa involving the decarboxylation of 
allyloxycarbonyl complexes (equation 69j212. Decarboxylation can be effected either 
by refluxing in benzene or at room temperature by treatment with AgCIOJ (on 
grounds of safety, AgBF4 or AgPFb would seem preferable). Even allylamines have 



L = PPh3# PMePh2 

R’ = R 2  = R3 = H 

R1 = Me; R 2  R3 = H 

R 2  = Me; R1 _= R3 = H 

been used to prepare q3-allyl platinum complexes, in spite of the rather poor leaving 
group, ammonia, which must separate (equation 70)2’3. 

H ~ C = C H C H Z N H ~  

CH?CI2( - L) 
* [Pt(q3--C3HS)(PPh3)2]+ C1Oi + NH3 (70) [ PtH(PPhJ)2L]C104 

L = Ph3As, CO 

6. Alkenes 

The reactions of alkenes with palladium(I1) chloride were first investigated by 
Huttel and Christ, who obtained between 20% and 90% yields of allylpalladium 
chlorides from suitable olefins by heating in 50% acetic acid. The reaction often did 
not proceed cleanly; organic carbonyl compounds were obtained as  by-product^^'^. 
Volger modified this procedure by using a lower temperature ( S S O C ) ,  and by 
substituting Na2PdC14 for the sparingly soluble PdC12 and glacial acetic acid for the 
aqueous solvent2Is. No ally1 complexes were obtained unless sodium acetate was 
added, but then high yields (60-95%) resulted. The method was restricted, however, 
to olefins which yield complexes with 2-alkyl or 2-aryl substituents. It fails in other 
cases for various reasons, such as the formation of olefin acetates or the oxidation of 
the olefin with deposition of palladium metal. 

Volger proposed that the first step is the rapid formation of an q2-alkene complex, 
which then eliminates hydrogen chloride in the rate-determining step (equation 71). 
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Thc function of the base, sodium acetate. is therefore to assist in thc removal of 
HCI. Similarly, the use of the basic solvent dimcthylformamide21s” or sodium 
carbonate in dichloromethanc at room temperaturc leads to improvemcnts over the 
original Huttel and Christ procedure216. Even so. the reaction oftcn proved capricious. 
Cycloalkenes in particular gave poor yiclds. Trost er al.  devised a procedure which, 
when carried out under carefully controlled conditions, is successful with most olefins. 
including cycloalkene~~~’.  A solution of PdCI2, NaCI. sodium acetate, and copper(I1) 
acetate is prepared at 90-95°C in glacial acetic acid, then cooled to 60°C. olefin is 
added and the temperaturc is kept at 60°C for 2-4 h. The inclusion of copper(I1) salts 
overcomes the problem of reduction to palladium(0) by thc olefin. The products 
obtained in the presence of copper are approximately those expcctcd for kinctic 
control; the slower deprotonation by base yiclds product compositions which are 
roughly thcrrnodynamically controllcd. Many reports have appeared of 
q3-allylpalladiurn halides derived from terpenes and steroids21a. Most of these 
preparations have not included coppcr(I1). so it may be possiblc to obtain improved 
yields using Trost’s procedure2””. 

Monosubstituted terminal olefins fail 0-r give poor yields using the methods of 
Huttel and Christ214, Volger215 or Conti2ISa. In a recent modification the olefin is first 
irradiated with tertiary butyl hypochlorite followed by trcatmcnt with PdC14’- and 
carbon monoxide in aqueous methanol (equation 72)2’y. 

84% 

A specialized reaction in which an alkyne and an alkene are linked to form an 
q3-allylpalladiurn chloride has becn described by Avram and co-workers (equation 
73)220. 

(26-81%) 

Linear alkenes and cycloalkenes react with trimeric palladium(I1) acetate in glacial 
acetic acid to yield acetato bridged complexes 60. Exclusion of oxygen is important221. 

[Pda(OAcl~]  + RCH,CH=CH2 

OAc 
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C. 1,3-Dlenes 

P. Powell 

1 .  Palladium salts 

Palladium(I1) complexcs show a strong tendency to form q3-allyl complexes with 
conjugated dienes. When [ Pd(PhCN)zC12] is treated with buta-l,3-diene in benzene at  
room temperature the dimeric chloro-bridged compound 61 (X  = C1) is obtained. An 
q2-butadiene complex (62) was isolated by ligand exchange with [ Pd(pent-l-ene)Cl2l2 
at -40°C which on warming to 25°C was quantitatively converted into 61. This 
suggests that the initial step is coordination of one double bond, followed by addition 
of Pd-CCI across it222. 

25  "C - 
CH2 X 

f l  
[Pd(PhCN12C12] - 

(75) 

(611 . .  

c-- - 4 0 T  [Pd(olefin)C12]2 

In methanol, NazPdCI4 and buta-1,3-diene give 61 (X = OMe). Other dienes and 
alcohols react The reactions of and of cyclohexa-1 ,3-dienezzs 
have been studied kinetically, to shed further light on their mechanisms. In acetic acid 
at 100°C in the presence of lithium acetate palladium chloride affords 61 (X = OAc). 
Yields are improved by addition of copper(I1) acetate, which reoxidizes any palladium 
produced in side-reactions226. Decomposition to palladium is also minimized by 
working at room temperature. Under these conditions 2,3-dimethylbutadiene gives a 
mixture of syn and onri The diamination of 1,3-diencs proceeds through 
similar intermediates'28. 

The addition of dienes to palladium chloride occurs s t e r ~ o - s p e c i f i c a l l y ~ ~ ~ .  Moreover, 
the ready solvolysis of the 4-chloro derivatives 61 (X = C1) by nucleophilic media such 
as methanol proceeds with retention of configuration at  C4, and inversion a t  
palladium. A carbonium ion intermediate has been suggested. 

Divinyl carbinols react with palladium (11) chloride in methanol to give $-allyls (62) 
with two -CH20Me s u b s t i t ~ e n t s ' ~ ~ .  

CH2CHCR(OH)CH=CH2 + [PdCI4l2- 

62 (76) 

Direct formation of q3-allyls from d i m e s  and metal halides is uncommon outside 
palladium chemistry. Rhodium(II1) chloride, however. reacts with buta-l,3-diene in 
methanol to form the unusual complex 63, in which a bridging butadienc ligand is 
presentz3'. Similar complexes catalyse the codimerization of ethylene and 
buta-1 ,3-diene'3'. 
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2. insertion into aliyi-palladium bonds 

Buta-l,3-diene reacts with t]3-allyl(2.4-pentadionato)palladium by insertion into the 
allyl-Pd bond (equation 78). On account of their relevance to catalytic oligomerization 

H,C=CRCHpCH, /’ + [R<-Pd(acW] - [ 4- Pd(acac1 ] (78)  

and polymerization of 1,3-dienes, reactions of this type aroused much interest”. A 
study of the effects of changing the ally1 group, the diene, and ancillary ligands showed 
that the rate of insertion decreases in the order 2-chloroallyl > 2-methylallyl B 
1-methylallyl; OAc > acac > CI > Br > NCS > I; butadiene > isoprene > rruns- 
penta-l,3-diene B 2.5-dimethylhexa-2.4-diene. 1,ZDienes also insert233. A 
mechanism which apparently accounts for all the stereochemical and kinetic obsema- 
tions has been proposed234. 

D. 1,P-Dlenes 

Allene (propa-l,2-diene) and its substituted derivatives form a few q2-complexes 
with transition metals23s. T e t r a ~ h e n y l - ~ ~ ~  and tetra~nethylallene~’~ yield such 
complexes with iron carbonyls. Electrophilic addition of H+ or CH3CO+ to 64 
( R  = Me) affords r]3-allyltetracarbonyls (ci5), which are deprotonated by acetone to 
q4-diene complexes (66)237. 

Fe L (cold I Fe 

(66) 
(65) 

Tetramethylallene displaces ethene from [ Rh(C2H4)2acac] to give [ Rh(q2- 
Me2C=C=CMe~)2(acac)]23*. Similar complexes of platinum, rhodium, and iridium, 
including some containing allene monomer itself, are known239. Allene, however, 
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is very susceptible to oligoinerization or polymerization in the presence of transition 
nietal complexes. Often mixtures of products are obtained. Many of the resulting 
compounds contain r]’-allyl ligands. Thus, [ Pd(PhCN)*Clz] affords 67, 68, or 69, 
depending on the reaction conditions*“’. 

(67) x = Y = CI; (68) X = Y =-C(=CH2)CH,CI; 

(69) X = CI. Y = C(=CH2)CH2CI; ( 7 0 )  X = Y = OAc 

In the presence of acetate ion, 70 is formed241. Palladium acetate in benzene gives71 
in 18% yield, in which the organic ligand is an allene trimer. Higher yields (94%) are 
obtained from r]3-allylpalladium acetate and allene (equation 81)242. 

H H  
H ‘C’ 
I I1 

P d  

I 
CH3 

(71) 

Triirondodecacarbonyl (1 mol) reacts with allene (3  mol) at 80-95°C in 
hydrocarbon solvents under pressure to give a biallyl complex. With 4-6 mol of allene 
a small proportion of 72, [Fe2(C0),(C9Hl2)], is obtained in addition. This isomerizes 
first to 73 and then further to 74 on refluxing in toluene’43. The structures of 73 and74 
have been determined by X-ray c r y ~ t a l l o g r a p h y ~ ~ ~ .  
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The cyclooligomerization of allene to 1,2,4.6,9-pentamethylenecyclodecane is 
catalysed by zerovalent nickel compounds. Addition of threc equivalents of allene at 
- 70°C to bis(cyc1ooctadiene)nickel gives a red solution which contains Ni(CyHI2). 
This has been stabilized and isolated as the triphenylphosphine corn lex 752J5. 

bccn studied. At -35°C the former yields a complex of an allene pentamer (76), which 
is thought to arise via an intermediate rhodocyclopcntanc. 

Reactions of allene with [ Rh(C2H4)2acac)]246 and with [ Rh(CO)zC1]224 P have also 

ti&= c= cn, 

E. Cyclopropenes and Cyclopropanes 

Palladium chloride, usually in thc form of [ Pd(PhCN)CI2l2 or [ Pd(CzH4)2C1]2, - .  

yields q3-allyl complexcs with substituted cyclopropenes, methyienecyclopropanes and 
vinylcyclopropanes6. The initial step in these reactions is probably coordination of the 
olefin to the metal. Complexes of rhodium(I), iridium(1 , and platinum(I1) with qz- 
bonded methylenecyclopropanes have been c h a r a c t e r i ~ e d l ~ ~ .  1,2-Chloropalladation of 
the double bond then occurs, followed by opening of the cyclopropane ring24Y.25". 

'R3 

2,2-Diphenylmethylenecyclopropane, however, yields 77, possibly via a 
trimethylenemethane cornplex25'. Triphenylcyclopropene with [(PhCN)2PdC12] 
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phJ Ph 

Ph 
I H  I 

+ [PdC12If'hCN)2J - 
Ph PhDCph H 

affords 782s2. The postulated rearrangement in the final step is supported by the 
observation that when chloride is removed from the coordination sphere of a 
cyclopropylplatinum comple~ '~ ,  an q3-allyl results (equation 87)253. 

Although simple vinylcyclopropanes react with [ Fe2(CO)9] to give q4-diene 
complexes, the q3-allyl-q1-alkyl intermediate can be stabilised if C4 is the bridgehead of 
a polycyclic systemR. This is illustrated by semi-bullvalene (81). 

(81) (82 1 (83) 

Ccrtain cyclopropanes can also yield q b l l y l  complexes. When trans[ IrCI(N2)- 
(PPh,)d reacts with neat phenylcyclopropane [ IrC1H(q3-C3H4Ph)(PPh3)2], an $- 
allylmetal hydride of unusual stability resul t~"~.  The firsi step in the reaction is 
thought to be insertion of the metal into the cyclopropane ring to form a metallo- 
cyclobutane. 
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The reactions described in this section do not provide general methods for the 
synthesis of ally1 derivatives, with the possible exception of palladium. Even here the 
relative inaccessibility of starting materials imposes a severe disadvantage. 

IX. BINUCLEAR COMPLEXES OF PALLADIUM AND PLATINUM 

An interesting series of complexes was discovered in 1975 by Felkin and co-workers 
from the reaction of [ PdBr(CSHS)P] with magnesium in t e t r a h y d r o f ~ r a n ~ ~ ~ .  

A 
w 

L-Pd-Pd-L (89) 

The product (a), which was obtained in 80% yield. formed dark red crystals. stable 

( 8 5 )  

in air. t h e  cyclopentadienyl group bridges the two palladium atoms. Reduction of 84 
with lithium aluminium hydride gave 85, which on treatment with allylmagnesium 
bromide yielded 86 with two q3-allyl groups bridging the Pd-Pd bond2s6. 

Other routes to such sandwich complexes with Pd-Pd or Pt-Pt bonds have been 
explored by Werner and his Treatment of 87 with a phosphine or phosphite 

Pd 
I 

-Y 
. Me 

(87 1 

- 50.C + L  - L 

L- Pd I P d  - L 

Y 
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(89) 

ligand at - 50°C yields a range of complexes of type 88258. With bulky phosphines such 
as P(i-Pr)3 or  PCy3, complexes PdLz can be isolated. These react with bis(2-methyl- 
ally1)palladium to give the complexes 89259-260. 

1. 
2. 
3. 
4. 

5. 
6. 

7. 

8. 

9. 

10. 

11. 
12. 

13. 
14. 

15. 
16. 

17. 
18. 
19. 
20. 

21. 
22. 
23. 
24. 
25. 
26. 
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1. q'-BlJTA-l ,&MENE COMPLEXES 

A. lntroductbn 

Iron shows a high chemical affinity for compounds containing the buta-1,3-diene 
group and (q4-buta-l,3-diene)tricarbonyliron complexes dominate the chemistry of 
this ligand'. In general terms, three synthetic approaches to these compounds are 
available. The first route involves the reaction between an unsaturated hydrocarbon 
ligand such as a butadiene, an a$-unsaturated ketone, a methylenecyclopropane, a 
vinylcyclopropane, a cyclopropene, an ally1 compound or a cyclobutene, together with 
a transition metal carbonyl, carbonyl derivative, or salt. The second route brings 
together metal atoms, the vapour of the hydrocarbon ligand, and either carbon monox- 
ide or a similar ligand, and these are co-condensed at low temperature and pressure. 
The thud route uses a preformed (q-hydrocarb0n)transition metal complex such as an 
q2-al!-ene, an q3-allyl, an q4-trimethylenemethane, or an $-dienyl complex a d .  con- 
verts this, with the aid of a suitable reagent, to the desired q4-butadiene compound. 

6. From Buta-l,3-dlenes and Transttlon Metal Carbonyls, Carbonyl Derhratlves 

The reaction between a buta-1,3-diene and a transition metal carbonyl provides the 
most important source of q4-buta-1 ,3-diene complexes and large numbers of these 
,complexes have been prepared in this way. The parent complex, (q4-buta-1 ,3- 
diene)tricarbonyliron (1) was first prepared in 1930 by heating butadiene with penta- 
carbonyliron in a pressure tube2. Essentially the same procedure is still employed; 

or Tradtbn  Metal Sab 

Fe 

( 1 )  

(1)  

the two reagents are introduced into a rocking autoclave and heated at 140°C for 12 h. 
The product is obtained in 42% yield as an orange-yellow oily liquid by vacuum 
distillation and itcrystallizesfromlight petroleumoncoolingtogiveasolid,m.p. 19"C2-'. 
This preparation is exceptional in requiring a pressure vessel, a s  most 1,3-diene ligands 
are sufficiently involatile to undergo reaction at atmospheric pressure. The latter 
procedure has the advantage that the carbon monoxide liberated in the displacement can 
escape and the equilibrium in the reaction (equation 2) is displaced to the right. The 
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( 2 )  
reaction is usually carried out at elevated temperatures using hydrocarbon solvcnts. 
Many complexes have been prepared in this way and somc typical cxamplesare discussed. 
Diphcnylbuta- 1.4-diene is heated with dodecacarbonyltriiron in benzene at thc reflux 
temperature fo r  6 h to give the tricarbonyliron complex (2)5.h. Substitutcd 
tricarbonyl(rlJ-penta- 1.3-dienc)iron complexes (3) arc obtaincd by heating dodccacar- 

9. Synthesis of q4-butadiene and cyclobutadicrlc complexes 

2 diene + [M(CO),,,CO [(dicne),,M(CO),,] + ( 1 1 1  - h )  

(2 1 
bonyltriiron with the appropriate penta-l,3-dicne in benzcne undcr nitrogen until the 
grcen colour of the original mctal carbonyl is discharged; this takes about 10 h. 
Complexesprepared in thisway include the estcr,amidc. ketone, aldehydc,and nitrile (3; 
X = C0,Et.  CONHZ. COMe. CHO. CN. respectively), as yellow or  orange oils or 

n X  + [Fe -~ (C0) ,2 ]  ( 4 )  

(3) 

X = CO,Et CONH,, COMe. CHO. CN 

low-meltingsolids'. A series of mono-. di-, and tri-nicthylbutadieneirontricarbonyls may 
bc prepared by hcating cnneacarbonyldiiron with the butadiene in anhydrous ether at 
40-4S"Cunlil the iron carbonyl disappcars. which takesabout 1 .S h. Thc same complexes 
arc also formed by irradiation of the butadienc with pentacarboiiyliron at 0°C in thc 
absenceofair.Compoundsobtainedin thiswayinclude4(R = H, Mc),5(R = H. Me).6 
(R  = H. Me). and 7 (R = H. Mc)*. Siloxybutadienescombine with dodecacarbonyltri- 
iron on hcating to give tricarbonyliron complcxcs". 

Fe Fe Fe 
(CO)3 

Fe 

(4) 

(CO)3 (CO)3 (CO)3 

( 5 )  (6)  ( 7 )  

In thesc reactions and in many related oncs. pentacarbonyliron is the preferred 
reagcnt for use in photochemically induccd proccsses, whereas cnneacarbonyldiiron 
and dodecacarbonyltriiron are usually cmployed in thermally induced processes. In 
somc cascs. irradiation of the metal carbonyl and diene givcs a different product or 
product mixture from that obtaincd by heating. Thus, irradiation of isoprene with 
pcntacarbonyliron gives tricarbonyl(r14-isoprcnc)iron (8) in low yield. whcrcas heating 
undcr pressure givcs a mixture of the isoprcne complex (8) and the a-terpenc complex 
(9 ) .  thc ligand in this last complex being formcd by dimcrization of isoprcne7. 

l'hc aromatic nucleus in naphthalene contributes a pair of electrons to bonding with 
iron in tricarbonyl ( qJ- 1 -vinylnaphthalenc)iron (10). which nlay be rcgarded as an 
analoguc of the butadicne complex: (1). Thc naph thahc  ring is sufficiently activated 
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autoc lave  

by the vinyl group to allow formation of the complex (10) to occur on hcating 
1 -vinylnaphthalene with dodecacarbonyltriiron in hexane at 90°C for 16 h. The pro- 
duct is obtained in 31% yield'". In a number of other cases extended conjugation of an 
aromatic residue permits the n-electrons to take part in bonding to iron1".". Hexa- 
1.3.5-triene, with thrce conjugated double bonds, forms a tricarbonyliron complex in 
the same way on heating with enneacarbonyldiironI2. 

The reaction between 1,2-dimethyIenecyclobutane and dodecarbonyltriiron in ben- 
zene at reflux temperature gives the expected tricarbonyl(q4-l ,2-dimethylenecyclo- 
butane)iron (1 1) in 24% yield, together with a bis(q3-allyl)dicarbonyliron complex (12) 

in similar yield ( 2 5 % ~ ) ' ~ .  This reaction illustrates another important featurc found in 
the reactions betwecn dienes and iron carbonyls. namely the tendency for a mixture of 
products to be obtained. often in low yields. Ligand dimerization7.13 and rearrangc- 
mcnt by hydrogen migration7.'$ arc frequently encountered but arc not neccssarily 
disadvantageous since thc desired product may be obtained by the controlled applica- 
tion of such transformations. 

It is also possible for more than one molecule of the ligand to be bound to iron, as 
occurs o n  irradiation of butadiene and pentacarbonyliron in benzene or pentane to 
form bis(q4-butadienc)carbonyliron ( 13)15. 

(1 3) 

Similar (q4-dienc)?FcC0 complexcs arc formed from isoprene, 2,3- 
diniethylbutadiene and mcthyl sorbate by the same reaction". Alternatively, iron(I1I) 
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chloride combines with butadiene, isoprene and penta-1.3-diene in the  presence of 
carbon monoxide to form the corresponding bis(q4-diene)iron carbonyl comFlexesI6. 
Further examples include the formation of the exo- and endo-bicyclooctane complexes 
(14) and the corrcsponding hexacarbonyldiiron complexes from thc free ligand and 
enneacarbonyldiiron"; other dimethylidene bicycloheptanes. -heptenes, -octanes. and 
-octenes combine with the same carbonyl in the same way'".'' or  with pentacarbonyliron 
on ultraviolet i r r ad ia t i~n '~ .~" .  The (q4-butadiene)iron complex (15) and related species 
may be prepared from the ligand and pentacarbonyliron or enneacarbonyldiiron2' and 
tricarbonyl(q4-homobarrelene)iron is obtained from homobarrelene and pentacar- 
bonyliron22. Pentamethyldisilane combines with enneacarbonyldiiron to form 
[ Me2Si=FeH(SiMe3)(CO)3], which transfers tricarbonyliron to 1 ,Cdiphenylbutadiene 
to give the (q4-diphenylbutadiene)iron complex (2)". 

&- Fe(C013 

(14) 

R 
+ xR hv 

I 
Fe 

(15) 

KO), 

R =  ti. Me 

In addition to iron, several other transition metals may form q4-buta- 1.3-diene 
complexes. Irradiation of tetracarbonyl(qs-cyclopentadienyl)vanadium (16) with 
butadiene or 2,3-dimethylbutadiene gives the mixed (q4-buta-1 ,3-diene)(qs-cyclo- 
pentadieny1)vanadium complex (17; R = H, Me)21. The molybdenum (18)". mangan- 
ese (19)2'. cobalt (20; R = H. Me)24.2s, (21)26, and rhodium (22)2' complexcs may be 
prepared in the same way and isolated as crystallinc solids by vacuum sublimation or 
chromatography. (q4-Buta- 1,3-diene)tricarbonylruthenium is not, however, obtained 
by direct reaction between butadiene and dodecacarbonyltriruthenium2E. but is 
formed by heating tricarbonyl(q4-cycl~~~ta-l,5-diene)ruthenium with butadiene in 
benzene in a sealed tubc at 100°C". 

a$-Unsaturated ketones and a$-unsaturated imines may behave as 1.3-diene 
ligands to transition metals such as  iron. Thus. hcating benzylidcneacetone (23) with 
diiron cnneacarbonyl in toluene at 60°C gives the q4-hcterodiene complcx (24) in 32%) 
yield3". The samc procedure may be used to form iron tricarbonyl complexes of 
chalcone (PhCH=CHCOPh). dypnonc (PhCMe=CHCOPh). and 2.6- 
bis(benzy1idene)cyclohcxanone (25)30. I t  has been suggested that thc ben- 
zylideneacetone complex (24) may bc used as a convenicnt source of qJ-diene com- 
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+ 

0 Ph 

(23) 

hu H -  

(24) 
- Ph 

plexes since the heterodienc ligand is displaced by buta-l,3-dienes undcr mild condi- 
tions to give (rf-buta- 1,3-diene)tricarbonyIiron derivatives)". In addition to a$- 
unsaturated ketones, other hctcrodiene systems, namely C=C-CC=N-~', 
-NZC--C=N-~~, and -NXN--N=N--'~, form iron tricarbonyl cornplexcs. 
Details of some typical preparations which involve dircct combination of the ligand 
with an iron carbonyl arc collected in Table 1. 

C. From Buta-l,3-dlenes and Transttlon Metal Carbonyls wlth Rearrangement 

I t  has frequcntly been observed that the reaction between a buta-1.3-diene and a 
metal carbonyl gives an q4-1,3-diene complex in which the identity of the ligand has 
changed o n  c ~ r n p l e x a t i o n ' ~ . ~ ~ .  Butadienes containing cis-alkyl substituents are subject 
to rearrangement; thus, cis-penta-1.3-dicnc (26) on heating with pentacarbonyliron 

or Modlflcatlon of the Llgand 
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Fe 

(27) 

gives tricarbonyl( q4-irunr-penta-l ,3-diene)iron (27) by geometrical inversion of the 
ligand14. The same product is obtained by heating the non-conjugated diene, penta- 
1,4-diene, with either iron pentacarbonyl or triiron dodecacarbonyl’. 4- 
Methylpenta-1.3-diene (28) combines with pentacarbonyliron to give the truns-2- 
methylpenta-1.3-diene product (31)34. Mechanistic studies suggest that the product is 
determined by kinetic rather than thermodynamic factors. The reaction appears to 
proceed through the iron tetracarbonyl intermediate (29), which loses CO and under- 
goes hydrogen transfer to iron forming an ally1 complex (30). A reversed metal-car- 
bon hydrogen transfer to the other terminal carbon atom then gives the product (31)3s. 

(30) (31) 

2,5-Dimethylhexa-2,4-diene (32) rearranges on heating with pentacarbonyliron to 
form tricarbonyl-( q4-rrans-2,5-dimethylhexa-2,4-diene)iron (33)14. However, as men- 
tioned previously, cis-alkyl-substituted butadienes are attacked by iron carbonyls 
without ligand rearrangement under the appropriate conditions, as exemplified by the 
formation of the compounds 6 and 7. 

(32) (33) 

2-Chlorobutadiene behaves normally towards enneacarbonylduron. giving the cor- 
responding tricarbonyliron complex (34) together with polymeric  product^^^.^'. How- 
ever, while 2.3-dichlorobutadiene gives the expected product (35) with dodecacar- 
b o n y l t r i i r ~ n ~ ~ ,  it undergocs insertion of an iron carbonyl fragment into the car- 
bon-chlorine bond with enneacarbonyldiiron. This is followed by CO insertion and 
coupling to give the hexacarbonylduron product (36) or by reaction with by-product 
hydrogen chloride to give the 2-chlorobutadiene complex (34)36 (Scheme 1). 
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(34)  

CI - Fe(CO1, 
\ 
co 

SCHEME 1 

(40) 

SCHEME 2 
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Several diene-iron complexes are isolated from the reaction of 2-bromobutadiene 
with enneacarbonyldiiron in boiling hexane including the expected 2-bromobutadiene 
complex (37), (q4-butadiene)tricarbonyliron (38) and the binuclear complexes 39 and 
40, as  shown in Scheme 2. Additional products are formed under different reaction 
conditions and the mechanism appears to involve insertion of a tricarbonyliron group 
into the carbon-bromine bond followed by one of several subsequent pathways3’. 
The reaction between 2-bromobutadiene and dodecacarbonyltriiron in boiling ben- 
zene gives only the complexes 37 and 38 and provides a morc satisfactory route to the 
bromo compound (37)”. Debromination also features in the reaction of u,Q’- 
dibromo-o-xylylene with enneacarbonylduron in cther, which leads to 
tricarbonyl( q4-o-xy1ene)iron (41) in low yield3*. 

ErCH, CH,Br 
(15) 

D. Cleavage of Stmlned Rlngs w M  Metal Carbonyls 

1. From vinylcyclopropanes and metal carbonyls 

Vinylcyclopropanes may undergo ring opening in the presence of metal carbonyls to 
give q4-butadiene complexes. Irradiation of vinylcyclopropane with pentacarbonyliron 
in ether at- 50 “C gives tetracarbonyl(q2-viny1cyclopropane)iron (42) as  the major 
product, which, on heating to 50 “C with benzene in a sealed tube, forms a 3: 1 mixture 
of the isomeric (q4-penta-1 ,3-diene)iron complexes 43 and 4439. While the initial low- 

(42) (43) (44 )  
temperature reaction to form the intermediate (42) is of mechanistic significance, i t  is 
unnecessary for the effective synthesis of the products 43 and 44. PhenyL40, 
4-~hlorophenyl -~~,  and 4-me thoxyphenyl-substitu ted vin ylcycl~propanes~’  undergo the 
same reaction with pcntacarbonyliron to form the corresponding tricarbonyliron com- 
plexes (45; X = H. CI, OMe) in yields of up t o  61%. 

X 

X = H. CI .  OMe 

X 

9x I 
Fe 
(CO), 
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The expected product (46) is obtained by heating 1 ,I-dicyclopropylethylene with 
pentacarbonyliron for 5 h40; however, on prolonged heating the dienone complex (47) 
is the dominant product. It is found that this product (47) is not obtained by heating 

0 Fe 
KO), 

(18) 

the diene complex (46) with pentacarb~nyiiron‘~. In an extension of the last ring- 
expansion process, the methylenecyclohexane (@), on irradiation with 
pentacarbonyliron, yields the tricarbony5ron complex (50) as the principal product 
together with the 7-keto-octalin (49) which, on subsequent irradiation with 
pentacarbonyliron, gives the dienone complex (51) in low yield42. Recently, it has been 

(48) 

(51) 

shown that photolysis of the methylenespiroalkanes (52; I I  = 0, 1, 2) with 
pentacarbonyliron gives a mixture of the two (q4-butadiene)iron complexes (53 and 
54) together with a b i~(~~-a l ly l )d i i ron  complex of a branched triene43. 

(52) (53) 

(54)  (20) 
n = 0 , 1 , 2  
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2. from methylenecyclopropanes and metal carbonyls 

Methylenecyclopropanes undergo ring opening in the presence of metal carbonyls 
to give q4-diene complexes in reactions which parallel those observed for 
vinylcyclopropanes. The  nuns-isomer of Feist's ester (55) combines with 
enneacarbonyldiiron in hexane at room temperzture to give the tetracarbonyliron 
complex (56) in 88% yield with reiention of the rruns-configuration. Warming this 
intermediate with enneacarbonyldiiron at 40 "C afforded the (q4-syn-diene)iron com- 
plex (57) in 78% yield. The same transformation is achieved by thermolysis in 
tolueneu. 

G. Marr and B. W. Rockett 

[Fez( C 0 ) g  1 4c02Me * % hexane 

C02Me 

(55) 

IZOOC 

(56) 

C02Me 

//C02M' 

Fe 
KO), 

( 5 7 )  

(21) 

A similar sequence of reactions may be carried out with the cis-isomer of Feist's 
estcr (58) to form the (q4-urzfi-diene)iron complex (59). In this c n x  the second step of 
the sequence may involve any one of three alternatives: (i) warming with 
enneacarbonyldiiron to give an 88% yield of product, (ii) irradiation in hexane to give a 
62% yield, and (iii) thermolysis in toluene to give 49% yieldM. Formation of the two 
q4-butadiene complexes (57 and 59) is highly stereospecific and the mechanism 
appears to involve two metal centresu. 

hexane 

C02Me 

(58 )  

[ dCozMe C02Me 

(CO), 

hv.  heaane - 
l2O"C 

C02Me 
/ 

I C02Me 
Fe 

(CO)3 

(59' (22) 

rruns-2,3-Bis(hydroxymethyl)methylenecyclopropane (60) combines with an excess 
of enneacarbonyldiiron in ether at room temperature under an atmosphere of carbon 
monoxide to yield the tricarbonyl(q4-3-methylene-4-vinyldihydrof~~ranone)iron com- 
plex (62) (48%), together with the tetracarbonyliron complex (63) (30%)45-46 (Scheme 
3 ) .  Each of these intermediates is converted to tricarbonyl(q4-1 .3-diene)iron products 
on heating in diethyl ether for several hours. The tiicarbonyliron complex (62) under- 
goes regiospecific rearrangement to give a 1:2.3 mixture of the isomeric 
tricarbonyliron complexes (64 and 65). while the tetracarbonyliron intermediate (63) 
also undergoes regiospecific rearrangement under the same conditions to form a third 
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(65) 
SCHEME 3 

(66) 

isomeric tricarbonyl(q4- 1.3-diene)iron complex (66)47. The cis-isomcr of the 
methylenecyclopropane (60) undergoes the same rcaction with enncacarbonyldiiron 
to form a mixture of the complexes 62 and 6346. Mechanistic studies indicate that the 
first formed intermediate in the reactions is the tetracarbonylircn species (6l) ,  a 
sequence of steps lead to formation of the lactone ring and thence the complexcs 62 
and 6346. These, in turn, undergo rearrangement by way of a 'a-ally1 metal hydride' 
mechanism47. 

In  contrast to the previous reactions, transition metal-promoted cleavagc of the 
strained ring in syn- and nnfi-2,2-dimethylallylidenecyclopropane (67) gives q"- 
trimethylenemethane complexes (68 and 69) as productsJ7. However, the ligand (67) 
contains a buta-1.3-diene residue and the tricarbonyl(q4-allylidenecyclopropane)iron 
complex (70) is also formed in the reaction47. The overall yield of the three complexes 
68.69 and 70 is 32%. Separate experiments with syn- and onti-isomers of the ligand 
(67) show that the q4-butadiene complex (70) is derived exclusively from the anti-form 
(67) and can be obtained in 30% yield together with the q4-trimethylenemethane 
complex (68) in 15% yield47. 

Related to the cleavage of methylcnecyclopropanes to form butadienc ligands is the 
cleavage of 1,3,3-trimethyIcyclopropene in the presence of dodccacarbonyltriiron to 
give the qJ-vinylketene complex (71; R = Me) in 5% yield. In addition to ring opening, 
a molecule of carbon monoxide is incorporated into the ligandJ8. 3,3- 
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(71) 

Dimethylcyclopropene undergoes a similar reaction with enneacarbonylduron to form 
the dienone complex (71; R = H)49. The same cyclopropene combines with dicarbonyl- 
(qs-cyclopentadienyl)( tetrahydrofuran)mangancse to give the ( q4-dien0ne)manganese 
complex (72)". 

3. From thiacyclobutenes and metal carbonyls 

T h e  thiacyclobutenes (73; R1 = R2 = H, R' = Me, R2 = Et) combine readily with 
enneacarbonyldiiron on heating or with pentacarbonyliron on photolysis to form 
the binuclear q4-thioacrolein complexes (74; R' = R 2  = H. R1 = Me, R? = Et) in 
30% yieldsn. The parent complex (74; R' = R2 = H) may be converted to the mono- 
nuclear species (75) with triphenylphosphine and to the vinylsulphine complex (76) 
with hydrogen peroxide in acetic acid5" (Scheme 4). 

E. From Allyl Alcohols and Metal Carbonyls 

Allyl alcohols may undergo dehydration in the presence of iron carbonyls to give 
q4-1 ,3-diene complexes and ally1 halides undergo similar reactions with these car- 
bonyls. The ally1 alcohols (77; R' = ferrocenyl. R' = H; R' = H. R2 = ferrocenyl) are 
heated with either enneacarbonyldiiron or dodecacarbonyltriiron and copper sulphate 
in benzene to form the ferrocenylbutadiene complexes (78; R1 = ferrocenyl, R2 = H; 
R' = H, R2 = ferrocenyl) in yiclds of 10 and l8%1, respectively. Ferrocenyl ketones 
are formed as the major reaction productss'. The reaction mechanism has been 
explained by a study of the dchydration of the vinyl alcohol (79) with copper sulphate 
to the butadiene (W), which then gives the tricarbonyliron complex (81) with 
dodecacarbonyltriironS?. 
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SCHEME 4 

R 2  

OH 

R’ AR2 I 

(80)  

( 2 5 )  

(*’I (26) 

Penta-l,4-dien-3-01 combines with pentacarbonyliron on heating for several hours 
in light petroleum to form the bis[ tricarbonyl(q4-pentadiene)iron] complex (82) in low 
yield as  a mixture of two diasterioisomer~~’. 

Ally1 halides may also be used as precursors for buta-l,3-diene complexes, although 
the reactions involved are different from those based on ally1 alcohols. 2-Methoxyallyl 
chloride combines with enneacarbonyldiiron on heating at 40°C in benzene to give 
tri~arbonyl(~~-3-rnethoxybuta-1.3-dienone)iron (84) in 10% yields4. The reaction may 
involve the tetracarbonyliron chloride intermediate 83, which undergocs carbonyl 
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FeICO1,l 

light petroleum. 1 4 0 T  
OH (27) 

(83) (84) 

insertion and loss of chloride to form the product (84). T h e  corresponding 
2-methoxyallyl bromide and iodide give q3-allyl complcxes of iron rather than 
butadiene complexes under the same conditionss4. 

F. From Butadknes, Transition Metal Atoms and Carbon Monoxide 

Metal atoms, formed by thermal vaporization of metals under vacuum (lo-' torr), 
travel by a line-of-sight path t o  the cold walls of the vacuum chamber  and co-condense 
with either an excess of thc butadiene vapour  or into a solution of the ligandss (see 
Chapter 13). Chromium atoms may be co-condensed with butadiene at  - 196°C and 
carbon monoxide added  to form thc tetracarbonylchromium complex (85) in 4% 

Replacing carbon monoxide with trifluorophosphine gives the tetrakis(tri- 
fluorophosphine)chromium complex (86) in 3% yields'. Thc  reaction between molyb- 

( 8 6 )  (85 )  

denurn vapour or tungsten vapour and butadiene follows a different path and  yields 
the tris(q4-butadiene)metal complexes (87; M = Mo, W) in 50-60% yield6". Cocon- 

( 8 7 )  

M = Mo, W 

dcnsntion of manganese atoms with butadienc followcd by the  addition of carbon 
monoxidc gives a very low yield of bis(g'-butadiene)carbonylman~anese (88)". 

Iron atoms combine with butadiene at - 196°C t o  afford a red-brown complex (89) 
which decomposes o n  warming to -5°C. However. when the complex is warmed in 
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(31) 

L = C O ,  PF3, P(OMeI3, t-BuNC 

the presence of a suitable ligand such as carbon monoxide or trifluorophosphine, then 
bis(q*-butadiene)iron complexes [90; L = CO, PF,, P(OMe)j, 1-BuNC] are 
~ b t a i n e d ~ ~ . ~ ~ - ~ ~ .  Thus the product (90; L = CO) is obtained in 31% yield overall57 and 
yields are usually in the range 20-50%s5. Recently, complexes of the type [(q' 
butadiene)FeL,] and [(q4-butadiene)ZFeL], where L = a phosphorus ligand such as 
P(OMe)3 have been formed by a metal atom evaporation techniques6. Iron complexes 
containing a single butadiene ligand are not usually formed in these reactions, but 
co-condensation of iron and toluene gives the unstable bis(q6-arene)iron intermediate 
(91), which undergoes ligand displacement on condensation of butadiene to give (q' 
butadiene)(q6-toluene)iron (92) in 10-20% yield6'. Styrene behaves as a four-electron 

rn 
-196'C (33) 

donor wher! it is co-condensed with iron atoms at - 196°C and the resulting mixture is 
allowed to warm under an atmosphere of carbon monoxide. The products obtained are 
tricarbonyl(q4-styrene)iron (93) in 10% yield, tetracarbonyl(q2-styrene)iron (94) and 
pen tacarbonyliron6'. 

(93) (941 

A complex reaction takes place between cobalt atoms and butadiene, but in the 
presence of a hydrogen donor such asr-butane the cobalt hydride 95 may be isolated60. 



3 84 

(95) 

The (q4-isoprene)cobait complex (96) may be obtained by sequential reaction of the 
metal atoms with cyclopentadiene and then isoprene60, whereas bis(q4-penta-1.3- 
diene)cobalt hydride (W) is formed from penta-1.4-diene by isomerization in a com- 
plex reaction which also yields polymers of the original diene and olefins formed from 
it60. 

(36) 

G. From (q-Hydrocarbon)transition Metal Complexes 

1. (q3- 0ienium)transition metal complexes 

q5-Dienium, q4-trimethylenemethane, q3-allyl, and q2-olefin transition metal car- 
bonyls may all act as sources for (q4-buta-1,3-diene)metal complexes, although the 
usefulness of such compounds is restricted in some cases where the starting material 
may itself be derived from an q4-diene. A convenient route to tricarbonyl(q4-syn-1 - 
viny1butadiene)iron (100) involves dehydration of the alcohol complex (98) to the 
(qs-dienium)iron cation (99) with fluoroboric acid and then treatment with alumina in 

(98) 

Fe 

(99) 

A'2°3  
€IF,- - 

C H 2 C I z  Fe 

(100) 

(38) 

methylene chloride for 1 h at room temperature to give the product in  30% yield63. 
Prolonged treatment with alumina (60 h) gives binuclear c o r n p l e x e ~ ~ ~ .  An alternative 
route from the dienium complex (99) requires slow distillation of the triethylamine 
adduct under reduced pressure to remove the volatile product (100) as  it is formedw. 
The methods appear to provide a general route to triene complexes64. The action of 
perchloric acid on the (q4-rrur~s,truns-hexa-2.4-dien-l -ol)iron complex (101), itself 
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formed from the free ligand and pentacarbonyliron, gives the (qs-syn-l- 
methylpentadieny1)iron cation (102) in quantitative yield, which is selectively attacked 
by water and alcohols to give one diastereoisomer of the complex 103 (R = H. Me, Et) 

(101) 

R = H. M e ,  E t  

(1 03 

in a yield of about 90%65.66. Primary amines attack the (q5-syn-1,5- 
dimethylpentadieny1)iron cation (104) to give either cis,rruns-secondary amine (105) 
or  rruns,rruris-secondary amine (106) products, depending on the basicity of the amine. 
Thus the strongly basic (pKb 3-6) amines ethylamine, isopropylamine. and methyl- 
benzylamine give exclusively the ck,truns products (105; R = Et, i-Pr, CHMePh), 
whereas weakly basic (pKb 10-1 3) amines such as p-bromoaniline and p-nitroaniline 
give exclusively and quantitatively the rruns,rruns products (106; R = C6H4Br, 
C ~ H I N O ~ ) ~ ~ .  The tricarbonyl( $-syn-pentadieny1)iron cation may also be used as a 
source of (q4-butadiene-amine)irnn complexes by treatment with primary amines; 
however, binuclear products are formed in addition to the expected mononuclear 
complexes and separation is not always easily achieved6*. 

(105) (1041 

R = E t ,  i - P r ,  CHMePh R = C6H4Br. C6H4N02 

2. (q4- Trimethy1enemethane)-, (q3-allyl)-, and (q2-olefin)-transition metal complexes 

The binuclear trimethylenemethane complex (108). obtained in 7% yield from 2,3- 
bis(bromomethyl)buta-1,3-diene (107) and enneacarbonyldiiron in hexane, rearranges 
in 85% sulphuric acid to a 1:l mixture of bis-diene complexes (109 and 110) in 81% 
yield69. (q3-Allyl)iron complexes may be converted under suitable conditions to (q4- 
buta- 1,3-diene)iron complexes. 
Tricarbonyl(q4-a-pyrone)iron (1 11) is formed in 85% yield by heating a-pyrone with 

enneacarbonyldiiron in benzene for 1 h70. This intermediate contains a highly reactive 
ester group and undergoes cleavage with bases to give (q3-allyl)iron anions, as shown 
in Scheme 5. Thus, attack by methoxide ion leads to the ally1 anion (112), which 
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1.- [ Fell CO 191 

h e r a n e  
c 

(107) 
(106) 

(109) (110) 

combines with acetic anhydride to give the (q4-butadiene)iron complex (1 13) in almost 
quantitative yield7". Cleavage with methyllithium and phenyllithium gives the ally1 
anions (114; R = Me, Ph) and treatment with acetic anhydride forms the cis,lrans- 
acetoxy ketones (115; R = Me, Ph), which may be isomerized thermally to rrans,rram 
compounds (116; R = Me, Ph) on heating in benzene70. Reduction of the a-pyrone 
complex (1 11) with lithium aluminium hydride gives the &,trans-aldehyde (118), 
apparently by way of the allyldialdehyde anion (117). The cis,trans product readily 
isomerizes to the trans,trans form70. Benzoylation of (q3-allyl)tricarbonyliron using 
benzoyl chloride gives the (q4-enone)iron complex (119) as  a minor product71. In a 
related reaction, the q3-allyl lactam (120) is converted to the tricarbonyliron complex 
(121) on heating in methanol72. When mild conditions are used in the reaction 
between dienes or enones and iron carbonyls then (q2-olefin)iron complexes may be 
obtained. These are usually converted smoothly to q4-diene or q4-enone complexes by 
using more vigorous conditions. Thus, chalcone and 2'-hydroxychalcone (122; R = H, 
OH, respectively) give the tetracarbonyl complexes (123; R = H, OH) on heating with 
enneacarbonyldiiron at  40°C. On raising the reaction temperature to 70-80°C the 
corresponding tricarbonyl complexes are obtained (124; R = H, OH)73. q4-Enone 
complexes may be converted back to q2-enone complexes on treatment with basic 
phosphine ligands and this reaction may be used to provide a route to (q4-enone)iron 
dicarbonyl phosphine complexes. The q4-chalcone and q4-bcnzilideneacetone com- 
plexes (125; R = Ph. Me) are treated with a phosphite or phosphine PX3, where 
X = OMe, Ph. to give the $-enone intermediates (126; R = Me, Ph) and these 
undergo thermolysis to form the q4-enone products (127; R = Me, Ph)74.7s. 

The enone ligand in (q'-benzylidcneacetooe)tricarbonyliron is displaced easily by 
butadiene groups and it is used as a convenient intermediate in the formation of 
(q4-butadicne)iron complexes. Thus, 2,3-dimethylbutadiene, trans,rrarzs-hexa-2,4- 
diene. and rrans,tram-hexa-2,4-dienal are heated with (q4-benzylidene- 
acetone)tricarbonyliron to form the corresponding (q4-butadiene)tricarbonyliron 
complexes in yields of 54-96%76. 
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LiAIH, 

OHC I CHO 

Fe 

(117) 

(111) 

(1 12) 

A c z o ]  

(118) (113) 

SCHEME 5 

(115) 

(116) 

387 
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(122) (123) 

R =  H, OH 

1125) (126) (127) 

R = Me,  Ph 

X = OMe. Ph 

II. q'-TRIMETHYLENEMETHANE COMPLEXES 

A. lntroductlon 

The hypothetical trimethylenemethane radical may be stabilized by complex 
formation with the appropriate transition metals and two important routes are 
available for the preparation of these complexes. Allyl halides, substituted ally1 
halides, and related compounds combine with enneacarbonyldiiron to form 
q4-trimethylenemethene complexes, whereas methylenecyclopropanes undergo ring 
opening in the presence of the same carbonyl to give q4-vinyltrimethylenemethane 
complexes. In a third and less important route, (q3-allyl)tricarbonyliron halides 
may eliminate the halogen or hydrogen halide with the formation of 
q4-trimethylenemethane complexes. 

B. From Allyl Halldes and Enneacarbonyldllron 

The parent complex tricarbonyl(q4-trimethy1enemethane)iron (129) is obtained in 
66% yield as a pale yellow solid, melting at 28-29"C, by stirring 3- 
chloro-(2-chlorornethyl)propene (128) with enneacarbonyldiiron in ether at room 
temperature for 24 h77*78. When Naz[ Fe(CO),] is used instead of enneacarbonyldlron 
as the reagent, the same product (129) is obtained but only in low yield". Substituted 

CH2=C(CH2CI), + [Fe2(C0)9] - 
(128) 

(46) 
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q4-trimethylenemethane complexes (130) are accessible from the appropriately sub- 
stituted allyl halide. Methyl, phenyl, and carboa!koxy complexes78 may be prepared in 
this way (see Table 2). 2,3-Di(bromomethyl)butadiene (131) may be regarded as a 
diallyl halide and a precursor of the tetramethyleneethane diradical. Thus, the reaction 
between the dibromide (131) and enneacarbonyldiiron gives the bis(tricarbony1iron) 
complex of the dirner of tetramethyleneethane (132). A small proportion of the 
isomeric product (133) is also ~b ta ined '~ .  The q4-trimethylenemethane complex (134) 

(133) 

Fe Fe 
(CO), 

(1 32) 

Br 
I 

is formed from p-bromobenzyl bromide and enneacarbonyldiiron by coupling of two 
ligand moleculese0. Coupling of ligand molecules also occurs when th:. tribromide 
(135) is treated with the same carbonyl to form the bis(tricarbony1iron) complex 
(136)78. This product is obtained from 2-bromomethylbutadiene using 

enneacarbonyldiiron as the reagent78. Further details of preparations utilizing allyl 
halides are collected in Table 2. 

A related route involves the treatment of 5-bromopenta-1 ,Z-diene (137) with 
sodium tetracarbonylferrate to form the cyclopentenyl anion (138), which may be 
trapped by trimethylchlorosilane as the neutral q4-trimethylenemethane complex 
(139)81. The formation of a,P-unsaturated ketones in the reaction of allene and an 
alkyl bromide with sodium tetracarbonylferrate proceeds by insertion of allene into an 
iron-acyl bond and protonation to form an q4-trimethylenemethane intermediate 
(140; R = H), which may be characterized as the trimethylsilyl derivative (140); 
R = !%Me3) on the addition of trimethylchlorosilanee2. 
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Br(CH2) 2CH= C- CH 2 + Na2[ Fe (CO),] ---. 

(1 38) 

39 1 

Qo 

(1 39) 

C. From Methylenecyclopropanes and Enneacarbonyldiiron 

The strained three-membered ring in methylenecyclopropancs opens under mild 
conditions in the presence of enneacarbonyldiiron to form trimethylenemethane coni- 
plexes. Thus. 2-vinylmethylenecyclopropane is attackcd by enneacarbonylduron in 
benzenc at 40°C to form the vinyltrimethylenemethane complcx (141) as a green oil in 
43% yielda3. In a similar reaction, a mixture of thc artri- and syz-isomers of 2,2- 
dimethylallylidenecyclopropane (142) combines with the same reagent in benzene at 

rcflux temperature to givc the trisubstituted trimcthylcnemethane complex (143) in 
19% yield. together with a small proportion of the isomeric product (144)R4. Under the 
siinie conditions, the mri-isomer (142a) gives the complex (144) as the only q4- 
trimethyleneniethane product, whereas the sytz-isomer (142b) gives a mixture of the 
two complexes (143 and 144). with the former as the dominant product8'. 
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D. From q3-Allyl Complexes 

Halogen or hydrogen halide may be eliminated from ( q3-allyl)tricarbonylirion com- 
plexes to leave the corresponding q4-trimethylenemethane complexes. Stirring (q3-2- 
bromomethy1allyl)tricarbonyliron bromide (145) with enneacarbonylduron in ether at 
room ternperaturc gives tricarbonyl(qJ-trimethylenemethane)iron (129) in 90% 
yield78. The same dibromide (145) gives the Same product (129) on heating in cyc- 
lohexane but in low yield78. The action of heat on tricarbonyl( q3-2-methylally1)iron 
chloride (146) also forms this complex (129) in 39% yield78. 

r 1 

111. q4-CYCLOBUTADIENE COMPLEXES 

A. lntroductlon 

Stabilization of the hitherto elusive cyclobutadiene by complex formation with a 
transition metal was postulated in 195685. Since that time, many routes to (q4- 
cyc1obutadiene)transition metal complexes have been developed. These routes may be 
conveniently, though arbitrarily, grouped into methods which use a reagent with a 
four-membered carbocyclic ring and those which close the ligand ring during the 
course of the reaction. Among the former mcthods are routes employing 
tetrahalocyclobutanes, cyclobutenes, q3-cyclobutenyl complexes, methylene 
cyclobutenes, and q4-cyclobutadiene complexes. Included in the latter methods are 
those utilizing photo-a-pyrone. acetylenes, heterocycles, and cyclooctatetraenes as 
cyclobutadiene precursors. 

B. From Cyclobutenes and Cyclobutanes with Transltlon Metal Carbonyls 

Historically, methods based on dihalocyclobutenes have assumed i m p o r t a n ~ e ~ ~ . ~ ~ ,  
and they still provide useful routes to a number of q4-cyclobutadiene complexes. 

The parent complex (148) is formed in 40% yield as a pale yellow solid, m.p. 26"C, 
by stirricg a suspension of enneacarbonylduron in pentane at 30°C for 2 h with 
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(51) 

(147) 

(1 48) 

cis-3.4-dichlorocyclobutene (147)*'. The  (~4-cyclobutadicne)cobalt complex ( 151) is 
obtained f rom the samc dichloride (147) by treatment with a two-fold excess o f  sodium 
tetracarbonylcobaltatc in thf t o  give hexacarbonyl(q4-cyc1obutadicnc)dicobalt (149). 
which, on reaction with iodine. forms dicarbonyl(q'-cyc1obutadicne)cobalt iodide 
(150). This iodide is heated with cyclopentadienc and tricthylamine in  thf to give the 
product (151) as a yellow crystalline solid. m.p. 88-89°C88. Mono-8'). di-x7.0'. tri-'I. and 

I I (CO:, KO), 
co -co 

L J 

(149) 

& 
(151) 

* Q  
E l  ,N. THF 

4 

co 
CO1-21 

(150) 

tetra-suhstituredY1-YJ q4-cyclohutadiene complexes may he prepared from similar 
starting materials. T h e  molybdenum and tungstcn tetracarbonyls (154; M = Mo. W) 
are formed by treatment of the dihalide (147) with hesacarbon).lmolybdenum o r  
-tungsten a n d  sodium amalgam, which generates the reactive dianion [ M(CO)5]?- 'I. 
The  dihalide (147) is obtained from cyclooctatetrarnc in a scqucnce of reactions 
involving chlorination, addition of acetylene dicarboxylic ester, and therrnolysis of the 
adduct (Scheme 6 ) .  Hexacarbonylrnolybdenurn and  -tungsten attack the dihalide (147) 
in the prcscnce of sodium amalgam to form the tetlncarbonyl conipleses (152; M = Mo,  
w). The  ruthenium tricarbonyl complex (153) and the parent iron tricarbonyl (148) 
a re  obtained in similar reactions". This  routc has been exploited also for the prepara- 
tion of tetracarbonyl(~4-tetramethylcycl~butadiene)niolybdenu~n and -tungsten (154; 
M = Mo. W). respectively"', togcthcr with thc chroniium triciirbonyl (155)'" and the 
iron tricarbonyl ( 16qY2.  

T h e  q'-broniocyclobutadiene complex (156; X = Br) is prcparcd from the tmrrs- 
tribromide (157) and enneacarbonyldiiron*" (Schcnic 7). A similar reaction with the 
trichlorocyclobutcne (158) givcs thc corresponding chlorocyclobutadienc (156: 
x = CI)"'. whereas the mixed broniodichlorocyclobutcne (159) givcs thc 
bis[ tricarbonyl(q'-c~clobutadiene)iron] cornplcx (160) rathcr than a mononuclear 



394 G .  Marr and B. W. Rockett 

[MlCOl,] 

CC' 
CI 

(1 53) 
SCHEME 6 

(1 48) 

(1 55) 
M=Mo.W 

X 
Fe 

(1 56) 

SCHEME 7 (160) 
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(161 1 

CI CI 

(163) 

(162) 

395 

(54)  

bromocyclobutadiene (156; X = Br)89. The benzocyclobutene (161; X = Br, I) is 
dehalogenated by enneacarbonyldiiron to form the benzocyclobutadiene complex 
(162)87 and the related complex (164) is obtained in the same way from the dichloride 
(163). The dimethyl- and trimethylcyclobutadiene iron complexes (166 and 167) are 
prepared by the same routeg'. 

Fe 
(CO), 

Fe 
(CO), 

Fe 
( C 0 ) B  

Ni 
Br2 

(168) 

The influence of stcreochernical factors in the syntheses employing 3,4- 
dichlorodimethylcyclobutenes, derived from dimethylhexa-1 ,S-diynes, has been 
explored. The 3,4-dimethyl isomer (169) combined with enneacarbonyldiiron to give 
the cyclobutadiene complex (166) i n  10% yield. The 1,2-dimethyl isomer gave a 7% 
yield of the same product whereas the 2,3-dimethyl isomer gave the product in only 
5% yield9s. Reagents, conditions, and products for some typical reactions are collected 
in Table 3. Although dihalocyclobutenes have been used extensively in the prepara- 
tion of cyclobutadiene complexes. the method is limited by the availability of thc 
appropriatc dihalocyclobutenes, many of which are difficult to prepare. These halides 
also show a strong tendency to undergo sidc-reactions with dehalogenating agents, 
which frequently lead to cyclobutadiene d i r n e r ~ ~ ~ .  

The cis-3.4-carbonyldioxycyclobutenes (170; R'  = R2 = H. Me; R' = Bu, 
CH20Me,  R? = H; R1 = Me, R2 = CH20Me)  prepared from an appropriatc 
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- 

395 

(171) 

acetylene and vinylenecarbonate by photolysis, are converted to substituted ( q4- 
cyc1obutadiene)iron complexes (171) with sodium tetracarbonylferrate( -11) or 
enneacarbonyldiiron. Yields are in the range 25-50~,~'-~~. The same route is used in 
the stereospecific preparation of tncarbonyl-(A-di-nor-l7~-acetoxy-l,5( 10)-estra- 
diene)iron (1';2) from the appropriate cis-3,4-carbonyldioxycyclobutene precursorl0". 

In a few cases, cyclobutadiene complexes may be obtained from tetrahalocyclo- 
butanes by methods analogous to those used for dihalocyclobutenes. The dichlorodi- 
bromocyclobutane (173; X = Br) is treated with enncacarbonyldiiron to form the 

OAc 

C 0 2 M e  qg) Fe c)-$ x C 0 2 M e  

(CO), 
(1 731 

(1 72) 

diester ( 174)10'. and the tetrachlorocyclobutane (173; X = C1) is dehalogenated by 
zinc and acetic acid in the presence of enneacarbonyldiiron to give the same product 
(174)Io2. Sodium tetracarbonylferrate( - 11) may replace the iron carbonyl in the final 
steplo3. 

I0 h v :  

CI \\ - 1  

0 

(57) 

(1 741 

[ q4-Tetra(carbomethoxy)cyclobutadiene] tetracarbonylmolybdenum (178) is 
obtained as a minor product from the tetrachlorocyclobutane (177) and hexacarbonyl- 
molybdenum. The tetrahalide (177) is in turn obtained by irradiation of dichloro- 
maleic anhydride (175) to form the dimer (176) and subsequent treatment with 
diazomethanelOJ. 
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C. From (q3-Cyclobutenyl)trans~lon Metal Complexes 

Products from the reaction between acetylenes and palladium(I1) chloride are sensi- 
tive to the nature of the substituents on the acetylene and the conditions used96. 
Sodium or ammonium tetrachloropalladate(I1) combines with diphenylacetylene in 
aqueous ethanol to form the q3-alkoxycyclobutenyI complex (179) in 92% yield and 
this intermediate is converted to the (q4-cyclobutadiene)palladium complex (180; 
X = CI) in 76% yield'nsJn6. The corresponding bromide and iodide complexes (180; 
X = Br, I) are formed direct from the chloride (179) by treatment with anhydrous 
hydrogen bromide in chloroform and aqueous hydriodic acid in chloroform; the yields 
a;e 82% and 50%, r e spe~ t ive ly '~~ .  

EtOH PhCECPh + Na2[PdC14] - 

(179) 

H X  - 
(1 80) 

(59) 

The benzonitrile complex of palladium chloride, [ PhCN)2PdC12], may be used in 

reaction is reversible and treatment of the q4-cyclobutadiene complex (180) with 
alkoxide ion under mild conditions gives a cyclobutenyl complex isomeric with (179) 
but with the alkoxide groups in the exo-position with respect to the meta1'05*108. This is 
exemplified by the interconversion of the (q3-tetraphenylcyclobutenyl)nickel and 
-palladium complexes (181; M = Ni, Pd; R = H, alkyl) with the q4-cyclobutadiene 
cation (182)'OY.' lo. The di-r-butyldiphenylcyclobutadiene complex (183) is prepared by 
a similar route"'. 

Mechanistic investigations of these reactions indicate that cyclobutenyl complexes 
and thence cyclobutadiene complexes are formed only when the acetylene carries 
bulky substituents such as phenyl or r-butyl1I2. The mechanism appears to involve 

place of the simple chloride but the yields are lower'" 5 . It is important to note that the 
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& 
'Ph 

+ 

PhC-CBu-f + [ (  PhCN),PdCI,] mn [(PhCGC&I-f)2PdCI2] 

cnci, - 

399 

'...!... 
Ph 

Ph I 
Pd 
CIMe2S0 

initial formation of a n-complex followed by cis-'insertion' of the acetylene into the 
Pd-X bond to form a u-vinyl complex (a slow step for X = C1 but fast for X = OR), 
then a new n-complex is formed and finally cis-'insertion' of the acetylene into the 
Pd-vinyl bond occursI13. 

D. From Methylenecyclobutenes and Metal Carbonyls 

Olefin isomerization of an em-methylenecyclobutene will give a cyclobutadiene and 
this reaction may be exploited to prepare q4-cyclobutadiene complexes. Thus, a route 
to tricarbonyl(q4-1,2-dimethylcyclobutadiene)iron (185) from the methylenecyclo- 
butene compound (184) is available114. The bicycloheptatriene (186) combines with 

r 1 

dodecacarbonyltriiron in boiling hexane to form the cycloalkenylcyclobutadiene coni- 
plex (187) in 41% yield by hydrogen mig ra t i~n"~ .  
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E. From (q4-Cyclobutadlene)transitlon Metal Complexes by Llgand Transfer 
q4-Tetraphcnylcyclobutadiene and q4-tetramethylcyclobutadiene complexes of 

nickel and palladium are readily accessible and are used extensively to prepare 
cyclobutadiene complexes of other metals by ligand exchange and ligand transfer1I3. 
Metal carbonyls and q5-cyclopentadienylmetal carbonyls are frequently used as re- 
agents. In a typical reaction (q4-tetraphenylcyclobutadiene)palladium dibromide d h e r  
(188; X = Br) is heated with an excess of pentacarbonyliron in xylene to give the 
tricarbonyliron complex (189) in 88% yield1I6. A number of these reactions are shown 
in Scheme 8 and details of reaction conditions and yields are given in Table 4. The 
rcactions are usually carried out in an aromatic solvent (benzene, chlorobcnzene, 
xylenc) at reflux temperatures. Yields are very variable, iron, cobalt, and nickel com- 
plexes being formed in quantitative or near quantitative yields whereas vanadium. 
molybdenum and tungsten coniplcxes are formed in low yields. 

The reaction mechanism appears to consist of two steps: (i) decomposition of the 
palladium complex (189) by the transition metal carbonyl reagent (or low-valent com- 
plex) and (ii) displacement of two or more carbonyl groups by the cyclobutadiene 
ligand' 13. 

This approach may be an over-simplification and the steps may be merged into a 
sequence of intramolecular rearrangements involving a cyclobutadiene ring bondcd 
simultaneously to two transition metals128. Reactions which compete with cyclo- 
butadiene ligand transfer lead LO the formation of metallic palladium, which is 
almost always obtained, and derivatives of cyclobutadienc such a s  octaphenylcyclo- 
octatetraene and tetraphenylcyclopentadienoneIl3. Reagents, conditions, products, 
and yields for some typical rcactions arc collected in Table 4. 

F. From Acetylenes and Transitlon Metal Carbonyls 

Acetylenes undergo a number of reactions, including cyclodimerization, in the pres- 
ence of transition metal complexes and tracsitior: metal carbonyls. These reactions 
have been extensiveiy investigated  PI:^ expioitcd to pro*.*ide routes to q"- 
cyclobutadiene c ~ m p l e x e s ~ ~ ~ ~ ' ~ " .  The reactions of macrocylic alkadiynes with transi- 
tion metal carbonyl dcrivativcs afford q4-cyclobutadiene complexesand may be regarded 
as a special case of the more general cyclodimerization p r o ~ e s s ~ ~ ' . ~ ~ ~ .  

Disubstituted acetylenes, in particular diphenylacetylene, are the preferred reagentsin 
reactions with metal carbonyls and related complexes leading to q4-tetrasubstituted 
cyclobutadiene products. Thus, titanium(II1) chloride combines with diphenylacetylene 
and cyclooctatetraene in the presence of isopropylmagnesium bromide in ether to give 
the green (~4-tetraphenylcyclobutadiene)titanium complex (190) in  11 % yield'34. 

Irradiation of tetracarbonyl(q'-cyclopentadieny1)vanadium with diphenylacetylene 
gives the acetylenc complex (191), which undergoes thermal addition of a second 
acetylene to form the (q4-cyclobutadiene)vanadium complex (193), presumably 
through the intermediate metallocycle (192)'". A similar sequence of reactions is used 
to obtain the mixed ($-cyclobutadiene)(q2-acetylene)niobium complex (194) starting 
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2 

Ph NPh 
Ph co Ph 

X = CI. Br 
SCHEME 8 

from tetracarbonyl(q5-cyclopentadienyl)niobium and diphenylacetylene in the molar 
ratio 1 :2135.136. The correct structure (194) was assigned by X-ray crystallography 
shortly after the synthesis was r e p ~ r t e d ' ~ ~ .  

The reaction between hexacarbonylniolybdenum and diphenylacetylene gives four 
different (q4-cyclobutadiene)r~i~lybdenum complexes of which the two dicarbonyl 
complexes (195 and 1%) are important138. The diacetylene molybdenum complex 
(197) is obtained by a related reaction using diphenylacetylene and tricarbonyl 
diglymemolybdenum 138. 

The direct combination of acetylenes and pentacarbonyliron gives (q4-cyclobuta- 
diene)iron complexes. The high-temperature reaction using diphenylacetylene gives 
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TiCI3 + PhCECPh + 0- 1 

PhC G CPh 

hv 
- 

2 P h C E C P h  

hw 
* 

P h C E C P h  

110 'C 

(192) 

4 PhC CPh 

80 'C 
* 

(193) 

Ph 

Ph' 'K NbCO 

403 

tricarbonyl(q4-tetraphcnylcyclobutadiene)iron (189) in 16% yield; the major product 
from the rcaction is the tctraphrnylcyclopentadienone complex ( 198)'39. The yield of 
the desired complex (189) is improved by carrying out the reaction in a scalcd tube at 
240°C'4". 

Acetylene combines with pentacarbonyliron at high prcssurc to form 
tricarbonyl(q4-cyclobutadienc)iron (148) together with the metallocycle (199). which 
does not appear to be an intermediate in the formation of the q'-cyclobutadiene 
complex (148). This cyclodimerization of the parent acetylene is a reaction confined t o  
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mn 
[Mo(CO),] + PhCECPh - 

16a 'C 

- 
Ph 

Ph 

Ph Mo(C0l2 

Ph +Ph 

Ph 

[ (diglyme)Mo(C0)3 

+ 

Ph 

Ph 

+ PhCECPh 

24a 'C 
[Fe(C0)5) + PhCECPh 

11O.C 
[Fe(CO)5] + HCECH - 

(1 96) 

PhH 

00 'C 

+ other products (67) 

Ph 

Ph Ph 

Ph 

-+ 
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Ph 

Ph 

(200) 

the formation of the iron complex ( l48)I4I. A mixed q4-cyclobutadicne-metallocycle 
(200) is obtained from pentacarbonyliron and ~-di(phenylcthynyl)benzenc~~~. The 
thiacycloheptyne (201) combines with palladium chloride to form the (qc 
cyc1obutadiene)palladium intermediate (202), which is converted to the tricarbonyl- 
iron complex (203) with p e n t a ~ a r b o n y l i r o n ' ~ ~ .  

QI - PdC12 

Pd 

[Fe lCOls ]  
c 

Fe 

L 

Several reactions involving acetylenes are  available for the preparation of (q4- 
cyc1obutadiene)cobalt complexes (Scheme 9). Dipheiiylacetylene combines with cobalt- 
~ c e n e ' ~ ~ ,  dicarbonyl($-cyclopentadienyl)cobalt'45, and (q4-cycloocta-1,5-diene)($- 
cyc1opentadienyl)cobalt (204)146.147 to give the (q4-tetraphenylcyclobutadiene)cobalt 
complex (205). This product is also obtained in a stepwisz reaction sequence where the 
cobalt diiodide (206) is converted to thc acetylene complex (207) by use of isopropyl- 
magnesium bromide as a reducing agent and diphenylacetylene. followed by addition 
of a second molecule of diphenylacetylene to form the cobalt metallocycle (208), 
which on strong heating gives the q4-cyclobutadiene complex (205) with thc loss of 
triphenylph~sphine'~~.~~'. These reactions are significant in that they indicate how the 
cyclobutadiene ligand may be formed by successive addition of two acetylene 
molecules to cobalt, metallocycle formation and subsequent rearrangement. 

The basic synthesis has been extended to produce complexes substituted in the 
q5-cyclopentadienyl ring by employing ($-C5H4X)Co(C0)2, where X = SiMe,, Ph, as 
the reagentIsO. An unsymmetrical acetylene may be used with cobaltocene or  ($- 
cycloocta-1,5-diene)($-cyclopentadienyl)cobalt to form the tetrasubstituted cyclo- 
butadiene complexes (209 and 210) in yields of 38-59% (Scheme 10). The silyl and 
stannyl complexes (209 and 210; X = SiMe3, SnPh3) are cleaved with HCI to give the 
1,2- and 1.3-diphenylcyclobutadiene complexes (211 and 212)Is1. In a related reaction, 
$cyclopentadienylcobaltdicarbonyl combines with phenyl-2-thicnylacetylene to form 
the two isomeric [ ~4-diphenylbis(2-thienyl)cyclobutadiene]cobalt complexes (209 and 
210; X = 2-thienyl)Is3. 



406 

phcEcm 

I .  Pr Mg Br 

G. Marr and B. W. Rockett 

Phc=cPh \ 

Ph I 
(=I 

SCHEME 9 

The tetrakis(trimethylsily1)cyclobutadiene complex (214) is obtained in 5% yield by 
pyrolysis of the bridged dicobalt complex (213) with an excess of bis(trimethy1- 
siIy1)acetyIene using xylene as solvent in an a u t o ~ I a v e ' ~ ~ .  

The rhodium analogue of the q4-cyclooctadiene complex (204) combines with 
diphenylacetylene to form the rhodium complex (215) in low yield'54, whereas the 
binuclear complex (216) is formcd in 50% yield from [IUICI(PF~)~]Z and 
diphenyla~etylene '~~. '  s6. 

Dicarbonyldichloroplatinum combines with various disubstituted acetylenes to give 
mono-, di-, and trinuclear (q4-cyclobutadiene)platinum compounds. The reaction with 
diphenylacetylene in ether gives first the polymeric complex (217), which, on treat- 
ment with lithium bromide and lithium iodide in acetone at reflux temperature, gives 
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the binuclear bromide and iodide (218; X = Br, I)*57. The corresponding reaction with 
hex-3-yne affords a mixture of products containing cyclopentadienone and quinone 
complexes of platinum in addition to trinuclear (220) and polymeric (219) cyclo- 
butadiene complexes. Lewis bases such as  pyridine and triphenylphosphine attack the 
complex 220 to form the mononuclear cyclobutadiene complex 221'58. A similar route is 
used to form (~4-tetramethylcyclobutadiene)platinum dichloride starting from 
dicarbonyldichloroplatinum and b ~ t - 2 - y n e ' ~ ~ .  
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Cyclobutadiene complexes of iron and cobalt arc obtained by the intramolecular 
cyclization of macrocyclic alkadiyncs in the presence of metal carbonyl derivatives. In 
the case of iron, the reactions give several products which vary considerably with the 
nature of the alkadiyne. Pentacarbonyliron combines with the alkadiync 222 (n = 4. 
m = 6) in boiling toluene to form the (q4-cyc1obutadiene)iron complex (223; r i  = 4, 
m = 6) as the major product (26% yield)132. In contrast, the reaction of pentacar- 
bonyliron with the alkadiyne 222 (n = 4, m = 4) gives a ferrole as the major product 
(31%) together with the cyclobutadiene (223; n = rn = 4) (el% yield)"2. The com- 
plexes (223; rn = n = 5 ;  m = 5 ,  n = 6) are obtained in only trace amounts from similar 
reactions using the alkadiynes (222; tn = n = 5 ;  rn = 5 .  ti = 6) and dodccacarbonyl- 
triiron ' 33. 

I co I 

In the case of cobalt, cyclobutadiene complexes are the major products and high 
yields are obtained in several reactions. Thus, dicarbonyl(q'-cyclopentadieny1)cobalt 
combines with cyclododeca-1,7-diyne (222; m = n = 4), cyclotrideca-1,7-diyne (222; 
m = 4, n = 5 ) ,  cyclotetradeca-1,8-diyne (222; m = n = 5 ) ,  cyclotetradeca-1,7-diyne 
(222; ni = 4, n = 6), and cyclopentadeca-1,8-diyne (222; m = 5, n = 6) in boiling 
octane or cyclooctane to give the respective cobalt complexes (224; m = n = 4, 85% 
yield; m = 4, n = 5, 75% yield; m = n = 5, 2% yield; m = 4, n = 6, 40% yield; and 
n = 5. rn = 6, 52% yield)I6". It is possible to replace (qs-cyclopentadienyl)cobalt 
dicarbonyl with the cyclooctadiene complex (204) in thc preparation of the complexes 
(224; m = 4, n = 5 ;  m = n = 5)160. 

The mechanism of this reaction has attracted attention since molecular orbital calcu- 
lations suggest that the concerted cyclization of bisacetylene coordinated with a single 
transition metal to form a ( q4-cyclobutadiene)metal complex is symmetry forbid- 
den161. This approach indicates that two non-restrictive-field transition metal centres 
sharing opposite faces of a plane containing a bisacetylene remove the symmetry 
restrictions for the bisacetylene to cyclobutadiene conversion'". These ideas are com- 
patible with the formation of metallocycle intermediates in a non-concerted reaction 
and suggest that polynuclear intermediates may be involved in the concerted pro- 
cessI3O. Chemical evidence in support of a stepwise process where acetylene groups are 
coordinated in turn and cyclize by way of a metallocyclopentadiene is provided by the 
conversion of the ($-cyclopentadieny1)cobalt complex (206) to the (q4-cyclo- 
butadiene)cobalt complex (205). 
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G. From Photo-a-pyrone and Transttlon Metal Carbonyls 

Photolysis of a-pyrone (225; X = H) gives a reactivc bicyclic intermediate, photo- 
a-pyrone (226; X = H)I63, which combines with metal carbonyls and carbonyl deriva- 
tives on further irradiation to give cyclobutadiene complexes (Scheme 11). The use of 

X = H.C02Me 

Y = H.C02Me 
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pentacarbonyliron in the reaction leads to tricarbonyl(q4-cyc1obutadiene)iron (156; 
X = H) in 7% yieldI6", whereas the carboxymethyl derivative (156; X = C02Me) is 
obtained in 21% yield when the substituted a-pyrone (225; X = C02Me) in thf is 
used16s. The tricarbonyliron complex of a-pyrone is also a significant product in these 
reactions. Both this product and the q4-cyclobutadiene complex are labile to irradia- 
tion and thus careful control of the reaction conditions is necessary. When 
dicarbonyl(qs-cyclopentadienyl)cobalt166 or its carboxymethyl der i~a t ive '~  is irradi- 
ated with photo-a-pyrone, the (q4-cyclobutadiene)cobalt complex (227; X = H, 
Y = H, C02Me) is obtained. The same route may be used to prepare the rhodium 
complex (228; X = H)168. 

H. From 1 -Metallocyclopentadlenes 

It has been mentioned previously that metallocyclopentadienes may be intermedi- 
ates in the preparation of q4-cyclobutadiene complexes (see 192,208. Section F). This 
method relies on the controlled formation of such an intermediate or on its use as  
starting material. Thus the stannole (229) is treated with bromine to cleave the 
heterocyclic ring and then with nickel bromide to form the (q4-cyclobutadiene)nickel 
complex (230)169. A related reaction involves the treatment of the 1,6diIithio- 
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(2301 

butadiene (231) with dibromotetracarbonyliron to give tricarbonyl(q4-tetraphenyl- 
cyc1obutadiene)iron (189) in 5% yield together with the corresponding f e r r~ le"~ .  
Although these routes were developed early in the study of q4-cyclobutadiene 
complexes, they have not attracted attention in recent years. However, an analogous 
reaction has been used in which tricarbonyl(q4-l,2-diacetylbutadiene)iron 
is treated with hydrazine in acetic acid to give the (q4-pyridazinocyclobutadiene)iron 
complex (232). 

1. From Cyclooctatetraenes and Carbonylate Anlons 

A method which appears to be unique is based on the debromination and 
intramolecular cyclization of 1,4-dibromocyclooctatetraene in the presence of 
enneacarbonylduron in hexane to form the benzocyclobutadiene complex ( 162)78. A 
good yield (64%) may be obtained by using sodium tetracarbonylferrate(- 11) in thf7*. 

Br 
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IV. q4-CYCLO-1,3-DIENE COMPLEXES 

A. lntroductlon 
Many similarities exist between the preparative routes used for (q4-cyclo-l ,3-diene)- 
and (q4-buta-l .3-diene)transition mctal coniplcxes. Thcsc are, however, outwcighed 
by the differenccs observed, making it useful to discuss the two groups separately. i t  is 
also convenient to dividc the survey into scctions on the basis of thc size of the 
hydrocarbon ring which is incorporated into the complex. Thus, cyclopentadiene is 
included with cyclopentadienone, fulvene, and five-membered heterocycles. Cyclo- 
hexadiene is grouped with cyclohexadienone, benzene and six-membered hetero- 
cycles. Cycloheptadiene, cycloheptatriene, cycloheptatrienone, and seven-membered 
heterocvcles make up thc third section, and hydrocarbons with cight-membered rings 
comprise the fourth section. (q4-Cyclobutadicnc)transition metal complexes are dis- 
cussed separately (Section 111). Iron is the most important transition metal in the 
chemistry of q4-cyclo-l ,3-diene complexes and rcceives major cniphasis in this section. 
Complcxes containing q4-cyclodiene ligands with non-conjugated double bonds are 
not discussed. 

6. Complexes Containing the q4-Cyclopentadiene, q4-Cyclopentadienone, q4- 
Fulvene and q4-Heterocyclopentadlene Llgands 

Important routes to these complexes include the direct rcaction between the ligand 
and a metal carbonyl, which may involve rearrangement of the ligand, the attack of 
acetylcnes o n  metal carbonyls, and the reduction of qs-cyclopentadienyl complexes. 
The  first reaction is complicated by the strong tendency of (qJ-cyc1opentadiene)iron 
complexes to undergo elimination of hydrogen and form the corresponding( qs-cyclopen- 
tadieny1)iron complexes'73. Cyclopentadienes and cyclopentadienones may undergo 
facile dimerization and further complicate the direct synthesis. Alkynes are important 
precursors for these complexes since the cyclopentadienone group is formed readily 
from two alkyne groups together with a carbonyl group abstracted from a metal 
carbon yl. 

Cyclopentadiene combines with enneacarbonyldiiron in boiling diethyl ether to 
form tricarbonyl(q'-cyc1opentadiene)iron (233) in 27% yield as a yellow oil which 
freezes at -6"C'74. It is purified by distillation under rcduced pressure (30-35°C and 
0.2 tom). Cyclopentadiene undergoes an analogous reaction o n  irradiation with 
[Fe(PF3)s] in diethyl ether with the formation of the tris(trifluorophosphine) complex 
(234) 1 75. 

(234) 

Whereas the cocondensation of metal atoms with cyclopentadiene usually affords 
qs-cyclopentadienyl complexes, cobalt atoms give the (q4-cyclopentadiene)cobalt 
complex (235)'76. 

Substituents in the 5-position of cyclopentadiene reduce the tendency for hydrogen 
t o  be lost on treatment of the ligand with a metal carbonyl. Thus, acetyl(pentamethy1)- 
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cocondenie 0 + cOoJ (84) 

(235) 

cyclopentadiene combines with enneacarbonylduron in pentane to form the q4- 
cyclopentadiene compound (236) in 25% yield, in addition to the qs-cyclopentadienyl 
compound (237) in 8.5% yield. Tricarbonyl(qs-pentamethylcyclopentadienyl)iron is 
the dominant product when the reaction is carried out a t  elevated  temperature^'^^.'^^. 

(236) (237) 

In the same way, 5-hydroxymethyl-5-methylcyclopentadiene is attacked by enneacar- 
bonyldiiron to givc the q"-cyclopentadiene complcx (238) as a mixture of two isomers 
(2% and 238b) in the proportions 4:117'. Initial attempts to convert the spirane (239) 
to a tricarbonyliron complex with pentacarbonyliron caused rearrangement with the 
formation of a tetrahydroindenyl complex'80. However, the use of enneacarbonyl- 
diiron as reagent under mild conditions (boiling benzene for 1.5 h) gives the desired 
product (240) in 31% yieldI8l. 

Me CH20H HOCH, M e  

(86) 
\ I  \ I  

PhH. 8 0 ° C  

Fe 
- (co)g- 

Fe Fe 
(COI3 

(2384 (238b) (239) 
(240) 

Although the reactions between iron carbonyls and fulvcnes are often complex and 
may lead to several products, the use of mild conditions enables (q'-fulvene)iron 
complexes to be obtained. Thus, 6,6-~yclopentamethylenefulvene, 6,6- 
diphenylfulvene, and 6,6-bis(4-chlorophenyl)fulvene each combine with enneacar- 
bonyldiiron at  -40°C to give the tricarbonyliron compounds [241; Rz = (CH~)S ,  

Pentalene and its derivatives combine directly with transition metal carbonyls to 
give q4-cyclodiene complexes. The parent complex (243; R = H) is obtained bl- heat- 
ing pentalene dimer (242) with enneacarbonylduron a t  50°C in methylcyclohexane 
under carbon monoxide in a sealed tube. The yellow-brown solid product (243; 
R = H), obtained in 9% yield, is stable at room temperaturelW. The corresponding 

R = Ph, 4-CICsH4]182.183. 



41 4 G. Marr and B. W. Rockctt 

Fe 
(CO), 

complex of 1.3-dimethylpcntalenc (243; R = Mc) is formed in the same way in 21% 
yield'8J. Pentalene dimer is used in the reactions since the monomer shows a strong 
tendency to dimerize. However, dihydropentalenes d o  not show the same tendency 
and may be used to form pentalene complexes. I ,2-Dihydro-3-dimethylamino- 
pentalene (244; R = NMe2) is attacked by pentacarbonyliron in methylcyclohexane 
at 110°C to form the pentalene complex (245; R = NMe2) in 11  % yieldIn5. In the same 
way, 1,2-dihydro-3-phenylpentalene gives the (1-phenylpenta1ene)iron complex 
(245; R = Ph) in 12% yield'86. 

R R 
R 

Many cyclopentadienones are unstable with respect to dimerization or other reac- 
tions and do not form suitable starting materials for the preparation of the correspond- 
ing transition metal complexes. However, tetraaryl- and other tetra-substituted cyclo- 
pentadienones a re  stable as  monomers and are synthetically useful, as  shown in 
Scheme 12. The  direct reaction of tetraphenylcyclopentadienone (246) with pentacar- 
bonyliron, enneacarbonylduron, or dodecacarbonyltriiron in boiling benzene, toluene 
at  1OO"C, or xylene at 150°C gives the (q4-cyclopentadienone)iron complex (247) as a 
yellow, diamagnetic, air-stable ~ o l i d ' ~ ~ . ' ~ .  The yield is almost quantitative when pen- 
tacarbonyliron is the reagenti4. The relatcd p-chlorophenylcyclopentadienone corn- 
plexes (251; X = H, Cl) and the di-substituted cyclopentadienone complex (252) are 
formed in similar reactions with pentacarbonyliron or enneacarbonyldiiron la7. 

Dodecacarbonyltriruthenium combines with tetraphenylcyclopentadienone to form 
the tricarbonylruthenium complex (248)la9. whereas hexacarbonylmolybdenum gives 
a bis(q4-cyclopentadienone) complex (249)la7 and tetracarbonylnickel forms the 
complex 250lyo. 

Some cyclopentadienes form colourless dimers which dissociate reversibly on hcat- 
ing. When a suitable metal carbonyl is introduced then the equilibrium proportion of 
monomer present is removed by complex formation and the method may be used 
in the synthesis of q4-cyclopentadiene complexes. Tricarbonyl(q4-2,5-dimethyl-3,4-di- 
phenylcyc1opentadienone)iron (254) is prepared in this way (79%) yield) by heating the 
dimer (253) with pentacarbonyliron at  190°C in benzene in an  aut~clave '~ ' .  Santonin 
undergoes rearrangement on heating with enneacarbonyldiiron in benzene at 40°C to 



9. Synthesis of q4-butadiene and cyclobutadiene complexes 

r R 

41 5 

Fe 
KO), 

(248) 

SCHEME 12 

X- Fe X 

(251 1 

X = H. CI 

(CO), 

0 

Ph 

Ph 
0 

Ph 



416 G. Marr and B. W. Rockett 

0 0 

Ph 
Ph 

0 

Me 

(89) 

form a trisubstituted cyclopcntadienone complex (255) in addition to the tricarbonyl- 
iron complex (256) formed by rearrangement and reductionIY1. 

Free cyclopentadienone is unstable and cannot be uscd in the synthesis of (q4- 
cyc1opentadienone)metal complcxcs; however. the ketal (257) is stable and comSines 
with enneacarbonyldiiron to form tricarbonyl(qJ-cyc1opentadienone)iron (258) as one 
of the reaction productsIY2. 

EtO OEt 

Fe 
(CO), 

(257) (258) 

Complexes containing heterocyclopentadienes. that is cyclopentadienes where 
carbon-5 is replaced with a heteroatom, are formed readily by direct reaction between 
the ligand and a transition metal carbonyl. The q4-tetraphenylsilacyclopentadiene 
complex 260 is obtained from pentacarbonyliron and the frce ligand (259)'93.'94, 
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whereas the same reaction using any one of the neutral iron carbonyls as reagent 
converts the 2,5-diphenylsilacyclopentadiene 262 to the tricarbonyliron complex 
(263)’95.’96. Thc same silacyclopentadiene (262) combines with dodecacarbonyl- 
triruthenium in toluene to form the tricarbonylruthenium complex (264)’” (Scheme 
13). 

P h q P h  [ F e l c O l ~ ]  phaph Me2 

(2655) 
SCHEME 13 

Similar reactions may be used to form cobalt complexes of silacyclopentadiene. 
Dicarbonyl(q’-cyclopentadienyl)cobalt is attacked by the silacyclopentadienes 259 and 
262 to give the mixed ( q4-silacyclopentadiene)( q5-cyclopentadienyl)-cobaIt com- 
plexes (261 and 265, re~pec t ive ly) ’~~.  Pentaphenylphosphole (266) combines with 
dodecacarbonyltriiron in boiling isooctane to form the tricarbonyliron complex (267) 
in low yield; the major product is the tetracarbonyliron compound (268)’””. In con- 
trast, pentaphenylphosphole oxide (269) combines with pentacarbonyliron in a sealed 
tube at 150°C to give the tricarbonyliron complex (270) in 94% yield“‘. The arsenic 
analogue of the pentaphenylphosphole (267) is prepared in 69% yield from the free 
ligand and pentacarbonyliron in benzene by heating in a sealed tube at 150”C’99. 

Ultraviolet irradiation of thiophen-1,l-dioxide (271; R’ = R2 = H) (formed in siru 
by heterogeneous debromination of 3,4-dibromotetrahydrothiophen-1 ,I-dioxide) in 
benzene solution with pentacarbonyliron gives the (rf-thiophen-1,l-dioxide)iron com- 
plex (272; R’ = R2 = H) in 60% yield2(’”. The same procedure may be used to prepare 
the 2.5-dimethyl- and 2,3,4,5-tetraphenylthiophen-l,l-dioxide complexes (272; 
R* = Me, R2 = H; R1 = R2 = Ph. respectively) in yields of 90% and 50%20”. These 
two complexes may also be obtained by the thermal reaction between the  ligand and 
pentacarbonyliron in benzene using a sealed tube at 170°C. The yield of the tetra- 
phenyl complex (272; R’ = R2 = Ph) is 66% using this proced~re’~’ .  (q4-Benzo[b]- 
thiophen-1,l-dioxide)tricarbonyliron (274) is formed as a minor product ori irradiation 
of the ligand (273) together with pentacarbonyliron in benzene. The major product is 
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the tetracarbonyliron complex (275)z00. The proportion of the complex (274) in the 
product mixture is enhanced by using enneacarbonyldiiron in pentane as the solvent in 
the absence of lightz0". 

In contrast to thiophen-1,l-dioxide, thiophen itself combines with dodecacarbonyl- 
triiron to give the ferrole (276) in 5% yield by desulphurization, rather than a thiophen 

Cyclopentadienone and ferrole complexes may be formed from alkynes and metal 
carbonyls. This route is widely applicable but does not appear to be used for cyclopen- 
tadienes. Tricarbonyl( q*-cyclopentadienone)iron (258) may be prepared by the reac- 
tion of pentacarbonyliron with acetylene in light petroleum or  benzene2O2. Substituted 
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alkynes undergo similar reactions. Thus, dichloroethyne combines with enneacar- 
bonyldiiron in diethyl ether at 25°C to give the tetrachlorocyclopentadienone complex 
(277; X = CI) in 27% yield203. Tri~arbonyl(~~-tetraphenylcyclopentadienone)iron 
(277; X = Ph) is prepared in 45% yield by irradiation of diphenylethyne and pentacar- 
bonyliron in benzeneJBB. The same complex (277; X = Ph) may be formed under 
thermal conditions using dodecacarbonyltriiron. The following alkynes may also be 
converted to the corresponding q4-cyclopentadienone complexes on heating at 
60- 100°C with enneacarbonyldiiron or dodecacarbonyltriiron in an inert solvent: 

~ - B T C ~ H ~ C = C H ~ ~ ~ .  Hexafluorobut-2-yne (278) is converted to the [ q4-tetrakis(tri- 
fluoromethyl)cyclopentadienone]iron complex (279) in 60% yield on heating with 

C6H5CECMe, C ~ H S C E C H ,  C ~ H S C = C S ~ M ~ ~ ,  and 

0 

r 

L 

pentacarbonyliron at 110°C under pressure205. The tricarbonylruthenium complex 
(280) is formed in the same way in 10% yield using dodecacarbonyltrimthenium as the 
reagentIB9. Pentacarbonyliron and bis(diethy1amino)ethyne combine on irradiation to 
form the tricarbonyliron complex (277; X = NEt2) in 7% yield2". The same complex 
may be obtained in 10% yield by heating the same ligand with dodecacarbonyltriiron 
in hexane at the reflux temperature206. Dicarbonyl(qs-cyclopentadienyl)cobalt (281) 
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R = Me,  CF3 .  Ph 

combines with alkynes to torm ($-cyc1opentadicnone)cobalt Complexes; typical 
examples are the methyl, trifluoromethyl and  phenyl complexes (282; R = Me, CF,, 
Ph), which may be prepared by ultraviolet irradiation of the  reactant^'^'. Dicarbonyl- 
( ~5-cyclopentadienyl)rhodium (283) also combincs with alkynes to form (q4-cyclo- 
pentadien0ne)rhodium complexes. Thus, hexafluorobut-2-yne at  1 10°C in a sealed 
tube with thc dicarbonyl 283 gives a mixture of the q4-cyclopentadiene complex 
(284) in 48% yield and  the $-benzene complex (285) in 45%) yield?"". Physico- 

F7C-G - CF, 

sealed tube 1lO'C- 
(98) 

(284) ( 285) 

chemical evidence suggests that structures in which the cyclopentadienc group in 284 is 
coordinated through two a-bonds a n d  an q2-bond may be important and that the 
metal-ligand interaction in the rhodium complex 285 may similarly receive a major 
contribution from a structure with two a-bonds  and two q2-bonds20R. T h e  (q4- 
cyc1opentadienone)rhodium complex (286) is formed in 19%) yield by heating 
dicarbonyl($-cyc1opentadienyl)rhodium (283) with bis(diethy1amino)ethyne in octane 
at  the  reflux temperature206. 

0 
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In addition to q4-cyclopentadienone complexes, ferroles are formed as important 
products from the reaction between iron carbonyls and alkynes. The parent complex 
(276) is obtained by heating acetylene with pentacarbonyliron in ethanol under pres- 
sure or  with dodecacarbonyltriiron209-2'1. The tetraphenylferrole 287 is the dominant 
product from the reaction of iron carbonyls with diphenylacetylene. The photochemi- 
cal reaction using pentacarbonyliron in benzene gives a higher yield (42%) than the 
thermal reaction employing either one of the two polynuclear carbonyls'R8.212. The 
analogous ruthenium complex (288) is prepared in 47% yield from dodecacarbonyl- 
triruthenium and diphenylacetylene in decalin at 200°C2'3. 

277 + 
( X  = Ph) 

Ph 
Ph 

Ph 

Fe 
. KO), 

(Fe(C0151 -- 
hv.  PhH 

(287)  

Disubstituted ferroles are formed when monosubstituted acetylenes are used as 
reagents212. Cyclic and acyclic diacetylenes combine with iron carbonyls to give fer- 
roles. Thus, irradiation of the diacetylene 289 and pentacarbonyliron gives the ferrole 
290 as the only product while the corresponding thermal reaction gives the same 

(290) 

ferrole (290) together with two isomers214. Pentacarbonyluon attacks cyclododeca- 
1,7-diyne to form the ferrole (291), presumably through an (q4-cyclobutadiene)iron 
i n t e r r n e d i a t ~ ~ ' ~ . ~ ~ 6 .  Several other alkadiynes (292; m = 4, n = 5 and 6; nz = 5 ,  
n = 5 and 6) take part in similar reactions on heating with pentacarbonyliron or 
dodecacarbonyltriiron to form ferroles (293) that can undergo further reaction to 
give q4-cyclobutadiene or qs-cyclopentadienyl complexes2". 
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(292) 

(CO,, 
(291) 

(101) 

(1021 

C. Complexes Contalnlng the q4-Cyckhexa-l ,3-dkne and 
&kterocyclohexa-1,3-dlene Llgands 

1,3-CycIohexadiene readily forms complexes with transition metals in which the 
ligand acts as a four-electron donor. Important preparative routes involve combination 
of a metal carbonyl with the free ligand which may undergo rearrangement during 
complexation, or reduction of an ($-cyclohexadienyl)metal complex, usually by 
nucleophilic attack on a cationic complex. Since q5-cyclohexadienyl complexes are 
fiequently derived fiom q4-cyclohexadiene precursors, the second route would not 
appear to be valuable. Its usefulness is vested in the ligand rearrangement that may 
occur during the q4 -+ q5 -+ q4 transformation and in the groups that may be con- 
veniently introduced into the ligand by this route. 

The formation of q4-cyclohexa-1 ,3-diene complexes is favoured by the cisoid con- 
figuration of the conjugated ethylenic double bonds in the ligand which is essential for 
complex formation21R. Further, the complexes, once formed, do not show a strong 
tendency to lose hydrogen and give $-cyclohexadienyl or q6-benzene complexes. 

The direct reaction between cyclohexa-l,3,-diene and pentacarbonyliron in an 
autoclave at 135°C gives tricarbonyl( q4-cyclohexa-l ,3-diene)iron (294) as a yellow oil 
freezing at 80C218 (Scheme 14). Cyclohexa-1,3-aiene also combines with 
tetracarbonyl(~5-cyclopentadienyl)vanadium219; tricarbonyl(q6-mesitylene)molyb- 
denum220 and tricarbonyl($-mesity1ene)chromium on dicarbonyl($- 
cyclopentadieny1)cobalt on heating221 or on irradiation222; dicarbonyl(qs-cyclopen- 
tadieny1)rhodium on irradiation222; and dodecacarbonyltriruthenium on heating in 
benzene223. In each case an (q4-cyclohexadiene)metal complex is formed. The 
vanadium, cobalt and rhodium complexes (295, 296, and 297) contain both q4- 
cyclohexadiene and $-cyclopentadienyl ligands whereas the chromium and molyb- 
denum complexes (298 and 299) contain two q4-cyclohexadiene groups. The tricar- 
bonylruthenium complex (300) is analogous to the iron complex (294). 

Large numbers of tricarbonyl( ~J-cyclohexa-l ,3-diene)iron complexes have been 
prepared from the free ligand or its 1,4-isomer and an iron carbonyl. An important 
route uses a substituted benzene as the cyclohexadiene precursor. Sodium in liquid 
ammonia is used as the reducing agent (Birch reduction) and the resulting substituted 
cyclohexadiene is treated with pentacarbonyliron in boiling di-n-butyl ether to form 
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(299) 
SCHEME 14 

(298) 

the tricarbonyliron product (301). Birch reduction of a benzenoid compound usually 
gives a cyclohexa-1,4-rather than a cyclohexa-l,3-diene, which isomerizes on complex 
formation to the conjugated structure. Typical benzene compounds that may be con- 

r 

(301 1 
~1~ R ~ = H  (1 03) 

R 1  = OMe. R 2 =  OMe. Me 

verted to cyclohexa-l,3-diene complexes by this route include toluene224.225 
p-~ylene2’~*225, m-xylene225, a n i s o ~ e ~ ? ~ * ~ ~ ~  , 0-, m-, and p-methoxyt~Iuene?~~*~*~, and 
r n e ~ i t y l e n e ~ ~ ~ * ~ ~ ~ .  Birch reduction of benzoic acid and o-toluic acid followed by 
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esterification with diazomethane to form 302 and complex formation with pentacar- 
bonyliron gives (q4-cyclohexa-1,3-diene)iron complexes229. Whereas benzoic acid 
leads to a mixture of two products (303 and 304) in 34% yield, o-toluic acid affords a 
mixture of four isomeric products in an overall yield of 12% for the last step228. A 
single product (303) is obtained in 38% yield from benzoic acid when the 1,4-diene is 
subjected to base-catalysed conjugation before esterification228. These reactions 
usually lead to mixtures of isomeric cyclohexa-l,3-diene producrs zince the reduction of 
the benzene derivative often gives more than one cyclohexadiene and conversion of the 
cyclohexa-1,4-diene to a cyclohexa-1,3-diene complex may occur in more than one 
way. 

(302) 

C0,Me 

Q Fe 

(CO)3 

(303) 

Further examples of the direct reaction of ligand with metal carboilyl are provided 
by the conversion of 2-chlorocyclohexa-l,3-diene to the tricarbonyliron complexes 305 
and 306 with dodecacarbonyltriiron in boiling benzene229, the preparation of the com- 
plexes 307 (n = 2, 3) from the free ligand and penta~arbonyl i ron~~" and the formation 

CI 

+ 

(307) 

of the q4-cyclohexa- 1,3-diene complex (309) from the vinylcyclohexene (308) and 
enneacarbonyldiiron'". Complexation of the diene 308 with pentacarbonyliron has 
been investigated under thermal and photochemical conditions. The thermal reaction 
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w [Fe2‘C0’g’ - 
(3081 

425 

. .  
(309) 

leads to the 1-ethylcyclohexadiene (309) together with the 2-ethyl isomer in the ratio 
5: 1. Under photochcmical conditions the same two products were obtained in the 
proportions 1 ~ 5 ~ ~ ’ .  

Heterocyclohexadiene complexes may be formed by direct reaction between the 
ligand and an iron carbonyl. Either N-carboalkoxy-1.2- or -1.4-dihydropyridine (310 
or  311; R = Me, Et) combines with enneacarbonylduron to form the (,*-A’- 
carboalkoxy-l,2-dihydropyridine)iron complex (312; R = Me, Et)z33. The sila- and 

(3101 

I 

J (311) 

(31 2) 

disilacyclohexadiene complexes 313 and 314 arc cach obtained by heating thc free 
ligand with pentacarbonyliron in b e n ~ e n e ? ~ * . ~ ~ ~ .  

In a number of cases the ligand may undergo structural isomerization during com- 
plex formation. Thus, the cyclooctatriene 315 is attacked by cnncacarbonylduron or  
dodecacarbonyltriiron to give the (q4-bicyclooctadiene)iron complex (316)’36. A similar 
isomerization takes place when cycloocta-l,3,5-triene combines with tetracarbonyl- 
bis(trimethylsilyl)ruthenium in boiling heptane to form the complex 317 in 15% 
yield2”. Analogous reactions between bicyclononatrienes o r  bicyclodecatrienes and 
iron carbonyls may be carried O U ~ ~ ~ * - ~ * ’ .  

Closely related to thcsc synthetic methods are those which involve the ring scission 
of a vinylcyclopropane in the presence of a metal carbonyl to give an q4-cyclohexa- 
1,3-diene complex. Thus. bicycle[ 3.1 .O]hex-2-ene combines with enneacarbonyldiiron 
in ether to form, by way of an ally1 intermediate, tricarbonyl(q4-cyclohexa-1.3- 
diene)iron (294). Similar scission of a cyclopropane ring occurs with cis- 
bicycle[ 6.1 .O]n~nat r iene~~I ,  spiro(cyclopenta-2,4-diene-l,7’-norcara-2’.4’-diene) 
(318)242*’43 and the 2-vinylepoxides (319; R = H, Me)’lJ. 

It is interesting that the  benzene ring in styrene and other vinylbenzenes may act as a 
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MegSi 
\ 

(31 5 )  

(31 8 )  (31 9) 
R = H, Me 

cyclohexa-l,3-diene grol;p by formation of the diiron complex (320), among other 
products, from the irradiation of styrene with p e n t a c a r b o n y l i r ~ n ~ ~ ~  

qs-Cyclohexadienylium transition metal cations are attacked by nucleophiles to 
form neutral q4-cyclohexa- 1,3-diene transition metal complexes. The nucleophile 
almost invariably enters the ligand at  C-5 to give only one of several potential isomeric 
products. I t  is observed that the nucleophile approaches the face of the cyclohexa- 
dienyl ring remote from the pendant metal carbonyl residue and this leads to the 
formation of an em-substituted which may. however, isomerize readily to 
the e n d o - i ~ o m e r ~ ~ ~ .  Reagents, reactions and products may be conveniently summar- 
ized in tabular form (Table 5). 

(qs-Cyclohexadienyliurn)metal complexes with substituents in the six-membered 
ring undergo similar addition reactions with nucleophiles. The methoxy complexes 323 
[ R = (CH2)2C02Me,  (CH2)3C02Me,  Me] combine with sodio-dimethylmalonate to 
form the products 32420'*262. Hydrolysis of the methoxy-substituted complex (325) 
gives the (q4-cyclohexadienone)iron complex (326)2633. 
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D. Complexes Contalnlng the q4-Cyclohepte-l ,34lene Llgand 

Cycloheptadiene, cycloheptatriene, and cycloheptatrienone may all behave as 
four-electron donor ligands to transition metals, particularly to iron. The most import- 
ant method of preparation is by direct reaction between the ligand and the transition 
metal carbonyl, although nucleophilic attack on an qs-cycloheptadienyl complex and 
reduction of a cycloheptatriene complex are also used. 

Cycloheptatriene combines directly with pentacarbonylkon on heating to the reflux 
temperature for 21 h to give tricarbonyl(q4-cyc1oheptatriene)iron (327) in 52% yield as 

an orange-red l i q ~ i d ~ ~ . ~ ~ ~ .  Substituted cycloheptatrienes undergo the same reaction 
and typical products are the q4-benzo-, q4-furano-, and q4-thiophenocycloheptatriene 
complexes (328 and 329; X = 0, S), which are obtained in yields of 23, 11, and 18%, 

respectively266. The reaction between cycloheptatriene and dodecacarbonyl- 
tnruthenium is more complex; heating in hexane gives the q4-cycloheptatriene and 
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Q 
Ru 

(Cola 
Ru 

(CO)3 

(330) (331) 

q4-cycloheptadiene complexes (330 and 331) as  minor products, the major product 
being the cluster compound Ru3(C0)6(q-C7H7)( ~ - C ~ H C J * ~ ~ .  

Cycloheptatrienone combines with dodecacarbonyltriiron268 and with enneacar- 
b ~ n y l d i i r o n ~ ~ ~  to form tncarbonyl( q4-cyc1oheptatrienone)iron (2.32; R = H); the same 
product is obtained from acetylene and enneacarbonyldiiron under pressure270. Substi- 
tuted tropones also combine with enneacarbonyldiiron to form, for example, the (q4- 
tropone)iron complexes (332; R = Me, Ph, Cl)271. Heterocycloheptatrienes undergo 

0 

pressure 
R = H  HC-CH + [Fe2(CO)g] 

(1 14) 

R = H. Me. Ph. CI 

reaction with metal carbonyls to yield complexes in which the ligand is a four-electron 
donor. Thus, 2,7-dimethyloxepin is converted to the complex 333, among other pro- 
ducts, on irradiation with penta~arbonyliron~~~.~~~ and the (q4-diazepine)iron com- 
plexes 334 (R = COMe, C02Et) are also c h a r a ~ t e r i z e d ~ ~ ~ . ~ ~ ~ .  

0 - + [Fe(C0I5] 
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Indirect methods of preparation may be used to obtain q4-cycloheptatriene com- 
plexes. The tricarbonyl( q7-cyclohcptatrienyI)ferrate anion is attacked by electrophiles 
such as Me3SiCl and Me3GeCI to form 7-substituted q4-cycloheptatrienyl complexes 
(335)274. The same anion combines with the tricarbonyl(qs-cyclohexadienyl)iron 
cation to givc the corresponding neutral ?-substituted q4-cycloheptatriene complex 
(Table 5)259. 

[Q (CO), 

M e j M C l  
P 

M = Si, Ge 

q4-Cycloheptadiene and q4-cycloheptadienone complexes are available by direct 
reaction between the ligand and metal carbonyl, by hydrogenation of the uncomplexed 
olefinic bond in q4-cycloheptatriene complexes, and by reduction of, o r  nucleophilic 
addition to, q5-cycloheptadienyl complexes. Cycloheptadiene combines with pen- 
tacarbonyliron on heating at 160°C in methylcyclohexane to form tricarbonyl( q4- 
cyc1oheptadicne)iron (336)275. The same product is obtained together with 
tricarbonyl(q4-cyc1oheptatriene)iron (327) when cycloheptatriene is heated with pen- 
tacarbonyliron for several days275-276. Substituted q4-cycloheptadiene complexes are 
formed in the same way; thus, the polyfluoro complexes (337; X = H, F) are pre- 
pared in low yield from the free ligand and dodeca~arbonyltriiron~'~. 

[? KO), 
(117) 

X =  H , F  

Hydrogenation of the cycloheptatriene complex 327 using Raney nickel gives the 
cycloheptadiene product 336276; the tropone complex 332 (R = H) also undergoes 
hydrogenation in the presence of palladium on charcoal27" or reduction with triethyl- 
silanc in trifluoroacetic to form tricarbonyl(q4-2.4-cycloheptadienone)iro~~ 
(343; N = H). The tricarbonyl(~5-cycloheptadienyl)iron cation (338) is attacked by 
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nucleophiles to give neutral qJ-cycloheptadiene complexes. Sodium b ~ r o h y d r i d e ~ ' ~  as  
the reagent leads to the parent complex (339; N = H), whereas -OMeZa', -N3280, 
-OEtZRo, -OPh?al, ..P.Ph'"!. Me2NH2R1, and Me3CNH2281 give the 5-substituted pro- 
ducts (339; N = OMe. N3, OEt,  OPh, SPh, NMe2, NHCMe3, respectively). Reduction 
of the cation 338 as the tetrafluoroborate takes place in acetonitrile at 90°C in the 
absence of an added nucleophile to form the tetracarbonyldfron complex (340) in 32% 

N = t i ,  OMe. OEt. OPh, SPh 

N3. NMe2. NHCMe3 

yield2A2. Co-condensation of toluene with iron atoms at liquid air temperature and low 
pressure followed by treatment with cycloheptatriene gives the (q4-cyclo- 
heptatriene)iron complex (Ml)2e3. 

Q 
-& 

(341 1 

(1 20)  

Substituted q4-cycloheptadienone complexes are formed by treatment of the 
(q4-cycloheptadienonyl)iron cation (342) with nucleophiles. Thus, methanol, aniline, 
t-butylamine, and azide ion lead to the products 343 (N = OMe, NHPh, NHBu-r and 
N3, respectively)2w. However, borohydride and cyanide gave (q3-cyc1oheptenyl)iron 
products (344; N = H, CN)284. 

(344) 

N = H , C N  
(343) 

N = OMe, NHPh, NHBu-2, N, 
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E. Complexes Contalnlng the q4-Cycloocta-l,3-dlene Llgand 

Cyclooctatetraene, cyclooctatricne, and cycloocta-1.3-diene form q4-cyclodicne 
complexes on treatment with transition metal carbonyls. However, the ligands show a 
marked tendency to undergo reactions such as ring contraction and dimerization. 
leading to several products in addition to the desired complexes'85. The tricarbonyl- 
iron complex 344 is formed by irradiation of cyclooctatraenc with pentacarbonyliron. 
When pentacarbonyliron is present in excess or when the tricarbonyliron complex 344 
is irradiated with pentacarbonyliron, the binuclear complex (345) with rruns- 

(CO I3 
Fe 
I 

(345) (344) (122) 

stereochemistry is obtained as an additional product264~286-2ey . The complexes 344 and 
345 arc also the principal products when bicyclooctatetraenyl is treated with iron 
c a r b o n y l ~ ~ ~ ~ .  Substituted cyclooctatetraenes are attacked by iron carbonyls in the samc 
way as the parent ligand. Thus, the (~4-methoxycyclooctatetracne)iron complex (346; 
X = OMe) is formed from thc free ligand and dodecacarbonyltriiron" while the 
trimethylsilyl-, trimethylgermyl-, and trimethylstannyl-substituted complcxes (346; 
X = SiMe3, GeMe3, SnMe3) are obtained from the appropriate ligand and enneacar- 
bonyldiiron2Y2. Binuclear species related to the hexacarbonyldiiron complex (345) are 
also obtained in these r e a ~ t i o n s ~ ~ ~ ~ ~ ~ ~ .  

+x 

I 
Fe 

(COI3 

(346) 

Cyclooctatetraene behaves as a cyclo-l,3-dienc ligand towards transition metals. 
other than iron, although the reactions may be complicated by the tendency of the 
ligand to oligomerize, polymerize, o r  become bound in the 1 , 2 , 5 . ~ i - r e r r a h n p r 0 ~ ~ ' ~ ~ ~ ~ .  
1,2,3,6-rerrahapto 2y5, hexahaproZY6 and ocrahopto forms"'. 

Dodecacarbonyltriruthenium combines with cyclooctatetraene in boiling heptane to 
give the tricarbonylruthenium complex 347 as a minor product in low yield; the 
major products are the binuclear complexes [ (cis-C8H8)Ru2(C0),1 and 
[ CIIH8)R~2(CO)5]298. The cyclooctatetraene dianion combines with the complex 
[ ( q6~C,H6)RuC12]2 to fomi (q"-benzene)(q'-cyclooctatetraene)ruthenium The 
osmium complex 350 is obtained in 2441, yield from the free ligand and dodecacar- 
bonyltriosmium by way of the intermediate 3492V5. Cobalt chloride is reduced by 
sodium borohydride in ethanol in the presence of cyclooctatetraene to give ($- 
cyclooctatrienyl)(q4-cyclooctatetraene)cobalt (351) in 4% ~ i e l d ~ ' ~ .  This complex (351) 
is the parent of several (q4-cyclooctatetraene)cobalt  derivative^^'^. 
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Co-condensation of chromium atoms with cyclooctatetraene and isopentane at 
- 196°C gives the tris(cyclooctatetraene)dichromiurn(O) complex 352 in 43% yield3“’. 
The same complex is obtained by reduction of chromium(II1) chloride-cycloocta- 
tetraene mixtures with isopropylmagnesium bromide‘O’ (Scheme 15). 

Cycloocta-1.3.5-triene combines with pentacarbonyliron on irradiation to give the 
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(q4-cycloocta-l ,3,5-tnene)iron complex (353)285. This  ligand is attacked by pentacar- 
bonyliron a t  1 4 0 ° C  to yield the  q4-bicyclooctadiene complex (354). whereas the  same 
reagents in benzene a t  the reflux temperature form a mixture of the  two complexes 
(353 a n d  354)’”’. Irradiation of cycloocta-1,3-diene with pentacarbonyliron gives the 
expected complex (355; X = H)’@’, whereas the (q4-cycloocta-1 ,3-diene)iron complex 
358) is formed by heating tricarbonyl(q4-cycloocta-1 ,S-diene)iron (357) with trimethyl 

fl \ /  
. .  
Fe 

PIOMel, 

X -  - Q ..... 

I 
Fe 

(CO)3 

? I [ P (0 

t 

(1 24) 

(125) 

p h ~ s p h i t e ’ ~ ~ .  T h e  attack of nucleophiles o n  (q5-cyclooctadienyl)iron cations gives 
q4-cyclooctadiene complexes; thus, methoxide ion combines with the complex 356 to 
give the  methoxy derivative (355; X = O M e )  as a mixture of the  exo- and endo- 
isomers306. Cycloocta-1,3,5-triene attacks tricarbonyl(q4-cycloocta-1,3,5-diene)- 
ruthenium in benzene to form tricarbonyl(q4-cycloocta-1 ,3,5triene)ruthenium in good 
yield307. 
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1. $-CYCLOPENTADIENYL COMPLEXES 

A. lntroductlon 

There are many $-hydrocarbon-transition metal complexes and they can be 
prepared by a variety of different routes. The chemistry of the $-cyclopentadienyl 
complexes and related compounds has been reviewed in recent years’. The ‘Annual 
Surveys’ in the Journol of Orgonometallic Chemistry provide a near comprehensive 
coverage of $-hydrocarbon-transition metal complexes on  a year to year basis. 

B. Reactkn of the Cyclopntadlenlde Aiilon Wlth a Transttlon Metal Hallde or a 

The reaction of the anionic cyclopentadienide group with a transition metal salt 
(MC12) (equation 1) is the most widely used method for preparing 
qs-cyclopentadienyl-metal complexes. 

Transttlon Metal Complex 

Cyclopentadiene is acidic (pK, = 17)2, and on treatmcnt with an alkali metal in a 
solvent with a high dielectric constant the alkali metal cyclopentadienide salt is formed 
rcadily. Thc solvents most frequently used are tetrahydrofuran and 
1.2-dimethoxyethane but dioxane, cthanol, ammonia. and diethylamine are also 
suitable. 

Examples of the direct rcaction of a metal cyclopcntadienide with a transition metal 
halide are given in Table 1. This rcaction (equation 1) does not always proceed 
according to the stoichiometry shown. Ionic cyclopentadienides provide a reducing 
medium and, if the transition metal ion is rcadily reducible. reduction occurs. For 
example, thc treatment of ruthenium(II1) chloride and osmium(1V) chloride with 
sodium cyclopentadienidc produces ruthenoccnc and osmocene, respectively, where 
the transition metal ions are formally in the + 2  oxidation states (Table l)3.4. 

T A B L E  I .  Synthesis of the iron group nietallocencs from a metal cyclopentadicnide and a 
transition mctal salt 

Transition Metal 
metal salt cyclopcntadicnidc Product Solvent Yield (94) Kefcrence 

FcCI~ 

FcCI~ 
FeCI3 
FcCI~ 
FcCI~ 

R u C I ~  
R u C I ~ / K U  
OSCL 

FeClz 
(?5-C5H5)IFe] Thf or (MeOCH?)? 67. 85 

( ~ - - C ~ H Y ) ? F C ]  Thf 98 

(q5-C5H5)2Fc] ErzO or (11-Bu)zO 60 

(q5-C+i~jzFe]  Thf. EtOH YO 

(q”C5Ht;)zFcJ Thf 5 1  

(q:-C5Hs)2Fe] Thf 49 

5. 6 
7 
8 
8 
9 

10 
10 

12 
4. 11 

4. 12. 13 
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This method has been used extensively in the preparation of a wide range of 
bis(qs-cyc1opentadienyl)transition metal complexes]. For example, cobaltocene is 
prepared readily by the reaction of hexaamminecobalt(I1) chloride with sodium 
cyclopentadienide in tetrahydrofuran". Recently a modification of this method has 
been used to prepare substituted cobaltocenes. Treatment of all the homologues of the 
(Me),CsH6-, series with sodamide in liquid ammonia produces the corresponding ions 
( Me,CsHs-,,)-. Reaction of these anions with hexaamminecobalt(I1) chloride gives 
symmetrically substituted polymethylcobaltocenes, which are oxidized to the 
corresponding cobaltocenium ions and these are isolated as the hexafluorophosphate 
salts; for example, sodium pentamethylcyclopentadienide gives the cobaltocenium salt 

Sodium cyclopentadienide will combine directly with a transition metal salt in the 
presence of carbon monoxide to give the $-cyclopentadienyl-transition metal 
carbonyl derivative. For example, the treatment of manganese(I1) bromide with 
sodium cyclopentadienide and carbon monoxide under pressure produces 
tricarbonyl(~5-cyclopentadienyl)manganese (2; M = Mn) in 40% yield16. Similar 
reactions are used to prepare the rhenium (2; M = Re) (16% yield)" and technetium 
(2; M = Tc) (86% yield)I8 analogues and tetracarbonyl($-cyclopentadieny1)- 
v a n a d i ~ m ' ~ - ~ ~ .  

(1)'s. 

Me 

\ 

Me 
I 

Alkali metal cyclopcntadienides displace carbon monoxide from metal carbonyls 
and this method is used to prepare $-cyclopentadienyl-metal complexes21,22. Sodium 
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cyclopentadienide combines direct1 with carbonylmetal halides to give the complexes 
[(~-CSHS)M(CO),], where M = Ptr). RhZ4, IrZ5, R u ~ ~ ,  Os, or MnZ7; a typical example 
of this reaction is the preparation of dicarbonyl($-cyclopentadieny1)rhodium (3)24. 

Thallium cyclopentadienide finds increasing use because it is more convenient to 
handle than sodium cyclopentadienide. It is prepared in 95%) yield by adding 
cyclopentadiene to an aqueous solution of thallium sulphate and potassium 

Thallium cyclopentadienide is an air-stable solid, a weak nucleophile, 
and a poor reducing agent, and hence many of the undesirable side reactions 
associated with the corresponding sodium salt are minimized. Thallium 
cyclopentadienide has bcen used for the preparation of $-cyclopentadienyl- 
transition metal complexes (Table 2). Most of these reactions arc characterized 
by relatively simple experimental procedures and high yields. 

A number of substituted thallium cyclopentadienides are known. These are easy to 
prepare but most of these compounds are less stable than thallium cyclopentadienide 
itself. For example, thallium methylcyclopentadienide is oxidized rapidly in air and the 
following order of stability has been established: T1 cyclopentadienide > TI 
hydropentalenide > TI isodicyclopentadienide > T1 methylcyclopentadienide. A 
number of transition metal derivatives have been prepared from these substituted and 
ring-annelated thallium cyclopentadienides as shown in Table 3. For example, the 
reaction of thallium hydropentalenide (4) with iron(I1) chloride gives bis(q - 
hydropentaleny1)iron (Sa o r  Sb). 

Cyclopentadiene is deprotonated by a base having K B  > lo-’ and bases such as 
diethylamine, triethylamine, piperidine, ammonia, and potassium hydroxide are all 

TABLE 2. Synthesis of $-cyclopentadicnyl-transition metal complexes from thallium 
cyclopentadienide and a metal halide 

Transition metal reagent Product 

~~ 

Yield (96) Reference 
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(5a 1 (5b) 

used. When a solution of cyclopentadiene in diethylamine is treated with either 
anhydrous iron(I1) or iron(II1) chloride, fenocene is obtained in high yield4*. 

The  amine method has also been applied successfully to the synthesis of nickelocene 
(equation 6)45 and the cobaltocenium The reaction of the' iodide 6 with cyclo- 

pentadiene and triethylamine gives the mixed sandwich compound 7 together with 
dicarbonyl( $-cyclo~entadienyl)~obalt~~. Potassium hydroxide can be used to generate 
the cyclopentadienide ionJR and a recent publication describes the use of potassium 
hydroxide in the presence of 18-crown-6, as a phase-transfer catalyst, for the prepara- 
tion of fenocene and a series of substituted f e r r o c e n e ~ ~ ~ .  

C. Reactlon of Cyclopentadlene With a Transltlon Metal or a Transltkm Metal 

One of the most important methods developed in recent years for the synthesis of 
organometallic derivatives is the direct reaction of metal atoms with a sui:able 
ligand50.5' (see Chapter 13). In the comprehensive review by Timms and Turney5' 
there is a short section on the experimental methods used in this relatively new method 
of synthesis. The usual procedure is to vaporize the metal under high vacuum. The 
metal atoms are condensed on thc cooled walls of the vacuum chamber in the presence 
of an excess of the vapour of an organic compound or into a solution of the compound 
in an inert solvent. Liquid nitrogen is usually used to cool the vacuum chamber. This 
technique is particularly valuable for thc preparation of less stable molecules but it has 
been applied to compounds readily prepared by more conventional methods. 
Cyclopentadiene and iron vapour give ferrocene, nickel vapour produces 
( ~s-cyclopentadienyl)($-cyclopentenyl)nickel (8)sz, and finely divided nickel produced 
by an electric arc gives nickelocene (9 )53 .  

Derlwathre 
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(@I (8) 

The direct reaction between cyclopcntadiene and a transition metal salt o r  complex 
is often used to prepare $-cyclopentadienyl derivatives. Ruthenocene is prepared in 
good yicld by treating Q-rutheniurn(II1) chloride with cyclopentadiene in ethanols4. 
Pentacarbonyliron and cyclopentadiene give the dimer lo5.(. which decomposes above 
220°C to give fcrrocene56. 

A substituted cpclopentadiene can bc used in this reaction. For example. the 
treatment of diphcnyl(cyclopentadienemethy1)phosphinc with manganese carbonyl 
gives the cymantrene derivative 11 in 60% yield5'. King and co-workers5" reported 
that the reaction of pentamethylcyclopentadicnc with manganese carbonyl or 
pentacarbonyl(rnethyl)manganesc in boiling n-decane gives pentamcthylcymantrene 
in 30% yield. In the sarnc papcr the reactions of pentamethylcyclopentadiene with 
some other metal carbonyls are described (Scheme 1)". 

%& oc' c 

0 

/" MeRdC0)s 

co 

% 

SCHEME 1 
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If the reaction is slow or problems are encountered with the volatility of the 
carbonyl, complexes of the type [L3M(CO)3J (M = Cr, Mo, W; L = MeCN. CsH5N, 
NH3) are used to replace the metal carbonyl. The  reaction of cyclopentadiene with the 
tris(methy1 cyanide) complexes [ (MeCN)3M(CO)3](M = Cr, Mo, W) gives the 
corresponding metal hydrides ( 12y9. 

D. Reactlon of Fulvenes and Related Compounds With a Transltion Metal or a 

The reactions of fulvenes and azulenes to give transition metal complexes have been 
reviewed60. Many of the complexes formed in these reactions have an 
qs-cyclopentadienyl ring; for example, the treatment of 6-alkyl- or 6-arylpentafulvenes 
with hexacarbonyl-molybdenum or -tungsten gives the tricarbonyl derivatives (13; 
R = alkyl, aryl; M = Mo, W)61. 

Transrtlon Metal Compound 

(1 3) 

Several tetracarbonylvanadium complexes (14; R’ = H, Me,  Et,  Ph; R2 = H, Me) 
have been prepared by treatment of 6-alkylfulvenes with hexacarbonylvanadium6”. 

The direct reaction of fulvenes with metal vapour could prove a good method for 
the preparation of $-cyclopentadienyl derivativess’. T h e  co-condensation of 
6.6-dimethylfulvene and iron vapour at a low temperature gives the ferrocenophanc 
(15) and 1 ,l’-diisopr~pylferrocene~~. 

Insertion reactions of diazocyclopentadienes with pentacarbonylhalomanganese 
complexes are useful for preparing halogenated cymantrenes. Reaction of the 
pentacarbonylhalomanganese complexes Mn(CO)sX (X = Br, I) with the 
diazocyclopentadienes (16; R’ = R2 = Br; R’ = H, R2 = I) produces the 
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(1 5) 

R2*R2 \ I  B r b B r  0 B r - f i r B r  0 0 

Mn R' R' Br Mn Br Br M~ Br 

(CO), (CO), (CO), 

(1 6) (1 7)  (1 8) (1 B) 

corresponding cymantrene derivatives (17, 18, and 19) in good yieldP.  Similar 
reactions are used to prepare a variety of halogenated cymantrenes". 

Reaction of the diazoindene 20 with a pcntacarbonylhalomanganese complex gives 
the corresponding substituted cymantrene (21; X = CI, Br, I)66. 

E. Transfer of the q5-Cyclopt!ntadknyl Group From One Transltlon Metal to 
Another 

The transfer of the qS-cyclopentadienyl group from one transition metal to another 
is of limited use as  a synthetic method. It was originally used to prepare the $- 
cyclopentadienyl complexes (22; M = Pd, Ni)677.68. 

(22) 

The ligand transfer reaction is a good route for the synthesis of r u t h e n o ~ e n c ~ ~  and 
labelled ruthenocene and osmocene. Ferrocene or a substituted ferroccne is heated 
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with '")RuC13 or "'0sCI4 in a sealed tube t o  give the  corresponding labelled 
ruthenocene o r  osmocene7('. 

Displacement of an  $-cyclopentadienyl ligand by carbon monoxide is a useful rou te  
to some qS-cyclopcntadienyImetalcarbonyls. For examplc. tricarbonyl[ $-(tri- 
organosilyl)cyclopcntadienyl]mangancsc compounds a re  prepared by treating the  
(triorganosily1)cyclopcntadiene with an  alkali metal, heating the  resultant metal 
derivative with manganese(I1) salts and treating the intermediate his($- 
cyclopentadieny1)manganesc with carbon monoxide at 100-200°C and 50-200 atm7'. 

G. Marr  and B. W. Rockett 

F. Cycloaddttlon of Alkynes and Alkenes In the Presence of a Transltlon Metal 

gs-Cyclopentadienyl complexes can be formed in the reaction of alkynes7* a n d  
alkenes with transition metal carbonyls. For example. the treatment of acetylene with 
manganese carbonyl gives the cymantrene derivative 23 in 40% yield73. T h e  cycloaddi- 
tion of [ (PhCGCCH2M(CO)5]  to M e 0 2 C C = C C 0 2 M e  gives the  corresponding qs- 
cyclopentadicnyl complexes (24; M = Mn, Re). This reaction proceeds through the  
a-bonded intermediate 

Carbonyl 

Treatment of buteries and pentenes with titanium(1V) chloride at 300°C under  
pressure gives [ ( qs-MesCs)TiC13]75. Reaction of cyclooctatctraene with either man- 
ganese or rhenium carbonyl yields thc corresponding tricarbonylmetal derivative (26; 
M = Mn, Re)73.76. 

G. Electrochernlcal Preparatlons 

In recent years the clectrosynt.hesis of organic molecules has become increasingly 
important77. but this method is scldom used for the prcparation of organometallic 
compounds. 

Cymantrene and alkyl-substituted cymantrencs are prepared by the electrolysis of 
an alkali metal cyclopentadienide in diethyl c ther  or tetrahydrofuran using a mangan- 
ese electrode at an elevated temperature undcr a pressure of 200-500 psi of carbon 
m ~ n o x i d c ~ ~ .  Electrolysis of manganese( 11) salts in thc presence of cyclopentadienc. 
N-methylpyrrolidine. and nickel carbonyl at  165°C and 500 psi of carbon monoxide 
produccs cymantrenc7". 
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Electrolysis of thallium cyclopentadicnide in dimethylformamide with an iron anode 
produces ferrocene'". Ferroccne is prepared in a current yield of 88% by the elcc- 
trolysis of a solution containing dimcthylformamide, cyclopentadiene, and lithium 
bromide betwccn an iron anodc and a nickel cathodeR1. 

The electrolytic reduction of bis(pentane-2,4-dionato)cobalt( 11) and cycloocta- 
1 .S-dicnc in pyridine gives (q4-cycloocta-l .5-diene)(~'-cyclooctenyl)cobalt which. 
when hcatcd in the presence of cycloocta-1 ,5-dienc. rearranges with dehydrogenation 
to give the as-cyclopentadienyl derivative 27@. 

o-- [Co (AcAcI2] + 

II. $-CYCLOHEXADIENYL COMPLEXES 

A. Hydride Ion Abstraction from an (q4-Dlene)transltlon Metal Complex 

$-Cyclohexadienyl complexes can be prepared by hydridc abstraction, with 
triphenylmethylium tetrafluoroborate. from a neutral q4-diene-transition metal com- 
p l e ~ " ~ . ~ ~ .  For example, the treatment of the q4-cyclohexadiene complex 28 with 
triphcnylmethylium tetrafluoroborate gives the tricarbonyl ($-cyclohexadieny1)iron 
complex 29n3. 

-H- + Ph3CBF, - 

Many similar reactions involving the use of triphenylmethylium tetrafluoroborate 
have bcen reported. When a mixture of the endo- and exo-methyl isomers of the 
tricarbonyliron complex 30 undergoes hydride abstraction the corresponding mixture 
of isomers of the dienyl complex 31 is obtained". 

+ 
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When a reaction with a d i m e  is carried ou t  in the presence of aluminium chloride it 
is possible for hydride abstraction to occur t o  give thc corresponding dienyl complexs6. 
The  19-electron complex (qs-cyclopentadienyI)(q6-hexarnethylbenzene)iron (32) 
undergoes hydrogen abstraction with molecular oxygen to form the corresponding 
($-hexadieny1)iron complex (33)*’. 

H(exo) (‘I ...... ..... 

\ 

R e  
(C 0) 3 

...... 

.. 

B. Nucleophilic Attack by Hydride Ion or an Organollthium Reagent on an 
(@-Arene)transItion Metal Complex 

q5-Cyclohexadienyl complexes can b e  prepared by nucleophilic attack of hydride ion 
or an organolithium reagent on an (q6-arene)-transition metal cation. For example, 
the reduction of the manganese cation 34 with sodium borohydridc in aqueous solu- 
tion o r  lithium aluminium hydride in e the r  gives the $-cyclohexadienyl complex 35 
(R=H) in 18% and 41 % yields, respectivelyRR. T h e  substituted $-cyclohexadienyl 
complexes (35; R r- Ph. Me) are  obtained by treatment of thc  manganese complex 34 
with either phenyl- o r  methyllithium. T h e  substituent R is in the cxo-positionnY.90. 

R 

Reduction of tricarbonyl( q‘ -Iiexarnethylbenzene)rhenium cation with lithium 
aluminium hydride produces the $-cyclohexadienyl complex 36y’ and X-ray analysis 
shows that rhe entering hydride ion occupies the exo-positiong2. 

+ LiAlH,, - 
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The hydride reduction route may be used to prepare qs-cyclohexadienyl complexes 
of a variety of metals. For example, the reduction of the (q6-benzene)(q7-cyclo- 
heptatrieny1)molybdenum and (q6-benzene)tetracarbonylvanadium cations gives 
the qs-cyclohexadienyl complexes 37 and 38, r e s p e ~ t i v e l y ~ ~ . ~ ~ .  The treatment of the 
dication 39 with a series of nucleophiles gives the mono adducts (40; N = CN, 
CH2N02,  CHMeN02,  CH2C02Bu-r)9S. 

- 

..... 

6 
(37) 

4 Fe 

@- 
(39) 

2 4  

a ...... 

..... 

(38) d" ...... ...... 

@- 
C. Electrochemical Reduction 

Electrochemical reduction is rarely used for the synthesis of q-cyclohexadienyl com- 
plexes. One  recent example is the electro-chemical reduction of ($-benzene)- ( q S -  
cyclopentadieny1)iron cations to give the corresponding (qs-cyclohexadienyl)iron 
complexes (41; rz = 1-5) through dimerization of the intermediate radicalyh. 

Fe 

Men 
Fe 

Men 
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111. $-CYCLOHEPTADIENYL COMPLEXES 
~"-C~clohcpt ; i~l icnyl  complcxcs arc prcparcd by similar methods to thosc already 
dcscrihcd t o r  rii-c?lclohc.uadit.nvl complexes. Thc tricarbonyl( $-cvcloheptadieny1)iron 
cation (42) is prepared via protonation with a strong acid o r  by hydride abstraction 
\v i t h t r i p h c 11 y I ni c t h y I i  u rn t e t r ii fl u o  r o b o r a t c i  n rn c t h y 1 c n e c h I o ri d c'''.'~. 

7 H' 

HCI.  HBr 
or HBF, 

- - n -  
c-- 

Ph,CBF, 

(42) 

Kccent work with deutcrated trifluoroacetic acid shows that deuterium addition 
occurs csclusivcly uxo t o  the i ron atom t o  give the dcuterated $-cyclohcptadicnyl 
c0111 pi c x 43"). 

Fe 

(43) 

+ 

Tricarbo:ivl(rl'-tropone)iron (44) is protonatcd on the oxygen atom with 
trifluoroacctic acid at - 78°C to form the blood-red cation 45. On \\,arming to 0°C the 
cation isonicrizcs to givc the cyclohcptadicnyl cornplcx 46. Thc 7-rncthyltropone 
complex is also protonatcd t o  givc the corresponding $-cyclohcptadienyl 
dcriva tive "'". 

(q '-  1.2-Benzocycloheptatrieni..)tricarbonyliron undcrgoes hydride abstraction to 
give the corrcsponding (~~-benzot ropyl iu in) i ron  cornplcx (47)'"' .  

+ 
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The $-cycloheptadienyl complex 48 is prepared in 70% yield by direct reaction of 
cyclohepta-l,3-diene with manganese carbonylIo2. 

IV. q5-CYCLOOCTADIENYL COMPLEXES 

$-Cyclooctadienyl complexes can be prepared by hydridc abstraction from 
(~4-cyclooctadiene)transition metal complexes. Tricarbonyl(~4-cycloocta-1,3- 
diene)iron and -osmium undergo hydride abstraction with triphenylmethylium 
tetrafluoroborate lo give the corresponding q'-cyclooctadien~yl cations 
(49: M = ~ e ,  oS)103.  

I (20) 

(49) 

Treatment of chromium(II1) chloride with isopropylmagnesium bromide in a 
mixture of cycloocta-l,3-diene and cycloocta-l,3.5-triene gives the chromium 
complexes 50 and 511°4. 

Q 
6 

(W! (51) 

Tricarbonyl( q4-cyclooctatetraene)iron (52) protonates in a mixture of 
fluorosulphonic acid and fluorosulphonyl chloride at - 120°C to form the dienyl cation 
53. When the solution is allowed to warm to -60" the cation rcarrangcs to give the 
bicyclic derivative 54 by electrocyclic ring closure'05. 

The formation of bicyclic carbocations is not unusual in this type of system when 
acidic conditions are used'06. Treatment of thc cyclooctatetraene complex 52 with 
acctyl chloride and aluminium chloride produces the bicyclic derivative 55 as the 
major product together with a low yield of tri~arbonyl(~~~-acetylcyclooctatetraene)iron 
(56). whereas formylation gives the expected aldehyde (57) in 60%) yield'"'. 
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( 7 - 7 0  

- 
Fe 
(CO), 

CoMe' 

b Fe 

(57) (52) 
+ 

+ 

1 
Go" Fe 

V. $-PENTADIENYL COMPLEXES 

A. Protonatlon and Dehydratlon of Alcohols Complexed wlth Transltlon Metals 

The protonation and dehydration of the q4-iruns-pentadienol complexes (58; 
R '  = R2 = H; R' = H. R2 = Me; R 1  = R2 = Me) by treatment with a strong acid 
gives the corresponding $-dienyl carbocations (59) in good 

R 

+n* 

ie Me Nanco,.o.c 

(I\ 1' 
R' R 2  

Fe 

(59) 

R 

I 

Fe ti 

R 
I 

Me Me 
Fe 
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Recently the stereospecific generation and quenching of acyclic 
tricaibonyl(q'-dienyl)iron cations has been investigated"' (Scheme 2). The 
(q4-$-exo-rruns-dienol)iron tricarbonyl complexes (60; R = H, Mc) give the 
($-syn,syn-dienyI)iron cations (61; R = H, Me) with high stereospccificity in 
fluorosulphonic acid at - 6 0 ° C  whereas the (q4-$-endo-rrans-dienol)iron complexes 
(62; R = H. Me) produce the (rl'-syn,anri-dienyl)iron cations (63; R = H. Me). The 
cation 63 (R  = Me) is configurationally stable for several hours at room temperature. 
On standing at 30°C it slowly converts to the (q'-syn,syn-dienyl)iron cation (6;; 
R = Me). 

A related reaction is the protonation of the anri-isomer of 
tricarbonyl(q4-hexa-1 ,3,5-triene)iron (64) with fluoroboric acid which produces the 
tricarbonyliron complex 65 in 74% yield1I2. 

I +n' 
I - 
Fe 

(Cola 
(23) 

8. Hydride Abstraction from an (q4-Penta-l ,3-diene)transition Metal 
Complex 

Acyclic $-pentadienyl complexes re prepared by hydride abstraction from a 
neutral q4-cis-penta-l ,3-diene transition metal complex. Treatment of tricarbonyl- 
(q4-cis-penta-1,3-diene)ircln (66) with triphenylmethylium tetrafluoroborate 
in nitromethane produces the $-pentadienyl complex 67 in good yield*I3. 
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1. q6-ARENE COMPLEXES 

A. lntroductlon 

Benzene a n d  its derivatives are the most important $-arene ligands and when these 
a rc  attached to the G r o u p  VIA elements (chromium. molybdenum, and tungsten) they 
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form the most widely investigated section of (q"-1igand)transition metal chemistry. 
Some hctcrocyclic moleculcs and cyclic systems containing more than six carbon atoms 
also behave as six-elcctron donors but these systems have attracted less attention. The 
chemistry of all these molecules has been reviewed e~tens ive ly ' -~ ,  and an up-to-date 
account is contained in the 'Annual Surveys' in the Jourrial of Orgatiornetallic 
Chemistry4. 

B. Reductlon of a Metal Salt In the Presence of the Llgand 

Fischer and Hafner first used this method for the synthesis of bis- 
(q6-benzene)chromium (2; M = Cr)S. A metal salt is reduced with aluminium 
powder in the presence of the arene ligand and aluminium chloride. The  yields from 
this reaction are high if a large excess of anhydrous aluminium chloride is used. The 
cation 1 can be reduced with aqueous sodium dithionate, or it will undergo 
disporportionation in aqueous alkaline s o l ~ t i o n ~ ~ ~  to give tire neutral q6-benzene 
complcx. This route has been used to prepare bis(q6-cumene)chromium8 and 
bis(q6-ethy1benzcne)chromium (3, M = Cr). In the latter preparation any impurities 
present are determined by mass spectral and gas chromatographic methods9.1". 

i2) 

In some reactions the reduction of the metal salt is not necessary and aluminium 
powdcr is not added (Equation 2; M = Fc, Ni)"*I2. This general mcthod is used to 
prepare the q6-arene complexes of  many transition mctals (equations 37.'3.'4. 4, and 
5l5.I6). The reaction of molybdenum(V) chloride with ethylbenzcnc in the presence of 
aluminium chloride gives bis(q6-ethy1benzene)molybdenum (3; M = Mo)". 

MBr2 + 2arcne + 2AIBr3 - [ ( ~ ~ - a r e n e ) ~ M ] [  AIBr4]2 (2) 

VC14 + 2ChH6 + A1 - [(q6-ChH6)2V][A1C14] (3) 
AICI) 

3RuCI3 + 6ChHh + A1 + 5AIC1:, - 3[ (~6-C$6)2Rul[AIC1412 (4) 

3M0Cls + 6ChHC + 4A1 - 2[q6-ChH6)2Mo][AlCl~] + AICI, (5) 
AICI) 
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The treatment of phenylfcrrocene with chroniium(II1) chloride in the presence of 
aluminium chloride m d  aluminium givcs the mixed fcrroccne-chromium complex 
41". 

M 
I 

(3) (4 )  

C. The Co-condensation of Metal Atoms wlth Aromatlc Hydrocarbons 

Onc of the  first reactions rcportrd that used the metal atom technique \\'as the 
synthesis o f  bis(rr"-bcnzcnc)chrolnium in 60% yield".'. Details of thc many renctions of 
nietal atoms with aromatic hydrocarbons arc  includc'd in Chapter 13 as  W C I I  as in 
several revicws"'. This synthctic route  has proved ro be particularly valuablc and has 
provided routcs t o  many ncw compounds that were inacccssible by conventional 
reductive proccdurcs. T h e  only  route to bis(rl"-bcnzciie)riraniuni rcportcd is t h c  
c o w  n dc nsa t ion of  t i  t a n i  u in a toms with be nzc nc . 13 is( tif'- inc si t y Ic nc 1- and 
bis(rl"-tolucne)titaniuin arc' prepared similarly in approximately 3Ofh, yield".-'. 
Bis(q"-benzenc)vanadiuni is fornicd in low yicld from vanadium vapour and 
be nzc nc '3. 

The metal atom route has  found widc application i n  the preparation o f  
(rlh-;ircne)chroniiuni coniplexcs. Oiic of the disadvantages o f  the rcductivt. procedure 
is that in the presence o f  aluminium chloride isomcrization of thc aromiitic sysrcni 
oftcn occurs and  a mixture of products is obtained. In  the presence of chromium 
vapour no isomcrization occurs. although thc yield o f  bis ( ,~"-a l~~lbenzcnc)chromiui i i  
compounds rarcly cxcccds 20%. For csample.  bis(,~"_o-diisopropVI bc.nzcnc)chroniiuni 
(I) is fornicd in 18% yield by t he  metal a toni  routc'4; sonic other csaniplcs arc givcii in 
Table 1 .  

Conventional methods of prcparing bis(~"-arcnc)chroriiium coniplcscs fail \\.hen the 
arcnc posscsscs ;I strongl! clecrron-withdra\\.ing suhstitucnt. but \vith the 
co-c'ontlensati(,II nicthotl chlorobcnzcnes and fluorobenzcnes may be used !o prepare 
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bis(q6-arene)chromiurn complexes2’. For example, the  co-condensation of chromium 
vapour with a mixture of pentafluorobenzene and  benzene produces the air-stable 
chromium complex (6; X = H)2R.2’. A similar reaction with hexafluorobenzene 
and  benzene gives the  q6-hexafluorobenzene complex 6 (X = F), but 
his(qf)-hexafluorobenzene)chromium is not formed”. When chromium atoms and  
1.3-bis(trifluoromethyI)bcnzene vapour are co-condensed o n  to  a cold finger the  
[qO-l  ,3-bis(trifluorornethyI)benzene] complex (7) is formed in 44% yield-”. This latter 
preparation is included in a chapter on metal atom preparation in Inorgorzic Synrhcxes, 
where the  apparatus required and  the synthetic techniques a re  discussed32. 

a CH (CH 3\2 

I 
Cr 

CH(CH3$ 

(5 )  

F F  

F*x 

(6) 

The metal atom technique is well suited to preparing compounds that are sensitive 
to oxygen and to different solvents. For example, the q”-toluene complcxes 8 
(M = Co, Ni) a r e  prepared by the triple deposition of toluene, bromo- 
pentafluorobenzene, and the metal vapour. Both of these compounds (8; 
M = Co, Ni) a re  air sensitive and the product is handled under  n i t r ~ g e n ~ ~ . ’ ~ .  

i F 

D. Treatment of a Metal Carbonyl with an Aromatic Hydrocarbon 

T h e  direct reaction of an aromatic hydrocarbon with a metal carbonyl often gives 
an  (q6-arene)transition metal complex35. For example, the reaction of 
hexacarbonylchromium with methoxybenzene, in dibutyl e ther  and tetrahydrofuran. 
gives tricarbonyl(q6-mcthoxybcnzenc)chromium (9) as a yellow crystalline solid in 
92% yield”. This type of reaction is usually carried out in an  electron donor solvent 
(L) a s  its assists in the  removal of the carbonyl ligand via intermediates of the type 
[Cr(CO)6,-nL,,] ( t i  = 1-3). Tetrahydrofuran is a good donor solvent but in this solvent 
alone the reaction is slow owing to the low boiling point (67°C). Dibutyl e ther  is a 
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(9) 

poorer electron donor but i t  has a higher boiling point (142°C) and a combination of 
dibutyl ether and tetrahydrofuran enables the reaction to proceed relatively quickly. 
Metal carbonyls arc volatile and they tend to volatilize ou t  of the reaction medium but 
in this solvent mixture the tetrahydrofuran washes back most of the chromium 
carbonyl. The reaction is also carried out in  bis(2-methoxycthy1)ether (diglyme), but 
this solvent is difficult to remove at the end of the reaction because it is a good ligand 
and it has a high boiling point (162°C). The procedure described for tricarbonyl 
(tf-methoxybenzene)chromium is also used to prepare a series of 
(q6-arene)(tricarbonyl)chromium complexes (where arene = benzene, fluorobenzene, 
chlorobenzene, NN-dimethylaminobenzene, and methylbenzoate) in high y ie ldP.  
Recently, Top and Jaouen discussed the scope, limitations, and advantages of this 
method and concluded that the use of a dibutyl ether-tetrahydrofuran mixture 
promotes the reaction between an arene and hexacarbonyl chromium. In this paper 
the preparation of a series of (q6-polyaromatic)tricarbonylchromium complexes is 
described; for example, the reaction of biphenyl with hcxacarbonylchromium gives a 
mixture of the tricarbonylchromium complexes 10 and 11 in 51% and 47% yields. 
r e~pec t ive ly~~ .  

(1 0 )  (11) 

Derivatives of hexacarbonylchromium for example tricarbonyltris(pyridine)- 
chromium, combine with aromatic hydrocarbons to give the corresponding (q‘-arene)- 
tricarbonylchromium c o m p l e ~ e s ~ ~ .  

R’ = R2 = R3 = R4 = Me , R5 = H ;  R’RS = CH2CH2. R’ = R3 = R4 = H) are 
prepared by the reaction of hexacarbonylchromium with the corresponding 
~yclophane’~. The chromium complexes [13; X = C02H,  n = 0, 1, 2 ;  X = C1, Br, 
ti = 2; 14; R’ = CH2CH2Br, R2 = H; R’ = Me, R2 = (CH2j3C02H. (CH2)30H. 

R 4  R’+7&R1 R 2  Q(CH,),,X R 1 e R 2  

The tricarbonylchromium complexes 12 (R‘ = R4 = R’ = H, R2 = R3 = M e ;  

Cr Cr R’ 
( c o ) ~  

(12) (1 3) (1 4) 

Cr 
(co)3 
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(CH2),0H, (CH2)3Br] are  formed by treatment of the  appropriate ligand with 
triamminetricarbonylchromium or tricarbonyltris(pyridine)chromiun~~". The reactions 
of benzo-crown ethers with transition metal carbonyls have been investigated. 
Hexacarbonylchromium combines with benzo-18-crown-6 to give the tricarbonyl- 
chromium complex (15). Similar complexes a re  isolated also with benzo-15-crown-5 
and  methylbenzo-l5-crown-5". The irradiation of hexacarbonylchromium with 
dibenzo-18-crown-6 gives the  mono- and bis(tricarbony1chromium) compounds 16 
and 17. T h e  chromium complexes I6 and 17 exhibit a decreased ability to extract 
alkali metal salts into organic solvents and this is attributed t o  electron withdrawal 
from the oxygen crown by the  Cr(C0)3 sub~ t i tuen t s~ ' .  

Reaction of methyl 2-amino-2-(o-tolyl)bcnzoate with hexacarbonylchromium 
produces the  isomeric tncarbonylchromium complexes 18 and 19. N.m.r. spectroscopy 
shows that both of thcse complcxes exist as two torsional isomcrs. The  activation 
energy for  the interconversion of the isomers of the major  product (18) is 
approximately 91 kJ/molJ3. 

CF2Me C02Me 
\ 

Other  metal carbonyls besides hexacarbonylchromium will combine directly with 
certain aromatic hydrocarbons to form ($-arene)transition metal complexes but the 
chemistry of these compounds is restricted in coniparison with that of chromium. 
Hexacarbonylmolybdenum and -tungsten behave in a similar manner to 
hexacarbonylchromium. However, tris(methy1 cyanide)tricarbonyltungsten, which is 
easily prepared in high yield by heating hexacarbonyltungsten with methyl cyanidedd. 
is often used instead of hexacarbonyltungsten a s  it enables milder reaction conditions 
to  be used with less decompositionds. For example, the reaction of tris(methy1 
cyanide)tricarbonyltungsten, -chromium. and  -molybdenum with l-methyl-3,Sdi- 
phenylthiabenzene- 1 -oxide produces the corresponding tricarboiiyl--metal complexes 
(20; M = W, Cr. M o ) , ~ .  A series of (r16-arene)tricarbonyl molybdenum complexes. 
which cannot be prepared by the direct reaction of hexacarbonylmolybdenuni with 
the arene,  are prepared by the reaction of tricarbonyltris(pyridine)rnolybdeiium with 
the ligand in the presence of boron trifluoride etherate.  This method of preparation 



El20 - 
20°C 

[ ( C S H ~ N ) ~ M O ( C O ) ~ ]  + arene + 3BF3 

[(q6-arene)Mo(CO),J + 3CSHSN-BF, (7) 

is superior to the dircct synthesis in that it gives higher yiclds. a shortcr reaction time 
is required, and the reaction can be carried out a t  room tcmperature. When this  
method is extended to the synthesis of (q6-arene)tricarbonyltungsten complexes only 
low yields of products are obtained47. 

Benzene and its methyl derivatives undergo dircct reaction w i t h  hcxacarbonyl- 
vanadium to give thc ( q6-arenc)tetracarbonyl vanadium cation 21jR. 

When bromopentacarbonylmanganese is heated in benzene in the presence of 
aluminium chloride it  forms the (q6-benzene)manganese complex 2Z4'. 

E. Cycllc Trlmerlzatlon of Acetylenes 

The cyclic trimerization of disubstituted acetylenes in the presence of a transition 
metal salt can give q'-arene For example, diphenylmanganese is 
prepared in siru from mangancse(I1) chloride and phcnylmagnesium bromide and on 
treatment with but-2-yne i t  givcs the q6-hexamethylbenzene complex 23 (M = Mn) in 
10% yield. The corresponding cobalt complex (23; M = Co) is prepared by a similar 
route using mesitylmagnesium bromides2. The cyclic oligomerization of acetylenes is 
rarely used now as a preparative route for specific q6-arene-transition metal 
complexes as thc routes already described give better yiclds of products. 
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MC12 + PPhMgBr 

OH 

2% 
(23) 

OH 

(1 0) 

Carbenes [ PhR'C=Cr(CO)s]undergo stereoselective reaction with acetylenes 
(R2CZCR3) to give the naphthalene derivatives (24 and 25; R' = Ph, OMe; R2 = Et, 
Me, Pr, Bu, Ph; R3 = H, Me, Et, Ph, C02Et)S3. Similarly, treatment of the carbenes 
[(CO),Cr=C(OMe)R], (R = p-MeC6H4, p-CF3C6H4, 1- and 2-naphthyl, 2- and - 
3-hryl. 2-thieny1, cyclopentyl) and [ (CO)SCr=CR1R2] (R' = Ph, p-MeC6H4, 
R2 = 2-fury1, 2-naphthyl) with the acetylenes R3CECR4 produces the 
tricarbonylchromium complexes [ (26;  R3 = R 4  = Ph, Rs = Me, CF3), (27; 
R3 = R4 = Ph, R6 = R7 = OH, OMe), (28; X = 0, S; R3 = Ph, Pr; R4 = H, Ph; R6, 
R7 = OH, OMe), and (29; R2 = 2-furyl, 2-naphthy1, p-MeC6H4; R3 = R4 = Ph, 

OH R3 

(26) 

R6 *; Cr 

(27) 

OH 
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R5 = H, Me)]. In these reactions the phenyl group in the carbenes 
[ (CO)5Cr=CR1R’] is anellated rather than the fury1 and naphthyl ringss4. 

F. Dlsplacement of the +Cyclopentadlenyl Llgand by an q6-Arene Llgand 

O n e  of thc q5-cyclopentadienyl ligands of ferrocene is replaced readily by benzene 
to give the cation 3055,56. This reaction is carried out in the presence of aluminium 
chloride and the cation is readily isolated as a stable salt with anions such as 
hexafluorophosphate, tetrafluoroborate, and tetraphenylborate. The ferrocenium 
cation does not exchange an qS-cyclopentadienyl ring with an arene and powdered 
aluminium is usually added to the reaction mixture to prevent formation of 
ferrocenium ion. The presence of powdered aluminium in an exchange reaction 
involving a halogenated arene can promote dehalogenations7. 

Sutherland has comprehensively reviewed the literature on (q6-arene)(qs-cyclo- 
pentadieny1)iron cations and related systems up to the end of 197558. Details of 
the preparation and reactivity of mixed sandwich complexes are included in the 
survey of (@-arene)transition metal chemistry by Silverthorns9. The  hydrogenation 
of aromatic ligands during the q6-arene-q5-cyclopentadienyl ligand-exchange 
reaction has been surveyedm. It has been postulated that this hydrogenation is 
initiated by the abstraction of H- by aluminium chloride to give a carbenium ion 
which is stabilized by a reversible intramolecular electron transfer. Successive 
abstractions of H by the iron atom and subsequent transfer to the ligand effect 
the hydrogenation61.62. Hydrogenation occurs in the reaction between ferrocene 
and pyrene in the presence of aluminium chloride-aluminium powder mixtures. 
Ligand exchange occurs to give the expected cation (31) and hydrogenated products 
(32 and 33), together with two trans-dications (34 and 35)62. 

@ Fe 

r 

(32) (33) 
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+ 

+ 

Fe 

Q 
6 

J 

6 

- +  
(34) 

Q 
@ 

Fe 
I 

The exchange reaction has bccn carricd out with a wide varicty of substituted 
ferrocenes and substituted arcncs. Elcctron-donating substitucnts attached to 
ferroccnc o r  to the arcne facilitatc thc exchange. whcrcas electron removal hinders the 
reaction. espcciallv when the  electron-withdrawing substituent is situatcd in thc 
benzene For cxample. when cthylferroccnc is treated with benzene o r  
rnesitylene the prcdominant product (36; 73% yield) is that formed by exchange of 

(1 2) 

the q5-ethylcyclopentadienyl rings"". When acetylferrocene is treated with mesitylene 
only the unsubstituted ring exchanges to give the q6-arcne complex 3763. 

(37) 

A recent example of a n  exchange reaction in the presence of aluminium chloride is 
that between ferrocene and aniline, which gives the ( q6-aniline)(qs-cyclopentadienyl)- 
iron cation 38 (X = NH2). This cation readily undergoes nucleophilic attack with 
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either sodium hydroxide or sodium hydrogen sulphidc to give the (q6-phenol)- and 
( q6-thiophenol)iron complexes (38; X = OH and SH), respcctively(jJ. 

G. Preparation of (qs-Heterocycllc)trnsttlon Metal Complexes 

Pyridine, thiophene, borazine, and similar compounds bchavc as six-electron ligands 
with transition metals. They form complexes that are analogous to the 
(q6-arene)transition metal complexes and they are prepared via similar routes. 

Fischer and Ofele reported that an q6-methylpyridine complex was formed by the 
pyrolysis of N-methylpyridinium pentacarbonyliodochromate(0)6s, but on the basis of 
n.m.r. evidence they have reformulated the complex as  the dihydropyridine derivative 
39"". However, the q6-pyridine complex 40 is formed by the co-condensation of 
pyridine, trifluorophosphine, and chromium vapour. T h e  a-pyridine complex 41 is also 
isolated from this reaction6'. 

KO,, 

(39) 

The reaction of pentamethylpyridine or 2,4,6-trimethylpyridine with hexa- 
carbonylchromium gives the corresponding q6-methylpyridine complexes (42; 
R = Me, H)68. The (q6-2,6-dimethylpyridine)- and (q6-2,3.5,6-tetramethylpyridine)- 
tricarbonylchromium complexes are prepared similarly6Y. 

Me R Me 

Me-@ 

R Cr Me 
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When arsabenzene is heated with hexacarbonylmolybdenum in diglyme or treated 
with tricarbonyltris(pyridine)molybdenum in the presence of boron trifluoride 
etherate the &arsabenzene complex 43 (X = As) is formed as a red air-stable solid. 
The corresponding stibabenzenc complex (43; X = Sb) is easily prepared by boron 
trifluoride etherate catalysed ligand displacement from tricarbonyltris(pyridine)- 
molybdenum70. 

The co-condensation of chromium vapour with 2.6-dimethylpyndhe at 77°K gives 
bis(q6-2.6-dimethylpyridine)chromium (44). The structure of (44) has been confirmed 

M e  

Mo 
(C0)g 

Me Cr Me 

Me NP 
(43) (44) 

by X-ray ana1ysis7l. The reaction of 2,6-diphenylpyridine and 2,4,6-triphenylpyridine 
produces a series of complexes, in all of which compounds the tricarbonylchrornium 
group is n-bonded to the phenyl groups and not to the pyridine ring72. 

The reaction of thiophen with triamminetricarbonylchromiurn produces the q6- 
thiophen complex (45). Similar reactions with tricarbonyltris(methy1 cyanide)- 
chromium also produce tricarbonyl(q6-thiophen)chromium complexes. The use of 
[(NH3)3Cr(CO)3J and [(MeCN),Cr(CO),] is preferred in these reactions as they do 
not sublime and they are more reactive in solution than hexacarb~nylchromiurn~'. 

Treatment of the qh-thiophene complexes, for example tricarbonyl(q6-2- 
methy1thiophene)chromium (a), with benzene results in ligand exchange to give 
(q6-benzene)tricarbonyl~hrornium~~. 

(46) 

(q6-Borazinc)tricarbonylchromium complexes (47; R1 = Pr, R 2  = Me; R1 = Me, 
R2 = Pr; R1 = iso-Pr, R2 = Me; R1 = Me, R2 = iso-Pr) arc prepared by the reaction 
of the corresponding borazine with tricarbonyltris( methyl cyan ide )ch romi~m~~.  
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R' R 2  
\ / 

/B=N\ 
R2-N B-R' + (MeCN)3Cr(C0)3 - 

\\ // 
B-N 

H. (q6-Cycloheptetrlemr)trana~lon Wtal Complexes 

q6-Cycloheptatriene- transition metal complexes are prepared by routes similar to 
those used to prepare q6-arene c o m p l e x e ~ ~ ~ .  

Cycloheptatriene and its derivatives displace three carbonyl groups from the Group 
VI metal carbonyls to give the corresponding (q6-cycloheptatriene)transition metal 
complexes (48; M = Cr, Mo, W)77-8". 

+ 3 C O  (1 8 )  

The reactior? of cycloheptatriene with tricarbonyltris(methy1 cyanide)molybdenum 
or with tricarbonyltris(pyridine)chromium and boron trifluoride in ether produces the 
corresponding q6-cycloheptatriene complexes (48; M = Mo, Cr) in yields of 69% and 
80%, r e s p e c t i ~ e l y ~ ~ ~ ~ ~ .  The  7-substituted cycloheptatrienes [49, R = Me, CH2C02Et,  
CH(C02Et)2, CH2CECH,  OMe] combine with hexacarbonylchromium or 
tricarbonyltris(pyridine)chromium and boron trifluoride to give exclusively the 
corresponding q6-7-endo-cycloheptatriene complexes (50) in good yieldss0. 

Some more recent examples of this reaction are the preparations of 
tricarbonylchromium complexes (51; R1 = R2 = H, Me, Ph; R1 = H, R2 = Ph; 
R' = H. R2 = Me) from the corresponding cycloheptatrienes and 
tricarbonyltris(methy1 cyanide)chromium (Scheme 1). These q6-cycloheptatriene 



476 G. Marr and B. W. Rockett 

proton abr t rac tm 

with 
1.8. bisidlrnelhylJrnino) 
naphthalene 

SCHEME 1 

complexes are used to prepare the corresponding rf'-heptafulvene complexes (52)". 
Reaction of furotropylidenes with hexacarbonylchromium produccs the corresponding 
tricarbonylchromium complexes (53 and 54; R = H, Me) where the metal is bonded to 
the cycloheptatriene ringa2. 

Me Me 

(53) (54) 

Substituted q6-cycloheptatricne complexes are prepared by thc reaction of the 
q7-cycloheptatrienyl complex (55) with nucleophiles (N  where N = OMe-, CN-, 
CH(C02Et),-, CMe(C02Et)2-.  C5.H5-, C,H,Bu-r-, SH-83."4. Stereospecific addition 
occurs and the exo-isomer (56) IS formedes.&. A good alternative route to the 
exo-products is by the displacement of methoxide by other anions from 
tricarbonyl(q6-7~xo-methoxycycloheptatriene)chromium (56; N = OMe)85. 

Treatment of the q7-cycloheptatrieny1 complex 55 with trialkyl- or triarylphosphines 
gives the q6-cycloheptatriene complexes (57). 'H n.m.r. spectroscopy indicates that the 
phosphonium group occupies thc em-position rclative to thc c h r ~ m i u r n ~ ~ ~ ~ ~ .  

The co-condensation of cycloheptatriene with transition metal atoms at low 
temperatures is often accompanied by the extensive migration of hydrogen and the 
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+ 
N 

(55) (56) 

+ 

477 

(57) 

q6-cycloheptatriene complex is not  usually isolated8s9'. However, the co-condensation 
of chromium vapour with cycloheptatriene in the presence of trifluorophosphine gives 
the chromium complex 5892. 

(58) 

1. @-Cyclooctatriene and q6-Cyclooctatetraene Transition Metal Complexes 

q6-Cyclooctatriene and q6-cyclooctatetraene transition metal complexes are 
prepared by routes similar to those used in the preparation of #-arene complexes. 

Reaction of cycloocta-l,3,5-triene with hexacarbonylchromium gives the deep-red 
tricarbonylchromium complex 5993. Many of the earlier preparations of 

(22) 
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$-cyclooctatriene complexes are documented in the book by Fischer and Werner94. 
The  reaction of [ 14]-annulene with triamminetricarbonylchromium gives the 
bis(tricarbony1chromium) complex 6095. 

Cr(C013 

I 

(60) 

Treatment of cycloocta-l,3,6-triene with tricarbonyltri(rnethy1 cyanide)chromium 
o r  tricarbonyldiglymemolybdenum gives the corresponding tricarbonylmetal 
compounds (61; M = Cr, Mo) in good yields. When the molybdenum complex (61, 
M = Mo) is heated it rearranges to give the corresponding cycloocta-1,3,5-triene 
complex (62)96. 

1 -  8O.C. 1 h - 

Tricarbonyl( qh-cyc1ooctatetraene)chromium (63) is obtained in 25% yield by stirring 
cyclooctatraene with triarnminetricarbonylchromium in hot hexane for 65 h97. The 
reaction of tricarbonyltris(rnethy1 cyanide)chromiurn with 1,3,5,7-tetrarnethyl- 
cyclooctatetraene produces the corresponding tricarbonylchromium complex (64; 
M = Cr)  in 60% yield. The  molybdenum and tungsten complexes (64; M = Mo, 
W) are  prepared via similar routesg8. 

Me 
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II. q’-CYCLOHEPTATRIENYL COMPLEXES” 

A. lntroductlon 

The q’-cycloheptatrienyl ligand is planar and (q7-cycloheptatrienyl)transition metal 
complexes are formed readily by hydride abstraction from the corresponding 
q6-cycloheptatriene compounds. q7-Cycloheptatrieny1 complexes are also formed by 
the direct reaction of cycloheptatriene with a transition metal derivative and by ring 
expansion of an q6-arene ligand already attached to a metal. The chemistry of 
(q7-cycloheptatrienyl)transition metal complexes has been reviewedY9. An up-to-date 
account of these systems is contained in the ‘Annual Surveys’ in the Journal of 
Organometallic Chemistry. 

6. Hydrlde Abstmctlon from an q6-Cycloheptatrlene Complex 

In 1958, Dauben and HonnenIoo showed that triphenylmethylium tetrafluoroborate 
abstracts hydride ion from tricarbonyl(q6-cycloheptatriene)molybdenum (65) to give 
the corresponding q7-cycloheptatrienyl complex 661°1. The starting material, that is the 

(65) 

--H - - (24) 

q6-cycloheptatriene complex (48; M = Cr, Mo, W), is prepared by direct reaction of 
cycloheptatriene with the metal carbonyl [M(C0)6] (M = Cr, Mo)Io2, with 
[ (MeCN)3W(CO)3]103, or with L(pyridi11e)~Cr(CO)3], and boron trifluoride in 
etherlo4. Hydride abstraction from a q6-cycloheptatriene complex is used extensively 
for the preparation of q7-cycloheptatrienyl complexes (Table 2). 

The triphenylmethylium cation is often used as  the hydride ion acceptor, but 
Connor and RasburnIo6 have reported that triethyloxonium tetrafluoroborate (67) can 
be used in this reaction and that it possesses certain advantages. The two main 
advantages cited are first that the reagent is easily prepared in large amounts from 
simple, cheap starting materials, and second that the diethyl ether and ethane 
produced in the reaction are volatile and hence the isolation of the 
q7-cycloheptatrieny1 salt is 

Q Cr 

(CO):, 

BF4- + Et2O + C,H, (25) 
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7-Substituted q"-cyclohcptatricne metal  carbunyl complexes exist as two isomers. 
thc cxo (68) and w d o  forms (69). Hydridc abstraciion with tr iphcnylmcth~liuin 
tctrafluoroborate from the complexes 69 ( M  = Cr. K = OMc. OEt. C02Mc. Mc) 
involvcs stcrcospecific removal of thc 7-c.ro-hvciricic ion to give thc corresponding 
substituted q ' - c  y c lo h e pt a t rie n y 1 ca t i o n  70 I 'I7-' "'. 

R H 

M 
KO), 

+ 

The q7-cyclohcptatricn~1 cation 72 is formcd on catalytic dchvdrogcnation of the 
corresponding q"-cyclohcptatricnc complex (71)' l o  

C. Dlrect Reaction of Cycloheptatrlene with a Transttlon Metal Derlvatlve 

In somc cases the direct reaction of cycloheptatrienc with a transition metal 
derivative results in formation of an q7-cyclohcptatrienyI compound. In these reactions 
the expulsion of a hydride ion occurs spontaneously. Thc treatment of 
tetracarbonyl($-cyclopentadicny1)vanadium or  hexacarbonylvanadium with 
cycloheptatriene gives thc q7-cycloheptatrieny1 derivativcs 73 and 74 (R = H), 

R R 

v 
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re~pectively" '-"~. The  same routes are used to prepare a series of substituted 
q7-cycloheptatrienyl compounds [(73; R = Me, Ph, CN,  CH2C02Me,  OMe, C 0 2 M e ,  
C02Et) and (74; R = Me, Ph, OMe, OEt,  OPr.  COzEt)]'14. 

Ring exchange reactions can be used to prepare q7-cycloheptatrienyI complexes. 
T h e  reaction of (q6-benzene)(qs-cyclopentadienyl)chromiurn (75) with cyclohepta- 
triene in thc presence of aluminium chloride or with cycloheptatrienyl tetrafluoro- 
borate produces the q7-cycloheptatrienyI complex 76, which can be reduced to neutral 
(~7-cycloheptatrienyl)(qs-cyclopcntadienyl)chromium (77)'15. 

(75) 

Na2s204 - 

The  chrorniuni complex 77 is formed in low yield (29'0) by the treatment of a 
mixture of chromium(II1) chloride, cycloheptatriene and cyclopentadiene with 
isopropylmagnesium bromide in ether'16. An  improvement o n  this reaction is t o  use 
CrC13-3thf in tetrahydrofuran (thf), when the q7-cycloheptatrienyl complex (77) is 
isolated in 15% yicld. The  same reaction with MoCI3-3thf produces (q7-cyclo- 
heptatrienyl)q5-cyclopentadienyl)molybdenum in 13% yield' 17. 

Reaction of vanadium(1V) chloride with isopropylmagnesiurn bromide and 
cycloheptatriene gives bis(r&cycloheptatnene)vanadiurn, which undergoes stepwise 
hydride abstraction with triphenylmethyliurn tetrafluoroborate to give the vanadium 
complex 78 and  then the bis(q7-cycloheptatrienyl) complex 79l'". 

2 *  

A good general route for preparing non-carbonyl-containing q7-cycloheptatrienyl- 
molybdenum compounds is by the facile displacement of t h e  $--arene ligand from 
the molybdenum complex 80 (Scheme 2)'Iy. 

D. Ring Expansion of an q6-Arene Ligand 

When an attempt is made to acylate the $-benzene complexes 81 (M = Cr, Mn) 
under Friedel-Crafts conditions, ring expansion occurs a n d  the corresponding 
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substituted q7-cycloheptatrieny1 complexes (82; R = Me, Ph; M = Cr, Mn) are 
formed'20. The cationic q7-cycloheptatrienyl complexes are reduced readily to the 
neutral complexes (83). The mechanism of the insertion has not been investigated in 
detail but it is suggested that the first step involves attack by the acyl cation on the 
metal followed by insertion into the rf-bervene ring'20. 

alkaline - 
dlthionire (28) 
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111. v7-CYCLOOCTATRIENYL COMPLEXES 

A. General Methods of Preparatlon 

Thc chcmistry of q7-cyclooctatrienyl complexcs has attractcd littlc attention. They 
are readily prepared by conventional methods, for example hydride ion abstraction 
with t riphenylme thy1 ium te t rafl uoroborate from the $-cyclooctat riene complexes 84 
( M  = Cr. Mo. W) gives the corrcsponding t~7-cyclooctatricnyl complexes (85; M = Cr, 
Mo. W)Ir1. This reaction is in contrast to earlier unsuccessful attcmpts to abstract two 
hydride ions from the molybdenum complex (84; M = Mo) when an attempt was made 
t o  form a mctal complex of thc hypothetical C R H g f  cation'". 

Protonation of thc cyclooctatetraene derivativc 86 (M = Mo), where the ligand 
bchavcs as a six-clcctron d ~ n o r ' ~ ~ . ' ? ~ ,  with concentrated sulphuric acid gives the 
molybdcnum complex 85 (M = M o ) ' ? ~ .  Stcrcospccific deuteration occurs with DzS04, 
the electrophile D+ attacking thc uncoordinated double bond 0 1 1  the  same side as the 
metal atomI2'. 

(851 

+ H' - 
n2s04 (29) 

IV. CYCLOOCTATETRAENYL COMPLEXES 

A. General Methods of Preparatlon'26 

Cyclooctatetraene is reduced by alkali metals or at a dropping mercury electrode to 
give the planar cyclooctatetraenyl anion CsH&, which is a ten n-electron 
syste m 27. I 2R. 

The titanium complexes [Ti(C8Hn)r] and [Ti2(C8H8)3] are prepared in good yields 
(both 80%) by the reaction of tetra(n-butoxy)titanium with cyclooctatracnc and 
triethylaluminium in different molar ratios. The rcaction of sodium cyclooctatetracnyl 
with transition metal halides produces. [Ti(C8H8)?], [ V(C8&)z]. [Crz(c~Hs)31, 
[Mo?(C~H8)31. [ W2(C8Hs)3], [co(cRH8)].  and [Ni(C8H8)]'2Y. X-ray analysis of the 
titanium complex [ T ~ ? ( C R H ~ ) ~ ]  (87) confirms that this compound contains two planar 
eight-membered ringsI3". 
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(30) 

Treatment of uranium(1V) chloride with potassium cyclooctatetraenyl produces 
bis(q8-cyclooctatetraenyl)uranium (uranoccnc) (88) in 80%) yield'3'. X-ray analysis of 
uranoccnc shows that it has a sandwich structure with the uranium between the two 
planar qR-cyclooctatctraenyI rings in Dw 

Substituted uranocenes (88; R = ethyl, n-butyl. phcnyl, vinyl, cyclopropyl) are 
prepared by the same general r e a c t i ~ n l ~ ~ . ' ~ ~  and this route is also suitable for the 
preparations of bis(q8-alkylcyclooctatetraenyl)neptunium and -plutonium'". 

Recently, a convenient synthesis of 1,l'-di-ri-butyluranocene (88; R = ti-butyl) has 
been reported. Cyclooctatetraenc is converted to the dianion of butylcyclo- 
octatetraene with ti-butyllithium and this dianion combines with uranium(1V) 
chloride to form the uranoccne (88; R = n - b ~ t y l ) ' ~ ~ .  
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1. INTRODUCTION 

Although the first well characterized organometallic derivatives of the lanthanide 
elements were prepared in 1954l, and the first organoactinide was described in 1 9562, 
thc organometallic chemistry of the f-orbital metals received comparatively little 
attention during the subsequent years in which the organometallic chemistry of 
transition metals was extensively investigated. One major reason that little effort was 
devoted to thefelements is that their organometallic complexes are substantially more 
ionic than the transition metal analogues3 and, consequently, these elements appeared 
to have a less extensive organometallic chemistry. Indeed, for many years 
organometallic f-element chemistry was limited primarily to stable organic anions, in 
contrast to the wide variety of neutral, cationic. and anionic organic species which 
complex with transition metals. The fact that the major part of this chapter involves 
cyclopentadienyl and cyclooctatetraenyl anions is a reflection of that limitation. Only 
recentlys-’ have major efforts been made to extend the organo-metallic chemistry of 
the f elements to include new classes of neutral organic ligands. 

An equally important reason for the relative lack of emphasis on the felements is 
that the Grganometallic chemistry of these metals is experimentally more difficult than 
the analogous transition metal chemistry. Not only are most of the organometallic 
complexes of these electropositive metals hydrolytically and oxidatively unstable, but 
even the f element precursors. e.g. the metal halides, are susceptible to hydrolysis and 
often are not commercially available in pure form. In addition, isolation and 
purification of the relatively ionic organo-f-element complexes is often more difficult 
since chromatographic supporis usually decompose the complexes, sublimations are 
often very low in yield, and recrystallizations are complicated by ionic redistribution 
reactivity. Characterization of organo-f-element complexes also tends to be more 
difficult, since the paramagnetism of many complexes precludes n.m.r. spectroscopy, 
the low volatility precludes mass spectrometry, and with some systems it has evcn been 
claimed that complete elemental analysis is unobtainablea”. 

Despite the experimental difficulties and the ionic character, the organometallic 
chemistry of the f elcmcnts is very interesting and potentially very useful. It is well 
recognized that each of thc f-element series of metals has a unique combination of 
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physical properties which makes individual elements particularly useful in special 
 application^'^-'^. Associated with these uniquc physical propcrtics nlay be an 
organometallic chemistry which is uniquc for the lanthanides and for the actinidcs. and 
which may devclop in importance as thesc areas are more thoroughly examincd. The 
discovery in 1968 of uranocene. [(CHH,J2U]’s, stiniulated interest in the f elements 
owing to their most commonly recognized special property, the existence of forbitals. 
More rcccntly. the interesting dcvclopments in carly transition metal chcmistry have 
stimulated activity in  the felement area. since the lanthnidcs and the actinides. in  a 
sense. arc the carliest of the transition series metals. Although a number of similarities 
have reccntly bcen observed between the f elements and the early transition 
metalslh.17, it is the differences due to the special properties of thefelenients which arc 
likcly to bc most important. 

Evidence of increasing interest in organo-f-element chemistry can be found in the 
increasing number of recent reviews in this area6.7.1g?7. Thesc sources provide 
compendia of known complexes, physical properties, spectroscopic propcrtics, and 
structural details. Such information which will not be duplicatcd here so that emphasis 
can be placed o n  synthesis. 

II. GENERAL SYNTHETIC CONSIDERATIONS 

A. Special Properties of the f Elements and Their Organometallic Complexes 

The lanthanide and actinide elements are diffcrentiated from other metals by the 
fact that their valence orbitals are f orbitals. Many of the properties of the 
organometallic complexes of the lanthanide and actinide metals are determined by the 
fact that the radial cxtension of thc f orbitals is not nearly as large as that of 
comparable d and p valcnce orbitals. Calculations on lanthanide ions, which have 
[ Xe14f” electron configurations, suggest that the 4forbitals do  not extend significantly 
beyond the filled 5s25p0 orbitals of the inert gas xenon corezu. Consistent with this, the 
trivalent lanthanide ions have very similar chemical properties regardless of the 4f” 
electron configuration. The 5f orbitals have a greater radial extension than the 4f 
orbitals and are not shielded as much by the fillcd 6 . ~ ~ 6 ~ ”  shell, but they still are less 
available than comparable d and p valence orbitals’. 

As a rcsult of the limited radial extension of the f orbitals and the fact that the 
predominant oxidation states for organomctallic lanthanides and actinides are 
relatively high (+ 3 and +4),  the overlap between lanthanide and actinide valence 
orbitals and the orbitals of organic ligands is small. Consequently. organo-f-clement 
complexcs tend to be more ionic than their transition metal or main group metal 
 analogue^^.^^'. and orbital effects are much less important in determining structure and 
stability in these complexes. Stability generalizations analogous to the 18-clectron 
rule, which is based on full utilization of availablc orbitals, are not used with f 
elements. Instead, the stability and structure of organo-f-elcment complexes are 
determined primarily by the optimization of electrostatic interactions”. Stability is 
also enhanced by using large, bulky ligands which can completely occupy the 
coordination sphere of the metal and sterically block decomposition pathways. Hence, 
in general, thc most stable organo-f-element complexes are thosc in which large 
organic anions can sterically saturatc the coordination sphere of the metal without 
forming a complex with too high a net charge on the metal. 

Two other features distinguish thc f elements from the transition and main group 
metals: they are large and highly electropositive. The ionic radii of thc felements are 
0.15-0.30 A larger than comparable radii for transition mctal ions of the same charge. 
Consequently. coordination numbers of 9-1 2 are not  unusual for organometallic 
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derivatives of these elements2'. If these coordination positions are not filled by large 
anionic ligands. the metals readily form adducts with any availablc basc. These 
clectropositive elements have a strong affinity for oxygen in any form and ether 
adducts arc particularly common. In the absence of coordinating solvents, the 
complexes frequently dimerize or oligomerize by interaction of the metal with 
whatcver electron pair is most available in the complcx. 

8. General Synthetlc Methods 

The most common method of synthesizing organolanthanide and organoactinide 
complexes is an ionic metathesis involving a metal halide and a stable organic anion 
(cquations 1-3)". Most succcssful organo-f-element syntheses are of this type. When 

LnX3 + 3MCSH5 - [(CsHs)&nI + 3MX (1) 

LnX3+ 3MR - [R3Ln] + 3MX (2) 

AnX4 + 2M2C8H8 - [(C8H8)2An] + 4MX (3) 
these metathesis reactions fail, it is usually because the organic anion is too small to 
saturate sterically the coordination sphere of the metal. In such a case, a variety of 
other bonding arrangements of comparably low stability become available, and a 
complex and inseparable mixture of products often results (e.g. see Section III.A.2). 
Equations 1-3 also fail when the anion is too strongly reducing and the metal halide is 
reduced either to a lower oxidation state or to elemental metal. 

An alternative and less common method of organo-f-element synthesis is the acid 
base metathesis excmplified in equations 4-5. This method has the advantage that the 

[(CSHS),A~I + H R  - [ (CSHS)3AnRl (C5H6)2 (4) 

Li[LnR4] + 4HR' - Li[LnR;] + 4RH ( 5 )  
by-products are easily separated organic molecuIcs rather than alkali halides, a feature 
which simplifies purification and isolation procedures considerably. 

A third general synthetic method is the rcaction of the elemental metal directly with 
a neutral precursor to  a stable anion (equations 6-8). This method includes reactions 

NH3W 
Ln + 2CSH6 - [(C5HS)2Lnl + H2 

An + 2C8Hn - [(C8H8)2Anl 

Ln + HgR2 - [ R'Ln] + Hg 

of the metal with readily reducible organic molecules, and also transmetallation 
reactions (equation 8). The metals are commonly used in some reactivc form: 
dissolved in liquid ammonia, as amalgams, or as finely divided powdcrs generated by 
decomposition of the hydride or  reduction of a halidc. A reccnt development in this 
area is the exploration of the chemistry of the zero-valcntf-element metal atoms using 
metal vaporization techniques (Chapter 13). This approach has been used successfully 
with precursors of anions common in f-element chemistry. and with a wide range of 
potentially new ligands for thc f elements. 

Each of the three synthetic methods described above has many possible variations. 
In  practice. the application of these methods has often been investigatcd with only a 
few. presumably rcpresentative, systems. This is particularly true for the lanthanides, 

"In addition t o  abbreviations used throughout this book, thc symbol M is used in this chapter to 
indicate an alkali. alkaline earth or main group metal. 
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where each new rcaction is rarely examined with each of the 14  non-radioactivc 
mcmbcrs o f  the scries. I n  this chaptcr. only syntheses which have been described in the 
literature f o r  ii spccific metal-ligand combination a rc  rcportcd. Extension of these 
reactions t o  o thcr  closely relatcd metals a n d  ligands should be possible within thc 
limits dcscribcd in the following section. 

C. Factors Affecting Selection of Metals in Synthesis 

1. Lanthanides 

Owing to the liniitcd radial cxtension of the  4forbitals. all 15 of thc lanthanide ions 
are chemically very similar. regardless of their 4 p  electron configuration. Hence, 
excluding the radioactive pronicthium. there a re  14  metals to choosc f rom at the Start 
of any synthetic organolanthanidc project. Th i s  choice can be narrowed somewhat by 
considcring secondary chemical factors a n d  the preferred methods for  physical 
charactcrization. 

For each lanthanide mctal, the  + 3  oxidation state is thc most stable, and for many 
years this was the only oxidation statc which received much attention in 
organolanthanide chcmistry. T h e  two main featurcs which differcntiate the individual 
trivalent ions a re  ( 1 )  a gradually diminishing radial dimcnsion as atomic number 
increases across the series. i.c. the lanthanide contraction. and (2) thc accessibility of 
other oxidation states. Sincc it is easier to saturate stcrically the coordination sphere of 
the smaller. later lanthanidcs. these metals a r e  employed more frequcntiy in synthetic 
studies. Indccd. for several classes of organolanthanides. only the complcxcs of the 
later lanthanidcs a re  stable enough to be isolated and characterized. Samarium is oftcn 
the largcst metal which readily gives pure complcxcs of such a series. Unfortunately, 
this trend in organometallic stability is just t he  opposite o f  the availability of the metals 
in the earth's crust. La. Cc. Pr, and  Nd a r c  the most common lanthanides, being 
comparable in abundance to Co or Pb. whereas Sm-Lu are less abundant.  These latter 
elements are not 'rarc', howcvcr, sincc thcy still are more abundant than Ag  or Hg. 
The opportunity to adjust sizc t o  meet stability or perhaps reactivity requirements is 
onc of thc unique featurcs of thc  lanthanide series. N o  othcr collection of  metals has so 
many chemically similar members which differ slightly in radial dimension. 

Four of the lanthanides a rc  distinguished by the fact that they have non-trivalent 
oxidation statcs which a re  acccssiblc in organometallic systems. Specifically, 
europium. ytteriuni, and samarium form divalent organometallic complexes and 
cerium forms tctravalent species. T h e  availability of Ce4+ has little cffect on 
organolanthanide synthesis. since strongly oxidizing conditions are rarely used. The 
accessibility of E u ~ + ,  Yb:'. a n d  Sm", on the  othcr hand, is important in trivalent 
rcactions involving eithcr strongly reducing anions or reducing conditions. since 
reduction is a viable alternative reaction pa th .  Of these three elcincnts, europium is 
the most easily reduced and samarium is t he  lcast susceptiblc to reduction. 

Simple chemical considcrations. thcrefore. suggest that (1) the later lanthanide 
metals are prefcrrablc for initial synthetic studies in organolanthanide chemistry and 
(2) europium. yttcrbium. a n d  samarium should be avoided if reduction is an  
undesirable possibility. 

The  choice of a prefcrrcd lanthanide can be further narrowed by considering the 
methods by which the complex will be identified. Most new organolanthanides a re  
characterized by i.r.. n.m.r.. a n d  near i.r.-visible spectroscopy. by magnetic moment 
and molecular weight rneasurcment. by hydrolytic decomposition. by ComPlexOmetric 
metal analysis or complete ekn icn ta l  analysis. and by X-ray crystallography \\hen 
suitablc single crystals are available. 1.r. analysis. which provides information iw [hi. 
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organic ligand, is generally applicable to all the metals. For a series of analogous 
complexes of the different metals, the i.r. spectra are nearly superimposable and 
strongly resemble the spcctrum of the alkali metal derivative of the anion. 'H and 13C 

n.m.r. spectroscopy are more powcrful methods of ligand characterization, but are not 
generally applicable. For the trivalent ions, only La3+ (4f"). Sm3+ (4f, pZy8 = 1.6 BM) 
and Lu3+ (4f4) form complexes which display sharp, unshifted n.m.r. spectra. 
Near-i.r.-visible spectroscopy and magnetic moment measurcments identify the 
presence of the metal and its oxidation state, and are informative for all the 
lanthanides except La3+ (4fo) and Lu3+ (4f4). Hydrolytic decomposition provides 
qualitative but not necessarily quantitative information on the organic ligand, since the 
decomposition may not go to completion. Complexometric metal analysisZY is a more 
reliable analytical method and obviously complete elemental analysis is most 
definitive. All of these analytical techniques, including molecular weight 
measurement, are generally applicable to all of the  metal^^'.^". Obviously, X-ray 
crystallography is the most powerful solid-state characterization method and is 
applicable to all systems for which single crystals can be obtained. 

It is usually desirable in organomctallic chemistry to choose a system that can be 
analysed by n.m.r. spectroscopy and hence La, Sm, and Lu woliid be the most 
preferred metals. Unfortunately, each of these has some drawbacks. Lanthanum is the 
largest of the metals and therefore often forms less stable complexes. Samarium is on 
the borderline in this respect and also has a mode of more complicated reactivity via 
reduction to the divalent oxidation state. Lanthanum is also less desirable since the 
yields of its complexes are often substantially less than those of other members of the 
series (Section III.A.1). Lutetium, on the other hand, is ideal with rcspect to yield, but 
it  is at least an order of magnitude more expensive than other late lanthanides, such as  
erbium and ytterbium, and is 30-100 times more expensive than samarium and 
lanthanum. Both lutetium and lanthanum have the disadvantage that their complexes 
are colourless. Hence, a sparingly soluble organometallic complex of these metals 
cannot be differentiated from an alkali metal halide by-product, and an alkali metal 
salt of the organic anion cannot be differentiated from a lanthanum or lutetium 
complex by colour or by near-i.r. or n.m.r. spectroscopy. 

Since lanthanum and samarium may not form the most stable and easily isolable 
complcxes, and since colourless lutetium cannot be followed visually in the workup of 
a reaction, other metals are usually chosen for an initial organolanthanide synthcsis. 
Erbium and ytterbium are the most common choices, since they are the smallest, least 
expensive latcr lanthanides which allow the synthesis to be followed visually by colour. 
Ytterbium is more desirable in this regard for two reasons. First, the fine structure in 
the 'Fslz + 2F7,2 transition at ca. 10,000 cm-I is often sensitive t o  the ligand 
environment and can be uscd as fingerprint identification. Second, the position of the 
allowed 5d + 4f charge-transfcr band is in the visible region, which means that 
different ytterbium complcxes can have different colours. In contrast, the 
near-i.r.-visiblc spectrum of erbium and the other lanthanides usually contains only 
LaPorte-forbidden 4f-4f transitions which are unaffected by the ligand environment 
owing to the limited radial extensions of the 4f orbitals. The importance of these 
spcctral featurcs can be appreciated by considering the colours of the various species 
which can be present in a LnClrCSI-15- reaction mixture. The complexes [ ( c ~ H ~ ) l E r ] ,  
[(CSH5)2ErCI], [(CSHS)ErClz(thf)3], and ErC13 are all orange-pink and cannot be 
differentiated by optical spectroscopy. In comparison, [ (CSHS)3Yb] is dark green, 
[ (C5HS)2YbCI] is orange-rcd, [ C5HSYbClZ(thf),] is orange and YbC13 is colourless. 
Ytterbium is also more desirable since its organomctallic complcxes are  frequently 
more soluble than thosc of other lanthanides. Ytterbium is a less desirable choice, 
however, if reduction to a divalent state is a possible complication. In practice, erbium 
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is frequently used initially. since it is a small. stablc. inexpensive, reduction-frce system 
which allows the lanthanidc products to be distinguished from alkali metal by-products 
b y  colour. Once synthetic details have becn worked out for erbium, the analogous 
lutetium system frequcntly is examined on a small scale and charactcrized by n.m.r. 
spectroscopy . 

For reactions in which divalent chcmistry occurs, samarium and ytterbium are 
frcquently examined together. since at least one of these metals will provide n.m.r. 
information regardless of the oxidation state: Sm3+ is accessible to n.m.r. and 
Yb2+ (4fI4) is diamagnetic. Europium is less desirable since it is much more expensive 
and both Eu?+ and Eu3+ are paramagnetic. 

2. Actinides 

Therc is relatively less choice in selecting actinide metals for synthesis. The only 
members of the series which can be handled without elaborate radio-chemical facilities 
are thorium and uranium, and these are the metals most commonly studied. For both 
of these metals, the most common oxidation state in organometallic complexes is the 
tetravalent state, which, in m a n y  respects, is synthetically analogous to the trivalent 
state for the lanthanides. In other properties, thorium and uranium differ and often 
provide complementary information. Uranium has a relatively accessible trivalent 
state, whereas Th3+ is much more difficult to form. Thf+ (Sf') is diamagnetic and 
colourless whereas U'+ (5f2) provides shifted n.m.r. spectra and is commonly green or 
red. Organothorium complexes are frequently more ionic, less soluble, less polymeric, 
and more stable than their uranium analogues, although these differences vary, 
depending on the ligand environment. In practice, both metals are usually examined in 
organoactinide synthesis. 

Specific organo-f-element syntheses are described in the following sections which 
have been arranged arbitrarily according to ligand with separate subsections for the 
lanthanides and for tiic xtiiiides. 

111. CYCLOPENTADIENYL COMPLEXES 

A. Trlvalent Lanthanlde Complexes 

1 .  Tris(cyc1opentadienyl)lanthanides 

u .  [ (C5HJ3Ln] .  The most common method of synthesizing tris(cyciupenta- 
dieny1)lanthanide complexes is the reaction of a lanthanide trihalide with an 
alkali or alkaline earth metal salt of the cyclopentadienide anion (equation 9). 

Wilkinson and Birmingham synthesized the first organolanthanides in this manner by 
reacting lanthanide trichlorides with NaCsH5 for 2-4 h in thf at ref lux'^^^. Solvated 
complexes, [ (C5H5),Ln(thf)], are formed initially6-19.32 and can be purified and freed 
from thf by sublimation along a Pyrex tube at  150-260°C. Yields in excess of 70% 
were reported for Ln = Ce, Pr, Nd, Sm, Gd, Dy, Er, and Yb3'. For Ln = La, however, 
a yield of only 25% was found, possibly owing to the low solubility of LaC13 compared 
to other lanthanide t r i c h l ~ r i d e s ~ ~ .  

Solvate-free tris(cyclopentadieny1) complexes can be made directly by using arenes 
or diethyl ether as solvents. Reaction times are typically 16-20 h for syntheses 
conducted at reflux. Tris(cyclopentadieny1) complexes of Tb, Ho, and Tm were first 
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prepared from NaCSHs in benzene and from KC5HS in ether. In the ether synthesis, 
yields of 34, 75, and 60%. respectively, were obtained34. [ (CsH5),Lu] has been 
obtained from NaC5H5 in benzene in 66%) yield34. Complexes of these last four metals 
were again purified by sublimation. The preparations of [ (CSHS)3Pr]35 and 
[(CSHS)3Tm]36 from KCSHs in benzene and [(CSHs),Yb] from KCSHS6 and NaC5H~37 
in toluene have also been reported. In the latter case. purification was achieved by 
toluene Soxhlet extraction of the more soluble ytterbium complex. 

The tris(cyclopentadieny1) complex of the remaining non-radioactive lanthanide, 
europium, requires a slightly modified synthesis, since it is not as thermally stable as 
thc other members of the series and sublimation results in decomposition. The thf 
adduct [ (C5Hs),Eu(thf)] can be obtained in 66% yield from EuCI, and NaCSHs in thf 
at room t e m p ~ r a t u r c ~ ~  or from the monocyclopentadienyl complex (Section III.A.3) 
according to equation 10”. In the latter reaction, [(CSH5)EuC12(thf)3] was cnosen as 

thf 
[(CSHs)EuCl2(thr),] + 2NaCSHS [(CSH5)3E~(thr)] + 2NaCI (10) 

a starting material because it is easily purified and is soluble in thf. Purification of 
[ (CSHs)3Eu(thf)] can be effected by recrystallization at low temperature, and thf can 
be removed by heating to 70°C at 0.1 Torr”. 

Tris(cyclopentadienyI)lanthanides can also be obtained directly from 
mono-cyclopentadienyl species by ligand redistribution. This reaction recently has 
been demonstrated for gadolinium (equation 1 1)32 and emphasizes the ionic nature of 
this class of complexes. 

lhf 
3GdCI3 + 3NaCsHS - 3[ CSHSGdClz] 

[(C5Hs),Gd(thf)] + 2GdC13 + 3NaCI (11) 

Syntheses of [ (CSHS),Ln] which are free of organic solvents have been reported 
according to equation 9 using either M E ( C ~ H ~ ) ~  (m.p. 177-178°C) or Be(CSHS)2 
(m.p. 59-60°C) as  low-melting cyclopentadienyl precursors/solvents. CeF,, NdF3, and 
SmF, react with Mg(CSH& at 220-260°C over a 0.5-4-h period to form the 
appropriatc [ (CSHS)3Ln] complexes in 48, 39, and 55%) yicld, respectively4”. 
Unreacted Mg(CSH5)? is reniovcJ by sublimation at 8O-12O0C, and final purificatioii 
is accomplished by sublimation of the product. Interestingly, the non-trivalent pre- 
cursors, CeF4 and Sm12. also form the trivalent complcxes [(CSH5),Ln] in these melt 
reactions (equations 12 and 13). Lanthanide trichlorides have also been successfully 

used as precursors in reactions with Mg(CSH5)2 in open tubes. For samarium, how- 
ever, this was not a clean synthesis since, despite a 6-fold excess of Mg(CSHS)2, some 
[ ( C S H ~ ) , S ~ C I ]  still formed”. Be(CSHS)? was employed as the molten reagent for the 
first non-radiochemica14* preparation of [(CSHS)3Pm] (equation 14)3s. Samarium and 
terbium complexes were prepared similarly. 

2PmCI3 + 3Be(CSHS)2 - 2[(CSHS),Pm] + 3BeC12 (14) 
70°C 

20 h 

In summary, synthesis of [ (CSHS),Ln] by metathesis according to equation 9 can be 
accomplished with a variety of cyclopentadienyl reagents and solvent systems. Con- 
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sidcrable variation of reaction conditions is also possible with accompanving variation 
in yicld. A gcncral claim of >95%1 yields in the preparation o f  f-clement 
cyclopeiitadicnyl coniplcxcs has Oecn madc for synthcses with rcaction tinics of about 
200 hJ?. 

Alternative syntheses of [ (C5Hc))Ln] based o n  CcH,, rather than C5H2- are also 
availablc. The addition of C ~ H I ,  to ytterbium in liquid ammonia forms [(C5H,)3Yb] as 
well a s  [(C5H5)2Yb]34.43. Vaporization of Nd atoms into a C5H,, ma t r ix  i i t  - lY6"C. 
followed by cxtraction with thf yields [(C5Hs)3Nd]JJ. Neither of these methods is 
superior to equation 9 in convenience or yield. howcvcr. 

Thc formation of [ (C5H5)3Ln] complexes by thermal dccomposition of 
[ (C~H~)~I . . I~(BI- I . , ] "  (1.n = Sin. Yb) and C(C5H~)?Gd(~-Mc)2AIMr l  (Section V.U)  ha\ 
also been rcported. 

h. Suhsrinrrcd c ~ . c l o p o i r u ~ i c r i ~ ~ l  complexes. In  general. thc synthetic methods 
dcscribcd for  C5H5 complexes can bc extended to substituted cvclopentadicnyl ring 
systcms such as CH3CcH4. ( Mc:CH)C5H4. C5(CH3)5. Ci(CH3),(C:H5). and indcnyl 
(CUH7). Complexcs of the substituted ring systcnis arc oftcn niorc' soluble. iiiorc 
volatile. and niorc easily crystallized. The bulkier. substituted ligunds arc also more 
effective in stabilizing thc larger. carlier lanthanides. In  some cases. ho\vcvcr. synthesis 
of tris(cyclopcntadieny1) spccics may be precluded. since the rings may bc too large t o  
f i t  around the metal centre. Rather few substitutcd species havc bccn specifically 
dcscribcd. but i t  is expected that incrcascd cffort will bc sccn in this area i n  the futurc.. 

The first reported complex of a substituted lanthanidc was [(CH3C5H,)3Nd]. prc- 
parcd in 70% yicld by reacting NdC13 with NaCH3CcHJ for 2 h in thfJ5. Sublimation at 
200°C produces X-ray quality crystals". [(CH3CiHJ)3Tni] has becn prepared f rom 
TmC13 and KCH3C,<H., in bcnzcnc a n d  both of thcsc nictiithcscs seem gcncrally 
applicablc. However. in the preparation of [ (CH3CiHJ)3Yb] from YbC13 and 
NaCH.3C5H, in thf. thcrc is a prcfcrcnce f o r  the stci.ically less crowded his species 
[ (CH3CsHJ)2YbCI]. even in the prescncc of an cxccss of NiiCH3C5H4". Separation of 
this mixture requircs a low-yicld differential sublimation. 

~I'ris(indcny1)lanthanidc complcxes. [ (CyH7)3Ln(thf)]. have bccn prepared for 
Ln = La. Sm, Gd, Tb. Dy. and Yb by addition of NaCgH, to LnC13 in thf at low 
temperature followed by stirring at room tempcrature for 3 h to 5 daysd8. Purification 
was effected by recrystallization. 
Tris(isopropylcyc1opentadienyl) complexes of La, Pr, and Nd have been reported, 

but no synthetic details wcre givenJY. 
c. B u e  udduc/s, [(CSH5)jLtiB]. As previously notcd. when tris(cyclopentadieny1) 

complexes are synthesized io thf. they arc initially isolated as thc base adducts 
[ (CSHS)3LnOCdH8]6.1y3?. A variety of other good d o n o r  bases will also interact with 
[ (C5HS)3Ln]. Some of these complexes can be synthetically and spcctroscopically 
useful, since they have enhanccd solubility in non-polar solvents. In general, the base 
adducts are formed hy adding the base to a suspension of [(C5HS),Ln] in a non- 
coordinating solvent. In cases where the base is an inexpensive liquid, [ (CSHS),Ln] is 
added directly to the base. 

The cyclohexylisonitrile adducts [ ( C S H S ) ~ L ~ C N C ~ H I I ]  constitute the best 
characterized class of base adducts. having been examined by i.r.sn and n.m.r. 
s p e c t r o s ~ o p y ~ ' - ~ ~  and X-ray crystallographys4. Thcse complexes are formed" by 
adding the isonitrile to a suspension of [(CSH5),Ln] in benzene. The suspension 
quickly becomes a solution as the adduct forms and dissolves. The complexes are 
formed in 70-80% yield, can be further purified by sublimation at 15O-16O0C, and 
are reported to have some solubility in pentane. 

A triphenylphosphine adduct of ytterbium, [ (CsHs)3Yb{P(C6Hd3}17 was Prepared 
similarly by heating the phosphinc and [(CsHs)3Yb] in benzene for 2 hsO. A more 
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extensive study of the interactions of phosphines with [ (CSH5),Yb] has been reported 
Using H P ( C ~ H S ) ~ ,  H ~ P C ~ H S ,  P(C6Hi 113,  HP(C6HI l )2 ,  HzPCnHi I ,  and ( C H ~ ) ~ P C ~ H S .  
Although base adduct formation could be detected spectroscopically, isolable 
analytically pure products could not be obtained3'. [(CsH5)3Yb] was chosen as the 
lanthanide complex in this case, because this compound is soluble in arene solvents, 
and because organoytterbium complexes have colours which are more intense and 
more sensitive to a given ligand environment than complexes of the other lanthanide 
metals. Attempts to form a CO adduct by these methods were unsuc~essfu l~~.  

The ammonia complexes [(CSHS),LnNH3] can be prepared by adding the 
cyclopentadienyl complex to liquid ammonia. For Ln = Pr and Sm, the adducts are 
stable under vacuum at 25"C, but lose NH3 at 1O0-15Oo3~.  [(CSHS)3YbNH3], on the 
other hand, can be sublimed intact at 150"Cs". It has also been reported that this 
ytterbium complcx can bc formcd by displacement of thf in solutionR. The pyridine 
adduct [ (CSHS)3Yb(NCSHS)] has been characterized by near-i.r.-visible 
spectroscopys5. 

A variety of transition metal complcxes have been examined in the presence of 
[ (CSHS)3Ln] complexes in CH2C12 and C6H6, and evidence for base adduct formation 
presentedsGsn. Interactions of the type [ (CSHs)3LnONM'LJ, [(CjHS)3LnOCM'L,], 
[ (CsH5)3LnXM'LX], and [ ( C S H ~ ) ~ L ~ W ( C ~ H ~ ) ~ H ~ ] ,  were postulated, based on i.r. and 
n.m.r. shifts (M' = transition metal, L = other ligands). An q2 alkyne complex, 
[(CSHS)3Ln(HCGCC6Hs)]. was also postulated on the basis of n.m.r. data. Additional 
halide-bridged adducts include [(CSHS)3YbFU(C5HS)3]s9 and [ (CSHs)3LnXH], post- 
ulated as a precursor to [(CsHs)2LnX]s" (see next section). 

2. Bis(cyclopentadieny1)lanthanide halides and derivatives 

u. [(CsHs)2LnX]. The reaction of two equivalents of a cyclopentadienyl salt with a 
lanthanide trichloride forms the bis(cyclopentadienyl)lanthanide chlorides (equation 
15). The reaction is most commonly conducted using NaC5Hs in thf at room 

LnCI3 + - M(CsHs), - [(CSH5)2LnCI] + - MCI, 

temperature with a 1-2 day reaction time. The complexes are monomeric in thP" and 
can be obtained as mono-thf solvatcs even. after sublimation61. The most effective 
means of purification is removal of thf by rotary evaporation, followcd by extraction 
into toluene. The complexcs exist as unsolvated chloro-bridged dimers in arene sol- 
vents. Since solvated thf is often persistent, it is necessary to check the degrcc of 
solvation by infrared spectroscopy (absorptions at 1010-1050 and 880-890 crn-1)62 
and complexometric metal analysis29, before using these complexes as precursors in 
quantitative reactions. For preparative-scale syntheses, sublimation is not a desirable 
method of purificaticn, since the sublimation and decomposition temperatures are 
sufficiently close that low yields are usually obtained. 

Yields of 50-70% have been reported for Ln = Sm. Gd, Dy, Ho. Er, Tm. Yb. and 
Lu according to equation 15 using NaCSHS. but the reaction fails for the earlier 
lanthanides6,". For Ln = Nd only an inseparable mixture of [(CSH5)2NdCI] and 
[(CSHs),Nd] is obtained, and for Ln = La, Ce, and Pr only traces of [ (CSH5)3Ln] were 
found. It is a general result for many classes of organolanthanides that complexes of 
the smaller lanthanides. usually Sm through Lu, arc readily obtainable, whereas com- 
plexes of larger. early lanthanide metals cannot be synthcsized and/or purified. 
Recently the use of the sterically bulky pentamethylcyclopcntadienyl ligand has 
allowed the isolation of a pure bis(cyclopentadieny1)neodymium complex63 (equation 
16) and this result indicates that by suitable choice of ligand. pure 

(15) 
2 2 

.1 I1 
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NdCl3 + 2LiCSMeS - [(C5Me~)2NdC12][ Li(thf)?] + LiCl (16) 

bis(cyclopentadieny1)lanthanide halides can be obtained with the early members of the 
series. Analytically pure crystals of the bis(pcntamethylcyc1opentadienyl)neodymium 
complex were obtained by recrystallization a t  0°C from pentane. The monomethyl- 
substitucd complcxes [(CH3CSH4)2LnCl], have been prcpared for Ln = Gd, Er. and 
Yb by reaction ofLnC13 with 2 equivalents of NaCH3CsH4 in thf. but attempts with 
earlier lanthanidcs were not describedh0. 

An altcrnativc synthesis of [ (CsHS)2LnCI] is the rcdistribution reaction60 shown in 
equation 17, which again emphasizes the ionic charactcr of these complexcs. 

rhf 

rhf 

2 days 
LnCI3 + 2[(C5Hs)3Ln] - 3[(CsHs)rLnCI(thf)l 

Since such redistribution reactions are so facile with the f elements, it is often 
important in synthesis to use exact stoichiometric amounts of reagents. Convenient 
solid cyclopentadienyl reagents used in the synthesis of [ (C5H5)?LnCI] include 
solvent-free NaCsHs64, Mg(C5Hj)26s.66 and the air- and moisture-stable TICsHS”. 

The additional synthesesho of [ ( C Z ~ H ~ ) ~ L ~ X ]  shown in equations 18 and 19, 

although not superior to equation 15 or 17 in convenience or yield, exemplify useful 
approachcs to bis(cyc1opentadicnyl)lanthanide species in  gencral (see next section) 
which avoid alkali metal halide by-products. An additional reaction of this type 
(equation 20) is reported to form [(C5H5)2SmCI] in 95% yicld and [(CSH5)2YbCl] in 
84% yield6’. 

[ (CSHS)&~I + N H J C ~  - [(C~H5)&nCll + NH3 + i(CSH6)2 (20) 

b. [(CSHS)2Ln(non-halide anion)]. A number of derivatives of [ (C5H5)?LnX] have 
been reported in which the halide. X, is replaced by another anion. These complexes 
are most often prepared by the reaction of [(CsH5)2LnCI] with an alkali metal salt of 
the substituting anion (equation 21). In some cases, this approach fails and an 
alternate synthesis based on the acid HZ (equation 22) can be used. Derivatives in 
which Z is a carbanion will be described in Section V on alkyl complexes. 

[(C5H5)2LnCI] + MZ - [ ( C S H S ) ~ L ~ Z I  + MCI (21) 

[(C5H5)3Lnl + HZ - [ ( C S H ~ ) ~ L ~ Z ]  + i(CsHd2 (22) 

Bis(cyclopentadieny1) derivatives of erbium. [ (CSH5)2ErZ]. were first obtained 
according to equation 21 for Z = CH3C02,  HC02 ,  CH30 ,  and NH2 by stirring the 
reagents in thf for 8-65 h at room temperature followed by an additional 3-5 h at 
reflux. Purification was achieved by sublimation and yields of 25-5596 were 
reported60. Neither the formate nor the amid derivatives of Gd and Yb were isolable 
by this method, however, reportedly because. upon heating the reaction mixture, 
thermal decomposition occurs before sublimation. The ytterbium formate derivatives 
[ (CSH5)2Yb02CH] can be obtained via equation 22 ( 1  h. room temperature) since the 
by-product (CsHh)2 does not interfere with purification by low temperature 
recrystallization. The ytterbium amide derivative, [ (CSH~)3YbNH2]. is also obtainable 
by an alternatc route, namely the thermolysis of the base adduct [ (CSH5)3YbNH3] at 
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200-250°C followed by sublimation at 230"43.s". Although [(CSHS)2LnZ] derivatives 
have been obtained for Yb according to equation 21 when Z = CH3C02,  C6HsC02,  
CK30, and C,,HsO, only [ ( C H J C S H ~ ) , G ~ O ~ C C H ~ ]  was obtained by this route with 
gadolinium6(). Hence, the generality of the equations 21 and 22 should not be assumed 
without further investigation. The synthesis of [ (CSH5)2YbZ] derivatives via reaction 
22, using H Z  = CH3COCH2COCH3, r-BuCOCHzCOBu-r. and 
CH,COCH=C(NHPh)CH,, has been investigated, but o n l y  with the latter reagent 
was a tractable compound isolated.68 

Solvated borohydride derivatives, [(C5H.&LnBH4(thf)], have been synthesized from 
NaBH4 according to equation 21 for Ln = Sm. Yb, Er" using reaction times of 2 days 
in thf at room temperature. For Ln = Yb and Er. the thf can be removed at 70°C 
under vacuum. The complex of the larger metal. samarium. decomposes to 
[ (CSHS)3Sm] upon heating, however. 

Dialkylphosphido derivatives of bis(cyclopentadieny1)lanthanides can be prepared 
using lithium reagents (equation 23). Di-r-butylphosphido complexes were synthesized 

[(C5HS)2LnCI] + LiPRz - [ (CSH&LnPR2] + LiCl (23) 

for Ln = H o  and Yb by this method, but analytically pure samples could not be 
obtained by this approach for Ln = Sm and Gd, R = r-Buo9 and for Ln = Yb, 
R = C6H1137. For Ln = Er. R = r-Bu, the novel reaction 24 was used. Thc reagents 

[ (CSHS)~E~CII  + (CH~),SiP(r-Bu!z~[(C,HS)rEr{ P(I-BU),}] + (CH3)JSiCI 

were stirred neat at 50°C and 13 Torr for 6 days. The product was separated by 
filtration, purified by recrystallization from bcnzene. and ultimately obtained in 44?h 
yield6". 

Triaryl germanium and tin derivatives of bis(cyclopentadieny1)lanthanides can be 
generated from lithium precursors in thf at room temperature (equation 25). The tin 
analogues have been obtained with Er and Yb. Attempts to obtain similar tin and 
germanium complexes of the earlier lanthanides and analogous silicon derivatives of 
any of the lanthanides were not successful7". 

[ (CSHS)~E~CII  + L ~ G ~ ( C ~ H S ) ~  - [(C,Hs)zEr{Ge(C,Hs)3}1 + LiCl(25) 

An extensive class of base adducts, analogous to those of the 
tris(cyclopentadieny1)lanthanide complexes, is not found for the bis(cyclopcntadienyl) 
complexes, since in the non-polar solvents normally used in adduct forming reactions. 
the complexes already exist as chloride bridged adducts. Since the adduct-lanthanide 
interactions are often weak, the dimeric chloride adduct is frequently the most stable 
speciess6. In thf, however, monomeric thf adducts, such as [ (CSHS):LnCl(thf)] and 
[ (C5Hs),LnBH4(thf)]11, predominate. The di-r-butylphosphido species. 
[ (CSHS)2Yb{ P(~-Bu)~}] ,  are reported to be trimeric in benzene. possibily owing to 
intermolecular Ln-P base adduct formation7'. 

(24) 

3. Cyclopentadienyl lanthanide dihalides, [ (C, H & I X ~ ( T H F ) ~ ]  

The single report72 on the synthesis of monocyciopentadienyl lanthanide dihalides 
contains three preparative routes (equations 26-28), all of which had previously been 

chf 
LnCI3 + NaC5Hs - [(CSH5)LnC12(thf)3] + NaCl (26) 

[(CsHs)3LnI + 2LnCI3 - 3[(CsHs)LnC12(thf)31 (27) 
rhf 

[(CSH5)2LnCI] + HCI - [(CsHs)LnCldthf)3] + f(C&)z (28) 
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used to synthesize [(CSH&LnX] complexes. Equation 26 is gencral for Ln = Sm. Eu, 
Gd,  Dy, Ho, Er. and Lu and providcs 3 0 4 0 %  of product purified by recrystallization 
at 0°C. The complexes are non-volatile and are unstable in the absence of a 
coordinating base such as thf. Thf can bc removed with concomitant decomposition of 
the complcx at 40°C undcr high vacuum. As in the case of [ (C5H5)?LnC1], attempts to 
make [(CjHS)LnC12] complexes for thc larger metals, La-Nd, failed. Equation 27 was 
reported only for E r  (61% yicld) and equation 28 only for Yb (30% yield). Since the 
ionic cyclopentadienyl lanthanide complexes are prone to redistribution and since the 
reaction of 1 equivalent of NaCsH5 with GdCI3 (equation 11) has also been found to 
form only [ (CsH5)3Gd(thf)]32, it is obvious that subtle differences in handling these 
reactions can give products which differ in how the ligands are distributed. 

B. Dlvalent Lanthanlde Complexes 

The + 2  oxidation state is much more acccssible for Eu, Yb, and Sm than for any of 
the other mcmbcrs of the lanthanide scries and, at present, divalent organometallic 
lanthanide chemistry is limited to these three metals. Reduction potentials for the 
Ln3+-Ln2+ couple are r ~ p o r t e d ' ~  to be -0.34 V for Eu. - 1.04 V for Yb, and - 1.40 V 
for Sm ( v s .  NHE), indicating that Eu2+ should be the most stable and Sm2+ the most 
reactive of these divalent species. Bis(cyclopentadienyl)lanthanide complexes can be 
generated by either direct reaction of the elements with C5Hh or by rcduction of 
trivalent species. 
The first divalcnt complcxes of :his type were formed by taking advantage of the  

solubility of europium and ytterbium in liquid ammonia. For europium (equation 29), 

E U  + 3CSH6 - NH3(1) [ ( C S H ~ ~ E U N H ~ I  + CSHB (29) 

the by-product was identificd as cyclopentene by gas chromatography. The solvating 
ammonia can be removed at 120-200°C under vacuum and flash sublimation at 
400-420°C yields pure [(C,Hs)2Eu] in 20% yield3J. 

The analogous ytterbium reaction, on the other hand, is more complex. Despite the 
reducing conditions. oxidation to trivalent spccics such as [ (C5H5)3YbNH3] occurs and 
sublimation of the crude reaction product generates three complcxes'.43. [ (C5H~)3Yb] 
sublimcs first at 1 SO"C, the desired [ (CSH5)2Yb] sublimes next at 170°C ( 1  1 %J yield), 
and finally at 360°C another trivalent product is obtained. which may be 
[ (C5H5)zYbNH1I2 or [ (C5HS)3YbNzH4] (formulae postulated o n  the basis of mass 
spectral mcasu~emen t s )~~ .  The greater tendency of ytterbium to oxidize to trivalent 
species comparcd to europium is expected, based on the reduction potentials. 

A clcaner, direct synthesis of bis(cyclopentadienyl)ytterbium is provided by the 
mctal vaporization method (Chapter 13). Co-condcnsation of Yb atoms with CSHr, at 
- 196°C. vacuum removal of excess of CsH6, and extraction of the remaining solids 
Kith thf gcnerates [(CSH&Yb(thf)] in  27% yield based on the metal". 

A variety of trivalent precursors and reducing agents can be used in solution 
synthcses of [(CsH5)2Yb] in thf. Sodium and ytterbium mctal were the reducing agents 
initially used (cquations 30-32). and equation 30 was reportcdly most efficient, giving 

[(CSH&YbCI] + Na - [(C5H&Yb] + NaCl (30) 

3[(C~H5)zYbCl] + Yb - 3[(Csh5)2Yb] + YbC13 (31) 

[ ( C . S H ; ) ~ Y ~ ]  + Na - [ ( c ~ H & Y b l  + NaCSH5 (32) 
a 39% yieldm. Obviously. Na(Hg), NaK alloy, NaCloHH. Li and K can also bc uscd as 
reducing agents, and cven 1-butyllithium functions in this capacity (equation 33)". 
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[(C5H5)zYbC1]2 + 2r-C4H9Li + 2[(C5H5)2Yb] + 2LiCI + C4H8 + C4Hl,-, 
(33) 

Synthescs of [(CsHs)2Yb] according to equations 30 and 32 are most conveniently 
conducted in toluene, since in this solvcnt the trivalent precursor is soluble and can be 
easily separated from the precipitatcd product by filtration. 

Recently, several new syntheses of bis(cyclopentadienyl)ytterbium complexes 
have been discovered (equations 34-36) which demonstrate how easily Yb2+ can be 

generated75. The most efficient of these reactions is the thermolysis (equation 34). in 
which 50% conversion is observed after 8 h. The solvent is extremely important: in 
toluene the thermolytic reaction requires months at 80°C. A 25% conversion after 32 h 
is observed for the photolysis (equation 35). Equation 36, which apparently proceeds 
through a hydride intermediate, [ (CH3C5H4)2YbH], based o n  deuterolysis and CH31 
decomposition reactions, is the slowest of these reactions, requiring 2 weeks for 
significant conversion. Sincc [ (CH3CsH4)2Yb] can also be obtained by reduction of 
[(CH3C5H4)2YbCI]2 with NaK in toluene, and since this chloride is a precursor to 
[ (CH3CSH4)2YbCH3]2, equations 34-36 are not superior preparative routes. Instead, 
their importancc lies in the fact that they provide rather facile routes to the reactive 
divalent species, an important component of any potential catalytic cycle based o n  the 
Y b2+/Yb3+ couple75. 

[ (C5HS)2Sm(thf)] was first synthesized by reduction of [ (C5HS)3Sm] with KCloHs in 
thP6, a variation of equation 32. Thc purple, thf-insoluble complex was purified by 
washing with thf. [ (CH3CSH4)2Sm] has been obtained similarly66. 

C. Tetravalent Lanthanlde Complexes 

The most accessible tetravalent lanthanide ion is Ce4+, a powerful oxidizing agent 
( E l , ?  = 1.44-1.77, depending on the acid medium73), strong enough to convert HCI 
to C12 in aqueous solution. The only, stable. binary halide of Ce4+ is CeF4, although 
the double salt (CSHSNH)2[CeC16] is a stabilized chloride form of this ion. The 
synthesis of a large number of Ce4+ organometallics including [ (CSHs)4Ce]77, 
[(indenyl)~CeI~'. [(fluorenyl)Xe17", [(GH5)3CeZ], and [(indenyl)2CeZ2](Z = ~ 1 ~ 9 ,  
CN, NCO, NCS, NJ"", CH3, C2H5, ChH5. CH2C6H5. COChH5e', BHqN2, SR") has 
been claimed using the standard metathesis reactions used for trivalent lanthanides 
(equations 37-39). The validity of this work has repeatedly been challenged on 
several  count^^.'^."^ and 'these reactions should be regardcd with reserve and 

(C5HSNH)2[CeClG] + 4NaCsHs - [(CSH5),Ce] + 4NaCI + 2C5H5N-HCI 

(CSH5NH)2[CeC161 + 3[(Cd-b)4Cel '- ~ [ ( C S H ~ ) ~ C ~ C I ]  + 2CSH5N.HCI 

(37) 

(38) 

[ (C~HS)~CCCI]  + NaBHj - [ ( C S H S ) ~ C ~ B H ~ I  + NaCl (39) 
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reinve~tigated'~'. First i t  is surprising that the strongly reducing anions used in these 
reactions do not reduce the Ce4+ precursor to Ce3+ products. This is particularly 
remarkable considering some of the vigorous reaction conditions. e.g. equation 38 is 
reportedly ruR in thf 'refluxed at 80-85°C for 4-5 hls2. Equally remarkable are the 
water and acid stabilities of products such as [(C5HS)4Ce]77 and [(indenyl)zCeC12]7'. 
Since many of these complexes are reported to crystallize from light petroleum. it 
would be desirable to have X-ray structural data to confirm the reported reaction 
chemistry. 

The synthesis of [ (CSHS)3CeOCH(CH3)2] has been reported (equation 40)85 using 
the benzene-soluble isopropoxide precursor [ Ce(OR),(ROH)]( R = CH(CH,)2). The 
complex was isolated in 4% yield by sublimation at 150°C. Attempts to prepare 
[ (CSHS),Ce] in an analogous manner failedss. 

2[ Ce( OR),( ROH)] + 3 Mg( CSH s): - 
2[(CSHS)3CeORl + 3Mg(OR)2 + 2ROH (40) 

D. Tetravalent Actlnlde Complexes 

1. Tetrakis (c yclopen ta dien y1)actinides 

[(CSHS)4An] complexes are known for An = U, Th, Pa, and Np and are synthesized 
according to equation 41 by the metathesis methods described previously for 
[ (CSHS)3Ln] (Section III.A.l). Again, a variety of cyclopentadienyl reagents and 
solvents can be used in these reactions. [(CsHs)4U] has been obtained in 6% yield from 

(41) 
4 4 

AnX4 + - M(CsHs), - [(C5Hd4An1 + - M X n  
r i  I1 

UCI4 and NaC5HS in benzene at room temperaturee6 and in 30% yield from UF4 and a 
Mg(CsHS)2 melt at 230°4". [(CsHs)4U] is also reportedly obtainable in 99% yielde7. 
Purification was originally effected by a 10-day Soxhlet extraction with pentanes6. 
[(C5Hs)4Th] has been obtained in 40% yield from ThC14 and NaCSHs in th8 '  
(although the use of ThCI4 in thf is not recommendedey) and in 61% yield from ThFJ 
and Mg(CSHS)2 at 200°C4". Purification can be achieved by sublimation at 
250-290°C. [ (CSH5)4Pa] has been obtained in 54% yield according to equation 42 

and was purified by extraction for 110 h with benzeney0. [(CSHS),Np] can be 
generated in 77% yield by reacting NpC14 with KCSHS in benzene at reflux and 
extracting with benzene for 50 hyl .  Attempts to prepare the analogous plutonium 
complex, [ (CSHS)4P~].  from [PuCI6l2- and Mg(CsHs)zyz or K C S H ~ ~ ~  and from PuFd 
and Be(CSHs)2n7, resulted in the formation of the trivalent complex, [ (CSHS)3Pu] 
(Section 1II.E). 

[(CSHs)4U] can also be synthesized directly from CSH6 and the metal, i f  the metal 
is prepared in the appropriate reactive form. Uranium, obtained by subliming Hg from 
U(Hg), forms [(CSHS)4U] when treated with CsH6 at room t e m p e r a t ~ r e ~ ~ .  but since 
[(CSHs)3U] is also formed, this is not a useful preparation of the pure complex. Finely 
divided uranium powder obtained by decomposition of uranium hydride, on the other 
hand, does not react with CSH6 even at 150°9'. 

Fully characterized tetrakis complexes of substituted cyclopcntadicnyl ligands have 
not yet been reported. possibly because steric crowding may make this type of complex 
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less stable. Mass spectral evidence has been presented for the indenyl complex, 
[(CgH7(4Th], formed from ThC14 and 4 equivalents of KC9H7, but neither this 
complex nor the analogous uranium species could be isolated in a pure state96. 
Syntheses of [(CgH7)4Th] and [(C9H7)4U] in yields of 60 and 65% respcctively, have 
been claimedY7, and the synthesis of [{Q(CsH4)2},U], where Q = CH2, (CH3),Si, and 
CH2CH2CH2, has becii notedg8. but no experimental details were presented in either 
case. 

2. Tris(cyclopentadieny1)actinide halides and derivatives 

u. [(C,H5)finX]. Tris(cyclopentadieny1)actinide halides are known for An = U, 
Th, Pa. and Np. and are most commonly synthesized according to equation 43, which 

3 3 
n n AnX4 + - M(C5H5), - [(CsHs),AnX] + - MX,, (43) 

is analogous to the primary synthcsis of [(C5HS)2LnCI] (equation 15). The first 
organoactinide complex, [ (CSHS)3UC1], was obtained by this method in 82% yield 
from UC14 and NaCsHS in thf at reflux2. Synthescs using KCsHs in benzene99 and 
TICSH5 in thf at room temperature or in benzene at refluxIn0 have also been reported. 
In the latter case, a yield of 90% was obtained. A detailed preparative description of 
the TICSHs reaction using dimethoxyethane as a solvent is availablc and has the 
advantage that sublimation is not required in order to obtain an analytically pure 
producte9. [ (CSH~)3UCI]  is also formed when less than 3 equivalents of CSHS- are 
added to UC141"1, a s  described in Section III.D.3. The thorium analogue, 
[ ( C S H ~ ) ~ T ~ C I ] ,  can be synthesized according to equation 43 from T1C5HSe9 or from 
KCsH5 in (C2HS)zO at room temperature4. 6(CSHS)3NpCI] has been prepared from 
NpCI4 and Be(CSHS), at  70°C in 45% yield' and from NpCI4 and KC5Hs in thf103. 

Several alternative syntheses of [ (C5HS)3AnCI] based on [ (CSHS)4An] precursors 
are available (equations 44-46) but, as in the case of the similar syntheses of 

(44)97 
C6H6 

[ ( C S H , ) ~ ~ ]  + HCl - [(C,HS)~UCIJ + f(C5Hh)Z 
1.1. 

[(CsHs)4An] + NHJX - [(CsHs)3AnXI + NH3 + i(CsH& (45)67 

3[(CsHs)4Thl + Thc1.1 - 4[ ( C S H ~ ) ~ T ~ C I ]  (46)lo4 

[ (CSHS)2LnCI], the more direct one-step reaction (equation 43) is usually preferable. 
The only reported synthesis of [ (CSHs)3PaCI] is via equation 45, however". 

[ (C5HS)3UBr] and [(CsH5)3UI] can be prepared according to equation 43  by 
reaction of U B r 4  and u14 with KCsHS in benzenelns. [ (C5HS)3UF] can be obtained via 
equation 45  using NH4F or by equation 47 at 150-180°C in a sealed glass tubee7. 

[(C5HS)3UCI] + NaF - [(CSHSMJFI + NaCl (47) 
A variety of tris(cyclopentadieny1)actinide halide complexes involving substituted 

cyclopentadienyls have been synthesized via the metathesis reaction 43. All six indenyl 
derivatives, [(C9H7)3AnX] (An = U, Th; X = CIv6, BrIo6, I in7) ,  are known and were 
obtained in 18-50'34) yield by reaction of KC9H7 or NaC9H7 with the appropriate acti- 
nide halide in thf for 3-10 days at room temperature. Purification was accomplished 
by Soxhlet extraction with pentane or benzene. [ (CH3CSH4)3UCI] has been prepared 
from NaCH3CSH4 in benzene at refluxlo'. [ (C6H5CH2C5H4)3UCI], which was 
synthesized for crystallographic purposes, was obtained from TICH2C6H5Cs& in 
dmeln9. 

The synthcsis of a mixed tris(cyclopeatadieny1) complex, [ (CSHS)(CH3CSH,)2UCI], 
has also been reported (equation 48)"'. [ ( C S M ~ ~ E ~ ) ( C ~ H ~ ) ~ U C I ]  is also knowne4. 
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[(CSHs)UCl3(thf),] + 2TICHjCsH4 - [ ( C ~ H ~ ) ( C H ~ C S H ~ ) ~ U C I ]  + 2TICI 

(48) 
b. [ (CSH33An(norz-halide iorz)]. The primary methods for replacing the halide ion 

in [(C5Hs)3UX] with a new anion are metathesis reactions (equations 49 and 50) ,  
which arc normally conducted in benzene or thf at room temperature for a few hours 
to a few days. Purification of these derivatives is accomplished by alkane or arene 
extraction or by sublimation. Reaction 49  has been used to prepare complexes in 
which Z = BH4100,BH3CN",B(C~H5)3CN"',SCN2",OR25~112-''5,and C(CN)3108,as 
well as a large number of alkyl and aryl derivatives which will be discussed in Section 
V. The synthesis of the oligomeric complexes [ ( C S H ~ R ) ~ U N C C ( C N ) ~ ]  *08 via reaction 
49 is unusual in that i t  can be conducted in water. Reaction 50 has been used to form 
mononuclear complexes, [(C5Hs)3UZ], in which Z = N@3, C104, ReO,, and 
B(C6H5)4, and dinuclear complexes, [{(CsHs)3U}zZ'], in which Z' = SO4 and C20467. 
The relationship of these species to the [(CsH5)3U]+ ions, isolated from aqueous 
solutions of [ (C5H5)~UCI], by addition of H4[ SiWI2O4o], H,[PtC16], 
K3[ Cr(NH3)2(SCN)4], and K13-, has not becn determined. 

[(C5H5)3AnCI] + MZ - [(C5H5)3AnZ] + MCI (49) 

(50)  
[ (CSH~)4Anl  + N H Z  - [ ( C S H S ) ~ A ~ Z ]  + NH3 + f(CSH6)2 

A variety of alternative syntheses for [(C5H5)3AnZ] are available, many of which 
are specific for a given Z. Most of these relatively high yield reactions have been 
reported for uranium only and attest to the stability of the (C5H5)3U- unit and its 
capacity for diverse chemistry. [ (CSH5)3UOH] has been prepared according to 
reaction 49 from (CSH5),UF and NaOH in the solid The sulphur analogue 
[(CSH5)3USH] has been obtained according to reaction 44 from [ (C5Hs)4U] and 
H2Sg7. Pyrolysis of [(CsH5)3UOH] and [ (CsH5)3USH] gives the bridged species 
[{(CsH5)3U}20] and [{(C5Hs)3U}2S], which also can be synthesized according to 
equations 5 1 -5387*y7. The alkoxy derivative [ (C~H~)~U{O(I I -BU)) ] ,  has been obtained 
by the U3+-assisted decomposition of thf at  reflux (equations 544 and 55Il6) and by a 
more conventional route starting with a chloroalkoxyuranium complex (equation 56, 
R = n-Bu, CH3)4. Alkoxy derivatives, [(CSH=J3AnOR], An = U, Th, can also be 
prepared from alkyl complexes [ (CSH5)3AnR'] by reaction with R O H  (equation 
57)25. An interesting addition reaction (equation 58) has been used to prepare 
[(CsH5)3UBF4]". Mixed alkyl borohydride complexes, [ (CSHS),UBfi~R], can be 
obtained by alkylation of the parent borohydride with R3B where R = C2H5 or C6H5 
(equation 59)"'. 

~ [ ( C ~ H S ) ~ U C I ]  + Ag2O - [ ( ( C S H S ) ~ U J ~ O I  + ZAgCI (51) 

2[(C,H,),U(thf)l + f 0 2  - E{(CSHS)3U} 2 0 1  (52) 

2[ (CSHS),UBr] + K2S - [{(C,H5)3u}zS] i- 2KBr (53) 

UCI3 + 3NaC5HS + C4H80 - [(C5H5)3U{O(ii-B~)}1 (54) 

UC14 + 2KC5HS + 2Na - [ ( C s H s ) 3 ~ ~ 0 ( ~ ~ - B ~ ) ~ l  (55) 

(56)  

[(CSH,)3AnR'] + ROH - [(C5H5)3AnOR] + R'H (57) 

3NaCsH5 
UC14 + NaOR - [UCI,OR] - [(CSHS)3UOR] + 4NaCI 
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[(csHs)3uF] + BF3 [ (CSHd3UBF41 ( 5 8 )  

[ ( C S H S ) ~ U B H ~ I  + R3B - [ ( C S H S ) ~ U B H ~ R I  + HBR2 (59) 

An alternative method of synthesizing [(CsHs)3UZ] complexes is to add CSHS- to 
precursors rich in Z and deficient in CSHS. This method is less common, however, 
since few such starting materials exist. The homoleptic amide [ U(NEt2)4]"' is one of 
the few members of this rare class and can be used to prepare [ ( C S H S ) ~ U N E ~ ~ ] " *  
(equation 60). The thio derivatives [(CSHS),USR] (R = C2H5 and C&) have also 

3CSH6 
UC14 + 4LiNEt2 - [ U(NEt2)4] - [ (CSHs)3UNEt2] + 3HNEt2 

(60) 

been obtained from cyclopentadienyl-deficient precursors1I8. In this case (equation 
61), these complexes are ligand redistribution by-products in the synthesis of 
[ (CSHS)~U(SR)~]  from [ (CSHs)2U(NEt2)2] (Section III.D.3). [(CSHS),U(SBu-r)] is 
similarly a by-product (5%) of reaction 61 when it is conducted in pentane, although in 
thf no redistribution occurs for this thio group118. 

[(CsHs)zU(NEt2)J + 2HSR - [ ( C S H S ) ~ U ( S R ) ~  f [(CSHS)~USR] i- HNEt2 
(61) 

3. Bis(cyc1opentadienyl)actinide dihalides and derivatives 

The synthesis of [(CSHS)2UC12] was reportedli9 in 1971 via the metathesis reaction 
normally used for mixed cyclopentadienyl halide complexes, namely the reaction of 
UCI4 and a cyclopentadienyl salt in the appropriate stoichiometry (equation 62). 

drne 

3 h. r.1. 
UC14 + 2TICSHS - [ (CSHS)2UCI,] + 2T1CI (62) 

However, subsequent studies101~109*12n indicated that the product of this reaction was 
not the expected [(CSH5)2UC12], but instead a mixture of [(CSHS)3UCI] and 
[ (CSHS)UC13(dme)] l 2 I  (equation 63). If the formally 8-co0rd ina te '~~  [ (CSHS)2UC12] 
did form, it was apparently unstable with respect to the lO-~oord ina te ' "~ . '~~  
[ (CSHS)3UCI] and the 8-coordinateIn1 [ (CSHSUCI3(dme)]. This rcaction demonstrates 
the importance of coordinative saturation in organo-f-element chemistry and the 
tendency of f-element reaction mixtures to undergo redistribution reactions to form 
products with higher overall coordinative saturation. 

dme 

3 h. r.1. 
2UC14 + 4TICsHs [(C5HS)3UCI] + [ (CSHS)UC13(dme)] + 4T1C1 

(63) 

The only report of a bis(cyclopentadieny1)thorium dihalide complex is the reaction 
of Th14 with Mg(CSH5)2 in the melt. which produced a compound 'which appeared to 
be [(CSHS)2Th12]'40. No other details were given, however, and this also may be a 
mixture of the tris- and monocyclopentadienyl complexes. Attempts to form 
[(CSHS)2NpC12] from NpCI4 and 2 equivalents of KCsHs formed only [(CsHs)4Np] 
and [ (CSHS)3NpCI], identified by Mossbauer ~pec t roscopy '~~ .  

Although [ (CSHS)2UC12] is apparently too coordinatively unsaturated to be stable, 
other complexes of general formula [ (~yclopentadienyl)~U(anion)~] can be obtained 
by increasing the sizc and/or coordination number of the ligands or by connecting the 
ligands with a bridging group. For example. the bis(diethylamid0) complex 
[(CSHj)2U(NEt2)2] is stable and can be obtained from the reaction of [U(NEt2)4] with 
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C S H ~  in pentane (equation 64)'IR. As onc of the only readily available 
bis(cyclopentadienyl)uranium(IV) complexes, [ ( C S H S ) ~ U ( N E ~ ~ ) ~ ]  is an important 
precursor for other members of this class of complexes. Reactions with substrates, HZ, 
which are more acidic than diethylamine, provide a general route to [(C5HS)2UZ2] 
complexes (equation 65). For R = r-butyl, reactions in thf form the pure bis(thio) 
derivative, whereas in pentane some ligand redistribution occurs to form the  more 
highly coordinated [(CSHS)~USBU-~] complex. For R = Et and C6H40H, the thio 
ligands are barely large enough to stabilize the bis(cyclopentadieny1) species, and 
reaction 65 results in  mixtures of [ (C~HS)~U(SR);I]  and [ (CSH~)~USR] .  The reaction 
of [ (CSHS)2U(NEt2)2] with diprotic species, such as o-mercaptophenol, catechol, 
ethane-1 ,2-dithiol and toluene-3,4-dithiol, forms complexes which may be bridged 
dimers (equation 66)Il8. 

[U(NEt2)4I + 2CSH6 - [ ( C S H S ) ~ U ( N E ~ ~ ) ~ ]  + 2HNEt2 (64) 

[ ( C S H S ) ~ U ( N E ~ ~ ) ~ ]  + 2RSH - [ (CSHS)~U(SR)~I  + 2HNEt2 (65) 

2[(CSHS)2U(NEt2)2] + 2HSCH2CHZSH - 
[ ( C S H S ) ~ U ( S C H ~ C H ~ S ) ] ~  + 4HNEtz (66) 

The complex [ (C5H5)2U(BH4)J has been reported'24 and found to contain 
borohydride ligands which are tridentate. Thiscompound is reportedly synthesized from 
[UC12(BH4)4] generated in siru in thf or dme (equation 67) or from the mixture 
formed from UC14 and 2TICSHS in dme (equation 68). In this latter case, the 

UC14 + 2NaBH4 - [ UC12(BH4)2] - [ (CSHs)2U(BH4)2] + 2TlC1 
- 2NaCl 2TlCsHs 

(67) 

2[(CSHS)2U(BH4)21 + 4NaCI (68) 

- 4llCI 4NaBH4 
2UC14 + 4TICsH5 - [(CSHS)3UCll + [(CSHS)UCh(DME)I - 
multidentate nature of the BH4 ligand may drive the redistribution reactions (which 
presumably are occurring) to the observed product. Crystals of [ (CSHS)2U(BH4)2] 
were obtained by sublimation at 60°C. The acetylacetonate complexes, 
[ (CSHs)2U(acac)2] and [ (C5HS)2UCl(acac)], and the poly-1-pyrazolylborate 
complexes, [ (C5HS)2U{ HB(C3H3N2)3}2] and [ (CSH5)2UCI{ HB(C3H3N2),}], are also 
know nE4. 

The alternative method to stabilize '[ (C5HS)2UX2]' complexes with respect to ligand 
redistribution reactions is to utilize substituted cyclopentadienyl groups, and this has 
proved to be one of the most important uses of substituted ring systems in f-element 
chemistry. Early attempts to make thc sterically bulkier and possibly more stable 
indenyl derivatives [ (C9H7)2UC12] and [ (C9H7)2ThC12] (equation 69) did not produce 
pure complexes, although mass spectral evidence for these species was obtained96. The 
synthesis of [ (C9H7)2U12] according to equation 69 subsequently has bcen reported, 
but only analytical data were presentedIn7. 

(69) 
I hf 

AnX4 + 2KCyH7 - [(CyH7)2AnX?] + 2KX 

Reactions of bridged dicyclopentadienyl ligands. LiCSH4QCSH4Li [ Q = CH2, 
(CH3)2Si, and CH2CH2CH2], with UC14 were examined in efforts to form 
bis(cyclopentadieny1) complexes in which the rings were tied together and thereby 
stabilized with respect to redistribution (equation 70)98. Instead of the desired 
monomeric product, [ {CH2(CSH4)2}UC12], a dimeric complex which had incorporated 
LiCl was formed. Although the uranium atoms in this pentane-soluble species were 



SO8 William J .  Evans 

thf 

- 7R"C 
2UC1, + 2CH2(CSH,Li)l - [ {CH2(C5HJ)2}.UzCI,1Li(thf)2 + 3LiCI 

(70) 

bridged by threc chloride anions. and the lithium ion interacted with four chlorides, 
this spccies reactcd likc a monomeric dichloride in substitution reactions (equation 
71). With Lcwis bases such as 2,2'-bipyridyl (bipy) and 1,lO-phenanthroline, 
monomeric base adducts, e.g. [{CH2(C5HJ)2} UCl,(bipy)]. wcrc formed')x. 

[{Q(CSHJ)z}lUICIS]Li(thf), + 4NaBHJ - 
2[{Q(C5HJ)2)U(BH~)21 + LiCl + 4NaCI (71) 

Although the bridged dicyclopentadienyl ligands provide access to 
bis(cyclopentadieny1)actinide dihalides, large-scalc synthetic utilization of this 
approach is inconvenient sincc high dilution conditions are sometimes necessary in 
order to avoid poIymcrizationlZh. Hence, subsequent cfforts to form stable derivatives 
of '(C5Hs)2UC12' avoidcd these bridged systcms in favour of sterically bulky 
cyclopentadienyl ligands. One intcresting approach was thc use of the carboranyl 
analogue of CsH5-, namcly C2BgHI12- (equation 72)12'. Ligand redistribution is not a 
problem in this case, since the tris- and tetrakis(carborany1) complcxcs not only would 
be sterically crowded but also would have an unfavourably high negative charge. In 
fact, reactions involvingexcessof CzBvH formed on ly  the bis(carborany1) product127. 

UCIJ + 2CzBgHll'- - [ (CzBgHI I)2UC1212- + 2C1- (72) 

A similar result was obtained using thc CSMe4Et ligand. Treatment of UCI, with 4 
equivalents of (CsMeJEt)Sn(ri- B U ) ~  in toluene at reflux forms only the 
bis(cyclopentadieny1) spccics cquation 73)12n. In contrast. C5HSSn(n-Bu)3 rcacts with 
UClJ to form [ (CsHj)3UCI] I , \ .  

tolucne 

120°C 
UCIJ + 2(CsMc4Et)Sn(n- B u ) ~  - [ (CSMe4Et)2UCIz] + 2 ( n - B ~ ) ~ S n C l  

(73) 

The most widely used synthesis of bis(cyclopentadieny1) actinide dihalides involves 
C5Mc5. a ligand which previously had proven to be extremely useful in early transition 
metal chcmistry17. This synthesis (equation 74). like cquations 72 and 73, forms the 

tolucne 

100°C 
AnCI, + C5Mcq - [ (CsMcS)zAnC12 J + 2CI- (74) 

bis species, [(C5Me5)zAnC12]. from an excess of cyclopentadicnyl reagent'. The 
synthesis has bccn reported for both U and Th using LiCjMc5 and the Grignard 
reagent (CsMeS)MgC1.thf7."'. Since the uranium derivative is less soluble than the 
thorium dcrivativc (an unusual situation), it has been proposed that t h e x  spccies have 
different structures"". Both are reportedly monomcric in benzene. however7. These 
[ (CsMe5)2AnCI~] complexes should be excellcnt prccursors and extensive 
derivatization is expected. These complexes have already provcn to bc valuable 
precursors to [ (C5Me&AnR2] and [ (C5Mes)2AnH2Jl complexes as  dcscribed in 
Section V. 

4. Cyclopentadien yl actinide trihalides and derivatives 

In contrast to '(C5H~)~UC12'. some mono(cyclopentadieny1)uranium trihalides 
appear to be stable with respect to disproportionation whcn isolated as oxygen base 
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adducts. Hence [(C5H5)UCI3dme]'" and [(CSHs)UX3(thf)2](X = C1, Br)"0.13" can be 
synthesized by metathesis using one equivalent of a cyclopentadienyl salt with a 
uranium tetrahalide in the appropriate solvent (equation 75). When 

t hf 
UXJ + TlCsHs - [CSHSUX3(thf)2] + TIX (75) 

[ UC14(f-BuCONMe2)2] and [ UC14(MeCONMe2)2.5] are used as precursors in 
reaction 75, the corresponding [ ( CSHS)UCI~(~-BUCONM~, )~]  and 
[ (CSHS)UC13(MeCONMe2)2] complexes are obtained in 85 and 70% yields. 
respectively. The analogous reactions involving [ UBr4(t-BuCONMe2)2] and 
[ U B I - ~ ( O P P ~ , ) ~ ]  fail, however, forming mixtures which contain [ (CSHS)3UBr]. 
Surprisingly, [ (CSH5)UBr3(r-BuCONMe2)J and [ (CSHs)UBr3(OPPh3)2] can be 
obtained in ca. 60% yield from [ (CjH5)UBr3(thf)2] by displacement (equation 76)"". 
Hence, not only the nature of thc anionic ligands and bases, but also the method of 
combination of these components is important in the synthesis of 
monocyclopentadienyl complexes which are marginally stable with respect to 
disproportionation. 

t hf 
[ (C5HS)UBr3(thQ2] + 20PPh3 - [ (CsH~)UBr3(0PPh3)2] + 2thf 

Stable monocyclopentadienyl complexes of other actinides have not been described. 
The reaction of one equivalent of KCSH5 with NpCI4 in thf was observed to form only 
[(CSHS)~NPI and [(CSHS)~NPCII I o 3 .  

Several substituted cyclopentadienyl actinide trihalide complexes are known, 
including [ (MeC5H3UC13(thf),] I " ' . '  [(CSMeSAnC13(thf)2](An = Th, U)27, 
[ (C~Me~)ThClddme) l  , and 
[(C9H7)AnX3(thf)2](An = Thl U; X = CI, Br)I3'. All of these were prepared by 
standard metathesis routes. The indenyl derivatives can also be prepared by ligand 
redistribution reactions (equation 77). Triphenylphosphine oxide, adducts of the 
indenyl species can be prepared by displacement of thf (equation 78) or from 
[AnX4(0PPh3)2] and NaC9H7. The OPPh3 adducts are unstable in thf at 30-40°C 
and when 10% pentane is added to a thf solution (equation 79)"'. 

(76) 

[ ( Cs Me 4E t ) U C1 ( RCO N R' 2) 23 84, 

I h f  
[ (CYH~)~UCI]  + 2 u c h  3[(C~H7)Ucldthf)21 (77) 

Ihf 

C0"C 
[(CgH7)AnX3(thf)zl + OPPh3 - [ (C~H7)AnX3(thf)2-,(OPPh3),,1 

n = l , 2  (78) 

3[(CyH7)AnX,(OPPh3)21 - 
[(CYH7),AnX] + 2[AnX4(0PPh3)2] + 2OPPh:, (79) 

Several examples of rnonocyclopentadienyl complexes in which thc halides have 
been replaced are known. When [U(NEt2)4] is treated with excess of C5Me5H, only 
the monocyclopentadienyl complex is formed (cquation 80)7. Substitution of one 

[U(NEt2)4] + CsMeSH - [(C5MeS)U(NEt2)3] + HNEt, (80) 

chloride in [ (CSHS)UC13(thf)2] can be effected by a p l y -  1-pyrazolylborate ligand 
(equation 81).13". [ (C5HS)UC12(acac)], [ (C~H~)UCl(acac)2].  and 
[ (CSHS)UCI{ HB(C3H3Nz)3} 2 3  are also knownE4. 

[ (CSH~)UCl3(thf)2] + K[ HB(C3H3N213J - 
[ ( C S H S ) U C ~ ~ {  HB(C3H3N2)jJI + KCl (81) 
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E. Trlvalent Actlnlde Complexes 

1 . Tris (c y clopen ta dien yl) a c tinides and derivatives 

As atomic number increases across the actinide scries. the trivalent oxidation state 
becomes relatively more stable with respect to the tetravalent state7*13. This trend is 
reflected in the trivalent cyclopentadicnyl serics in that the number of actinide metals 
for which trivalent cyclopentadienyl complexes have been reported is greater than the 
number of metals for which tetravalcnt cyclopentadienyl complcxes arc known. The 
trivalent syntheses for the actinides with higher atomic number are also chemically 
more straightforward. At present, [(CSH5)3An] complcxes have been reportcd for 
An = Th. U. Np, Pu, Am, Cm, Bkl and Cf. The most common method of synthesis is 
metathesis involving a cyclopentadienyl salt and thc actinide trihalide. For the earlier 
members of the serics, reductive methods using tetravalent precursors are equally 
common. 

For P u ’ ~ ~ ,  Am133, Cm134.13s Bk3-’. and Cf35. the solvent-free metathesis of the 
trihalide and Bc(C5H5); in  the mclt, conducted on a microgram scale, forms the 
desired complexcs in good yicld (equation 82). [ (CsH5)3Pu] can also be synthesized in 
thf solution using either Mg(CSH5)? or NaC5H5. Yields of 75% are reported for these 
reactions. which require 3 h and 10 days, rcspectivcly. Using the alternative 
tetravalent precursor CsJ PuC16]. [ (CSHs)3P~]  can be prepared in 75% yield from 
Mg(C5H& in thf in 2-3 min!I3”. 

70°C 
2AnCI3 + 3Be(CsH5)z - 2[(C5Hs)3An] + 3BeCI2 (82) 

The earlier actinide complexes, [(CsHs)3Np(thf)3] and [(CjHs)3U(thf)l3 can be 
obtained by potassium reduction of the appropriate [(C5HS)3AnCI] in thf at room 
tcrnperaturel0’. Li(Hg) can also be used as a red~ctant’~’ .  Solvent-free [ (CSHS)~U] 
can be prepared from the insoluble trivalent prccursor UC13 by rcaction with KC5Hs in 
benzene at reflux for long time (equation 83). but similar reactions in thf are 

not so straightforward. The  reaction of UCI, with KC5H5 in thf at reflux for 50 h 
reportcdly forms [ (CSHs)3U(OC4Hs)]13n, but the analogous reaction of UCI3 with 
NaCsH5 in thf at reflux for 3 days generates [(C5Hs)3U(OC4H9)l4, a complex formed 
by decomposition of thf. [ ( C S H ~ ) ~ U ( O C ~ H ~ ) ]  is also formed when UC13, generated in 
sirir from UCI4 and Na, reacts with KC5H5 in thf at reflux over a 5-day periodllS. 
[ (C5H5)3An(OC4Hq)] complexcs may also be formcd when [ (C5H5)3U(thf)] and 
[ (C5H5),Np(thf)3] decompose upon heating under vacuumlo3. The decomposition of 
thf in U3+ reactions may be less common in future syntheses which use the recently 
reported soluble precursor UCI3(thf)”’. This reagent may allow lower reaction tempera- 
tures and shorter reaction times. which may help avoid undesirable side reactions. 

An intcresting reductive synthesis of [(C5H5)3UJ is shown in equation 84. Potassium 
reduction of [(CsH5)4U] in benzene forms a colourlcss solution and what is believed to 
be uranium metal. Subsequent addition of [(C,H,),U] and heating at reflux for 3 
wecks forms [(C5Hs),U] in 43%) yield. Purification was effected by a 3-4-week 
Soxhlet extraction with benzene’3R. 
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The direct synthesis of [(CSHS),U] from C S H ~  and uranium metal has been 
described using uranium obtained by subliming Hg away from U(Hg). A 30% yield 
was reported for this room-temperature reactionY4. 

Two syntheses of [(CsHs)3Th] have been reported (equations 85 and 86). However, 
since the product of reaction 85  is violet and has p:i8 = 0.4 BMI4" and the photolysis 
product is green and has p:;: = 2.1 BMI4'. and since no structural data are yet 
available, the nature of these reactions remains open to question. The possibility that 
metallation of a cyclopentadienyl ring has occurred in reaction 85 to form a product 
such as [ (CSHS)3Th-CsH4Th(CSHS)2] has been discussed7, and is consistent with the 
low moment and quantitative hydrolysis studies7. The fact that photolysis of 
[ (C5HS),U(Pr-i)] forms [ (C5Hs)3U]7 supports equation 86 as written, but provides no 
guarantee that the thorium product ultimately isolated is truly [ (CSH&Th]. 

ClOH8 
[(C5HS)3ThCI] + Na - [(C5H5)3Th] + NaCl 

rhf (85) 

hu 
2[(C~Hs)3Th(Pr-i)] - 2[(C~H5)3Th] + C3H6 + C3H8 (86) 

C6H6 

Relatively few studies of tris(cyclopentadieny1)actinide , complexes involving 
substituted ring systems have been reported. The tris(indeny1) species 
[ (CgHT),Th(thf)] and [ (C9H7)3U(thf)] have been prepared for i.r. studies142. In 
contrast to the analogous [ (CSH5)3An(thf)x] coniplexes which decompose upon 
heating in vacuum, these indenyl thf solvates are stable to 220°C at TorrI4'. The 
synthesis of [(C9H7)3U] by reaction KC9H7 with UC13 and by reduction of 
[(C9H7)3UCl)] with LiC6H4CH3 has also been reported'43. [ (C9H7)3Np(thf)] has been 
synthesized for examination by Mossbauer spectroscopy"' [ (CH3CSH4)3Th] has been 
prepared photolytically according to equation 8614!. 

As indicated throughout this section, [ (CSHS)3An] complexes are usually isolated as 
base adducts when prepared in thf. In reactions similar to those of 
tris(cyclopentadieny1)lanthanide complexes, this thf can be displaced by other bases to 
form new adducts (equation 87). The  cyclohexylisonitrile complexes 
[(C5HS)3AnCNC6HII] have been prepared in this manner for An = U138, NP')~, Puy7, 
and Am97. /-Nicotine derivatives, [ (CSHS)3AnN2CloH14], have been similarly obtained 
for An = U138 and Pue7. 

pentane 
[(CSHS)3u(thf)l + CNC6HII - [(CsHS)3U(CNC6Hl 111 + thf (87) 

2. Bis(cyclopentadieny1)actinide halides and derivatives 

Only a few examples of trivalent bis(cyclopentadieny1)actinide complexes are 
known at present. [(C5H5)2BkCI] can be prepared from BkCI3 and Be(C5HS)2 in the 
melt using a 1:l ~ to i ch iomet ry '~~ .  [ ( c ~ H s ) ~ B k ]  is also formed in this reaction, how- 
ever, and differential sublimation did not allow complete separation of the two pro- 
ducts. The synthesis of [(CSH5)2ThCI] from [(CsHs)3Th] and NH4CI in thf has been 
reported, using, presumably, the violet variation of [ (CsHS)3Th] (see Section III.E.1). 
The brown complex was characterized only by metal analysisb.'. 

The most extensive series of trivalent bis(cyclopentadieny1)actinide derivatives has 
been obtained using the pentamethylcyclopentadienyl ligand145. The parent com- 
pound of the series, [ (CSMe5)2UCI]3, is trimeric, in contrast to the dimeric lanthanide 
analogues (Section III.A.2). It can be prepared in several ways from tetravalent pre- 
c u r s o r ~ ~ ~ ~  (equations 88-91). The trimer forms monomeric base adducts, 
[ (CSMeS)2UCl(base)], with pyridine, thf, diethyl ether, and trimethylphosphine. and 
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3[ (CSMes)2UC12] + 3Na(Hg) 
toluene 

- 3NaCI 1 
-3LiCI. organics 

3[ (CSMeS)2UC12] + 3r-BuLi 

tolucne. 25'C -1 
-312 H? 1 

~ [ ( C S M ~ S ) ~ U H ~ ] ~  + $[ ( C S M ~ S ) ~ U C I ~ ]  

reacts with alkali metals salts of bulky ligands to form monomeric alkyl (Section V) 
and amide (equation 92)  derivative^'^^. 

[(CSMes)2UCI]3 + 3NaN(SiMe& - ~ [ ( C S M ~ S ) U { N ( S ~ M ~ , ) ~ } I  + 3NaCI 

(92) 

IV. CYCLOOCTATETRAENYL COMPLEXES 

A. Trlvalent Laiithanlde Complexes 

Following thc synthesis of uranocene from UCI4 and KzC~HS in 1968 (Section 
IV.D), the reactions of lanthanide trichloridcs with K2CsH8 were investigatedIO and 
found to provide straightforward routes to two types of cyclooctatetraenyl lanthanide 
complexes. As in the case of cyclopentadienyl metathesis reactions (Section III.A), the 
stoichiornetry can be adjusted to provide homoleptic complexes (equation 93) or 
mixed cyclooctatetraenyl lanthanide chlorides (equation 94). As might be expected 
for these systems, the two types of cyclooctatetraenyl complexes described above can 
be readily interconverted (equations 95 and 96) and the bis(cyclooctatetraeny1) 

I h f  

LnCI, + 2K2CsHs - K[(C8H8)2Ln] + 3KCI (93) 

2LnCI3 + 2KzCRH8 - [CHHsLnCl(thf)2]z + 4KCI (94) 

K[(CtlH8)2Ln] + LnCI, - [C8HsLnCl(thf)2J2 + KCI (96) 

t hf 

[CSH8LnCl(thf),], + 2K?C8HH - 2K[(CsHH)2Ln] + 2KC1 (95) 

complexes, K[(CsH8)rLn], arc formed in reaction 94 as by-products. This side- 
reaction can be diminished by adding K&HH to LnC13 rather than vice versa. 
Separation of the two products is facilitated by the fact that K[(C8H&LnJ com- 
plexes are much more soluble in thf.  Yields of 36-7896 have been reported for 
equation 93 where Ln = La, Ce, Pr, Nd, Sm, Gd, and Tb'O, but the reaction fails for 
Ln = Eu and Yb owing to reduction to the divalcnt state146. The monochloride com- 
plexes [ CsHHLnCl(thf)212 have been obtained in 30-60% yield'47 according to equa- 
tion 94 for Ln = Ce, Pr, Nd, and Sm'O. The stability of these early lanthanide deriva- 
tives should be compared with that of the cyclopentadienyl monochlorides 
[ (C5HS)2LnC1]2. which are also formally 8-coordinate, but are not stable with respect 
to ligand redistribution for metals larger than Sm (Section II.A.2). Both 
[ C8HHLnCl(thf):]? and crystals of thf-solvated K[ (C8HH)2Ln] readily lose thf at atmos- 
pheric prcssure. Structural characterization of the cerium derivative of the latter com- 
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plex was possible only by recrystallization from diglyme, (CH30CH2CH2)20, which 
formed the ion-pair complex [ (diglyme)K] [ C s H ~ c e c ~ H s ] ’ ~ ’ .  

An alternative synthesis of K[ (C8H&Ln], specific to cerium, has been reported, 
involving the reduction of [ (CaHa)2Ce] (Section 1V.C) with potassiume5. 

A third general class of cyclooctatetraenyl-lanthanide complexes has been prepared 
using metal atom vaporization techniques. Co-condensation of La, Ce, Nd, and Er  
atoms with cycloocta-1,3,5.7-tetraene ( 1,3,5,7-CnH8) at - 196°C forms coloured mat- 
rices, which, upon warm-up and Soxhlet extraction with thf, yield crystals of composi- 
tion [ (CaHa)Ln(thf)2J [ (CsHs)zLn] (equation 97)’49. These complexes are similar to 
the [(diglyme)K][(CaH8)2Ln] ion pair cxcept that the lanthanide in the cation is 
displaced to one edge of the bridging CRHa2- anion’49, whereas the potassium is 
symmetrically located with respect to the CaHe2- ‘bridge’’ja. 

t hf 
2 L n +  3C8H8 - [(CeHa)3Ln21 - 

r (CeHa)Ln(thf)2l[ (CaHd2LnI (97) 

An alternative synthesis of [ (CRH&Ce2] has been reported (equation 98)85 which 
follows the procedure originally used to synthesize [ (CsHs)3Ti2]’So. The 
hydrocarbon-soluble isopropoxide [ Ce(OR)4](R = CHMe2) is the precursor in this 
reaction, which is conducted in cycloheptatriene as solvent. If this reaction is con- 
ducted in toluene for a longer period of time, an alkoxy-bridged aluminium bimetallic 
complex, [ (CaHa)Ce(p-OR)2AIEt2], is formed in 30% yield (equation 99)151. Using 
the pyridine adduct [ Ce(OR)4(CSH~N)] as precursor 2nd cycloheptatriene as co- 
solvent with toluene, an 85% yield can be obtained. The synthesis of [(CsHR),Sm2] 
according to equation 98 has been claimed in a patentIs2. 

110°C - 
0.5 h 

2[Ce(OR)4(ROH)] + IOAIEt, + 3C8H8 

[(CaH8),Ce2] + 10Et2410R + 2C2H6 + ‘8C7.H;’ (98) 

105°C 
[Ce(OR)4(ROH)] + 4A1E1, + C8Hn y 

[ (CaHH)Ce(p-OR)2AIEt~ + C2H6 + 3Et2AIOR + ‘3C2H;’ (99) 

The synthesis of neutral, mixed cyclooctatetraenyl-cyclopentadicnyl complexes 
[(CaHa)Ln(C5Hs)(thf)], has been reported according to equations 100 and 101 

[(CsHs)LnClz(thf)31 + KzCaHa - [(C~Hs)Ln(CsHs)(thf)] + 2KCI 

[(CaHs)LnCl(thf)2J2 + 2NaCsHS - 2[(CsHR)Ln(CsHs)(thf)J + 2NaCI 

The first method was used for Ln = Sm, Ho, and Er, whereas the second route was 
used for Ln = Nd since [(C5HS)NdC12(thf)3] is not available (Section III.A.3). Some 
ligand redistribution occurs in these reactions, since [ (CSHS),Ln] is a by-product. 
Attempts to make an analogous neutral complex, [ (CsH8)Ln(C9H~)], from the cyclo- 
nonatetraenide anion were unsuccessful, since the charge density in the ring was too 
diffuse to allow displacement of the chloride. This attempted reaction (equation 102) 
is actually the synthesis by which the [(CRHs)LnCl(thf)d2 complexes were first dis- 
~overed’~’ .  As expected, thc thf in [(CnH,)Ln(CsHs)(thf)] can bc readily displaced by 
NH3, C 5 H ~ N ,  and C N C ~ H I I  to form new base adducts15’. 

(100) 

(101) 

LnCI, + K&Hn + K C Y H ~  - [ (CaHa)LnCl(thf)21 (102) 
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Cyclooctatetraenyl complexes of praseodymium have been synthesized from 
cis.&-cycloocta-1 .S-diene (1 ,5-C8HI2) by reaction of the diene with the product of the 
reduction of PrC13 with 3 equivalents of potassiumls4. Although the analytical data 
supported the formation of complexes such ’ as K[(CsH&Pr]. and 
K[ (CsHs)Pr(C8Hl0)], the reaction was too complex to allow definitive structural 
characterization. The reaction did lead to the discovery of a convenient inexpensive 
synthesis of K&H8 from 1 ,5-CaH12, however”5 (equation 103). 

108°C 

4-5 days 
2K + 1,5-CsH12 - K2CsHs (103) 

(60% based on K) 

6. Dlvalent Lanthanlde Complexes 

The first cyclooctatetraenyl complexes oi the lanthanides were the divalent species 
[ Eu(CsHs)] and [ Yb(CsHs)], prepared by adding 1 ,3,5,7-CsHn to solutions of the 
metals in liquid ammonia156. The  compounds precipitate from the ammonia solution 
are insoluble in hydrocarbons and ethers. Soluble adducts are formed in pyridine 
and dimethylformamide, however. [ (C8Hs)Yb] has also been prepared by coconden- 
sation of Yb and CsHs at - 196°C’49. 

A most unusual Ce’’ complex, [ K(glyme)12[ (CsHs)2Ce], has reportedly been 
formed by reduction of [(CsH&Ce] with excess of potassium in glyme 
(CH30CH2CH20CH3) at 60°s5. The complex was characterized by i.r. spectroscopy 
and elemental analysis. 

C. Tetravalent Lanthanlde Complexes 

Two syntheses of the tetravalent cyclooctatraenyl complex [ (CsHn)zCe] have been 
reported (equations 10485 and 1O5Is7). but the physical propertics of the two sup- 
posedly identical products differ considerably. In the first case, a dark red-violet 
complex which decomposes in alcohol to form trienes, is formed in 65% yields5. In the 
second reaction, greenish yellow crystalline material, which is stable to water and 
soluble in hot acid, was reported to form in 64% yieldls7 (cf. Section 1II.C). 

CsHs 

1 h. 140°C 
[Ce(OR)4(ROH)] + SAIEt, 

[(CsHs)2Ce] + 5EtzA10R + C2H6 + ‘4CzHs.’ (104) 

(CsH6N)2[ CeCI6] + 2KzCsHs - [ (CsHs)2Ce] + 4KCI + 2C5H5N-HCI 

(105) 

D. Tetravalent Actinide Complexes 

Since the synthesis of the first cyclooctatetraenyl f-element complex, 
[ U(C8H8)2](uranocene), in 196815. considerable efforts have been made to extend this 
class of complexes to other actinide metals and to a wide variety of substituted cyclooc- 
tatctraenyl ligands. The original synthesis of uranocene by r n e t a t h e ~ i s ’ ~ ~ ’ ~ ~  is the most 
widely applicable preparative route to cyclooctatetraenyl actinide complexes in general, 
and recently has been described in detail in Inorgaaic S ~ ~ i t h e s i s ~ ~ ~ .  The dianion is 
generated from cyclooctatetraenc at low temperature and subsequently treated with a 
thf solution of UCI4 for at least 3 h (equations 106 and 107). The product can be 
precipitated with water, filtered and extractedI5 or, more simply, the thf can be 
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t hf 
1,3,5,7-C8HR + 2K - KzCSHs (1 06) 

UClj + 2KzCsH8 - [ ( C ~ H S ) ~ U ]  + 4KCl (1 07) 

- 30°C 

thf 

removed under v a c u ~ m ~ ' ~ . ~ ~ ~  and the product extracted directly. Soxhlct extraction 
with tolucne for 7-9 days provides 60-80%) yields. Alternatively, the product can be 
purified by sublimation at 140°C. but the yield drops to 35% using this method of 
isolation. The Thi6", Pa1h1*162, and N P ' ~ ~  analogues have been prepared in a similar 
manner. 

Uranocenc can be obtained from a variety of alternative uranium halide and 
cyclooctatetraenyl precursors via similar metathesis reactions (equations 108-1 15). 

(CSH5NH)2[ UC16] + 2KzCsH8 - [ (CsH8)rUI + 4KC1 + 2C5HSN.HCI 
(1 08)163 

[(CSHS)3UCI] + C8H7Bu2- - [ (CaH7Bu)2U] (1 09)'U 

[(CSHS),UBu] + CsH7Bu2- - [ ( C E H ~ B U ) ~ ~ ]  (1 lo)'@ 

[(C2BgHii)zUCIzI2- + K2caH13 - [(CSH8>2UI (1 11)'26 

UBr3 + 2K2CaHa - [(csHt~)zUI (1 121165 

UC14 + [ ( C R H ~ B U ) ~ T ~ ]  - [ (CSH~BU)~UI  (1 13)1- 

UCI4 + K[C~(C,HR)~]  - [(CSH8)2UI (1 14)'O 

UF4 + 2MgCRH8 - [(CSH8)2UI + 2MgF2 (1 1 5)Is9 

Some of these reactions wcre attempted in efforts to obtain products other than 
uranocene, and the fact that uranocene is the  preferred product emphasizes the 
stability of this moleculc. In other cases, ncw synthetic approaches to 
bis(cyclooctatetraeny1) complexes werc often tried initially with uranium because 
uranocene is so stable and relatively easily preparcd. [ (CRHR)2P~]  can be prepared by 
metathesis according to equation 108 in a reaction which is scnsitive to the cation in 
the plutonium precursor. The reaction succeeds starting from (Et4N)?[ PuCI~], but fails 
for cs2[Pucl6] and (C5HsNH),[PuCI(,]'63. The solvcnt free synthesis of equation 115 
has also been applied to thoriumIh1. 

A major alternative to the synthesis of uranocene by metathesis is the direct 
reaction of the metal with cyclooctatetraene. Several techniques have been used to 
generate the metal in a reactive form. Finely divided uranium powder, formed by 
repeatedly decomposing and regenerating uranium hydride, reacts with 
cyclooctatetracne at 150°C to form uranocene in 57%1 yield in 2.5 h (equation 116). 
The Th and Pu analogues could be prepared similarly.9s Interestingly, this reaction 
was found to be catalysed by mercury. A rclated synthesis (cquation 117) involves 

A 

U 

formation of reactivc mctallic uranium by sublimation of Hg from U(Hg). Uranium 
generated in this way is reported to react with cyclooctatctraene at room temperature 
ovcr a 4 h pcriod to form uranocene in 70% yieldy4. Uranoccne can also be generated 
from the 'activated uranium' formed by reduction of UCIJ with NaK alloy in the 
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presence of naphthalene in dimethoxyethanc for 24 h. This reaction produces a 35% 
yicld of uranocene in 2.4 h at 85°166. Finally, i t  has been reported that the product, 
formed when UCI4 is trcated with 4 equivalents of butyllithium and warmed to room 
temperature, reacts with cyclooctatetraenc to form uranoccne')'.'64. 

Metal vaporization techniques have also been used to synthesize uranocene by 
co-condensation of cyclooctatctracne and uranium atoms at - 1 96°C167~'". This 
method is not  preparativcly preferable, howcver. since thc relatively expensive 
cyclooctatetraene ligand is required in exccss and since uranium is difficult to vaporize, 
owing to its high heat of vaporization. Although uranium can bc vaporized by resistive 
heating'", heating by clcctron gun is prcferable'". Using this lattcr method. a yield of 
90% (based on mctal vaporized) has bccn claimed for uranoccne'". 

A large number of substituted cyclooctatetraenyl complexes havc been prepared 
primarily with uranium as the actinide metal. The only limitations on synthesis are the 
availability of the substituted cyc looc ta t~ t r aene '~~  ' w  and the possibility that the sub- 
stituted dianion will reduce the tetravalent actinide. Most preparations of substituted 
species employ thc original metathesis reaction of UCI4 with the cyclooctatetraenyl 
dianion in thf. The main difference is that the dianon is frequently generated from the 
substituted cyclooctatetracne with potassium naphthalide rather than potassium. This 
soluble reducing agent allows faster reduction and decomposition/polymerization of 
the cyclooctatetraene is more easily avoidcd17". Recently. an alternative synthesis of 
alkyl-substituted uranocencs has becn developed which uses cyclooctatetraene rather 
than substituted cyclooctatctracncs as a starting materiaIl6". In this reaction alkyl- 
lithium reagents are uscd to reduce cyclooctatetraenc to form dianions of monosubsti- 
tuted ring systems which can be used directly in uranocene synthesis (equation 118). 

4RLi + 2C8H, - 2LizCaH7R - [(CRH7R)2U] + 4LiCI 
- 2RH uc14 

(118) 
Over 20 uranium complexes ot monosubstituted cyclooctatetraenyl dianions. 

CsH7R2-. are now known where R = alkyl''.'7'.'72, arylI7', vinylI7', alkoxy17", alkoxy- 
carbonyl'", aminoI7", a lky lamm~nio '~~ ' ,  ~ i l y l ' ~ ~ .  and others'"'. [(C8H7Et)2An] and 
[(C8H7Bu)2An] are also known for An = Np and Pu'". In comparison, disubstituted 
cyclooc!atetraenyl complexes are relatively rarc. The complcxcs [ (C8H6R2)2U] are 
known only for R = f-BuI6' and for fuscd-ring ligands such as CHH6(CH2), ( x  = 2174, 
3'", and 4164). 1.3.5.7-Tetrasubstituted cyclooctatetracnyl uranocenes, 
[(CRH4R4)2An], have becn prepared for R = CH317' and FhI7". The lattcr complex, 
[(CaHJPhJ)2U], is interesting in that i t  is air stable, prcsumably because decomposi- 
tion pathways are sterically blocked by the eight phenyl groups*77. Thc tetramethyl- 
substituted complexes [ (C8H4Me4)?An] arc also known for An = Pa'7a, N P ' ~ ~ ,  and 
P U ' ~ ~ .  For the latter two metals. thc borohydride complexes [ An(BH4)4] have been 
used as precursors since they are morc soluble than the corresponding halides (equa- 
tion 119). This alternative metathesis precursor is especially valuable in the plutonium 
reaction since CRHJMe4?- reduces Pu4- halides to Pu3+ 175. 

[An(BH4)4] + 2KZCRH4Mc4 - [ (CaH4Me4)2An] + 4KBH4 (1 19) 

Indirect synthesis of substituted uranocenes can be accomplished via substitution 
reactions on thc ring (equation l2O)I7'' and by exchange with other dianions (equation 
121)'". Exchange with other uranocenes and with neutral cyclooctatetraene is not 
observed, however (equations 122 and 1 2 3 ' 9 .  

2MeI 2r-BuLi 
[(G3H7NMe2)2Ul - [ (C"H7NMe3' I-)?U] - 

[ (CKH7Bu-r)2U] + 2NMc3 + 2LiI (120) 
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[ (C8H7Et)2UI + 2C8H7Mc2- - [ ( C ~ H ~ M C ) ~ U ]  + 2CRH7Et’- (121) 

A 

diglyrne (123) [ ( C ~ H ~ B U ) ~ U ]  + CRHB - n o  exchange 

Since uranocenc is so stable, monocyclooctatetraenyl uranium complexcs analogous 
to mixed cyclopentadienyl chloride complexes are difficult to obtain. Recently the 
synthesis of some ‘half-sandwich’ monocyclooctatetraenyl actinide complexes has 
been discussed”’ using An = Th, since the formation of the more ionic thorocene is 
not as favoured (equations 124-126). A uranium derivative can be obtained analog- 

A 
ThC14 + [ (C*H7R)2Th] - thf 2[(C8H7R)ThCl2(thf)21 (124) 

thf 
[ (CsH7R)zThI + 2HC1 - [ (C8H7R)ThCIz(thf)z] + CLIHgR (125) 

[Th(BH4)4(thf)2I + KzCeH7R - E ( C E H ~ R ) T ~ ( B H , ) ~ ( ~ ~ ~ ) ) , ~  + 2 m H 4  

ously (equation 127) if KzC8H8 is added slowly. Fast addition forms uranoccne. These 
complexes should be exccllent precursors for a wide variety of monocyclooctatetraenyl 
derivatives. 

UCIJ + 2LiBH4 - - [(C8He)u(BH.1)dthf)21 (127) 
One  mixed cyclopentadienyl cyclooctatetraenyl derivative has becn synthesized by 

addition of [ (CSH5),UCI] to K2C8H8 at low temperature (equation 128; cf. equations 
109-110). The rather unstable complex loses C8H8 at 0°Ci73. 

(1 26) 

thf K2C8H8 

2[(CSH5)3UClI + K’C8H8 - [ {  ( C ~ H ~ ~ ) ~ U } ~ ( C B H B ) I  + 2KC1 (128) 

E. Trlvalent Actlnlde Complexes 

Bis(cyclooctatetraenyl) complcxcs of trivalent actinides, K[ (C8H8),-An]. analogous 
to thc lanthanide complexes described in Scction 1V.A are known for the later 
actinides, NpI8l, PuI8l, and Amla,-. a result expected based on the stability of the 
trivalent state for these metals. Actinide bromides and iodides were used as precursors 
in the metathesis synthesis (equation 129) since they are more soluble than the 
chlorides. For An = U, equation 129 forms uranocene rather than the trivalent pro- 
duc:. Attempts to reduce uranocene to M[(C8H8)2U] with K, NaK, and K C I O H ~  were 
unsuccessfulIgJ. Both K[(C8H8)2Np] and K[ (C8H8)2Pu] can be readily oxidized to 
[ (CRHH) 2An1. 

AnBr3 + 2K2CsH8 - K[(C8H8)2An](thf)2 + 3KBr (1 29) 

A mono-cyclooctatetraenyl neptunium complex, [(C8H8)NpI(thf),], has been pre- 
pared from thc reaction of equimolar amounts of Np13 and K2CsH8. A two-step 
mechanism (equation 130) is proposed based on colour  change^"^. 

-3KI 
2Np13 + 2KzC8H8 - K[(C8H8)2NPl + NPI3 - 

2[(c8H8)NPI(thf)ll + KI (130) 
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V. COMPLEXES CONTAINING METAL-CARBON SIGMA BONDS 

A. Homoleptlc Lanthanlde Complexes 
The synthesis of homoleptic lanthanide complexes can be accomplished by the same 

gcneral methods discusscd in prcvious sections. Metathcsis reactions with LnCI, and 
reactions involving the elemental metal have been used with nearly equal frequency in 
the synthesis of this class of complexes. Although efforts to form complexes containing 
lanthanide metal-carbon single bonds started as early as 193518j, it was not until 
l972lg5 that complexes were obtained which werc sufficiently tractable to allow 
crystallographic identification of a Ln-C linkage. The early attempts to make 
a-bonded species included the reaction of lanthanum metal with (a) methyl radicals 
formed by decomposition of [ (CH3)4Pb]18j, (b) diphenylmercurylR6, and (c) iodo- 

The reaction of LaC13 with LiC6Hs, LiCH3. and CIHSMgBr was also 
invcstigatedls6. This research was hindered by the fact that the largest lanthanide, 
lanthanum, was used instead of a smaller metal which would have been easier to 
stabilize by coordinative saturation (Section 11). Thc synthescs werc aiso hampered by 
lack of effective coordinating bascs such as thf and tetramethylethylenediamine 
(tnieda). The rcaction o f  LaC13 with C6HsLi was reinvestigated in 1969 using thf as the 
solvent and found to form an insoluble material formulated as Li[ La(C6H5)J by metal 
analysis". A similar result was obtaincd for praseodymium. The reaction of MeLi with 
LaC13 in thf was also reported, but the insoluble product, thought to be 
[ La(CH3)3(thf),,], could not bc positively defined9. Howcver, when this metathcsis 
approach was extendcd to the smallcst member of the scries, lutctium. and to a bulkier 
organic group, 2.6-dimethylphenyl, a purc, crystalline complex was obtaincd (eyua- 
tion 131), which was shown by X-ray crystallography to have four metal aryl bonds in 
a tetrahcdral geomctryIa5. This reaction clearly demonstrates the importance of 
saturating the coordination sphere of ihe metal. An anionic tetrakis species is prefer- 
entially formed in this reaction instead of a neutral tris complex. Although thc iso- 
structural ytterbium analogue was also reported, crystalline material was not obtainable 
by using largcr metals, such as erbium, or by using unsubstitutcd phenyls26. 

t hf 

- 78°C 
LnCI3 + 4LiC6H3Mc2 - [Li(THF)*][ Ln(C6H3Me2)4] + 3LiCl 

(131) 

Equation 131 constitutes a general method for synthesizing a variety of homoleptic 
lanthanide complexcs providing the metal is small enough and the ligand large cnough. 
In rccent years. scveral classes of homoleptic lanthanides have been obtained in this 
way. The reaction of LnCI3 with LiCH2SiMe3 is intcresting because it occurs in stcp- 
wise fashion forming both thc neutral tris and anionic tetrakis specicslw'yO (equations 
132. 133; 11 = 2 and 3). The neutral complexes. which have been reported for 

LnCI, + 3LiCHzSiMe3 - [Ln(CH2SiMc3)3(thf),,] + 3LiCI (132) 

[ Li(thf),][ Ln(CH2SiMe3)4] (1 33) 

Ln = Tm. Tb, Er (25-3094, yield), Yb, and Lu, arc soluble in hexane and stable to 
CH2C12. Thesc spccies reportedly lose SiMe., aftcr several days in pentane at room 
tcniperaturc and form insolublc polymers. A mechanism involving a-hydrogen elimi- 
nation and formation of bridging CHSiMe3 groups has bccn proposcd"" (cquation 
134). Rcaction 132 could not be extended to Sm, Tb, and Dy owing to this proposed 
a-climination. LaCI, and NdC13 reportedly did not  react under thc conditions used 

[ Ln(CH2Sihle3)3( thf),] + LiCH2SiMe3 - 
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[ Ln(CH2SiMe&(thf),] - [Ln(CH2SiMe3)(CHSiMe3)In + 2thf + SiMe4 

5 19 

(134) 
successfully for the later lanthanidesInY. The anionic complexes (equation 133) 
reported for Ln = Er, Yb, and Lu are insoluble in hexane, form oils in toluene and 
react vigorously with halogenated solvents. The thf which solvates the lithium can be 
replaced by tmeda or Et2O. When the ether-solvated lutetium complex 
[ Li(Et,O),][ Lu(CHzSiMe&] is placed in benzene, slow dissociation to the neutral 
[ L L I ( C H $ ~ ~ M ~ ~ ) ~ ( E ~ ~ O ) ~ ]  is observed by n.m.r. spectroscopy. Over a period of 1 
week SiMe4 is observed to form and the formation of anionic species such as 
Li[ Ln(CH2SiMe3)2(CHSiMe,)J and { [ Li(thf),] [ Ln2(CH2SiMe3)2( CHSiMc3) 
(CSiMe3)]}. has been postulatedIY0. 

The reaction of LnCI3 with the bulkier trimethylsilyl reagent LiCH(SiMe3)z takes a 
different course18' (equation 135; Ln = Er. Yb) than that observed for LiCH2SiMe3 
(equations 132 and 133). The  hexane-soluble products, [ Er{CH(SiMe3)2}3CI]-, could 
not be converted to [ Er{CH(SiMe3)2j4]- by adding LiCH(SiMe3)2. but upon heating 
the chloro derivative in hexane, a ligand redistribution reaction occurs to form the 
homoleptic anion, [ E ~ ( C H ( S ~ M C ~ ) ~ } ~ ] - .  and presumably Li[ErC14]188. 

LnCI, + 3LiCH(SiMe& - [ Li(tho4][ Ln{CH(SiMe3)2}3C1] + 2LiCI 

(135) 
The trimethylsilyl ligands CH2SiMe3 and C H ( S ~ M C ~ ) ~  were chosen not only because 

they were sterically bulky, but also because they lacked hydrogen at the /?-position. 
The &hydrogen elimination reaction, a common mode of decomposition of transition 
metal alkyl complexes (equation 136), was thereby precluded. This precaution, 

CH3CHR2+[M(CH2CHR2),-2] - etc (136) 

although important in transition metal chemistry, is not necessarily a dominant consi- 
deration in lanthanide chemistry as demonstrated by the successful synthesis of the 
r-butyl complexes, Li[Ln(r-C4HY)4(thf),]191 (equation 137. Ln = Sm, Er, Yb, Lu; 
I I  = 3,4), which contain 36 /?-hydrogen atoms. Not only arc these complexes stablc 
enough to be isolated with the later lanthanides, but the series can even be extended to 
samarium. The complexes are isolated in 50-75% yield and can be purified by recry- 
stalluation from thf/hexane. A strong coordinating base such as thf or  tmeda is essen- 
tial in order to avoid oils. The anionic tetrakis species is the prcfen-ed product regard- 
less of reagent stoichiometry. Attempts to obtain the neutral tris species with 3 equi- 
valcnts of r-C4H9Li have been reported, but pure lithium-free products were not 
obtainedIg0. The alkoxy complexes L n ( 0 - t - B ~ ) ~  have been used as alternative precur- 
so rs yo. 

[ M(CH2CHR2),,] - CH2=CR2 + [ HM(CH2CHRz)n - I I - 

LnCI, + 4r-BuLi Li[ Ln(r-B~)~(thf) , ]  + 3LiCl ( 1  37) 

The least thermally stable member of this homoleptic r-butyl series, 
Li[Sm(c-B~)~(thf)~] .  decomposes at 40°C over a 16-h period to form 3.25 equivalents 
of 2-methylpropane"'. Thc fact that equal amounts of 2-mcthylpropene and 
2-methylpropane arc nor formed suggests that /?-hydrogen elimination (equation 136) 
is)lor the preferred mode of decomposition. This is a clear example of thc potential of 
the lanthanide metals to display unusual organometallic reactivity. 

Isolable. homolcptic, methyl lanthanide complexes have also been obtained by thc 
metathesis route by conducting the synthesis in the presence of tmeda'"' (equation 
138, Ln = Er. Yb, Lu). The  crystalline products were formed in 30-40% yield. 
Interestingly, the preferred product is a trianionic species containing six methyl 
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groups. The formation of this highly charged species again emphasizes the importance 
of coordinative saturation in lanthanide chemistry. The reaction of CH3Li with ErBr3 
is thought to form [ErMe3(thf),] and [Li(thf),][ErMe,], but the highly reactive 
products were no t  fully characterizediY1’. 

LnCI3 + 6MeLi + 3tmeda - [Li(tmeda)13[LnMe6] + 3LiCI (138) 

Another interesting series of formally 6 coordinate alkyl lanthanide complexes, the 
phosphorus ylide complexes [ Ln{ (CH2)2PMe3}3], has been prepared by a less direct 
route’93 (equations 139 and 140). These coordinatively saturated, chelated species 
have been reported for Ln = La, Pr, Nd. Sm, Gd. Ho. Er, and Lu. 

LnC13 + Me3P=CH2 - [ Ln(CH2PMe3)3]C13 (139) 

CH2\ 
+ 3LiCI + 3BuH [ L4CH2’Me2)3 (140) 

[Ln(CH2PMe3)3]C13 + 3BuLi - 
Acid-base metathesis can also be used to form homolcptic lanthanide complexes’Y4 

(cquation 141). Thc I-butyl complexes Li[ Ln(r-Bu),(thf),,] are particularly useful 
precursors in this reaction since they are formed from the readily available r-BuLi, 
they arc easily purified and they are fairly reactive. The homolcptic alkynides 
Li[Ln(C=CR),(thf)] are formed in nearly quantitative yield for R = C6H5,n-Bu. and 
I-Bu and Ln = Sm. Er. and Lu. This approach provides a convenient chloride free 
synthesis of homolcptic complexes1Y4. This route should be especially important when 
the formation of stablc niixed alkyl chloride species is a complicating factor in 
homoleptic lanthanide synthesis (equation 135). 

Li[ I-n(r-Bu),(thf),,] + 4HCECR - Li[Ln(CECR)4(thf)] + 4r-BuH 

(141) 
Although the initial attempts to use elemental lanthanum metal ,to form 

organolanthanides were unsuccessful, subsequent efforts with smaller metals have 
allowcd Ln-C bond formation. This approach has been most commonly used with 
those elements with the most accessible divalent states. Ytterbium and europium react 
with alkyl and aryl iodides in thf at -15°C to form brown solutions which exhibit 
Grignard b e h a v i o ~ r ~ ~ ~ ~ ~ ~ ~ .  Magnetic susceptibility measurement on the products of the 
reaction of MeI. EtI, C6H51, o-MeC6H41. 2.6-Mc2C6H31, and 2,4,6-Me3Ct,HzI with 
ytterbium indicated that 7-1796 of the metal was oxidized to Yb3+, i.e. the bulk of the 
metal was divalent. For europium, which has a more stable divalcnt state, almost all 
the metal was divalent. Samarium was much less reactive with EtI and PhI, and it was 
necessary to add iodine to initiate the reaction. The products were reported to be 50% 
divalent and displayed near i.r.-visible spectra very similar to [ Sm12(THF),]’81. 
Cerium reacts rapidly with RI to form dark solutions and appreciable amounts of 
precipitate. The products were observed to have a Ce:I ratio of 1 : 1.5. consistent with a 
mixture of [K2CeI] and [RCe12] or [R3Ce] and Ce13. Lanthanum was observed to 
form considerable amounts of La13 when treated with RI. The yield of soluble 
organolanthanum iodide complexes was estimated to be only 25%. I t  is not surprising 
that no pure complexes were isolated in these studies, since there was no easy route to 
coordinatively saturated complexes. Although ligand redistribution could have 
allowed the formation of known stable anions. e.g. [Yb(2,6-MezC6H3),]-, the only 
available countcr cations, Yb3+ and Yb”. were evidently not suitable for overall 
stabilization of such a salt. 

A clcaner synthesis of Ln-C bonds starting with elemental mctals is the 
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thf 
Yb (C6FS)2Hg 7 [(C6Fs)zYb(thf)d + Hg (142) 

transmetallation reaction19' (equation 142). The orange crystalline pentafluorophenyl 
complex [ (C6Fs)zYb(thf),] can be obtained in 29% yield in this manner. This complex. 
which is isolated by cooling a thf/alkane solution, has only moderate thermal stability, 
decomposing in 48 h at room temperature. Tetraflurophenyl complexes prepared 
similarly are less stable. Neither ( C ~ C I S ) ~ H ~  nor (C6HS)2Hg was observed to react with 
ytterbium'". Analogous transmetallation reactions using europium and samarium and 
also other organomercury compounds have been studied in solution'98, but isolable 
products were not obtained. The reaction of europium metal with (C6FS)2Hg required 
excess of mercury to initiate the reaction. Attempts to obtain crystals from the green 
solution of the bis(pentafluoropheny1) complex of this larger mctal were unsuccessful. 
Analogous samarium reactions were more complex owing to fluoride abstraction and 
oxidation to the trivalent state'98. 

The reaction of ytterbium metal with Hg(C3CPh)? forms an isolable alkynide 
complex, [Yb(C=CPh)z], which can also be obtained by acid-base metathesis from 
[(C6Fs)2Yb(thf)4]'99 (equation 143). A 22% yield was observed in the 
transmetallation reaction. A 41% yield was reported for reaction 143, although the 
product was described as less pure than the transmetallation product. 

[(C,F,),Yb(thf).J + 2HC=CPh - [(PhCEC)aYb] + 2C6FsH (143) 

Europium metal in liquid ammonia has been reported to react with propyne to form 
the alkynide [ E u ( C ~ C C H ~ ) ~ ] .  In the case of ytterbium, the reaction does not allow 
the isolation of a pure compound owing to the presencc of substantial amounts of 
amide by-products presumed to be [ Yb(NH2)2]. Only  traccs of amide were found in 
the europium product2"". 

Divalent alkynides can also be obtained by the metal vaporization method2" 
(equation 144). Co-condensation of ytterbium vapour and hex- 1-yne does not simply 
form thc divalent insertion product, [ HYbCECBu]. however. since the two purple 
products isolatcd from this reaction have alkynide to hydride ratios (determined by 
elemenial analysis and decomposition with D 2 0 .  CC14, and Me3SiCI) which are 
greater than or equal to 3. Trivalent species are also formed in this synthesis as 
by-products (8-1 5%). Consistent with the presence of hydride, the alkynide hydrides 
arc precursors to catalysts for hydrogenation of unsaturated hydrocarbons. 

Yb + HC-CBU - '[Yb2(C=CBu)3HIn' (144) 

B. Heteroleptlc Cyclopentadlenyl Lanthanlde Complexes 

The most common method for synthesizing mixed-ligand lanthanidc coniplcxes 
containing cyclopentadienyl groups and a-bonded carbon species is the metathesis 
reaction (equation 145). discussed earlier as a method of forming [ (CSHS)2Ln(anion)] 

- 78°C 
[(CsH5)2LnCI] + RLi - [(C5H5)?LnR] + LiCl 

thf 

complexes (equation 21). Lithium reagents arc most commonly uscd in this synthesis. 
which is initially conducted at low temperature to minimize decomposition of thf by 
the lithium reage11t202.~03. The products are typically purified by arene extraction and 
can be isolatcd as cither alkyl bridged dimers, e.g. [ (CSHs)2YbCH3]~2"4, or thf 
solvates. e.g. [(C,Hs)rLu(r-Bu)(thf)]2ns. Both structures havc been confirmed 
crystallographically. Since the unsubstituted cyclopentadienyl precursors are known 
only for thc later lanthanides (Section 111.2). and since complexes of the later 

(145) 
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lanthanides are more coordinatively saturated and hence more stable and tractable, 
most syntheses have involved those metals. The following combinations have been 
used successfully with equation 145: R = CH3, Ln = Gd, Er, YbZo6, L u ~ ~ ;  R = C6H5, 
Ln = Gd, Er, Yb206. R = C=CC - 6H5, Ln = Gd, Er,  Yb206, R = CH2SiMe3, Ln = Sm, 
Er, YbI9('. Yields of 40-50% are obtained. The r-butyl complexes 
[(C5H5)2Ln(r-Bu)(thf)] can be obtained via reaction 145 for Ln = Er and Lu, but the 
rcaction with ytterbium fails owing to reduction of [ (C5H5)2YbCI] to [ (C5H5)2Yb] by 
~ - B u L ~ ~ ~ .  The prcparation of [ (C~Hs)~Yb(r-Bu)l from [ (C5H~)2Yb(O-r-Bu)] and 
r-BuLi has been claimed, howeverlgn. The monocyclopentadienyl dialkynide complex 
[(C5H5)Ho(CECC H 4 has been prepared according to equation 145 starting from 
[ ( C , H , ) H 0 C l ~ ( t h f ) ~ ~ ( 8  The synthesis of the ccrium(1V) derivatives [(C5H5)3CeR] 
and [(CgH7)2CeRz] by similar metathesis reactions using RLi or RMgBr has been 
chimed for R = CH3, C2H5, C6H5, CH&H5. and C~HSCO'I (See Section II1.c). 

A second method for the formation of [(C5H5)2LnR] complexes is the 
decomposition of bridged alkylaluminum complexes [ (C5H5)2Ln(p-R)2A1 R2]2n7 
(equation 146) with ~ y r i d i n e ~ ~ ~  (equation 147). The bridged aluminum complexes 

[(CSHS)2LnC1]2 + 2LiAIR4 - 0°C 

toluene 

+ 2LiCI (146) 
'R' 'R 

~ [ ( C ~ H S ) ~ L ~ R I ~  + [A~R~(CSHSN)I  (147) 

have been prepared for R = CH3 and Ln = Gd, Dy, Ho, Er, Tm, and Yb in 45-78% 
yield and for R = C2H5 and Ln = Ho. The pyridine decomposition has been used to 
generate [(CSH5)2LnCHJ2 for Ln = Dy, Ho, Er, Tm. and Yb in 80% yield. 

Mixed cyclopentadienyl a-bonded complexes can also be obtained in suitable cases 
by acid-base metathesis starting with the tris(cyclopentadieny1) complexes (equation 
148). This method has the advantage that it is halide free and that the lanthanide 

[(CSH5),Ln] + H R  - [(CsH~)d-nRl + f(C~H6)z (1 48) 

precursors are available for the early members of the series. The synthesis of the 
sparingly soluble complexcs [ (C5H&NdCN] and [ (C5H5)2YbCN] using this approach 
with HR = HCN has bccn reported2"'. Thc synthesis of [(C5H5)2Yb(C=CR)]x 
(R = n-C6HI3, n-C4H9, C6HI1,  C6H5, and CSH4FeC5H5; x = 2.5-3) has been 
accomplished in 60-80% yield using terminal alkyne reagents. For neodymium, the 
latter reaction is more complex, however, and the products have not been definitively 
ider~t i f ied?~~.  These alkyne reactions arc unusual in that the product, CSH,, is a 
stronger acid than the precursor, HCGCR, which formally loses a proton in the 
re act ion. 

A fourth synthetic method for the formation of [(C5H5)?LnR]2 complexes is the 
acid-base m e t a t h ~ s i s ' ~ ~  (equation 149), which starts from [ (C5H5)2LnCH3]2. This 
synthesis, like reaction 148, has the advantage of being halide free. In addition, since 
CH4 is volatile. by-product separation is particularly easy. Since CH4 is such a weak 
base. the reaction is favoured as written for most HR reagents. A yield of 85% has 
been observed for reaction 149 for Ln = Er. [(CH3C5H4)2YbC-CCMe3]2 can be 

[(C5HS)2LnCH3]2 + 2HC=CCMe3 - [ (C5H5),LnC=CCMe3]2 + 2CH4 
t h f  

(149) 
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similarly preparedlY4. The erbium product [ (C5H5),Er(C-CCMe3)], is interesting in 
that it maintains its dimeric alkynide-bridged structure even when recrystallized 
from tht?OS. This dimer is only sparingly soluble in toluene, in contrast to the readily 
soluble [(C5H5)2ErCH3]2. As a result. this is a case where reaction 149 is synthetically 
preferable to the alternative route, the reaction of [ (C5H5)2ErC1]2 with LiCECCMe3 
(equation 145), which requires separation of LiCl from [ (C5H5)2Er(CECCMe3)]2 by 
arene extraction. Both syntheses require two steps starting from HCGCCMe3 and 
[(C5H5)2ErC1]2. but it is easier to separate LiCl from the [(C5H5)2ErCH3]2 
intermediate than from the final alkynide product. 

C. Homoleptir Actinide Complexes 

In contrast to homolcptic alkyl lanthanide complexes, actinide complexes of this 
type are not very thermally stable and few have been isolated and definitively 
characterized. As a result of this apparent thermal instability, the reaction mixtures 
formed in these synthetic attempts are complex and arc not easily analyscd. This has 
led to disagreements concerning the actual course of these syntheses and, 
consequently, homoleptic actinide chemistry is one of the more controvcrsial areas in 
organo-f-element chemistry. Most synthetic approaches have involved metathesis 
reactions. 

The most stable neutral complex of this  class is the thorium specics 
[(C6HsCH2),Th]. prepared from [ThCI,(THF)3] and benzyllithium at -20°C 
(equation 150). Although the complex is stable enough to be handled at room 

temperature, it must be stored at temperaturcs below 0°C to prevent 
decomposition”0. This complex may h a w  enhanced stability compared with the othcr 
actinide alkyls discussed below because the benzyl ligands may have more than a 
simple a-bonded interaction with the  metal. The analogous tctrabenzylzirconium and 
-hafnium complexes have distorted structures in which a weak interaction between thc 
aromatic ring and the metal has been postulated2”. 

In contrast to the synthesis of other organo-f-element complexes. the conditions 
necessary for successful synthesis of [ (C6H5CH,),Th] cannot bc varied too greatly. 
The complex could not be obtained in pure form using C6H5CH2MgCI or 
(C6H5CH2)2Mg and, if reaction 150 is conducted at room temperaturc, a differcnt 
complex is obtained. The product under thc latter conditions was formulated as 
[(C6HSCHz)3Th(thf)] on thc basis of metal analysis, but no evidence for Th3+ was 
found. Conscquently, tetravalent formulations involving mctallated phenyl rings were 

Alternative structures in which thf is metallated also seem plausible 
considering the reported instability of ThCI, in thfaV. 

Attempts to prepare simple uranium alkyls datc back to efforts during the 
Manhattan project in I941 to make complexes such as [(CH3)4U]’-1’-. In retrospect, 
four methyl groups seem insufficient to saturate the uranium coordination sphcre and 
provide a stablc complex. Attempts to forni 2.6-dimethylphcnyl uranium complexes 
related to the stable [(3,6-Me2C6H3)4Ln] - complcxcs (Section V.A) were also 
unsucccssful. Thc reaction of the bulky LiCH2SiMc3 with UC14 was 
reported to form a petroleum-soluble but isolable complcxcs were not 
obtained214. An attempt to form a benzyl uranium complex analogous to thc thorium 
complcx discussed above led to a magnesium-containing complex of unknown 
structure instead2I5 (reactim 15 1). 
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An extensive study of the metathesis reaction of UC14 with alkyllithium reagents has 
becn conducted in order to understand the decomposition of alkyl actinide 
complcxes2’a (equation 152; R = Me, n-Bu, r-Bu, i-Pr. 2-butenyl, neopentyl). No 

-78°C 2 5°C 
UCI4 + 4RLi - [RJU] - organic products + U (152) 

efforts were made to isolate the putative alkyl products, which were unstable at room 
temperature. When the alkyllithium reagent contained a P-hydrogen atom, the organic 
decomposition products were the appropriate alkane and alkene consistent with a 
/?-hydrogen elimination reaction (e.g. equation 153). The amount of alkane formed 

UClj + 4t-BuLi [r-Bu4U] - Me3CH + Me2C=CH2 
prntane 25°C 

77% 22% 96 h 

(153) 
was often higher than expected, however, suggesting that other reactions were 
occurring. The possibility of an alternative decomposition route is further supported 
by the fact that alkyls lacking P-hydrogen atoms decompose to form the corresponding 
alkane (equation 154). The solvent was proposed as the source of hydrogen. Although 

hexanc 55°C 
UCI4 + 4MeLi - [Me4U] CH4 

98% 
(154) 

the intermediate actinide alkyls in all these reactions were regarded as R4U 
complexes, the presence of additional halide or solvent coordination could not be 
excluded2I6. Since r-BuLi is known to reduce U4+ to U3+ 145, it  is possible that U3+ 
rather than U4+ is involved in some of these reactions, which further complicates 
attempts to make mechanistic conclusions. 

The presence of tetrakis(alky1) complexes in reaction 152 was subsequently 
challenged in a study which claimed [ R6Ul2- complexes were the dominant species214 
(equation 155). Anionic hexakis(alky1) uranium complexes were claimed for 

EtZO 
Uc14 + 6RLi - [Li(OEt2),12[ R(,U] + 4LiCI (155) 

R = CH,, CH2SiMc3, C6H5, and o-C6H4CH2NMe2 based on Li:U ratios and 
hydrolytic analysis of the alkyl ligand and the coordinating base, which could be E t20 ,  
thf, or tmeda. Accurate C and H analyses could not be obtained for these complexes, 
which decompose between -20 and 35°C. As expected, the complexes of the smallest 
ligand. methyl, are least stable. The reaction of 4 equivalents of MeLi with UC14 was 
repeated, and a 45% yield of [Me6UI2- and 50% recovery of unreacted uclj were 
claimed. Details of this work have also been ~ h a l l e n g e d ~ . ~ ” .  

The reaction of the pentavalent [ U2(OEt)10] with alkyllithiurn reagents forms com- 
plexcs which call be stabilized by dioxane and are formulated as Li,[ UR8(dioxane)3]2’J 
(equation 156. R = Me, CH2CMe,, CH2SiMe3). Since thc methyl complexes are the 

alkane dioxanc 

- 70°C 
[U2(0Et)l0] + 16RLi - - 2Li3[ URs(C4Hs02)3] + lOLiOEt 

(156) 
most stable in this series, these octakis(alky1) complexes are apparently coordinatively 
saturated. Attempts to make analogous octakis(alky1) complexes of tetravalent 
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uranium, [ RsU]‘-, were unsuccessful. The reaction of hexavalent [ U(OPr-i)J with 
alkyllithium. Grignard, and alkylaluminum reagents fails to generate a-bonded 
species. Instead, adducts such as [ U(OPr-i)6(LiMe)3] are formed, in which each 
lithium may interact with two alkoxy oxygen atoms2I4. 

The synthesis of [ U(CF3)4I and [U(CF&] by reaction of uranium halides with CF3 
radicals, generated from C2F6 by plasma discharge, has been described in two patent 
claims”’. 

D. Heteroleptic Cyclopentadlenyl Actlnlde Complexes 

1. Unsubstituted cyclopentadienyl derivatives 

Sigma-bonded actinide complexes containing cyclopentadienyl rings are much more 
stable than the honioleptic systems described above and, consequently, these com- 
plexes have been investigated more extensively and definitively. The stability of these 
heteroleptic alkyls is presumably due to the tricoordinate nature of the cyclopen- 
tadienyl rings, which allows coordinative saturation of the metal centre. Experiment- 
ally, i t  is found that three unsubstituted rings or two permethylated rings provided the 
necessary stc ric bu I k. 

The predominant member of this class of complexes, [(CSHs)3UR], most commonly 
is prepared by metathesis using [ (CSHS)3UCI] and an organolithium reagent”Y-222 
(equation 157). Purification is effected by Soxhlct extraction with alkanes and arenes. 

Ihf 

- 78°C 
[(CSHJ)3UCI] + RLi - [(C5HS),UR] + LiCl (157) 

Yields of 20-90% have been reported for a wide variety of R groups, including Me, 
i-Pr. ~ I - B u ,  r-Bu. CH2CMe3, CH2C6HS, C6HS, CGFS, C E C H ,  CH-CH2 and 
C S H ~ F ~ C S H S .  OrganosodiumLL2 and Grignard reagentsLIY can also be used in this 
reaction. When the alkyllithium reagent in equation 157 is the ylide precursor 
L ~ ( C H ~ ) ~ P ( C ~ H S ) ~ .  the complex [ (C5HS)3U{CHPMe(C6HS)2}] is formed222. If  2 equi- 
valents o f  Li(CH2)2P(C,Hs)2 are added to [(CSHs)3UCI], the uranium centre loses 
CSHS.- and a dimeric bis(cyclopentadieny1) complex, [(CsHs)2U{(c(-CH)(CH,)- 
P(ChH~)~}U(C,HS)2], results223. A 3: 1 ratio of RLi to [(CSH5)3UCI] generatesa mono- 
cyclopentadienyl ylidc complex [ (C5HS)U{(CH1)2P(C6H5)1}3]”’. 

Using bifunctional organolithium reagents such as [ (LiCSH4)2Fe]tmeda and 
p-LiC6H4Li. complexes containing two tris(cyclopentadieny1) units can bc prepared143 
(cquation 158). These dinuclear species are unfortunately too insoluble in thf to allow 

2[ (CjHS)3UCI] + [ (LiCSH4)2Fe]tmeda - [{(CSHS)dJC~H4}2Fel + 2LiCI 
(158) 

characterization by n.m.r. spectroscopy. An attempt to make 
[ ( C S H ~ ) , U C - C U ( C ~ H ~ ) ~ ]  from [ (CSHS)3UCI] and Li2Cz was ansuccessful. Efforts to 
form thc diuranium precursor [ C~HS),UC-C]-M’ from [ (CSHS)~UCECHI using 
NaH o r  n-BuLi also failed. In thc latter casc, the product was [ ( C ~ H ~ ) ~ U B U ] ’ ~ ~  (equa- 
tion 159). Another type of diuranium complex can be obtained using K ~ C R H ~  as a 
p rec~r so r l ’~  (equation 160). The exact mode of attachment of the bridging C8Hs2- 
uni t  is no t  known, but i t  is interesting to note that CsH8 can be easily removed from 
this complex at 0°C. 

[(CSH,),UCECH] + n-BuLi - [(CSHS)~UBUI (159) 

2[(CSHz)3UCI] + KzCBHs - [ { ( C S H ~ ) ~ U } G H ~ I  + 2KCl (160) 
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Alkyl thorium complexes. [ (CSHs),ThR], can be prepared from [(CsHs)3ThCl] and 
RLi or RMgX in reactions analogous to equation 1572’4. These thorium syntheses 
require more precise control of reaction conditions than the analogous uranium reac- 
tions. Reduction to elemental thorium is an important side-reaction and is best con- 
trolled using low reaction temperatures and non-coordinating solvents. Yields of the 
cyclopentadienyl thorium alkyl products vary from 20 to 70%, although in some cases, 
e.g. for R = C6HS and t-Bii, successful syntheses of pure complexes could not be 
achieved. Ring closure was observed when 5-hexenylmagnesium bromide was used as  
a precursor (equation 161). 

[ (CSHs)3ThCI] + CH2=CH(CH2)4MgBr - 
CH2-CH2 

‘CH2-CH2 
(C~HS)~T~CH~-CH’  I ] + MgClBr 

Cyclopentadienylneptunium alkyls, [ (C5H5)3NpR], have been prepared for Moss- 
bauer study, but pure complexes could not be obtained owing to reductive decornposi- 
tion. [(CSH5),Np(n-Bu)] and [ (CSHS),NpC6H5] were synthesized in 80-90% and 40% 
purity, respectively, with [ (CsH&Np] and [ (CSHs),NpCI] constituting the major 
impurities’ s. 

Only a few cyclopentadienyl actinide complexes containing metal-carbon a-bonds 
have been prepared by routes other than the ionic metathesis of equation 157. 
Acid-base metathesis is one alternative synthesis and has been used to generate 
cyanide derivatives2n8 (equations 162 and 163). 

(161) 
[ 

[(C,H,).tUl + HCN - [(CSHS)~UCNI + ~ ( C S H ~ ) ?  (162) 

[(CsHs),Ul + HCN - [ (CSHS)~UCN] + I(CSH& (163) 
Thermolysis of [(CSHS),ThR] provides another route to complexes of this class 

(equation 164). In this case the a-bonded ligand is a bridging, monohapto-pentahapto 
cyclopentadienyl ring2’4.22s. In this reaction, intramolecular hydrogen abstraction is 
more facile than P-bydrogen elimination. Thermolysis of [ (CSHS),Th(i-Pr)] at 2 2 0 ° C  
however, does produce 20% propene in addition to 80% propane. The analogous 
uranium complexes, [(CSH5),UR], decompose thermally to form the alkane (RH), 
traces of the corresponding alkene, the dimer (R2). and an intractable material formu- 
lated as [(CS.sH,o.4)U]22’. 

With the exception of the thermolysis reaction, the [ (CSHS)3AnR] complexes have 
not proved to be exceptional synthetic precursors {cf. [ ( C S M ~ S ) ~ U R ~ ]  below}. They do 
not  react with acetone, C02221 or  C 0 7 .  For [(CSH5),UR], alcoholysis generates the 
alkoxide (Section III.D.2). but it is formed as a mixture with the ring cleavage pro- 
d ~ ~ t ~ . ~ ~ ~ . ~ ~ ~  (equation 165). In the thorium case, the Th-R bond is more reactive to 

2[ (CSHS)~UR] + 2R’OH - 
[(CSHS),UOR’] + [(CSHS)~U(R)(OR’)I + RH + f ( C ~ H d 2  (165) 

alcoholysis and [ (CSHS)3ThOR’] is exclusively formed at first7.224 (equation 166). The 
[ (C5HS)3UR] complexes have been observed by n.m.r. spectroscopy to participate in 
alkyl-exchange reactions with AIR; (equation 167), but this reaction is not useful 
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(167) [(C5HS),UR] + AIR3' - [(CSH,),UR'] + AIR2'R 

2. Substituted cyclopenladienyl derivatives 

The use of substituted cyclopentadienyl ligands has had a major impact on 
organoactinide chemistry in that it has allowed the isolation of stable complexes con- 
taining more than one alkyl group. These dialkyls have proved to have interesting 
reactivity. Since the [ R,,U]("-4)- complexes which have been examined are thermally 
~ n s t a b l e ~ ' ~ . ~ ' ~ ,  whereas the [ (CSH5),AnR] complexes are  table^^'.^^^, the most likely 
candidate for  a stable uranium polyalkyl was [(CSHS)2URZ]. The normal precursor, 

cluding the synthesis of this dialkyl. As described in Section III.D.3, the stability of the 
bis(cyclopentadieny1) precursor can be circumvented by using substituted ring 
systems. 

The first reported attempt to prepare dialkyls employed the complex ring-bridged 
compound [ {  Q(CSH4)2UCI(p-CI)}2(p-C1)Li(thf)2]98. This complex reacted with 
n- BuLi and neopentyllithium to form alkyl complexes formulated as 
[ Q(CSH4)2UR2]227. These complexes still were thermally unstable. The butyl complex 
decomposes at room temperature to form 60% butene and 40% butane, whereas the 
neopentyl complex formed neopentane exclusively. Methyl and Me3SiCH2 complexes 
were also examined. 2,2-Bipyridine complexes of these products were reported to be 
morc stable.98 Bis(indeny1)actinide dialkyls reportedly were prepared by sequential 
addition of 2 equivalents of NaC9H7 and 2 equivalents of MeLi (orr-BuLi) to UC14228. 

The most extensively examined series of bis(cyclopentadieny1)actinide dialkyls 
employs the pentamethylcyclopentadienyl ligand129.'27 (equation 168, 

[ (CSHS)2UC12], is unstable with respect to disproportionation, h o ~ e v e r ~ ~ ~ . ~ ~ ~ . ~ ~ ~  9 pre- 

El20 

- 78°C 
[(CSMes)2AnC12] + 2RLi - [ ( C S M ~ ~ ) ~ A ~ R ~ ]  + 2LiCI (168) 

An = U, Th,  R = Me, CH2SiMe3, CH2C6HS; An = Th. R = CH2CMe3, C6HS). 
Yields of 6 5 7 0 %  have been reported for thc methyl derivative, which can be purified 
by recrystallization from toluene. These dialkyls are the most stable actinide poly- 
alkyls known, with half-lives of 1 week and 16 h for the thorium and uranium methyl 
derivatives, respectively. The synthesis according to reaction 168 appears to be 
general, except with strongly reducing alkyllithium reagents. For example,r-butyllithium 
reduces [ (CSMeS)2UC12] to the uranium(II1) complex [ (C5HS)2UC1]3'4s (Section 
III.E.2). The related reduction of [ (CYH7)3UCI] by p-tolyllithium to form [ (C9H7)3U] 
has been Using the dilithio reagent LiPhC=C(Ph)-C(Ph)=C(Ph)Li, 

Ph 
I 

the metallocyclic complex has been preparedlzY. This 

complex can also be obtained by the novel dimerization of PhC=CPh by 
[ (C5MeS)2UCI]3'4S. 

Monoalkylchloro complexes, [ (CsMe5)2AnRCl1, can be prepared by the 
stoichiometric reaction of [(CSMe5)AnC12] with R L P 7  (An = Th, U;  R = Me, 
CH2SiMe3. CH2CMe,, C6Hs, CH2C6Hs) or by ligand redistribution (equation 169, 
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tolucne 
[ ( C S M C S ) ~ A ~ R ~ ~  + [(CsMes)2AnC121 - 2[ (CSMeS)2AnRCI] (169) 

An = Th, U; R = Me, CH2SiMe3). The latter reaction proceeds in high yield for 
R = Me and CH2SiMe31ZY, but fails for R = CH2CMe3227. [(CSMeS)2UMeCI] is a 
monomer, whereas the thorium analogue appears to be dimeric. 

Both the dialkyl- and the monoalkylchloropentamethylcyclopentadienyl actinide 
complexes have proved to be interesting and valuable precursors in actinide chemistry. 
The first molecular actinide hydrides were prepared from the dialkyls by hyd- 
r o g e n ~ l y s i s ’ ~ ~ . ~ ~ ~  (equation 170). The uranium complex loses H2 at room temperature 
whereas the thorium hydride is stable at 80°C. Hydrogenolysis of the alkylchloro 
complexes forms the trivalent complex [ (C5MeS)2UCI], in the case of uranium (equa- 
tion 171), and the expected [(CSMeS)2ThHC1]2 for thorium, which does not have an 
accessible trivalent state’4s. Ethene inserts into the Th-H bonds of [ (CSMeS)2ThH2]2 
and [ (CSMes)2ThHCI]2 to form the corresTonding ethyl complexes [ (CSMeS)zThEt2] 
and [ (CSMe5)2ThCIEt]’27. 

toluene 
2[(C5Mes)?AnMe2] + 4H2 - [ (CsMeS)2AnH(pH)l2 + 4CH4 

(170) 
toluene 

6[(CSMeS)2URCI] + 3H2 - 2[(CSMe~)2UCI]3 + 6RH (171) 

Both the dialkyl- and alkylchloro complexes react with CO to form a variety of 
unusual An-0 bonded species in which CO has inserted into An-C bonds. The 
precise product obtained is strongly dependent on the alkyl group involved. The 
dimethyl complexes react with CO to form a dimeric complex containing two bridging 
but-2-enc-2,3-diolate ligandsi6 (equation 172). For [(CSMes)2AnR2], where R is the 
bulkier ligand CH2SiMe3, a monomeric complex involving a five-membered 
metallocyclic ring is formed (equation 173). CO inserts into the alkylchloro complex 

Me Mc 
toluene I I  

2[(CSMeS)2AnMez] + 4CO - [ (CShleS)2An(OC=C0)2An(C~Me~)21 
(172) 

,O-C- R 

‘0-C-R 
(CSMe5),An 1 1  3 (173) 

tolucne 
[(CsMe5).AnR2] + 2CO - 

[ (CSMeS)AnC1(CH2SiMe3)] to form a non-cyclic product in which the SiMe, has 
migrated to the carbon of the C0l6  (equation 174). Using the ncopentyl derivative 

SiMe, 
I 

[ (CSMcs),AnCI(CH2SiMc3)] + CO - [(CSMeS)2AnCI(O-C=CH2)] 

(1 74) 

instead of the trimethylsilyl complex, the intermediate bihaptoacyl compound can be 
(equation 175). This complex rearranges at 100°C to 

CCH2CMe3] 
toluene - [ ( CsMe 5 )  2CITh - 

O’C 
[ (CSMe5)2ThCI(CH2CMe,)] + C O  

(175) 
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[ (CSMe5)2CIThOCH=CH(CMe3)J and reacts further with CD to form a complex 
which has incorporated 4 mol of CO into the starting alkyl complex230 (equation 176). 
The importance of the pentamethylcyclopentadienyl ligand in allowing the 
development of this chemistry and the potential of this ligand system in felement 
chemistry are clearly evident. 

(176) 
The pentamethylcyclopentadienyl ligand has been used to obtain a trivalent 

uranium alkyl, [ ( C S M ~ S ) ~ U C H ~ S ~ M ~ ~ I ’ ~ ~  (equation 177). This complex has the 
interesting property that it generates [ (CSMeS).UH2J2 rather than a trivalent hydride 
upon hydrogenolysis. 

[(CSMes)2UC1]3 + 3LiCH2SiMe3 - 3[(CsMe~)zUCH2SiMe~l + 3LiCl 

A monocyclopentadienyl actinide alkyl complex has been isolated from 
[(CSMe~)ThC13(thfJ2] (equation 178), but the trialkyl complex could not be isolated 
from an analogous reaction with 3 equivalents of alkyllithium reagent227. 

[ (CSMeS)ThC13(thf)2] + LiCHzSiMe3 - 

(1 77) 

E f 2 0  

[(CSMe5)ThClzCH2SiMe3] + LiCl + 2thf (178) 

As expected, tris(cyclopentadieny1)actinide alkyl complexes involving smaller 
substituted ring systcms such as MeCSH4 and C9H7 can be obtained via metathesis 
from the corresponding tris(cyclopentadieny1) chlorides’ 14.143. 

VI. MISCELLANEOUS 

A. Ally1 Complexes 

Both u- and n-bonded ally1 complexes of the lanthanides and actinides can be pre- 
pared by standard metathesis routes. The coordination mode of the allyl group is gener- 
ally determined by the size and flexibility of the auxiliary ligands. Homoleptic allyl 
complexes of u r a n i ~ m ~ 3 l . ~ ~ ~  and can be prepared from the allyl-Grignard at 
low temperature (equation 179). The complexes decompose at temperatures above 

E l 2 0  

- 30°C 
UC14 + 4C3HsMgCI - [ ( C ~ H S ) ~ U ]  + 4MgC12 (179) 

-20°C to form propene (80%) and propane (20%) in the case of [ ( C ~ H S ) ~ U ] ’ ~ ’ .  The 
corresponding neutral tris(ally1) lanthanide complexes have not been prepared despite 
numerous a t t e r n p t ~ ~ ’ ~ .  This is strange considering the relative stabilities of alkyl 
complexes such as [ U(CH2SiMe3)6]z- 214 and [ Ln(CH2SiM~3)3(thf) , ] ’~’~~)  (Section 
V). Anionic homoleptic lanthanide ally1 complexes. Li[ Ln(allyl)4] (Ln = Ce, Nd, Sm, 
Gd. Dy). have been obtained, however, by a novel reaction in which Sn(C3HS)4 is the 
allyl precursorz34 (equation 180). Trihapto coordination of the allyl ligand is proposed 
for all of these homoleptic species. 
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t hf 
LnCI, + 4n-BuLi + SI I (C ,H~)~  - 
The derivative chemistry of the homoleptic uranium complexes has been 

investigated, and heteroleptic halide23s and a l k ~ x i d e ~ ~ ~  ally1 complexes have been 
obtained (equation 181, X = CI, Br, I; equation 182, R = Et, i-Pr, r-Bu). The 
alkoxide derivatives are only slightly more stable than the homoleptic allyls: 
decomposition occurs at room temperature. 

Li[Ln(C3HS),J + s n ( n - B ~ ) ~  + 3LiCI 

(180) 

(181) 

[(C,H5)4UI+ 2ROH [(C3HS)?U(OR)Z] 2C3H6 (182) 

E l 2 0  
[(C3H5)4U] + HX - [ ( C ~ H S ) ~ U X ]  + C3H6 

hexane 

Cyclopentadienylallyl lanthanide and actinide complexes can also be prepared by 
standard metathesis routes (equation 183, Ln = Sm, Er. HoZ3'; equation 184, 
An = U2,?, ThZ3,). 1.r. and n.m.r. spectroscopy indicate that these unsubstituted allyls 
form n-complexes, whereas an X-ray crystallographic study of 
[ (C5Hs)3U{CH,C(CH2)2}J revealed a u-bonded species238. The thermal stability of 
these complexes is comparable to that of the corresponding alkyls. 

El20 

- 70°C 
[ ( C S H S ) ~ A ~ C I I  + Cd-WgBr - [(GH5)3AnC3Hj] + MgBrCl (184) 

B. Pyrrolyl Complexes 

The pyrrolyl ligand, as a heterocyclic analogue of the cyclopentadienyl ring, can 
conceivably form extensive series of f-element complexes. The synthesis of 
tetrakis(2,5-dimethyIpyrrolyl)uranium has been reported23Y (equation 185) and the 
complex has been found to be thermally stable (m.p. 98-102, dec.). Based on n.m.r. 
studies an idealized structure containing two monohapto and two pentahapto pyrrolyl 
moieties has been proposed. Rapid interconversion of the different types of rings may 
enhance the stability of this bis(cyclopentadieny1) uranium analogue. 

(185) 
thf  

UC14 + 4KNC4H2Me2 - [ (NC4H2Me2)4U] + 4KC1 

C. Complexes of Neutral Unsaturated Hydrocarbons 

The only crystallographically characterized f-element complex of a neutral 
unsaturated hydrocarbon is the benzene complex [ (C6H6)U(A1C14)3]24" (equation 
186). The coordination environment in this complex can be most easily described as a 
tetrahedron in which three positions are occupied by AIC14- anions coordinating the 
metal through two bridging chlorides. The fourth position is occupied by a planar 
arene ring. The complex is insoluble in all common solvents and reverts to UC13, 
benzene, and AICl,(solvent) in polar solvents such as thf. 

C6H6 
3UCIj + 9AIC13 + Al - 3[(C6Hb)U(AIC14)3] + AICI3 (186) 

reflux 

The interaction of unsaturated hydrocarbons with the f elements has recently been 
probed synthetically using metal vaporization  technique^^-^^**^^^. Survey investigations 
of the metal atom technique by some of the initial workcrs in the field originally 
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indicated that reactions occurred with f elements, but no isolable organo-f-element 
compounds were ~haracterized'~'.~~~-~~~.~~~. More recently, vaporization of the 
lanthanide metals at 500-1600°C into frozen matrices of d i e n e ~ ~ ~ l ,  a l k e n e ~ ' ~ ~ ,  and 
a l k y n e ~ ~ . ~ ~ ~  at - 196°C has been shown to generate preparative-scale amounts of 
several new types of organolanthanide complexes (equations 187-191). The thermally 
stable, air- and moisture-sensitive complexes are isolated by extraction of the matrix at 
room temperature with alkane, arene. or ether solvents (depending on the particular 
metal-ligand combination). These dark complexes differ from previously described 
organolanthanide complexes in their spectral and magnetic properties, thermal 
stabilities (both early and late lanthanides form stable complexes of the same 
formula), and solution behaviour (the degree of association, n ,  is higher in thf than in 
arene solvents; e.g. in equation 191, n=2 in arenes and n > 10 in tho.  

Ln + H2C=CH-CH=CH2 - [Ln(C&)3], Ln = La. Nd, Sm, Er  

(187) 
Ln + H2C=C(Me)-C(Me)=CH2 - 

[Ln(C6H10)2]n Ln = La, Nd, Sm, Er (188) 

Ln + CH3CH2C3ECCH2CH3 - [LnC6Hl0In Ln = Sm, Yb (190) 
Er  + CH3CH=CH2 - [Er(C3H6)31n (189) 

Er  + CH3CH2C=CCH2CH3 - [Er(C6H10)l,s]n (191) 

The reactivity of zero-valent lanthanide atoms with unsaturated hydrocarbons is 
apparently extensive. In addition to the species in equations 187-191, soluble 
products have been obtained from diphenylethyne, bis(trimethylsilyl)ethyne, 
cyclohexene. norbornadiene, cyclohexa-1,3-diene, cycloocta-1,5-diene, and 
isoprene*, and reactions have been observed with ethene, allene, and 
c y c l o p r ~ p a n e ~ ~ ~ .  There is a definite metal dependence in reactivity and at least three 
classes of metals can be identified. The chemistry of elements with the most accessible 
divalent oxidation states often differs from the other members of the series. For 
example, Eu and Yb polymerize dienes rather than form isolable complexes"" (cf. 
equations 187 and 188), Yb and Sm react with hex-3-yne to form products with 
different formulae than La. Nd, or Er47.242 (equations 189 and 190), and Sm forms a 
soluble complex with Me3SiCECSiMe3, whereas Er does nota. Lutetium may 
constitute a second class of metal, since it has been found* to form products with 
hex-3-yne which are spectrally distinct from the products of other hex-3-yne reactions 
(equation 191). The remaining elements in the lanthanide series comprise the third 
class of metals with respect to reactivity in these syntheses. 
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I. THE METAL ATOM VAPORIZATION TECHNIQUE 

The use of metal vapours as synthetic reagents has, ovcr the last decade, undergone a 
rapid transition from that of laboratory curiosity to a ubiquitous weapon in the 
synthetic chemist's armoury. The experimental techniques per se will not be discussed 
here in depth since a number of authoritative reviews are devoted to this 
further, the apparatus is now commercially available. Suffice it to say that atomic 
vapours are readily produced in a variety of ways (resistive heating', laser6 or electron 
beam v a p ~ r i z a t i o n ~ . ~ ,  electric arcsy, etc.) and allowed to condense on a cold (usually 
- 196°C) surface with a large excess of the co-reactant(s). This latter criterion, v iz .  
large excess of substrate, minimizes the agglomeration of single atoms to bulk metal - 

539 
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a process which is gencrally thermodynamically favoured over reaction with the 
substrate. Of course, the migration of metal atoms through low-temperaturc matrices 
to form clusters under controlled conditions is itself a fascinating topic"', bu t  is outside 
the scope of this review. which is aimed primarily at the macro-scale synthetic chemist. 

Wc consider here thc common organic functionalitics a s  target moieties a n d  
examine the rangc of possible rcactions which mctal vapours can induce at  that site. 
These can run the gamut from simple electron transfer, ihrough u- o r  n-type attachment 
of the site. to a tom abstraction. These in turn can lcad to direct synthescs of 
organometallics. template rcactions of the organic moieties, o r  formation of unstable 
intermediates which must be investigated by further interactions with added  reagcnts. 
Comparisons a re  drawn with the chemistry of the bulk metal, and  the relative synthetic 
advantages o r  disadvantages of the co-condensation mcthod vis-d-vis conventional 
routes are discussed. 

In some cases, mechanistic details have been elucidated by matrix isolation 
spcctroscopy in which the reaction is performed on  the micro-scale at liquid helium 
temperature in a matrix of a noble gas". This  allows the dircct measurement of the i.r., 
Raman,  e.s.r., elcctronic. Mossbaucr. or o the r  type of spectra2 and  the progress of the  
rcaction can be monitored as thc temperature is gradually increased. 

In a typical synthetic proccdure, about 25 g o f  a ligand would bc condensed on to  a 
cold surfacc over a period of perhaps 1 hour while 500-1000 mg of a metal were 
evaporated on to that surface over the same period. At thc conclusion of the  
co-dcposition, the excess of unrcacted substrate would bc removed and  the products 
sublimed o r  extracted, as appropriate, a n d  purified via conventional techniques. A 
number of useful synthetic proccdures have bccn gathered together in a recent volume 
of Inorgarlic Syrirheses". 

Recent experimcntal advances havc. not only removed the requirement that the 
substrate be relatively volatile but have also facilitated the evaporation of useful 
amounts of the catalytically important second-and third-row transition metals'); thus 
esscntially all of the metals in the Periodic Table a re  candidates for usc as reagents in 
organic and organometallic synthescs. 

The  scale of thcse reactions is vcry much a matter of availability of materials but, in 
principle, they could be performcd on a n  industrially useful scale if the  economics 
were favourable14. The  advent of sevcral typcs of commercial apparatus for metal 
vaporization synthescs indicates that the transition to industrial utility may not be t o o  
distant. 

II. ORGANIC HALIDES 

Following thc pioneering studies of Polanyi on  sodium vapour reactions, the organic 
halides wcre a natural early targct for the co-condensation chcmist. Elegant studics by 
Mile'.(. who used a rotating cryostat to allow Na  atoms to dehalogenate organic 
halides, led to the forniation of radicals which could bc  studicd by e.s.r. and i.r. 
spectroscopy, or which could themselves bc reagents in subscquent chemistry 
(equation 1). Several reviews o n  spectroscopic studies of  alkali mctal atoms in 
matrices have appcared reccntly'.".'6. 

R - 0 - 0  

Na' 7 
Y 

RX - N a X + R '  

R -CH2-CHi 
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Skell and his c o l l ~ a g u e s ~ ~  cxtcndcd thcsc ideas to the macro-scale production of 
short-livcd species such as diradicalsl" and silencs". When haloderivatives of carbon 
(reaction 3) and of silicon (Scheme 1) were dehalogcnated by hot Na/K alloy, Skell 
showed that n o t  only was i t  possible to trap thesc intermediates chemically but also, in 
somc cases. thcir spin states could be elucidated. This work provided early evidence 
for the transitory existence of silacyclopropanes'9, which culminated in their isolation 
by Lambert and Scyfcrth 8 years later'". 

CHZCI / CHCI, 
MepSiC12 

/ 
Me2Si \ Me2Si \ 

CHzCI CH3 

SCHEME 1 

has enormous potential and some 

CLi, 

7 
'2"S \ 

Li 

C,Li, 

A particularly exciting devclopment in this area is the direct synthesis of 
lithiocarbons via the co-condensation of Li vapour with a deficit of h a l ~ c a r b o n ~ ' - ~ ~ .  
Thus reaction of CCI4 and Li led to tctralithiomethane, an extremely 
moisture-sensitive molecule which reacts explosively with water. This approach clearly 

typical reactions arc shown in equation 3. 

(3) 

Me ,SIC! - (Me3Si),C -C(SiMe& 

Halocarbons can also be dehalogenated by the vapour of Cu, Ag, or  Au24.25 but the 
rcactions may be contrasted with those of the alkali metals in that, although the 
radicals can undergo dirnerization and disproportionation. the relative yiclds from 
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these processes are highly dependent on the nature of the metal and on the ratio of 
metal to ligand. The increased yield of dimerization products as the ratio of substrate 
to metal was lowered from 1OO:l to 1 O : l  has led to speculation as to the possible 
intermediacy of metal alkyls. A crucial result26 is that while Cu or Ag atoms react 
with R(-)-sec-butyl chloride to give S.S( -)-3,4-dimethylhexanc (70% optically pure) 
the use of Na vapour gives the optically inactive product. One is drawn to the 
conclusion that, in the former case, stereospccific coupling occurred on the metal 
whereas in the Na reaction random coupling of free radicals occurred. More 
compelling, perhaps, is the fact that, when perfluoroalkyl groups are used, alkylsilver 
derivatives are isolable (equation 4)27. These results may go some way to clarifying the 
detailed mechanism of the classic Ullman biaryl synthesis in  which copper is used to 
couple haloarenes. 

(CFj)zCFI + 2Ag - (CF3)zCFAg + Agl (4) 

Timms has demonstrated2s that dehalogenative coupling with copper vapour is a 
viable route to many inorganic molecules previously synthesized by discharge methods 
(equation S ) 2 8 .  

MeBCl- BClMe 

It is now clear that in the proccsses discussed for Cu, Ag, and Au vapours the 
organohalide need not only suffer halogen abstraction but can also take part in 
oxidative addition reactions. This aspect has been extensivcly studied notably by 
Girard2' and Skell and Girard3" in their now classic work on Mg vapour and also by 
Timms, Klabunde and others using Group VIII metals. 

An important point to make concerning the reactions of Mg vapour is that its 
chemistry is crucially dependent upon its mode of generation. Thus, thermally 
generated Mg atoms (produced by resistive heating of a crucible) are in their 
electronic ground state (IS); in contrast, when an arc is struck between two Mg 
electrodes the high electron flux produced by the arcing procedure leads to a great 
excess of electronically excited atoms ovcr that expected from a simple Boltzmann 
distribution. The 3P excited state of Mg lies 65.8 kcal above the IS ground state and 
even a low-voltage Mg arc contains between 65 and 75% of the ' P  statez9. As one 
would have expected from the known chemistry of carbon atoms in different spin 
states', the singlet Mg atoms generally give insertion (oxidative addition) reactions 
whereas the ' P  atoms arc primarily diradical in character. 

When IS magnesium atoms are co-condensed with alkyl halides the initial product is 
a jet-black matrix (probably a charge-transfer complex) which. on warming, forms a 
non-solvated Grignard reagent. These latter products are, of course, readily 
hydrolysed to the corrcsponding alkanes but their chemistry does not always parallel 
that of conventional Grignards in coordinating solvents. Thus, whereas normal 
Grignard reagents react with ketones to give carbinols, non-solvated Grignards 
preferentially abstract an enolizable proton to gencrate the alkane and (in the case of 
acetone) diacetone alcohol. This latter molecule presumably arises by nucleophilic 
attack by acetone enolate upon another molecule of acetone. Furthermore, 
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' S  Mg (CH312CO RBr - RMgBr 
0 CH3 

CH,C=CHz II I 
OMgBr I 

R H +  1 (cH3)2c0 - CH3CCH2C-OH (6) 

CH3 

non-solvated Grignard reagent (which is presumably associated via halogen bridges) 
reacts with a non-enolizable substrate such as crotonaldehyde to give 3-penten-2-01 
upon hydrolysis rather than the isovaleraldehyde which would be generated in a 
conventional 1,4-addition via a 6-membered transition state (equation 7). This result 

has been rationalized3" on the basis of a 1,Zaddition involving two molecules of 
Grignard reagent but still proceeding via the favourable 6-membered transition state 
(equation 8) .  

CH, X 

& Mg0y4) 
I 

X 

In complete contrast, arc-produced ) P  Mg atoms give less than 1% of non-solvated 
Grignard reagent and the major products result from disproportionation and 
dirnerization reactions of the radicals produced by d e h a l ~ g e n a t i o n ~ ~ .  In accord with 
this view, 1,3-dihalides yield cyclopropanes via diradicals and geminal dihalides react 
with 3P Mg atoms to yield carbenes (Scheme 2). 

CH3Br 

48% 

2% 10% 2% 
SCHEME 2 
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Finally, 3P M g  vapour has been utilized to debrominate d,l-  and 
meso-2,3-dibromobutane in the presence of penta-1.3-dicne (a radical trap) and the 
ratio of cis- to trans-2-butenes has bcen rationalizcd in t c rms  of a brominc-bridged 
free-radical intermediate" which maintains its stereochemical integrity. 

Calcium atoms have been shown3? to undergo a rcaction rare in organic chemistry, 
viz. insertion into C-F bonds. Typically, pcrfluorobut-2-ene is defluorinated to 
perfluorobut-2-yne (equation 9). It is clear thzt  organocalcium intermediates a re  

Ca warm 
CF,CF=CF-CF, - CF3-CC=CF-CF3 - CF3-CC-C-CF3 + 

CaF, 
I 

Ca-F 

(9 )  

involved since hydrolysis yields a C-H bond a n d  also a calcium hydroxide moiety 
(equation 10). Klabunde er a13? have tried (so far  unsuccessfully) to trap the suspected 
tetrafluorobenzyne which would be formcd by defluonnation of C6F6. These 
dcfluorinations a re  unsuccessful with saturated fluorocarbons yet can give good yields 
with vir.yl o r  aromatic fluorines. O n e  might thereforc postulate an initial n-type 
coordination of the calcium atom to the molccule with subsequent fluorine migrations 
leading to the observed products. 

(10) 
H2O 

C,,F6 + Ca - C6FS-CaF - C6FSH + C a F ( 0 H )  

Zn  vapour is not reactive towards most alkyl halides, although perfluoroalkyl 
iodides d o  appear to undcrgo oxidative addition reactions producing RfZnI  which 
decompose readily via radical processes33. 

It is particularly interesting to SCC what can happen when organic halides a r e  treated 
with vapours of elements which have valencics exceeding 2 o r  when the  initial 
oxidative addition process leads to an intermediate which is still coordinatively 
unsaturated. The  trivalent B and  Al vapours are classifiable as falling into the  former 
category but the radical nature of the processcs prccludes clean, high-yield reactions. 
Although such molecules as C6HSBBr2 o r  the sesquihalides R3AI,X3 are  isolable from 
such reactions34. the  co-condensation method offcrs no major  advantages over  more 
conventional synthetic routcs. 

In contrast, the reactions of germanium vapour should, by analogy to the well studied 
reactions of atomic carbonY, yield germcnc intcrmcdiates. T h c  chcmistry of Ge atoms 
should mimic that of Mg in being heavily dependent upon its mode of generation. 
Thermally produced G e  must be  in its 3P ground state and the initial product is thus a 
triplet germene. However, the ultimate fate of the germene apparently depends on the 
substituents since the chlorotrichloromethylgermene (From G c  and CC1.J reacts a s  a 
triplet3s while the trirnethylsilylgcrmcnc cxhibits singlct character3". 

CCI, - C13C-Ge-CI - CI3C-GeCl2 - CI3C-GeCl3 (11)  
:&. CCI, CCI, 

-+ 
CI,C. 

: G O .  
Me3SiH - Me3Si-Ge--H - 

+ 
'2"6 

Me,w 
Me3Si -Ge - H - Me3Si-GeH2 (1 2)  

I 
SiMe3 
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O n e  might postulate (in this era of silicon-carbon doublc bonds) that a Ge-Si 
pn-dn  interaction as in 1 could stabilisc the singlet manifold and thus govern thc 
course of the reaction. However, few theoretical data on the spin states of gcrmcnes 
are yet available3' and more studies in this arca arc needcd. 

Q OQ 
a0 0 UfB 

Me3 -Si - Ge- H 
OD 

Me3Si-Ge-t i  - 
(1) 

It has been shown already that organic halides can undergo oxidative addition 
reactions with some main-group elements but the scope of such reactions was 
originally delineated using square-planar transition metal complexes. Archetypal of 
such processes is the addition of alkyl halides to Vaska's compound, 
[(Ph3P)21r(CO)CI], whereby the central metal undergoes oxidation of the d8  
environment to a d6 system; concomitantly, the coordination about the indium 
increases from square planar to o ~ t a h e d r a l ~ ~ .  In similar fashion onc would expect the 
oxidative addition of suitable addenda to zerovalent transition metals in the form of 
free atoms which have no  steric or orbital constraints. The prototypical reaction was 
realized by Piper and T i m m ~ ) ~ ,  who showed that q3-allylnickel halides are  efficiently 
produced in a ca. 60% yield by the co-condensation of Ni atoms with allyl chlorides or  
bromides. This approach avoids the toxicity hazards of [Ni(CO),] inherent in the 
conventional syntheses and indeed metal vapour synthesis probably provides the best 
route available at the moment. 

Two obvious mechanistic rationales are reasonable candidates for this process; one 
could visualise initial n-complexation of the nickel atom to the allyl moiety and 
subsequent insertion into the carbon-halogen bond, or the revcrse situation, i.e. 
direct formation of an q'-allylnickel halide with subsequent conversion to the 
q3-complex and ultimate dimerization to the observed product. Matrix isolation 
spectroscopic studies4" favour an initial n-complexation but the process of oxidative 
insertion is complicated by the onset of metal cluster formation in thc matrix (equation 
13). 

CH2= CH- CH2- Ni- X 

This concept has been extended to include direct syntheses of q3-allyl halide 
complexes of Pd" and Pt42 but, in the latter case, large-scale reactions are rendered 
difficult by the low volatility of platinum. Thc closely related q3-benzylpalladium 
halide systems have been studied by variable-temperature n.m.r. spectroscopy and 
shown to undergo a rapid cr-n rearrangement process (equation 14)43. This not only 
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CH,CI 

@ Me Me 

Pd 

L Me J 

rationalizes site exchanges in the benzyl halide complex but also the isomerization of 
substituted benzylpalladium systems. 

It is believed that the initial process at  cryogenic temperatures is the formation of an 
arcne-Pd n-bond. Thus the aromatic system is already drastically perturbed even 
before the oxidative addition process occurs. A similar situation requiring two 
oxidative additions occurs when 3,4-dichloro-l,2,3,4-tetramethylcyclobutene reacts 
with atomic Ni or Pd5 to give the known q4-cyclobutadiene complexes (equation 15). 

Pd 

CI K -  CI 

In each of the systems just discussed the coordinative unsaturation of the R-M-X 
system can be satisfied through coordination by the contiguous alkene moiety but, in 
the absence of such a donor, it is necessary to add an extra ligand to stabilize the 
oxidative adduct. This idea has been elegantly exploited by Klabunde and his 
c o - w ~ r k e r s ~ ' . ~ ~ . ~ ~ ,  who showed that addition of phosphines at  low temperature to the 
co-condensate of aryl halides and palladium yielded rruns-[ ArPdX(PR&] and the 
corresponding biaryl, showing that the ArPdX system was thermally extremely labile. 
Use of C6FSBr, however led to a stable, but reactive, product of empirical formula 
C6F5PdBr; it is proposed that its coordinative unsaturation may be alleviated by 
bromide and possible even by arene bridges. 

A particularly exciting development here is the discovery that trapping of the 
C6FSNiBr species by toluene (preferred over benzene by virtue of its lower melting 
point) leads to production of the novel molecule [(toiuene)Ni(C6F5)2] (2 )  the f i s t  
n-arene complex of Ni(II)46. The n-toluene is readily displaced by stronger ligands and 
furthermore the molecule is an active catalyst for the polymerisation of 
norbornadiene, trimerization of butadiene and hydrogenation of toluene. The 
molecule 2 is destroyed by CO, giving [ Ni(CO),] and perfluorobiphenyl, and by water, 
which leads to pentaf l~orobenzene~~.  The analogous 17-electron complexes 
[ ( a r e n e ) C ~ ( C ~ F ~ ) ~ ]  arc also available4' and undoubtedly will be the source of much 
novel chemistry. 
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L = diene. arene. (R3P), 

In an attempt to understand bcttcr the mechanism of thc formation of the oxidativc 
adducts of Pd atoms and alkyl halides, Klabunde and R o b e r t ~ ~ ~ . ~ ~  systematically varied 
the alkyl group and also doped the matrices with HX and with radical scavengers. The 
conclusions drawn were that radical chain processes werc not operating but that the 
initial R-X-Pd complex on warming underwent rearrangement to R-Pd-X via a 
caged radical pair mechanism. The possibility of an S N ~  process involving Pd attack to 
displace the halide was shown to be very unlikely as tertiary halides reacted more 
cfficiently than primary halides. Of course, a nucleophilic attack by a 10-electron 
Pd(0) atom is extremely unlikely; in fact, electrophilic behaviour is a much more 
reasonable expectation and the proposal of initial interaction with (and perhaps charge 
transfer from) the halogen is in kccping with this picture. 

The isolation of many of the moleculcs just discussed has given impctus to the use of 
the metal vapour co-condensation technique for the study of transition metal-catalysed 
processes. Thus one can look for thc existence of proposed reaction intermediates 
untrammelled by complicating factors such as extraneous ligands and solvents. Indeed, 
the q3-benzylpalladium chloride isolated by KlabundcJ' had previously been pos- 
tulated as an intermediate in the palladium acetate-catalysed reaction of benzyl 
chloride with methyl acrylate'O. 

In like manner, the co-condcnsation of acyl chloridcs with Ni or Pd atoms led to the 
production of RCO-M-CI system which rcadily lost C O  at low t e m p e r a t u r c ~ ~ . ~ ~ .  
Subsequent trapping with phosphines yielded [ (R3P)2MC12], [(R3P)2M(CI)R], or 
[(R3P)2M(CI)COR], depending o n  the nature of the R group. The intermediacy of 
acylpalladium chlorides has long been invoked in the Pd-catalysed Rosenmund 
reduction of acyl chlorides to aldehydes. Hence once again a rnctal atom reaction 
provides convincing support for a mechanism operative in a conventional 
organornetallic procedure. 

111. ALKENES 

A. Monoalkcrnes 

The reactions of alkenes with a wide range of mctals have been surveyed 5 1 - 5 3  and, 
whereas many form relatively unstable n-complcxes, others form involatile (and some- 
times polymeric) a-complexes which can be decomposed hydrolytically. A widely used 
technique5' is to add D 2 0  to the residue remaining after removal of the excess of 
unreacted ligand from the co-condensate; by this means metal-carbon a-bonds are 
marked with a deutcrium atom. Typically. hydrolysis of the aluminium-propene 
co-condensate yields a mixture of dideuterated propane and isomeric hexane~~ ' .~ ' .  
These products suggest the coupling of radical intermediates and the average com- 
position may be typified by 3 (Scheme 3). 
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CH3-CH-CH2D CH3-CHD-CH2D DCH2-CCH-CCH3 
I I 

CH3-CCH-CH2D CHD-CH2 
I 

CH3 
SCHEME 3 

It has been argued" that aluminocyclopropanes are involved and that these can 
couple to give hitherto unknown AI-A1 bonds. Matrix e.s.1. spectroscopic studiess5 
suggest that at 4°K the initial product involves n-donation from the a!kene to the A1 
atom with some degree of back-donation into the alkene n* level as in 4. 

A survey of the reactions of simple alkencs with the first-row transition metals (and 
many of the lanthanides) yielded few isolable complexes but deuterolysis studies 
revealed a general trend. The  early transition metals yielded most dideuteratcd 
alkanes while the later transition metals gave thc original alkencs. One  can rationalize 
this behaviour in terms of a gradual change from (I- t o  n-bonding character as one 
traverscs the transition metal series from left to right5'; this trend correlates well with 
the availability of metal d-orbitals for back-donation to  the alkene. Although these 
reactions have been cxploited synthetically to prepare olcfin n-complexes of Ni and 
Pd4'. thc propenc-nickel systems are not just simple n-complexes. 

C2H4 Ni - [Ni(C2H4)3] 

Thus,  I-butene was catalytically isomerized to cis- and trans-but-2-enes by nickel 
atoms. It was suggested" that these processes involved q3-allylnickel hydrides of the 
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Pd 

L = Et3P or pyridine 

type previously characterized by BonnemanSh. To check this idea. Ni vapour was 
co-condensed in separate experiments with 3-deuteriopropene and 
2-dcuteriopropene. The formcr gave a mixture which also contained 
1-deuteriopropene, whereas 2-deuteriopropene apparently remained unscrambled. 
Furthermore, 3-deuteriopropene led to both undeuterated and dideuterated propene, 
demonstrating that both inter- and intro-moleuclar exchange occurs"; these data are 
consistcnt with a 1,3-hydrogen shift, which would also explain migration of double 
bonds in longer chain alkenes. 

CH 
CH,D-CH=CH, CHD+j'?CH, CHD=CH-CH3 (19) 

I I 

I 
H 

Allylmetal hydride formation is also supported by isolation of (q3- 
allyl)tris(trifluorophosphine)cobalt(I) from the co-condensation of propene, PF3, and 
cobalt vapour (equation 20)26. 

NI NI NI 

CH3-CH=CH2 C O  [ HC f H 2  .-CO-H ] A PF [ HCi cH2 - C O ( P F ~ ) ~  ] + [HCo(PF3)4] 

(20) 
CH2 CH2 

B. Dlenes 

The reactions of metal vapours with dienes have been intensely studied and this has 
led to the enrichment of an already well investigated area of organometallic chemistry. 
Indeed, the chemistry of the dienc complexes of the later transition metals had already 
reached a high point with the masterful elucidation of the mechanism of the 
tnmerisation of butadiene by 'naked nickel' catalysts. The metal vaporization route 
appeared to offer an alternative approach to the reductive methods pioneered by 
Wilke and his colleagues in Mulheims7. 

Blackborow and Young5x have made the point that the reactions of metal atoms 
with unsaturated hydrocarbons may be placed into two distinct categories. We shall 
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discuss first the cases in which the diene complexes to the metal and, upon addition of 
another reagent, Leads to isolable products; secondly, one must consider the situation 
where the metal can increase its hapticity by, for example, insertion into an adjacent 
C-H bond. The latter circumstance frequently obtains and the resulting metal 
hydrides allow ready transfer of hydrogen between ligands bonded to the same metal 
atom. A straightforward example in the latter category is the production of ($- 
cyclopentadienyl)(q3-cyclopentenyl)nickel(II) (5) from nickel vapour and 
cyclopentadiene (equation 21)59. 

I 
NI-H - NO I a -  
& 

e 
I 
Ni 

(5 )  
(21) 

The simplest diene, buta-1,3-diene, has been the subject of a comprehensive study 
in which a series of transition metal vapours were co-condensed with the diene and the 
variety of other ligands including arenes, phophines, phosphites, and alkyl 
In some cases, aluminium vapour was also co-condensed, thus generating 
alkylaluminium halides irr siru6'. In general, the results paralleled those obtained in the 
more conventional reactions in that the usual butadiene dimers (cyclooctadiene, 
vinylcyclohexene) and trimers (isomeric dodecatrienes) are produced in varying yields 
dependent upon the identity of the transition metal and the added ligands. The current 
situation with respect to these oligomerization studies has been succinctly 
summarized". 

Although the co-condensation of butadiene and many of the first-row transition 
metals does not yield isolable complexes directly, addition of extra ligands to the 
co-condensate has become a viable route to systems otherwise difficult or impossible 
to obtain. Scheme 4 indicates some of these  reaction^^^^^^.^-^. 
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In contrast, molybdenum and tungsten react with butadiene to produce 
tris(butadiene)molybdenum and -tungsted7. The only comparable previously 
characterized system was tris(methy1 vinyl ketone)tungsten, which adopts the 
relatively unusual trigonal prismatic structure68. The novcl tris(butadiene)- 
molybdenum (6) ,  is a sublimable, air-stable solid in  which the butadienes are all 
cisoid and in a trigonal prismatic arrangement in  a girdle around the Mo such that they 
are all aligned in the same direction. A series of products derived from the co-conden- 
sation of butadiene with lanthanides analyse as [ (b~tadiene)~Ln]  or  [ (butadiene),Ln] 
but, as yet, no crystallographic data are available6y. 

An interesting diene which has received some study is norbornadiene. It was 
reported in 1972 that nickel atoms effect dimcrization, primarily to the exo-trans-exo 
isomer 753. Later work in which bipyridyl was added to the nickel-norbornadiene 
co-condensate revealed the intermediacy of the nickelacyclopentane 870; such an 
intermediate is closely analogous to an iridacyclopentane previously characterized 
cry~tallographically~' . 

& - ( & ) N i - d +  n 

YrldV' 

(7) 
(23) 

(8) 

The chemistry of bis(cyc1oocta-1,s-diene)nickel was pioneered by Wilke, 
Bogdanovic and their c o l l ~ a g u e s ~ ~  and the tremendous success of 'nakcd nickel' 
chemistry prompted thc search for other routes to [ ( c ~ d ) ~ M ]  complexes. Indeed 
[ ( ~ o d ) ~ M ]  systems are readily synthesizable when M is Ni7), Pd7,, or Pt42 but, at the 
moment, the scale on which these reactions are performed does not compare well with 
the more conventional routcs to [ ( c ~ d ) ~ N i ] .  However, [ ( c ~ d ) ~ F e ] .  which was first 
made by cvaporating iron atoms in to  a cold 10% solution of cycloocta- 1 ,S-diene in 
methylcyclohexane in a rotating reactor74, has proved an extraordinarily versatile 



552 Michael J . McGlinchey 

intermediate. In this species, which is apparently paramagnetic, the cyclooctadienes 
are presumably tetrahedrally disposed about the iron atom and reactions with 
additional ligands have led to a plethora of products such as those shown in Scheme 
C75.76 

(1.3-cod) Fe(P(OR)3)3 

SCHEME 5 

We note here the isomerization of 1,5-cod to 1,3-cod in the reaction of [(cod)2Fe] 
with phosphites. In fact, the ability of these diene-metal co-condensates to yield 
products in which hydrogen migration has occurred is a widespread phenomenon. The 
intermediacy of q3-allylmctal hydrides has been previously discussed in Section IIIA, 
and the analogous formation of q5-cyclopentadienyl metal hydrides derived by 
oxidative addition of allylic C-H bonds to the coordinatively unsaturated metal atom 
is a logical extension of this concept. A clear example of this is provided by the 
observation6 that cocondensation of either 1,3- o r  1.5-cod with chromium vapour and 
PF3 yields (q-cycloocta- 1 ,5-dienyl)hydridotris( trifluorophosphine)chromium (9). 

Cr v a p o u r  
w 

PF3 or 

0 
'.,A ... .o H-Cr(PF3)3 I (24) I 

The equilibrium between 1,3-, 1 ,5- ,  and 1-5-q-cod complexes is very sensitive to the 
identity of the metals and ligands involvcd. Thus, treatment of the 1,3-cod-Cr o r  the 
1,s-cod-Cr condensates with CO yields only the [ (1 ,5-~od)Cr(CO)~]complcx". The 
factors which influence particular metals in their prcfercnces for conjugated or non- 
conjugated dienes have been Some reactions of other metals with 
cyclooctadicnes are shown in Scheme 6s.6.73. 

The clarification of thc preceding reactions in which allylic C-H bonds underwent 
oxidative addition to metals allowed the rationalization of an early observation that 
the co-condensate of cyclohexa-1.3- or -1,Cdiene with any of Cr. Mn, Fe, Co, or Ni, 
when stirred at O"C, catalytically produced benzene and cyclohexene (equation 
24)s2.63.64.60. It is tempting to postulate the formation of a bis(diene)-metal complex, 
which then undergoes hydrogen migration via a metal hydride intermediate. 

Support of such a mechanism comes from the isolation of ($-benzene)( 1-4-q- 
cyc1ohexadicne)iron when M is Fe"; furthermore, treatment of the cyclohexa-l,3- 
dienc-Cr co-condensate with PF3 at - 196°C yielded the bis(diene)complex 
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The major synthetic use of this class of reaction has been the direct synthesis of 
qS-cyclopcntadienyl derivatives; indeed, the synthesis of ferrocene by Timms in 1969 
may be considered the genesis of organotransition metal vapour synthesiss". Some 
typical syntheses are presented in Scheme 71.s2.59.78-80. Of some interest here is indene, 
which can act as a source of either $-cyclopentadienyl or q6-arenc complexes (Schcmc 
8)80. 
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C. Polyenes 

The reactions of trienes and tetraenes with metal vapours have concentrated mainly 
o n  cycloheptatriene and cyclooctatetraene. As with cyclopentadiene, cycloheptatriene 
has a tcndency to utilize its methylene group to allow metals to increase their 
coordination number and thus form q7-cycloheptatrienyl complexes. Indeed, the early 
transition metals reveal a proclivity for hydrogen transfer from one ring to the other 
presumably via an initial bis(cyc1oheptatriene)metal complex (11) (reaction 26) ,  lead- 
ing ultimately to (~~~-cycloheptatrienyI)( q'-cycloheptadienyl)metal complexes (12)80.81. 
Analogous hydrogen atom transfers between rings in sandwich compounds have been 
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(27) 

(11) 

M = Ti; V.  Mo. W 

(1 2) 

previously noted in Section 1II.B for  both five- and six-membered rings. The later 
transition metals, of course, cannot accommodate a total ligand hapticity of twelve 
and, although there seems to be a strong tendency to yield complexes containing an 
qS-cycloheptadienyl moiety, the other  portion of the sandwich must match the 
electronic requirements of the central metal. Hence, in the iron complex 13 the other 
ring is of the qS-C7H7 whereas for cobalt the q4-C7HI" complex 14 is formedR1. 
Co-condensation of cycloheptatriene and trifluorophosphine with metals yields mixed 
Complexes as typified by 15 and 16 (Scheme 9)52.R2. Another interesting triene is 

.......... 
........... 

I 
co 

I 
Fe 

F e  

A 

I 
CO(PF313 

(14) 

(28) 

(1 5 )  
SCHEME 9 

6,6-dimethylfulvene, for which i t  was suggested that diradical intermediates such as  17 
might be viablea3. Indeed, this is true and with iron a hydrogen transfer has been 
observed to give 1-isopropenyl- 1- isopropylferro~ene~~.  A minor product has the 
formula (fulvene)3Fe and has been tentatively formulated as Mns. 

In contrast, with nickel the reaction yields no organonickel species but only a 1:l 
mixture of the symmetrical tetramethyltetrahydroindacenes 19 and 20". Although this 
reaction has the appearance of a [6+6]  cycloaddition (reaction 28), the reaction 
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seems to be promoted exclusively by nickel atoms and so is better formulated as a 
coupling o f  the initially produccd diradical to yield a bisallylnickel system (21) which 
C~OSCS in the manner previously delineated for the butadiene oligomerization processs7 
The conversion of 22 to the mixture of 19 and 20 merely requires a series of 1,5- 
suprafacial sigmatropic shifts, but such hydrogen migrations arc well documented in 
co-conde nsa t ion p r o c c ~ s e s ~ ~ .  

The reactions of cyclooctatetraene (cot) with metal vapours frequently give rise to 
polymeric products2"", however, some known complexes such as [ (cot),CrJ (23). 
[ ( c ~ t ) ~ T i J  (24), and uranocene (25) have been obtained (Scheme Iron 
vapour with cot alone yields no isolable complexes8', but the inclusion of PF3 yields 
the complex 26, analogous to the known molecule [ ( c ~ t ) F e ( c O ) ~ ] ~ ~ .  

The lanthanide vapours yield complexes of the type [ Lnz(cot)J and the neodymium 
member, which can be crystallized from tetrahydrofuran, has been studied by X-ray 
crystallography')". It has a particularly interesting structure, which may best be 
described as the ion pair [ ( ~ - ~ o t ) N d ( t h f ) ~ ] + [ ( q - c o t ) ~ N d ] - ,  (27); the rings in the anion 
are planar but not  parallel and the Nd atom is not symmetrically positioned between 
thcm but is somewhat closer to thc peripheral ring (average Nd-C = 2.660 A) than to 
the central ring (average Nd-C = 2.787 A). The neodymium in the cation completes 
its coordination sphere by also bonding to the central cot. 



13. Metal atoms in organometallic synthesis 

r 

. , . . . . . . 

+Y 

557 

(21) (22) 

(24)  
SCHEME 10 



558 Michael J. McGlinchey 

Nd 

IV. ARENES 

A. Chromlum-Arene Complexes 
The discovery of ferrocene in 1952” led to an avalanche of papers delineating the 

chemistry of the bis(cyclopentadieny1)metal sandwich compounds. In contrast, the 
chemistry of the bis(arene)chromium system, which had been synthesized by Hein in 
1919 but whose identity remained unrecognized for more than three decadesg2, 
seemed to be very restricted. The Fischer-Hafner synthesisg3, which utilized reducing 
Friedel-Crafts conditions, did not permit the incorporation of functional groups into 
the arenes because of side-reactions with the Lewis acid catalyst (usually aluminum 
trichloride) (equation 30). Thus, the Chemistry of [(C6H6)2Cr] was limited only to 

CrC13 + AICI3 

Al powder 
c 

I 

& 
some hydrogen-deuterium exchange studiesg4 and some experimentally difficult 
metallation reactions using isoamyl sodiumgs (equation 31). 

I 
Cr 

I Na 
Cr 

n 

& 
The situation was alleviated somewhat by use of NNN’N’-tetramethyl- 

ethylenediamine to  activate alkyIlithiumsg6. Nevertheless, the prospect of developing a 
chemistry of the [(arrne),Cr] system to match that of ferrocene seemed very unlikely. 

However, Timms’ announcements9 of the direct synthesis of [(C6H&Cr] via the 
co-condensation of chromium vapour and benzene proved to be a major turning point. 
It was soon shown that the restrictions which the Fischer-Hafner synthesis imposes on 
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the availability of ArzCr systems d o  not hold for the metal vapour synthetic 
route5z*y7-99. Thus, a wide range of chromium-arene (chromarene) complexes were 
prepared containing such functionalities as F, CI, CH30 ,  R2N and C02R.  This allowed 
the investigation of the chromarene system by a variety of spectroscopic iechniques. 

A particularly thorough 13C n.m.r. spectroscopic study indicated that the perturbing 
effect of a n-complexed chromium atom on the arenes was such as to reduce the 
transmission of substituent effects across the ring; this was taken as indicating a loss of 
aromatic character and was also in accord with the 'H n.m.r. datalm. These studies as  
{veil as  19F n.m.r. results1'" suggested that whereas electrophilic attack o n  the 
n-complexed ring was unlikely (the incoming electrophile finds the zerovalent 
chromium atom a more attractive target), nucleophilic substitution 
assuming that a suitable leaving group was present. These predict 
experimental support as shown in reactions 32 and 331°'. 

F 

I 
Cr 

M a -  

- 70°C 
- 

OMe 

I 
Cr 

F 

>peared viable, 
ns soon gained 

(34) 

(35) 

Furthermore, the incorporation of electronegative atoms into the arene ring(s) of 
the sandwich compounds enhanced the acidity of the arene protons and greatly facili- 
tated metallation'02. This provided another versatile route to functionalized 
chromarenes Scheme 1 l ) I o 3 .  

Other spectroscopic investigations on these molecules have focused on i.r. and 
Raman spectral0*, e.s.r. datalo' and u.v.-visible spectraJo6. The vibrational spectra of 
[ (C,F,)cr(C,H6)] have been interpretedIo4 in terms of a migration of electron density 
from the C6H6 ring to the C6F6 ring via the Cr atom. Thus, the symmetrical ring- 
breathing modes of both rings are reduced in frequency relative to those of the free 
arenes; donation of n-electron density from the C6H6 ring reduces the c-c bond 
order (and lowers the stretching frequency) while the C6F6 accepts electron density 
into the n* system. This interpretation is in accord with the chemical behaviour of the 
molecule, which shows enhanced acidity of the C6H6 protons and somewhat reduced 
susceptibility of the n-complexed c&6 ring to nucleophilic attack relative to that of 
C6F6 itselfI0l. Interestingly, the Cr-C(F) distance (2.10 A) is noticably shorter than 
the Cr-C(H) distance (2.17 A)107 typical of the bonding of metals to fluorinated 
alkenes for which back-donation into the n* orbitals seems to predominate. 
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The very existence of these chromium-arene sandwich complexes depends upon a 

dclicate balance of thermodynamic stability and kinetic labilitylna. Thus, the incorpo- 
ration of electronegative moieties such as fluorine atoms or trifluoromethyl groups 
enhances the resistance to oxidation of the complcxes and so renders them air stable. 
The oxidation mode of decomposition of chromarenes involves a one-clectron oxida- 
tion to give the 17-electron [Ar2Cr]’ species. but this oxidation is inhibited by the 
presence of the electron-withdrawing groups. In contrast to the kinetic inhibition of 
oxidativc decomposition, the thermodynamic stability of the molecules is lowered 
when CF, or similar groups are present. The 1500 cm-’ vibrational bond in benzene 
shifts to 1428 cm-’ in [(C,H&Cr]; however. the corresponding bond in 1.4- 
ChH4(CF3)2 moves from 1529 to 1480 cm-’ in the corresponding chromarencYR. The 
smaller complexation shift in the trifluoromethyl-substituted complex is indicative of 
less C-C bond weakening and therefore a weakcr metal-ring interaction. Eventually 
one reaches the stage where the number of electron-withdrawing groups is such that 
thc arenc is insufficicntly basic to donate bonding electron density to the chromium 
atom. Thus, although the bis(difluorobenzene)chromium complexes can be synthes- 
izcd and are air stable”, the corresponding trifluorobenzene complexes have SO far 
defied isolation. Interestingly, although thc hcxafluorochromarcnes with three 
fluorine atoms in each ring are not known, the isomeric 1,2,3.4.5,6- 
hexafluorochromarene [ (ChF,j)Cr(C(,Hh)] is readily obtainable’0’.’n9. This has been 
rationalizedIoa in terms of an internal electron buffering effect somewhat analogous to 
thc ability of a chromium tricarbonyl group to tolerate an excess or deficit of electrons 
by changing the rclative proportions of a-donation to a metal and back-donation from 
the metal into the carbonyl X* orbitals. 

A particularly good example of the influcnces of kinetic inertness and ther- 
modynamic stability is provided by Timms’ experimcnt in  which an equimolar mixture 
of C6H6. C6HSF, I ,4-C6H4Fz, 1 .3.5-C,H3F3. I .2.3.5-C6HzF4, C6HFS. and C6F6 was 
co-condensed with chromium vapour and PF326. The yield of [(arene)Cr(PF,),] was a 
maximum for C6H4F2 and fell to a minimum for C,F,; thus, the kinetically controlled 
rate of complexation is favoured by increasing numbers of fluorine atoms but thermo- 
dynamic stability follows the reverse sequence. Apparently these factors are optimized 
in the difluoro complex, but another factor which may be important is the competing 
process of defluorination. 

The synthetic utility of chromium vapour as a reagent for the syntheses of 
chromium-arene sandwich complexes is not limited solely to monoarenes. The 
development of the rotating metal reactor’ in which metal atoms are sprayed into a 
solution of the substratc in an inert solvent, has removed thc restriction on ligand 
volatility which the cocondensation procedure necessitated. Thus [ (naphtha1cne):Crl 
has been prcpared’IO and its chemistry investigated”’. Because of its lower resonance 
energy relative to monoarcnes. a naphthalene moiety is readily displaced. presumably 
via a tetrahapto intermediate, and this holds promise of allowing ready entry to a 
whole range of low valent derivatives of Cr  (and also Ti, V, and Mo for which anal- 
ogous naphthalene complexes are known)”’. 

Cyclophanes have fascinated organometallic chemists since systematic routes to 
them were devcloped in thc 1 9 5 O ~ I ~ ~ .  Thc Cr(C0)J  derivativc of 2.2-paracyclophane 
(28) was prepared’I3 in  the hope that subsequcnt loss of thc three carbonyl groups 
would allow ~ C C C S S  to the  chromium sandwich compound 29. However, at that time the 
significance of the strong trans-effect of the carbonyl group was not fully appreciated; 
i t  is, therefore. easy to displace three mutually cis-carbony1 groups from [c r ( co )h l  but 
rather difficult t o  replace thc other three. The molecule 29 can. however. be Prepared 
by direct reaction of 2,2-paracyclophane with chromium vapour; thc bis(2.2- 
paracyc1ophane)chromium complex 30 is also obtaincd. The corresponding 17- 
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electron cations of 29 and 30 have been studied by e.s.r. and 29 displayed compressed- 
sandwich properties in that the hyperfine coupling constants for the ring protons and 
the s3Cr site are increased and decreased, respectively, compared with the correspond- 
ing values for the monocation of 30. This suggests a slightly more extensive 
Cr(3dZ2) + arene (uolg) spin delocalization in 29 probably attributable to a decrease ir? 
the metal-ligand distance in 291°5. 

Other  approaches to  bridged chromarenes have been reported by reaction of Q,O- 

diarylalkanes with chromium vapour1I4. Typically, 1 ,4-diphenylbutane gave rise to a 
serics of products (31-33). 

However, the most elegant approach to bridged chromium-arcne sandwiches 
(chromarenophanes) involved a Dieckmann cyclization of the diester 34 which itself 
was prepared by co-condensation with Cr v a p o ~ r " ~ .  Clearly. this synthetic route will 
allow a much more controlled approach to the bridged chromarenes and may eventu- 
ally lead to as  extensive B chemistry as  is already known for ferrocenophanes1I6. 

An exciting rccent d c ~ e l o p m e n t ' ~ ~  has been the reaction of chromium atoms with 
phcnylsiloxanes such as Dow Corning DC510 or  Silicone 704 (a tetramethyltct- 
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raphenyltrisiloxane) to give complexes in which up to 50% of the phenyl groups are 
coordinated. Not only can these reactions with silicone oils be carried ofit at O"C, but 
also the products are stable up to 300°C in the absence of air. Furthermore, reaction 
with tetracyanoethylene gave rise to spectra typical of [(arene)zCr]+TCNE- systems; 
hence the reactions of chromium atoms with phenylsiloxane polymers apparently yield 
sandwich complexes (35). 
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These systems have been thoroughly investigated1I8 and the data suggest that at low 
temperatures products (36) containing clusters of chromium a toms sandwiched be- 
tween arene  rings a re  formed. It is obvious that these reactions of metal vapours with 
silicone polymers will continue to attract attention for some time. 

B. Arenes wkh Other Metals 

Although the initial emphasis was o n  the use of chromium vapour as a synthetic 
reagent in the prcparation of [ Ar2M] sandwich complexes, recent technological 
developments have allowed the  use of other high-boiling metals. In particular, a vari- 
ety of derivatives of molybdenum and  tungsten have bcen prepared13.11Y. In order  to 
vaporize synthctically useful amounts  of refractory metals it is necessary to have a high 
power input and  lasers and electron guns have been used for this purpose2-6. Of 
course. cost considerations now become a factor but, aftcr the initial outlay. the 
savings in time and  convcnience are enormous. Typically, [ (C6H6)2W] was preparable 
by the Fischer-Hafner reducing Fridel-Crafts method but only in yields of 1-2%/0’2n. 
Metal vapour techniques facilitatc the synthescs of multi-gram amounts in several 
hours. A n  early problem with electron gun sources was that of considerablc damage to 
the substrate owing to electron bombardmentI2’. However, reversal of the polarity of 
the target considerably alleviates this problem. 

The  availability of such techniques has now allowed development of the chemistry 
of the [ (arene)2W]system; thus, protonation of the  tungsten sandwich molccule yields 
a bent cation (37), whereas ally1 chloride gives rise to the oxidative addition product 
3813. [(Arcne)zMo] systems containing substituents such as F, CI. CH30.  R2N. and 
C 0 2 C H 3  have also been isolated. 

CHI = CH - CHICl i \ -  
(38) 

(38) 

A particularly exciting devclopmcnt has been the  synthesis of a rene  sandwiches of 
thc carly transition mctals and  thc stabilization of thesc metals in thc zero oxidation 
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state as in 39 or 40122.123. Of course, moleculcs of the type [(arene)?M]. where M is Zr  
o r  Hf, have 16-clectron configurations a n d  it is not surprising that, when these sand- 
wiches a re  prcpared in the prescnce of an  appropriate donor ligand, 18-electron 
complexes (39). whcre L is trimethylphosphine. arc obtainablc. 

A n  alternative route to some of these arene sandwiches of thc early transition 
metals has bcen reported by Hawker el They showed that evaporation of alkali 
metals into a solution containing a metal halide and an  organic ligand can give accept- 
able yields of organometallics. Typically, evaporation of potassium vapour into a 
mixture of vanadium trichloridc and toluene gavc a 30% yield of [(toluene),V]. Simi- 
larly. derivatives o f  chromium, molybdenum, and titanium havc been prepared. 
Naturally. vaporization of relatively volatile metals such a s  sodium and potassium is a 
much cheaper proposition than acquiring a n  electron gun and this dehalogenation 
approach appears to have a bright futurc. 

The  intercsting molecule ( I  .4-difluorobenzene)vanadium (41) has been the subject 
of a crystallographic study which showed that the coniplexcd para-difluorobenzene 
rings adoptcd a slight boat conformation with thc fluorine-bearing carbon atoms bent 
ou t  of the plane away from thc vanadium. Furthcrmore. the rings were rotated relative 
to  each o ther  to mininiizc fluorinc-fluorinc  interaction^'?^. 

r 

Whcrcas the [ ArzCr] systems have 18-electron configurations, cornplcxcs of the 
early transition metals. Ti. Zr. Hf. ctc.. d o  not (and thus can bond an extra ligand); in 
contrast. thc  arene sandwiches of the later transition metals arc required to populate 
antibonding molecular orbitals. Thcse systems circumvent this problcm in numerous 
ways. Iron atoms and rncsitylenc yield ultimatcly thc q6---arene-q4-cyclohcxadienc 
complex 42, possibly via the diarene complex 43 and q3-benzyl-iron- hydridc corn- 
plcx 44’. Cobalt and  nickel react with halopcntafluorobenzencs (upon subsequent 
addition of tolucnc at low temperature) to give the novel [ (tolucnc)M(C(,FS)2] com- 
plexes previously discussed in Section l I jh .  With hcxafluorobenzene. nickcl yields a 
shock- and  thermally-sensitive compound suggestcd to be C,F,Ni. which reacts vigor- 
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(43) (44)  

ously with carbon monoxide or trialkyl phosphites giving [NiL4] complexes and releas- 

Finally, one should mention that the metal vapour synthesis procedure has allowed 
ing C6F,5126. 

thc synthesis of q6-pyridine complexes of chromium (equation 37)26.127. The b’ lS(2,6-  

dimethylpyndine) complex 45 exists in rotameric forms in the crystal127. 

cr 

Me 

+ I 

N A 

(39) 

(40) 

V. ALKVNES 

I t  is well known that sodium in liquid ammonia is an excellent reagent for the 
controlled reduction of multiple bonds’28. In particular. disubstituted acetylenes yield 
the corresponding rruns-alkene lZy-a useful contrast to catalytic hydrogenations which 
yield the cis-isomers. 

H R 
\ ,C=C, / + NH2- 

R H 
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T h e  production of the  rrarts-radical on protonation of the radical ion may be 
considered analogous t o  the tram-addition of radicals or electrophiles to alkynes. 
Presumably, the further reduction of the radical to the anion and  formation of the 
olefinic product occurs more  rapidly than inversion of the vinyl radical and  carbanion. 

A closely analogous situation is found during the co-condensation reaction of 
thermal (IS) magnesium atirnis (see Section 11) with ammonia containing but-Zyne, 
which produces a maroon-coloured matrix that, upon warming, gives a n  87% yield of 
trans-but-2-ene. Girard2Y has proposed the mechanism in equation 40. 

H R 

Such a mechanism would require 0.5 mol of hydrogen to be released o n  hydrolysis 
per Mg atom reaction; also, hydrolysis of the residue should release two molecules of 
NH3 for every trans-but-2-ene molecule produced, and both of these criteria a re  
realized experimentally. I t  is not surprising that magnesium gives only o n e  electron per 
a tom to  but-2-yne, since the first and  second ionization potentials for magnesium a re  
7.61 and  14.96 eV. respectively. It is much easier for two atoms to give one electron 
each than for o n e  atom to give both.  

With ) P ,  that is, arc-produced, magnesium (see Section II), the  absolute yield of 
trans-olefin is low (28%) since there is a competition between the  ammonia and  the 
but-2-yne for the electrons. 

In contrast t o  the magnesium reaction, the reaction of dialkylacctylenes with 
aluminium vapour yields a mixture of cis- and trans-olefins only after hydrolysis of the 
involatile residue. Matrix isolation studies have revealed an unexpected difference 
between thc aluminium-ethylene and  aluminium-acetylene systems. As described in 
Section 11. the AI/C2H4 matrix contains a n-complexss but e.s.r. studies at  4 K o n  the 
AI/C2H2 matrix have been intcrpreted in terms of an aluminium-carbon u bond and  a 
vinyl radical with the odd electron in a n  orbital of essentially p character (46)13". 

(46) 

T h e  reactions of alkynes with transition metal vapours were originally reported in 
1973 when it was shown that chromium atoms effected the  trimerization of 
alkylacetylenes to mixtures of arenes (equation 4 1). N o  chromium-arene sandwich 
complexes were isolated and it was  suggesteds' that only one  arene is bonded to thc  
metal chromium atom a t  any one time. 

In an  imaginative variation on this theme, Gladyszer a/.131 treated large cyclic diynes 
with chromium vapour and  observed the  formation of thc novel arene-triyne 
derivatives (49). These must have arisen via the chromium complex 47. which might 
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R R 

R 

have allowed a second template process leading to the  hexabridged cyclophane-Cr 
complex 48; however, neither this sandwich compound n o r  the free ligand was 
observable 1 3 ' .  

(47) \ (44) 

(49) 

Other  less well characterized products have been obtained in reactions of alkynes 
with Fe. Co. and Nil3'. However. co-condensation of cobalt vapour with PhC=CH 
and a nitrile yields a mixture of arencs and  pyridincs (equation 43)133. 

Ph 

(45) - 
VaPOur BPh+ 8 R 

PhCECH 
+ 

R C E N  

co 

Ph 

Some success has bcen achieved with hexafluorobut-2-yne (HFB). which yields 
complexes with Co. Ni. Pd. Pt, Cu, a n d  Ag; all of these, however, a r e  unstable with 
respect to decomposition to metal particlcs a n d  the acctylcne trimer 
hexakis(trifluoromethyl)ben~ene'~~. Addition of carbon monoxide to the HFB-"i or 
HFB-Pd complexes before warming the matrices led to thc  formation of the volatile 
(HFB)-M(CO)? clusters which spontaneously converted to the [M4(HFB)3(C0)4] 
clusters. of which only the  nickel o n e  had previously been charactcrizcd. 

VI. PHOSPHINES 

Although metal vapours have been shown to function as very vcrsatile reagents in 
organometallic syntheses. they have also been used extensively to prcparc molecules 
which, although not strictly organometallic. continue to attract thc attentions of 
organometallic chemists. Thus.  reactions of metal vapours with trifluorophosphine, 
which may bc a bettcr n-acid than carbon monoxide yct  which has the  advantage of 
being condensable at liquid nitrogen temperature.  have led to a plethora of interesting 
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molecules’35, some  of which had only been previously obtained via high-pressure 
routes (Scheme 1 2)’36. 

[Pd(PF3)4] 

FelNO / 

t 

SCHEME 12 

This  idea has been extended to a variety of o ther  fluorophosphines such as PFzC1’35, 
PFzH137, and PFzNMcz’38.’39. Furthermore, co-condensation of nickel a toms with a n  
equimolar mixture of trifluorophosphine (a good n-acid) and phosphine (a notoriously 
weak ligand gave modcst yields of [Ni(PF3)f,(PH3)4 - f , ] ,  where n = 1 o r  2”’. Other  
phosphines which have been co-condensed with metal vapours include trimethylphos- 
phiteL4” and trimethylphosphine26; a complicating feature for phosphines with alkyl 
groups possessing /?-hydrogen atoms is the insertion of metal a toms into P-C or C-H 
bonds,  and  indeed PEt, has bccn reported to yield H2, C2H4. a n d  other  product^'^'. 

T h e  availability of the rotating rcactors which permit the use of involatile ligands7 
such as triphenylphosphine has allowed the direct syntheses of  [ M(PPh3),]. where M is 
NiZ6 or  Pd5. and  thus obviated the need for thc prior preparation of [(cod)zM]. 

VII. MISCELLANEOUS LIGANDS 

T h e  high affinity of transition metal atoms for oxygen has been turned to synthetic 
advantage by several workers who have deoxygenated organic molecules with 
different metals. Gladysz and  co-workers compared the ability of Ti. V, Cr,  Co, a n d  
Ni to deoxygenate cyclohexene oxide. Vanadium and  chromium wcre found to be the  
most efficicnt a n d  they produccd almost 3 mol of cyclohexene per gram-atom of 
metal1”. Chromium was further shown to deoxygenate 2,6-dimethylpyridine-N-oxide. 
tricthylphosphine oxide, dimethyl sulphoxide, and  nitro- and nitrosoarcnes. Although 
in most cases the yields were not synthetically useful. mechanistic infercnces could be 
drawn and  in the nitro- and nitrosoarene deoxygenations it was suggested that nitrene 
or nitrenoid intermediates were involved’43. 

T h e  vapours of Ti. V, and Cr  have also been used to deoxygcnate ketones a n d  
ethers’j4. Thc  reactions of ethers with alkaline ear th  vapours (Ca, Sr, Ba) have been  
shown to yield low molccular weight alkanes, alkenes, and alkynes14’. Typically, 
strontium vapour and  dimethyl e ther  give good yields of CzHz and the butenes but  
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only small amounts of higher molecular weight products although they a re  detectable 
up to  C8. It is thought that carbide-like species a re  involved since addition of DzO to  
the residue yields products which are extensively d e ~ t e r a t e d ' ~ ~ .  

Transition metal vapours can also desulphurizc organic systems. Thus,  thiophenes 
a re  desulphurized by chromium vapour and  with iron atoms the ferradiene complex 50 
is obtainedI4'. 

I] 

Fe(CO), 

Alkyl isonitriles have been co-condensed with metals and  the  complexes 
[Cr(CNR)6], [Fe(CNR)5], and [ Ni(CNR)4] have been isolated148. Co-condensation of 
isonitriles and PF, with metal vapours gave mixed complexes. 

Recently it has been claimed that some transition metal a toms can insert into C-H 
and C-C bonds a t  cryogenic temperatures. Thus,  zirconium a toms react with 
neopentaneI4' to give, upon deuterolysis. products clearly derivable from Zr insertion 
into C-H and C-C bonds; similarly, it is reported that Fe a toms can insert into the 
C-H bonds of methane"". Undoubtedly these reactions will attract the  attention of 
the matrix isolation spcctroscopists. 

Finally. metal vapours havc been used as synthetic reagents in the production of 
novel metallocarborane clusters such as 51 and 5226.'s1. 

Co vaDour 
B5H9 

Co uapour 

P h C K C P h  

I 
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1. INTRODUCTION TO CHAPTERS 14-1 9 

The analysis of organometallic compounds is considered in this and the next five 
chapters, each of which covers elcmcnt by element a different aspect of analysis. This 
chapter deals with the determination of elements and functional groups. Methods are 
discussed for the determination of various metals and the non-metals carbon, 
hydrogen, oxygen, halogens, nitrogen, and sulphur. whilst the functional groups 
include hydride, active hydrogen, alkyl, alkoxide, amino, and thioalkoxide groups. 
Chapter 15 discusses various titration procedures applied to organometallic 
compounds, including classical titration and conductometric, potentiornetric, 
amperometric, dielectric constant. coulometric. high-frequency, thermometric, and 
lumometric titration methods. 

In Chapter 16 are discussed visible and ultraviolet spectroscopic methods of analysis 
of various types of organometallic compounds. Polarographic methods of analysis are  
discussed in Chapter 17. In Chapter 18 is presented a comprehcnsive discussion of the 
applications of gas chromatography to the analysis of organometallic compounds. The 
various types of detectors that may be used, including clement-specific detectors, are 
discussed in detail. Chapter 19 deals with other chromatographic techniques that have 
been applicd to organometallic Compounds, including thin-layer chromatography, 
paper chromatography, column chromatography, and electrophorcric techniques. 
Table 1 lists the various sections dealing with each particular clement, technique by 
technique. 

II. ORGANOALUMINIUM COMPOUNDS 

A. Determlnatlon of Alumlnlum 

Many organoaluminium compounds are spontancously pyrophoric upon contact 
with air and, a s  such, are extremely hazardous and should be handled with care. Even 
contact with traces of oxygen will alter the composition of the sample during analysis 
and vitiate the analytical results obtained. A sampling procedure' for 
organoaluminium compounds is illustrated in Figure 1. 

To determine aluminium. the organoaluminium sample must first be decomposed 
by the addition of an aqueous reagent in order to provide an aqueous extract in which 
the aluminium is quantitatively recovered. A cooled hydrocarbon solution of the 
organoaluminiurn sample is hydrolysed by the gradual addition of aqueous 
hydrochloric acid in an inert atmosphere. Aluminium is quantitatively recovered in the 
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A B 
Sample withdrawal Sample transfer 
and sample delivery 

Re la in ing 
wire for 
T-piece 

Excelo 
pipette 

Retaining 
wire for 
T-piece 

Excelo 
pipette 

Sample 
vessel 

FIGURE 1.  Sampling proccdurc foi organoaluminium 
compounds. 

aqueous extract a n d  is then detcrmined in this extract complexometrically using 
disodium E D T A .  This  gives satisfactory aluminium rccoveries from all types of 
organoaluminium compounds, from thc most rcactive types such a s  neat 
tricthylaluminium to the less reactive higher molccular weight compounds containing 
alkyl groups u p  to Cl”. Sample dcconiposition is performcd in a specially designed 
flask of thc type illustrated in Figure 2. In  order to obtain 100?6 rccovcry of aluminium 
in this method, i t  is necessary for a 2W% exccss of E D T A  over the amount of aluminum 
present to be addcd .  For  this reason a trial titration is carried out,  the da t a  obtained 
bcing uscd to calculate thc volumc of disodium E D T A  to be added in the final 
titration. Cyclohcxariediamirie tctraacetate may bc used as a n  alternative to 

Aluminium in organoaluminium compounds has bccn determined by hydrolysis 
with dilute nitric acid followed by addition of C X C ~ S S  of E D T A  to the aqueous  extract 
and dctcrmination of unused E D T A  by titration with standard lead solution’. A 
similar procedure involves decomposition of the sample with aquebus hydrochloric 

E D T A  I .3.4 
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5 0  or 1 0 0 m l  

824 cone to 
rubber adaptor 

decomposition 

FIGURE 2. Sample decomposition flask for organo- 
aluminium compounds. 

58 1 

acid, followed by titration of the excess of EDTA with standard copper sulphate 
solution to the catechol violet end-point6. Alternatively, a xylene solution of the 
organoalurniniurn sample is transferred into a Erlenmeyer flask' to which is added 
aqueous acetone containing hydrochloric acid. An excess of 0.05 M 
cyclohexanediaminctetraacetic acid (CDTA) solution' and 200 rnl of isopropanol is 
added and the solution heated nearly to boiling and buffered. Excess of CDTA is 
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titrated with standard 0.05 M zinc sulphate solution' to the dithizonc end-point. The  
end-point is very sharp from green t o  red. Excellent accuracy a n d  precision a re  
claimed for this method. It has becn applicd to very pure and to very complex mixtures 
without intcrfercnce o r  matrix effects. 

Organoaluminium compounds can be analysed by digestion with a nitric-sulphuric 
acid mixture in a sealcd tube, followed by spectrophotomctric determination of 
aluminium as  thc 8-hydroxyquinoline complexs. 

An amount of 20-40 m g  of organoaluminium samples that also contain silicon 
and/or phosphorus can be fused with sodium peroxidc in a bonib under  an  atmosphere 
of oxygen. After dissolving the product in sulphuric acid. excess of E D T A  is added and  
thc excess is determined by titration with standard copper sulphate solution to  the 
catechol violct end-point". A n  absolutc crror of less than 0.3% was claimed a t  the 14% 
aluminium levcl in the sample. 

X-ray fluoroescencc can bc used for determining aluminium in organoaluminium 
compounds'". T h e  usc of a chromium target tube,  a pulse height discriminator, and  a 
modified samplc chamber for sample cooling. together with nylon sample cells, 
permits the determination of aluminium over the rangc 0.05-10% in 
organoaluminium compounds.  

6. Determlnatlon of Carbon and Hydrogen 

Carbon, hydrogen, halogens. and  aluminium in reactive or non-reactive 
organoaluminiuni compour?ds may be determincd by burning 3-12 rng of the sample 
in an open  capillary tubc in an atmosphere of argon or nitrogen". Aluminium is 
determincd gravimetrically a s  alumina in an  oxygen medium and carbon. hydrogen, 
and halogens a re  detcrmincd by thc procedure dcscribed by Korshun er ol.". An er ror  
of lcss than ~ 0 . 5 %  is claimed with trialkylaluminium compounds. A modification to 
thc convcntional combusion method for carbon and  hydrogen for  the analysis of 
lithium and aluminium hydrides has been described13. Rccoverics of carbon and  
hydrogen wcre 99% or better and agreed closely with results obtained by hydrolysis 
procedures. 

C. Determlnatlon of Alumlnlum-bound Halogens 

Aluminiuni-bound halogcns may be determined by addition of a n  aqueous solution 
of nitric acid to a coolcd hydrocarbon solution of the o r g a n o a l ~ m i n i u m ' ~ .  This 
converts aluminium-bound halogens into the halogen hydracid, which is extracted into 
the aqucous phase and titratcd potentiometncally o r  directly with N/15 or N / l O O  silvcr 
nitrate: 

R2AIX + 3 H 2 0  - HX + 2 R H  + AI(N03)3  ( 1 )  
X = halogen 

I f  a low concentration of aluniinium-bound bromine is to be  determined, an 
alternative procedure is available'J for the determination of this element in amounts 
down to 50 ppm with an accuracy of -t 1% of the determined value. Aluminium-bound 
iodine interferes in thc determination of bromine but chlorine does  not. T h c  samplc, 
diluted with isooctane. is quantitatively decomposed at 50°C with aqueous  sulphuric 
acid, converting brominc to  thc ionic form. which is then extracted from the organic 
phase with dilute aqueous sulphuric acid: 

2KzAIBr + 3HzS04 - 2HBr + 4 R H  + AIz(S04)3 (2) 
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The bromide content of the extract is then determined by a voll_rmetric procedure in 
which the buffered bromide solution is treated with excess of sodium hypochlorite to 
oxidize bromide to bromate. Excess of hypochlorite is destroyed with sodium formate. 
Acidification of the test solution followed by addition of excess potassium iodide 
liberates an amount of iodine equivalent to the bromide content of the sample. The 
iodine is titrated with sodium thiosulphate. A method for the  specific determination of 
iodine is also available14. It is applicable at concentrations as low as 40 ppm of iodine 
and also for iodine at the macro level. In the procedure for determining iodine the 
diluted sample is decomposed quantitatively at 50°C by the addition of hydrochloric 
acid. To the acid extract is added standard potassium iodate solution which converts 
iodide to iodine monochloride: 

(3) 

(4) 

RzAlI + 3HCI - HI + 2RH + AICI3 

KIO, + 2KI + 6HCI - 3KC1+ 3ICI + 3H20 

The end-point, which occurs with the complete conversion of iodide to iodine 
monochloride, is indicated by the disappearance of the violet iodine colour from a 
chloroform layer present in the titration flask. The silver nitrate titration obtained in 
the chlorine determination would include iodide if any were present. If the iodine 
analysis of the material is available, the iodine-corrected chlorine analysis may be 
calculated from the following equations: 

) x 3.5456 (5) ' r A  x f A  x TB fB 

W 
% chlorine (wt./wt.) (corrected for iodine) = 

x 0.1OOg ( 6 )  ,," fA 2 
T B  fB 

equivalent chlorine/100 g alkyl = 
W 

where 

Chlorine determination: 
TA = titre of silver nitrate; 
fA = normality of silver nitrate; 
tv = grams of alkyl represented by the aliquot of decomposed alkyl solution 

employed in a silver nitrate titration. 

Iodine determination: 
T B  = titre of fB molar potassium iodate; 
fB = molarity of potassium iodate; 
W = grams of alkyl employed per iodine determination 

N.B. These corrections can be ignored if the iodine content of the sample is less than 
0.5%. 

D. Determlnatlon of Alumlnlum-bound Alkyl Groups up to Butyl and Hydrlde 

Lower alkyl and hydride groups in organoaluminium compounds may be 
determined by reacting a known weight of sample at a low temperature with 
2-ethylhexanol in a specially constructed nitrogen- or helium-filled gasometric 

Groups 
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systemIS.I6. Upon alcoholysis. each alkyl group liberates 1 mol of an alkane gas and 
each hydride group liberatcs 1 mol of hydrogen, as follows: 

\ 
,AI-H + HO-CH2-CH-CH;!-CH3 

I 
C2H5 

\ 
,Al-OCH2-CHCH2CH3 + H2 (8) 

I 
C2H5 

The alkyl and hydride contents of the samples are then calculated from the amount of 
gas cvolved from a known weight of sample and from the composition of the gas 
withdrawn from the system at the end of the analysis, obtained by mass spectrometry 
and other  methods. G a s  recoveries obtained by this procedure were lower than 
expected from the composition of the samples analysed. Although originally attributed 
to partial solution of the evolved alkane-hydrogen mixture in the 2-ethylhexanol 
reagentI6, the principle cause is incomplete reaction of alkyl and hydride groups with 
the alcoholic reagent".'*. Thus, appreciably higher gas yields were obtained when 
sample decomposition was effected using a mixture of n-hexanol and monocthylene 
glycol o r  a mixture of water and monoethylene glycol than when 2-ethylhexanol was 
used. It can be seen in Tablc 2 (experiments 1 and 2) that a higher gas yield is obtained 
when a 4:l mixture of anhydrous n-hexanol and anhydrous monoethylene glycol is 
used to dccomposc triethylaluminium, instead of anhydrous n-hexanol alone17. 
Aluminium-bound ethyl and hydride groups react very vigorously with water (reaction 
9). I t  is not feasible to add water directly to triethylaluminium as  the ensuing reaction 
is cxtremcly vigorous, evcn whcn carried out a t  -70°C. Also. a n  undesirable 
'fissioning' sidc-reaction (reaction 10). which converts alkyl groups to ethylene and 

\ \ 

,AIC~HS + H 2 0  - CzHc, + ,AIOH (9) 

(10) 
\ \ 
,AIC,HS + H 2 0  - CzH4 + Hz + ,AIOH 

hydrogen instead of ethane, occurs to some extent when aqueous reagents or  
aqueous monoethyleneglycol reagcnts are added directly to neat organoaluminium 
compounds of low molecular wcight17. Fission does not occur, however, when 
anhydrous n-hexanol is added to neat ethylaluminium compounds (see Table 2, 
experiment 1). the trace of hydrogen in the gas obtained in this experiment being due 
to a small amount of aluminium hydride in the sample. When 20% aqueous sulphuric 
acid is added to thc reaction product obtained in experiment 1, a further appreciable 
liberation of gas takes place very smoothly and, a s  can be scen from the results in 
Table 2. no fissioning occurs. Thus, by successively reacting tricthylaluminium with 
anhydrous n-hexanol and then with an aqueous reagent a maximum gas yield is 
achicved smoothly and without thc 'fissioning' side-reaction. 

A one-stage procedure for determining alkyl groups up to butyl and  hydride groups 
has been described". A cyclohexane solution of the organoaluminium sample is 
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TABLE 2. Gas yields obtained by the use of various reagents in the alcoholysis and/or hydrolysis 
of triethylaluminium 

Alcoholysis and/or 
hydrolysis reagent and Gas yield at S.T.P. (ml evolved/g sample) 

Experiment decomposition technique 
No. employed Hydrogen Ethane Ethylenc Butane Total 

1 Added 3 ml of anhydrous 0.5 324 0 34 358.5 
hexanol to sample at 
-3O"C, then slowly 
heated to 100°C 

2 A s  above, using 3 ml of 0.5 337 0 32 369.5 
n-hexane (80  vol-%)- 
monoethylene glycol (20  
vol.-%) mixture 

to sample at - 30°C. then 
1 ml of 2 0  wt.-% aqueous 
sulphuric acid at -30°C. 
Slowly heated to 100°C 

to sample at - 30°C thcn 
heated to 100°C. Added 
1 ml of 20 wt.-% aqueous 
sulphuric acid at 100°C 

3 Added 1.5 ml of hcxanol 0.4 35 1 0 36 387.4 

4 Added 1.5 ml of hexanol 0 .4  351 0 36 387.4 

injected directly on to a small reagent-containing pre-column, usually containing lauric 
acid on a porous carrier (Sil-O-1,50-80 mcsh), which is connected directly prior to the 
gas chromatographic column. Alkyl and hydride groups are decomposed by lauric acid 
as follows: 

(11) 

(12) 

(13) 

\ \ 

\ \ 

\ \ 

,AIC?Hj + RCOOH - / AIOOCR + CZH6 

/AIC4Hq + RCOOH - / AIOOCR + C4Hln 

,AIH + RCOOH - ,AIOOCR + H? 

The alkane gases and hydrogen are thcn swept o n  to the chromatographic column by 
the carrier gas and are resolved and detcrmined. To determine the total volume of gas 
cvolved a suitable marker compound (ti-pentane) is added to the organoaluminium 
sample prior to injection into the gas chromatograph. 

In a further procedure the organoaluminium sample is exposed to water vapour at 
sub-atmospheric pressures and the generated gases are analysed2". A simple. more 
rapid, hydrolysis method has been devcloped to meet the requirements of a routine 
quality control check and yet retain the samc degrce of precision and accuracy of the 
more time-consuming procedures". A measured amount of paraffin oil is first added 
to a pre-evacuated small, crown-capped, thick-walled borosilicate glass bottle to serve 
as a dilucnt and reaction medium for the metal alkyl samplc. The mctal alkyl is thcn 
injected via a syringe. through the rubbcr lincr of the crown cap. thoroughly mixed 
with the oil and immediately hydrolyscd to its corresponding alkanes and hydrogen by 
addition of dilute hydrochloric acid at room temperature: 

(14) K,AlX, - ,  + 3HOH - Al(OH)3 + JJRHI + (3 - JJ)HX 
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wherc X = CI, Br, I. H and y = 1,2.3. With proper technique, the degree of alkene 
formation with this mcthod is minimized to the same degree as  in the previous 
merhods. The  major advantages claimed for this new technique over the former 
methods arc  that the hydrolysis is carried out at room temperature in a simply 
designed hydrolysis flask, a four-fold smaller sample sizc is required, and the time 
rcquircd to complete the hydrolysis is reduced ten-fold for the hydrolysis of any 
aluminium (or zinc) alkyl containing up to  five carbon atoms with n o  decrease in 
accuracy o r  prccision. Table 3 compares rcsults obtained for a range of aluminium' 
alkyls using both thc Stauffer'O and the rapid2' methods. The methods agree well 
within experimental error.  The agreement achievcd using the wide variety of products 
demonstrates that the rapid method is a completely suitable replacement of the 
Stauffcr method, as none of the values fell out  of the expected range of values for each 
Component. The rapid method has also been compared with the alcoholysis hydrolysis 
p r o ~ e d u r e ' ~ . ' ~ .  Again, good to excellent agreement is claimed and in much less time. 

A hydrolysis proccdure for the detcrmination of ethyl groups in triethylaluminium 
in which a correction is made for the solubility of ethane in the solvent has been 
described2'. 

A n  N-methylaniline method for the rapid, accurate determination of aluminium- 
bound hydride groups in organoaluminium compounds is particularly useful in the 
case of organoaluminium samples which contain colloidal aluminium that cannot be 
removed from the sample by filtration or c e n t r i f i ~ g a t i o n ~ ~ .  Aluminium metal interferes 
in the alcoholysis/hydrolysis and the lauric and decomposition methods by reacting with 
these reagents t o  produce hydrogen, thereby leading to  falsely high aluminium-bound 
hydride determinations. In  this procedure (equation IS) an excess of anhydrous 
N-methylaniline is added to a known weight of the organoaluminium compound at 
- 40°C, in a nitrogen-filled gasometric apparatus. The  temperature of the reaction 
mixture is then slowly increased to 20°C. The  volume of hydrogen cvolved under these 
conditions is equivalent to the dialkylaluminium hydride content of the sample. 

The  method can be used to determine the concentration of hydride groups in all 
types of dialkylaluminium hydride-containing samples. Dialkylaluminium hydride 
contents bctween 1 and 60% may bc determincd by this procedure. Halogen and  
alkoxide substituents and higher alkyl groups do not interfere. The  accuracy of indi- 
vidual determinations is of the order of 5 5 %  of the determined value. 

Table 4 shows results obtained by applying this method to a range of 
triethylaluminium-dicthylaluminium hydride mixtures containing between 10 and  
60%1 of the latter component. These results are in good agreement with dial- 
kylaluminium hydride contents obtained by the alcoholysis-hydrolysis procedure17 
described earlier in this section. The N-methylaniline method takcs less than 1 h, 
compared with 4-5 h for the alcoholysis hydrolysis procedure. 

E. Determination of Hlgher Alumlnlum-bound Alkyl Groups 

The gasomctric alcoholysis-hydrolysis procedure' described earlier for the deter-  
mination of alkyl groups up to butyl is not applicable to the determination of 
aluminium-bound alkyl groups in the Cs-Cl0 range which, upon hydrolysis, produce 
liquid alkanes. Hydridc groups in these compounds can. of course be determined by 
alcoholysis-hydrolysis or lauric acid decomposition" or N-methylaniline procedures. 
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T A B L E  3. Comparison of hydrolysis methods using hydrolysis gas products 
(a)  From the hydrolysis of R3AI: 

Trimethyl- Triisobutyl- 
aluminium Trie thylaluminium aluminium 

.-_- 
Component (wt.-%) Stauffer" Rapid Stauffer" Rapid Stauffer2O Rapid 

Methane as  Me3.41 99.9 99.9 0.3 0.3 0.1 0.1 
Ethane as Et3AI 0.0 0.0 93.5 93.5 0.2 0.2 
Propane as  Pr3AI 0.0 0.0 0.4 0.4 0.2 0.2 

+Butane as n-Bu3Al 0.0 0.0 4.5 4.4 0.2 0.2 

Hydrogen as  AIH3 0.1 0.1 0.6 0.6 0.8 0.9 

Isobutane as i-Bu3Al 0.0 0.0 0.7 0.8 96.0 96.1 

Isobutylene as isobutylene 0.0 0.0 0.0 0.0 2.5' 2.4' 

Number of runs averaged 2 3 2 6 2 6 
Wt.-% Al, calculated 37.5 37.5 23.5 
Wt.-% Al, found (by E D T A  

23.5 13.9 13.9 

titration) 37.4 23.4 13.8 

'Isobutylenc actually exists in samples of triisobutyaluminium. 

(b) From the hydrolysis of RyA1X3-,,: 

Diethylaluminium Diethylaluminium Ethylaluminium 
chloridc iodide dichloride 

Component (mol-%) Stauffer'" Rapid Stauffer'O Rapid Stauffer'" Rapid 

Methane 0.3 0.3 0.5 0.6 0.0 0.1 
Ethane 97.7 97.8 97.1 97.0 99.5 99.4 

Isobutane 0.3 0.2 0.2 0.2 0.4 0.4 
n-Butanc 1.5 1.5 1.8 1.8 0.1 0.1 

Propane 0.1 0.1 0.2 0.2 0.0 0.0 

Hydrogen 0.1 0.1 0.2 0.2 0.0 0.0 
Number of runs averaged 6 6 2 2 2 2 
Wt.-% Al. calculated 22.2 22.2 12.5 12.5 21.3 21.3 
Wt.-% Al, found 22.0 12.5 20.9 

(c) From the hydrolysis of miscellaneous metal alkyls: 

Diisobutyl- Ethylaluminium 
Die thylzinc aluminium hydride sesquichloride 

Component (mol-46) Stauffcr" Rapid Stauffer'" Rapid Stauffer'" Rapid 

Methane 0.5 0.5 0.4 0.4 0.1 0.1 
Ethane 97.1 97.1 0.3 0.3 99.4 99.4 
Propane 0.2 0.2 0.3 0.3 0.0 0.0 
Isobutane 0.3 0.3 65.9 54.7 0.1 0.1 

Hydrogen 0.0 0.1 32.9 33.1 0.0 0.0 
Number of runs averaged 2 4 9 32 3 3 

n-Butane 1.9 1.8 0.2 0.2 0.4 0.4 

Wt.-96 metal. calculated 53.1 53.1 19.0 19.0 21.8 21.8 
Wt.-% metal. found 52.6 18.8 21.6 
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TABLE 4. Comparison of the alcoholysis-alcoholysis procedure and the 
N-methylaniline procedure for the determination of hydride groups in triethyl- 
aluminium 

AIEt2H(% wt./wt.) 

Alcoholysis-h ydrolysis 
Sample No. N-methylaniline procedure procedure 

1.2 
2.2 
7.6 

12.4 
13.0 

1 . 1 ,  1.2 
1.2, 1.6 
8.2, 8.3 

12.3 
13.0 

6 22.6 21.3, 21.3 
7 24.3 23.5 
8 32.1 28.9, 31.9 
9 60.7 57.5 

Cs-Clo alkyl groups can be determined by conversion to the corresponding alkane 
with a proton-donating reagent2j. The organoaluminium sample is decomposed 
smoothly without loss of liquid paraffins a t  -6O"C, under nitrogen, by the addition of 
glacial acetic acid dissolved in ethylbenzene: 

AIOOCR + R H  (16) 
\ \ ,AIR + CH3COOH 

0 

The cold ethylbenzene solution is then contacted with aqueous sodium hydroxide to 
extract aluminium acetate and excess of acetic acid and provide an ethylbenzene 
solution of the C,-C,, alkanes, which can be directly injected into a gas chromato- 
graphic column. 

F. Determlnatlon of hlgner alkyl and alkoxlde groups 

Alkyl and alkoxide groups u p  to CZ0 can be determined by hydrolysis to produce the 
corresponding alkanes and alcohols, r c s p e ~ t i v e l y ~ ~ :  

(17) 

HAIOR + H2O - H A I O H  + R O H  (18) 

\ \ 

\ \ 

,AIR + H2O - ,AIOH + R H  

This is achieved by diluting the organoaluminium sample with light petroleum and . 

refluxing the solution with an  aqueous solution of sulphuric acid and sodium sulphate. 
The alkanes and/or alcohols obtained as  hydrolysis products are recovered for analysis 
by evaporating the light petroleum extract to  dryness. The mixture so obtained usually 
has a fairly wide carbon number range and it is convenient to carry out a detailed 
analysis of thc individual alcohols and hydrocarbons in these mixtures by gas 
chromatography and of total alcohols by catalysed acetylation. Figure 3 shows a typi- 
cal GLC trace obtained in the analysis of a mixture of partially oxidized C6 to C16 
aluminium alkyls. In the catalysed acetylation procedure for the determination of 
higher alcohols in the alcohol-hydrocarbon sample obtained by hydrolysis of the 
organoaluminium sample, a portion of the extract is reacted with a reagcnt consisting 
of acetic anhydride and a pcrchloric acid acetylation catalyst dissolved in pyridine2s. 
Following the reaction period the mixture is diluted with aqueous pyridine and titrated 
with standard sodium hydroxide solution to the cresol red-thymol blue mixed 
indicator end-point. Alternatively, the mixture may be titrated potentiomctrically 
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FIGURE 3. Gas chromatography. using polycthylene adipate column 
with teniperaturc programming and flame-ionization dctcctor. of a 
mixture of C6 to Clh alkanes, alkcncs. and ti-alcohols. 

using an electrode system. The  analytical results a r e  calculated from the mcasured 
consumption of acctic anhydridc, after correcting for any small amount of 'free organic 
acidity' in thc sample. The accuracy of the procedurc is of thc order of * 1.5% of the 
determined result. 

G. Determination of Aluminium-bound Alkoxlde Groups up to Butoxy 

Trialkylaluminium o r  dialkylaluminium halide compounds containing alkyl groups 
up to butyl arc often contaminated with small amounts of alkoxide groups produced by 
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oxygen Contamination during manufacture or subsequently. Alkoxide groups in reac- 
tivc low molecular weight organoaluminium compounds may be determined by react- 
ing the organoaluminium compound with dilute aqueous acid to produce the  corres- 
ponding alcohols in quantitative yield26. Evcn the most reactive organoaluminium 
compounds could be smoothly decomposed without loss of the alcohol, when a dilute 
solution of glacial acetic acid dissolved in toluene was slowly added under nitrogen to 
the diluted sample maintained at -60°C. The  subsequent addition of an aqueous 
solution of sodium hydroxide to this mixture dissolves thc precipitated aluminium salts 
and extracts the alcohol quantitatively into thc aqueous phase, from which it can be 
isolated from electrolytes by steam distillation2' and then determined colormetrically 
in the distillate by the cerium(1V) ammonium nitrate m e t h ~ d , ~ . ~ ~ .  A t  the 0.1% alkoxide 
level the accuracy is within 2 5 %  of the actual alkoxide content of the sample. Higher 
concentrations of alkoxide in the range 1040% can be determined with a n  accuracy 
of 51%. Ethoxide groups in triethylaluminium can be dctcrmined by crushing an 
ampoule containing about 0.1 g of organoaluminium compound under aqueous mix- 
ture of a potassium dichromate and sulphuric acid30. The  mixture is refluxed and then 
cooled. Unconsumed potassium dichromate is detcrmined iodimetrically. Three pro- 
cedures have been dcscribed for the determination of isobutoxide groups in 
t r i isobutylal~minium~' .  In one the sample is hydrolysed under an inert gas to produce 
isobutyl alcohol. which is then reacted with sodium nitrite to produce isobutyl nitrite. 
T h e  latter is diazotized with sdphanilic acid and coupled with 1-naphthylamine, which 
can be determined spectrophotometrically. The  second procedure for determining 
isobutoxide groups utilizes the cerium(1V) ammonium nitrite reagent3'. T h e  error in 
this method is less than 2 3 %  when determining 0.09-l'VO of isobutoxide groups in 
triisobutylaluminium. The  third method is based on reaction with ethanol under an 
inert a t m o ~ p h e r e ~ ~ .  The ethanol-isobutyl alcohol mixture thus obtained is cen- 
trifuged to remove alumina and analysed by gas chromatography on a column consist- 
ing of 20% tritolyl phosphate on Celite 545 at 80"C, using helium as thc carrier gas. 
The  error is claimed to be -C 10%). 

Ethoxydiethylaluminium may be analysed by hydrolysis to ethanol, followed by 
oxidation with excess of potassium dichromate in sulphuric acid medium a n d  subse- 
quent coulometric titration of the unconsumed dichromate with iron(I1) electrogener- 
ated from iron(I1) ammonium sulphatc with ferroin as visual end-point indicator3). 
T h e  coefficient of variation for 0.04-0.16 mg of ethanol in aqueous solution is 2.4% or 
less. 

H. Determlnatlon of Alumlnlum-bound Amlno Groups 
Aluminium-bound amino groups can be determined by proccdures based on 

hydrolysis or ethanolysis a s  described bclow. Both of these mcthods are frcc from inter- 
ference by aluminium-bound alkyl. alkoxide. hydride, halogen, or  S-alkyl groups in thc 
sa m ple. 

In the hydrolysis mcthod for determining AI-NH, groups" a suitable weight of thc 
neat or dilute sample is dissolved in isooctane under nitrogen and cooled to  50°C and 
then decomposed with dilute hydrochloric x i d :  

RzAlNHz + 4HCl(aq) - NHjCl + 2 R H  + AICI3 

T h e  ammonium chloride is extracted with water from the isooctane phase. Steam 
distillation of this cxtract in the presence of exccss of sodium hydroxide provides an 
amount of ammonia proportional in amount to the .41NH2 content of t h e  original 
organoaluminium sample. Higher concentrations of ammonia in the steam distillate are 
determined by a titrimetric procedure. Traces of ammonia are  determined by the 
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coh-imetric indophenol blue method. This procedure is morc suitable for higher 
molecular weight organoaluminium compounds which do not react too vigorously with 
water. An alternative method3s for determining aluminium-bound amino groups 
utilizes ethanol as the reagent: 

(20) R2AINH2 + CZHSOH - R2AIOC2HS + NH3 

This procedure is suitable for the analysis of more reactive types of organoaluminium 
compounds. The ammonia produced is determined by conventional spectrophotomctric 
or  titrimetric procedures. 

1. Determlnatlon of Alumlnlum-bound Thloalkoxlde Groups 

SR groups containing alkyl groups up to C20H41 can be determined in amounts down 
to 1% in the sample by a procedure36 involving hydrolytic decomposition of the sample 
at - 60°C followed by argentimetric determination of the thiol produced. 

111. ORGANOANTIMONY COMPOUNDS 

A. Determination of Antimony 

Several methods for the determination of antimony in organoantimony compounds 
have been d e ~ r i b e d ’ ~ - ~ l .  In one the organoantimony compound is burnt with metallic 
magnesium to convert antimony to magnesium antim~nide’~.’~.  This is then decom- 
posed with dilute sulphuric acid to produce stibine, which is absorbed in 6 N hydroch- 
loric acid containing sodium nitrite. The rcsulting hexachloroantimonic acid can be 
determined colorimetrically after having been converted to a blue coloured compound 
by reaction with methyl violet. The blue colour is extracted with toluene for spec- 
trophotometric evaluation. Nitrogen, phosphorus, and arsenic do not interfere. An 
alternative procedure uses Rhodamine B (C.I. Basic Violet The decomposition 
of the sample is best effected by the use of concentrated sulphuric acid and potassium 
sulphate, followed by the addition of 30% hydrogen peroxide. The solution is adjusted 
to 6 N with respect to hydrochloric acid and antimony is extracted with diisopropyl 
ether. Colour is dcveloped by the addition to the ether phase of 0.02% Rhodaminc B 
in 1 N hydrochloric acid. Compounds containing trivalent antimony which are unstable 
in oxygen or moist air may be stabilized by exposure to sulphur for 8-48 h in V ~ C U O  

and the resulting compounds are examined by pyrolysis4’. 

IV. ORGANOARSENIC COMPOUNDS 

A. Determlnation of Arsenic 

Various techniques have been applied to the determination of arsenic in 
organoarsenic compounds. These include oxygen flask combustion, digestion with 
mineral acids, and fusion with magnesium. 

1. Oxygen flask c ~ r n b u s t i o n ~ ~ - ’ ~  

Since arsenic attacks platinum sample holders. many workers recommend a silica 
spiral, although combustion with a silica spiral is ncver as satisfactory as with 
p l a t i n ~ m ~ ~ . ~ ~ .  A modified silica holder has been described4’ which, it is claimed, is less 
prone to dropping the sample into the absorption solution. Use of a quartz spiral is 
unsatisfactory because the quartz devitrifies during even a single combustion. Some 
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workers are of the opinion that wet combusion methods are preferable to the oxygen 
flask method for the determination of organic arsenic4). After combustion the arsenite 
and arsenate formed are absorbed in a suitable solution; commonly a solution of 
sodium hydroxide is used. Following conversion to arsenic trichloride, this is distilled 
into sodium hydrogen carbonate solution and is determined iodimetrically. Alterna- 
tively, the combustion products may be absorbed in dilute iodine solution in whch 
trivalcnt arsenic is quantitatively oxidized to pentavalent arsenic". The arsenic is 
determined by the molybdoarsenate blue reaction, with hydrazine sulphate as reduc- 
tant; the excess of iodine from the absorber does not interfere. 

Concentrations of arsenic greater than 10 pg are measured on a filter photometer 
and those of 1e:s than 10 pg with a spectrophotometer. The mean error for a single 
determination is %0.2%. Alkaline hydrogen peroxide has been used instead of iodine 
solution in thc oxygen flask method to  oxidize arsenic to arsenate4'. The arsenate is 
titrated directly with standard lead nitrate solution with 4-(2-pyridylazo)resorcinol or 
8-hydroxy-7-(4-sulpho-l -napththylazo)quinoline-5-sulphonic acid as indicator. Phos- 
phorus interferes in this method. The precision at the 99% confidence limit is within 
20.67% for a 3-mg sample. A further variant of the oxygen flask method uses sodium 
acetate as the absorbing The arscnite and arsenate so produced are precipi- 
tated with silver nitrate solution. The precipitate is dissolved in potassium nick- 
elocyanide [K?Ni(CN),] solution and the displaced nickel is titrated with EDTA 
solution, with murexide as indicator. The average error is within *0.19% for a 3-mg 
sample. Halogens and phosphate interfere in the procedure. 

Arsenic can be determined after oxygen combustion by precipitation as quinoline 
molybdoarscnate, which is thcn reduced with hydrazinc sulphate and determined 
spectrophotometrically at  840 nm49. Thc absolute accuracy is within 2 1% for arsenic. 
Phosphorus interferes in this procedure. Alternatively, precipitation as  ammonium 
uranyl arsentate and subsequent ignition under controlled conditions to triuranium 
octaoxidc may be useds0. Phosphate and vanadate form similar insoluble ammonium 
uranyl salts and the method is not applicable to organic compounds containing these 
elements without prior separation. 

Various sample supports have becn tried in the hope that they might prove more 
satisfactory than platinums0. For this purpose the stopper of the oxygen flask was 

TABLE 5. Rccovcry of arsenic after oxygen flask combustion with various supporting materials. 
o-Arsanilic acid was the organic compound used in thesc recovery experiments 

Arsenic Arsenic 
addcd recovered 

Support Matcrial (ms) (mg) Obcrvations 

Platinum gauze 11.16 

Glass spiral 1 1.02 
14.65 

Coppcr spiral 17.32 
Copper gauze 14.03 

14.01 

Aluminium spiral 14.29 
14.11 

Stainless-steel gauze 16.02 
13.92 
14.04 

7.52 

13.26 9.981 

13.75 

6.92 
7.12) 

13.77 

15.90 
13.53 
13.74 

Platinum pitted and swollen. Good 
combustions 
Poor combustion, smokc and carbon 
deposits 

Good combustions. Cooper melts 

Moderate combustions. 
Aluminium melts. 

Good combustions 
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TABLE 6. Recovery of arsenic from various compounds when steel or aluminium 
supports were used 

Arsenic Arsenic 
calculated found 
(mg) ( m d  Support material Arsenical compound 

16.08 
15.60 
15.88 

Aluminium spiral Arsenious oxidc 

Stainless-steel gauze Arsenious oxide 15.76 
Mild-steel gauze Arsenious oxide 15.71 15.74 

Aluminium spiral o-Arsanilic acid 
14.29 14.28 
14.11 13.77 
14.08 14.10 
13.87 13.70 
16.02 
13.92 
14.04 
14.49 
14.13 
15.63 
11.29 
12.06 

Stainless-steel gauzc o-Arsanilic acid 

( 
( 1 1.48 

Mild steel gauze o-Arsanilic acid 

Aluminium spiral Acetarsol 

Mild steel gauze Acetarsol 

15.90 
13.53 
13.74 
14.49 
13.85 
15.23 
11.28 
12.04 
1 1.04 
11.18 
10.81 

fitted with a glass hook, so that spirals and  gauzes of various materials could be hung 
f rom it. Oxidized copper spirals were first used in the hope that the oxide film would 
assist combustion and  prevent reduction to arsenic but, despite excellent combustions. 
p o o r  results were obtained, again, presumably, because of alloy formation. The  use of 
steel gauzes and  aluminium spirals gave much improved results; there were no signs of 
attack on thesc materials (although the  aluminium tended to  melt) and combustion 
was  adequate.  Steel spirals gave good combustions and aluminium less so; with 
aluminium it was  necessary to use tissue-paper rather than filter-paper and to get the 
combustion going well initially. Af te r  dissolution of the white sublimate of arsenic 
oxides. which were formed on the sides of the flask, and  subsequent acidification a n d  
oxidation to arsenate with bromine water, the arsenic was determined as previously 
described. T h e  results of thesc preliminary investigations are given in Tables 5 and 6. 
Fur thcr  rcsults obtained with stcel and aluminium supports gave satisfactory 
recovcries of arsenic from o-arsanilic acid, arsenious oxide, and acetarsol. 

2. Digestion  procedure^^^-^* 
Organic arsenicals may be analysed by heating them in a Kjeldahl flask with a 

mixture of concentrated nitric and  sulphuric acids and  hydrogen peroxide”. After 
cooling, the mixture is diluted with water and  an  aliquot is treated with Concentrated 
sulphuric acid and  zinc. T h e  arsine evolved passes into a solution in pyridine of silver 
diethvldithiocarbamate, and the molar absorptivity of the resulting solution is measured 
at 540 nm. Halogens and  sulphur d o  not  interfere. Arsenic in 10-mg amounts of  
organic compounds may be determined iodimetrically’?. Thc  method is suitable for 
the  determination of all types of organic arsenic compounds. including those which 
give low results by the classical wet oxidation methods using sulphuric and nitric acids. 
T h e  sample is weighed ou t  into a Kjeldahl flask, concentrated sulphuric acid is added, 
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and the solution is set aside for 5 min, warming it if necessary to dissolve any solids. 
Small amounts of potassium permanganate are added, warming gently after each 
addition until the dirty green of the solution disappears and the precipitated manganese 
no longer dissolves. Water and 30% hydrogen peroxide are added and the solution is 
heated until a clear solution is obtained. Arsenic is then determined iodimetrically. 

A digestion procedure for arsenic which is not subject to interference by mag- 
nesium, calcium, strontium, barium, cobalt, nickel, zinc, manganese cadmium, copper, 
and halogens involves heating the sample to fuming in a Kjeldahl flask containing 
concentrated sulphuric acid. copper sulphate, and concentrated nitric acids3. After 
cooling, further portions of nitric acid are added and the sample is heated to fuming 
until colourless or pale blue. It is then diluted, heated to boiling point, and a solution 
of 7 g of barium nitrate in 50 ml of water is added. The solution is then cooled, filtered, 
and the filtrate neutralized to methyl orange with sodium hydroxide solution. Aqueous 
25% nitric acid is added and excess of 0.1 N silver nitrate solution is added. followed by 
dropwise addition of a concentrated solution of sodium acetate until precipitation is 
complete. The solution is then made up to volume, filtered, and the excess of silver 
nitrate back-titrated with 0.1 N ammonium thiocyanate solution. A micro Carius pro- 
cedure for arsenic in which the sample is digested with fuming nitric acid to form 
quinquevalent arsenic, which is then determined by iodine titration, yields low results 
(Table 7, column I)s4.s5. When the digestion temperature and time were increased to 
300°C for 10 and potassium chloride was added, all the solutions remained clear upon 
the addition of potassium iodide and the end-points became sharpSJ. The resulis 
(Table 7. column 11) were in close agreement with theory. 

Chloric acid has been recommended because it oxidizes organic matter smoothly 
and rapidly at 180°C. and is to be preferred to the more widely used sulphuric acid or 
sulphuric-nitric acid digestions or alkaline fusionss6. Excess of chloric acid is easily 
removed by boiling to leave a perchloric acid solution of inorganic arsenic present in a 

TABLE 7. Comparison of percentage G: arsenic found by micro Carius method at different 
temperatures with and without potassium chloride 

Sample 

1: Digestion temp. 250°C. 
digestion time 8 h. 

11: Digestion tcmp. 300°C. 
digestion time 10 h, 

Theory KCI absent KCI present 

AS203 75.73 71.99 
72.01 

C ~ H S C H ~ A S O ~ H ~  34.67 31.12 
31.63 

37.08 36.62 
34.06 
35.26 
35.21 

HOC~H~.~SO(OH)Z 34.36 30.76 
31.70 

(C6Hd3AS 24.46 Turbid 

16.72 Turbid 

76.01 
75.66 
75.59 
75.66 
34.50 
34.49 
36.9 1 
36.88 
36.97 

34.46 
34.42 
24.40 
24.46 
24.51 
24.49 
16.83 
16.72 
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higher valency state. The accuracy and reproducibility are good. Thus samples of 
p-arsanilic acid (theoretical arsenic content 34.5%) gave an average arsenic content of 
34.6%,,with a 99% confidence limit of 0.6%57. Chloride does not interfere in the 
procedure. Phosphorus interferes in the micro method by formation of a heteropoly 
blue similar to that formed by pentavalent arsenic. Phosphorus and arsenic, if present 
together, may be separated and determincd after digestion of the sample with chloric 
acids8. 

3. Magnesium f ~ s i o n ~ ~ - ~ ~  

The sample is heated in a sealed tube for 5 min with a mixture (3 + 1) of magnesium 
and magnesium oxide, which converts all the arsenic into magnesium arsenide. The 
tube is opened and the  contents are decomposed by dilute sulphuric acid. Arsine is 
evolved and is absorbed in a 0.5% solution of silver diethyldithiocarbamate in pyridine. 
The colour produced has an absorption maxium at 560 nm and is proportional to 
concentration up to 20 pg of arsenic in 3 rnl of solution. Alternatively, the arsine is 
oxidized by bromine and determined i~d ime t r i ca l ly~~ .  Methylated arsenicals have 
been determincd by vapour generation atomic-absorption spectrometry6'. 

6. Determlnatlon of Carbon 

The determination of carbon and arsenic in  organic compounds using magnesium 
fusion and the elemental analysis of organoarsines and organobromarsines have been 

C. Determlnatlon of Fluorlne 

A volumetric microdetermination based on oxygen flask conibustion for 5-40% of 
fluorine in organic compounds containing arsenic has been described6s. The sample 
(containing 0.2-0.6 mg of fluorine) is burnt in  an oxygen combustion flask and the 
combustion products are absorbed in 5 ml of water. Hexamine and sufficient murex- 
ide-naphthol green B (C.I. Acid Green 1)-hexamine (1:3:100) are added and the 
flask contents are titrated with 0.005 M cerium (IV) sulphate to a green end-point. 
Methods have been reported for the determination of arsenic in organoarsenic com- 
pounds with halogen attached to the arsenic, organoarscnic compounds with halogen 
attached to the carbon, and in organoarsenic compounds with halogen in the anion66. 

D. Determination of Sulphur 

Compounds containing arsenic which are unstable in oxygen or moist air can be 
stabilized by exposurc to sulphur for 8-48 h iri vucim. The resulting compounds may 
be analysed by pyrolysis for sulphur and arsenic". 

V. ORGANOBERYLLIUM COMPOUNDS 

A. Determlnatlon of Carbon and Hydrogen 

Carbon and hydrogen in dimethylberyllium and in bcr~llium hydride can be deter- 
mined by combustion". After weighing into a small tin capsule. the sample is ignited 
in a tube furnace at 600°C under a stream of pure helium to destroy any stable 
carbonates and thcn under a stream of pure oxygen at 1050°C. The resulting carbon 
dioxide and water are weighcd off. 
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VI. ORGANOBISMUTH COMPOUNDS 

A. Determination of Bismuth 

Bismuth in pharmaccuticals such as  bismuth tribromophenoxidc. bismuth salicylate, 
and bismuth subgallatc has bccn deterrnincd complexometrically6‘. The  sample is 
shaken with dilute nitric acid .for 5 min and then diethyl ether addcd with gentle 
swirling followed by water, and the solution is heated to 60°C. Thc solution is then, 
cooled to 50°C. ignoring the precipitate, and a 1 %I trituration of methyl thymol bluc in 
potassium nitrate is added and the solution titrated immediately with 0.1 M EDTA 
disodium salt t o  a pale red-violct colour. Then 10% aqueous ammonia is added and 
this solution titratcd further until it becomes yellow. 

VII. ORGANOBORON COMPOUNDS 

A. Determlnatlon of Boron, Carbon, and Hydrogen 

A combustion procedure has been used to determinc carbon, hydrogen, and boron 
in o rgan~boranes ’~ .  Samples containing 1-4 mg of boron are combusted by thc stan- 
dard Pregl-type procedurc. using the Brinkman Heraeus microcombustion assembly. 
Carbon and hydrogen values are obtained in the normal fashion. The residue which 
remains behind in the boat is transferred to a bcaker. dissolved in watcr, and  thc boric 
acid is titrated by the identical p H  mcthod. using 7.10 as  thc critical pH. T h e  effccts of 
adding oxidizing agents and of changes in hcating tempcrature in the microdetermina- 
tion by furnace methods of carbon and hydrogen in boroxins and other  boron- 
containing compounds have bcen studied7’. The  best results were obtained with an  
oxygen flow-rate of 10 ml/min. a stationary furnace tcmperaturc of 900°C. and with 
the addition of about 100 mg of tungstic oxide to  t h e  samplc, which was then hcated to 
a final temperature of 1000°C. With thesc conditions. errors in the dctermination of 
carbon and hydrogen were reduced to 20.28%) and %0.18%, rcspectivcly for thc 
compounds studied. When organoboron compounds are oxidized by convcntional 
methods low results are  obtained for carbon and low or  high results are obtained for 
nitrogen7’. To reducc errors in the determination of organoboron compounds, oxida- 
tion conditions which are satisfactory for oxidizing mcthane should bc used. 

Boron has been determined by pyrolysing the organoboron compound in a stream 
of pure hydrogcn containing mcthanol vapour, and burning the gascous mixturc at the 
end of a quartz tube (acting as a blowpipe) in a stream of ~ x y g c n ~ ~ .  The water-vapour 
formed contains the bulk of the boron and, after condcnsation, is collcctcd in a flask 
containing a known volume of water that will absorb the boron. Thc Carius nitric acid 
oxidation procedure for the micro-determination of boron in organoboranes has bccn 
studied (Table 8)7J. Thc  standard deviation is 20.33% absolute. A majority o f  the 
analytical results werc slightly above the theoretical valucs. indicating a possible’bias 
in the method. This may be due to leaching of boron from the borosilicate glass Carius 
tubcs during the oxidation. 

Boron and caron in alkyldecaborancs and related compounds havc been determined 
by oxidation with alkalinc potassium persulphate. followed by potentiometric titration 
of boric acid in the presence of mannito17’. Carbon contents arc determined by a 
modification of thc Van Slyke wct combustion tcchniquc. Although the method is 
limitcd to compounds which are non-volatile at room tcrnperature it is rapid. does not 
require elaborate apparatus. and is usually accurate within 1 .O and 0.5% absolute for  
boron and carbon contents. respectively. The  methods are rcadily applicable to the 
analysis of organoboron compounds containing nitrogen. The  chicf limitation of the 
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TABLE 8. Microdetermination of boron by the Carius method 

Boron (%) 
No. o f  

Calculatcd Found determinations Compound 

Dirncthylamincborane. ( C H ~ ) ~ N H B H J  18.36 18.66 ? 0.09 4 
Sodium tctraboratc. NalB407 21.50 21.69 t 0.13 2 
Decarborane. B I O H I 4  88.46 89.40 2 0.23 2 
Isopropylamineboranc. C ~ H . I N H ~ B H ~  14.83 15.24 2 0.04 2 
Trimcthylamineborane. (CHJ)JNBHJ 14.83 15.25 2 0.02 2 
Morpholineboranc, CdHgNOBH, 10.72 10.76 t 0 .02  2 

Bisacetonitriledecaborane, BloH~2(CH3CN).  53.46 53.1 7 5 0.02 2 
Chlorodecaboranc. I3 1oHl 3CI 6Y .02 69.74 2 0.33 3 

potassium persulphate oxidation method is that i t  cannot bc uscd to analyse steani- 
volatile compounds. Thus. whercas decaboranc and its alkyl derivatives dissolvc 
rapidly during the oxidation. more highly alkylatcd dcrivatives of pentaborane. for 
cxample tetraethylpentaborane. arc steam-volatile and remain unchangcd. None of 
the compounds examined resisted oxidation by Van Slykc combustion fluid. but the 
method is limited to the analysis of compounds with a low vapour prcssurc at rooni 
temperature. A morc complicated apparatus would be rcquired to prevent loss of 
volatile material during preliminary evacuation of the system. Methods for determin- 
ing boron in organoboron compounds based on oxidation with alkaline potassiuni 
persulphate havc been compared with methods bascd on oxidation using (a) sodium 
peroxide. (b) alkaline hydrogen peroxidc. and (c) trifluoroacetic acid7"". Oxidation 
with sodium pcroxidc followed by titration with sodium hydroxidc using mannitol as 
indicator gave an cr ror  not cxceeding 1%. Oxidation with sodium pcroxide or with 
alkaline hydrogen peroxide. followcd by  titration with barium hydroxide. gavc errors 
as low as 0.1%. 

Boron in borohydridcs and organoboron .compounds caii be detcrmined by oxida- 
tion with trifluoroperoxyacetic acid7". Thc sample is placcd in a test-tube, methyl 
cyanidc is added, a reflux condenser is fitted, and the tubc is cooled in an ice-bath for a 
few minutcs. Trifluoropcroxyacetic acid is cautiously addcd through the top of the 
condenser and, after any initial reaction has subsidcd. the tubc is heatcd in a boiling- 
water bath for 5-60 min depending on the stability of the samplc. When decomposition 
is complete the solution is washed in to  water and boiled gently for a few minutes 
before titrating the boric acid in the usual manncr. after its conversion into mannito- 
boric acid. 

Boron can bc determined by combustion of micro samples of organoboron com- 
pounds"). The boric oxide formcd by the combustion is quantitativcly removcd by 
refluxing water in the combustion tube and the rcsulting boric acid solution is titrated 
with standard sodium hydroxide with mannitol as a complcxing agcnt with an initial 
pH of 8.4. Best rcsults are obtaincd when the boron content of the solution is betwccn 
0.8 and 1.5 mg. Altcrnatively. the sample, covered with liquid paraffin, may be burnt 
in a Parr high-pressurc oxygen bomb containing water8". An aliquot is brought to pH 
4.8 and hcated under rcflux for 10 min. to remove carbon dioxide. While the solution 
is cooling a strcam of pre-purificd nitrogen is passed through by means of a filter-stick. 
The pH is adjusted to 5.15 and 1 0  ml of 10%) aqucous mannitol solution are added, 
and thc mixturc is titrated with 0.05 N sodium hydroxide. Thc cxact cnd-point (pH 
7.5-8.0) is located by the method of diffcrencing. A platinuni-lincd Parr bomb has 
also becn usedn'. Thc sample is placed in the sample holder, water added. and the 
bomb fired in the invertcd position. Combustion in an Inconcl bomb at high tempcra- 
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ture and pressure followed by separation of the products (boric oxide, carbon dioxide, 
and water) by conventional techniques has been applied successfully to several trial- 
kylborates and -boranesa’. For the carbon, hydrogen. and boron determinations, the 
precisions are ~ 0 . 1  lo/ ,  ~0.070/0. and k0.07 absolute, and the accuracies +0.22%, 
20.12, and -0.1% absolute, in  the ranges 60-88%, 11-16%. and 3-1 1%, respectively. 
Since the method accurately determines all three elements it is not subject to the 
errors involved in only analysing two of the three elements and obtaining the  con- 
centration of the third element by a difference calculation. The method should be 
applicable to the analysis of all types of compounds containing boron, carbon, and 
hydrogen. if sufficient hydrogen is present to form water of hydration for all the boric 
oxide produciyi in the combustion reaction. It offers an casy and safe method of 
analysis for spontaneously flammable compounds such as boron hydrides and their 
hydrocarbon derivatives. Decomposition by fusion with sodium hydroxide in a nickel 
bomb at 800-850°C followed by a spectrophotometric determination of boron in the 
combustion residue may also be useds3. Boron in the extract is determined spec- 
trophotometrically at 41 5 nm with azomethine H[4-hydroxy-5-(salicylidene amino)- 
naphthalene 2.7-disulphonic acid]. This procedure has been applied to the determina- 
tion of between 3 and 75% of boron in milligram samples of barenes (carboranes), 
dicarbaundecaboranes and their related compounds (containing. in addition to C ,  H, 
and B. appreciable amounts of N. Na, Si, P. CI, Fe, Ni, Ge. AS, Br, Sn, Cs, or Hg). 

The oxygen flask combustion technique has been successfully applied to the deter- 
mination of boron in organoboron compounds. The sample, together with sucrose, is 
burned in oxygen and the  products are absorbed in watera4. The solution is transferred 
with methanol to the cathode compartment of a coulometric titration cell and satu- 
rated sodium nitrate solution is added to both cathode and anode compartments. 
Mannitol is added, and the boric acid is titrated to the potentiometric end-point. If 
chlorine is present. a small amount of 30% hydrogen peroxide solution is added to the 
flask before combustion. Recoveries of boron are good except with very refractory 
materials such as boron carbide. Alternatively, the sample may be combusted over 
sodium hydroxide, then the solution is neutralized and the boron-mannitol complex is 
formed and determined by titration with standard 0.02 N sodium hydroxideAs. The 
sample may with advantage be mixed with fincly powdcrcd potassium hydroxide 
before combustions6. 

An aspirating burner has been applied to thc determination of boron in organoboron 
cornpoundse7~aa. The sample is placed in a flask containing sulphuric acid through 
which passes a rapid stream of nitrogen which leads into an oxy-hydrogen flame. When 
the sample has been decomposed and any water present driven off, methanol is added 
and the flask is heated to 70-80°C. On passage through the flame. methyl borate and 
other compounds are decomposed into boric oxide, water, and carbon dioxide. The 
boric oxide is absorbed in water and determined volumetrically. Recoveries of boron 
werc within 20.1 mg of the theoretical for H3B03,  Na2BJ07. and sodium and potas- 
sium tetraphenylboron. Flame photometry may be used for the determination of 
boron in amounts down to 0.1% at 519.5 nm by volatilizing the compound in an 
organic solventa9. The accuracy and precision are of the ordcr of 1-2% of the amount 
present. The method has been applied to the determination of boron in lubricating 
oils. Since boron emission in flamc photometry depends not only on boron content, 
but also on the moleuclar structure of the sample. i t  is best to decompose the sample 
with nitric acid to boric oxide””. The coefficient of variation was 0.67%. Alternatively, 
the sample may be heated with a length of sodium wire in a nickel crucible at 400°C 
for 30 min”. The residue is then made up with water and the solution passed down a 
column of Amberlitc IR-120 (H’ form). The percolate is diluted with water and its 
boron content determined flame photometrically at 5 18 nm. All types of organoboron 
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compounds could be dctermined by this method. No  interference occurs from any 
nitrogen present in the sample. An absolute spectrographic method has been used for 
the determination of small amounts of organic boron in mixturcs of tcrphenylsg2. No 
preliminary treatmcnt of the samplc is requircd, and analyses are carried out using a 
large quartz spectrograph in a matrix graphite and terphenyls (9:l). In the spec- 
trochemical analysis of methyl borate, thc distillate was led from a micro-distillation 
apparatus directly through a bored electrode into the spark or  arc  gapY3. Solutions of 
methyl borate were sprayed directly into the arc or  spark gaps. Neutron absorption has 
been applied to the determination of boron in nitrogen-containing organoboron com- 
p o u n d ~ ~ ~ .  Calibration graphs were prcpared by plotting the number of slow neutrons 
passing through the sample against boron content. Down to 0.05%, boron could be 
determined with a relative error not exceeding 28% in about 20 min. 

B. Determlnatlon of Chlorlne 

N o  doubt oxygen flask combustion techniquesg5, which arc capable of determining 
organically bound boron, can bc applied with suitable modifications, to the dctermina- 
tion of halogens in organoboron compounds, a s  indeed can other types of combustion 
techniques described earlier. An accurate and reproducible method has been 
described for the determination of chlorine bound to boron in organoboron com- 
pqunds containing boron-chlorine and carbon-chlorine bondingg5. Analysis for 
chlorine bound to boron mixtures containing compounds which possess both chlorine 
bound to boron and to carbon necessitates a method which distinguishes each type of 
chlorine. Although procedures are available for the determination of chlorine in 
organoboron compounds (Parr bomb-sodium peroxide fusion, Volhard, and Carius 
methods), the values obtained give the total chlorine content. Aqueous hydrolysis of 
chloro-2-chlorovinylboranes, with subsequent titration of hydrochloric acid with either 
base or  silver nitrate, fails to differentiate betwccn chlorine bound to boron and to 
carbon, because these compounds break down in aqueous medium (above pH 3) to 
form hydrochloric acid, orthoboric acid, and acetylene. The hydrolysis of chlorine 
bound to carbon procceds at a much slower rate than that for the chlorine bound to 
boron. Various attempts wcre made to stabilize the 2-chlorovinylboric acid produced 
upon hydrolysis of thc carbon-chlorine bondy6. When i t  was dissolved in benzcne and 
titrated with a solution of potassium methylate in bcnzene containing a small amount 
of methanol, only chlorine bound to boron was determined. T h e  titration was carried 
out to a thymol blue end-point. The analysis must be rapid since on standing some 
breakdown of the 2-chlorovinylboric acid occurrcd. 

This procedure was found to be effective for chlorovinylboranes. but if sample 
mixtures contained chloroethylboranes, the method was inaccurate. Under these con- 
ditions all of the chlorine bound to boron in the chloroethylboranes did not dissociate. 
I t  is known96 that chlorocthylboranes can be hydrolysed quantitatively. The poor 
recovery of chlorinc obtained when dealing with mixtures containing alkylboron 
chlorides by the benzene-potassium methylate titration technique is related to the low 
polarity of this solvent9’ 

A polar solvent system enables thc chlorine-carbon bonds to bc stabilized. Accord- 
ingly, the compounds, o r  mixture of compounds containing both types of chlorine, are 
dissolved in a strong nitric acid-methanol solution. Hydrochloric acid formed through 
esterification of the chlorine bound to boron is titrated potentiometrically with stan- 
dard silver nitrate. Chlorine bound to boron in the chloro-2-chlorovinylboranes and 
in the chloroethylboranes esterifies quantitatively; further the 2-chloro- 
vinyldimethoxyboranc is found to be very stable in this solvent system. 
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C. Determinatlon of Nitrogen and Boron 

Boron and nitrogen in aminoboranes may bc detcrmined by hydrolysing the 
aminoborane with acidified methanol to produce trimcthyl borate, which is deter- 
mined by convcntional procedures using mannitol o r  glycerolV7~". Nitrogen is detcr- 
mined on a separate sample of thc aminoboranc by the Kjcldahl or  the Dumas proce- 
dures. Alternatively. boron and nitrogen in aminoboranes may be dctermincd by 
consecutive titrations"). Since difficulties are somctimes encountered in the dctermi- 
nation of boron by procedures based on the use of mannitol or  glyccrol when the 
sample contains nitrogen. the aminoboranc is first hydrolysed t o  produce a hydroly- 
sate in which the aminc fragment has not bccn degraded; consecutive titrations with a 
standard base arc then carricd out in aqueous solution wing a p H  meter, boron being 
determined by convcntional titration in the presence of mannitol. and nitrogen by 
titration of the corresponding ammonium ion. 

Boron, either alone or  simultaneously with nitrogen and/or phosphorus in 
organoboranes. can be determined by digesting the sample with sulphuric acid in the 
presence of selenium powder and coppcr sulphate-potassium sulphate"'O. The boric 
acid produccd is titrated with sodium hydroxide solution by the fixed-pH method. If 
nitrogen and phosphorus are to be dctermined simultaneously. a solution of hydrogen 
peroxide is added to the digestion reagents, and suitable aliquots are taken for 
measurement of the nitrogen by a micro-Kjeldahl method and of the phosphorus by a 
spectrophotometric method. A combustion tcchniquc has been described for the 
determination of carbon, hydrogen, and nitrogen in organoboron compounds"". By 
employing quartz combustion tubes and by heating to betwccn 1000 and 1100°C in 
the unpacked section around the combustion boat. both carbon and hydrogen can be 
determined to within about *0.2% and 2496, respectively. Determinations of nitrogen 
in acetanilide-BF3 wcre improved by restricting the samplc sizes to 7 nig or less or by 
employing a longer combustion tubc with two succcssivc packings. 

D. Determination of Hydride and Active Hydrogen 

Boranes and chlorinated boranes may be determined gas chromatographically by 
passing them, with argon as carrier gas, through a column of molecular sieve 5 A  
moistened with water, then through a column of dry molecular sieve 5A to determine 
the amount of liberated hydrogcn produced by hydrolysis of the B-H bonds in the 
sample102. The results arc within 5% of the known values. If the original sample 
contains hydrogen a s  an impurity, it is frozen out in a cold trap a t  -78°C. Gaseous 
hydrogen is swept out of the trap with a current of argon, then the residiual borancs in 
the trap are allowed to warm up the room temperature and are collected in a gas 
burette. The sample is now ready for analysis by chemically active gas chromato- 
graphyIo3. Pentaborane reacts with ethanol to produce hydrogen and triethyl borate 
quantitatively'"'. A very detailed study of the gas chromatographic technique for the 
determination of hydridic and active hydrogen in borane compounds has been 
r e p o r t ~ d " ' ~ .  This technique is based on thc liberation of active or  hydridic hydrogen in 
a microreaction cell incorporatcd in a gas chromatographic flow system and measure- 
mcnt of the hydrogen gas band in nitrogen gas carrier by thermal conductivity dctcc- 
tion. The  difference in thermal conductivity betwccn hydrogen and nitrogen is 
detccted with a Teflon-coated hot wire. The hydrogcn gas is formed from the boranc 
compounds by acid hydrolysis using 10% hydrochloric acid. Application of heat to the 
reaction cell accelerated the reaction rate and provided rapid and stoichiometric 
release of hydiidic hydrogen from the compounds investigated. T h e  main advantage 
of this method is that i t  can be applied to the analysis of a variety of boranc compounds 
using a conventional cornmcrcially available gas chromatograph. 
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VIII. ORGANOCALCIUM COMPOUNDS 

60 1 

A. Determination of Carbon and Hydrogen 

Carbon and hydrogen in alkali and alkaline earth metal compounds can be detcr- 
mined by igniting the sample at 900°C mixed with eight timcs its weight of tungstic 
oxide in oxygen.In6 

IX. ORGANOCHROMIUM COMPOUNDS 

A. Determination of Chromium 

Chromium in organochromium complexes used a s  additives in drilling fluids can be 
determined by evaporating a sample to dryness on a water-bath, mixing the residue 
with nitric acid and potassium chloratc solution. and again evaporating to dryness’”’. 
The rcsidue is dissolvcd in water, the solution is boiled with 2.5 M sulphuric acid and 
silver nitrate solution. thcn gently boiled for 30 min with ammonium persulphate. 
sodium chloride solution is added, thc mixture is filtered, and chromium in the filtrate 
is determined with diphenylcarbazide. 

X. ORGANOCOBALT COMPOUNDS 

A. Determination of Cobalt 

Cobalt can be determined gravimctrically by the standard pyridine-thiocyanate 
methodIo8 or by X-fluorescence spectroscopy. IoY. For the latter only a minimum of 
sample preparation is required. Matrix effects and minor instrumental variables are 
compensated for by using a solution of cobalt octanoate or naphthenate in 
2-ethylhexan-1-01 (containing 0.2% of cobalt) as  internal standard. The lower limit of 
detection is about 10 ppm of cobalt, for concentrations of up to about 0.5% of cobalt, 
the precision (95% confidence level) being about 0.1%. The cobalt content of a 
solution of cyanocobalamin has bccn determined colorimetrically at 550 nm”” by 
means of the nitroso-R salt reagent”’. 

XI. ORGANOCOPPER COMPOUNDS 

A. Determination of Copper 

Copper in organocopper compounds may be determined by first oxidizing the 
sample by heating it with concentrated sulphuric acid in a Kjeldahl flask for 2-3.5 h”’. 
Copper in the cooled and diluted residue is titrated with 5 mM EDTA ( p H  4-4.5; 
disodium ethylbis(5-tetrazolylozo)acetate as indicator) or iodimetrically after the 
addition of potassium iodide solution. Alternatively, digestion may be followed by 
spectrophotomctric determination using 1 (2-pyridyla~o)naphthoI”~. A polarographic 
method has bcen used for the determination of ionic copper in copper chlorophyl- 
lins1’4. In this method known amounts of dricd copper sulphate are dissolved in 1.5 M 
aqueous ammonia solution and the solution is electrolysed at the dropping electrode. 

Xii. ORGANOGERMANIUM COMPOUNDS 

A. Determination of Germanturn 

Germanium in organogermanium compounds can bc determined by mixing the samplc 
with a 100-fold amount of chromium(II1) oxide and heating in a tube at 900°C under a 
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current of Carbon dioxide and water arc collected and weighed by 
conventional procedures to provide estimates for the catbon and hydrogen contents of 
the sample. Thc contcnt of germanium is obtained from the change in weight of the 
ignition tube before and after the ignition. In a tubc combustion procedure, which is 
applicable to the dctcrmination of germanium in volatile organometallic compounds, 
oxygen is bubbled through a weighed portion of the  sample until volatilization is 
complete”’. The vapours are passed into a weighed silica tube and ignited in a plug of 
prepared asbestos. The silica tube is then disconnected and ignited to constant weight 
at 800°C. The germanium content of the sample can then bc calculated from the 
residual weight of germanium oxide found in the silica tube. Thc method may be 
modified to accommodate samples that hydrolyse rapidly to non-volatile products’ la .  

I t  is accurate to 50.5% and takes 3-4 h. In a bomb combustion procedure for the 
determination of organically bound germanium, the sample is fused with sodium hyd- 
roxide and sodium carbonate for 1.5 h in a sealed nickel bomb at 920-940°C”8. After 
cooling, the residue is dissolved in water and ice-cold concentrated sulphuric acid 
added. The mixture is then heated almost to boiling point and diluted prior to determi- 
nation of germanium and halogcns. 

A direct spectrographic procedure has bcen developed for the determination of 
germanium in organogermanium compounds’I9. A solution of the sample in cumene 
containing polymethylphenylsiloxane as internal standard is transferred to a fulgurator 
cooled to solid carbon dioxide-acetone tempcrature. Spectra are excited by a con- 
densed spark discharge between the graphite rod in the fulgurator and graphite coun- 
terelectrode. X-ray fluorcscence spectroscopy may also be used.’20. The sample is 
dissolved in dioxane. Water-soluble species are dissolved in water and insoluble com- 
pounds arc powdered and pressed into discs with Na2B407.1 OHz. Arsenic is added as 
an internal standard. An instrument with a lithium fluoride analysing crystal is suit- 
able. Measurements are made of germanium and arsenic K radiation. The relative 
error for 0.1 5-0.3096 of germanium was within ?3.3%. Atomic-emission spectro- 
graphy has a detection limit for hydride of 0.4 pglZ1. 

6. Determlnatlon of Carbon and Hydrogen 

Reproducible carbon and hydrogen analyses from tube combustions on organo- 
germanium compounds either alone or mixed with tungstic oxide or other oxidants are 
difficult to o b t a i r ~ ’ ~ ~ . ’ ~ ~  unless a very slow combustion is used. Liquids are particularly 
difficult to analyse. 

XIII. ORGANOIRON COMPOUNDS 

A. Determlnatlon of Iron 

Iron in ferrocene derivatives has been determined by first digesting 25-400 p g  in a 
mixture of concentratcd nitric acid and concentrated sulphuric acid in a sealed glass 
tube and heating to 300°C”‘. After the addition of hydroquinone and suitable buffer- 
ing the iron is determined spectrophotometrically using 1 , I  0-phenanthroline (Table 

In a polarographic method. the sample is dccomposed with concentrated sulphuric 
acid in the presence of hydrogen peroxide and the unused hydrogen peroxide is 
destroyed by boiling’2s. The iron is then absorbed o n  KU-2 cationite. from which i t  is 
eluted with .4N hydrochloric acid. The pH of the eluate is adjusted to 9, the 
iron-catecholdisulphonic acid complex is formed, and the solution of this complex is 
analysed polarographically for iron. An absolute error of approximately 50.5% is 

9). 
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TABLE 9. Determination of iron in ferrocene derivativcs 

Iron (%) 
Rangc of Standard 
sample weight Found No. of deviation Rangc of errors 

Compound Calc. (mean) detcrrninations (%) (%I 
~ ~~ 

Ferrocenc 29.4-157.8 30.02 30.11 8 0.27 -0.34 to +0.43 
1.1-Dibenzoyl- 

ferrocene 44.0-158.0 14.17 14.22 8 0.12 -0.15 to -0.23 
Ferrocene 1.1- 63.4-99.3 20.38 20.13 8 0.14 -0.45 to -0.10 

dicarboxylic 
acid 

dicarboxy- 
anilide 

Ferrocenc 1.1’- 50.5-179.6 13.16 13.21 10  0.21 -0.30 10 +0.40 

claimed for this method. Iron can bc determined spectrophotometrically following 
digestion with concentrated nitric acid and hydrogen peroxide126. Silicon and fluorine 
do  not interfere in the procedure. 

Simultaneous determination of iron and titanium in donor-acceptor complexes of 
the ferrocene bases can bc effected by decomposing the sample with a mixture of nitric 
acid, anhydrous acetic acid, and aqueous bromine1”. The iron is titrated complexo- 
metrically, with sulphosalicyclic acid as indicator, and the titanium is determined 
colorimetrically by extraction of its 8-hydroxyquinoline complex into chloroform. The 
standard deviation for each analysis is not greater than *0.3%. 

Ignition and mineralization techniques involve a risk of inflammation and sublima- 
tion of ferrocene derivativcs. In a proccdure which avoids these difficulties the sample 
is treated in a Kjeldhal flask with concentrated hydrochloric acid, followed by the 
addition of concentrated nitric acid’28. After a few minutes the solution is heated to 
gentle boiling and. after 30 min. concentrated nitric acid is added and the solution 
boiled to expel nitrous fumes. After cooling, 1 1 0-volume hydrogen peroxide is added 
and the iron is determined spectrophotometrically using 1 ,lo-phenanthroline. Iron in 
ferrocene and its organosilicon derivatives can be determined by dissolving the sample 
in carbon tetrachlorideIZY. Hydrochloric acid and ammonium persulphate are added 
and the solution is stirred, whilst heating, until the blue colour of the solution changes 
to yellow. Boiling is continued until chlorine evolution ceases and then the solution is 
diluted with water. Potassium iodide solution is then added, the pH is adjusted to 4.5 
and the solution titrated with standard EDTA, using sulphosalicylic acid as indicator, 
to a golden yellow colour change. In a volumetric microdetermination of iron in 
ferrocene and its derivatives the sample is shaken with acetone or anhydrous acetic 
acid and aqueous bromine is added’)”. The solution is then titrated to the colourless 
sulphosalicylic acid end-point with 0.01 M EDTA. 

Iron has been determined spectrographically in ferrocene and its derivatives’)’. A 
cooled solution of the sample containing a known concentration of methylphenyl- 
polysiloxane or of tributyl phosphate in cyclohexanone or kerosine is atomized into a 
spark between graphite electrodes. For standardization a similar solution was used 
containing known concentrations of pure ferrocene. The analytical line pairs used 
were either Fe 252.539 and Si 252.412 nm or Fe 249.318 and P 255.328 nm. For the 
determination of iron in haemoglobin the blood sample can be treated with concen- 
trated sulphuric acid and aqueous potassium pcrsulphate and the iron determined 
colorometrically by the thiocyanate procedure’32. Alternatively, there is a simple 
reproducible method involving oxygen flask combustion which does not need internal 
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standards. for thc liquid scintillation counting of hacnioglobin and haemin, labelled 
w-ith carbon-l 4IJ3. In  a further method thc blood sample. saturated potassium chlorate 
solution. and conccntratcd sulphuric acid are hcated in boiling watcr13'. After cooling. 
sodium tungstate solution is added and thc niixturc is centrifugcd. Iron in the supcr- 
natant solution is detcrniined using potassium thiocyanatc. X-ray spectroscopy can bc 
used to dctermine total blood iron135. Samples of scrum are placed directly on to 
confined spots on paper. dricd, and passed through the X-ray field. Results for  total 
phosphorus in serum and total iron in whole blood showed no significant difference 
from those given by wet-washing proccdurcs. except that the total iron is more prc- 
cise I y d c t c r m i ncd by \IT t -w as h in g . 

XIV. ORGANOLEAD COMPOUNDS 

A. Determination of Lead 

Lead may be dctcrniined by first decomposing thc organolead compound with a 
mixturc of 1 : 1 fuming sulphuric acid (25% SO3) and fuming nitric acid ( d  = 1 .52)136. 
Thc mixturc is carefully heated until all of the sulphuric acid has bccn evaporated. The 
residue is dissolvcd in glacial acetic acid and 25% ammonia and diluted. Aftcr suitable 
buffering. lead is detcrmined by titration with 0.05 M disodium EDTA to thc Erio- 
chrome Black T end-point. In  a dircct spectrographic procedure. a cumcne solution of 
the sample and polynicthylphetiylsiloxane internal standard is poured into the inner 
vcssel of a fulgurator, the outer vesscl of which contains 50% aqucous monocthylene 
glycol cooled to -70°C in solid carbon dio~ide-acetonc'~' .  Spectra arc excited by a 
condcnsed spark discharge bctwcen the graphitc rod in thc fulgurator and a graphite 
counter electrode. l'etracthyllead has bccn analysed by P-ray back-scattering using 
yoSr as a Good agreement with chcmical analyscs for lead contcnt is 
reportcd by this method. 

B. Determination of Organolead Compounds in Petroleum via the 
Determination of Lead 

Atomic-absorption spectroscopy has been uscd to determine organolead com- 
pounds in petr~leum'~ ' -~" ' .  The method is rapid. rcproduciblc. and remarkably free 
from interfcrcnces by orhcr clcrnents present in thc petroleum. Thc results obtained 
agree favourably with those obtained by X-ray fluorcscence. wet chemical methods, 
and flame photometry. Lead absorbs strongly at 283.3 nm. At this wavelength the 
degree of absorption is s o  intense that the useful range of analysis is limited to betwccn 
0 and 70 ppm, so that sample dilution may be necessary. Tin, sodium. bismuth, copper, 
zinc, chromium, iron. and nickcl do not  interfcrc if  an oxygen-hydrogen flame is used 
when present at  about 1 %  of the concentration of lead in the ~ a m p l c ' ~ ~ .  There 
appearcd to be no interference from sulphur, halogen or  nitrogen compounds. Isoc- 
tanc has also been used as the solvent"'. A precision of about 1 %  for thc determina- 
tion of either tetraethyllead or  tctramcthyllead in petroleum using atomic-absorption 
spectroscopy is claimed. Satisfactory results for thc determination of tetraethyllead in 
petroleum using an air-propane flame are obtained only if the standard solutions are 
prepared as dilutions of tctraethyllcad since cxpcrirnents with other lead compounds, 
such as lead nitrate o r  lead 8-hydroxyquinolatc. have shown that thc absorbance 
depends on the position of the absorption path in thc air-propane flame. This is 
causcd either by diffcrcnt 'burn-off rates or  casier atomization than t~traethyl lead '~ ' .  
Conscquently. the population of ground-statc atoms is highest at the base of the flame 
whcn tetracthyllead is involvcd and measurements arc bcst made at this point. Dif- 
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TABLE 10. Mean lead content values of selectcd petroleum 
samples 

Lead content (ml/lmpcrial gallon) 

605 

Atomic-absorption spectroscopy 
Gravirnctrf and/or 
polarographf lsooctane Acetone-isooctane' 

2.15" 
I .42 
1.26 
3.28 

2.75 2.57 
1.55 1.37 
1.42 1.24 
3.70 3.32 

'Rcf. 151. 
bRef.  153. 
' 1 : 1 mixture of acctonc and isooctanc used as a sample diluent 
instead o f  isooctane alone. 
dThe experimentally dctcrmincd valucs for all three methods 
wcrc found to vary by lcss than 0.025 ml/Impcrial gallon f rom the 
niean valucs listcd. 

ficulties have been reported in the determination o f  lead in petroleum when using a 
high-efficicncy burner of the total combustion typc or a pre-mix burnerlJ'.lJ3. The  
problem may be solved by using 1 : l  v/v acetone-isooctane a s  the solvent for pet- 
roleum sample dilutions and the preparation of standard lead solutions rather than 
isooctane 

Tablc 10 compares results obtained o n  leaded petroleum samples by atomic- 
absorption s p e c t r o ~ c o p y ' ~ ~  using isooctane alone and  mixed isooctane-acetone a s  
solvents with results obtained by various other established gravimetricIs1 and polaro- 
graphic"' techniques. It is seen that much bctter agreement with these latter techniques 
is obtained when the mixed solvent is used in atomic-absorption spectroscopy. T h e  
problem seems to be duc  to thc complex phcnomena associated with the vaporization 
and  burning of thc lcad solutions at  the burner tip and  in the flame i t ~ c l f l ~ ~ .  and thc 
succcss of thc mixcd solvent may be d u e  to its increased vapour p r e s ~ u r e ' ~ ~ ' ~ ~ ~ ~ ~ ' ~ ~  
brought about by its acetone content relative to that of raw petroleum. Alternatively, 
it may be merely that the prcsence of acetone in the mixcd solvent incrcascs thc 
solubility of tetracthyllead. In spitc o f  the number of attempts made140-143.147 to 
exploit thc  obvious advantages of atomic-absorption spectroscopy in thc dircct dctcr- 
mination of organolead compounds, in general thcsc havc not been successful. T h e  
main problem is that tctramcthyllcad and  tetracthyllead givc rise to  differcnt absorp- 
tion coefficents for lead in the flame, necessitating very carefully matched standards. 
As the proportions of tetramethyllead a n d  tctraethyllcad may vary over a given batch 
of samples a method is required which is independent o f  the  alkyl type ratioIJ7. 

Lead alkyls may be efficicntly cxtracted into aqueous  iodine monochloride at room 
temperature with an  extraction cfficicncy better than 96(%'J*. This  has been applied to 
the extraction of trace amounts of lead from a variety of petroleum products. T h e  
reagent reacts rapidly with lcad alkyls. converting them to water-solublc dialkyl lcad 
compounds. Inorganic lead compounds a rc  also solublc in iodine monochloride. cnabl- 
ing the total lead content to bc cxtracted From the gasoline. Aftcr cxtraction a n d  
suitable dilution, the aqueous iodinc monochloride solution containing the lead can be 
sprayed directly into a lean air-acctylcne flame. a n d  calibration effected at  283.3 nm 
using aqueous solutions prepared from a lead salt. Tablc  11 compares results obtained 
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TABLE 11. Comparison of determination of 
lead in petrolcum by iodide monochloride- 
atomic-absorption spectroscopic (AAS) and 
by X-ray fluorescence (XRF) methods 

Lead (dImperial gallon) 

Sample A AS XRF 

Petrol A 2.80. 2.76 2.72 
Petrol B 2.82. 2.86 2.82 
Petrol C 2.76. 2.86 2.80 

on petroleum samples by this method using a single watcr extraction and by X-ray 
fluorescence analysis. 

Atomic-absorption spectroscopy has been applied to the determination of 
organolead compounds following their separation on a gas chromatographic column. 
Tetramethyllead, trimethylcthyllead, dimethyldiethyllead. methyltriethyllead, and 
tetraethyllead have been separated on a column containing 60-80-mesh Chromosorb 
P coated with 1% potassium hydroxide operated at 85°C and lead in amounts down to 
20 ng in the effluent determined by the absorption of the lead 283.3-nm emission 
line14'.l so. 

Procedures for the determination of tetraethyllcad in petroleum by flame photo- 
metry have bcen d e ~ c r i b e d ' ~ ~ - ' ~ ~ .  The sample is burned in a flame fed with oxygen and 
hydrogen at 293 and 14 nmHg pressure, rcspectively. The flame is measured with a 
monochromator at either 406 or  402 nm by means of ;1 photocell prcviously calibrated 
with petroleum of known lead content. Emission spectrography using a medium- 
dispcrsion quartz spectrograph and a high-voltage spark discharge in conjunction with 
a rotating double-disc electrode has been used to determine leadIS7. The film of leaded 
petrol is transferred by contact onto spcctrally pure carbon. The internal standard 
consists of a cobalt-pentanol complex. Standards are analysed by using the following 
line pairs: Pb 257.73-Co 276.42 nm; Pb 282.32-Co 301.76 or 276-42 nm; and Pb 
287.33-Co 301.76 or  307.23 nm. The method permits thc determination of 
0.005-196 of lead with a relative error of 23%. 

X-ray fluorescence permits the dctermination of tetraethyllead in the concentration 
range 0.1-6 ml/Impcrial gallon to bc determined with a standard deviation of 20.28 
ml/Imperial The  error caused by sulphur in the sample is very small and that 
due to possible petrol additives such as phosphorus is negligible. The timc required for 
one analysis is about 5-10 min. For samples of petroleurn containing about 0.1 ml/l of 
tetraethyllead a molybdcnum anti-cathode (50 kV, 13 mA), a curved crystal of lithium 
fluoride ( r  = 1 1 0  cm), and a scintillation counter to ensure maximum sensitivity have 
been usedlsY. The lines LpI + Lp2 of lead and Kp (second order) of molybdenum are 
most suitable. but an internal standard must be uscd if other elements, e.g. 0.05-0.1% 
of sulphur, arc at present. The standard deviation is 0.85%; the lower limit of determi- 
nation is 25 ppm of lead. About 0.25% of bromine (as bromobenzene in tetralin) must 
be present as internal standard to compensatc for the interfcrence by sulphur and the 
fluorescence should be excited at 50 kV and 8 mA. The standard deviation iscu. 0.8%. 
Petroleum manufactured from diffcrent crude oils derived from different oil fields 
does not grcatly effect the results in the determinations of tetraethyllead by X-ray 
fluorescence'"". The organic bromine scavenger compound added to the petroleum 
with the tetraethyllead also has little effect, provided that the bro'mine to lead ratio in 
the sample is constant, which is the case for any particular additive composition. Good 
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overall agreement in the determinations of lead in petrol betwcen X-ray fluorescence 
using platinum metal as internal standard and a variety of chemical, gravimetric and 
X-ray absorption procedures has been reported'". Other referenccs on the use of 
X-ray fluorescence for the determination of lead in petroleum include rcfs. 156 and 

Tetraethyllead in petroleum has been determined by X-ray absorption 
 method^'^^'-'^^. O n e  mcthod consists of measuring the absorption increment corres- 
ponding to thc sublevel L l l l  of the tetraethyllead present in the An 
apparatus of the General Electric type X R D 3  was used with an anti-cathode tube of 
molybdenum (18 kV). The emitted radiation, rendered monochromatic by a crystal of 
sodium chloride, is passcd through the cell containing the petroleum sample and its 
intensity is measured for various angular positions with a Geiger counter connected to 
a scaler. Constructional details of an X-ray absorptiometer and its application to the 
determination of tetraethyllead in petroleum over the range 0.0-1.5 ml/l with an 
accuracy of +0.005 m1/1 have been described'66. Results obtained by the tritium 
Bremsstrahlung technique agree to within 20.02% with those by the gravimetric pro- 
cedure for concentrations of 0.5-2% of tetraethyllead in petroleum'6Y. Absorption 
measurements were made on a sample dissolvcd in heptane. Equations were derived 
for calculating the content of tetraethyllead in the presence of dibromoethane and 
1 -chloronaphthalene. 

Methods for the determination of lead anti-knock compounds in petroleum have 
been r e v i e ~ e d l ~ ' . ' ~ " - ' ' ~ .  Results from ten cooperating laboratories indicate that the 
limits of reproducibility for compounds other than tetraethyllead are not as precise as 
those quoted in the ASTM Standard Method15'. Consequently. widcr limits are 
quoted in the revised standard for petroleum containing the morc volatile anti-knock 
agents15'. Critical comparisons have been given of flame photometric and complexo- 
metric methods171 and of various polarographic, colorimetric, and gravimetric 
methods'72 for the determination of tetraethyllead. 

162-1 64. 

C. Determination of Carbon and Hydrogen 

The general opinion in the limited amount of published ~ ~ r k ~ ~ ~ . ~ ~ ~ . ~ ~ ~  is that the 
presence of lead does not offer any serious difficulties in the determination of these 
elements in organolead compounds. About 4 mg of the sample may conveniently be 
burnt in a Heraeus furnace at 850°C and the combustion gases conducted in a stream 
of pure oxygen at 500°C over platinum gauze, silver permanganate, and silver gauze, 
r e ~ p e c t i v e l y l ~ ~ .  To avoid the risk of explosion the organolead sample is covered with 
about 20 mg of tungsten oxide. 

D. Determination of Halogen 

Organolead compounds containing ionic halogen can be titrated directly in ethanol or 
acetone solution with standardized silver nitrate'36. If the halogen is covalently 
bonded, or  if the ionic halide cannot be titrated directly, the sample can be completely 
decomposed by Parr bomb combustion in the presence of sodium peroxide. In the case 
of a bromine or iodine determination it is recommended that the decomposed sample 
is reduced with hydrazine in order to avoid losses through free halogen formation. It is 
also necessary to employ this reduction when determining chlorine in the presence of 
lead, otherwise some chlorine gas is evolved causing the chlorine content found to be 
low. The chlorine is formed probably through oxidation by tetravalent lead. This 
possibly accounts for the low chlorine recoveries reported'76. 
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XV. ORGANOLITHIUM COMPOUNDS 

A. Determlnatlon of Llthlum, Carbon, Hydrogen, and Oxygen 

A microcombustion procedure has been describcd for the determination of lithium, 
carbon, and hydrogen in organolithium compound~l '~ .  The  sample is intimately mixed 
with finely ground quartz in an empty tube and combusted in a strcam of oxygen. 
Combustion in an empty tube prevents absorption of carbon dioxide by the lithium 
residue and permits carbon and hydrogcn to be determined by standard methods. The  
amount of alkali metal can then bc obtained from the weight increase of the ignition 
tube after the combustion. Othcr methods arc described in ref. 178-181. 

Very low levels of oxygen in butyllithium can be determined by using butyllithium as  
a sourcc of tritons in the detcrmination of oxygen by I8F counting after activation 
according to the reaction "Li(n. a)t; IhO(t, n) InF (ref. 182). T h e  sample is mixcd with 
butyllithium; if monomcrs are prcsent, trimethylaluminium is added to overcome the 
polymerizing effect of butyllithium. The solvcnt o r  monomer is distilled in a high 
vacuum. The residue of butyllithium is irradiated with a neutron flux of 5 = 10l2 
neutrons s- l .  After addition of fluoridc ion as carrier, the total fluorine is distilled 
as hydrofluosilicic acid; this is hydrolysed, and thc fluoridc ions are precipitated as 
lead chlorofluoride. The IHF is dctermincd by counting thc positron-destroying radia- 
tion. 

A. Determination of Carbon and Hydrogen 

organomagncsium compounds has been described"*. 
A combustion proccdure which could probably be applied to the analysis of 

B. Determlnatlon of Alkyl Groups 

produce a hydrocarbon which can then be determincd gas v o l u m e t r i ~ a I l y ~ * ~ .  
The determination of alkyl groups in Grignard compounds is based on hydrolysis to 

RMgX + H2O - RH + Mg(0H)X (21) 

The method, as used, is restricted to those RMgX compounds and their ctherates 
which give a hydrocarbon that is gaseous at  ordinary temperatures. 

XVII. ORGANOMAGNANESE COMPOUNDS 

A. Determlnatlon of Manganese 

In one method fo r  the determination of manganese in organic compounds, the 
sample is digcsted with nitric acid o r  aqua regia in a long-necked flask. thc excess of 
acid is evaporated off. and dilute sulphuric acid containing hydrogen peroxide is 
addedle4. The solution of manganese(I1) sulphatc is then titrated with standard potas- 
sium permanganatc. Thc error does not exceed ?0.30/0 (absolute). 

In a further method. the sample is heatcd with potassium hydrogen sulphate and 
mercury(I1) oxide moistened with 98% sulphuric acid'e5. The neutralized solution is 
titrated with 0.05 N potassium permanganate. This method was applied successfully to 
a wide range of cyclopentadienylmanganese tricarbonyl derivatives containing 
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between 14 and 20% of manganese without interfercnce by various elements present 
in the sample as  major constituents, including chlorine. iodine. nitrogen, sulphur and 
mercury . 

XVIII. ORGANOMERCURY COMPOUNDS 

A. Determlnatlon of Mercury 
Mercury in organic compounds can be detcrmined by burning the sample at 

750-800°C in a standard automatic combusion f~rnace '~" '" ' .  The carricr gas (nit- 
rogen mixcd with a small amount of oxygen) sweeps the combustion products into a 
stationary furnace containing reduced copper gause and combustion catalyst (CuO. 
MnOz, and Co304). Sulphur and halogens are absorbed in an auxiliary furnace in a 
tube containing MnOz, Co304. and silver granules at 550°C. The absorption tube for 
the mercury is placed close to thc last furnace so that its temperature reniains between 
40 and 100°C by radiation. Under these conditions mercury is quantitatively absorbed 
on silver granules and may be wcighed. The results show a deviation of the mean from 
theoretical values of -0.06% to +0.08% with a standard deviation ranging from 
0.10% to 0.17%. Tube combustion and wct oxidation methods for the determination 
of mercury in organic material are also a ~ a i l a b l c ~ " " . ~ ~ ~ .  If halogens are present, loss of 
mercury as halide can be avoided if the sample is placed in a combustion tube filled 
with calcium oxide and burnt in a currcnt of air at 370"C1"0. Mercury is then collccted 
in a bubbler containing conccntratcd nitric acid, and detcrinincd by titration with 
0.005 N potassium thiocyanate in the prcsencc of hydrogen peroxide with iron alum as 
indicator. 

I n  a further mcthod the sample is heated in a quartz tube in a stream of pure dry 
nitrogen'91. Nitrogen oxides, halogens, sulphur, phosphorus, and arsenic compounds 
arc absorbed by a 6-cm layer of a decomposition product of potassium pcrmanganatc. 
The mercury is subsequently absorbed on silver sponge and weighcd. Thc results 
quoted show an error of 50.2%. 

Organomercury compounds may bc analysed by placing them between layers of 
calcium sulphide and heating in a slow stream of air1". The vapours arc passcd 
through successive layers of granular calcium oxidc and silver pumice at 750-800°C 
and the mercury is absorbed in a tube containing gold leaf. The method is suitable for 
1-20 mg of mercury. In a further mcthod the sample is pyrolysed in a stream of 
hydrogen and burnt in an oxy-hydrogen flame, ensuring that a portion of the oxygen 
feeding the flame is bubbled through saturated bromine waterIR5. The mercury(I1) 
bromide so formed is collectcd in water. Thc excess of bromine in the condensate is 
removed by adding hydrazinium chloride in small portions until the colur is dis- 
charged. After stirring. 0.1 M EDTA (disodiuni salt) is added. followed by pyridine, 
and the  mercury is dctermined by potentiometric titration with 0.01 M sodium diethyl- 
dithiocarbamate. The results by these last two methods range from 98 to 101% of the 
theore tical. 

Several workers have described methods bascd on the Schoniger oxygen flask com- 
bustion tcchnique for the determination of mercury in organomercury com- 
p o u n d ~ ' ~ ~ . ~ ' ~ ~ - ~ ~ ~ .  The sample may bc burned in a flask containing nitric acid in which 
thc mercury is absorbed. Following adjustment of pH the mercury is titratcd 
amperometrically using ethylenedinitriloacetic acid. The only commonly encountered 
interference comes from chloride ion. which stabilizes the mercury as mercury( 1) 
chloride. It is then nccessary to reflux the sample in the nitric acid to oxidize the 
mercury .to the divalcnt form. For o(3-hydroxymcrcuri-2-methoxy-2-propylcar- 
bamy1)phenoxyacetic acid. the 95% confidence interval is 15 parts per 1000 for both 
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the micro and the semi-micro determinations. Alternatively, after oxygen flask com- 
bustion a simple visual titration method with sodium diethyldithiocarbamate may be 
usedlY6-Iy8. Chlorine and bromine, if present in the sample, can be titrated immedi- 
ately after the mercury dctcrmination in the Same combustion run. Iodine cannot, 
however, be determined as  it leads to indistinct end points and  low recoveries 
(80-90%). O the r  procedures using an oxygen flask include (i) the use of 8 M nitric 
acid as an absorbent solution and determining mercury gravimetrically as  
[CO(NH,)~][  Hg(S20,)3]3-IOH201YY and (ii) applying the sample to a strip of filter- 
paper and, when burning it, using saturated aqueous bromine water as  the absorbing 
liquid200-201. After combustion, excess of bromine is removed by aspiration. A 
measured volume of 0.005 M E D T A  is then added and the buffered solution titrated 
with 0.01 M zinc chloride to the l-(2-pyridylazo)-2-naphthol end-point in the 
presence of potassium iodide. 

Several procedures based on digestion with mineral acids have been published for 
the determination of mercury in organic mercurials”’2-210. The  sample may be digested 
by treatment with 75% sulphuric acid and then with potassium permanganate, heating 
until the odour of bromine has disappearedzn2. After the addition of acidic hydrogen 
peroxide the solution is boiled to destroy excess of peroxide and titrated with 0.1 N 
ammonium thiocyanate to the ferric alum end-point. The  samplc may also be digested 
with a mixture of sulphuric acid (60%) - nitric acid (70%) - perchloric acid (concen- 
trated) (3:3:1) in an ignition tube for 30 ininzo3. The  mixture is washed into a beaker 
with water and excess of 0.005 M E D T A  added. The p H  is adjusted to  10 and excess of 
E D T A  titrated with 0.005 M magnesium sulphate to thc blue to purple Eriochrome 
Black T colour change. A n  error  not exceeding 50.4% is claimed for  this method. In a 
further method the sample is wet oxidized with nitric acid. boiled until colourless, and 
mercury is determined by E D T A  titrationlo‘. 

A procedure which determines total mercury, mcrcury(I1) acetate, triacetoxymer- 
curibenzene, and  diacetoxymcrcuribenzenc in crudc phenylmercury(I1) acetate 
involves heating the sample to fuming with concentrated sulphuric acid, diluting, and 
boiling with bromine water”’5. After making the solution alkaline with sodium hydrox- 
ide and  aqueous ammonia, mercury(1) is titrated with 0.05 N sodium thioglycollate, 
with thiofluorescein a s  indicator. Mercury(I1) acctate is determined in an aqueous 
extract by titration before and after dccomposition with bromine water. The  residue 
insoluble in hot 80% acetic acid is filtered off and weighed as  triacetoxymercuriben- 
zenc; after dilution of thc filtrate with water the precipitated diacetoxymcrcuribenzene 
is separated and  the total mercury remaining in the clear solution is again determined. 

A further digestion procedure for thc determination of 2-20 m g  amounts of mer- 
cury in organic matter depends on digestion of the sample with a mixture of nitric acid, 
sulphuric acid, and perchloric acids in a Kjeldahl flask fitted with a separating funnel, 
condenser, and rcceiver206. After digestion. a mixture of hydrochloric and hydro- 
bromic acids is s i d e d  to isolate the mercury in the residue, which is then extracted as  
the tetraiodo complex using ethyl acetate at pH 2-3 and finally determined colorimet- 
rically using dithizonc. If the sample does not contain antimony and tin, then the 
formation of the tetraiodide complex can bc omitted. T h c  recovery of mercury is 
between 87 and  100%. Mercury in plant protective substances such as phenylmer- 
cury(1I) acetate. phenylmercury(I1) chloride. and methoxycthylmercury(I1) silicate 
may be dctermined by boiling the sample with an aqueous mixture of potassium iodide 
and iodine and conccntrated sulphuric a ~ i d ~ ” ” ~ ~ ~ ‘ ’ .  Excess of iodine is removed, the 
filtered residue is washed with boiling watcr, and enough E D T A  (disodium salt) is 
added to complex contaminating metals. such as  iron, aluminium. zinc, magnesium, 
manganese, nickel and cobalt, followed by the dropwise addition of concentrated 
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aqueous ammonia to p H  7. The  solution is boiled and treated with a boiling saturated 
solution of the reagent [ C ~ ( e n ) ~ ] ( N 0 , ) 2 . 2 H ? O  (cn = cthylenedimine) and mcrcury is 
determined gravimctrically a s  [ HgI,][C~(en)~1.  The  accuracy is about  2 1%. 

Precipitation of  mercury with Reinecke salt has been uscd for the determination of 
mercury in organomcrcurial fungicides such a s  phenylmercury(I1) acctatc. nitrate. or 
boratc. diphenylmercury(I1) and mcthoxycthyimercury(II)silicatc?". and drugs?I2. 

A method for the identification and determination of mercury in N-organomcrcury 
compounds is based on the rcaction of N-organomercury compounds with thiols, 
whereby S-aryl(alky1)mercury compounds are  quantitatively p r o d ~ c e d ? ' ~ .  To detcr- 
mine N-organomercury compounds. the sample is treated with cxccss of an ethanolic 
sodium salt of 2-mercaptobenzothiazole. The  precipitate is filtered off and exccss of 
2-mercaptobenzothiazole in the filtrate is titrated with 0.1 N iodine solution, with 
starch as  indicator. Thc crror of this dctcrmination is 20.3%. 

In an  ignition method for thc determination of mercury in phenylmercury(I1) acetatc 
and in mercury(I1) acetate the sample, in a nickel crucible, is covered with layers of 
copper oxide, copper. iron. and calcium oxide and heated at 500-750"C214. Thc  
crucible is covered with a gold plate o f  known weight. T h c  mcrcury evolved is retained 
by the gold platc and weighed. A photomctric method for the determination of mer- 
cury in ethylmercury(I1) chloridc, phenylmercury(I1) acetate. and phcnylmercury(I1) 
chloride uses copper diethyldithiocarbamate as the chromogenic reagent2Is. A very 
simple method for the determination of total mercury in organomercurials involves 
reduction of the sample with zinc amalgam in glacial acetic acid followed by dissolu- 
tion of the filtered off amalgam in  nitric acid and  titration of the solution with standard 
ammonium thiocyanate2I6. A review has discussed the differential determination in 
organomercurials of phcnylmcrcury(I1) acetate and metallic mercury2I7. 

A semi-automated procedure has been developed for the determination of mercury 
in fish and animal tissue based on digestion with concentrated nitric and sulphuric 
acids a t  5 8 ° C  followed by flameless atomic-absorption spectroscopy of the treated 
extract218-2?0 . Using Technicon AutoAnalyzer Equipment,  samples can be analysed at  
the rate of 30 samples p e r  hour with a rccovcry of 95% (standard deviation 2 3 4 % ) .  
This digestion has becn found to be satisfactory for all types of fish meat and other 
food products. Mercury in silicon-containing organomcrcurials can be determined by 
atomic-absorption spc~troscopy? '~.  Cold vapour atomic-absorption spcctroscopy has 
been uscd for  the determination of methylmercury in muscle of marine fish?24 and to 
determine low levels of organic mercury in natural waters after pre-concentration on a 
chclating Alkylmercury compounds in fish tissue have been analysed by usinR 
an  atomic-absorption spcctrometer as a specific gas  chromatographic detector226. 
Volatile mercury compounds in air have been determined with a Coleman mercury 
analyser system227. Methylmercury compounds in fish have been analysed using a 
graphite furnace atomic-absorption spectrometer to analyse a dithizone-treated toluene 
extract of the samplez28. A detection limit of 0.08 p g / g  of mercury is claimed. 

B. Determination of Carbon, Hydrogen, Sulphur, Halogens, and Oxygen 

For the simultaneous micro-determination of carbon, hydrogen, and mercury in 
samples free from halogen the sample is decomposed in a stream of oxygen at 
900-950"C22y-z30. The products of decomposition are  burned at 600-650°C over 
Co30Jt and the mercury formed is collected o n  silvcr-impregnated pumice. The  water 
and carbon dioxide arc collcctcd in anhydrite and Ascarite, respectively. The accuracy 
of the determination is within *0.30/0 for carbon and hydrogen and within 20.5% for 
mercury. In an alternative method for halogen-free samples the organomercury com- 
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pound is burnt in a current of oxygen in a quartz tubc containing the product of the 
thcrmal decomposition of silver pernianganate heated at  60°C’”’. Carbon and  hyd- 
rogen arc determincd with errors not  greater than 50.3%). 

A rapid micro method for the determination of mercury in organomercury com- 
pounds that d o  not  contain halogens involvcs burning them. absorbing thc reaction 
products in concentrated nitric acid and titrating the niercury(I1) ions formed with 
0 . 1  N ammonium thiocyanate using fcrric alum as indicator. In a combustion procedurc 
that is suitablc for halogen-containing compounds the sample is burnt in oxygen at  
850-900°C and the  combustion products a re  passcd through a catalyst at 400-450”C’32. 
Thc catalyst consists of the thermal decomposition products of potassium per- 
nianganatc o n  asbestos. Mercury in the sample is oxidized and  retained on thc catalyst, 
a s  arc‘ halogens and  their compounds. Carbon and hydrogen are dctermined 
gravimctrically by this procedure with an accuracy within 50.25% 

Most methods rcported for thc determination of carbon and  hydrogen in organic 
compounds containing mercury a re  based on  slow combustion procedures in which, 
during the combustion. clcmental  mercury is retained temporarily by fillings of the 
Pregl universal type. Such fillings will. in subsequent determinations, pass o n  to the 
absorption train. resulting in high hydrogen values?”. Various workcrs have overcome 
this effect by using gold wire in  the beak-end of the combustion tube23J-237. Another  
approach is to placc a boat containing cerium(1V) oxide. lithargc. silver dichromate, 
silver oxide and lead chromate immediately after the ccria-copper oxide-lcad chro- 
mate cornbustion c a t a l y ~ t ~ ~ ~ , ~ ~ ‘ .  In a further method the exit tubc and beak-end are 
packcd with tightly coiled gold wire to rcmove the merc~ry’“~’ .?~’ .  It is necessary to 
regenerate the gold after 5-6 dcterminations. A ‘rapid’ empty-tube method2j’ permits 
the analysis of mercury compounds  to be carried ou t  rclatively rapidly and necessitates 
only one  combustion apparatus for the determination of carbon, hydrogen, and  mer- 
c ~ r y ~ ’ ~ .  Methods based o n  thc  Dumas  procedurc for  the micro or semi-micro determi- 
nation in organomcrcury compounds of carbon and h y d r ~ g c n ~ ~ ~ .  mercury and 
halogens2“, carbon, hydrogen, and  mcrc~ry ’~’ ,  sulphur246, and  halogcn~’~’ have been 
described. These methods, especially those for and   halogen^^^^^^"^, a r e  appli- 
cable to all solid and liquid organomercury compounds with a maximum e r ro r  of 
*i).3% and a maximum analysis timc of 50 min. In all of the procedures thc  usual 
Dumas  combustion apparatus is used. but because of the presence of mercury vapour 
the tube is packed either with a laycr of the decomposition product of potassium 
permanganatc o r  of silvcr permanganate a s  a combustion catalyst and absorbent for 
sulphur and halogens, or copper  granules to decompose nitrogen oxides, or a layer of 
silver sponge to absorb mercury vapour, which causes errors in the conventional 
Dumas  proccdure. Thcse procedurcs a re  describcd below. 

1. Determination of carbon and hydrogen 243 

A laycr of silver sponge is used to absorb the mercury in the cooler part of the 
combustion tube. Conditions recommended a re  a n  oxygen flow-rate of 15 ml/min. a 
laycr of Co304 t o  catalys:c the combustion, and  silver in thc hot zone to remove 
halogens and  sulphur oxidcs. A 2.5-cm layer of silver sponge in a combustion tube of 
11 m m  diameter thcn suffices for 200 determinations. 

2. Determination of carbon, hydrogen and mercury’4s 

T h e  combustion tube (hea ted  at 550-600°C) is packcd with a layer of the decom- 
position product of silver pcrmanganatc (prcpared by heating A g M n 0 4  at 90-95°C 
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for 24 h), a layer of copper granules. and a further layer of the decomposition product. 
Mercury is trappcd in an absorption tube pecked with silver sponge and silver wool; 
carbon dioxide and watcr are absorbed in the usual manner. 

3. Determination of mercury and halogens”‘ 

The combustion of the sample is carried out  at  700-750°C in an atmosphere of 
nitrogen in the presence of granular dccomposition products of potassium pernian- 
ganate o n  a support of glass splinters. Mercury is absorbed in a layer of silver sponge 
(obtained by reduction of silver nitrate by acetaldehyde) and detcrmined gravimetri- 
cally. The  halogens are washed out  of the combustion tube with watcr and titrated. 

4. Determination of 

The sample is burnt in oxygen in the presence of Mn203;  any MnS04 formed is 
extracted with boiling water and Mn2+ is determined complexometrically with EDTA. 
The error for determinations of sulphur in di(pheny1thio)mercury varics from 0.1 1 to 
0.09%. 

In a micro-determination of carbon, hydrogen, mercury. and chlorine or  bromine in 
organomercury corn pound^'^^. the water and carbon dioxide produced by pyrolytic 
oxidation of the sample are .absorbed in the conventional way and determined 
gravimetrically. Mercury is absorbed on fine-grain metallic bismuth and determined 
gravimctrically. To absorb halogens, a boat containing a product of the thermal 
decomposition of potassium pernianganate is inserted in the cornbustion tube; the 
halogens are then determined by  conventional  procedure^'^^). Rapid methods for the 
micro-determination of carbon, hydrogen, mercury, and halogen in a singlc combus- 
tion of the organomercury compound depcnd on igniting the substance in a stream of 
oxygcn and gravimetric detcrmination of the four elements”’. Carbon, hydrogen, and 
halogen are determined by previously described procedurcs252 and mercury is col- 
lected in the combustion tube on  silver and determined by the increase in weight. The  
error for mercury is not greater than 0.7%) absolute 

C. Determlnatlon of Oxygen 

A conventional combustion train may be used to determine oxygen in organomer- 
cury compounds2s3~’54. The sample is decomposed a t  1000°C in a stream of argon and 
passed through a combustion tube heated at 1120 z 10°C. T h e  tube is packed with a 
piece of platinum mesh, then asbcstos. anthracene carbon black, and asbcstos. Mer- 
cury vapour is absorbed on  a layer of pumice (8 cm x 8 mm in diameter) at room 
temperature, and the carbon monoxide formcd is oxidized to carbon dioxide over 
coppcr(I1) oxide at  300°C and absorbed in Ascorite. The  method has been used for 
about 80 detcrminations on samples containing up to 60% of mercury without 
replacement of the pumice. A single determination takes about 45 min and the error is 
less than 20.3%). 

XIX. ORGANBNICKEL COMPOUNDS 

A. Determlnation of Nickel 

The quantitive determination of traces of nickel in oils has been d i s c u s ~ e d ~ ~ ~ ~ ~ ~ ~ .  
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XX. ORGANOPALLADIUM COMPOUNDS 

Palladium and chlorine in organopalladium complexes may be determined by 
decomposing the sample with sodium peroxide in an atmosphere of oxygen in a 
bomb, and then reducing the divalent palladium with sodium formatc to palladium 
metal, which is determined g r a ~ i m e t r i c a l l y ~ ~ ~ .  The  chloride ion in the filtrate is 
determined by potentiometric titration. T h e  gravimetric determination of palladium 
with d i m e t h y l g l y ~ x i m e ~ ~ ~  tends to give low  result^^^". so that gravimetric analyses 
based on 2-thiophene-rr~ns-aldoxime~~~ o r  precipitation of palladium a s  Pd12260 are 
preferred when on ly  limited amounts of palladium are present. 

XXI. ORGANOPHOSPHORUS COMPOUNDS 

A. Determlnatlon of Phosphorus 

As some types of organometallic compounds contain phosphorus in addition to a 
metal. the determination of phosphorus is discussed here. Various procedures have 
been described for the determination of organically bound phosphorus. The main 
procedures for sample decomposition which have been dcscribcd, and which are 
discussed in the following sections, involve digestion with mixtures of sulphuric and 
perchloric acids, or with mixtures of nitric and perchloric acids, or with fuming nitric 
acid; fusion in a bomb with sodium peroxide and oxygen flask combustion have also 
been used extcnsively26"-265. It is claimed that for mineralization. the open-tube 
wet-combustion method is the fastest, simplest, and most convenient for samples 
containing down to a few micrograms of phosphorus262. The sealed-tube method 
permits the analysis of both volatile compounds and aqueous solutions but takes 
longer, and large samples cannot be analysed. The  flask combustion method works 
satisfactorily, but there is a slight tendency towards low results. The 
spectrophotomctric methods investigated were the yellow molybdophosphoric acid 
and the molybdenum blue procedures. Measurement of the molybdophosphoric acid 
colour at 400 or 430 nm is the fastest, simplest, and most accurate of the colorimetric 
methods tested; 460 nm is preferable if a lower sensitivity is desired. Amy1 acetate is 
an2 excellent extractant for separating molybdophosphoric acid completcly from 
molybdosilicic acid and most other interfering substances. Molybdenum blue methods 
should be used when high sensitivities a re  required. The various sample digestion 
procedures that have been employed in the determination of phosphorus are  discussed 
below. 

1 .  Digestion with mixtures of sulphuric acid, perchloric acid, and nitric acid 

Phosphorus at  the microgram (30-500 pg) and milligram (3-5 mg) levels has been 
determined by a procedure involving preliminary digestion of the sample with a mixture 
of sulphuric acid and perchloric acid followed by spectrophotometric evaluation of the 
yellow molybdovanadophosphate complex at 430 nm2M.26s. Perchloric acid-sulphuric 
acid mixtures have been used for the digestion of organophosphorus compounds in 
colouring matters. plastics, insecticides, and phararnaceutical products2fi. Three 
different mineral acid systems and open and closed tube digestion have becn 
 omp pa red^^^-'^'. The digestion reagents studied included nitric-sulphuric acids in a 
sealed tube. and eithcr sulphuric-pcrchloric acid or 50% hydrogen peroxide in an 
open tube. T h e  resulting phosphate was determined spectrophotometrically, either as  
molybdenum blue at 735 nm o r  as phosphovanadomo!ybdate at 315 nm267. It was 
concluded that: (i) The most sensitive. simplc method available for the determination 
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of microgram amounts of phosphorus involves measurement of the absorption of the 
phosphovanadomolybdate complex at  31 5 nm. Only one  reagcnt is added;  the 
complex forms rapidly and is stable for a considerable timc; the sensitivity is 10-15 
times that at 430 nm. O n  the o ther  hand. measurement in the ultraviolet renders 
the method liable to intcrfercnce from ‘colourlcss’ molecules or ions. (ii) For 
absorption in the  visible rcgion of the spectrum, thc molybdenum blue is to 
be recommended. It is lcss sensitive than the  phosphovanadomolybdate method, 
involves thc addition of morc  rcagents and requires 30 min for colour devclopment. 
However, measurement at 735 nm should be liable to less interference than 
measurement a t  315 mi. A hot flask t ~ c h n i q u e ’ ~ ”  using sodium hypochloritc as 
absorbent has been applied successfully to liquid and  solid compounds. including 
‘difficult’ fluoro carbons. N o  blank was found, but i t  was essential to hcat the absorbent 
after acidification, presumably to convert meta- into orthophosphate. Neither of the 
opcn-tube digestion proccdures uscd (i.e. sulphuric-perciiloric acid or 50% hydrogen 
peroxide) was completely successful for certain types of fluorophosphoroorganic 
compounds’67. Sealcd tube digestion with a mixture of nitric and sulphuric acids and 
hot flask combustion with sodium hypochloritc gave reasonably satisfactory results. 
Thc  latter procedurc was recommended with a phosphovanadomolybdate finish a t  315 
nm; although this is slightly less precise than the sealed tube digestion method and is 
more subject to interferenccs. i t  has the advantages of a shorter analysis time, ease of 
manipulation, and  absence of reagent blank. 

O the r  digestion methods that have been described include the following: (i) 
Digestion of organophosphorus compounds with mixtures of conccntrated nitric and 
sulphuric acids in a Kjeldahl flask for 30 min followed by a molybdate finish gavc a 
coefficient of variation of 0.68% in the determination of phosphorus in 
triph~nylphosphine’~~.’~~. (ii) Good results were obtaincd for non-fluorinated 
compounds when phosphorus was determined gravimetrically as 
nitratopentamminecobaltidodecamolybdophosphate after wet oxidation with nitric 
and sulphuric acids?7J. (iii) Phosphorus in non-volatile organic phosphates has  bcen 
determined by treatment at 215-230°C with a mixture (2:3 by volume) of 
concentrated nitric and  perchloric acids (70% or by calcination with Eschta mixture”’. 
After the  former procedure, the phosphorus in the solution is dctcrmined 
volumetrically with silver nitrate in the presence of glycine. or gravimctrically as 
magnesium ammonium phosphate. After t he  calcination proccdure, the gravimetric 
method is used. Results wcre reported for tritolyl phosphate, 
00-diethy1-0,~-nitrophenylthiophosphatc and  lecithin. (iv) Mineralization with 
perchloric acid and  nitric acid followed by phosphate determination by titration with 
lanthanum nitrate solution has bcen described276. (v) Mixtures of nitric and perchloric 
acids have bcen used for the decomposition of organophosphorus compounds 
followed by colorimetric determination of thc phosphate produced as 
ph~sphovanadomolybdate’~~.  (vi) Heating the samplc for 2 h with concentrated 
sulphuric acid. iron(II1) chloride and  perchloric acid, followed by measuring the  molar 
absorptivity of the molybdenum blue complex a t  700 o r  840  nrn1?78. (vii) Digestion of 
the sample with fuming nitric acid in a sealed tubc ( C a r i ~ s ) ’ ~ ~ .  (viii) Sealed tubc 
digestion proccdures using either concentrated sulphuric acid at 460°C”” o r  fuming 
nitric acid281 as the digestion reagent. (ix) Carius methods have been used for  the 
determination of phosphorus in organic fluorine compounds?”. Low recoveries have 
been reported for this technique and ascribed to the adsorption of phosphate o n  the 
walls of the tubezB1. An effective way of avoiding the deposition on the tubc of a white 
insoluble material is to add  a small aniount of a n  alkali nietal salt to the acid mixture in 
the decomposition tube”Y. Potassium chloride is thc most effective Salt. Arsenic. 
tungsten. tin. titanium, vanadium, and  zirconium interfere in this procedure. 
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2. Sodium peroxide fusion 

Following the finding that wct digestion with mixturcs o f  concentrated nitric and  
sulphuric acids did not give reliable phosphorus determinations in fluorinated com- 
pounds, the applicability of fusion with sodium peroxide in a Parr bomb followed by 
dctcrniination of phosphatc by Wilson's method2H3 was examined for the determin- 
ation of down to 2-3 mg of phosphorus in fluorinated organic compounds. Relatively 
large and variable blank values wcre obtained whcn a semi-micro (8.5-1111 capacity) 
nickel bomb and the  usual amounts2nJ of reagcnts for semi-micro operation were used, 
i.e. 4 g of sodium peroxide, 200 mg  of potassium nitrate, and  the organic material 
made up to 300 mg with sucrose. Thcsc  blank values were caused by silica picked up  
from thc  glass apparatus used during the weighing of thc  sodium peroxide and  during 
the lcaching of the bomb, and could be climinatcd by using platinurn apparatus for 
these opcrations. the bomb lcachings being transfcrred to glass apparatus only after 
acidification. Tcsts carried out with a 3-ml micro-bomb with 25 mg of standard com- 
pounds, 25 mg o f  sucrose. 50 mg of potassium nitrate. and  1 g of sodium peroxide 
wcre satisfactory. as shown in Tablc 12. 

TABLE 12. Phosphorus analysis of standard compounds b y  thc micro-bomb fusion method 

Compound 

Phosphorus Phosphorus Deviation 
No. of calculated found from mcan 
dcrcrminations (96) (%) (%) 

Triphcnylphosphine 6 11.81 1 I .80 ?0.14 
Tri-n-butyl phosphate 4 1 1.63 11.69 ?0.14 
Tri-in-cresyl phosphatc 5 8.41 8.42 50.04 

T h e  presence of fluoride in thc bomb leachings gave rise to positive errors in 
dcterminations of phosphorus. prcsumably by attack o n  the glass flask. This intcrfer- 
ence by fluoridc was overconie by evaporating the bomb leachings, acidified with 
hydrochloric acid to dryness two or three times, or by adding boric acid. The  following 
commcnts have bccn made about the  method2". 

(a) Over  50 m g  of material can bc  decomposed by using 1 g of sodium peroxide 
and  50 nig of potassium nitratc. When these amounts are used, no  addition of sucrose 
is made. 

(b) Thc  use of platinum apparatus for wcighing the sodium pcroxide and in leach- 
ing thc residue from the bomb assists materially in climinating the blank values caused 
by thc pick-up of silica. Easily mcasurablc contamination by silica was found when the 
peroxide was weighed on  a watch-glass. In the  prcsence of fluoride, the  leaching of the 
residue from thc bomb, acidification, and evaporation must be carried o u t  in platinum 
apparatus or very serious errors causcd by high blank values will result. O n  the other 
hand, when platinum apparatus is used, thc presencc of fluorine assists in reducing the 
blank valucs by removing silica a s  silicon tctrafluoride during evaporation of the 
acidified Icachings. 

(c) Wilson's method fo r  the determination of p h ~ s p h a t e ' " ~  has proved, with niodifi- 
cation. to bc suitable fo r  the detcrmination of 1-3 mg of phosphorus. 

(d) Results should be within -t0.15% (absolute). and the majority of thc rcsults 
obtained on fluorinated materials a rc  within 50.5%. 

(c) A single determination can be  completed in about 2 h. 
(9 I t  is thought that arsenic will interfcre. although the method was not tcstcd in 

the presence of arsenic. Silicon does  not  interferc if sufficient fluoride is present to 
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remove silicon as the tetrafluoride o r  if the bomb lcachings are evaporated to dryness 
twice aftcr acidification with hydrochloric acid. 

Thc determination of phosphorus in organophosphorus compounds by fusion with 
sodium peroxide in a Parr bomb has bcen studied by other workcrs26’.2HS. Sodium 
peroxide fusion has bcen compared with two other procedures for the determination 
of phosphorus in glycerophosphates. Thc threc methods involved are: (i) carboniza- 
tion in a porcclain cruciblc in a gas flame (10 min). dissolution of the rcsidue in 
concentrated nitric acid and evaporation; (ii) evaporation on a sand bath in perchloric 
acid-nitric acid mixture followcd by dissolution in 10% nitric acid and evaporation; 
(iii) heating for 15 min in a Parr-Wurzschmitt bomb with sodium peroxide by a gas 
flame, and dissolution of the residue in water to dccompose the cxcess of sodium 
pcroxide. In each method phosphate was determined by precipitation with excess of 
bismuth nitrate in nitric acid and titration of the exccss of bismuth with EDTA in the 
prescnce of catechol violet. The results were the same by all thrcc methods. but 
method (ii) was of advantage in the presence of chloride ion which is eliminated as 
hydrochloric acid. Thc  following ions do  not interfere: NH;, Li’. Mg”. CaZ’. ST?+. 
Ba?’., AI3&, Zn”. Cc3+, Mn2+. Co?+. NiZ’ Cd” , Cu?’. Pb”. UOz?A. and A g ” ;  how- 
ever. Fe3+. Ga2+,  In3’, ZrJ+. Th4+. Hg”, SO4?-. AsO.,-, Crz07”-. and CI- should be 
absent. Method (ii) had the advantage of not being subject to interference by the 
presence of chlorine in the sample. Another group compared thrce methods of sample 
decomposition involving (i) fusion with sodium pcroxidc in a steel bomb in a burner 
flame. (ii) fusion with sodium peroxide in a calorimeter bomb, and (iii) heating with 
concentrated sulphuric acid-nitric acid mixture'*'. They recommend mcthod (ii) for a 
variety of organophosphorus compounds, including polymcrs. 

3. Other digestion reagents 

A digestion rcagent consisting of hydriodic acid. calcium hydroxide. water. phenol, 
and acetic acid has bcen described for the determination of microgram amounts of 
phosphorus in organic compounds?“’. During the removal of solvent and excess of 
reagent by volatilization and combustion, phosphorus is converted to orthophosphate. 
The molybdenum bluc colour is developed. Thc procedure can be adapted to either 
ultramicro or trace analysis, and is applicable to the determination of organic phos- 
phorus in a widc variety of solvcnts. The same group also described a rapid semimicro 
procedure which utilizes digestion in a sulphuric and perchloric acids. followed by 
formation of the phosphovanadomolybdate complex. Using this procedure. phosphorus 
was determined successfully in such compounds as 2,2-dichlorovinyldimethyl- 
phosphate, trimcthyl phosphate, methyl parathion. 000- tri-p- tolylphosphorothioate. 
000-triethylphosphorothioate, tricyclohexylphosphinc oxide. and Phosdrin 
insecticide. 

In addition to being applicable to these materials as an ultramicro method for 
phosphorus dctcrmination. the mcthod was applicable as a trace rncthod for phos- 
phorus at the level of 1 ppm or less in various media. such as organic matter, water, 
lubricating oils, carbon tetrachloride. acetone, acetic acid. xylenc, glycol, and mineral 
oil. Recovery of phosphorus from conlpounds dissolvcd in methanol. ethanol, and 
isopropanol, all of which might bc expected to react with the hydriodic acid. was also 
quantitative. Apparently the reaction of hydriodic acid with thc phosphate is much 
more rapid than with the alcohol solvcnt. The reagent reacted rapidly with most 
phosphate insecticides, requiring no digestion other than volatilization of solvent and 
excess of reagent on a steam bath and/or a hot-plate, a process which usually required 
about 10 min. Howevcr. some phosphorus-containing materials. including aryl esters 
of phosphates, phosphonamides, and dithiophosphate esters such as OOS- 
triethylphosphorodithioatc, required 30 min o r  more of digestion on a steam bath. 
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Triphenylphosphine required an even longer digestion. Thiophosphate esters required 
no special treatment. Dithiophosphate esters, in aqueous or non-aqueous solution, 
were pre-treated with aqueous bromine solution. The excess of bromine was boiled 
off, reagent was added. and thc proccdure was continued as described. This allowed 
the determination of phosphorus without further digestion. 

Persulphate288 and hydrogen peroxide289 oxidations and sodium carbonate-potas- 
sium nitratc fusion (1 g; 2 : l )  in a platinum c r ~ c i b l e ? ~ "  have also been used for the 
determination of phosphorus in organic compounds. Sulphuric acid and potassium 
permanganatc have becn mentioned for the decomposition of organophosphorus 
compounds'"'. Following decomposition of various substituted phosphonic and phos- 
phonothionic acids by this mcthod, the determination of phosphate by the molyb- 
denum blue method gave poor results. However, good results were obtained when 
phosphorus was determined in these compounds by a semi-micro method involving 
pyrolytic decomposition of the sample in a silica tube292. In a further method the 
organophosphorus sample was heated with potassium permanganate in a sealed glass 
tube at 40O-50O0C, thus oxidizing phosphorus to phosphate, which was then deter- 
mined titrimetri~aIIy'"~. 

Decomposition with magnesium has been used for the microdetermination of phos- 
p h o r ~ ~ ~ ~ ~ .  When organic compounds containing phosphorus are  burned with metallic 
magnesium. the phosphorus is converted into magnesium phosphide, which can be 
decomposed in bromine water and oxidized to phosphoric acid, which can be deter- 
mined photometrically as rnolybdophosphoric acid after having been extracted with 
ethyl acetate. The presence of nitrogen, sulphur, and halides does not cause intcrfer- 
ence. The method is suitable for 1.0-2.5 mg of sample, and the error is 20.4% 

4. Oxygen flask combustion 

This technique has been extensively studied for the determination of phosphorus in 
organophosphorus c o n i p o u n d ~ ~ * ~ . ~ " ~ - ~ ~ ~ .  O n e  procedure involves ignition over dilute 
nitric acid followed by reaction of the combustion products with magnesia mixture, 
which is filtered off and determined by reaction with ethylenediarninetetracetic acid to 
the Eriochrome Black T cnd-point (semi-micro method) or are  reacted with molyb- 
date reagent for a spectrophotometric finish (micro method)296. Other elements that 
form heteropoly acids with molybdatcs which arc reducible to molybdenum blue (in 
the micro method) are silicon, arsenic, and germanium. Silicon, as silicate, does not 
interfere with the colorimetric method. Arsenic may be separated from the phosphate 
and determined q ~ a n t i t a t i v e l y ~ ~ ~ ,  but arsenic occurs rarely with phosphorus in organic 
compounds. Germanium is encountered infrequently in organic analysis. Complete 
transformation of phosphorus pentoxide to phosphoric acid requires boiling with 
dilute nitric acid for 10-15 min prior to application of the molbdatc procedure. A 
further oxygen flask combustion uses 1 N sulphuric acid as the absorbent and a molyb- 
date finish298. The analysis should be completed soon after the combustion, since 
phosphorus pentoxidc may be lost from the solution (about 5% loss in 2 3  h. probably 
through adsorption by the glass). 

A comparative study has been made of the methods available for the semi-micro 
determination of phosphorus in fabrics flame-proofed with organic phosphorus com- 
pounds2yy. In one method the products from oxygen flask combustions are absorbed in 
aqueous hydrogen peroxide s o l u t i ~ n ~ ~ ' .  After combustion of the sample over dilute 
hydrogen peroxide solution, the solution is boi!ed for 30 min and made slightly acidic. 
Eriochrome Black T solution and excess of 0.01 N lead nitrate are added, the excess 
being back-titrate with 0.01 N potassium dihydrogen phosphate. 

In another vcry simple method the combustion products were absorbed in water 
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and, after boiling, the resulting phosphoric acid was titrated with 0.1 N sodiuni hydrox- 
ide to the thymolphthalein end-point'"'. This method is obviously subject to interfer- 
ences. A mixture of 0.4 N perchloric acid and 0.4 N nitric acid has bccn used as 
absorbent277. Phosphate can then be determined by the ammonium molybdovanadate 
method. In another procedure the combustion products were absorbed in 0.4 N sul- 
phuric acid and the solution was boiled prior to adding ammonium pei~ulphate'"~. An 
aliquot was diluted. treated with acidic (NH,)2[ Moo4].  bismuthyl carbonate. and 
ascorbic acid (as reducing agent), and the molybdenum blue measurcd at 710 nm. 
Sodium carbonate was used with silicon compounds to facilitate dissolution and boric 
acid was used with fluorine compounds to prevent etching of the glass. In the presence 
of arsenic and divalent nickel high and low results, respectively. were obtained. 

Organophosphorus compounds can be burned over a solution of ammonia303. After 
boiling the resulting solution to remove excess of ammonia it is passed through a 
column of Amberlite IR-120 (H' form, 20-50 mesh). The percolate is acidified with 
nitric acid and pyridinc, acetone, and a 0.1% dithizone solution in acetone added. and 
the solution is titrated with 0.01 M lead nitrate to a red colour. If fluoride is present. 
the absorber solution after rcmoval of ammonia is acidified with nitric acid and evapo- 
rated to dryness; the residue is dissolved in water and then treated as before. Techni- 
con AutoAnalyzer system has been adopted to the analysis of solutions of 
organophosphorus compounds decomposed by the oxygen flask technique304. This 
procedure is capable of determining less than 0.1 pg of phosphate per millilitre of test 
solution. A modification of the oxygen flask technique provides a flow of oxygen to the 
combustion bottle, the products from which pass in to  a Wickbold absorb~r '"~.  The 
technique was applied successfully to the determination of phosphorus in solids and 
liquids ( e .g .  lubricating oil); recoveries from 92-10696 were obtained for the range 
10-1000 ppm of phosphorus. 

5. Miscellaneous methods 

The continuous band spectrum of phosphorus in ethanol solutions of organophos- 
phorus compounds has been in~estigated'"~. For concentrations between 0.01 and 
0.03 M the average error was 0.0006 M; sodium and calcium ions cause positive errors 
whereas nitrogen, iodine, sulphur, and chlorine do  not interfere in amounts equivalent 
to that of phosphorus. Flame cmission measurements at 540 nm were made on a 
variety of organophosphorus compounds. The standard deviation for tributyl phos- 
phate in paraffin was %0.88% at the 46% level and %0.015% at the 1.7% level. 

Three methods capable of detecting 0.2 pg of combined phosphorus are applicable 
to acids, esters, acyl halides. and anhydrides, together with their thio ~ n a l o g ~ e s ~ " ~ .  
They involve degradation by refluxing with concentrated sulphuric acid. Two of these 
methods then involve the use of 0-dianisidine molybdate reagent and indicate phos- 
phorus by the formation of a reddish brown precipitate. The third is based on the 
production of molybdenum blue, and hydrazine hydrate is used as the reducing agent. 
Methods of sampling and the application to air analysis were also discussed. Unstable 
organophosphorus compounds may be stabilized by exposure to sulphur for 8-48 h in 
vucuo, and the resulting compounds are analysed by pyrolysis3'". 

B. Determination of Iron, Sllkon, Tltanlum, Arsenic, and Phosphorus 

To determine phosphorus and iron in organophosphorus compounds the sample 
may be fused with sodium peroxide in a bomb, the melt taken up in nitric acid and the 
phosphate titrated potentiometrically with standard lanthanum nitrate-ammonium 
chloride solution at pH 8)". In another aliquot of the solution, iron is determined 



620  T. R. Cronipton 

photometrically with sulphosalicyclic acid in aqueous ammonia medium. T h e  absolute 
error is less than 0.3%) for each elcment. 

Phosphorus and  silicon occur together in certain types of organomctallic com- 
pounds. They may be determined aftcr decomposition by hcating with potassium 
persulphatc or hydrogen peroxide solution dissolved in conccntrated sulphuric acid3I2. 
Thc  silicic acid formcd is determined s c p a r a t ~ l y " ~ .  The  filtrate is used for thc photo- 
metric detcrmination of phosphorus a s  molybdenuni blue. Fo r  samplcs containing 
10-20%~ each of silicon a n d  phosphorus, differences between the calculated and  
determined contents were about 0.2% in single determinations. When organic phos- 
phorus silicon compounds a rc  fused with potassium metal, phosphorus is reduced to  
potassium phusphide. which does not  interfere with the  amperometric titration of 
silicon; similarly, the potassium silicate formed does not interfere with the  determina- 
tion of phosphorus by amperomctric titration with uranyl acetate solution31J. Methods 
for the determination of free phosphorus, combined phosphorus, and  silicon in reac- 
tion products of tetraalkoxysilanes with potassium halides are given in refs. 315 a n d  
316. To determine titanium, phosphorus, a n d  silicon in organic compounds that a r e  
difficult to decompose the sample may be fused with ammonium fluoride and potas- 
sium pyrosulphatc and the cooled melt treated with conccntrated sulphuric acid, fol- 
lowed by evaporation in an  air-bath until fumes  appear316. The  residue is dissolved in 
70% sulphuric acid and titanium, phosphorus, and silicon are  determined by standard 
procedures. 

Phosphorus and arsenic in organic compounds may be determined by first burning 
the sample by a modified oxygcn flask method2R1. Phosphorus is determined by 
precipitation as quinolinc molybdophosphate and  titration with sodium hydroxide 
solution, o r  spcctrophotometrically at  750nni as molybdenum blue, with iron(1I) 
ammonium sulphatc as thc reductant. Arsenic is determined spectrophotometrically at  
840 nm by a similar method. with hydrazinc sulphate a s  reductant. The  absolute 
accuracy is within 20.5% for phosphorus by either method, and within 2 1 %  for 
arsenic. 

C. Determination of Carbon and Hydrogen 

The determination of carbon and hydrogen in organic compounds containing phos- 
phorus and sulphur is difficult, cspecially in compounds containing phosphorus3I '. 
This is duc  mainly to the formation of a phosphorus pentoxide-carbon film inside the 
combustion tube. The  phosphorus pentoxide crystals surround the particle of carbon, 
making them thermoresistant. and a very high temperature (around 900-lO0O0C) is 
necessary to destroy this complex. The  heaters of a standard Pregl combustion unit 
are capable only of temperatures around 700-800°C and  it requires a n  extremely long 
time to decompose phosphorus pcntoxide residue left inside the tubc using such a 
technique. In order to provide a simplc, fast, and economical method for  the analysis 
of materials that are difficult to combust the  Korbl ~ n e t h o d ~ l " ~ ? '  is r c c o m m e n d ~ d ~ ~ ~ .  
This uses a packing of thermally decomposed silver permanganate without a buffer 
zonc of asbestos. In order to effect complete combustion of phosphorus compounds, i t  
is necessary to use a Fischer blast burner and  to heat the sample vigorously for 5 min. 
Thc  special heating element used by Korbl to prevent condcnsation of water in the 
capillary end of thc absorption tube (Anhydrone) may be rcplaccd by a simple steel 
hook connected t o  the stationary heater3I7. T h e  total time required for o n e  carbon and  
hydrogen determination is about 40 min. The  principle of the method is that the 
organic material is burned a t  600-700°C in an  oxygen atmosphere. T h e  conversion of 
carbon to carbon dioxide and  of hydrogen to water is accelerated by passing the 
combustion products over decomposcd silver permanganate. Sulphur and  phosphorus 
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oxidcs combine dircctly with silver wool and the contact nlass of decomposed silver 
pcrniangnnate. Water produced from the combustion is absorbed in Anhydrone. and 
carbon dioxide is  Ascaritc tubcs. 

Carbon in organophosphorus compounds may be determined by wet combustion 
using a modified Van Slykc mcthod3’”-’?-’. For the micro-detcrniination of carbon and 
hydrogen a standard combustion train with cobalt(lI1) oxide as  the oxidizing agcnt 
may bc used3”. The  combustion products from the sample arc passed through fincly 
divided silver supported on pumice to remove oxidcs of phosphorus, and the carbon 
ciioxidc arid water arc thcn dcterniincd by conventional gravimetry. 

Othcr procedures involvc conibustion on puniicc for the dctermination of carbon, 
hydrogen. and phosphorus””. and f o r  the simultaneous micro-determination of phos- 
phorus. sulphur, carbon. and hydrogen in conipounds containing thcsc elements plus 
nitrogen pyrolysis of thc sample followed by combustion with a large excess of hyd- 
rogen”’-5. Phosphorus pcntoxide produced in thc combustion is absorbed by powdered 
quartz. which has been etched with caustic alkali. Thc method is  claimed to be particu- 
larly suitcd to compounds with the C-P linkage. 

D. Determination of Nttrogen 

Nitrogen and phosphorus in organophosphorus compounds may be determined by 
first heating thc sample with 70%) perchloric acid326. In separatc aliquots of the dilutc 
solutions nitrogen is dctcrmined spectrophotonietrically at 420 or 500 nm with Nessler 
reagent. and phosphorus is  determined at 830 nm as  molybdenum blue. This method 
has been applied to organic compounds and various natural products. such as cgg and 
milk lipids. urine. meat cxtract. and sonic amino acids. 

E. Deterrnlnation of Oxygen 

A novcl approach to the carbon rcduction method permits the direct determination 
o f  oxygen in organophosphorus compounds with an aversge recovery of 100.0% and a 
rclativc standard deviation o f  ?0.050/327. The method uses a carbon reduction bed 
contained in an induction-heated graphite pipe. The silica of the quartz reaction 
chamber is not dircctly exposcd eithcr to the corrosive vapours of the sample or to the 
hot reducing carbon of the graphitc. This permits considerably more latitude in the 
operating tcmperaturcs of the carbon bed than was found necessary by earlier 

. In  a fluorination method for the dctermination of oxygen in organo- 
phosphorus compounds the sample is placed in a nickel vessel containing BrFySbF6, 
which is thcn evacuatcd and heated at 500°C to fluorinate the sample and convert 
the oxygen to oxygcn gas’”’. The latter i s  determined by mass spectrometric analysis. 
This procedurc i s  tedious and lengthy. 

workers 2 7O. 3 2 R - 3 3 I 

F. Deterrninatlon of Halogens 

In an ultramicro method for the determination of fluorine in 1-20 2 g  samples of 
volatile organophosphorus compounds the sample is decomposed by combustion in an 
oxygen-filled flask and oxidized with a mixture of nitric and perchloric acids333. 
Fluorinc is then determined photomctrically with the zirconium-cyanine or the zir- 
conium-norin complex. Another method depends upon the bleaching action of 
fluoride ions on the iron(III)-sulphosalicylic acid complcx at pH 2.85-2.90’34. The 
determination of fluorine and phosphorus in organic compounds using the Parr bomb 
technique followed by spectrophotometric determination has been discussed33’. Phos- 
phatc present in the alkaline melt in the bomb after the fusion interfcres in the 
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determination of fluorine. Phosphate and fluoride are therefore separated by ion 
exchange. Other methods for determining fluorine involving precipitation of lead 
c h l o r o f l ~ o r i d e ~ ~ ~ ~ ~ ~ ~  and the use of the thorium-alizarin lake ~ o m p l e x ' ~ * - ~ ~ ' .  For the 
latter, distillation of fluoride ions from the phosphate residue prior to titration is 
recommended because of the interference of orthophosphate with the fluorine deter- 
m i n a t i ~ n ~ ~ ~ .  

Another method for total fluorine uses sodium ethylate in ethanol to form fluoride 
ion from phosphorus fluoridate while csterifying the phosphorus moiety342. This pre- 
cludes the formation of orthophosphate o r  alkyl phosphonic acid during the conver- 
sion of fluoridate to fluoride. The fluoride is titrated using a thorium-alizarin method 
without prior distillation of fluoride from the phosphorus residue and in this sense is 
superior to the method describe above33R. 

In a method for the determination of the halogen in phosphonitrile halides the 
sample is treated with pyridine and then with water343. Rapid hydrolysis occurs, and 
the halide is titrated with silver nitrate solution, prcferably potentiometrically. 
Chlorine in 2-chloroethyl derivatives of phospho-organic acids may be determincd by 
dissolving the substance in ethanediol, and boiling the solution under reflux with 
sodium hydroxide in e than~dio l"~ .  In ethanolic medium, the reaction is incomplete. 
After addition of aqueous nitric acid, the solution is cooled and treated with excess of 
standard silver nitrate, the excess of which is determined by back-titration with standard 
ammonium thiocyanate. 

G. Determlnatlon of Sulphur 

Sulphur in organophosphorus compounds may be dctermined by fusing the sample 
in a bomb with sodium p e r o ~ i d e ~ ~ ' . ~ ~ ~ .  The sulphatc produced is titrated with 
0.02-0.01 N barium chloride in thc presencc of one drop of 0.2% aqueous nitchrom- 
a 2 0 ~ ~ ' .  Procedures for overcoming phosphorus interference in the determination of 
sulphur have been d i s c u ~ s e d ~ ~ ~ ~ ~ ~ ~  and details have been given for the determination of 
organically bound sulphur and phosphorus by oxygen flask combustion3s0. An oxygen 
flask combustion method can be used for the determination of small amounts of 
fluorine o r  phosphorus or sulphur in substances of low volatility333. To determine 
sulphur, combustion products are oxidized with a nitric acid-perchloric acid mixture, 
and sulphur is reduced to hydrogen sulphide and titrated with cadmium chloride 
solution. It was not stated whether phosphorus interferes in the determination of 
sulphur by these procedures although it has been pointed out that methods employing 
the oxygen flask combustion and subsequent titration with a barium salt usually give 
high results because of the slightly soluble barium phosphate formed35'. It is necessary, 
therefore, to eliminate the phosphate produced in the courseof the combustion before 
an accurate measurement of sulphur can be made. Phosphate ions may be masked with 
iron(II1) ions, since the latter chelate more readily with phosphate than with sulphate 
ions in an  acidic solution, and the excess of iron(II1) ions can be back-titrated with 
EDTA3S2. Sulphate is titrated by a conventional procedure using standard barium 
chloride35J. A combustion furnace procedure for the determination of carbon, hyd- 
rogcn, sulphur, and phosphorus3" and a rapid method for the determination of phos- 
phorus-sulphur bonds in organophosphorus insecticides have been described354. 

XXII. ORGANOPLATINUM COMPOUNDS 

Organoplatinum compounds may bc broken down by gentle refluxing with a 50:SO 
mixture of concentrated hydrochloric and nitric acids followed by destruction of the 
remaining nitric acid by further boiling with hydrochloric acid'". A colorimetric 
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analysis a t  403 nm after treatment with tin(1I) chloride solution enables platinum to be 
determined to  within l%356. 

XXIII. ORGANOPOTASSIUM COMPOUNDS 

Three methods for the flame photometric determination of potassium in potassium 
tetraphenylborate have bccn d e s c r i b ~ d " ~ .  In the first the potassium tetraphenylborate 
is precipitated in aqueous solution, and the precipitate dissolved in acetone and then 
examined by flame photometry. In the second method the precipitate of potassium 
tetraphenylborate is heated for  20 min at  350°C prior to dissolving it in water for 
flame photometry. In the third method the potassium tetraphenylborate is converted 
to potassium chloride by boiling with an aqueous solution of mercury(I1) chloride. 

Carbon, hydrogen, and potassium in organic samples can be determined by mixing 
the sample intimately with finely ground quartz in an  empty tube and combusting it in 
a stream of o ~ y g e n " ~ .  Combustion in an  empty tube prevents absorption of carbon 
dioxide by the potassium residue and permits carbon and hydrogen to be determined 
by standard methods. T h e  amount  of potassium can then be obtained from the weight 
increase of the ignition tube after the combustion. 

XXIV. ORGANOSELENIUM COMPOUNDS 

A. Determlnatlon of Selenium 

Various techniques have been employed for the determination of selenium in 
organoselenium compounds. These include combustion techniques, oxygen flask 
combustion, fusion with sodium peroxide, and digestion with acids. Selenium in 
organic compounds containing carbon, hydrogen, oxygen, and nitrogen can be 
determined by tube combustion of the sample in oxygen35R. After the ignition. the 
oxygen intake is replaced with a Manotte flask serving as an aspirator, the layer of 
sublimed selenium dioxide is treated with water, and the selenous acid produced is 
determined iodimetrically. Another method3s9 involves igniting the sample in a stream 
of oxygen and collecting the selenium dioxide produced in an absorption funnel prior 
to colorimetric determination with 3 , 3 ' - d i a m i n o b e n ~ i d i n e ~ ~ ~ .  Sulphur or halogens do  
not interfere in this procedure. Combustion of organoselenium compounds in a stream 
of oxygen over quartz wool in a quartz tube or  in an oxygen-filled flask followed by 
iodimetric determination yields an  accuracy of *2%361.362. 

Oxygen flask combustion has been used by several workers for the determination of 
selenium in organic compounds361.363-36Y. T h e  sample may be wrapped in paper and 
the oxygen combustion conducted in a flask containing distilled water361. After the 
combustion is completed. the selenium may be determined i ~ d i m e t r i c a l l y ~ ~ ' . ~ " . ~ ~ ~ . ~ ~ ~  
or with p e r m a ~ ~ g a n a t e ~ ~ . ~ ~ ~ .  T h e  latter method has been applied to samples containing 
u p  to 62% of organically bound selenium with an absolute systematic error of less than 
0.12%. In a further procedure the sample is burnt in an oxygen-fdled flask and the 
vapours are  absorbed in water366.367. The  selenite produced is converted to 
selenocyanate ion by adding potassium cyanide solution. Sodium tungstate is added, 
the solution neutralized and a slight excess of aqueous bromine added. Unconsumed 
bromine is destroyed with phenol solution and the cyanogen bromide produced is 
reacted with potassium iodide and the liberated iodine is titrated with 0.01 N sodium 
thiosulphatc. T h e  results obtained by this procedure for organoselenium compounds 
showed a mean overall error  of 20.08%. T h e  micro-determination of organic selenium 
has been carried out by fusion with sodium peroxide in a micro Parr bomb. Organic 
compounds containing selenium are readily decomposed by heating with sodium 
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peroxide in a m i ~ r o - b o r n b ~ ~ " .  T h e  product is dissolved in water, neutralized, and 
reacted with hydrazinc, and the precipitate is filtered off in a fine-glass filter, dried a t  
110°C and weighed. 

A colorimctric method has been described for the dctermination of selenium in 
organoselenium compounds following kjeldahl digestion"'. Selenium is determined 
spcctrophotometrically at 420 nm using chlorprornazine. Kjelkahl digestion with a 
mixture of concentrated sulphuric acid and potassium permanganate has been used a s  
a preliminary to the iodimetric micro-determination of selenium in organic 

Traccs of selenium in organic matter can be determined using a 
combined spcctrophotometric-isotope dilution method373. An earlier 
spectrophotometric method3"" was adapted to the micro-scalc and the method 
improved by including an isotope-dilution procedure to compensate for the 
unavoidable loss of selenium. T h e  sample (containing added '%c) is oxidized under 
reflux with a mixture of nitric, perchloric, and sulphuric acids and the selenium is then 
recovered as  sclenium tetrabromidc by double distillation with hydrobromic acid and 
dctermincd spectroscopically at  420 nm using 3,3-diaminobenzidine. X-ray emission 
can be uscd to determine down to 50 ppm of scleniurn in organic compounds374. The  
micro-determination of selcniurn in organic substances by chelatometry has been 
discussed37s. 

B. Determlnation of Carbon and Hydrogen 

Carbon and hydrogen in organic compounds containing selenium can be deterniincd 
by combustion in oxygen in an empty tube, using finely ground quartz as a filter to 
retain the selenium dioxide produced376. An error not exceeding -c0.3% is claimed. 
Selenium in selenosemicarbazones can be determined by conversion to silver sclenide 
and determination of silver b y  the Volhard 

XXV. ORGANOTHALLIUM COMPOUNDS 

A. Determination of Carbon, Hydrogen, and Thalllum 

Carbon and hydrogen in organic compounds containing thallium can bc determined 
by a combustion method in which finely ground silica is used as a filler to prevent 
attack by thallium on the silica combustion tube and catalyst, and to prevent the 
formation of thallium compounds during the determination of carbon and hydrogen 
o n  some types of The combustioii tube contains a silver spiral, silver 
turnings, cobalt(II1) oxide on corundum as  catalyst and a platinum spiral; this zone of 
the furnacc is hcated at  680-700°C. The sample is covered with finely ground silica 
and ignited in a stream of oxygen at 1000°C and water and carbon dioxide are 
determined by standard proccdurcs. In a further procedure in which thallium is also 
determined the sample is placed in a silica tube and covered with a laycr of powdered 
silica"". The tube is then heated in a stream of oxygen and the pyrolysis products arc 
passed over cobalt(II1) oxide at 680-700°C. The watcr and carbon dioxide formed are 
absorbed in Anhydrone and Ascarite, respectively, in a Prcgl apparatus and 
detcrniincd by weighing. Thallium is determined by weighing the residue (probably 
thallium silicate) in thc silica tube. For compounds of the types 
tris(ethy1encdiaminc)thallium nitrate and bipyridylthallium chloride, thc error was 
within 20.3%~ for carbon or  hydrogen and within 20.5 for thallium. Halogens d o  not 
interfere with the determination of carbon and hydrogen but interfere with that of 
thallium. 
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A. Determination of Tin 

Numerous methods have bcen dcscribed for the determination of t in  in organotin 

X-ray s p e c t r o p h ~ t o m e t r i c - ' ~ ~ .  s p e ~ t r o g r a p h i c ~ ~ " ,  and p ~ l a r o g r a p h i c ~ ' ~  methods. One 
volumctric p r o c e d ~ r e ' ~ '  determines tin in the prcscnce of phosphorus. Another 
procedure involves a volumetric determination of tin after destruction of the organotin 
compound with a solution of bromine in A solution of bromine in 
carbon tetrachloride has also been used as  a preliminary treatment for more volatile 
types of organotin compound395. Titrimetric for the determination of 
tin are usually based on a final oxidation of tin(I1) to tin(1V) and suffer from the 
disadvantages that all traces of the oxidizing agent used in the initial combustion must 
be removed and that an inert atmosphere must be maintained until thc final titration is 
complete because of the ready oxidation of tin(I1) by oxygen. 

Samples may be digested by heating with concentrated nitric acid, then perchloric 
and hydrochloric acid@, or nitric acid and sodium ~ u l p h a t e ~ ~ ~ ,  prior to 
complexomctric determination of tin. Organotin compounds can be decomposed by 
wet oxidation with a mixture of nitric and sulphuric acids, followcd by ignition to 
tin(1V) oxide at 900"C, which is determined gra~imctrically"~.""'. A successful 
procedure for very volatile compounds such as  stannones is to aspirate thc vapour of 
the sample by mcans of a current of nitrogen into a mixture of nitric and sulphuric 
acids and digestion mixture and continue by ignition to tin(1V) oxide as described 
above. A simple digestion method uses ammonium nitrate as oxidizing agent for the 
determination of tin. and also silicon and titanium in organometallic  compound^^'^. 
An alternative digestion medium is sulphuric acid3". Oxygen flask combustion may be 
used for the micro-determination of tin38s. Combustion in oxygen converts the 
organotin compound to a mixture of tin(1V) and tin(I1) oxides. The combustion 
residue is warmed with freshly preparcd chromium(I1) sulphate solution, to dissolvc 
the poorly soluble tin(1V) oxide. The tin(I1) ions and unconsunied chromium(I1) ions 
are oxidized by air. and the tin(1V) ions are then redued with sodium hypophosphite 
and titrated with standard potassium iodate soluticn. 

Two procedures have been dcscribed for the determination of tin in volatile 
organotin h y d I i d e ~ ~ " ~ . ~ " ~ .  Onc involves bubbling oxygen through the weighed sample 
until cvaporation is complcteJ('O. The vapour is passed into a weighcd silica tube and 
ignited in a plug of prepared asbestos. The silica tube is then removed and ignited to 
constant weight at 800°C to obtain the weight of tin(1V) oxide produced. With very 
volatile samples or samples of high boiling point i t  is necessary to control the tcmpcrature 
during the cvaporation with a cold bath or an i.r. lamp. A modification of this 
procedure is available for handling samples that readily hydrolyse to produce non- 
volatile products. The procedure is accurate to within ?0.5%1 o f  the determined result 
and requires about 4 h per analysis. 

Alkyltin compounds may be oxidized with sodium pcroxide in a Pam bomb4"?. The 
product is boiied with watcr in  the usual way, and tin is determined 
spectrophotomctrically using cacotheline. For thc spectrographic analysis of organotin 
compounds the sample is dissolved in cumcn containing polymethylphenylsiloxane as 
a silicon internal The solution is passed into the inner vesscl of an 
atomizer, the outer vesscl of which is cooled. Spectra are excited by a condensed spark 
discharge betwecn the graphite rod in the atomizer and graphite counter electrode. 
The  reaction of methyllithium with triphenyltin hydride has bcen used as  the basis for 

 compound^^^^)-^^^. These include gravimetric3"l, ~olumetric380.3w2.3~~ oxygen flask 
c o m p l ~ x o m e t r i c ~ ~ ~ ~ ~ ~ ~ ~ ~ 8 ~ ,  photometric380.38", X-ray f l ~ o r e ~ e n C e ~ 3 .  
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the determination in the latter compound4u3. Tetrabutyl- and tetraethyltin in factory 
air have been analysed by oxidation with a hydrogen peroxide-sulphuric acid mixture 
and colorimetric determination of total tin404. 

Residues of triphenyltin compounds used in crop protection can be determined by 
extraction of the material with dichloromethane, phase separation of triphenyltin 
compounds and their water-soluble decomposition products, and determination of tin 
after destruction of organic matter and distillation of the tin as the t e t r a b r ~ m i d e ~ " ~ .  
Triphenyltin, diphenyltin, and inorganic tin compounds havc been analysed by conver- 
sion to triphenyltin hydroxide, which is extracted into chloroform and determined by 
conventional 

The determination of triphenyltin acetate has been described by various 
 worker^^"^-^'^. Thcse include its determination in ruminants""Y, plants4Is, celery and 
apple411, potato leaves4", sugar beet leaves and in animals feeding thereon414, and in 
milk4lS. Methods have been reported for determining microgram amounts of tin in 
animal and vegetable matter4IS. tin in foods416, organotin fungicides used in potato 
blight control4i7, organotin stabilizers in foods418 and tricyclohexyltin hydroxides in 
fruits419. Work has been carried out on the determination of tin in aqueous leachates 
from organotin-containing antifouling paint corn position^^^^-^^^. These include 
tributyltin compounds420 and bis(tributy1tin ~ x i d e ) ~ ~ ' . ~ ~ ~ .  Tin analyses by atomic- 
absorption spectroscopy have been described, including the determination of butyltin 
compounds in textiles by graphite furnace atomic-absorption s p e c t r o ~ c o p y ~ ~ ~ - ~ ' ~ .  

B. Determination of Carbon and Hydrogen 

Methods have been described for the determination of carbon and hydrogen in 
organic compounds containing tin427, arsenic, antimony, bismuth, and phosphorus428 
and complex compounds containing a tin halide429. 

C. Determination of Halogens 

Methods havc been described for the determination of halogen in organotin com- 
p o u n d ~ ~ ~ ' . ~ ~ ~ . ~ ~ ~  including long-chain alkyltin compounds432. T h e x  include the deter- 
mination of halogens in alkyltin halides by high-frequency t i t r a t i ~ n ~ ~ l . ~ ~ ~ .  Trirnethyl- 
triethyl-, and tributyltin halides and dimethyl-, diethyl-, dipropyl-. and dibutyltin 
halides all produce halide ions upon reaction with water, which can be determined by 
high-frequency titration with standard silver nitrate433. The error is claimed to be less 
than 3% in the 10-75% halogen range. 

D. Determination of Nitrogen 

digestion procedures381. 
Nitrogen can be determined in some types of organotin compounds by Kjeldahl 

E. Determination of Sulphur 

Sulphur can be determined g r a ~ i r n e t r i c a l l y ~ ~ ~  o r  by a rnercurimetric procedure434 in 
which the sample is dissolved in toluene. methanol and aqueous sodium hydroxide and 
solid thiofluorescein-sodium sulphite is added. The solution is then titrated with 
standard o-hydroxymercuribenzoic acid to the disappearance of the blue colour. The 
accuracy is claimed to be within ~ 0 . 0 2 %  of sulphur. Cleavage with standard solutions 
of iodine has been used for the determination of Sn-S bonds43s: 

2R3SnSR' + 12  - 2R3SnI + R'SSR' (22) 
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A. Determlnatlon of Titanium 

Digestion using hydrofluoric and nitric acids is suggested for the determination of 
titanium in titanium carbide-niobium alloys436. The  determination of total and free 
carbon in titanium carbide, its cermet, a n d  sintered cermet has been discussed437. A 
simple digestion procedure for the determination of titanium and tin in organometallic 
compounds involves dissolving the sample in a weighed platinum crucible by warming 
with sulphuric acid398. Crystalline ammonium nitrate is added to the cooled solution 
and the mixture shaken gently. The  crucible contents are then heated until the weight 
of the metal oxide produced becomes constant. Titanium can then be determined by 
standard methods. Advantages claimed fo r  this procedure include an absence of metal 
loss by volatilization. 

In a wet combustion procedure for t he  analysis of organic compounds containing 
silicon, organic titanium, and phosphorus, the sample is heated with potassium persul- 
phate and concentrated sulphuric acid for 2-4 h438*439. The  filtrate is diluted with 
water and then excess of potassium hydroxide is added. This solution is passed through 
an ion-exchange column (KU-2, chloride form) which retains titanium. Phosphorus is 
determined photometrically as  molybdate in thc eluate. Titanium is eluted from the 
resin with 4 N hydrochloric acid and subsequently determined spectrophotometrically. 
The absolute error  did not exceed 0.5% for determinations of titanium at the 1090 
level in the sample. In a further method for the analysis of difficult to decomposable 
organic compounds containing titanium, phosphorus, and silicon the sample is fused 
with sodium fluoride and potassium persulphateaO. The cooled melt is then treated 
with concentrated sulphuric acid and evaporated to fuming in an air-bath. The  residue 
is dissolved in 70% sulphuric acid and titanium, phosphorus. and silicon are deter- 
mined by standard procedures. 

Iron and titanium in donor-acceptor complexes of ferrocene bases may be deter- 
mined by decomposing the sample with a mixture of nitric acid. anhydrous acetic acid 
and aqueous bromine4J1. Iron is titrated complexiometrically with sulphosalicyclic acid 
as  indicator and titanium is determined colorimetrically by extraction of its 
8-hydroxyquinoline complex into chloroform. 

XXVIII. ORGANOZINC COMPOUNDS 

A. Determlnatlon of Zlnc 

Zinc can be determined in organozinc compounds by a procedure involving com- 
plexomctric titration with E D T A  (disodium salt) in a suitably buffered mediumu2. 
The organozinc compound is diluted with an inert organic solvcnt and decomposed by 
the addition of dilute hydrochloric acid. Zinc can then be determined in the water 
extract by complexometric titration. Dialkylzinc preparations can be made by the 
reaction of an alkylaluminium compound with zinc chloride. Such preparations, even 
after distillation, usually contain residual amounts of organoaluniinium compound. If 
the organozinc compound contains aluminium then this would be present in the aque- 
ous extract and would interfere in the complexiometric determination of zinc. To 
overcome this the dilute hydrochloric acid extract obtained by decomposition of the 
organozinc sample is passed down a column of Ambcrlite IRA-400 ion-exchange 
resin. Percolation of the column with 2 N hydrochloric acid completely removes 
aluminium from thc column, which can be determined in the eluate by complexo- 
metric titration. Subsequent percolation of the ion-exchange column with 0.2 N nitric 
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acid then completely desorbs zinc. which can he  collcctcd separately and determined 
by complexomctric titrationJ4’. Various proccdures have bcen described for the 
determination of zinc in plantsJ43. organic matcrialJJJ. fungicidcs such as zineb and  
zirani4“ and  in zinc stcarateu6. None  of these procedures is particularly rclcvant to the 
dctcrmination of zinc in pyrophoric organozinc compounds. 

B. Determination of Halogens 

The various procedures described in detail in Section 1I.C for thc determination of 
halogens in organoaluminium compounds can also be applied t o  organozinc com- 
pounds. 

C. Determination of Zinc-bound Alkoxlde Groups 

Alkoxide groups u p  to butoxide can be  determined in organozinc compounds by 
hydrolysis with glacial acetic acid followed by spectrophotometric dctcrmination of the 
alcohol produced using cerium(1V) ammonium nitrate4“ as described in connection 
with the determination of alkoxide groups in organoaluniiniuni compounds (Section 
1I.G). 

D. Determination of Lower Alkyl and Hydride Groups 

Thc procedure for thc dctcrmination of alkyl groups u p  to butyl and of hydridc 
groups in organoaluminium compounds based on  alcoholysis and hydrolysis of the  
sample described in Section 1I.D is applicablc. without modification. to thc dctcrmina- 
tion of the same groups in organozinc compounds4J8. A rapid hydrolysis procedure for  
the analysis of zinc alkyls is also available449. 

XXIX. ORGANOZIRCONIUM COMPOUNDS 

In one method for the  dctcrmination of zirconium. the sample is hscd wi th  sodium 
carbonate, the cooled melt is dissolved in dilute hydrochloric acid. and sulphur (if 
present) is oxidized to sulphatc with hydrogen pcroxide4”’. Zirconium is determined 
by direct ampcromctric titration at  a rotating platinum electrode with 0.002 M E D T A  
at an applied potential of +0.9 V, with hydrochlcric acid as supporting electrolytc. Thc  
error is -0.5% (absolute). In a further method zirconium is dctcrmined in  organic 
compounds, after fusion with sodium carbonate,  by ampcromctric titration with 
E D T A  using a graphite clcctrode impregnated with paraffin wax451.  This clcctrode is 
preferred, bccause of its greater accuracy and  applicability over a widcr range of 
potentials, to the rotating platinum electrode for carrying out this dctcrmination. T h e  

value for the electro-oxidation of E D T A  in hydrochloric acid medium at p H  
3-4 is + 1.2 V 1’s. SCE. The  diffusion current of E D T A  was measured at + 1.3 V t o  
find the end-points in the amperometric titration of zirconium. 
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1. ORGANOALUMINIUM COMPOUNDS 

A. Classlcal Tltratlon Procedures 

Aluminium in organoaluminium compounds of the type AIR3 and AlR2H can be 
determined with anhydrous ammonia’. A known weight of the organoaluminium 
sample is introduced into a nitrogen-filled reaction tube. A n  excess of ammonia is then 
passed through the sample: 

AIR3 + NH3 - RzAlNH2 + R R  (1) 

AlRzH + NH3 - RZAINH2 + Hz ( 2 )  
Unreacted ammonia is swept away with a stream of dry nitrogen. Addition of ethanol 
to the reaction tube liberates ammonia, proportional in amount to the total AIR3 plus 
AlR2H content of the sample: 

KzAINHZ + CzHSOH - R2A;OCZHS + NH3 (3) 
Finally, the liberated ammonia is swept into boric acid solution and determined by 
titration with standard acid. It is cssential to use absolutely anhydrous nitrogen for 
purging. Any moisture in the nitrogen will decompose sonie of the dialkylaluminium 
amide derivative. causing loss of bound ammonia and consequent low analytical 
results: 

RzAlNHz + HzO - RZAIOH + NH3 (4) 

Preliminary treatment of thc nitrogen supply with a 10% solution of 
triisobutylaluminiuni dissolved in liquid paraffin is adequate for drying of nitrogen. 
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Compounds of the type AIRzX. where X is OR, SR,  o r  HN2, d o  not react with 
ammonia and therefore do not interfere in the determination of active 
organoaluminium compounds. Higher molecular weight dialkylaluminium halides 
react with ammonia. T h e  mcthod can be used. therefore, to detcrmine the con- 
centration of [AIR2(hal)] in mixtures containing [ AIR(or)(hal)] and/or 
[ AIR(OH)(hal)]. 

T h c  ammonia mcthod does not distinguish betwcen thc two types of 
organoaluminium compounds, i.e. AIR’ and AIR2H. It is possible, however, to 
determine these separately when both are present in mixtures. First the 
dialkylaluminium hydride content of the sample is determined by either the 
alcoholysis-hydrolysis procedure or  the N-methylaniline method described in Section 
14.11.D. Trialkylaluminium compound is then obtained, by difference. from this 
hydride determination and the results obtained by the ammonia method. 

Iodometric methods for determining organoaluminium compounds have been 
reported2.’. Triethylaluminium reacts with iodine according to the following 
equation2: 

A1(C2H5)’ + 312 - All3 + 3C2H51 ( 5 )  
Dialkylaluminium chlorides and dialkylaluminium alkoxides consume, respectively, 2 
and 1.25 mol of iodine per mole of organoaluminium compound’, This method is 
capable of analysing neat organoaluminium compounds o r  dilute hydrocarbon sol- 
utions thereof, containing alkyl groups up to octadecyl at concentrations down to a few 
millimoles per litre with an accuracy of ?3%. A suitable volumc of the hydrocarbon 
solution of the organoaluminium compound is stirred with an e x c e s  of a solution of 
iodine dissolved in toluene. Alkyl groups in trialkylaluminium, dialkylaluminium 
chloride, and dialkylaluminium alkoxide compounds are completely iodinated within 
20 min. Following the addition of dilute acetic acid, unreacted iodine is determined by 
titration with sodium thiosulphate solution. The concentration of organoaluminium 
compound is then calculated from the amount of iodine consumed in the 
dctermination. The presence of water in the iodine reagent causes interference by 
reacting with some of the alkyl groups. This is corrected by a suitable ‘double titration’ 
procedure. 

Triisobutylaluminium has been determined by reaction with excess of standard 
mercaptan solution followed by amperometric titration of excess of mercaptan with 
standard silver nitrate in a methanolic ammonia/ammonium nitrate solution4. Acidic 
organoaluminium compounds have been titrated with basic titrants in the presence of 
acid-basc indicators5. When a dichlorocthane solution of methyl violet was added to 
toluene, benzene, or  hcptane solutions of various organoaluminium compounds, a 
colour change occurred from violet (alkaline) to yellow o r  green (acidic). Addition of 
bases such as butyl acetate. dimethylaniline. dicthyl ether. o r  pyridine to this solution 
caused a reversion of colour to violet. Organoaluminium compounds containing 
alkoxide groups did not affect the colour of methyl violet. Other  indicators such a s  
crystal violet and gentian violet also gavc colour changes in thest  circumstances. 

Alkyl- and arylaluminium compounds behave as strong aprotic acids, giving titration 
curves with organic bases which are similar to those obtained in inorganic acid-based 
titrations. There arc considerable differcnces in behaviour between various 
trialkylaluminium compounds and alkylaluminium halides5. The organoaluminium 
sample, diluted in xylene, can be introduced by a hypodermic syringe via the septum 
into a flask under argon (Figure 1)  to rcrnove the last traces of oxygen and moisture 
and to solubilize the indicator (methyl violet, basic fuchsin. phenazin. neutral red, o r  
neutral violet)6. The solution is then titrated to thc colour change with a standard base 
(0.2 M pyridine o r  isoquinoline in xylenc) in a needle-tipped burette. Excess of titrant 
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FIGURE 1. The Hagen and Leslie titration apparatus. 

is added to the bottle and then the organoaluminium sample injected dropwise from a 
syringe until the indicator changes to the excess alkyl-colour. The solution is titrated to 
the end-point and the syringe reweighed to obtain the weight of the organoaluminium 
sample used between the two end-points. 

Other types of triphenylmethane-type indicators can also function as reversible 
indicators6. For example, basic fuchsin is reversible, whereas methyl green does not 
display reversible complex behaviour. The triphenylmethane-type indicators which are 
reversible (methyl violet and other p-rosanilines) are unstable with respect to 
alkylaluminium hydrides and it appears that the hydride-sensitive part of the molecule 
is also responsible for its ability to act as an indicator. Reversible colour changes are 
observed with trialkylaluminium and ketones, such as anthrone, benzil, and Michler’s 
ketone, and aldehydes such as p-dimethylaminobenzaldehyde. Coloured complexes 
can be formed with trialkylaluminium compounds by the use of compounds such as 
pyrazine, allowing the colorimetric determination of small amounts of the alkyl. Com- 
plexes of difunctional compounds containing azomethine linkages with 
dialkylaluminium hydrides are much more intensely coloured than those previously 
reported for monofunctional compounds such as isoquinoline and pyridine. 
o-Phenanthroline:a,a‘-dipyridyl and 6,7-dimethyl-2.3-di(2-pyridyl)quinoxaline are 
capable of forming complexes with dialkylaluminium hydrides which are not readily 
displaced with a stronger base such as pyridine, whereas m-phenanthroline forms 
intensely coloured AIRzH complexes which are readily decoloured by pyridine. 
Neutral red and neutral violet undergo several colour changes as the end-point is 
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approached in the titration of trialkylaluminium compounds with pyridine, 
isoquinoline. o r  alcohols. Phenazine also gives this colour transition and it appears that 
with excess of alkylaluminium a green complex is formed which could be attributed to 
a quinoid-like compound. As the trialkylaluminium compound is displaced from the 
indicator with pyridine. the colour changes to red and finally to yellow. 
Dialkylaluminium hydrides destroy the ability of thcse indicators to give sharp colour 
changes at the end-point. These compounds never assume the green coloration but 
turn directly red upon addition of dialkylaluminium hydrides. Azine dyes in which one 
of the nitrogen atoms is pentavalent (amethyst violet, magdala red, and 
phenosafranine) do  not function as  reversible indicators, and this may be due to their 
greater basicity. Oxazines, pyronins, and sulphur compounds, such as  methylene blue 
and dithizone, form highly coloured soluiions with alkylaluminium compounds, but 
these appear to be too stable or are  destroyed. 

The  titration procedure utilizing visual indicators is applicable to trialkyl samples 
that contain little or no hydride. Accurate determinations of dialkylaluminium 
hydrides are best obtained spectrophotometrically6~7. Total activity (AlR2H + AIR3) 
in samples containing too much dialkylaluminium hydride for the indicator titration is 
best obtained by a photometric titration technique. 

A rapid, visual pyridinc titrimetric method may be used to determine total 
trialkylaluminium plus diethylaluminium hydride reactivity as  well as to differentiate 
between these moieties in mixed complex systems of aluminium alkyls8. Phenazine 
used as the indicator forms red to  brown complexes with trialkylaluminium com- 
pounds and green to green-blue complexes with diethylaluminium hydride. The method 
is applicable to alkylaluminium compounds ranging from C2 to at  least C20 separately or 
in mixtures. The  precision is 21% (relative standard deviation) for both high and low 
concentrations of trialkylaluminium and/or dialkylaluminium hydride. This indicator 
is not used, however, for the titration of dialkylaluminium hydride compounds because 
of the possible formation of an Al-N bond with the dialkylaluminium hydride8. 
Phenazine forms reversible cornplcxes with both trialkylaluminium and dialkyl- 
aluminium hydride. Pyridine is the most suitable base for forming complexes with 
trialkylaluminium and dialkylalurninium hydride. Pyiidinc displaces phcnazinc 
quantitatively from both trialkylaluminium and dialkylaluminium hydride to form 
more stable 1:l complexes. Table 1 compares the results obtained by this procedure 
and thc isoquinoline spectrophotomctric procedure6. The results are generally in 

TABLE 1. Comparison of results obtained by the described phenazine differential titration and 
the spectrophotometric isoquinoline procedurcs for ADAH' and total reactivity 

Mol-% ADAH" Mol-% ATAb Mol-% reactive 

Iso- ISO- Iso- 
Sample Phenazine quinolinc Phenazine quinoline Phenazine quinoline 

A 81.3 ? 0.85' 80.8 10.5 1 1 . 1  91 .8?  0.92' 91.9 
a 65.4 63.0 28.5 30.7 93.9 93.7 
C 4.51 5 0.05d 4.55 
D 58.8 58.9 23.8 24.1 82.6 83.0 
E 16.1 17.4 40.7 37.8 56.8 55.2 
F <0.3 - >96.6 96.8 96.9 96.9 

- - - - 

OADAH = dialkylaluminium hydride. 
h A T A  = trialkylaluminium. 
'Five or  morc replicate analyses. 
dATA = total reactive - ADAH. 
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excellent agreement. The  grcatest differenccs are observed for the trialkylaluminium 
values which are obtained, in each case, by differcnce. Of significance is t he  range of 
dialkylaluminium hydridc dctermined by the mcthod without alteration of the 
phenazine. The  precision of the determination is slightly more than 5 1% relative 
throughout the range of dialkylaluminium hydride valucs. The  accuracy should 
approach thc  precision. 

According to JordanR, simple complexation is involved in the reactions of both 
dialkylaluminium hydride a n d  trialkylaluminium compounds with phenazine. How- 
ever, a semiquinone has been idcntified by E.P.R. and N.M.R. spectroscopy. which 
suggests that  rcduction a s  well as complexation is involved in the  reaction'". T h e  
diethylaluminiurn hydride is titrated after both the excess of triethylaluminium and the  
phcnazine-complexed triethylaluminium, indicating its relatively wcak Lcwis acid 
nature. Phenazinc has also been used a s  an indicator in the titration of 
organoaluminium compounds with nitrogen bases". 

B. Conductometric Tttratlon 

Conductomctric titration of various types of organoaluminium compounds with 
hydrocarbon solutions of cither diethyl e ther  o r  isoquinoline solutions has been 

The  sample, dissolvcd in anhydrous hexanc, cyclohcxane, or benzene, is 
titrated with a solution of diethylether o r  isoquinoline in the same solvent under dry,  
oxygen-free nitrogen. T h e  curvc obtained using diethyl e ther  as titrant shows a sharp  
conductivity maximum at about 2% before the molar ratio N / M  = 1 .OO ( N  = moles of 
diethyl e ther  or isoquinoline added, M = total moles of reactable compound in the  
samplc) is obtained. i.e. at N / M  = 0.98. Thus  the wcighed amount of 
triethylaluminium sample contains about  2 mol-'K, of a compound which is not titrat- 
able with diethyl ether.  In thc curve obtained by titrating triethylalurninium with 
isoquinoline two conductivity maxima occur. Thc  first coincides with the single 
maximum obtained by titration with dicthyl ether. i.c. N / M  = 0.98, and corresponds 
to the complete titration of triethylaluminium in the sample to form a 1:l 
triethylaluminium-isoquinoline complcx. The  minimum occurring between the two 
maxima obtained in the isoquinoline titration lies exactly at  thc molar ratio 
N / M  = 1.00. It  is a t  this point that the solution turns from yellow to rcd owing to the  
formation of some red I :2 diethylaluminium hydride-isoquinoline complex. Thus ,  
diethyl e ther  titrant determines only trialkylaluminium cornpounds and  does not 
include the  hydride. Conductometric titration with either diethyl e ther  o r  isoquinoline 
does  not determine dialkylaluminium alkoxides. 

Conductomctric titration with isoquinolinc of hydrocarbon solutions of pure 
dialkylaluminium hydrides such as dimethylaluminium hydridc a n d  
diisobutylaluminium hydridc has also bcen studicd12. In both c a w s  n o  increase in 
conductivity occurrcd for valucs of the molar ratio N/M up  t o  1 .OO, i.e. corresponding 
to  the formation of a 1 : 1 dialkylaluminium-isoquinolinc complcx. Beyond this point, 
however. u p  to a ratio N / M  of 2.00, the conductivity increased sharply and  then either 
flattened out  o r  started to decrease. A t  a value of N/M of 1 .OO the tcst solution starts 
to become red and indeed this colour change niay be used as a visual indication of the 
end-point. The intensity of the red colour increascd during the titration of 
dialkylaluminiurn hydrides and  reached a maximum value when N / M  reachcd 2.00. 
This corresponds t o  thc completc conversion o f  dialkylaluminium hydridc to the red 
1 :2 dialkylhydride-isoquinoline complex. Based on this work. procedures have been 
devised for analysing mixtures o f  these two types of compounds (R3AI a n d  R2HAI) in 
thc presence of each other1'.  Dicthylaluminium chloride can also be determined by 
conductometric titration with a cyclohcxane solution of isoquinoline. 

A proccdurc for thc automatic rccording of conductomctric titration curves in the  
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titration of organoaluminium compounds with a cyclohexane solution of isoquinolinc 
uses an automatic burette powcrcd by a synchronous electric motor14. The  con- 
ductivity of the test solution is measured continuously by means of an ohmmetc r  and 
registered with a cornpcnsating recording apparatus equipped with a chart  rccorder. 
T h e  operation of thc burcttc and  the recording apparatus a re  synchronously linked so 
that a known division on the recorder chart corrcsponds to a known volume of titrant 
added to the organoaluminium sample from thc burctte. T h e  titration vesscl contain- 
ing the  sample is equippcd with silver elcctrodcs and is suitably thermostatcd. 

A s  previously mentioned, the isoquinoline titration procedure provides estimates of 
both the trialkylaluminium and the dialkylaluminium hydride contents of 
organoaluminium samples. T h e  accuracy of the isoquinolinc titration procedurc has 
been obtained by comparing results on various ncat , tricthylaluminium-diethyl- 
aluminium hydride mixtures, that had also bccn analysed by the alcoholysis-hydrolysis 
procedure described in Section 1 4.11.D15. The  isoquinoline mcthod gives high hydride 
contents and  low tricthylaluminium contents for samples which contain lcss than 1 0 %  
of diethylaluminium hydride. Whcn the samples contain more than 10% of diethyl- 
aluminium hydride the isoquinoline mcthod gives low hvdride contcrits (and high 
triethylaluminium contents). In each analysis, however, the  total dctermined 
isoquinoline consumption of the trialkylaluminium and the dialkylaluminium hydride 
constituents agrec t o  within 2-8% of the value calculated from alcoholysis da ta .  Thesc 
rcsults show that thc isoquinolinc titration procedurc is unsuitable for the accurate 
analysis of trial k y la1 uni in ium-d ia I k y I alum in i uni h y d r ide ni ix t u res a s  i t  neither 
distinguishes betwecn differcnt alkyl groups nor gives vcry accurate analyses of thc 
individual compound types present. The  more lengthy alcoholysis-hydrolysis 
procedures must always bc used when an accuratc analysis is required for  t hew 
complcx mixtures. The  isoquinoline titration procedure does. howevcr. give rapid and 
reasonably accurate cstimatcs of the total AIR, plus AIR2H organoaluminium contcnt. 
even when the sample contains up to 60% of dialkvlaluminium hydride. Also. the 
total AIR, plus AIK2H organoaluminium contcnt o f  hydrocarbon catalyst solutions. as 
dilute as 50-100 mmol/l. may bc dcterrnined rapidly by the isoquinolinc titration 
proced u rc. 

A procedurc for t h e  analysis of mixtures of trialkylaluminium and  dialkylaluminium 
compounds by conductometric titration with quinoline in light pctroleuni gives an  
error of about -C 1 %I6. 

C. Potentlometrlc Titratlon 

T h e  potentiometric titration of organoaluminiuni compounds with a standard sol- 
ution of isoquinoline uses the  same titration apparatus and  the  gcncral proccdure 
described f o r  conductometric titration”. Potential changes may be recorded between 
a bare  platinum wirc and a barc silver wirc in a p H  rccording amplifier. In the 
potentiometric titration with isoquinoline of tricthylaluminium containing a small 
amount  of diethylaluminium hydride no  change in potcntial occurs until thc ratio N / M  
exceeds unity (where N is moles if isoquinoline addcd and  M is total moles of 
triethylaluminium plus dicthylaluminium hydridc in the  sample). Beyond this point 
(i.c. the formation of thc 1: 1 diethylaluminium hydridc-isoquinoline complex) the 
potential starts to increase, reaching a maximum at a valuc of N / M  of 2.00. Between 
valucs of N/.W of 1 .OO and  2.00 the solution bccomes increasingly rcddcr owing to the 
formation of the 1 :2 dicthylalumiilium hydride-isoquinoline complex. Dicthyl- 
aluminium chloride may also be titrated with isoquinolinc. T h c  automatic recording 
conductometric titration device is also applicable to the automatic potentiometric 
t i t  r a t io n of organ o a 1 u m in i u m compounds with i soq u i n o 1 in c I ‘ . 

A potcntiomctric titration procedurc in which the samplc is dissolvcd in 
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cyclohexane and titrated potentiometrically with a standard cyclohexane solution of 
quinoline using platinum and silver elcctrodes in an inert gas atmosphere is claimed to 
give a more distinct end-point than the isoquinoline method". The potential change 
occurring in the isoquinoline potentiometric titration is not always detectable or is 
inaccurate in the case of organoaluminium compounds containing aluminium hydride 
groups16. Superior potentiometric titration curves are obtained if the silver-platinum 
electrode system is replaced by an aluminium rod as titration electrode and an 
aluminium rod immersed in triethylaluminium solution as  a reference electrode. The  
refercnce electrode is placed in contact with the organoaluminium sample solution by 
means of a porous disc. The establishment of the potential after addition of titrant is 
relatively slnw16. Etherates of alkylaluminium compounds can be titrated 
potentiometrically with isoquinoline solution. These titrations arc rather slow, how- 
ever, and d o  not havc the same high precision obtained with other types of 
organoaluminium compounds discussedI6. 

The platinum-silver cell has been re-examined using a silver electrode having a 
large surface area, shieldcd and of special con~t ruc t ion '~ .  With this electrode it is 
possible to obtain differences of 250-400 mV in titrations with isoquinoline. Also, a 
stable potential is established immediately following cvery addition of reagent. a$, 
and y-methylpyridines, 2-ethylpyridine, 2,5-methylethylpyridine, 2,4,6- 
trimethylpyridine, and 2.6-lutidine are all excellent titrants, particularly the di- and 
tri-substituted pyridines, inasmuch as  they can be easily purified by careful 
fractionation, and their solutions in benzene can be kept anhydrous and stable for long 
periods of time without change of titration. Moreover, these bases can be standardized 
easily and accurately by titration with perchloric acid in acetic solution using violet 
indicator. 

Chlorodiethylaluminium and mixtures of tributylaluminium and dibutylaluminium 
hydride have been titrated potentiometrically with a 0.2 M solution of pyridine in 
anhydrous benzene using aluminium and silver amalgam electrodes in an atmosphere 
of dry oxygen-free nitrogen'". 

D. Amperometric Titration Procedures 

Amperometric titration of mixtures of triethylaluminium and diethyliodoaluminium 
in octane can be performed in a cell equipped with two platinum  electrode^'^. 
Phenetole, diethyl, ether, tetrahydrofuran, and dioxan may be used a s  titrants. 
Titrations are carried out in an atmosphere of pure, dry argon. The sequential titration 
of diethyliodoaluminium and triethylaluminium with dibutyl ether, dioxane or 
tctrahydrofuran is possible without interference from any ethoxydiethylaluminium 
present. The  experimental error of the method is 51%. 

E. Activity by Dielectric Constant Titration 

Trialkylaluminium compounds and diethylaluminium chloride. because of their 
tendency to accept a lone pair of electrons, form well-defined 'donor-acceptor' com- 
pounds which have a very high dipole moment2". Considerable evolution of heat also 
accompanies the formation of these compounds. In these donor-acceptor compounds 
the donor (e.g. a tertiary amine) supplies both bonding electrons to the 
organoaluminium acceptor molecule, thus disturbing the charge symmetry (1). The 
donor becomcs partially positively charged and the acceptor becomes partially 
negatively charged, and it is a consequence of this unsymmetrical charge distribution 
that such donor-acceptor complexes possess a considerable dipole moment, of the 
order of 4-6 Debye. Dialkylaluminium alkoxides, on the other hand, do  not react with 
these donor molecules and have a low or zero dipole moment. 



15. Analysis of organometallic compounds: titration procedures 647 
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R-AI + N-R 
I I  

A complexometric dielectric constant titration technique has been developcd for the 
determination of organoaluminium compounds which form complexes of high dipolc 
moment  with suitable donor  molecules". T h e  titration is carried out  in an  apparatus 
consisting of a thermostated titration vessel with magnetic stirrer, containing dry sol- 
vent a n d  a known weight of the organoaluminium sample under pure nitrogen or 
argon. T h e  dielectric constant measuring cell consists of a gold plated Teflon-lined 
immersion condenser of exactly 7 p F  effective capacity used in conjuction with a 
Decameter.  The  donor  titrant solution is added to the organoaluminium sample sol- 
ution a t  a uniform rate by means of motor-driven piston burette synchronized with a 
suitable motor-driven chart recorder which automatically plots a curve of volume of 
donor  solution added to the sample against dielectric constant. This procedure has 
been applied to the analysis of a mixture of diisobutylaluminium hydride (approx. 93 
mol-%) and  triisobutylaluminium (approx. 7 mol-?h), using di-ti-butyl ether as the 
titrant2'.  A n  inflection was obtained corrcsponding to  9.4 wt.-?h of 
triisobutylaluminium in this sample. Thc slope of the curve then decreased on further 
addition of the ether. 

F. Lumometric Titratlon Procedures 

During a n  investigation in which a liquid scintillation counter was being used for the 
determination of radioactive carbon dioxidc, i t  was found that the absorbing solution 
(a toluene solution of acetyldimethylbenzylammonium hydroxide) itself gave off 
measurable amounts of light??. The  high background is duc  to luminescence associated 
with the  quaternary ammonium compound. The phenomenon is not limited to sol- 
utions of quaternary ammonium bases but accompanies a wide varicty of reactions. It 
may be  used as a basis for aluminium analysis. 

G. Thermometric Titration Procedures 

A suitable apparatus for carrying out the thermometric titration of oxygen- and  
moisture-sensitive compounds has been described21.23.2J. The essential components of 
the appara tus  a re  a vacuum-jacketed titration flask from which air  and moisture can be 
excluded, a constant delivery-rate syringe burette, a thermistor connected in a 
Wheatstone bridge circuit to detect tcmperature changcs. and a strip-chart recorder to 
indicate bridge output as a function of titrant added (Figure 2). I t  is essential that air 
and moisture are excluded from the titration vessel and that the vcssel has a low heat 
c o n d ~ c t i v i t y ' ~ .  The  syringe burctte is calibrated in terms of niillilitres of titrant per 
minute. T h e  concentration of organoaluminium compound (mmol) is the product of 
this calibration factor. titrant concentration, the rcciprocal of chart spced (in/min) and  
the distance in inches f rom start of titration to the intersection of lines drawn through 
straight scgments of the curve just before and  just aftcr the inflection (sce Figure 3) .  
Thc various titrants used and the stoichiometries of thcir complexcs with 
alkylaluminium compounds a re  shown in Table 2. 

Triethylamine, isoquinoline, and  2,2'-bipyridyl (bipy) all give two-slope titration 
curves if both R3AI- a n d  R2A1H-type compounds a re  present; typical curves obtained 
for the  latter two titrants a re  shown in Figure 3. The amount of titrant consumed 
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FIGURE 2. 
of organometallic compounds. 

Titration assembly and bridge circuit. Thermometric titration 

between the first and second inflections is a direct measure (mole for mole) of the 
hydride content, but t he  stoichiometry at  t he  first inflection point may vary (Table 3). 

2,2'-Bipyridyl is unusual in that it forms both 1:2 and  1:l complcxes with 
triethylaluminium and other tri-n-alkylaluminium derivatives but only a 1 : 1 complex 
with triisoalkylaluminium derivatives. This is presumably because each nitrogen atom 
can form a complex with an aluminium a tom in (ti-R),Al-type compounds, but that 
steric hindrance prevents a similar reaction with (i-R),AI, i.e. addition of the first 
molecule blocks the entry of a second one. For the 2,2'-bipyridyl-R2A1H reaction the 
1: 1 ratio (rathcr than 2: 1 as with isoquinoline and benzalaniline) is understandable on  
the basis that the amide formed in the initial step dirnerizes rather than reacting with a 
second molecule of reagent (equation 6 ) .  The  reaction product is deep  orange-red, 
similar to the  corresponding isoquinoline compound. The re  is some indication (Figure 
3, curve I)  that diethylaluminium hydride reacts with a second moleculc of 2,2'- 
bipyridyl but the energy of reaction is low. 
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FIGURE 3. 
(bipy) and isoquinolinc. 

Typical thermornctric titration curvcsobtained with 2.2'-bipyridyl 
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Benzalaniline (N-benzilidineaniline) reacts similarly to isoquinoline but with 
triethylaluminium the curve shows considerable curvature. with a suggestion of an 
intermediate 1 :2 complex. N-Methylaniline, which reacts selectively with 

TABLE 2. Typical reactions of alkylaluminium compounds 

Rcaction(s) as moles of titrant per mole of A1 

Tit ra n t R3AI RzAlH R2 AlCl" EtzAlOEt" 

Tric thylaminc 1:l 1:l 1 : l  None 
Isoquinoline 1:l 1:l and 2:1 1:l  None 
2,2'-Bipyndyl 1:2" or I:I  1 : l  1:l None 
Di-n-Butyl ether 1 : l  - 1:l  None 
r-Butyl alcohol 1:l 1:1 1:Id None 
Acetone, benzophenonc None'' I : l r  None' None 
Oxine 1:l.  2 : l .  and 3:1 1:1, 2:1, and 3:1 1 : l .  2:l. and 3:1 1 : l  and2:lf 

"RAlCl shows similar reactions to R2AICI. EtzAlOEt was the only alkoxide studicd in detail 
bReaction is 1:2 with ( ~ I - R ) ~ A I  and 1:1 with (i-R)3Al. 
' Forms vcry weak 1: 1 complex. not analytically significant. 
'EtAICIZ reacts furthcr to the 3: 1 stage. 
'In the presence of ether. Stoichiometry is different in the absence of cthcr. 
f ~ l o w .  incomplctc replacement of -OR group may occur after 2:1 rcaction. 

C 
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TABLE 3. Titration of trialkylaluminium and dialkyl- 
aluminium hydride with amines 

Moles of titrant per  mole of Al, 
to first inflection point 

Tit rant R3AI RzAlH 

Triethylamine 1 0 
Isoquinoline 1 1 
2,2‘-Bipyridyl 0.5 or 1 0 

dialkylaluminium hydride at  3O0CZ5, reacts with triethylaluminium as  well at room 
temperature and is unsuitable as  a titrant. 

Amine titrants generally can givc, in a single titration, values of trialkylaluminium, 
dialkylaluminium hydride, and activity (sum of the two). However, this advantage is 
more apparent than real; for hydride, in particular, thc precision and accuracy leave 
something to be desired. At the low hydride concentrations generally found in com- 
mercial triethylaluminium, isoquinoline gives a curve (Figure 3, curve V) in which the 
hydride segment is too small to measure accurately o r  is completely obscured by the 
normal slight rounding of the curvc near  the inflection points. 2,2’-Bipyridyl and 
triethylamine behave similarly. 

A t  high hydridc concentrations, 2,2’-bipyridyl and triethylamine give poorly defined 
first inflections (Figure 3, curve I). so that  although the activity result is correct, the  
trialkylaluminium and dialkylaluminium hydride values cannot be determined very 
prccisely. Isoquinoline gives well defined inflections with high-hydride samples but, 
although the result for activity (first inflection) is correct, the result for hydride tends 
t o  be low and variable. Results for trialkylaluminium are correspondingly high since, in 
this case, they are dctcrmined by difference. Presumably, the difficulty arises from 
slow reaction of the arnide with a second molecule of isoquinoline; it is necessary to  
make potentiometric titrations with isoquinoline rather slowly in order to obtain a 
separate inflection for hydrideI6. These problems d o  not occur when a ketonic titrant 
is used. Alkylaluminium halides react like trialkylaluminium compounds with amine 
titrants forming 1 : 1 electron-sharing complexes. 

Typical curves for oxygenated titrants are shown in Figure 4. Dialkyl ethers form 
electron-sharing complcxcs with trialkylaluminium compounds and alkylaluminium 
halides, giving ‘normal’ (type I) curves with a single, well defined inflection. Hydride 
does nct  interfere, although if it is present the post-inflection portion of the curvc may 
show a slight rise, indicating the formation of weak ether-hydride complexes. 

Ketones (in the absence of ethers) react readily with both R3AI and RzAIH com- 
pounds, although reaction with the latter is more rapid and energetic (see Figure 4, 
curve 11. a typical commcrcial triethylaluminium sample containing a small amount of 
hydride impurity). Curve 111 shows the reaction of acetone with a mixture containing 
tricthylaluminiurn and diethylalurninium hydride in about a 5:3 molar ratio. 

Alcohols such as methanol, isopropanol. r-butyl alcohol, cyclohexanol, a n d  
2-ethylhexan-1-01 react energetically with trialkylaluminium. dialkylaluminium 
hydrides. and aluminium halidcszO.*’. In all cases the first stage (1:l) reaction is 
quantitative and the inflection (at room temperature) is sharp. With t-butyl alcohol the 
reaction esscntially stops at this stage (but diethylaluminium chloride is an exception: 
see Figure 4. curve IV). Primary and secondary alcohols react further but in general 
the second stage reaction is slow and  the third stage still slower. r-Butyl alcohol is 
perhaps the most useful of the alcoholic titrants because of its clear-cut, one-stage 
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FIGURE 4. Typical titration curves obtained with oxygenated titrants. 

reaction with many compounds. It is the only alcohol which gives satizfactory results if 
the clean-up technique is used. Other alcohols may be useful in special situations, e.g. 
where a second-stage inflection can be obtained. 

In the thermometric titlation procedure complete elimination of traces of active 
impurities from reagents and apparatus prior to analysis is difficult and time consum- 
ing. It is considerably simpler to remove them from the  reaction system just before 
making the analysis, and the best reagent for this purpose is the sample itself. Table 4 

T A B L E  4. Typical analysis showing effect of clean-up proccdurc 

Determined value (mmol/g for sample 
portion) 

Clean-up Second Third 
TitranP Component determined s a m p I e sample sample 

D N B E  Et  AlClz 2.07 2.1 1 2.1 1 
R3AIC 0.494 0.570 0.566 
EtzAlCl 0.406 0.648 0.642 

T B A  Me3AI 0.609 0.665 0.679 
Activitf 0.645 0.680 0.683 

IQ Activitf 0.75 1 0.9 15 0.908 
B Z P H  Et2AIH (Et3AI prcsent) 0.285 0.334 0.334 
BiPY Activity 0.580 0.622 0.628 

ODNBE = di-n-butyl ether; TBA = r-butyl alcohol; IQ = isoquinoline; BZPH = benzophenonc. 
bipy = 2,2'-bipyridyl. 
bThese results are  not reportable, but give some idea of the amount of reactivc impurities 
removed by clean-up. The effect is somcwhat exaggerated because the clean-up sample is usually 
small. 
'Commercial Et3AI solution containing a small amount of EtlAlH 
dSolution of (i-Bu)?AIH and (i-Bu),Al in zbout a 6: 1 molar ratio. 
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illustrates the effcctiveness of the ‘clean-up’ procedure in obtaining precise results by 
thermometric titration. 

11. ORGANOARSENIC COMPOUNDS 

Potentiomctric titration and  colorimetric methods have bccn described fo r  the 
determination o f  P-chlorovinyldichlorarsine ( L e w i ~ i t c ) * ~ . ~ ~ .  In the latter the organic 
arsenic is mineralized by rcfluxing with aqueous sodium hydrogcn carbonate and  then 
arsenic is oxidized to the pcntavalcnt statc by the addition of aqueous iodine, followed 
by conversion to molybdoarsenate and  reduction to molybdenum blue by boiling 
undcr reflux with a sulphuric acid solution of ammonium vanadate and hydrazine 
sulphate. The  mcthod is sufficiently scnsitivc to detcrmine down to 3 pg of Lewisitc 
pe r  millilitrc of sample. 

T h e  pharmaccutical sodium methyl arsinatc has been deterrnincd by non-aqueous 
titration with mcrcury(I1) 

111. ORGANOBORON CCMPOUNDS 

A. Classical Tltration Procedures 

A thiomcrcurimetric mcthod has becn described for the dctermination of potassium 
tetraphcnylborate”. To the sample is addcd methanolic 0.05 N mercury(I1) 
pcrchloratc and  the solution is heatcd until dissolution is complete. Aqueous ammonia 
is addcd and  the solution titratcd with 0.05 N sodium mercaptoacetate in the presence 
o f  thiofluoroscein until a blue colour appcars. In an alternative procedure. a known 
volume of 0.1 N mcrcury(I1) acetatc is addcd to thc sampleJ0. After warming and 
cooling and acidifying with nitric acid. the cxcess of mercury salt is titrated against 
aqucous standard ammonium thiocyanate. Another method3’ is based on reaction of 
thc tetraphenylboron ion with the mercury(I1)-EEDTA complex, whereby EDTA is 
releascd in equivalent amount and  is detcrmined by titration in an acetate-buffered 
medium with standard zinc solution using 1 -(2-pyridylazo)naphth-2-ol as indicator. 
Tetraphenylborate may be oxidizcd by chromium(V1) in concentrated sulphuric acid 
solution to carbon dioxidc and  water.'?. Excess of chroniium(V1) is back-titrated with 
standard iron( 11) solution in the prcscnce of ferroin indicator. 

The  determination of dimcthoxyborane in mcthylborate can bc based on  the 
reaction of hydridic hydrogcn with iodine and subsequent titration of exccss of iodine 
with sodium t h i ~ s u l p h a t e ~ ~ .  T h e  method is directly applicable to  dimethoxyborane i n  
trimcthyl borate solution in the dimcthoxyborane conccntration range 0-1 5%. 

Pentaborane can be  dctcrmincd by its quantitative rcaction with ethanol to produce 
hydrogcn and  triethyl borate. the latter being hydrclysed to boric acid. which is then 
converted to the mannitol complex and  titrated with standard alkali”. Decaboranc 
may bc titratcd as a monobasic acid using aqueous sodium hydroxidc. although the 
rcsults were consistently about 2% lower than theoreticalJ5. The  concentration of 
decaboranc and diboranc in air may be monitorcd by scrubbing the borancs ou t  of the 
air into sodium hydrogen carbonatc-potassium iodide clcctrolytc. then titrating with 
coulometrically generatcd iodine”. Diborane and decaboranc in conccntrations as low 
as 0.2 p.p.ni. can be dctcrmincd. but the various boranes cannot bc differentiated. 
Materials that react with iodine. such as acetonc and pcroxides. interfere. Dccaboranc 
and  tctraborane have becn determined i o d o m ~ t r i c a l l y ~ ~ .  Thcy react instantaneously 
with a solution o f  iodinc in methanol. evolving hydrogen. By back-titrating the excess 
o f  iodine with standard sodium thiosulphate solution. o r  measuring thc volumc of 
hvdrogcn evolved in a closed system. a quantitative determination of tetraborane or 
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decaborane can bc made. Since alkali titration methods for thc determination of 
decaborane givc high results owing 10 the presence of acidic impurities in the sample, 
an iodine titration has been rccommended as a ~ t a n d a r d ) ~ .  This may be based on the 
oxidation of decaborane with potassium iodatc in glacial acetic acid. followcd by an 
iodometric titration3". Although it is based on the reduction of 44 equivalents of 
oxygen pcr niolc of dccaborane. in actual practicc the valuc is 3% lower than this; 
therefore, the reagents should bc standardized with research-purity dccaborane. 

6. Potentiotnetric Titration 

Various workers have described mercurimetric titration procedures for the 
determination of alkali metal tetrdphenylboratesJ'-''. Titrations may be carried out in 
0.1 N sodium acetate, with standard mercury(I1) nitrate or mercury(I1) perchloratc 
solution as titrant. and thc cnd-points detected potentiometrically with a 
mercury-coated platinum electrode and SCE joined by an agar bridge, or 
amperomctrically with a dropping mercury electrode vs. SCE'". Potentiometric and 
amperometric titration procedures have been described for the determination of 
sodium tetraphenylborate using standard mercury(I1) nitrate solutionJ1. The 
potcntiometric titration is rcproducible in spite of the formation of intermediates 
(phenylboronic acid and diphenylmcrcury); the first break in the curve occurs after 
consumption of 3 equivalents of mercury(I1) ion and the second after 8 equivalents. 
Boron in organic amine tetraphenylboron derivatives can be determined by 
potentiometric titration with standard silvcr nitrate solution4'. The dry sample is 
dissolved in aqueous acetone (1 : 1) and the solution is buffered at pH 5 .  The resulting 
solution is then titratcd with 0.06 N silver nitrate with a platinum indicator electrode 
and ;I shielded platinum referencc electrode. 

IV. ORGANOCALCIUM COMPOUNDS 

An argentimetric method has becn suggested for the determination of calcium 
acenaphthalene and similar types of compounds. This procedure involves reaction of 
the sample with dialkyl or  diary1 sulphides and subsequent titration of the mercaptan 
formed with silvcr iond3. 

V. ORGANOCOBALT COMPOUNDS 

Cyanobalamin has been analyscd by decomposition with sulphuric acid and hydrogen 
peroxide, cobalt being precipitatcd as cobalt(II1) hydroxide by addition of sodium 
hydroxide and hydrogen peroxide solution, and the dissolved precipitate bcing titrated 
iodometrically. The crror in this method is not greater than 2 0.5%'4. 

A rapid micro-determination of cobalt carbonyl anion [Co(CO),]- in organic 
solvents (glacial acetic acid-toluene) can bc achieved by titration with methylene blue 
at 0°C under nitrogenJ5. The stoichiomctric reaction of 2 mol of [CO(CO)J]- with 1 
mol of niethylene bluc takes place in the pH range I .9-5.2. Cyanocobalanlin has bcen 
titrated amperomctrically with chromium(I1) ion in an EDTA medium at pH 9.5". 
The anodic polargraphic wave at E,,? = 0.3111 V vs. SCE is probably duc to the 
oxidation of the mercury of the electrode". 

VI. ORGANOCOPPER COMPOUNDS 

Copper in treated fabrics may be dctermincd by titration with 8-hydroxyquinoline4*. 
The sample is cxtractcd with hydrochloric acid at 80°C and the solution is titrated 
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potentiometrically with 0.1 N potassium bromate. Most cations and many organic 
substances can be tolerated, but antimony trioxide and certain non-ionic surfactants 
interfere. 

VII. ORGANOGERMANIUM COMPOUNDS 

Mercaptogermanes have been determined indirectly with iodine49. Alkoxygermanes 
have been determined by a modification of the Ziesel procedures0. Both GeOC and 
GeSC linkages can be determined by the perchloric acid-catalysed acetylation 
methods'. The mechanism of the reaction of an alkoxy- or mercaptogermane with 
acetic anhydride is presumably the same a s  that proposed for the acetylation of 
SiOCs2.sJ and SiSC linkagess4. The  acetylation method depends on the reaction of the 
alkoxy- or mercaptogermane with excess of acetic anhydride to form the 
corresponding acetate or thioacetate and acetoxygermane. T h e  acetoxygermane and 
remaining acetic anhydride are rapidly hydrolysed to acetic acid, which is then titrated 
with standard base. The alkoxy or mercapto content is calculated from the difference 
in volumc of base between the sample and blank titrations. 

A further method for the assay of G e O C  linkages is based on reaction with in situ 
generated hydrogen bromidess. This is based on an earlier procedure for the 
determination of epoxides and aziridineP. Under anhydrous conditions, standard 
perchloric acid is titrated into an acetic acid solution of tetraethylammonium bromide 
and the sample. The hydrogen bromide which is formed reacts with the 
alkoxygermane to form a bromide and the corresponding parent alcohol. T h e  first 
excess of hydrogen bromide is detected by a blue B Z L  (Ciba 22062s) indicator 
end-point. This method allows the quantitative determination of alkoxygermanes in 
the presence of alkoxysilanes and alcohols. 

Procedures based on acetylation and on reaction with hydrogen bromide for the 
determination of alkoxy and mercapto groups in organogermanium compounds, which 
by elemental analysis and gas chromatography were known to have a purity between 
98.7 and 99.9%. have been compareds5. Most alkoxy- and mercaptogermanes may be 
determined quantitatively by either of the above methods. Acetylation, however, is 
preferred for mercaptogerniane determinationss5. 

VIII. ORGANOIRON COMPOUNDS 

A. Classlcal Tltratlon Procedures 

In determining the standard reduction potential of hacmoglobin, dialysis affects the 
shape of the redox titration curves, thus leading to different end-point 
determinationss7 At pH 7.9, the oxidation of fcrrohaemoglobin by 
hexacyanoferrate(II1) is not a simple reversible reaction, but appears to proceed by an 
irrcversible stcpwise mechanism. 

Thc standardization of methods for the determination of carboxyhaemoglobin has 
been discusseds8. Palladium chloride is reduced in an acidic medium by means of 
carbon monoxide to an equivalent amount of metallic palladium. The determination of 
excess of palladium chloride is carried out by the use of an indirect complcxometric 
titration after addition of potassium tetracyanonickelate(I1) (Kz[ Ni(CN)4]), the nickel 
ions liberated being titrated with EDTA (disodium salt) solution using murexide as 
indicator. 
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6. Potentlometrlc Tttratlon 

A r y l  ferrocenes can be titrated potentiometrically with standard potassium 
dichromate solution and E" values may be calculated for the oxidation reactionsY. The 
molecular weights of ferrocene derivatives may bc obtained by potentiometric 
titration with potassium dichromate6". Ferrocene can be determincd6' by addition of 
an acetic acid solution of the sample to a solution of iron(II1) chloride in 2 N 
hydrochloric acid and measurement of thc oxidation potential of the resulting clear 
solution: 

[Fe(CSHs)2] + FeCI3 - [Fc(CSH&]+ + FeCl' + CI- 

The percentage purity or  the equivalent weight of alkyl- and hydroxyalkylferrocencs 
can be determined by potentiometric titration with standard iron(II1) chloride sol- 
ution6'. In addition to its rapidity, a particular advantage of this procedure is that 
ferrocene derivatives which have a carbonyl group adjacent to the cyclopentadicne 
ring do not titrate, so that i t  is possible to determine the amount of alkylferrocene in a 
mixture with alkyloxofcrrocene. Potentiometric titration of alkyl- and 
hydroxyalkylferrocenes with 0.1 N potassium dichromate in acetic acid gave erratic 
results and over 100% recovery when the iron content of the sample indicated that the 
samples were less than 100% pure6'. This is because dichromate, in strong acid, 
oxidizes some of the organic material, thereby causing high dichromate titrations. It 
may be corrected by carrying out the potentiometric titration with a methanolic sol- 
ution of iron(II1) chloride. A larger potentiometric break occurs when using methanol 
as solvent than with acetic acid. The method has been applied to the assay of a number 
of alkyl- and hydroxyalkylferrocenes and gives a standard deviation of 0.22%. 
Carbonyl-substituted ferrocenes do not titrate with iron(II1) chloride. 

(7) 

IX. ORGANOLEAD COMPOUNDS 

A. Classlcal Tttratlon Procedures 

A rapid procedure using complexone has been described for the determination of 
tetraethyllcad in p e t r ~ l ~ ~ . ~ ~ .  The saniple is pipetted into bromine solution in carbon 
tetrachloride until the colour persists. Mcthannl o r  ethanol is added and the solution is 
boiled, decolorized with a small excess of 1 N alcoholic potassium hydroxide, diluted 
with water, and boiled again. Lead is determined indircctly using EDTA. In a further 
procedure using bromine the petroleum sample is diluted with a high-boiling solvent 
then 30% bromine in carbon tetrachloride is added until  the brown colour persists for 
2 mid'. This solution is shaken with 0.1 N nitric acid and the extract boiled to expel 
bromine fumes. Tartaric acid, Eriochromc Black T indicator, cxcess of 0.2 M 
magnesium chloridc solution, and 0.1% potassium cyanide solution are added and the 
solution is buffered to p H  10 and titrated with 0.01 M EDTA. 

Tetraethyllead may be extracted from petrolcum into concentrated hydrochloric 
acid and the lead precipitated as lead sulphate". The lead is then determined by 
complexometric titration with EDTA (disodium salt) using Eriochrome Black T as 
indicator. In a variant of this procedure, interferences caused by the presence in the 
pctroleum of iron, dyes, and acid-extractable organic substances can be eliminated by 
oxidation of organic matter with sulphuric and nitric acids. 

Leaded petrolcum may be treated with concentrated hydrochloric acid and 
potassium pcrchlorate to extract lead into the acidic phase. This is determined by 
addition of excess of disodium EDTA. which is back-titrated to the Eriochrome Black 
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T end-point with standard zinc chloridc solution67. Alternatively, tetraethyllead may 
bc separated from the petroleum using the ASTM hot hydrochloric acid extraction 
procedurc", and the lead ion titrated with disodium EDTA". Serious interferences to 
the end-point in this titration due to iron. petrolcum dyes, and organic compounds 
cxtracted from thc petroleum are reported7". For example, 0.3 p.p.m. iron in the 
petroleum renders end-point detection impossible. These may be overcome with 
copper-PAN indicator7". Howevcr, fuels containing both tetraethyllead and 
(methylcyclopcntadienyl)mangancse tricarbonyl cannot be analyscd for lead content 
by this method. The  small amount of rnanganesc cxtractcd by thc hot hydrochloric 
acid frequently leads t o  an crror of several tenths of a millilitrc of tetraethyllead per 
gal I on "I. 

A tentativc DIN standard7' has bcen issucd for the determination of tetraethyllead 
in petrol based on deconiposition with hydrochloric acid and complexometry. The 
method is not applicablc to samples containing multivalent metals. The sample is 
boiled with hydrochloric acid to decompose the tetraethyllead, diluted with water, 
ncutralizcd. and buffercd to a pH value of betwcen 10 and 11. A known excess of 
E D T A  solution is added and thc excess is back-titrated with standard zinc sulphate 
solution. From an examination of various methods for the determination of 
tctraethyllead in petrol it was concluded that direct complexometric titration of the 
lead chloride-containing hydrochloric acid extract in the prescnce of tartrate was thc 
most accurate of the methods examined". Following extraction of lead by the ASTM 
procedure"". tartaric acid is added to the extract, which is then made alkaline with 
aqucous ammonia and the lead is dctcrniined indirectly using EDTA73. Interferences 
from copper. zinc, nickel, cobalt. cadmium. and manganese. but not from calcium or 
magnesium. are avoidcd by adding solid potassium cyanide after the aqueous 
ammonia. 

Various oxidizing agents havc Seen used to destroy organic matter in the 
hydrochloric acid extracts o f  petroleum prior to the complexomctric determination of 
lead using EDTA74-7'. The sample o f  petroleum may be treatcd with potassium 
chlorate and concentrated hydrochloric acid. Water is then added and the aqueous 
phase scparated off. Thc organic matter is destroyed by heating with hydrogen 
peroxide or potassium chloratc and nitric acid7'. A similar method extracts the lead by 
hcating the petroleum sarnplc under rcflux with concentrated hydrochloric acid. 
evaporating thc extract. and destroying the organic mattcr by heating with potassium 
chloratc arid nitric acid75. A solution of chlorine in carbon tetrachloridc has been used 
in the dctermination of organically bound lead in 'ethyl fluid' and in petroleum7". The  
sample is treatcd with a solution of chlorinc in carbon tetrachloride and after a 
reaction period o f  1 min. water is added, and the carbon tctrachloride rcmoved by 
boiling. Excess of chlorine in  thc petroleum is then reduced with either 3% hydrogcn 
peroxidc, sodiuni thiosulphatc. o r  sodium hydrogen sulphitc and thcn lcad is 
determined by addition of EDTA solution and back-titration with standard 
magnesium chloride solution. 

A method based on titration with Karl Fischcr rcagcnt has been reported for the 
determination of PbOH groupss". An iodomctric procedure for the dctermination of 
organolead compounds involves the rcaction of the organolead compound with an 
cxcess of iodine. Thc  unchanged iodine is then titrated with standard sodium 
thiosulphate using starch as indicators'. Altcrnatively. the sarnplc is shaken with 
thiophcn-free benzene, iodine solution is slowly added. and excess of iodine solution is 
then titrated with sodium thi~sulphate '~.  In thc argentimetric determination of 
tetraethyllead in antiknock mixtures excess of silvcr nitrate is added to the sample and 
the rcsulting metallic silvcr is filtcred offt dissolved in nitric acid. and detcrmincd by 
thc Volhard mcthod"?. I n  an organic solvent such as benzenc and with a limited 
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reaction time, tetraethyllead reacts quantitatively with iodine to form triethyllead 
iodide. This is the basis for the iodometric method for the determination of 
tetraethylleadg3. With bromine or chlorine in an organic solvent. tetraethyllead reacts 
rapidly to form the corresponding diethyllead halide. In direct sunlight tetraethyllead 
is slowly converted to the triethyllead ion. then more slowly to the diethyllead ion, and 
finally to the simple lead ion. Under excessive heat tetraethyllead decomposes to form 
metallic lead and a variable mixture of hydrocarbon gases. Hexaethyllead rcacts with 
silver nitrate to produce metallic silver. which can be separated, dissolved in nitric 
acid, and titrated by thc Volhard methods4. Tetraethyllead reacts similarly so that the 
method is not  suitable for mixtures of these compounds. 

Hcxacthyldilead can also be determined by dissolving the sample in carbon 
tetrachloride, covering the solution with water containing starch indicator, and titrat- 
ing in an atmosphere of nitrogen with 0.01 N iodine in potassium iodide solution. Two 
atoms of iodine rcact with onc molecule of hexaethyldilead. Mixtures of 
tetraalkyllead. hexaethyldilead, and triethyllead chloride are analyscd by titrating the 
hexacthyldilead with 0.01 N iodine as described above. separating the carbon 
tetrachloride layer, which now contains tricthyllead iodide together with 
tetraethyllead and triethyllead chloride, and treating with silver nitrate which pre- 
cipitates silver from tetraethyllead, silver iodide from tricthyllead iodide. and silver 
chloride from triethyllead chloride. The precipitate is filtered off and dissolved in nitric 
acid and the silver is determined by Volhard's method. The carbon tetrachloride now 
contains triethyllead nitrate cquivalcnt to the hexaethyldilead plus tetraethyllead plus 
triethyllead chloride originally present. This is converted to lead chloride by treatment 
with hydrogen chloride gas. 

'Triethyllcad ions have been determined in aqueous solution using sodium 
tetraphenylborate. Precipitation of triethyllead ions from acctic acid solution of pH 
4-5 by sodium tctraphenylborate is complete within 10 min. The sample solution is 
filtered and excess of sodium tetraphenylboratc is titrated with 0.5% bcnzalkonium 
chloride solution8'. 

B. Couiometric Titration 

Tetraalkyllead compounds have been determined coulomctrically using bromine 
and mercury(1) ionR""'. The titration of the tctranicthyllead is carried out to the 
reaction 

(CH3)4Pb + Brz - (CH3)3PbBr + CH3Br 

This reaction was studied in 0.5 M methanolic ammonium bromide as basal solution 
Hexaethyldilead may be determined in the presencc of tetraethyllead. by coulometric 
iodination at constant current, with amperometric dead-stop end-point indicationnR. 
The sample, in  an alcoholic solution containing iodide ions, is placed in the anodic 
compartmcnt o f  an electrolysis cell where i t  undergoes the following reaction: 

R ~ I M - M R ~  + 1 2  - 2R,IM1 (9) 

with the iodine electrolytically produced under constant current at the platinum 
anode. The end-point is observed by a rise in the indicator current. causcd by cxcess of 
iodine, between a second pair of platinum electrodes sensitive to the 13-/1- redox 
systeme". An amperometric plot of indicator current vs. generation time can bc 
obtained photographically in order to ensure an accurate determination. Iodine is 
employed in this method for  the coulomctric-amperometric titration of 
hexaethyldilead. because its rate of reaction is always greater than the rate of 
clectrolytic generation of the iodine. 
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Following the discoverya4 that hexaethyldilead reacts quantitatively with silver ions: 

(C2HS)hPbz + 2Ag' - 2[(C,HS)3Pb]+ + 2Ag 

the possibility of titrating hexaethyldilead by means of electrolytically generated silver 
ion to an  aniperometric end-pointRy has been investigated3". The  conditions whereby 
selective titrations of organolcad species in the  mixtures could be carried out  by the  
utilization of quinoline a s  a complexing agent fo r  silver have also been reported9". 

C. Hlgh-frequency Tltratlon 

High frequency titration with potassium permanganate has been used91.92 for the  
determination of down to  0.01% of hexaethyldilead in tetraethyllead. The sample of 
tetraethyllead is diluted with acetone. Titration is carried out with a 0.05 N solution of 
potassium pcrmanganate in acetone. 

X. ORGANOLITHIUM COMPOUNDS 

A. Classlcal Tltratlon Procedures 

A double titration procedure for  the analysis of alkyllithium compounds has been 
applied principally to n - b u t y l l i t h i ~ m ~ ~ - ~ ~ .  It cannot be used for the determination of 
methyllithium or phcnyllithium owing to their low reactivity with the reagent. T h e  
total alkali (i.e. LiR + LiOR + LiOH + Li20) is first determined by hydrolysis of the 
sample solution under dry, oxygen-free nitrogen followcd by titration with standard 
acid to  thc phenolphthalein end-point. To a further portion of the sample in dry 
diethyl ether is added bcnzyl chloride dissolved in diethyl ether, which reacts with the 
n-butyllithium: 

n-C4HYLi + C6HSCH2CI - n-CsHla  

After reaction the solution is hydrolysed by the  addition of water and finally titrated 
with standard acid. This  titration is equivalent to the L iOR + LiOH + LizO content of 
the sample. The  11-butyllithium content of the  sample is then calculated from the 
difference between the  two titrations. A four-fold excess of benzyl chloride with 
respect to the alkyllithium compound, a 5-min reaction time with the benzyl chloride 
and  the  use of not less than o n e  volume of diethyl c ther  per volume of sample a re  
r e ~ o r n m e n d e d ~ ~ .  

Low results are obtained when this double titration procedure employing b e n q l  
chloride is used to determine methyllithium and aryllithium  compound^^^-'^". In addi- 
tion, the purity of the diethyl e ther  has a marked effect when thc double titration 
procedure is used in analysing solutions for n-butyllithium content. Reasonably accu- 
rate results are obtained in n-heptanc solutions. Purification of thc cther by treatment 
with lithium aluminium hvdridc leads to more satisfactory results. The  low results d u e  
to the  fact that benzyl chloride does  not react quantitatively with alkyllithium com- 
pounds  to give non-basic products can be avoided by using alternative organic halides, 
particularly 1.2-dibromoethane for alkyllithium compounds and phenyllithium, and  
1.1,2-tribromocthane or allyl bromide for butyllithiurn" and other alkyl- 
lithiums102-104 . as  wcll a s  R3MLi (M = Si, Ge, Sn)105.10f1. 

In  Table 5 are shown typical titrations of n-butyllithium with both benzyl chloride 
and  allyl bromide, being expressed as the percentage of the total basic content of the 

+ C,jHSCHZC4Hy-)I + C ~ H S C H ~ C H ~ C ~ H S  (1 2) 
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TABLE 5.  Double titrations ofn-butyllithium. Solutions ofn-butyllithium were analysed 
by double titration with 1,2-dibrornoethane, allyl bromide, and benzyl chloride. The 
results are expressed as the perccntage of  the total basic content of the solutions which is 
due to C-Li 

659 

Preparation 

Percentage of total base due to C-Li 

PhCHZCI CHZ=CHCHzBr BrCHrCHzBr 

BuLi in Et20.  run 1 88.1 93.6 
BuLi in Et20,  run 2 90.1 95.1 
BuLi in E t 2 0 ,  run 3 76.3 81.2 
BuLi in hexane 94.7 98.6 
BuLi in hexane 97.1 99.2 
BuLi in hexane 97.0 99.1 99.1 

solution which is due to RLi. The first three runs are for preparations in diethyl ether, 
and it may be noted that thc allyl bromide values are consistently 5% above those 
obtained with benzyl chloride. This difference corresponds to the error previously 
estimatcd for  the benzyl chloride methodY9. The high percentage found with the allyl 
bromide titrations is takcn to indicate that the n-butyllithium in the solution is more 
completely consumed by allyl bromide than by benzyl chloride. 1,2-Dibromoethane 
has also been recommended as a reagent in thc double titration of cyclopropyl- 
l i  thium' 07. 

Phenyllithium may be determined by pipetting inorganic halide-free 1- 
bromo-2-phenylethane into a flask and  adding pure di-n-butyl etherJo8. The  flask is 
flushed with nitrogen and an  aliquot of phenyllithium dissolved in pure di-n-butyl 
ether added. T h e  flask is left t o  react, then 1.5 M nitric acid is added, and halide ion is 
determined by a modified Volhard 

The cffect of lithium alkoxides on the determination of butyllithium (and butyl- 
sodium) compounds by the Gilman procedure was studied to establish whether any 
reaction between thc halogen compound and any lithium alkoxide present had an 
effect on the accuracy of the lithium bound carbon determination"". Ally1 bromide 
gave the most accurate results. When the Gilman double titration procedure is applied 
to tertiary lithium alkyls, then any tertiary lithium alkoxides present as an impurity in 
the sample react slowly with benzyl chloride or with 1,2-dibromoethane giving 
analyses for the alkyllithium component which are too high'". This may be overcome 
for the analysis of tertiary lithium alkyls through the observation that organic acids, 
including weak acids, can be titrated with sodium dimethyl sulphoxide in dimethyl 
sulphoxidc solutions using diphenylmethane or triphenylmethane as indicator. The 
method involves the titration of a known amount of a standard organic acid with the 
organolithium solution of unknown titre in dimethyl sulphoxide-monoglyme-hydro- 
carbon solution with triphenylmethane as indicator. Benzoic acid is used as titrant 
because of the relative ease of observation of the yellow to red (alkyllithium) or green 
to red-brown (phenyllithium) end-point and bccause a monoslyme solution of this 
acid can bc standardized by an  aqueous base titration. The ovcrall reactions occurring 
in the system are as follows: 

RLi + C6HjC02H - C6HSC02Li + R H  

and at  the end-point whcn thc standard acid is consumed: 
RLi + (C6Hs)3CH - R H  + (C6H,),C-Li+ (14) 

(red) 
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The analysis of compounds of the type RxELi. whcrc E = Si. G e ,  o r  Sn, by a double 
titration procedure using ally1 bromid,e and  o thcr  organic halides as thc reagent has 
been c ~ m p a r e d ' " ~  with a method based o n  reaction of the R3ELi compound with 
ti-butyl bromidc followed by titration of the released bromide ion by Volhard titra- 
tion'''. In general, bettcr results were obtained using the allyl bromide double titration 
than with the  ti-butyl bromide Volhard analysis. triphenylgermanyllithium being an  
exception. 

The  present position regarding the applicability of the Gilman proccdurc to the 
assay of commercial alkyllithiums is that the  ASTM has selected thc Gilman benzyl 
chloridc coupling procedure for thc determination of ti-butyllithium in hexane1I3 and 
this can be takcn a s  a measure of confidence in this procedure for this particular 
analysis. With experienced analysts. a reproducibility between two laboratories of 
about 0.2% is claimed. It has been pointed that, in spitc of statcments by 
earlier workers that the use of the benzyl chloride coupling reagent leads to low 
carbon-bound lithium values, it has frequently been possible to obtain as high as 
99.2% of carbon-bound lithium (or 0.8% of non-carbon-bound lithium) on newly 
manufactured 15% hexanc so!utions of ti-butyllithium. Obviously, avoidance of samplc 
contamination by oxygen or moisture is a very important factor in obtaining these 
results. Thus.  if benzyl chloride does give lower results for net assay (total base minus 
base left f rom Gilman coupling). the difference between 'actual' and assay valucs must 
be less than 0.8% of non-carbon-bound lithium. Results obtained by this procedurc are 
therefore acccptably accurate. In a modification of the ASTM procedure used in 
Europe, a larger amount of benzyl chloride is uscd in thc absence of cther. This 
method gives a rcsult about 0.2% higher than that obtained by the ASTM assay. These 
comments apply strictly only to commcrcial organolithium prcparations which contain 
a minimum amount  of oxygenated impurities and d o  not necessarily apply to mixtures 
containing appreciable amounts of, for example, lithium alkoxidcs. 

The  ASTM method, using bcnzyl chloride, works well with phenyllithium provided 
that the coupling reaction is allowcd to take placc for at least 30 min. In  most 
instances. allyl bromidc can be  substitutcd for bcnzyl chloride with no  changc in thc 
analytical results. 

Benzyl chloride does  not work well with methyllithium o r  vinyllithium. but allyl 
bromidc does  rcact very readily in these cases. giving consistent analyses. Owing to the 
vcry limited solubility o f  methyllithium in diethyl cther. non-carbon lithium assays on 
solutions of 5% methyllithium in ethcr nevcr excccd 0.03-0.05%,, even if thc true 
methoxide contcnt of thc samplc is considerably higher than this. 

Ethylene dibromide is rccommended a s  a reagent for lithium a l k ~ x i d c s ~ ~ ~ .  It reacts 
with lithium ,-butoxide and lithium ti-butoxide in hexanc, and  this affects thc Gilman 
coupling correction. Any comparison of the reactivity of a coupling reagent with 
lithium alkoxides should be made in thc presence of an alkyllithium compound as the 
lithium alkoxide is actually coordinated in the alkyllithium hexamcrs and should be 
morc reactive in this mixcd system towards the coupling than i t  would be in the 
absencc of thc alkyllithium compound. 

A procedure has bccn described"" for thc determination of organolithium com- 
pounds based on clcavage of dialkyl or diary1 disulphidcs and  subsequcnt titration of 
the lithium mcrcaptidc formcd with silver ion by thc silver nitrate amperonictric 
tcchniquc (equations 15 and 16)"". O n l y  lithium metal has been found to complicatc 
thc cleavage reaction. Aromatic disulphides react rapidly and  quantitativcly with 
organolithium compounds in the presencc o r  absence of ethers. A comparison of 
quantitativc results obtaincd with tolyl disulphidc and ti-butyl disulphide in the pres- 
ence and absence of ether showed good agrccnient. O n  thc basis o f  the consistent 
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results obtaincd in thc prcscncc or absencc of cthcr with tolyl disulphidc. this aromatic 
disulphide is rcconimcndcd as thc preferrcd reagcnt for the method. 

R’Li + RSSR - R’SR + LiSR (15) 

LiSR + [Ag(NH3)?]+ - RSAg + Li! + 2NH3 

Oxygen. water, and alcohols and the products of their reaction with organolithium 
compounds do not interfere with the disulphidc clcavagc procedure exccpt for the 
destruction of a stoichiometric amount of the organonictallic compound. The rcactions 
with water’”’ and with alcohols’?’.”’ arc the bases for published procedures for analys- 
ing organolithium compounds. The rcaction product with oxyjien has bccn used in a 
procedure for analysing dilithioarornatic  compound^"^. In the analysis of organolithium 
compounds, substances such as lithium metal. lithium hydridc. lithium hydroxidc. and 
lithium alkoxides should be considered as possible interfering ingredients”’. Thus only 
lithium metal cleaved tolyl disulphide under thc conditions of the analysis. Unreacted 
lithium metal can be readily determinedI2j. A non-aqueous titration procedure has been 
described for the determination c&’ri-.sec-, and /-butyllithium. based o n  titration with a 
standard solution of sec-butyl alcohol in xylene to thc l,l0-phenanthroline or the 
2,2’-biquinolyl colorimetric e n d - p o i n t ~ ’ ~ ~ .  Addition of a few milligrams of 2,2’- 
biquinolyl and about 5 nil of 1.5 M butyllithium in hexanc to 20 ml of benzene 
produces a yellow-green or chartreusc-colourcd solution. After titration with 1 M 
sec-butyl alcohol in xylcnc. thc solution is clear and colourless; the disappearance of 
the green colour occurs sharply after addition of 1 mole-equivalent of titrant. 

A titration mcthod has bcen developed suitablc for the determination of alkyllithium 
compounds in ether solutions at concentrations down to lo-’ M ~ ~ ~ .  This analysis causes 
considerable difficulty because at room temperature and evcn at 0°C. the prescnce of 
ethers, such as 1,2-dimethoxyethane and tetrahydrofuran. as solvents causes rapid 
decomposition of ti-butyllithium, as indicated by titration with a standard solution of 
sec-butyl alcohol. If, however, the ether was cooled to -78°C prior to the addition of 
n-butyllithium and kcpt at this tcmperature during the titration with sec-butyl alcohol 
then rr-butyllithium decomposition was slow. Rapid. accurate. and precise analyscs 
were obtained in this way by titration with a standard solution of sec-butyl alcohol 
using 2,2’-biq~inolyl”~. 

Vinyllithium can be determined by mcasurement of the amount o f  vinyltributyltin 
produced by reaction of the vinyllithium with tributyltin chloride’27 o r  the amount of 
tetraphenyllead obtaincd by reaction between tctravinyllead and phenyllithium12R.’?”. 
Phenyllithium may be determined by measurcment of thc amount of tetraphenyltin 
produced in the transmetcllation reaction betwccn tetravinyltin and p h ~ n y l l i t h i u m ~ ’ ~ .  

Organolithium compounds can be determined by i~dinat ion’~‘’ .  T h e  organolithium 
compound is slowly added to an exccss of a standardized diethyl ether solution of 
iodine and thc unused iodine is back-titratcd with standard sodium thiosulphate s o h -  
tion to the starch cnd-point. I t  is important to add the organolithium compound to an 
exccss of thc iodine solution. rathcr than the reverse. This ensures that interfering 
coupling reactions are minimizcd during iodination: 

C6H5Li + I? - C(,H51 + LiI (iodination) (17) 

2C6H5Li + I ?  - ChHS-C6HS + 2LiI (coupling) (18) 

This mcthod was applied succcssfully to the assay of phenyllithium solutions. giving 
results which agrccd to within 3% of the theoretical rcsult. Thc method was also shown 
to be applicable to the assay of butyllithiuni. 



662 T. R. Crompton 

B. Potentlometrlc Tltratlon 

p-Phcnylenedilithium has becn determined by potentiometric titration with 
cenum(1V) nitrate'". This method, which determines even small amounts of this 
substancc in the presence of monornctallo-organics. involves the oxidation and hyd- 
rolysis of the dilithium compound to form hydroquinone, which is then titrated poten- 
tiometrically with standard ccrium(1V) nitrate solution using a standard calomel elec- 
trode and a platinum rcference elcctrode: 

As the method does not involve an acid-base titration, the presence of lithium hydrox- 
ide or other hydrolysis products does not intcrfere. Alkyllithiums and 
rn-phenylenedilithiums give oxidation and hydrolysis products which cannot be oxid- 
ized by cerium(1V) ion; therefore. the method is selective for 0-  or  
p-phenylenedilithiums in the presence of other types of monometallo-organics. 

n-Butyllithium in hydrocarbons has been determined by treatment with excess of 
vanadium pentoxideg8. Thc reduced vanadium is then titrated potentiometrically with 
standard sulphatoceric acid solution. A comparison of results obtained by this method 
with those obtained by a method for determining total alkalinity, including butyl- 
lithium, lithium butoxide, lithium hydroxide, and other basic materials, is shown in 
Table 6 for solutions of n- and r-butyllithium in various solvents'". In all cases, the 
concentration of butyllithium as determined by the vanadium pentoxide method is less 
than the concentration of total base. This is to be expected, sincc any air oxidation of 
n-butyllithium results in the formation of lithium n-butoxide. which is soluble in  solu- 
tions of jz-butyllithium. Howevcr. in every case the difference betwccn the two values 
is 4% or less, which indicates the presence of only a small amount of soluble base other 
than butyllithium. The analysis of similar solutions of tz-butyllithium in n-heptane by 
the double titration method indicated that 4-5?6 of the total base present was non- 
butyllithium base')!). This blank was fairly constant and it was concluded, probably 
wrongly, that it was inherent in the double titration mcthod under the experimental 
conditions used. 

Only ti-, sec-, and r-butyllithium and ethyllithium solutions werc assayed by the 
vanadium pentoxide method, but the procedure should be generally applicable to the 
determination of any alkyllithium compound in a hydrocarbon solvent. It cannot be 

TABLE 6. Analysis of solutions of r i -  and r-butyllithium in various solvents 

BuLi by Vz05 Total base Difference 
Compound Solvent method (hi) (hf) 

n-Butylithiurn n-Haptane 1.67 1.70 1.8 
ti-Heptane 2.74 2.80 2.1 
ti-Heptane 1.23 1.24 0.8 
Cyclohexane 2.58 2.62 1.5 
ToIu-SOI 1.20 1.21 0.8 
To~u-Sol 1.19 1.23 3.2 

r-Butyllithiurn t i -  Pe n time 1.46 1.52 4.0 
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used for the determination of phenyllithium because, although phenyllithium rapidly 
reduces vanadium pentoxide. most solutions of phenyllithium contain lithium phenox- 
ide because of air oxidation. O n  titration with sulphatoceric acid, the phenol is oxid- 
ized together with the reduced vanadium. This leads to high results for the 
phenylithium content. 

C. Thermometric Tltratlon 

titration with a standard hydrocarbon solution of butyl alcohols ( 1 1 - .  sec-. 1-)z4: 
1 2 -  and sec-butyllithium in hydrocarbon solution can be determined by thermometric 

RLi + BuOH - LiOBu+ RH 

T h e  reaction is stoichiometric; lithium butoxide, normally thc major impurity. does 
not interfere. The  simplicity of the method makes it more rapid and convenient than 
many of the alternative methods; the method is believed to be generally applicable to 
compounds containing lithium-carbon bonds. The  apparatus is discussed in the sec- 
tion on the analysis of organoaiuminium c o m p ~ u n d s ~ ' . ' ~ l .  A procedure for determin- 
ing small amounts of 11- or sec-butyl alcohol in the aqueous extract from hydrolysis of 
butyllithium provides an independent estimate of the accuracy of the impurity correc- 
tion in the double titration method (butoxidc is usually the major Because 
of the high energy of reaction and the ease with which large samplcs can be handled, 
the sensitivity is high; the detection limit for a 50-ml sample is estimated to be well 
below 0.01 %, of butyllithium. T h c  sensitivity of the vanadium pentoxide method98 
appears to bc comparable. Reasonable agreement is obtained between the butyl 
alcoholic thermometric titration method and the vanadium pentoxide method. 

D. High-frequency Tltratlon 

High-frequency titration of various alkyllithiums as well as bcnzyl and phenyllithium 
compounds with a standard solution of acetone in benzene has a sensitivity of 0.01% of 
organolithium compound when a SO ml samplc is used'32. Lithium alkoxides d o  not 
interfere. Acetone is used as  a titrant because it is relatively easy to obtain pure and 
dry, and also because under ordinary conditions its reaction with lithium alkyls is 
rapid, complete, and  irrcversible. 

R 
I 

RLi  + (CH3)2C=0  - (CH3)2C-O-Li+ 

The  results obtained by high-frequency titration generally agreed within 1% with 
results obtained by the vanadium pentoxide method98, and for phenyllithium com- 
pounds the high-frequency titration results were in good agreement with those 
obtained by the double titration procedurey5 and gave a particularly good precision 
(0.5% agreement) when ethylene dibromide rather than the benzyl chloride reagent 
was employed in the latter procedure. 

E. Lumometdc Tltratlon 

A 2% toluene solution of n-butyllithium has been titrated lumometrically with 
A very sharp increase i n  light intensity occurred at a point corrcsponding to one atom 
of oxygen for two atoms of lithium. Beyond this point no more oxygen was absorbed 
but light emission continued at a gradually decreasing rate for more than 24 h. 



664 T. R. Crompton 

XI. ORGANOMAGNESIUM COMPOUNDS 

A. Classical Titretion Procedures 

iodine in dicthyl e thcr  until a pale iodine colour persis1sl3': 
Grignard reagents cannot be determined by titration with a standard solution of 

RMgX + I z  - RI + MgXI 

owing to the occurrence of a side-reaction simultaneously with the above reac- 
tion13'.136. 

2 RMgX + I?  - R-R + 2 MgXI (23) 

A satisfactory analysis can be obtaincd by adding a n  aliquot of the Grignard solution 
to an excess of standard iodine solution, that is in thc reverse o rde r  of that above, and 
then titrating the excess of iodine with standard sodium thiosulphate s o l ~ t i o n l ~ ~ . ~ ~ ~ .  
The  accuracy of the iodometric method has been checked by adding known amounts 
of water o r  methanol t o  a Grignard reagect and chccking how much the titre ran back. 
It is claimed to be accurate t o  within 1 % ~ ~ ~ ~ .  It has been suggestedI4" that methods 
based on acid t i t ra t ion1~~ .137 .141 .142  on iodine t i t r a t i ~ n l ' ~ .  and o n  Volhard t i t r a t i ~ n ' ~ ~  
give high results. Several alternative methods for the analysis of Grignard compounds 
which can also be applied to diary1 magnesium compounds a r e  described below. 

Titrution with sulphuric acid135.137.141.142 
Procedure. Add 1-2 rnl of the organomagnesium sample to water. Boil for 10-15 

min and add. after cooling. a known excess of 0.100 N sulphuric acid. Back-titrate 
excess of acid with 0.1 N sodium hydroxide using phenolphthalcin as indicator. 

Iodine tirrctrion134 
Procedure. Add 1-2 rnl of organomagnesium samplc to I N iodine solution in dry 

diethyl ether. Let the reaction proceed for 10 min with shaking. Determine the 
unreacted amount of iodine by titration with 0.1 N sodium thiosulphatc using starch as 
indicator. 

Volhard halogen titration 
Procedure. Add 1-2 ml of organomagnesium samplc to water, boil until the solution 

is clear and adjust the pH to about 7 with sulphuric acid. Add a known excess of 0.1 N 
silver nitrate and hcat the solution until the precipitate coagulates. Determine in the 
cooled solution the excess of unreactcd silvcr nitrate with ammonium rhodanide using 
iron(II1) sulphate as indicator. 

Di-sec-butylmagnesi~im, i-butylmethylmagncsium. phenylmagnesium. and 
n-butylmagnesium chloride can bc titrated directly under anhydrous conditions with 
sec-butyl alcohol using coloured indicators such as 1,lO-phenanthroline o r  2.2'- 
biquinolyllJ4. In a typical titration. 1,lO-phenantholine is added to an ethereal solution 
containing approximatcly 0.1 M dialkylmagnesium to obtain a violet solution. Titra- 
tion of the solution with standard 1 M sec-butyl alcohol in xylene causes n o  significant 
diminution in colour until two molccules of the titrant have been added per mole of 
magncsium compound, when the violet colour disappears sharply. End-points arc 
sharper in ethereal solutions of organomagnesium compounds than in hydrocarbon 
solutions. Also. in hydrocarbon solution. precipitation of magnesium alkoxidcs may 
cause turbidity problems. Both diethyl and di-n-butyl ethcr were used as  solvents for 
dircct titration of butylmagnesium chloride. An  analysis of a sample of this Grignard 
reagent. claimed to be about 2.8 M. showed i t  t o  bc 2.73 M. Phenylmagncsium chloride 
was also analysed satisfactorily by dircct titration. 
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A n  iodometric procedure for the determination of organoalkali metal compounds 
such as phenyllithiurn may also be applied to organornagnesium compounds'45. A 
procedure for the iodometric determination of arylmagnesium compounds adds a 
measured volume of a chlorobenzenc or anisole solution of the organomagnesium 
sample to a solution of iodine in benzene. toluene, or diethyl ether'46. The iodine must 
be in three-fold excess with respect to the arylmagnesium compound. T h e  solution is 
set asidc for a few minutes at  room tcmperature, then excess of iodine is titrated. 

B. Amperometric Titration 

A procedure €or determining organomagncsium compounds is based on their cleav- 
age of a dialkyl or diary1 d i~ulphidc '~ ' .  The resulting thiol is titrated amperometrically in 
alcoholic medium with aqueous silvcr nitrate solution in the absence of air. 

C. Potentlometric Titratlon 

The organomagnesium sample is added to a 20-30% excess of a 1 N acetone solu- 
tion in  dry dicthyl cthcr and then hydrolysed with methanolIJ0. A solution of hydrox- 
ylamine formate in methanol is added and the free hydroxylaniinc formate is titrated 
potentiomctrically with standard perchloric acid solution in dry dioxane. A procedure 
has also been described for ovcrcoming interference by basic magnesium compounds 
in this methodI4". 

XII. ORGANOMERCURY COMPOUNDS 

A. Classical Titration Procedures 

Phenylmercury acetate in an aqueous acidic solution at pH 2-2.5 can be titrated 
with a carbon tetrachloride solution of copper diethyldithiocarbamate (1.5 x 
M ) ] ~ * .  The end-point is reached when the solvent laycr becomes pale yellow-brown in 
colour. Non-aqueous titration with hydrochloric acid (0.1 N)  in n-butanol medium has 
been used for the dctermination of phcnylmercury acetate'jy. Thymol blue or diphenyl 
carbazide can bc used as the indicator, except in thc prescnce of basic compounds 
when only diphenyl carbazide is suitablc. In an alternative non-aqueous titnmetnc 
procedure the sample is dissolved in anhydrous acetic acid to acetolyse it and the 
reaction product is thcn titrated with 0.1 N perchloric acid dissolved in acetic acid to 
the p-naphtholbcnzein or quinaldine red indicator end-pointIs0. 

In a rapid volumetric procedure for the micro-determination of phenylmercury 
acetate. a weighed amount of phcnylmercury acetate is dissolved in warm acetone and 
diluted with acctoneIsl. To an aliquot is added sodium chloride and the solution is 
hcatcd on a water-bath to evaporate the acetone. To the cooled solution is added nitric 
acid and ethanolic diphenyl carbazone. and the unconsumed sodium chloride is 
titrated with 0.02 N mercury(I1) nitrate. The error of this method is less than z I %. In 
the case of fungicidal mixtures containing both phenylmercury acetate and 
organomercury halides, this mcthod is combined with an argentimetric method's2, 
analysing separate sample aliquots by each method. In an alternative procedure for the 
determination of mercuriacctic acid in phenylmercury acetate, the sample is boiled 
with water and acidified with acetic acidIs3. Sodium chloride solution is added and the 
solution is diluted with watcr, then filtered. The filtrate is made alkaline with ammonia 
and the solution is titrated with sodium mercaptoacctate in the presence of thio- 
fluorescein indicator. 
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chloride and ethyl methyl etherlS4: 
Methoxyethylmercury chloride reacts with hydrochloric acid to produce mercury(I1) 

CH3OCZHdHgCI + HCI - HgCI? + CH3OC2H< (24) 

To determine methoxyethylmercury chloride, the sample is dissolved in dilute hydro- 
chloric acid and concentrated nitric acid. The solution is boiled, cooled, and diluted. 
An aliquot is mixed with aqueous ammonia, potassium cycanide, and aqueous potassium 
iodide and mercury is then determined by titration with 0.1 N silver nitrate. 

Phenylmercury halides in technical fungicides may be analysed by dissolving the 
sample in dimethylformamide at room temperature and adding sodium hydroxide to 
make the solution blue (alkaline) to t h y m ~ l p h t h a l e i n ' ~ ~ ~ ' ~ ~ .  Water is then added and 
the alkali titration is continued until the blue colour returns. This sequence of titra- 
tions is continued until the blue colour persists upon addition of water. Phenylmercury 
halides d o  not precipitate o u t  under these conditions. Chloride resulting from the 
hydrolysis of phenylmercury chloride is then determined by argentimetric titration 
(0.05-0.1 N silver nitrate) to the potassium chromate end-point. The procedure has 
been applied to phenylmercury chloride and bromide and to the determination of 
phenylmercury halides in formulated fungicides containing powdered talc' 5 6 .  

For the determination of ethylmercury chloride in technical products and in com- 
pounded products used as  fungicides, the sample is dissolved in cold dimethylform- 
amide and neutralized to thymolphthalein with 0.1 N sodium hydroxide to the pale 
blue end-point15'. T h e  chloride ion is titrated with 0.05 N silver nitrate in the presence 
of 5% potassium chromate. 

Coulometric titration has been applied to the dctermination of various organomer- 
cury compounds. A 0.05 M solution of mercury(I1) thioglycollate in acetate buffer (pH 
5) can be used as generating solution with platinum and mercury electrodes. Oxygen is 
removed from the sample by nitrogen purging. Mercury(I1) ions are generated. then 
the current is reversed and titration carried out with thioglycollic acid until a point of 
maximum potential inflection is reached (using silver amalgam and saturated calomel 
electrodes). The organomercury sample is added and thioglycollic acid generated to 
the same potential end-point as obtained previously. Samples that contain an Hg-C 
bond must first be heated with concentrated hydrochloric acid and brought to pH 5 .  
T h e  standard deviation was in the range 0.001-0.004 mg for 0.5-mg samples. 

In a procedure for the determination of mcthylrnercury salts in rat tissue and rat 
urine, the tissue is first homogenized with benzene and the extract digested with 
aqueous sodium sulphide and then oxidized with potassium p e r m a n g a n a t ~ ' ~ ~ .  Follow- 
ing decolorization with hydroxyammonium chloride, addition of urea and EDTA, 
and p H  adjustment to 1.5, thc solution is mixed with chloroform and titrated with 
standard dithizone solution until the colour of the chloroform layer is intermediate 
between the orange of the mercury coniplex and the green of the dithizone solution. 
Concentrations down to 1 ppm can be measured. Inorganic mercury does not inter- 
fere. 

Phenylmercury compounds in paints and in fungicidal preparations have been 
determined by an iodometric methodI6('. Microbiological assaying of mercurials in 
pharmaceutical products such as phenylmercury compounds in amounts down to 2-10 
ppm have been discussedi6'. A method for the determination of mercury in biological 
tissue is based on electrolytic deposition of mercury from solution followed by titri- 
metric determination of mercury16*. Organomercury compounds may be determined 
by formation of the S-organomercury derivative by reaction with excess of 
2-mercaptoben~othiazide'~'). Excess of thiol is determined iodometrically. 
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B. Potentlometrlc Tltratlon 

A rapid volumetric determination of halogenated organomcrcury compounds is 
based on digestion of the sample with suitable solvcnts followed by argentimetric 
titration of the halogen. either potentiometrically or with potassium chromate as indi- 
catorls5. Suitable solvcnts for use at room temperature are dimethylformamide and 
dioxane, and, when higher temperatures are needed, methanol and ethanol may be 
used. 

Non-aqueous titrimetry has been used for the determination of organomercury 
compounds such as phenylmercury nitrate, phenylmercury acetate, mercury suc- 
cinamide, Thiomersal, Nitromersol, and Meralluride based o n  acetolysis of the sample 
with glacial acetic acid followed by titration (potentiometric) with a standard solution 
of perchloric acid dissolved in anhydrous acetic acid to the p-naphthalbenzein or the 
quinaldine red end-p~in t '~" .  

XIII. ORGANOPHOSPHORUS COMPOUNDS 

A. Clusslcal Tltratlon Procedures 

In a method for the determination of the phosphine group in hydrolysable phos- 
phorus compounds in which phosphorus is linked to a less electronegative element 
such as diethyl(trimethylsilyl)phosphinc, the sample is weighed and refluxed with 10% 
sodium hydroxide under nitrogenIM. The outlet of the condenser is connected to 
absorption tubes containing aqueous mercury(I1) chloride and the mixture is boiled 
under nitrogen. The precipitate formed in the first absorption tube is a compound of 
the type (ch1oromercuri)diethylphosphine; it is determined by adding potassium 
iodide and iodine solution and titrating the residual iodine. 00-Dialkyl  hydrogen 
phosphorodithioates can be determined by conversion into the nickel salt, which is 
determined iodometrically without preliminary isolation'6s. Interference b y  hydrogen 
sulphide or thiols is eliminated by the formation of insoluble nickel sulphide or mer- 
captide, respectively. Sodium diethyl phosphorodithioatc can be determined by 
iodometry and also photometrically as the bismuth complex'". The molecular weight 
of such salts can be obtaincd via the copper salt167. 

B. Potentlometrlc Tttratlon 

Trimethylsilyl dihydrogen phosphatc [ (CH3),SiOPO(OH)2] and its analogues can 
be titrated in non-aqueous medium with solutions of lithium. sodium, or  potassium 
methoxide and tetraethylammonium hydroxide'". The end-point is determined 
potentiometrically with glass and saturated mcrcury(1) chloride electrodes, or visually 
in the presence of quinizarin, bromophenol blue, brilliant green, alkaline blue, o r  
methyl red (the most accurate results are obtained with methyl red). Methyl cyanide, 
acetone, methyl ethyl ketone, methanol. ethanol, isopropyl alcohol, butanol, and ben- 
zyl alcohol can be used as titration media. 

The nickel salt of diethylphosphorodithioate (dissolved in 0.01 M perchloric acid) 
can be titrated potentiometrically with 0.01 M iodine in potassium iodide solution or  
with 0.01 M silver perchlorate'". Platinum immersed in a solution saturated with an 
organic disulphidc and containing diethyl phosphorodithioate is used as the indicator 
electrode. T h e  relative error is 5 0.3% with either titrant. Similarly, the titration can 
be carried out with mercury(I1) perchlorate solution. 
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XIV. OnGANOPOTASSlUM COMPOUNDS 

Phcnylisopropylpotassium has becn determined by reaction with cxcess of p-ditolyl 
sulphide to produce a mercaptide which is determined by titration with standard silver 
nitrate soIu tion I 70. 

XV. ORGANOSELENIUM COMPOUNDS 

In a method for dctcrniining iiitrobenzcne selenyl bromides. thiocyanates. alkoxides 
and  amides. and 2,4-dinitrobenzcnselenyl, the substance is dissolved in ethyl 
acetateI7l. After addition of 96% ethanol and  glacial acetic acid, standard sodium 
thiosulphate is added and the cxccss of sodium thiosulphate is back-titrated with 
standard iodine solution. When organoselenium compounds a rc  dissolved in sulphuric 
acid, selenium is present a s  elemental selenium, 'dissolved' selenium, selenous acid, 
a n d  organoselenium c o m p o ~ n d s l ~ ~ , ~ ~ ~ .  A method for the separation and 
determination of elemental and 'dissolved' selenium and selenous acid is based on 
titration with sodium thiosulphate. A n  cr ror  of lcss than 1'K is claimed for this method 
for  the determination of total selenium in organic selenium compounds, and less than 
20.3% for the determination of 'dissolved selenium' and  sclenous acid. 

XVI. ORGANOSODIUM COMPOUNDS 

A n  iodometric method has been suggested for the assay of pentane solutions of 
amylsodium, although the absolute accuracy of the method is A 
procedure for the high-frequency titration of cyclopentadienylsodium is based o n  
titration of combined sodium with 0.5 N hydrochloric acid174. Indicators are excluded 
in this titration owing to  the intense colour of the analysis solution. Also, 
potentiometric and conductomctric methods a r e  ruled out  owing to electrode fouling. 

T h e  Gilmari titration procedure can be used to determine butylsodium compounds 
containing various alkali metal a l k o x i d c ~ ~ ~ ~ .  Ally1 bromide is used to react with the 
organometallic compound for 1 min. Accurate assays can be obtained on 
organometallics in the presence of large amounts  of alkoxides. Even in mixtures 
containing potassium t-butoxidc at  twice the  concentration a s  butylsodium, accurate 
determination of the carbon-bound sodium was  obtained. 

XVII. ORGANOTIN COMPOUNDS 

A. Classical Titration Procedures 

A method for the determination of monobutyltin trichloride in technical dibutyltin 
dichloride and in dibutyltin oxide depends  o n  the fact that both monobutyltin 
trichloride and dibutyltin dichloride form blue complcxes with catechol violet; 
between p H  1.2 and 2.3. however, only the  complex of monobutyltin trichloridc is 
decomposed by EDTA, a n d  this facilitates the determination of this substance in 
dibutyltindichloride17h. T h e  sample is dissolved in methanol. cthanolic catechol violet 
is added. and thc resulting blue o r  green solution is titrated with 0.05 M E D T A  to a 
reddish violet t o  red end-point. To determine butancstannonic acid in technical 
dibutyltin oxide, the sample is dissolved in warm methanolic hydrochloric acid, the 
solution is dilutcd with methanol. and  catcchol violet solution is added. Methanolic 
potassium hydroxide is added dropwise until the colour changes from red o r  green, 
,and the monobutyltin trichloride produced is then determined as described above. 

Salts of thc di- and tri-basic di- and monoalkyl (or-aryl) compounds of tin can be 
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detected by the dcep blue complex formed with catechol violet; thc tetraalkyl (or aryl) 
t in compounds and the salts of the monobasic compounds do not give the reactioni77. 
The blue complexes arc quantitatively destroyed by EDTA. Diphenyltin diacetatc can 
be accurately dctermined in the presence of triphenyltin acetatc by adding a solution 
of catechol violet to thc test solution in methanol and titrating to a yellow colour with 
EDTA solution (disodium salt). Tin in PVC can bc detcrmincd by complexomctric 
titration with EDTAI7'. The samplc is dissolvcd in hot tctrahydrofuran and treated 
with 50 ml of ethanol. The precipitated PVC is filtered off and washed with ethanol. 
and 0.1%1 catechol violet solution is added dropwise to the combined filtratc until the 
solution becomcs blue. This blue solution is then titrated to a grecn end-point with 
0.001 M EDTA. Complexometric titration using EDTA and back-titration with 
standard zinc acctate has bcen used for the dctermination of dibutyltin oxide and 
dibutyltin dichloridel'". Analysis of the triphenyltin hydroxide-bis(tripheny1tin) 
oxidc system has been reported"". 

A Karl Fischer titration procedure can be used for the determination of and 
differentiation between trialkyl (aryl) organotin hydroxides and the corresponding 
oxidesls'.lB2. This method is based on the observation that in the dctermination of 
water by Karl Fischer reagent in silanols and silanediols consistently high water 
contents are obtainedlR3. Investigation led to the conclusion that not  only was the 
water content bcing dctermincd, but also that the silanol was reacting quantitatively 
with the reagent. The Karl Fischer rcagent is not only cffective in the quantitative 
determination of triaryl- and trialkyltin hydroxides, but is also applicable to 
bis(triary1tin) oxideslBi. The following reactions are postulated: 

(R3Sn),0 + I? + SOz + CH3OH 2R3SnI + HS04CH3 (25) 

R3SnOH + I2 + SOz + CH3OH - R3SnI + HS04CH3 + HI (26) 

The R3SnOH class of compounds consumes I mol of iodine for each tin atom. whercas 
with the (R3Sn)?0 type of compound the ratio is 0.5. 

Organotin carboxylates have b e n  detcrmined by distillatiy with phosphoric acid 
and by titration in non-aqueous mediumi84. Allyltin compounds in the presence of 
propenyltin compounds can bc determined by titration with a benzene solution of 
iodinelnS. Trace studies by the radioactivation method have been used for the semi- 
quantitative determination of residual tin compounds in laundcrcd sanitized nylon 
clothls6. Non-aqueous titrimetry and atomic-absorption spectrometry have been used 
for the determination of organotin biocides in inscct-proofed textile m a t c r i a l ~ ' ~ ~ .  
Triphenyltinlithium has been determined by a double titration procedure using ally1 
bromide I B 8 .  

B. Potentiornetrlc Tltratlon 

Organotin compounds of the general type R,, - ,#) SnCI, (R = methyl, cthyl, propyl, 
butyl. or phenyl; n = 2 or 3)  have been titrated by potcntiometric procedures using 
tetrapheny!arsonium chloride or tetraeihylammoniuin chloride or  bromide in 
acetonitrile as titrants18y.iY('. Mixturcs of RzSn2' and R3Sn' compounds where R is 
mcthyl or ethyl have been determined in the 0.01-0.05 mM range by potentioinetric 
titration with standard potassium hydroxide to determine total organotin ions, fol- 
lowed by ampcrometric titration of R2Sn2+ o n  a second aliquot using 2 mhi 8-hydroxy- 
quinolinc as titrant at pH 9.2 (aqucous ammonia-ammonium nitrate buffer)I9l. 
Amperometric titration was applied to the determination of dialkyltin perchlorates 
using as titrant either 8-hydroxyquinoline (R  = CH3, C,HS) or with hexacyano- 
ferrate(I1) ions (R = CJHg, C,H,). Amperometric titration is carried o u t  to - 1.4 V 
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against a standard calomel electrode. The  amperometric and potentiometric titration 
of R,Sn+ and R2Sn2+ compounds has also been studiedlg2. as well as the potentiometric 
titration of methyltin chlorides and brorn ide~ '~3 .  

C. Amperometrlc and Coulometrlc Tltratlon 

Amperometnc titration with electrolytically generated iodine, bromine, or silver ion 
has been applied to the titration of hexaorganoditin compounds. such as hexamethyl- 
ditin, hexaethylditin, hexapropylditin, hexabutylditin, hexaphenylditin, and trimethyl- 
t r i p h e n ~ l d i t i n ' ~ ~ .  In early work the hexaalkylditin compound in an alcoholic solution 
containing bromide ions, X-. was placed in the anodic compartment of an electrolysis 
cell, where i t  underwent the following reaction: 

R3M-MR3+ X2 - 2R3MX (27) 
owing to the Xz (bromine) electrolytically produccd under constant current at  the 
platinum anode. The end-point was observed by a rise in the indicator current, caused 
by excess of halogen, between a second pair of platinum electrodes sensitive to the 
Xy/X- redox system. An amperometric plot of indicator current against generation 
time was obtained photographically in order  to ensure an accurate determination. In 
the determination of hexamethylditin, bromine had to be used because, unlike iodine, 
its rate of reaction with hexamethylditin was greater than the rate of electrolytic 
generation of bromine. For a definite rate of generation of bromine, the titration 
depends on an  appropriate rate of rcaction of hexamethylditin with the halogen. The 
rate of reaction can be modified not only by changing the temperaturc, but also by 
choosing a proper concentration of halide ion (X-) according to the equilibrium 

xz + x- 
An attempt has been made to verify which of hcxaethyl-. hexapropyl-, hexabutyl-, 

hexaphenylditins, and trimethyltriphenylditin could be titrated with bromide and 
which could be i ~ d i n a t e d ' ~ " .  In addition, since the quantitative reaction 

EtbPb2 + 2Ag' - 2Et,Pb+ + 2Ag (29) 
have been verified for h e ~ a d i e t h y l l e a d ' ~ ~ ,  the possibility of titrating each of the above 
organotin compounds by means of electrolytically generated silver ion to an 
amperometric end-pointIg6 was explored'94. Conditions were also studied whereby a 
selective titration of onc species in the presence of another could be carried out by the 
utilization of a complexing agent (quinoline) for silver. In the iodination of hexaalkyl- 
ditin compounds, even when the iodide concentration is greatly reduced, analytically 
correct results are obtained only for hexaethylditin. All of the ditin compounds could 
be determined with bromine except for hexaphenylditin. Even at elevated tempera- 
tures and with a bromide concentration of 0.01 M, the hexaphenyl compound gave 
unsatisfactory results. 

The titration of hexaalkylditin compounds with silver ion has been verified for 
hexaphenylditin. hexamethylditin, and trimethyltriphcnylditin'yJ: 

R3Sn-SnR3 + 2Ag' - 2R3Sn+ + 2Ag (30) 
Known amounts of these substances dissolved in ethanol or alcohol-bcnzene mixtures 
were added to alcoholic silver nitrate. T h e  precipitated metallic silver was then sepa- 
rated and titrated by the Volhard method. Sodium fluoride o r  sodium tetraphenyl- 
borate was added to the filtrate to precipitate the triphenyl and trimethyl ions. 
Coulomctric-amperometric titrations with silver ions can be carried out for all the 
hexaalkylditin compounds. 
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Dibutyltin dichloride and dioctyltin dichloride can be determined by amperometric 
titration in weakly acidic medium with standard oxalic solution I y 7 .  Coulometric titra- 
tion has been used for the titration of dialkyltin perch lor ate^'^^. A coulometric method 
for the determination of hexamethylditin in tetramcthyltin with amperometric indica- 
tion of the end-point employs 0.5 M methanolic ammonium bromide solution as basal 
ele~troIyte"~. 

XVIII. ORGANOZINC COMPOUNDS 

A. Classlcal Tltratlon Procedures 

Iodometric methods as described for the determination of organoaluminium com- 
pounds are also applicable to the determination of organozinc compoundsznn. The 
procedure is capable of an accuracy of 2 3%. The reactions involved when iodine reacts 
with various types of organoaluminium and organozinc compounds are as follows: 

AIR, + 312 - A113 + 3RI (31) 

AlRzOR + 12 - AlIzOR + R-R (32) 

AlR2Cl + 212 - AlIzCl + 2RI (33) 

ZnRz + 212 - Zn12 + 2RI (34) 

In this method a suitable volume of the hydrocarbon solution of the sample is stirred 
with an excess of a solution of iodine dissolved in toluene. The alkyl groups are 
completely iodinated within 20 min. Following the addition of dilute acetic acid, 
unreacted iodine is determined by titration with sodium thiosulphate solution under 
conditions of vigorous stirring. The concentration of the dialkylzinc compound is then 
calculated from the amount of iodine consumed in the determination. The presence of 
water in the iodine reagent causes interferences by reacting with some of the alkyl 
groups. This is corrected by a suitable 'double titration' procedure. 

For the iodometric determination of diethylzinc the titration vessel is first dried at 
150°C and cooledzo1. Solid potassium iodide is introduced and the vessel put under a 
dry oxygen-free nitrogen purge. A measured volume of 0.4 N iodine is then introduced 
through the stopper, followed by the heptane-diluted diethylzinc sample. After 5 min, 
glacial acetic acid is added and excess of iodine is titrated with 0.2 N sodium solution to 
the starch indicator end-point. A reagent blank determination is run in parallel. 

An unsuccessful attempt has been made to apply the amperometric silver nitrate 
titration procedure to the determination of d i e thy l~ inc '~~ .  In this procedure the 
sample is treated with dialkyl or diarly disulphide to produce a thiol, which is then 
titrated amperometrically with standard silver nitrate. Although the method was applied 
successfully to organolithium, diethylmagnesium, triisobutylaluminium and isopropyl- 
phenylpotassium, it was found that diethylzinc did not cleave the disulphide at a high 
enough rate to be of any practical use. 

In a volumetric method for the determination of zinc in zinc dialkylphos- 
phorodithioate the sample is ashed at  800-900°C and the ash is dissolved in hydro- 
chloric acid containing concentrated nitric acid, then neutralized to methyl orange'". 
Zinc is determined complexometrically using standard EDTA. An alternative analysis 
of this substance is based on its precipitation as a silver salt o r  by oxidation to disul- 
phate by means of iodine s~lution'"~. Zinc benzothiazolyl mercaptide can bc deter- 
mined iodometrically, either directly or after decomposition by acid. 
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B. Thermometrlc Titration 

The thermomctric titration of organozinc  compound^^"^ can bc carricd out in the 
same apparatus as used for organoalurninium corn pound^'^.'^. The following titrants 
were examined in detail20J: 

Compound Concentration (M) Solvent 

o-Phenanthroline (phen) 0.8 
2,2'-Bipridyl (bipy) 1 .o-1.3 
3-Hydroxyquinoline (oxine) 1.6-1.7 
Ethanol (absolute) 2.0 
Water 2.2 

An is0 ie 
Toluene 
Anisole 
Toluene 
Dioxane 

For titration. a weighed amount of 0.2-2.5 M diethylzinc in toluene was added by 
hypodermic syringe to 40-50 ml of toluene in a dry, nitrogen-purged titration flask. 
Figure 5 shows typical titration curves obtained by titrating diethylzinc with phcn and 
bipy. Both compounds react exothermically. and the heats of reaction are about the 
same (10 % 2 kcal/mol). However, bipy gives curves which are somewhat rounded, 
possibly indicating an unfavourablc equilibrium; phen is a much bettcr titrant, giving 
sharp, well defined breaks and considerably better precision. 

? 
(0.1OC 
! 

OStart  of titration 
1 Mole 

m i - - - ,  

FIGURE 5.  Thcrmonictric titration of dicthylzinc with 
o-phenanthroline and 2.2'-bipyridyl. 

Figure 6 shows typical curves obtained in the titration of diethylzinc with oxine. The 
reaction is more exothermic than cither the phen or thc bipy reactions (33 2 4 
kcal/rnol). Curve 1 in Figure 6 shows the type of curve obtained with relatively pure 
samples of diethylzinc. I t  shows three breaks. The first is fairly well defined and 
corresponds to the reaction of 1 mol of oxine per mole of diethylzinc. The second is 
poorly defined and sometimes is not observed; i t  is thought to be related to reaction of 
the Et-Zn bond in compounds of the Et-ZnO type. but agreement with this assump- 
tion is not good. In  any event, this break is not useful analytically. The third break is 
sharply defined, usually with a slight characteristic peak at the inflection point; i t  
represents the reaction of 2 mol of oxine per mole of Et?Zn, EtZnOEt, or  Zn(OEt)2. 
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.._- 

4)Stort of titrotion 

FIGURE 6.  Thcrrnornetric titration of dicthylzinc with oxine. 

Reaction with EtZnOH proceeds past thc 1:l stage but is not stoichiometric. If the 
amount of oxidation products present in the diethylzinc sample is large, or if oxine is 
used to titrate a samplc which was previously titrated with bipy or phen. then the curve 
obtained is similar to I1 in Figure 6. In this case only the final break is significant, and i t  
is sharply defined. If much ethylzinc hydroxide is prcscnt in the sample, then the  final 
break is considerably less sharp and may take the form of a smoothly rounded dome 
where no definite end-point can be located. The steep rise at the start of curve I1 
(Figure 6) is abnormal; i t  is observed only when the oxine titration is made shortly 
after addition of ethanol or water to the dicthylzinc sample. Similar segments of 
abnormally high slope arc observcd whcn such badly contaminated samples are 
titrated with phen or bipy. 

There is little diffcrence between results obtained by simple titration and those 
obtained using the ‘clean-up’ technique as dcscribed in thc  section on the ther- 
mometric titration of organoaluminium compounds. In general, i t  is considered that 
this tcchnique is prefcrable to the simple titration because i t  is less vulnerable to 
contamination errors, and bccause comparison of results for thc ‘clean-up’ samplc and 
subsequent samplcs givc some idca of the lcvcl of impurities present in the titration 
system and the effectiveness of the  solvent purification and sample-vessel preparation 
techniques in use. 

The thermometric titration of diethylzinc with gaseous oxygcn from a motor-driven 
syringe burette has also been investigated to see whether quantitative indication of the 
reaction could be obtained using gas as titrant204. Thc oxidized solutions were subse- 
quently titrated with oxine. Table 7 summarizes thc results of these cxperiments. 

These tests gave some indication that the reaction of diethylzinc with oxygen or 
reaction with ethanol gives equivalent products. Oxygen is not considered to be a 
practical titrant because of thc large volume required, thc need for slow addition, and 
the fact that the titration curve was not very well defined. The initial portion was 
normal, but a break was obtained at an 0 : Z n  ratio of 0.65 rathcr than the expected 
1 .O. The temperature thcn rcmained approximately constant (i.e. heat production was 
balanced by heat loss) up to a second break at an 0:Zn ratio of 2.06, after which the 
temperature decreased. The end product was assumed to be Zn(OEt), rather than the 
monoperoxide, EtZnOOEt. There was no evidence of formation of the diperoxide 
reported elsewhere’. 

Thermometric titration with phen provides a simple, rapid, and precise method for 
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TABLE 7. Titration of diethylzinc with air or oxygcn', then oxine 

Calculated composition Found by oxine titrationb 
Test Oxygen 
No. added as EtzZn EtZnOEt Zn(OEt)2 Et2Zn EtZnOEt Total Zn 

1 - - - - 0.435 0.040 0.478 
2 Air. 0.020 0.418 0.060 0.436 0.044 0.480 
3 0 2 ,  0.099 0.339 0.139 - 0.329 0.147 0.476 
4 0 2 ,  49 1' - - 0.478 - - 0.458 

'All results in mmol/g. 
bEt2Zn from first oxine break. total Zn from final break. EtZnOEt by difference. 
CSample titrated with oxygen. 

detcrmining the net diethylzinc content of a solution which may also contain its oxida- 
tion or hydrolysis products. Titration with oxine gives a precise measure of the total 
zinc content in diethylzinc solutions which contain its oxidation p:cducts, but is not 
reliable if hydrolysis products a re  present. Under  favourable circumstances oxine 
gives, in the same titration, a measure of both total zinc and diethylzinc. 
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I. VISIBLE SPECTROSCOPY 

A. Organoalumlnium Compounds 

The  ultraviolet and  visible spectra of isoquinoline alone (curve 1) and of mixtures of 
isoquinoline a n d  diethylaluminium hydride (curves 2 and  3) a re  shown in Figure 1'. In 
Figure 2 are  shown the spectra of isoquinoline alone (curve I ) ,  mixtures of iso- 
quinolinc and  diethylaluminium cthoxide (curvc 2), and  isoquinoline and  
triethylaluminium (curve 3). Comparison of curves 1 and  2 shows that the spectrum of 
diethylaluminium ethoxide remains unchanged in the  prcsencc of isoquinoline, sug- 
gcsting that n o  reaction occurs between these two  substances. The  addition of 
triethylaluminium to  isoquinoline, howevcr, produces a distinct change in its spectrum, 
suggesting that complex formation occurs. Analysis of thc difference between curves 1 

-A (nm) 
600 500 4 0 0  350 300 250 
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FIGURE 1 .  Absorption spectrum in cyclohcxane (at 
20°C) of isoquinoline alone (1); isoquinoline a~uminium 
hydride. i.e. colourlcss 1: l  complcx (2); and excess of 
isoquinoline plus diethylaluminium hydride, i.c. red 1:2 
diethylaluminium hydride-isoquinoline complex (3) 

3. Red 1 :2 diethylaluminium hydride-isoquinoline 
complex obtained with diethylaluminium hydride in the 
presence of 10 hi excess of isoquinoline. 
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FIGURE 2. Absorption spectra in cyclohexanc (at 20°C) of 
isoquinoline alonc ( 1 ) .  isoquinoline plus dicthylaluminiurn ethoxide 
(2).  and isoquinolinc plus triethylalurninium (3). 

and  3 (Figure 2) shows that triethylaluminium and isoquinoline form a colourlcss 1: 1 
complex. Diethylaluminium hydride forms two complexcs with isoquinoline. T h c  1 : 1 
dicthylaluminium hydride isoquinoline complex is colourless and  absorbs only in the 
ultraviolct region of the spcctrum (Figure 1. curvc 2).  T h e  1:2 diethylaluminium 
hydride-isoquinoline complex has an intense red coloration and  this  is shown in the 
absorption spcctrum (sce thc strong absorption occurring abovc 400 nm in curve 3.  
Figure 1). Procedurcs have been devised based upon thcse observations for dctcrmin- 
ing trialkylaluminium compounds a n d  dialkylalurlliriiurll hydrides either singly o r  in 
the presence of each o thcr ' .  

The  absorption of the triethylalurninium-isoquinoline complex occurring a t  about 
328 nm (see arrow o n  curve 3, Figure 2) can bc used for the colorimetric detcrmina- 
tion o f  trialkylaluminium compounds  (isoquinoline itsclf does  not absorb at  this 
wavclength). Thc  dialkylaluniinium hydride-isoquinolinc complex also absorbs at 
328 nm and  would. of course. interfere in this method of determination of trial- 
kylaluminiuni compounds. Also, thc absorption of the red 1 :2 diethylaluminium 
hydride-isoquinoline complex occurring at  about 500nm (sce curve 3, Figure 1 )  can 
be used to determine dialkylaluminium hydrides without interference from any  trial- 
kylaluminium compounds present in the samplc. as the colourless 1 : 1 trial- 
kylaluminiuni-isoquinolinc complcx does not absorb at 500nm. 
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Dialkylaluminium hydrides can be used as visual indicators in thc titration of 
organoaluminium compounds that form a 1 : 1 complcx with isoquinoline. Thus,  to 
determine the concentration of a trialkylaluminium compound in a solution, a small 
volumc of dicthylaluminium hydride is added (often the  sample will contain a small 
amount of this as a n  impurity left in from t h e  manufacturc) and the solution is titrated 
with isoquinolinc. When thc  trialkylaluminium compound and  the dialkylaluminium 
hydridc have both formed I : 1 complcxes with isoquinoline then the solution suddenly 
becomes red owing to the formation of some I :2 diethylaluminium hydride-iso- 
quinolinc complcx. Thc volume of isoquinoline corresponding to the first appearance 
of the red colour can bc takcn as the end-point of the titration and  is equivalent to the 
total trialkylaluminium plus dialkylaluminium hydride content of the sample. Every 
prccaution must be takcn to avoid contact of substances in the cell with air and  
moisturc which would have a serious influence on the spectra obtaincd'. 

Work on  the rcaction occurring bctween I mol of dialkylaluminium hydride and 2 
mols of isoquinoline to form strongly coloured I :2 complcxes was extended to form 
the basis for a spectrophotometric method for determining low concentrations of 
dialkylaluminium hydrides in trialkylaluminium  compound^^-^. The  reaction of dial- 
kylaluminium hydrides with isoquinoline and with various othcr azomcthines which 
form coloured 1:2 complexes has been studied?. It was concluded that isoquinoline 
and benzalanilinc were the two most intercsting azomethines. In Figure 3 (curves C 
and D) are  shown the absorption curves in the range 350-550 nm obtained for a 
mixture of dialkylaluminium hydride with isoquinoline and a trialkylaluminium com- 
pound with isoquinoline. respectively. It can be seen that only the dialkylaluminium 
hydride-isoquinoline reaction product absorbs and this can be conveniently meas- 
urcd at a wavelength of 460 nm (log E = 2.39). A t  this wavelength the trial- 
kylaluminium-isoquinoline rcaction product exhibits no  absorption. However, the 
isoquinolinc colour does not correspond to any definite maximum in the spectrum. 
The  absorption curve at 460 nm shows only a flat shoulder which r ises sharply in the  
dircction of the shorter wavelengths (Figure 3, curve C). A considerable improvement 
was obtaincd by the use of benzalaniiine as reagent. It causes the formation of a colour 
with a broad absorption band at  4 5 0  nm (log E = 2.54) (Figure 3, curve A).  T h e  
evaluation can also be madc  at 500 nm (log E = 2.31) and this has the advantage that 
any colour due to  colloidal metals in the samples does  not interfere in the analysis. I t  is 
essential to avoid contamination of the cell solution with moisture o r  oxygen during 
the spectrophotometric analysis. Very dry benzenc is used a s  the solvent. Also, the 
benzalaniline reagent itself should contain some alkylaluminium. which completely 
dries this reagent. Flow-through glass spectrophotometer cells a re  employed in order 
to reduce sample contamination to zero by atmospheric water and  oxygen. 

I n  a further method for the spectrophotometric titration of isoquinoline at  460 nm 
with dialkylaluminium hydrides and  trialkylaluminium compounds a samplc cell fitted 
with a rubber serum cap  is used'. Sample transfers a re  made using a hypodermic 
syringe which is weighed beforc and  after transfcr in ordcr to obtain thc weight of 
samplc addcd to the spectrophotometer cell. In the analysis a portion of a benzenc 
solution of isoquinolinc is transferrcd to thc nitrogen-filled spectrophotometer cell and  
a solution of dicthylaluminium hydride in dry benzenc is then added until a stable red 
colour is obtained having an  absorbance of about 0.3 at 470  nm (i.e. the 1 :2  diethyl- 
aluminium-isoquinoline complex is formed). To determine dialkylaluminium hy- 
dride in an unknown sample a weighed portion of benzene-diluted samplc is added to 
the cell contents and the absorbance rccordcd. The  i x r e a s e  in absorbance is due  to  
dialkylaluminium hydride in the samplc. 

-1.0 determine the trialkylaluminiurn content of the same sample the addition of 
sample is continued until the absorbance passes through a maximum. when all the 
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A (nm) 
FIGURE 3. Absorption spectra in the region 350-550 nm. 
(a) Dialkylaluminium hydride-benzalaniline complex; (b) 1:1 
trialkylaluminium-benzalaniline complex; (c) 1:2 dialkyl- 
aluminium hydride-isoquinoline complex; (d) 1 : 1 trialkyl- 
aluminium hydride-isoquinoline. 

isoquinoline is bound a s  the red 1 :2 dialkylaluminium hydride-isoquinoline complex 
and as the  colourless 1 : 1 trialkylaluminium-isoquinoline complex. Thereafter. 
further sample addition destroys the red  1:2 complcx in preference to the 1:1 com- 
plexes, decreasing the  absorbance a t  469 nm. Samplc addition is continued until a 
convenient absorbance for  measurement by the spectrometer is obtained (e.g. 1 S ) .  
Both the  diethylaluminium hydride a n d  triethylaluminium hydride is within 2 3% of 
the amount  of dialkylaluminium hydride present5. 

In a further study6 of the isoquinoline spectrophotometric method for the determi- 
nation of dialkylaluminium hydrides and  trialkylaluminium, thc dialkylaluminium 
hydride reacts with isoquinoline to form red coloured 1:2 complexes which have a n  
absorption maximum at 460 nm. Trialkylaluminium compounds form only a colourless 

TABLE 1. Analysis of trialkylaluminiurn compounds. Comparison 
of the Wadel id  isoquinoline spectrophotometric titration method 
and the Ziegler and Gellert’ ‘ammonia method’ 

Activity (mmol/gp 

Isoquinoline Ammonia 
Compound method method 

Tri-n-propylaluminium 6.00 6.02 
5.96 5.92 
6.58 6.57 
6.41 6.37 
6.30 6.34 
5.67 5.81 
5.47 5.81 

Tri-iso-butylaluminium 4.85 4.80 
Triisohexylalurninium 3.52 3.44 

“Each result is the avcrage of duplicatc detcrminations. 
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1:l coinplex with isoquinoline which has no absorption at 460 iim. Samples were 
analysed by this method and by the ammonia method'. The good agreement obtained 
by thc two methods of analysis is demonstrated in Table 1 .  

I n  a further study of the isoquinoline spectrophotometric method for the  determi- 
nation of dialkylaluminiuin hydridcs and trialkylaluminium, decomposition by air and 
moisture of organoaluminiuni samples in syringes was considcrably reduced by using a 
syringe with a smooth-bore barrel and a machined Teflon plunger8. The syringes 
require n o  lubrication and it is claimcd that organoaluniinium saniples can be stored in 
thc syringc for several days without severe decomposition. N.m.r. spectroscopy has 
been applied to the elucidation of thc structure of reaction products of alkylaluminium 
compounds with i soq ui no I ine". 

B Organoarsenic Compounds 

Phenarsazine derivatives can be determined spectrophotonietrically as thc disodium 
salt of dinitrophcnarsazinic acid at 5 2 0  nm". The sample is dissolved in glacial acetic 
acid and oxidized and nitrated with an excess of nitric acid to form dinitrophcn- 
arsazinic acid. Addition of excess of sodium hydroxide yields a violet disodium salt 
suitable for photometric cvaluation. From 1 to 8 pg/ml of phenarsazinc can be deter- 
mined by this method with an error of ~ 4 % .  A spectrophotometric mcthod has been 
described for the determination of 4-hydroxy-3-nitrophenylarsenic acid in animal 
fceds". 

Two digestion methods have been compared for their cffectivencss in releasing 
arsenic from three organoarsenicals introduced in to  wastewater samples'?. The diges- 
tivc methods utilizcd included a wet method employing hydrogen peroxide-sulphuric 
acid and ultraviolet photodecomposition. The organoarsenicals investigated were 
disodium methanearsonate, dimethylarsinic acid, and triphenylarsine oxide. All the 
digestive methods gavc quantitative arsenic recoverics when applied to wastewater 
samples. The ultraviolet photodccomposition proved to be an effcctivc digestive tech- 
nique, requiring a 4 h irradiation to decompose a primary settled raw wastewater 
sample containing spiked amounts of the three organoarsenicals. Arsenic was deter- 
mined in the digests by the silver diethyldithiocarbonate spectrophotonietric mcthod. 

C. Organobismuth Compounds 

In a spcctrophotometric method for the assay of glycobiarsol tablets (bismuth 
glycolylarsanilate) the sample is allowed to react with aqueous EDTA disodiurn salt 
solution and thc absorbance of thc acidified solution is measured at 2 5 8  nm13. 

9. Organoboron Compounds 

I. Penfaborane 
Colorimctric methods bascd on thc use of triphenyltctrazoliuni chloride havc been 

described for the detcrmination of pcntaborane and for monitoring conccntrations of 
pcntaborane in airI4,I5. Instruments havc bccn described for monitoring atmospheres: 
a portable ficld niodcl and an autoniatic differential reflectance photometric analyscr. 
Both methods depend on non-specific. highly sensitive rcductions of the reagent by 
boron hydrides to givc a red coloration. The field model can detect 0.1 ppm of 
decaborane and 0.5  ppm of pcntaborane and the automatic instrument is capable of 
detccting 0.1 ppm of cithcr compound. 

An alternativc exccllcnt procedurc for the detcrmination of pentaborane in air 
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samples is based on thc formation of a coloured pyridine complex"'. Using toluene as 
the solvent, Becr's law is followed through the concentration rangc 2-12 pR/ml at 400 
nm. A trapping system is describcd which perniits dynamic air sampling at ratcs as  high 
as 15 I/min with over 95u/0 efficiency. Using a 30-1 air samplc. the method is suitable 
for pentaboranc concentrations as low as  0.1 ppm. 

2. Decaborane and other boranes 

Non-specific colorimetric mcthods have been dcscribcd for the determination of 
dccaboranc bawd on  colour formation with triphcnyltetrazolium chloridc14.1'. as  well 
as colorimetric methods bascd o n  reaction with q ~ i n o l i n e ~ '  and P-naphthoq~inol inel~ 
in which rcd addition products with an absorption maxima at 490 nm are produced by 
addition of solutions of quinoline or S-naphthoquinoline in xylcne medium to the 
sample. These methods arc very cfficient and accurate for dynamic air analysis. only 
one absorption bulb (containing 2% quinoline in xylcne) being needed. Intcrference 
by diborane and pentaborane is negligible. A colorimetric procedure based on the use 
of 1,2-di(4-pyridyl)ethylene is claimed to have greater sensitivity, more rapid colour 
development and lower reagent blanks than the quinoline niethodi8. This produces 
with dccaborane a pink to red colour with an absorption maximum at 515 nm. The  
colourcd complex formed bctween dccaboranc and benzomquinoline is claimed to be 
more stable that than formed with quinolinc and is more suitcd to spectrophotometric 
determination at 486  nm2". T h e  absorption maximum of the decaborane-rcagent 
complex occurs at 506 nm and of the diethylborane-reagent complex at 525 nm. 

A colorimctric method using indigo carmine for the dctermination of decaborane. 
dimcthylarninoboranc. triniethylaminoborane. and pyridineborane is sensitivc enough 
to detect 1-1 0 pg of boron". The  nicthod does not distinguish bctween boron prescnt 
as boron hydrides, boron acid, o r  boron oxides. 

A method in which decaborane in water or cyclohexnne is treated with an cxcess of 
N-dicthylnicotinamidc in water is clainied to bc free from interference by boric acid, 
boron salts. diborane. and pcntaborane??. Aftcr 90 min the orange-red colour inten- 
sity is measured at 435 nm and thc decaborane concentration is dcrived from stan- 
dards. In the colorimctric determination of boron hydrogcn compounds with molyb- 
dophosphoric acid. addition of molybdophosphoric acid to decaboranc, 
dimethylamincboranc. or sodium borohydride produces a blue ~olu t ion '~ .  The colour 
intensity is directly related to thc amount of boron present. A direct micro method for 
thc determination of decaborane involves measurement of the strong U.V. absorption 
occurring at 265-270 nm of thc solution in triethanolamine'8. Beer's law is valid and 
from 1-25 Gg/nil of boron can be dctcrmined accurately. Thc mcthod is unaffected by 
thc very slow hydrolysis of dccaboranc in the solvcnt and can be applied to the 
dynamic and static analysis of air and gascs containing dccaborane. Thc air or vapour 
is bubbled slowly through two glass bulbs containing aqueous triethanolamine the 
contents arc afterwards combined and diluted and the u.v absorption is dctermined; 
the dccaborane rccovery is 98%. Static air samples are takcn with a gas pipctte (2.50 
ml) into which 5 ml of thc triethanolaminc solution are introduced. 

3. Other organoboron compounds 

Thc photometric determination at  590 nm of diphenylborinic acid and its esters using 
diphcnylcarbazide as  rcagent has been d isc~ssed '~ .  In a colorimetric mcthod for the 
detcrniination of borinic acids in biological materials thc frozen tissue samplc is mixed 
with calcium hydroxide and concentrated sulphuric acid and rendered colourless by 
heating with hydrogen peroxide25. After complete destruction of hydrogen pcroxide 
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the determination is completed by reaction with 1,l-dianthrimide in concentrated 
sulphuric acid at 90°C and spectrophotometric evaluation a t  620 nm. The error does 
not exceed 15%. An integrating monitor has been designed for determining low con- 
centrations of gaseous boron hydrides in air26. The boron hydride vapours are quan- 
titatively converted by burning into boron oxide, which is then determined colorimet- 
rically with carmine at 585 nm. Tetraphenylborate ions have been determined spec- 
trophotometrically, based on reaction with excess of standard rosaniline solution at pH 
4.6. The precipitate is filtered off and the absorbance of the coloured filtrate is meas- 
ured 2t 546 nm against water; the decrease in molar absorptivity of the filtrate is 
proportional to the concentration of tetraphenylborate ion. 

E. Organocobalt Compounds 

1 .  Cyanocobalamin 

A general theory of partition has been developed and applied to the spectroscopic 
determination of cyanocobalamin and hydroxo~obalamin~~.  In this method, the 
determination of the apparent partition coefficient is based on  the spectrophotometric 
determination of total cobalamin in each phase of a benzyl alcohol and water partition 
at a wavelength (356 nm) at which both components have the same molar absorptivity. 
The total cobalamin concentration in each phase is given by 

Ccg/ml 
&356 nm 

0.0174 

and the apparent distribution cocfficicnt for any particular mixture is given experimcn- 
tally by 

& 356 nm(solven t, 
&356 ndwater) 

K =  

Good agreement is reported between determined and known concentrations of mix- 
tures of cyanocobalamin and hydroxocobalamin. In a test for determining the purity of 
Cyanocobalamin Injection USP, the sample is extracted and after a working up pro- 
cedure the cyanocobalamin determined spectrophotometrically at 361 nrnz8. A method 
for measuring the relative purity of cyanocobalamin has values of &;% at 341 nm and 
376 nm of 80.4 and 80.9 respectively the average ratio & 3 4 1  ,,,,,/&376nrn being 0.99029. 
The validity of this procedure was established by comparing results with the purity 
index found by a combination of tracer and spectrophotometric (361 nm) methods. 
The average difference between duplicate determinations of the absorbance ratio was 
0.6%. Results obtained by this test agreed with those obtained by the USP XVI limit 
test for cyanocobalamin solids30. 

When exposed to light. cyanocobalamin in aqueous solution is converted into 
hydroxocobalamin. which has a lower molar absorptivity at 361 nm”. Errors in the 
spcctrophotometric assay of cyanocobalamin may be avoided by avoiding exposure to 
light, o r  by measuring the absorbance at 356 nm, which is isosbestic for cyanoco- 
balamin and hydroxocobalamin, using absolute ethanol as solvent. In a method for the 
chromatographic separation and spectrophotometric determination of cyano- and 
hydroxographic separation and spectrophotometric determination of cyano- and 
hydroxocobalamins in association with other pharmaceutical products, the two 
cobalamins arc converted into the dicyano derivatives and extracted with b ~ t a n o l ~ ~ .  
The two purified cobalamins are separated by  paper chromatography and thcn 
measured spectrophotomctrically at 367 nm (cyanocobalamin) and 580 nm (hydroxo- 
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cobalamin). A method has bccn described for the determination of cyanocobalamin in 
injection liquids and in purified liver cxtracts3). 

A differential spcctrophotometric method was developed for the determination of 
cyanocobalamin and h y d r o x o ~ o b a l a m i n ’ ~ . ~ ~ .  This is claimed to be much more precise 
than the direct spcctrophotometry at 361 nm. To determine hydroxocobalamin in the 
presence of cyanocobalamin. the difference is measured between the absorbanccs at 
349 nm in 0.01 N sodium hydroxide and in 0.01 N hydrochloric acid solution. To 
determine cyanocobalamin in thc presence of hydroxocobalamin the ratio of the 
absorbances at 351 and 361 is measured in 0.01 N hydrochloric acid solution. A 
spectrophotomctric method has been used for the determination of cyanocobalamin in 
concentrates and in supplements for compound feeding stuffs36. Cyanocobalamin is 
determined from absorbance mcasurements made at 360 and 535 nm37. A chromato- 
graphic separation and spectrophotometric determination can be used to determine 
cyanocobalamin in orangc juice3’. The cyanocobalamin is determined by measuring 
the absorbance at 530 nm. 

A method suitable for the determination of cyanocobalamin in injections, tablets, 
and liver extracts depends on the colour produced with nitroso-R salt at controlled pH 
after oxidation of the sample with hydrogen p e r o ~ i d e ’ ~ .  The absorbance of the final 
solution is measured at 420 nm. Beer’s law is obeyed for the range 100-600 p g  of 
cyanocobalamin and thc recovery is 100-103.8%. 

An automated procedure has been devclopcd for the determination of 
cyanocobalamin in pharmaceutical dosage forms4”. Diluted samples are  mixed with 
sulphuric acid and passed to a photolysis device. The hydrogen cyanide produced is 
distillcd as it  is formed, and trapped in sodium hydroxide, and this solution is mixed 
with sodium dihydrogen phosphate solution and chloramine T solution in an ice-bath, 
reacted with saturated aqueous 3-rnethyl-l-phcnyl-2-pyrazolin-S-one, and the absorb- 
ance is measured at  620 nm. A spectrophotometric method for the determination of 
down to 0.25‘h of cyanocobalamin in hydroxocobalamin depends on photolysing the 
cyanocobalamin to hydrogen cyanide, which is thcn collected by diffusion and meas- 
ured colorimetrically at 506 nm4’. 

For the determination of cyanocobalamin in liver extracts and polyvitamin mixtures. 
the extracts are first extracted with benzyl alcohol. then treated with butanol to 
remove impurities that interfere in the spectrophotometric determination of 
c y a n ~ c o b a l a m i n ~ ’ . ~ ~ .  The results obtained agree with those of the USP microbiological 
method; the method has the advantages of simplicity and speed. In a further method 
for the detcrrnination of cyanocobalamin in pharmaceutical products in the presence 
of liver extract and salts of cobalt. iron. and copper, the absorbance of a sample extract 
is measured at 570 The 3:4 complex formcd by cyanocobalamin with Fast Navy 
2R (CI Mordant Blue 9) has a maximum at 550 nrn and an inflection at  620 nm; the 
latter point is used for thc spectrophotometric determination of cobalt4‘. The presence 
of calcium, magnesium, manganese, lead. and zinc does not cause interference if 
E D T A  is used as masking agcnt; interference from lead can also be suppressed by the 
use of tartaric acid, from mangancsc by the use of ascorbic acid. and from nickel by 
treatment with E D T A  solution at  pH 8.5 for 15 min. Further spectrophotometric 
methods have been described for the indirect determination of cyanocobalamin in 
cyanocobalamin preparations, liver extracts. and multivitamin  preparation^^^. 

The determination of cobalt in aqueous solutions of cyanocobalamin can be based 
o n  the catalytic effect of cobalt on the fluorescence produced by hydrogen peroxide 
with lumin01~~-~’.  

A counter-current method of analysis of cyanocobalamin has been developeds0, 
which can be applied to the determination of the purity of crystalline cyanocobalamin, 
oral-grade solids, and simplc solutions. T h e  presence or absence of pseudocobalamin 
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and  o thcr  non-cobalamin fractions may also be  deterrnincd. T h e  results agrec wcll 
with thosc obtained by radioactivc tracer methods. T h c  assay of mixtures of 
cyanocobalaniin and  thiamine has been discusscd5'. 

2. Hydroxocobalamin, cyanocobalamin and other cobalamins 

For the  standardization of hydroxocobalamin the absorbance can be mcasured ncar 
351 nm against thc buffer solution ( ~ f : ~  for the purc dry  substance is 190)52. For 
identification. the absorption spectrum from 250 to 600 n m  is compared with that of a 
refcrcnce sample. T h c  absorption spectra of cyano-. aquo-. and sulphitocobalamins in 
acidic. basic. and neutral solution, together with changes in the spectra resulting from 
agcing of the solution. have been studieds3. The  dissociation of cobalamins in acidic 
solution and  thc stability of the coordinate bond between cobalt and thc nitrogen at 
position 3 of benzimidole arc discussed together with the bchaviour of sul- 
phitocobalamin a n d  its transformation to hydroxocobalaniin. 

3. Miscellaneous 

The  absorbance maxima of cobalt myristatc and  palmitate have been measureds4. In 
pyridinc. thcsc were found to bc 550 nm. A linear relationship existed between the 
absorbance and the concentration of the soap. This  method is more  rapid and  precise 
than thc  gravimetric techniques normally usedj4. 

F. Organochromium Compounds 

Rapid spcctrophotonietric methods for the determination of chromium stearate 
uscd as additives in lubricating oils havc bccn dcviseds5. When chromium stearate is 
heated with o- or In-toluidine at 180-200°C complexes a r e  formed that have absorb- 
ance maxima a t  480 and 540  nm, respectively. Beer's law is obeyed for concentra- 
tions of 1.3-10.7 mglml, so that the mctal ion content of the soap  can be determined 
even in dilute solution. The spectrophotomctric behaviour at 425 nm of 
chromium(II1) stearates, in amounts between 1 and 14 mmol/l. in non-aqueous solu- 
tion has  been s t ~ d i c d ' ~ . ~ ' .  T h e  viscosity of non-aqcous solutions of chromium soaps 
can be  used as a basis for determining thcsc substanccs in thc range 1-27 g/lS8. 

G. Organocopper Compounds 

T h e  spectrophotometric determination of copper 8-hydroxyquinolinate in fabrics is 
subject to interference from some of the acid-soluble dycs uscd, but this can be 
ovcrcome by examining a blank containing no  8-hydroxyquinolinatc but otherwise 
trcatcd and  dyed in a similar manners". A chromatographic method has also been 
described. but the spcctrophotomctric method is considered to be the most suitablc. 

For thc  dctcrmination of copper 8-hydroxyquinolinatc in paint the copper complex 
is extracted by boiling the paint film with 0.5 M sulphuric acid and  8-hydroxyquinoline 
is then dctcrmincd spectrophotomctrically at 307, 317. or 355 nm60.6'. To determine 
copper the  film sample is treated with sodium sulphidc solution and  acidified. Barium 
sulphatc is added t o  collect the precipitated copper sulphide, which is dissolved in 
nitric acid and the copper is determined photometrically with benzoin a-oxime or 
diphenylcarbazone. The dctcrmination of copper naphthenate is dealt with in both a 
British Standardb? and in a paper"j. 
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H. Organoiron Compounds 

1. Haemoglobin in blood 

Many of the earlier methods for dctcrmination of haemoglobin in blood were based 
on direct visible spectrophotomctry of the strongly coloured solution in a suitable 
medium. With dilutions of blood from 1 :500 to 1: 1500. haemoglobin can be dcter- 
mined by measurcnient of thc absorption at 41 7 nm (Sorets method)". Results 
obtaincd by this procedurc were compared with thosc obtaincd by a gasonictric 
method. The absorbancc at 430 n n i  of haem chloride. obtaincd by dissolving blood in 
dilute hydrochloric acid. has becn mcasuredh5. 

Critical examination of the alkalinc haematin mcthodh6 for determining hacmoglo- 
bin and niyoglobin in blood revealcd some of thc conditions affecting thc behaviour of 
alkaline hacmatin". The modified method is suitable as a comparative method of 
analysis for either blood hacmoglobin or  tissue myoglobinh7. The dctcrmination is 
made spcctrophotometrically at 380 nm.  Standard solutions of haemin in alkali arc not 
stable but show progrcssive fading. which is accelcrated by exposure of thc solution to 
light or heat. by agitation with air. or by the presence o f  traces of coppcr. 

The cyanomethaemoglobin (hemiglobincyanide) mcthod for thc determination of 
hacmoglobin in blood has been cxtensively d i s c ~ s s e d ~ " - ~ ~ .  The haenioglobin is reacted 
under various conditions with potassium cyanidc and the resulting cyanomethaemo- 
globin cvaluated spcctrophotometrically at a wavclcngth in the vicinity of 540 nm. A 
portion of blood or haeniolysate is added by pipette to cyanide solution buffercd at pH 
7. Thc absorbance of this solution is measured at 540 n m  betwccn 1 and 4 h aftcr 
mixing the reactants. Thc nican error ranges from 0.00 I to 0.002 absorbance  nit^^.'^. 
A wedge-shapcd adjustable photometer cell that permits calibration of thc instrument 
with a single cyanomethacmoglobin solution has been dcscribcd7". A nicthod in which 
total blood hacnioglobin is converted into an azide complex of methacnioglobin is 
presented as an alternativc to thc cyanonicthaemoglobin mcthod'". Owing to the 
similarity of thc absorption spectra of bcth coloured species. both procedures yield 
identical results. For the proposcd nicthod. a singlc reagent. containing potassium 
hexacyanoferrate(II1) and sodium azide is required. A spcctrophotometric iron(II1) 
thiocyanate method is availablc for determining haemoglobin as iron7". A comparison 
of three methods for thc assay of haemoglobin. dctcrmincd as cyanoinethaemoglobin, 
oxyhaenioglobin, and pyridinc hacmoglobin. indicated that thc lattcr method gives the 
correct values. but the differences between the results are small cnough to bc ncglig- 
ible in routine worke". A comparison of results obtained in hacnioglobin in blood 
dcterminations using seven commercial instruments conc!uded that for routine 
haemoglobinimetry in skilled and practised hands an absorptiometric method is suit- 
ableA1. For survey work and in general practice. thc American Optical Spcnser 
haemoglobin meter provided an adequate and rapid dctcrmination. l'hc British Stan- 
dards Institution"? specifies sealed glass cclls containing suitablc solutions for the 
photometric determination of  hacnioglobin. Hacmoglobin in  trout and carp has bccn 
dctermined using the acid haematin method and thc cyanohacnioglobin mcthodn3. 

2. Haemoglobin in plasma 

An ultraviolet spcctrophotometric method for thc determination of haemoglobin in 
plasma is based on thc absorption of a solution of oxyhacnioglobin at 41 5 nrn (i.c. in 
the Sorct band) and also at 380 and 350 nni  (to eliminate background absorption)nJ. 
This nicthod is siniplc. each analysis taking o n l y  5 min. and i t  can be applicd to othcr 
media containing liacmoglobin but not to icteric plasma or sera. The benzidinc- 
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hydrogen peroxide method8s.86 involves reaction of thc blood sample with these reagents 
in a suitable medium and photometric evaluation of the colour produced. The method 
is capable of determining 0.16-2.5 mg of haemoglobin pcr 100 ml of plasma and has 
been applied to thc determination of haemoglobin in plasma and urineR7 and for the 
determination of small amounts of haemoglobin by the haemoglobin-haptoglo- 
bin-peroxidase reactionnn. 

The cyanomcthaemoglobin method has been used for the determination of haemo- 
globin in p l a ~ m a ~ ~ . ~ ~ .  Haemoglobin is converted to methaemoglobin by reaction with 
potassium cyanide. Both methaemoglobin and cyanomcthaemoglobin obey Beer's law 
over thc range 540-550 nm8". The molar absorptivity of cyanomethaemoglobin is 
74.2 1. mol-lcm-' at 420 nm and 7.3 1. mo1-l cm-' at 540 nm. The absorptions of the 
methacmoglobin and cyanoniethaemoglobin solutions are measured at a specific 
wavelength and the differcnce gives a value which is proportional to the haemoglobin 
content of thc plasma sample. The mcthod can be used for thc determination of low 
concentrations of haemoglobin, in the rangc 1-12 mg per 100 ml, in plasma and has a 
relative standard deviation of 1.09%. In applying it to plasma the turbidity of the 
plasma must be taken into account by  making a correction o r  by adding a protein 
solubiliseryn. 

3. Haemoglobin in serum and urine 

Haemoglobin in serum has been determined by the benzidine-hydrogen peroxide 
photometric methodR7. The o-toluidine-hydrogen peroxide method has been used for 
both serum and urineY1."?. Various spectrophotometric methods9' have been applied 
to the determination of hacnioglobin and bilirubin in serum and compared with a 
chemical methodg3. In general, good agreement was obtained. Direct and indirect 
bilirubin have essentially the same absorption spectra. Haenioglobin calculated from 
absorption equations showed little corrclation at  low levels with results obtained by 
the bcnzidiiie method. 

4. Oxyhaemoglobin in blood 

A simple spectrophotomctric method for the analysis of uncontaminated blood for 
oxyhaemoglobin involves nieasurcnient of the absorbance at  660 nrn against a satu- 
rated blood sample as blankys. A simply constructcd cuvette can be used for the 
spectrophotometric determination of haemoglobin and oxyhaemoglobin by absor- 
bancc mcasurernents at 660 and 850 nmy6. Oxyhacmoglobin, haemoglobin, carbox- 
yhaemoglobin, and methaemoglobin have bcen quantitatively determined spec- 
trophotometrically in small blood samplesy7. Proccdures have been described for the 
following determinations: (1) total haemoglobin. by conversion into 
cyanomethaemoglobin by treatment of the blood with potassium hexacyanofcrrate(II1) 
and sodium cyanide and measuring thc absorbance at  540, 545, and 551  nm; (2) 
oxyhaemoglobin mixcd with reduced haemoglobin by measuring the absorbance at 
560 and 506 nm; ( 3 )  carboxyhaemoglobin mixed with oxyhaemoglobin by measuring 
the absorbance at 562 and 540 nni; (4) methaernoglobin niixcd with oxyhaemoglobin 
in 0.1% aqucous ammonia solution by measuring the absorbance at 540 and 524 nm. 
The absorbancc of oxvhaemoglobin at both thc maximum (576 nm) and thc minimum 
absorption (560 nm) has been measured". Measurement of thc absorbance of 
oxyhacmoglobin at the Soret band (412-41 5 nm) and how interference effects due to 
bilirubin at this wavclength may bc overcome has becn described". 
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5. Carboxyhaemoglobin in blood 

Carboxyhaemoglobin mixcd with oxyhaemoglobin can be detcrmined by measuring 
thc absorbance at  562 and 540 nmy7. An earlier spectrophotometric methodlMX’ for the 
determination of carboxyhaemoglobin a t  555 nm has been modified“”. A spec- 
trophotometric method for the determination of carboxyhaemoglobin in blood, in 
which the absorption (A)  of a 1:200 dilution of blood in 0.04% aqueous ammonia is 
read at 576. 560 and 541  nm, and the carboxyhacmoglobin calculated from the ratios 
of AS41 to ASGO and A576 to Ash0 with the aid of calibration graphs, sometimes gives 
erroneously high values"'?. This may be due to the formation of other haemoglobin 
derivatives ( e . g  methacnioglobin or haematin), o r  t o  turbidity. The error due to 
turbidity can be corrcctcd for by reading the absorbance at 700 and 660 nm (at which 
wavelengths the absorptions of oxyhaemoglobin and carboxyhaemoglobin arc mini- 
mal), extrapolating the results to obtain blank values for 576, 560. and 541 nm, and 
subtracting these from the test readings. 

For the determination of carboxyhaemoglobin in the presence of oxyhaernoglobin 
thc absorbance is determined at  576, 560 and 541 nm1(”-’06. Thc ratiOSAs.,1/A560 and 
A57dA560 are calculated and the percentage of carboxyhaemoglobin is read off from a 
calibration graph. A n  alternative m e t h ~ d ’ ~ ~ . ’ ~ ~  uses the difference in the Soret bands 
(absorption due to porphyrin nucleus) for oxyhaemoglobin and carboxyhaemoglobin; 
that for oxyhacmoglobin has a maximum at 420 nni, the lattcr bcing the greaterIw. In 
addition to Soret bands there are, in the case of oxyhaemoglobin. two bands with 
maxima at  544 and 5 7 8  nm and a maximum at 564 nm. These double peaks were used 
for thc evaluation of the absolute haernoglobin concentration in the test s~ lu t ion”’~ .  
The spectrum of carboxyhaemoglobin is similar to that of oxyhaemoglobin except that 
the pcaks are in different positions. The difference spcctrum shows a sharp peak a t  
422 nm. which represents the absorption of carboxyhaemoglobin. The absorptions a t  
414 and 426 nm correspond to zero carboxyhaemoglobin and are used as the base line. 

A further method for determining carboxyhaemoglobin is based on the reduction of 
palladium(I1) chloride to metallic palladium by the abstraction of carbon monoxide 
from the carboxyhaemoglobin: 

PdClz + CO + H20 - COz + 2HCI + Pd (1) 

Unchanged palladium(I1) chloride can be determined colorimetrically aftcr the ad- 
dition ofdiethyl-p-nitrosoaiiiIine1”’. Alternatively. the blood sample may be treated with 
dilute sulphuric acid and the volume of carbon monoxide m c a ~ u r e d ” ’ - ” ~ ,  or the 
palladium complex may be determined by ultraviolet spectroscopy at 278 nm114. 
Determinations of carboxyhaemoglobin in the blood by the Van Slyke gasometric, 
photomctric, and spectrophotomctric methods have becn compared”’. All three 
methods give satisfactory and comparable results. The photometric method is recom- 
mended for convenience and simplicity. An account of the spectrophotometric deter- 
mination at  four wavelengths of carboxyhaemoglobin, and mcthaemoglobin makes 
special reference to the simultaneous determination of carboxyhaemoglobin and 
methaemoglobin in human blood’’6. 

6. Methaemoglobin in blood 

Several groups have studied the determination of methaemoglobin in bloody7.11h-121. 
Mcthaemoglobin in mixtures with oxyhaemoglobin may be determined in a 0.1% 
aqueous ammonia mcdium by measuring the absorbance at 540 and 524 nm97. 
Methaemoglobin. which has a characteristic absorption peak at 630 nm. can be deter- 
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mincd by first measuring the absorbance at 630 nm before and after addition of 
sodium cyanide. Another fraction of buffered haemolysed red ccll solution is cen- 
trifuged. and the supernatent liquid treated with potassium hcxacyanoferrate(II1). 
Finally, thc total haemoglobin contcnt is dctcrmincd by Crosby's method1". The 
concentration of methaemoglobin in the sample can then be calculatcd. In another 
method the absorbance of thc whole blood haemolysate is measured at 578 and 525 
nm"". Thc ratio of thc absorbance at 578 nm to that at 525 nm corresponds to the 
content of mcthacnioglobin. The  results comparc well with thosc obtained by estab- 
lished methods, even at low concentrations of methacmoglobin. Whcn a blood 
haemolysatc is treated with sodium cyanide methaemoglobin is converted into 
cyanomethaemoglobin. and the reduction in the absorption of the solution a t  630 nm 
is proportional to the amount of methaemoglobin in ~ o l u t i o n " ~ .  

7. Iron carbonyl 

Low concentrations of iron pentacarbonyl in commercial carbon monoxide can bc 
determined by passing a gas samplc through a train in which the iron pentacarbonyl is 
either condensed in a trap of solid carbon dioxidc or absorbed in purc m ~ t h a n o l " ~ .  
After the sytem has bccn flushcd with nitrogen, the concentration of iron pentacar- 
bonyl is determined spectrophotometrically at 235 nm in a methanol solution. The 
crror is about +. 1.3% on samples containing not less than 0.04 mg of iron pcntacar- 
bonyl. To determine iron pcntacarbonyl in air the sample (50  1) is drawn at 2-3 l/min 
through bubblers containing acidic iodine in potassium iodide. which traps 99%) of the 
iron pentacarbonyl Iron is reduced to thc iron(I1) state with hydroxylammonium 
chloride solution and determined at 508  nm using 1.10-phenanthroline. For the 
determination of iron pentacarbonyl in amounts down to 0.01 ppm in town gas, the 
carbonyl is trapped in iodine monochloride solution and, after reduction, iron is deter- 
mined by the ammonium thiocyanate Iron pentacaibonyl in carbon 
monoxide and carbon dioxide has been determined by passing the gas sample through 
a silica tube containing a plug of silica-wool kept at 350°C126. The tubc is allowed to 
cool while argon is flowing through i t .  The  deposited iron is dissolved in hydrochloric 
acid and determined by conventional absorptiometric procedurcs. 

I. Organolead Compounds 

1. Determination of mono-, di, and trisubstituted organolead compounds 

Dithizone has been used in thc spectrophotometric determination of these com- 
p o u n d ~ " ~ - ' ~ ~ .  In one method thc colour of the dithizone freed from the triethyllead 
dithizone complex by acidification is used as a measure of the tricthyllead ion'". 
Interference from inorganic lead was eliminated by complexation with EDTA.  In 
another method. a di- and trialkyllead chlorides in aqueous solution is convertcd into 
dithizonatcs. which arc thcn extractcd with chloroform and dctcrmined spec- 
trophotometrically'?n. Thc absorption maxima arc at 498-430 nm for dialkyllead 
dichlorides and trialkyllcad chlorides (methyl o r  ethyl derivatives) and thc proportions 
are obtained by differential analysis. If lead ions are present they must be complexed 
with EDTA to prevent interfercncc. A rapid spectrophotomctric method uses 
dithizone for thc determination of tricthyllead, diethyllead. and inorganic lead ions in 
tetraethyllead1?".'"?.'"". Since dithizone docs not rcact with tetraethyllead thc ficld of 
analysis is narrowed to three components. Each of the othcr thrcc forms of lead has a 
distinctive chloroforni-soluble dithizonate. Triethyllead ion forms a canary yellow 
complcx. diethyllead ion a n  orange complex, and inorganic lcad ion a rcd complex. 
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Absorption maxima arc at wavelengths of 435, 487. and 520 nm, respectively. Meas- 
urcmcnt of absorbances of thc mixed dithizonates at 424. 500. and 540 nm followed 
by the solution of thrcc simultaneous equations enables thc individual components to 
bc determined. This method may no t  be applicable to the accurate detcrmination of 
the individual diorganolead ions other than the ethyl or  methyl honiologucsl?". Thc 
absorption curve of diphcnyllcad dithizonatc differs significantly from that of the 
diethyllead dithizonate. 

Somc workers prefer 4-(2-pyridylazo)resorcinol (PAR) to thc less selective 
d i t h i ~ o n e l ~ ~ . ] ~ ~ .  PAR rcacts with compounds of the type R2PbCI2 (R = Me. Et. Ph) to 
form stable coloured complcxcs and forms n o  coloured complexes with R3PbCI. The 
wavelengths of maximum absorption of (C2HS)2PbC12 arc unchanged at 5 14 nm in the 
pH range 5-10. The maximum colour intensity of the (C2H5)2Pb-PAR complex 
develops immediately and is stable for at lcast 24 h. A plot of the absorbance at 
constant wavelcngth against pH indicated that the optimum pH is 9 for (CzHs)2PbClz. 
Application of the method of continuous variations and thc slope-ratio method show 
that on ly  a 1:l  complex of PAR is fornicd with diethyllead dichloride. Beer's law is 
obeyed between 2 x M (C2HS)2Pb-PAR and the  complex has a molar 
absorptivity coefficient of 41 000 I/mol. cm. For the diethyllcad cation. spec- 
trophotometric dctcrmination is possible providcd that the molar ratio of reagent to 
cation exceeds 4. Thc minimum dctcctable amount of cation is about 0.7 ppm for 0.1 
absorbance in a 19 mm cell. Because of the grcat solubility of PAR (monosodium salt) 
in water, the dilution factor niay be as low as 2 and hence the sensitivity ( E  x lo - )  
divided by dilution factor) may rcach 20. In thc case of dicthyllead dichloride. the 
complex is so stable that spectrophotometric titrations with standard PAR solution can 
be carried out. Compounds of thc type R2PbC12 readily deconiposc to lead chloride 
both in the solid statc and in solution. and hence samples of the former oftcn contain 
some of thc latter compound. The absorbance of thc (C2H5)2Pb-PAR complex docs 
not change on addition of EDTA'34.135. whereas the P+PAR complex136 is quantita- 
tively destroyed by a stoichiometric amount of EDTA. Accordingly, if an cxccss of 
PAR is added to a sample of dicthyllead dichloride. any lead salt impurity can be 
determined by spectrophotometric titration with EDTA at 5 12 nm. 

The stability constants cf 1 -(2-pyridylazo)-2-naphthol (PAN) with the dicthyllead 
ion in aqueous 20% v / v  dioxane are very high137. When dialkyllead ion is added to an 
aqueous dioxanc solution of PAN, thc ycllow liquid changes to a red chelate which 
retains its colour intensity for at least 24 h. The dicthyllead ion can bc directly titratcd 
spcctrophotometrically with a standard PAN solution or dctcrmined as thc 
(C2H5)2-Pb(PAN)OH complcx photonictrically by measuring the absorbance of a 
chloroform extract at 555 nm which corresponds to thc maximurn of the uncharged 
complex137. Alkyllead ions form stable coordination compounds with 8-hydroxy- 
q u i n ~ l i n c ' ~ ~ ~ ~ " ' .  2 .2 ' -b ipy r id~I~~ ' ,~~" .  o-plienanthroline'J"-1J2. a ~ e t y l a c c t o n e ' ~ ' . ' ~ ~ ,  and 
picolonic acid142. 

Triethyllead ions can bc dctcrmined in blood and urinc by extracting the tricthyllead 
selectively into benzene from urinc o r  deproteinizcd blood that has bccn almost satu- 
rated with sodium ch lo r id~"~ .  After re-extraction into dilute nitric acid. the tricthyl- 
lead is decomposcd with sulphuric and nitric acid and the lead is dcterniincd by the 
dithizonc mcthod. The sensitivity of the method is 2 pg of lcad and the precision is 
%60/;) but the extraction from blood saniples is only 90% cfficient (100%~ from urine). 

and 

2. Determination of tetrasubstituted organolead compounds 

Tetracthyl and other tetraorganolcad compounds may be detcrmincd by converting 
them to thc ionic form by reaction with iodinc and measuring the increasc in ionic 
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lead129.’32.’33. T h c  prccision of the method thus applied to tetraorganolead compounds 
is 51.3% of thc  amount present. The  method was used successfully in the  determina- 
tion of PbR4 wherc R = Mc, Et. n-Pr, i-Bu, i-Am. n-Am,  CH2=CH and  C6HS indi- 
vidually, o r  in the presence of appreciable amounts of ionized lead. 

In a spectrophotometric method capable of determining down to 10 ppm,  the lead is 
extracted from thc petroleum with a solution of potassium chlorate and sodium 
chloride in dilute nitric acid (Schwartz reagent) and  then determined colorimetrically, 
as lead sulphide, by comparing the colour developed with that obtained by adding lead 
nitrate solution to sodium sulphide solution133.145~146. In an  alternative method using 
dithizonc. bromine is added to the sample to convert the tetraethyllead to lead 
brornidel3). In a further mcthod diisobutylene and  bromine a re  added  to produce 
hydrogen bromide gas. which thcn completes the decomposition of the organolead 
compound to inorganic lcad ions. The lead is measured spectrophotometrically in the 
first procedure and  by visual colour Comparison in the  second. T h e  concentration 
range is 0.5-10 pg of lead and the accuracy and precision of both methods a re  within 
20.01 ppm. Spectrophotometric dctcrniination as lead sulphide has been  used for the 
dctermination of tetracthyllead in pe t r~ leum’~’ .  

For  thc determination of tetraethyllead in air, the sample is passcd through an  
acidic solution of iodine monochloride to producc dialkyllead ions“*. 

R4Pb - P b R j  - PbR’,+ - Pb2+ ( 2 )  

Mariual o r  automatic procedures can be used for thc determination of the amount of 
tetraalkyllead collected. T h e  manual method involves reaction of the dialkyllead ions 
with dithizone at  high pH and matching the colour of the dialkyllead dithizonate with a 
standard disc. In thc automatic procedure the dialkyllead is converted to the inorganic 
state before reaction with dithizone and colorimetric measurement a s  lead dithizonate 
(at 475 nm). T h c  method mcasures lead-in-air concentrations down to 0.1 mg of lead 
per 1 0  m3 of air. with sampling periods of at least 8 h. 

Inorganic lead compounds may be present a s  dust in atmospheres that a rc  moni- 
tored for tetraalkyllead vapour. Most of thcse compounds a re  soluble in the acidic 
solution of iodine monochloride and would, rhercfore, interfcre in t he  subsequent 
determination of dialkyllead ions dcrived from tetraethyllead or t e t r a m ~ t h y l l e a d ’ ~ ~ .  
Filtration of the  air under test. prior to contact with the iodine monochloridc reagent, 
will avoid the posibility of this interference. The solids collectcd on the filter may also 
be analyscd fo r  lead content to givc more complete results on  the total toxic hazard of 
the atmospherc under test. A t  thc 1-40 mg organic lcad per 10 m3 in air level, 
between 98 a n d  100% of tetracthyllead and of tetramethyllead is collected in a single 
scrubber by this t e c h n i q u ~ l ~ ~ .  A simple and rapid field method for the determination 
of organolead compounds in air utilizes as a scrubber a small disposable glass tube 
containing iodine crystals’”. Lead is removed from the scrubber by acidic potassium 
iodide solution and is measured by a colorimetric dithizonc method. Hydrogen sul- 
phide does not interfcrc. Various othcr workers havc reported on methods based on  
the formation of lead dithizonate for the detcrmination of tetracthyllead in 
Ncphelomctric dctcrmination as lead chromate has also bcen u ~ e d ’ ~ ~ . ’ ~ ~ .  

Both solid iodine and  solutions of iodinc in methanol a re  effcctive in collecting 
tetraethyllead when using the Uni-jet air sampling equipment for sampling over a 
short period of timclSJ. The  volatility of both thc iodine and thc methanol would be an  
obvious disadvantage in applying thcsc methods to air containing very low levels of 
organic lead owing to the prolongcd sampling times that would bc required in these 
circumstances. Rcagent volatility is not a problem with iodine monochloride solu- 
t i o n ~ ~ ~ .  
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J. Organomanganese Compounds 

Cyclopcntadienylmanganese tricarbonyl and methylcyclopentadienylmanganesc 
tricarbonyl anti-knock compounds have been determined in petroleum by a spec- 
trophotometric procedure in which the petroleum is extracted first with bromine. thcn 
with sulphuric acid-nitric acid-water, a n d  the extracted mangancse is oxidiscd with 
potassium periodateIss. T h e  resulting permanganate is determined spectrophotomct- 
rically at  520 nm. A determination in the  range of 0.03-0.3 g of manganese per US 
gallon has a n  avcrage deviation of 0.002-0.004 g/gallon. and  can be completed in 
about 2 h. 

K. Organomercury Compounds 

A method for  the determination of diphenylmercury, either alone o r  in the presence 
of other phenylmercury compounds, has been describcdIs6. Fo r  the determination of 
diphenylmercury alone, it is extracted from a chloroform solution with 9 N hydro- 
chloric acid. Phenylmercury chloride is formed quantitatively and  is determined by 
reaction with dithizone and  measurement of the colour produced at 6 2 9  nm. Diethyl- 
mercury is determined in the  same way except that 12 N hydrochloric acid is used for 
t he  hydrolysis. For the determination of diphenyl- o r  diethylmercury in the  presence of 
phenyl- o r  ethylmercury compounds, the  latter a r e  removed by extraction into 
acidified sodium thiosulphate, and the diphenyl- o r  diethylmercury is determined as 
above. Beer's law is obeyed over the ranges 1-30 and  90-120 p g  with a n  e r ror  of less 
than  5%. 

Phenylmercury compounds react with diphenylcarbazone in the same way as d o  
inorganic mercury compounds, but are resistant to reduction by zinc dust. In a method 
for  the determination of microgram amounts  of some phenylmercury compounds and  
their separation from inorganic mercury salts. the sample solution is added to 
ethanolic diphenylcarbazone solution and  the colour is measured against standards"', 
which gives total mercury. T h e  analysis is repeated after shaking the sample solution 
with zinc powder for 40 min, giving the phenylmercury content of the samplc. Inor- 
ganic mercury is then obtained by difference. In a spectrophotometric method for the 
differential determination of phenylmercury acetate and inorganic mercury the mer- 
cury solution is shaken with hydrochloric acid and  2 x M dithizone in carbon 
tetrachloride and the extract placcd on a n  alumina columnIs8. Successive elution with 
carbon tetrachloride, carbon tetrachloride-chloroform (19: l), and carbon tetra- 
chloride-chloroform (1: 1)  gives a yellow eluate containing phenylmercury dithizonate 
a n d  then a n  orange cluatc containing mercury dithizonate. Thesc eluatcs a re  stabilized 
with anhydrous acetic acid, and  the absorptions a r e  measured a t  480 and  490 nm for 
phenylmercury and mercury dithizonates, respectively. Beer's law is obeyed for each 
compound u p  to 30 p g  of mercury. The  e r ror  in this procedure does not exceed 5%. 
Phenylmercury acetate forms  a stable complex with diphenylcarbazone in alkaline 
media (maximum absorption in chloroform at 580 nm) that may be used for col- 
orimetric anaIysislsy. 

Various workers have described methods for the determination of mercury in tis- 
sues. Mercury in  urine and  kidney can be dctermincd by forming a complex in aqueous 
trichloroacetic acid between potassium bromide and  the mercury in certain organic 
mercurialsI6". After adjustment to pH 5.0 with formate buffcr solution. the mercury in 
this form is extracted with dithizone solution in chloroform for spectrophotomctric 
determination at 475 nm. Thc procedure can be used to detect as littlc a s  Ipg of 
mcrcury. Methods based on  thc USC of dithizone can be uscd to dctcrmine phenylmer- 
cury acetate in urine, kidncy, liver. muscle. spleen. and  brainl"l. 
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For the determination of phenylmcrcury compounds and total mercury in paints, 
phcnylniercury compounds are convcrtcd into phenylniercury acetate by boiling with 
1 N acetic acid; the solution is neutralized to p H  6 with sodium bicarbonate and  
phenylmercury acetate is extracted with benzcnelh'. l 'hc colour obtained on  the addi- 
tion of 0.5% ethanolic diphenylcarbnzonc solution is compared with that given by the 
gradual addition of standard phenylmcrcury acctatc to a reagcnt blank. T h c  rcsults a r e  
low because of absorption losses. Total mercury is dctcrmincd by the Schonigcr com- 
bustion tcchnique, followed by reaction with ethanolic diphenylcarbazone; thc sen- 
sitivity o f  this reaction can be reduced to a convenient lcvel (about  5 pg of mcrcury) by 
the  addition o f  potassium cyanide. Methods based on thc use of  dithizonc havc been 
dcscribed for the determination of mercury a s  mcthylmcrcury. cthylmcrcury, a n d  
phenylmercury in soil. turf. and grain s a r n p l ~ s ' ~ ~ ~ ' " .  This is preceded by wet oxidation 
o f  the organic material with dilute sulphuric acid and nitric acids in a n  appara tus  in 
which thc vapour from the digestion is condensed into a reservoir from which it can be 
collected or returned to the digestion flask a s  requiredlh5. T h e  combined oxidized 
rcsidue and  condensate is diluted until the acid concentration i s  1 N and nitrate is 
removed by addi:ion of hydroxylammonium chloride with boiling. A n y  fat can be 
removcd from the cooled solution with carbon tctrachloride a n d  the liquid is then 
extracted with a solution of dithizone in carbon tctrachloride a n d  mercury is deter-  
mined spcctrophotomctrically at 485 nm using dithizonc. Procedurcs for the dctermi- 
nation of micro amounts of mercury in biological materials involving destruction of 
organic matter and the use of dithizone for mcrcury extraction have been reviewedIM. 

T h e  decomposition of organic fungicides in soil t o  mercury vapour and  to methyl- or 
ethylmercury compounds has been studied and methods devised for  thc detcrmination 
of these compounds in the vapours liberated from thc soil sample'". T h e  mixed 
vapours o f  mercury and organomercury compounds are passcd successively through 
bubblers containing a carbonate-phosphate solution to absorb organic mercury and  
through an  acidic potassium pernianganatc solution to absorb inorganic mercury vap- 
ou r .  In both cases the mercury in the scrubber solution is determined photomctrically 
a t  605 nm with dithizone. The method is capablc of dctcrmining 1 0  p g  o r  more  of 
organic mercury per 1000 1 o f  air in the presence of mercury vapour. 

Altcrnative oxidizing agents to potassium pcrmanganate have becn cxamined for 
the  absorption of metallic nicrcury vapour produced by the decomposition of 
organomercury fungicides in soil"'7. Acid potassium dichromate (1 of volume 1 8  N 
sulphuric acid plus 4 volumes of 5% potassium dichromatc) is equally effective in 
trapping nicrcury vapour as acid pernianganatc. Mercury could be detcrmincd in the 
dichromate absorbcrs after first rcducing the  dichromate with exccss of hydroxyl- 
ammonium chloride. Using t h e  techniquc of successive absorption o f  organic mercury 
in phosphate-carbonate solution followed by absorption of mcrcury vapour in dichro- 
mate  solution (later reduced with ~ X C C S S  of hydroxylammonium chloride). vapours 
produccd by the dcconiposition in soil of phenyl- and  alkylmercury compounds werc 
collected and  dctcrmincd'". The  air abovc the soil containing phenylmcrcury acetate 
contained mcrcury vapour and traces of phenylniercury acetate. Ethylmercury acctate 
produced about equal amounts of mercury vapour and an uncharacterizcd volatile 
e t h y l m c rc u r y co ni pound . \v hc rc a s  nic t h y I m c rc u r y c h I o rid e a n d me t h y l mercury 
d icy an a in id c both produced a 11 u rich a r a c t e r i zc d m c' t h y I in c rc u r y compound p I us some 
mercury vapour. A method suitable ior thc determination in air samples o r  soil vol- 
atilcs of amounts of methyl- and cthvlniercury chlorides down t o  1-5 pg in 50-  100 ml 
of samplc solution has becn dcscribedIh". An altcrnative niethodI7" is bcst used for the 
dctcrniination o f  amounts abovc 1 0  pg of nicthyl- and ethylmercury chloride in the 
carbon,7re-pIiosph;ctc absorber solution prcviously r n e n t i ~ n c d ~ " ~ .  Largc aqueous 
sample volumes arc n o t  dcleterious in  this method as thcy a rc  in thc direct method of 
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analysis mcntioned abovc. A further method is suitablc for thc dctermination of below 
30 pg of alkylmercury compounds in sample sizcs of up to 100 ml of carbonate-phos- 
phatc absorber solution17'. 

Dithizonc procedures for the determination of phcnylmercury chloridc in fungicidal 
dust preparations and phenylmcrcury acetate in cmulsifiable concentrates have becn 
d e ~ c r i b e d ' ~ " ' ~ ~ .  For the determination of cthylmercury phosphate in emulsifiable con- 
centrates thc sample is dissolved in 4% acetic acid in aqueous methanol and 30% 
sodium chloride solution addcdI7' An aliquot containing about 50 pg of mercury is 
shaken with chloroform and mercury is determincd using dithizone at 478 nm. Cal- 
cium and magnesium stcaratcs do not interfere in thc proccdurc. Ethylmercury com- 
pounds may be separated from phenyl- and tolylmercury compounds by heating mix- 
turcs of thcse compounds with 1 :3 hydrochloric acid and ~ n e t h a n o l ' ~ ~ . ' ~ ~ .  This decom- 
poses phenyl- and tolylniercury compounds in 30-60 min. Ethylmercury compounds 
remain unchanged and can be determined in a chloroform extract by the dithizonc 
method described abovc. 

In a rapid colorirnetric method for the analysis of ethylnicrcury chloride the sample 
is dissolved in dimethylformamidc and then mercury is determined spectrophotomet- 
rically using diphcnyl~arbazonc'~". Phcnylmercury acctatc has been dctermincd spec- 
trophotometrically in amounts down to 2 pg by evaluation at 550 nm of the colourcd 
complex produced with Kichemann's purple, [ 2-( 1.3-dioxoindan-2-y1)iminoindane- 
1,3-di0ne] '~~.  Analyses of phcnylmercury acetate in fungicidal and hcrbicidal prepara- 
tions obtained by ultraviolct spcctroscopic methods havc becn compared with the 
thiocyanatc n i c t h ~ d l ~ " ~ ' ~ ~ .  There is also found to bc good agreement between thc 
spectrophotomctric method and the iodide-thiosulphatc method * 7H.'H0. A colorimetric 
method using dithizonc has bccn uscd for thc dircct determination of 1-100 pg of 
methylmercury dicyanamide or methylnicrcury(I1) chloride in fungicidal prepara- 
t i o n ~ " ~ .  Copper, cobalt, cadmium. iron. lead. nickcl, silver, zinc. bismuth. and mer- 
cury(I1) ions in amounts less than 1 mg do  not interfcre in this procedure. For the 
analysis of sced disinfectants based o n  phenylmrrcuricatechol the sample is shaken 
with 10% sodium hydroxide solution to produce catecholl". Aftcr preliminary work- 
up thc catcchol is determined spectrophotornetrically at 560 nm using aqueous 
4-aminophenazone and aqueous potassium hcxacyanoferratc(II1). The determination 
of methylmercury dicyanamide has been discussedlh3. 

L. Organonlckel compounds 

A sensitive, continuously recording instrument has becn dcsigricd for detecting 
nickel carbonyl in thc air in  which a strcam of air flows through a nozzle and impinges 
on a hot borosilicatc glass disc. on which nickel carbonyl. if present, is dcpositcd'"?. A 
collimated bcam of plane-polarized light falls on the disc at the Brcwsterian angle for 
borosilicate glass, its planc of polarization bcing pcrpendicular to the place of inci- 
dence. This arrangement results in extinction. so that no light is rcflectcd from the disc 
until  a deposit is formed. The intensity of the reflected light is then measured by a 
recording photometer calibrated in parts per million of nickel carbonyl. Conccntra- 
tions in the range 0.05-4 ppm by volume can bc measured and at a conccntration of 1 
pprn the accuracy is zO.2 ppm. In anothcr mcthod for dctermining 0.003 mg or more 
of nickel tetracarbonyl in 1 litre of air, thc samplc is passed through 2 ml of a 1.5% 
solution of iodine in carbon tetrachloridelR3. After treatment with sodium sulphite t h e  
solution is analyscd colorinictrically for nickel. Modifications to the mcthod enable it  
to be extended to below 0.002 nig of nickel tctracarbonyl. In  a further method for 
determining nickcl tetracarbonyl in air. thc air is dried by passage over calcium 
chloride. then passcd through 0.05% ethanolic iodine in a special absorber cooled to 
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- 30°C in a bath of trichloroethylene-solid carbon dioxideIE4. The absorbent is then 
evaporated to dryness, the residue is dissolved in water, and nickel in the resulting 
solution is determined photometrically with dimethylglyoxime. The calibration graph 
is rectilinear for 17-64 pg of nickel per 50 ml of the aqueous solution. In yet another 
method for determining nickel tetracarbonyl in air, after passage through a filter to 
remove any solids, the sample is bubbled into 3% hydrochloric acidIE5. After neutral- 
ization, furildioxime solution in alcohol and chloroform is added and the colour is 
compared either visually or spectrophotometrically at 435 nm with standards. 

In a spectrophotometric method for thc determination of nickel and iron carbonyls 
in town gas the gas sample is passed through a sintered bubbler containing 1 M iodine 
monochloride in anhydrous acetic Nickel is determined spectrophotometri- 
cally using dimethylglyoxime. The detection limit of this method is 0.006 ppm of 
nickel tetracarbonyl. In a method for the determination of nickel tetracarbonyl in 
carbon monoxide and carbon dioxide, the gas samplc is passed through a silica tube 
containing a plug of silica-wool kept at 350°C126. The tube is allowed to cool while 
argon is flowing through it .  The deposited nickel is dissolved in hydrochloric acid and 
determined by conventional absorptiometric procedures. 

The wavelength at which the absorbance maxima occur for pyridine solutions of 
nickel myristate and nickel palmitate is 550 nm154. The rclationship between absor- 
bance and concentration of nickel soap is linear. 

M. Organophosphotus Compounds 

The absorption in the visible region of nickel salts of some dialkyldithiophosphoric 
acids in benzene solution have becn used for the colorimetric qualitEtive analysis of 
these compounds186. The method is applicable to the titration of crude industrial acids, 
especially for dimethyl- and diethyldithiophosphoric acids. It has an accuracy within 
1%. In a method for the determination of sodium hydrogen S-(2-aminoethyl)phos- 
phorothioate (sodium hydrogen cysteamine S-phosphatc) the sample is added to a 
solution containing mercury( 11) acctate in aqucous acetic acid, metol, and 
m ~ l y b d a t e ' " ~ * ' ~ ~ .  The absorbance is determined at 660 nm. 

N. Organoselenlum Compounds 

In a mcthod for the determination of small amounts of hydrogen selenide in air the 
sample is passed through an absorber containing hydrogen bromide solution with 18% 
of free b r ~ r n i n c l ~ ~ .  Unchanged bromine is destroyed with hydroxylammonium 
chloride. The colour is determined photometrically by the 3,3'-diaminobenzidine 
method"". Analytical aspects of organoselenium compounds have been reviewedI9l. 

0. Organothallium Compounds 

Phenylthallium( 111) dichloridc forms with xylenol orange a complex having an 
absorption maximum at 576 nm, with a mean molar absorptivity of 3.69 x lo4 I/mol. 
cm in the presence of 1-296 of methanolIY2. It can also be titrated with EDTA in 
aqueous methanol mcdium at pH 4.75 with 9.1% aqueous xylenol orange as indicator. 
The end-point is shown by a sudden colour change from red to Icmon-yellow and 
corrcsponds to the formation of ii 1 : l  complex of phenylthallium dichloride and 
EDTA. 
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P. Organotln Compounds 

A colorimetric method. based on the formation of a dithizone complex, can be used 
for the determination of diethyltin and triethyltin chloride and sulphate, either singly 
or as  mixture^"^-^^^. The absorption maximum for thc diethyltin-dithizonc complex, 
after being shaken with 10% trichloroacetic acid, is at 510 nm. whereas triethyltin does 
not react under these conditions. In the presence of borate buffer of pH 8.4, diethyltin 
and triethyltin compounds, with dithizone, give absorption maxima at 485 and 440 
nm, respectively. At 5 10 nm the triethyltin-dithizone complex and dithizone have the 
same absorption. The separation and determination of diethyltin and triethyltin com- 
pounds can be based upon these findings and their distribution bctween chloroform 
and aqueous media. Interference from other metals is avoided by the use of EDTA. 

The use of dithizone for the determination of trialkyltin compounds has the serious 
disadvantage that exposure to bright light causes a rapid change in the colour of the 
trialkyltin dithizonc complex. This colour change is consistent with the conversion of 
the trialkyltin complex to the dialkyltin complex. Measurements of trialkyltin 
dithizone complexes must therefore be madc in subdued light'90.197. 

A spectrophotometric method'98 for the determination of down to 3 mg of dibutyl- 
tin dichloride in thc presence of mono-. di-, and tetrabutyltin chlorides and several 
inorganic ions including zinc, manganese(II), iron(llI), iron(II), lead, copper( 11), 
copper(1). cadmium, tin(I1) and tin(IV) depends o n  the fact that diphenylcarbazone 
produces a red colour with dibutyltin dichloridc at pH 8.4'99. Dibutyltin dichloride in 
the sample reacts with diphenylcarbazone at pH 1.8 to form a 3:l complex with an 
absorption maximum at 510 nm. Butyltin trichloride, the only one of the butyltin 
compounds to interfere at this pH, is removed by extraction with EDTA. The success 
of this procedure in being able to determine only dibutyltin dichloride in the presence 
of a mixture of the various butyltin chloridcs is due to the selective extraction of 
butyltin trichloride with EDTA. Dibutyltin dichloride together with butyltin tri- 
chloride is extracted in varying amounts at higher pH. Conceivably the tributyl 
tinchloride would not be extracted within this range and i t  could then be determined 
with d i t h i ~ o n e ' ~ ~ .  
4-(2-Pyridylazo)rcsorcinol (PAR)'m.2"' and 1-(2-pyridylazo)-2-naphthol 

(PAN)2"'-202 have been studied as reagents for the spectrophotometric determination 
of organotin ions. PAR reacts with compounds of the type R2SnCI, (R = CH3, C 2 H ~ ,  
C,HS) to form coloured complexes, whereas compounds of the type R3SnCI do not 
produce a colour using a 2 x M solution of PAR as rcagent2O0. The wavelength of 
maximum absorption (514 nm) of the 1:l diethyltin dichloride-PAR complex is 
independent of pH in the pH range 3-8, with an optimum at pH 6 .  The colour 
develops immediately and is stable for 24 h. Reagent absorption is very small at this 
wavelength. Beer's law is obeyed in thc rangc 2 x 10-6-10-4 M of organotin ion, the 
molar absorptivity of the diethyltin dichloride-PAR complex being 42 500 I/mol. cm. 
A four-fold molar excess of reagent over organotin ion is necessary. 

Dimethyl-, diethyl-. and di-n-butyltin dichlorides were examined spectrophotomet- 
rically using PAN as reagent?"'. In solutions of R2Sn2' therc is considerable uncer- 
tainty regarding the ionic specics which may bc present. Potentiometric investigations 
of dimethyltin ion hydrolysis have shown the existence of the (CH&Sn'+ ion alone up 
to a limiting pH of about 2203-2"6. These studies have been extended to other organotin 
ions in order to establish the pH values within which the ions do not undergo hydro- 
lytic equilibria. Addition of dialkyltin ions to PAN solution in dioxane produces a colour 
change from yellow to red which is stable for at least 24 h. The wavelengths for 
maximum absorption and the corresponding molar absorptivities are listcd in Table 2. 
The stability of thc complexcs of R,Sn?' with PAN decreases in thc order 
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TABLE 2. Absorption data for PAN chelates, aqueous 20% dioxane 

(CH3)2Sn2+ 532 21.1 

( COH s 1 2 s n + 542 22.0 

( CzHS)?SnZ+ 538 22.6 
(C4 Hq) zSn " 540 22.5 

(C?HS)?Pb'+ 540 22.3 

C(,H5 > C4Hv > C2H5 > CH,?"'. The high stability of these chclates agrees well with 
thc established action of P A N  as  a tridenate ligand chelate system with five membered 
rings being formcd20'>-2"n. O the r  cornpounds that form stablc coordination compounds 
with alkyltin ions include 8-hydroxyquinolinezn'-" I ,  2,2'-bipyridy120'.21 phenan- 
t h r ~ l i n e ~ " ~ . " ~ . ~ ' ~ ,  a c e t y l a ~ e t o n c ~ ' ~ . ~ ' ~ .  picolinic acid?I3, and  Alizarin R e d  S2Is. The  
analytical chemistry of these complcxcs has not bcen extensively studied. Sodium 
dimethyldithiocarbamate can be used instead of dithizone for the determination of 
both types of organotin compounds. T h c  alkyltin complcxcs with this compound show 
maximum absoption in thc U.V. region. a t  about  280 nm. but unlike the dithizone 
derivative a re  not dccomposcd photochemically in daylight. 

I w o  colorimctric nicthods have bccn dcscribcd for the determination o f  organotin 
hydrides2I6. In one of thcsc methods the organotin hydride reduccs isatin in alcoholic 
medium in the presence of azobis(isobutyronitri1c) to colourless dioxindole 
(hydroxyindolin-2-one). In the second method, ninhydrin in alcoholic mcdium is 
rcduccd by organotin hydrides, but not by other organotin compounds, to 
2-hydroxyindan-1.3-dione. and  a blue-violet colour is formed that is stable in the 
absencc of air. The change in absorbance produced with e i ther  reagent can be used to 
determine organotin hydrides in concentrations down to 1 M. Other  reducing 
agents must be absent. T h c  formation of colourless dioxinolc from the coloured isatin 
was utilizcd for the quantitativc dctermination of organotin hydridcs. T h e  change in 
thc absorbance of isatin solution is proportional t o  the concentration of added hydride. 
Organotin hydrides, such as tri-n-butyltin hydride, triphenyltin hydride. and 
diisobutyltin dihydridc. give a blue-violet colour with ninhydrin2I6. T h c  reaction can 
be carried out  in various solvcnts in which both componcnts arc soluble, such as in 
alcohols. pyridine. acetone. dioxanc. and chlorobenzene. T h e  colour fadcs on  expos- 
urc t o  air. but on careful exclusion of oxygcn, and by usc of alcohol. distillcd under 
argon. as solvcnt, the absorbancc does not  change for at least 1 h. This colour reaction 
is not given by other types of organotin compounds such as oxides, hydroxides, or 
halides and is specific for organotin hydridcs. T h c  visible spcctrum of the coloured 
reaction mixturc in ethanol with tributyl o r  triphenyltin hydride shows a maximum 
absorption at  490 nm. and  with diisobutyltin dihydride the maximurn is at  525 nm. T h c  
absorption maxima are independent of thc rclativc concentration of the reactants. Thc  
same maxima were obtaincd with a ten-fold cxccss of tributyltin hydride o r  a five-fold 
excess of ninhydrin. The  absorbance in alcohol is proportional to the concentration of 
thc hydride. thus permitting thc quantitative determination o f  organotin hydrides. 

Dibutyltin compounds h a w  bccn used for a number of years as stabilizcrs for 
poly(viny1 chloride). They a rc  gcncrally present to the extent of 1-2% in the finished 
polymcr. O thc r  dialkyltin compounds. and in particular thosc of dioctylin. are equally 
cffectivc as stabilizcrs whilst having n o  denionstrablc mammalian toxicity. The  
organotin compound prcscnt in PVC can usually bc dctcrmincd by wet ashing a 5 g 
samplc with sulphuric-nitric acids. rcduction with aluminium o r  nickel. and  titration of 
thc tin( 11) so formcd with standard iodate solution. Prccautions arc ncccssary to 

- 
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prevent loss of tin by volatilization during the rapid evolution of hydrochloric acid in 
the early stages of thc decomposition of the PVC. An altcrnativc method for determin- 
ing dialkyltin compounds involves extraction from the polymer with 1.2-dichlocthanc 
and spectrophotometric detcrmination with dithizone at 490 nrn?". In a mcthod for 
differentiating bctwecn dibutyltin and dioctyltin compounds in PVC. the dibutyltin 
com,pounds are extractcd from chloroform solution by 1 N sodium hydroxide. but 
those of dioctyltin arc only slightly solublc, and can be readily dctectcd in thc 
chloroform solution with dithizone altcr extraction2". An aliquot of the dichloroethane 
solution form the t in  determination is transfcrred to a separating funncl and tctra- 
hydrofuran and 1 N-sodium hydroxide are addcd. The funnel is shaken and the two 
layers are allowed to separate. The organic layer is transferred to anothcr scparating 
funnel and shaken w i t h  trichloroacetic acid and dithizonc solution. In  the prescncc of a 
dibutyltin compound the dithizone remains unchanged while a dioctyltin compound 
produces a red coloration. 

Dithizone forms coloured complexcs with ccrtain tin compounds and these com- 
plexcs can be used for the determination of several dialkyltin and trialkyltin com- 
poundslvJ. When a solution of, for examplc. diethyltin dichloride is shaken with a 
chloroform solution of dithizone in the prcsencc o f  lo%, trichloroacctic acid. a red 
colour is produccd. but under thc same conditions neither thc tricthyltin nor thc 
tetraethyltin compound reacts. In the prcscnce of a borate buffer solution of pH 8.4, 
however, both tetracthyltin and triethyltin compounds gave a yellow colour. whilc the 
diethyltin derivative produces an orangc colour. 

A method for the cstimation of dialkyltin stabilizers in aqucous extracts of PVC 
used in foodstuffs and drug packaging applications used 4-(2-pyridylazo)resorcinol- 
EDTA reagent2'". The absorbance of the separated chloroform layer is measured at 
518 nm and referred to a calibration graph prepared with 1-10 p~ dibutyltin.ina!cate. 
Various other aspects of the migratory tendencies of organotin stabilL'zers from PVC 
which have been studied include the analysis of aqueous and non-aqucous cstracts o f  
rigid and of plasticized PVC?19, and of t i n  i n  injection fluids packagcd in PVC 
ampoules2?". 

A colorimetric determination of dialkyltin compounds in fats and olive o i l  contain- 
ing 2% of added oleic acid is suitable for tcsting thc migration of substances from 
plastic packaging and has been used for determining dialkyitin stabilizers added to 
PVC film and extractablc in small amounts by fats and olive oil under the conditions of 
accelerated tests??'. To  the samplc of the used olivc oil extractant is addcd alcoholic 
catechol violet solution. The absorbance of thc clear uppcr layer is nicasurcd at 550 
nm against a blank solution of similar!y trcated olivc oil and is referred to a calibration 
graph prepared with standards. Triphenyltin rcsidues i n  plant material can bc deter- 
mined by a spectrophotometric dithizonc procedurc22?,223. Organotin compounds such 
as dicthyltin dichloride. diethylbis(lauroy1oxy)tin. dibutyltin dichloridc. dibutyltin 
dilaurate, and diethyltin dicaprylate in air can be dcterniincd using diphenylcarbazonc 
as a colorimetric rcagent22J,22s. Thc air is drawn through butanol in an icc-coolcd 
absorbcr. The absorbant solution is transferred t o  a Nesslcr tube and dilutcrl with 
butanol. Dithizonc solution is added and mixcd and the colour is compared with 
similarly prcpared standards containing 2-30 pg of thc organotin compounds. A 
fluoronictric method has been uscd for the dcterrnination of triphenyltin compounds 
in water'?". 

0. Organozinc Compounds 

For the spcctrophotomctric determination o f  zinc difthyldithiocarbarnrltc in rubbers 
as  thc copper complex. thc fincly divided rubber vulcanizate is extractcd with benzcne 
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and the zinc compound separated from interfering substances on acetylated paper 
prior t o  spectrophotometric evaluation at  430 11n-1~~~. Zinc diethyldithiocarbamate 
cannot bc determined in the presence of thiuram disulphide, which forms diethyl- 
dithiocarbamate during vulcanization and extraction. Other dialkyldithiocarbamates 
may also be determined by this method. 

A procedure for the determination of zinc ethylencbisdithiocarbamate (zineb) 
residues o n  crops depends o n  the measurement of the absorbance a t  434 nm of 
copper diethyldithiocarbamate in the presence of alkali228. 

II. ULTRAVIOLET SPECTROSCOPY 

A. Organobomn Compounds 

Decaborane can bc determined using the absorption maximum at  272 nm in cyc- 
lohexanc solution (molar absorptivity = 3000 I/mol. cm).?2y. This is a very useful 
method, but the samples analyscd must be free from other materials which absorb at  
272 nm. 

B. Organolithium Compounds 

The  absorbance of diluted solutions of organolithium compounds calibrated by 
n.m.r. spectroscopy can directly mcasurc the carbon-bound lithium content230. Suit- 
a b k  glass apparatus which connects the two physical methods such that adventitious 
contamination can be eliminated by prc-purging with sample within a closed system is 
desirable. T h e  absorbance over thc range 275-305 n m  has been measured for a series 
of butyllithium conccntrations from 6 x lo-’ to 3.1 x lo-’ mol/l. The maximum 
absorption shifted from 278 nm at the lowest concentration to  282 nm a t  the highest 
and changed monotonically with concentration. Beer’s law was obeyed a t  285 nm and 
a molar absorptivity of 91 I/mol. cm was calculated at this wavelength. Concentrations 
of approximately 1 O-’ mol/l in butyllithium can be satisfactorily determined to within 
5% using the combined n.m.r.-u.v. technique. A check was made on the  accuracy of 
the n.m.r. result by hydrolysing a sample of butyllithium-benzene with water and 
titrating against standard hydrochloric acid. Thc titration results were consistently 
2-3% higher than the n.m.r. results. This is to be expected since titration gives the 
total lithium content, consisting of butyllithium, butoxide. and hydroxide. 

C. Organomagneslum Compounds 

Grignard reagents may bc determined by breaking ampoules containing the Grig- 
nard solution in diethyl e ther  in a sealed glass tube containing the required amount of 
purified bcnzophenone. dissolvcd in the same ether23’*23r. After shaking, the sealed 
glass tube was opened and the reaction mixture treated with methanol a n d  acetic acid, 
followed by the dctermination of the amount of unreacted benzophenonc at 333 
nm233. At  the same time. in an  aliquot of the methanol solution, the amount  of total 
magnesium was detcrmincd titrimetrically using EDTA234. When applied to ethyl- 
magnesium bromide uncontarninatcd by water or by oxygen. thc benzophenone spec- 
trophotometric method, the acid-base titration, and thc gasometric method all agree 
within 1 -3%,231. Morcovcr. thc largc discrepancies obtaincd by in the deter- 
mination of thc concentration of ethylmagnesium bromide using the benzophenone 
photometric method and the acid-base titration method can only bc ascribed to the 
way thcsc othcrs trcated thcir Grignard solution”l. 

When a Grignard reagent is allowed to react with 4.4’-bis(dimethylamino)benzo- 
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phenone (Michler’s ketone) a typical coloration occurs, providing a method for 
determining Grignard compounds235. After mixing with a 10% solution of Michler’s 
ketone in dry chloroform the sample is hydrolysed with methanol-acetic acid-water 
(70:20:10). Then a solution of iodine in acetic acid is added and the concentration of 
unreacted Michler’s ketone is determined at 615 nm. 

D. Organomercury Compounds 

The marked difference in absorption between diphenylmercury and phenylmercury 
compounds in the 226 nm region makes possible a determination of diphenylmercury 
in the presence of phenylmercury  compound^^^"^^^. Methods have been described for 
the determination of organomercury dusts and vapours in air. The sample of air is 
drawn through a furnace at 800°C in which the organomercury compounds are 
decomposed to metallic mercury, and finally through a U.V. spectrophotometer in 
which total mercury (original organo- and metallic mercury) is determined238. 
Acidified aqueous solutions of phenylmercury acetate exhibit absorption maxima at 
250, 256, and 262 nm; a method suitable for the determination of 0.01-0.1 g of 
phenylmercury acetate with an accuracy of 2 1% is based o n  measurements at  256 and 
262 nm178. From detailed study of interference effects in this determination it was 
concluded that the addition of perchloric acid to the sample solution considerably 
reduces the error caused by impurities. Diphenylmercury and phenylmercury chloride 
do not interfere in the determination of phenylmercury acetate by this procedure. 

E. Organotin Compounds 

Some U.V. absorption bands for organotin compounds have been discussed239. It is 
now generally accepted that, in organodistannanes. there is intense absorption associ- 
ated with the Sn-Sn bond which is not dependent upon the presence of aromatic 
groups joined to tin’40-’42, although no observation of maxima in hexabutyldistannane 
was possible242. Similar absorption bands arc observed with compounds in which tin is 
joined to other Group IVB metals. The intense absorptions recorded for some simple 
butyltin compounds are and possible origins of these bands have been 

Detailed analyses have been made of the U.V. absorption spectra of the 
phenyltin chlorides24J, of some vinyltin compounds24s, of compounds of the type 
M e ( s n M ~ ~ ) , , M e ~ ~ ~ ,  and also the corresponding ethyl  compound^'^^. 
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1. ORGANOARSENIC COMPOUNDS 

Substituted diarsincs (R2As-AsR2) can bc dcterniined polarographically'. the 
of the anodic wave being indcpcndent of the nature of the substituent. The analysis 
must be carried o u t  in the absence of oxygen, which oxidizes the As-As bond. 
Conccntrations of diarsines down to about 1O-'ir1 can be determined by this 
procedure. Various methods have been described for the determination of arsine in 
air and other gases. Various absorbing solutions have been uscd by differcnt workers, 
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including mixtures of potassium pcrmanganate, concentrated sulphuric acid and 
bromine2. a mixture of silver nitrate and silver diethyldi thi~carbamate~,  and a solution 
of 1 N ammonium nitrate (9: 1 v / v )  in 95% ethanol“. Thc last solution is also a suitable 
medium for the polarographic dctcrmination of arsine. The method is sensitivc enough 
to determine down to 5 x M of arsine in gas mixtures. Phosphine interferes in 
this determination. 

M at pH 7.3 for 
phenylarsinc oxide with a relative standard deviation of 1.7%jS. Arsenic(I1I) and 
arsenic(V). monomethylarsonate. and dimethylarsinatc have been determined by 
differential pulse polarography after separation by ion-cxchange chromatography6, 
dctcction limits for thc latter two are 18 and 8 ppb, respectively. Pulsc polarographic 
methods have been applicd to aqueous and non-aqueous solutions of methylarsenic 
and dimethylarsenic acids at conccntration levels down to 0.1 pg/m17. Diphenylarsenic 
acid has been studicd polarographically8. 

Diffcrential puke polarography has a detection limit of 

II. ORGANOBORON COMPOUNDS 

A polarographic wave of Ell?  = - 1.55 V vs. the mercury-pool electrode is obtained 
from a solution of potassium tetraphcnylboron in dimethylformamide with tetrabutyl- 
ammonium iodide as the supporting electrolytc9. The wavc heights are proportional 
to concentration over the range 0.0002-0.0075 M, corresponding to 0.08-8.0 mg of 
potassium in the cell. Interfercncc is caused by ammonium, rubidium, and caesium. 
Thc prccision is within 3.0%. 

111. ORGANOIRON COMPOUNDS 

Various workers have described polarographic methods for the determination of 
ferrocene’O and nitrofcrroccnc”. A voltammetric mcthod with a rotating platinum 
electrodc was uscd for the detcrrnination of ferrocene in dirnethylformamidc 
mediumlo. Using 0.1 M sodium perchlorate in  dimethylformamide as the base 
electrolyte. E1/2 = + 0.88 V (reversible wave) relative to the silver-silver chloride 
saturated tetraethylammonium chloride electrode. Polarographic reduction of 
nitrofcrrocenc in ncutral of alkalinc buffer solution is a diffusion-controlled. concen- 
tration-dependent, six-electron process.’ The half-wave potential of the reduction 
moves 5 8  mV per pH unit. In  siric electrochemical reduction of nitroferrocene within 
an electron spin resonance spectrometer produced an unstable radical. In aqueous 
buffer solution, nitroferrocene undergoes photochemical decomposition. 

In a polarographic method for thc determination of iron(II1) dimethyldithio- 
carbamatc (Fcrbam), a freshly prepared acctone solution of Ferbam is diluted with a 
solution of disodium hydrogen phosphate and trisodium citrate and thc solution is 
analysed by conventional polarography at 0.8-0.2 V vs. the  saturatcd calomel 
electrode (SCE)”. Altcrnativcly, a solution of sodium acetate and trisodium citrate is 
used to dilute the acetone solution of the sample and the mixture is analysed by 
cathode-ray polarography with a start potcntial of 0.5 V vs.  the mercury pool. The 
limits of dctcction of Ferbam by the conventional and cathode-ray polarographic 
procedures are reported to be 2 and 0.02 pg/ml, respectively. 

IV. ORGANOLEAD COMPOUNDS 

In a procedure for the determination of lead in petrolcum and lubricants, thc lead is 
extracted with Schwartz reagent (potassium chloratc and sodium chloridc in nitric 
acid) and then. aftcr evaporation of the acidic solution. dctcrmined eithcr polaro- 
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graphically in thc presence of ammonium acetate and magenta or amperometrically by 
titrating with 0.01 M potassium dichromate in the presencc of potassium nitratc13. 
By these mcthods increased accuracy and reduced time of operation arc secured. 
With petroleum. agrecment is obtaincd with standard methods within the specified 
limits of 20.04 ml per imperial gallon. In a rapid polarographic method for the 
determination of tctraethyllead in petroleum the sample is dissolved in 2-cthoxy- 
ethanol (Cellulose)-hydrogen chloride solution, which simultaneously decomposes 
the tetraethyllead to lcad chloride and extracts the latterIJ. If the 2-ethoxyethanol is 
coolcd in an ice-bath during acidification with anhydrous hydrogen chloride, the  
residual current can be measured with great reliability. 

In an alternative rapid polarographic method for the determination of tetraethyllead 
in petroleum at concentrations betwecn 80 and 200 mg/l, the tetraethyllead is 
decomposed to lead chloride by the dircct addition of concentrated hydrochloric acid 
to the p e t r ~ l e u m ' ~ .  The mixture is shaken, refluxed, then cxtracted with water, and 
0.5% gelatin is added to the combined aqucous extracts. A portion of this solution is 
deoxygenated by nitrogen purging in the polariographic cell and thc wave recorded 
between -0.2 and 0.7 V. A 0.02%) solution of dithizone in chloroform at pH 8.5-9.0 
in the presence of citrate to mask iron has been used to extract lead from petrolcum 
prior to its determination by differential oscillopolarography'6. The chloroform in the 
extract is volatilized, the brown residue is heated to fumes with 65% nitric acid - 70% 
perchloric acid (1: l), and the resulting white residue is dissolved rapidly and 
completely in t he  basal electrolyte (0.5 M ammonium tartratc - 0.1 M tartaric acid). 
The oscillopolarogram is recorded between -0.2 and 0.7 V. When thallium is prcsent 
the basal electrolyte used to dissolve the white residue must bc changed to EDTA- 
acetate buffer solution (1 : l )  so that the waves of lead and thallium are clearly 
separated. In  a further procedure a slight excess of a 10% solution of brominc in 
carbon tetrachloride is added to the petrolcum samplc". Thc precipitatc of lead 
bromide obtained is washed with 50% ethanol, then dissolved in and evaporated with 
concentrated nitric acid until a white residue rcmains. This residuc is dissolved in 
water, and the solution is titrated with 0 . 1  N potassium chromate by a conductometric 
o r  oscillometric techniche. Other polarographic procedures for the dctcrmination of 
lead in petroleum have been dcscribed'*-'". 

A procedure for the analysis of tetraethyllead involves decomposition by 
bromination and solution in dilute nitric acid?'. Thc lead is detcrmined by anodic 
decomposition and an empirical correction factor of 0.86 is applied for the conversion 
of lead to lead dioxide. The solution is compared with a standard by placiilg the two 
solutions in two cells connected in parallcl to an adjustable potential dividcr via 
calomel electrodes and twin electrodes. A null galvanometer betwecn thc two 
standard electrodes indicates any e.m.f. caused by a difference in concentration of  
lead ions between the  two solutions. This method of cornparisoil can bc applied 
directly to a solution of the pctrolcum in 2-ethosyethanol containing hydrogen 
chloride14. The method is rapid and accuratc for normal concentrations of tctraethyl- 
lead in petroleums that are not rich in unsaturated hydrocarbons. An anodic stripping 
techniquc for the determination of lead in petrolcum USCS a solution of bromine in 
chloroform to decompose the tetraethyllead and thcn extraction of the lead ions into 
0.1 M nitric acid2'. After suitable working up. the solution is de-oxygenatcd with 
argon and submittcd to anodic-stripping voltammctry in a modified cell with an SCE 
as reference electrode. Pre-electrolysis is carried out at -0.8 V for 1-5 min and lcad 
is determined at -0.39 V. Capillary tubcs in the ccll arc madc water-repellent with 
paraffin wax. The dctection limit is 8 parts of lead per lOI3, with a cocfficient of 
variation on 7%. 

HexaethyldiIead in tetraethyllead and in triethyllead chloride has also been 
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detcrmincd polarographically. Because of thc ease of hydrolysis of hexaethyldilead, i t  
is necessary to conduct thc titration in anhydrous cthano12’. Tetraethylamrnonium 
hydroxidc is uscd as the base electrolyte and analysis is conducted in the absence of 
oxygen. Undcr these conditions hexaethyldilead has an EIIz value between 1.8 and 
2.0 V. Bctwecn 0.5 and 10% of this substance could bc determined in mixtures of 
tctracthyllcad and tricthyllead chloride with a mean error of 7%. An alternative 
polarographic method for thc determination of hcxaethyldilcad and triethyllead 
chloride in tetracthyllead involvcs a dircct polarographic measurmcnt at EI Iz  = 
-0.24 V vs. SCE of  thc concentration of hexaethyldilead, using 1:l v / v  benzene- 
nicthanol solvent with lithium chloride as supporting electrolytc medium2j. There is 
n o  intcrfcrencc by tctracthyllead or other lead compounds. Concentrations of 
hexacthyldilcad cquivalent to thc 0.1 W ,  level in tctracthyllead samples can be 
determined rapidly and accurately. The concentration of triethyllead chloride can be 
determined from the same polarograrn. as it exhibits a separate polarographic wave 
at 0.98 V vs. SCE. Samplcs containing hexacthyldilead can be analysed simultaneously 
for tricthyllcad chloridc24. Oxygen is a common contaminant and is reduced in the 
voltagc range corresponding to the El,z of triethyllead chloride. Care must be 
exercised to removc oxygen completely for this determination. Thc second wave for 
triethyllead chloride exhibited a maximum which could be suppressed by Triton 
X- 100. N o  use was madc of a suppressor in the nieasurements for triethyllead chloride 
as the pre-wave at -0.98 V could be measurcd without interference from the 
maximum. 

The polarographic deterniination of tetraethyllead in air involves trapping the 
tetraethyllead from the air sample in fuming nitric acidzs. Polarographic techniques 
have uscd for the analysis of leachates of antifouling paints containing triphenyllead 
acetate?6. 

V. ORGANOMERCURY COMPOUNDS 

In  a polarographic method for determining phenylmercury halides in fungicidal 
preparations. a dimethylformamide extract of the sample is prepared and to the extract 
is added a solution of lithium monohydrate and 0.5% gelatin”. The mixture is diluted 
with li thium hydroxide and nitrogen is passed through for 25 min. Thc polarogram is 
then recorded at 25°C from -0.1 to -0.8 V; the error is ?1.5%. Polarography has 
also been used for the determination of down to 4 pg/ml of phenylmercury 
chloride28. The phenylmcrcury chloride is extracted into chloroform from acidified 
aqueous solution, the chloroform is rcmovcd. and the residue, dissolved in ethanol, 
is treated with 0.1 M potassium chloride-boric acid-sodium hydroxide buffcr of pH 10 
containing a small amount of Triton X-100. The polarogram is recorded between 
-0.4 and - 1.6 ‘J vs. SCE. Mercury(I1) chloride is not extracted with chloroform but 
can be idcntified by rc-extracting the aqueous samplc solution with diethyl ether, 
evaporating the ethcr, dissolving the residue in dilute acid. and testing for mercury 
with thioacetamide. 

In a polarographic procedure for thc detcrniination of ethylmercury chloride 
fungicide in rnistures wi th  talc and mineral oil. fungicide is digestcd with dirncthyl- 
forrnarnidc. a portion of the filtrate and a buffcr solution (0.1 N boric acid-0.1 N 
sodiuni hydroxide. 1:3) are mixed. and nitrogen is passed through 10 sweep out 
dissolved oxygcn29. The polarograrn is rccordcd between -0.2 and -0.7 V at a 
sensitivity of 0.05. Ethylmercury chloridc has an E l ! 2  value of -0.435 V vs. SCE. 
Calibration graphs are prcparcd undcr idcntical conditions using recrystallized ethyl- 
mercury chloride as a refercnce standard. 

Ethylmercury chloride and nicthoxyethylniercury chloridc in mixtures have been 
determined polarographically in 0 .1  M potassium nitrate containing Britton-Robinson 
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buffer and 0 . 0 1 ~  of gelatin". Ethylmcrcury chloride gives a two-step wavc ( E l l ?  = 
0.49 V and -1.6 V vs. SCE) at pH 1.9-1 1.8. The wavc hcight is proportional to 
concentration up to 3 x 10-'h.l, and is independent of pH. In the same solution 
methoxyethylmercury chloridc gives one wave (,E,/? = -0.49 V) at pH c 2.9. the 
height being proportional to conccntration up to 3.5 x 1 0 V J  M. At pH > 8. methoxy- 
ethylmercury chloride gives a two-stcp wavc ( E l / ?  = -0.49 V and - 1.2 V), the height 
of the first wave being proportional to conccntration. but almost half of that occurring 
at pH 2.9. Since the law of  addition holds for their wave heights at  -0.49 V. 
irrespective of the pH, a binary mixture can be analysed by nicasurment of the wave 
height at pH 2.9 and 10.0 using an empirical formula. The deviation is c'a. 1 .St%. 

Polarography has been uscd for the determination of phenylmercury acetatc. In 
neutral or slightly alkaline base electrolytes, phenylmercury acetate gives two waves. 
the El12 value of the first wavc being constant over a wide pH range whilst the EI12 of 
thc second wave decreases with increase in both the pH and the concentration of 
phenylmercury ace tat^^'.^?. Polarographic determination of (a) ethylmercury chloride 
plus phenylmercury acetatc in 0.2 M potassium nitrate base electrolyte at  pH 10 and 
(b) ethylmercury chloride in 0.1 hi tetramethylammonium bromide basc electrolyte 
enables the phenylmercury acetate content of the sample to bc obtained by 
differcncc". In 0.1 M tetramethylammonium bromidc solution of pH < 9 phenyl- 
mercury acetatc exhibits a very low wave ( E l l z  = -0.27 V vs .  SCE). with an almost 
constant wave height, and this docs not cause interference in the determination of 
ethylmercury chloride ( E l / ?  = -0.40 V, 0.4-1.6 mg pcr 10 ml). I n  0.2 M potassium 
nitrate of pH about 10. both organomercury compounds give a reduction wave. 

Polarographic and classical methods have been compared for the analysis of 
organomercury d r ~ g s ~ ' . ~ ~ .  A detailed study of the cathode-ray polarographic 
dctcrmination of nierbromin showed that in Britton-Robinson buffer solution 
(pH 7.5)-potassium chloride solution merbroniin cxhibits reduction peaks at 
-0.28 V and - 1.07 V v s .  the silvcr-silver chloride anode. and thc current at - 1.07 V 
is directly proportional to concentration from 10 to 100 pg/rnl of merbromin34. 

VI. ORGANOMANGANESE COMPOUNDS 

in a method for the dcterniination of cyclopentadienyln~angancse tricarbonyl vapour 
in air. the carbonyl compound is absorbcd in a fluidized bet1 of silica gel (0.4 mm). 
which pcrmits complcte absorption at high rates of flow of air (5-7 I/m~in))~. It is 
recovered by treatment with ethanol. of dccomposcd with nitric acid and thc 
manganese is detcrmined polarographically. 

VII. ORGANONICKEL COMPOUNDS 

A dropping nicrcury elcctrodc polarographic proccdurc has been applied to the 
determination of nickel content of  the pyridine complexes of nickel niyristatc and 
palmitate)'. Lithium chloride or mcthyl hydrogen sulphate, cach dissolved in benzene- 
methanol (1: l )  or in potassium chloride in cthanediol. were used as supporting 
supporting electrolytes, and polarography was carried out in ;in atmosphere of purificd 
nitrogen. The diffusion currcnt varied directly with the concentration o f  the nickel 
soap in  pyridine. 

VIII. ORGANOCOBALT COMPOUNDS 

A polarographic determination of cobalt carbonyl i n  the products of the 0 x 0  process 
showcd that dicobalt octacarbonyl gives a cathodic wave at -0.45 V vs. SCE i n  1 
lithium chloride in isobutyl alcohol. which can be used for the determination of 
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dicobalt octacarbonyl if  the polarogram is recorded immediately after mixing the 
sample and the basal solution3s. Dicobalt octacarbonyl disproportionates to 
[Co(CO),]- and solvated cobalt(I1) ions in the basal medium and [Co(CO),]- gives 
an anodic wavc. also at -0.45 V. but the solvated cobalt(l1) ionsgive no wave. In this 
way. thc conccntration of dicobalt octacarbonyl (4 x M) can be 
determined from the height of the anodic wave when disproportionation is complete. 
There is no intcrferencc from nickel tctracarbonyl. iron pentacarbonyl, or aldehydcs 
and their oxidation products. 

In  a study of the polarographic behaviour of cobalt palmitate soaps in lithium 
chloride. nicthyl hydrogen sulphatc, and potassium chloridc base electrolytes 
polarograms were obtained for the pyridine complexes of thc soaps in benzene- 
methanol ( I  : I )  for lithium chloride and methyl hydrogen sulphate and ethancdiol for 
potassium chloride basc  electrolyte^^^. Well defined wavcs were found, except for 
cobalt soaps in methyl hydrogen sulphate base electrolytc. The cobalt soaps were 
reducible at the dropping mcrcury electrode in the  prcsence of thcse electrolytes. The 
diffusion current was a rectilinear function of concentration so that this method can be 
uscd for the detcrmination of the metal content of soaps. 

to 1.4 x 

IX. ORGANOPHOSPHORUS COMPOUNDS 

Alkyldithiophosphatcs have bcen detcrmined by polarographic proccdures. For 
compounds up to sodium dibutyldithiophosphates they may be polarographed versus 
the SCE with 0 . 1  N pcrchloric acid as base electrolyte. and a dropping mercury or a 
flowing junction platinum anode'"'. Electrolysis with micro-electrodes serves to isolate 
mercuric dialkyldithiophosphatcs as products from the mercury electrode and 
di(00-dialkyldithiophosphoryl)disulphides from the platinum electrodc, suggesting 
that the mcrcury takes part chemically in the reaction. The current versus concen- 
tration plot for the micro-electrode is lincar up to M. El,? becomes incrcasingly 
morc negativc as the molccular wcight of thc samplc increases. The electrocatalytic 
oxidation of dihydronicotinamidr adenosine diphosphate with quinoncs and modified 
quinonc eiectrodcs has been reported4' and a polarographic method for the 
determination of glyphosphate residues as their N-nitroso derivatives in natural waters 
has been dcscribcd'?. 

X. ORGANOSELENIUM COMPOUNDS 

The polarography of 2-aniinoethancsclenosulphuric acid and 2-aminocthanethio- 
sulphuric acid has been studied under various conditions of pH. buffer composition. 
ionic strcngth. and tenipcratureJ3. Thc former compound is reduced in two stcps and 
the lattcr gives a singlc wave, all waves being irreversible at the dropping mercury 
clectrode. Mcchanistns for thc clectro-reduction of both compounds were given. The 
second wave of aniinorttiancsclrnosulphuric acid is climinated by the addition of a 
surface-activc agent such as gclatine or polyacrylarnidc. which produces dithionate. 
which i h  inactive ;it the mercury electrode. 

A fur ther  application of polarography to organoseleniuni compounds includes the 
dctcrmination o f  piazselcnol (bcnzo-2. I .3-sclenadiazolc) and piazthiol (bcnzo-2. I .3- 
thiadiazolc) in aqiicous solutions'". The reduction of these compounds i i t  the dropping 
niercur!. clcctrodc in 0 .  I h.1 aqueous lithium pcrchlorate involves six electrons and 
yields o-phcnylc.ncdianiinc and hydrogen sclcnide and hydrogcn sulphide. 
rc s pc c I i  vc I y . 
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XI. ORGANOTIN COMPOUNDS 

Both a x .  and d.c. polarography have been uscd for the analysis of alkyltin chlorides. 
Tributyltin chloride in dibutyltin dichloride have been determined by a.c. 
p~larography~' . '~  in various base electrolytes, and also by d.c. polarography". A 
commonly used base clectrolytc in these methods is Britton-Robinson buffer at pH 
values betwccn 9.3 and 10.3 containing also potassium chloride (0.5 M) and 
isopropanol (30%). Voltanirnetric methods for the determination of tributyltin 
chloridc compounds at concentrations down to 0.5% (5 x 10-6 M) in dibutyltin 
dichloride have an average error  of *5%'* .  The accuracy and sensitivity of ax .  
polarography are claimcd to be bettcr than those obtained by d.c. polarography. By 
rectifying the alternating current using a phase-selective rectifier it is possible to 
suppress the much highcr capacitive part in the 8.c. polarography because of its 
different phase angle, leading to higher sensitivities in the  rcduction process. A 
detailed study of the a x .  polarographic capacity effects of organotin halides in 
alcoholic base electrolytes showed a capacity decrease causcd by even low concen- 
trations of the organotin compound49. 

A study of the polarographic behaviour of organotin compounds in strongly polar 
solvents and the electrode processcs involved in the rcduction of butyltin chlorides at 
the dropping mercury electrode established that butyltin trichloride, dibutyltin 
dichloridc and tributyltin chloride arc all completely hydrolyscd at concentrations up 
to 1 x M in aqueous ~ o l u t i o n ~ ~ . ' ~ .  Also, the reduction potentials of t hex  
organotin halides move towards more negative values in many electrolytes corres- 
ponding to decreasing polarity with an increasing degrec of substitution on the tin. 
Parallel to an incrcase in polarizability. the potentials are shifted to more positive 
values when the chain lengths of the alkyltin derivatives increase. corresponding to a 
more facile reaction. The reduction of organotin compounds at the mercury electrode 
proceeds via two The first step involves an electron transfcr of I I  = 3 for 
butyltin trichloride, n = 2 for dibutyltin dichloride, and ti = 1 for tributyltin chloride. 
The second reduction wave is kinetic and strongly irreversible. Almost identical 
polarographic waves wcre obtained for compounds as different as tributyltin chloride 
and hexabutyldistannoxane. 

Oscillographic polarography has bccn applied to butyltin trichloride. dibutyltin 
dichloride. dibutyltin diacctatc. tributyltin chloride, tributyltin acetatc. triphcnyltin 
acetatc and te t rab~tyl t in~ '~~' ' .  Thesc substances could be dctermined at concentrations 
down to 0.005 mol-%). 

Thc polarographic behaviour of somc trialkyltin compounds of the type Et3SnX, 
where X = F, C1. Br, I, and R3SnCI. where R = Pr. Bu, has been d e s ~ r i b e d ~ ~ . ~ ~ .  The 
polarogram of. for examplc, triethyltin chloride shows three distinct wavcs, but the 
position and size of these waves depend on a number of variables. particularly thc pH 
of the solution. Thus. in acidic solution up to pH 7 o n l y  the first wave is visiblc. 
whereas on increasing the pH above 7 the second and third \viivcs appear. Further. 
the reduction potential of the first wave becomes progressively more electronegative 
with incrcasing pll ,  at the same timc becoming smaller, finally disappearing at 
pH 12. In addition. a plot of the height of the first wave against thc concentration 
of the trialkyltin compound is not linear. although the second and third waves give 
linear graphs. Unfortunately. the first wave is the best defined and it is not possible to 
make accurate measurements of the other waves owing to irrcgularities in their shape. 

This work was extcnded to the determination of mixtures of dialkyltin and trialkyl- 
tin compounds by thc examination of the polarographic bchaviour of some dialkyltin 
compounds and by the use of a dcrivative circuit. With tricthyltin hydroxide. a neutral 
solution containing isopropyl alcohol. potassium chloride, and gelatin gives three 
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poorly defined waves which cannot be mcasured with any dcgrce of accuracy. With a 
derivative circuit. however. the sccond and third wavcs givc well defined pcaks, the 
heights o f  which arc directly proportional to tlic conccntration of thc organotin 
compound. This dircct proportionality does not extend over a wide concentration 
range. but ;it conccntrations between 0.2 and 0.6 nig/ml accuratc and reproducible 
results can bc obtained. With tributyltin compounds in hydrochloric acid solution a 
single wave is obtaincd which. again over a limited concentration range (0.1-0.4 
mg/ml). is directly proportional to the concentration of the c o m p o ~ n d ~ ~ - ' ~ .  This wave 
is well defined using both the direct and the derivative circuit. Experiments with 
dibutyltin dichloride in the same nicdiurn show an irregular wavc which is not 
proportional to the concentration. followed by a well defined wavc similar to that 
produced by tlic tributyltin compound and scparatcd from i t  by about 0.5 V. The 
height o f  the sccond ~ a v e  is directly proportional to concentration over a limited 
range. I t  is thus possiblc t o  make a quantitativc determination of a mixture of the 
dibutyltin and tributyltin compounds by either direct or  derivative polarography, using 
the second wavc o f  the dibutyltin compound and the single wave of the tributyltin 
compound . 

Further work has been describcd on the application of polarography to various 
types of organotin chloridcsJ'.58n-(>3. and to the determination of various particular 
compounds such as butyltin trichloride in dibutyltin dichloride and tributyltin 
chloride('J. trichlorethyltin6s.6". dicthyldi~hlorot in~~.  tricthyltin halidesbR. diethyl- 
chlorostannane"y. methyl-. cthyl-. and phenyltin t r ich lor ide~~~) ,  triphenyltin f l ~ o r i d c ~ ~ .  
d ia I k y 1 t in co m pounds6'. o rgano t i n ( I V) ha1 ides7?. and d iz I k y Id ic hloro t in compounds 
in water-methanol solutions73. The voltammetry of thc aquodiethyltin(1V) cation- 
poly[diethyltin(II)] system has bccn discussed7'. 

Detection limits of 1-100 pg are clainicd for the polarography of trialkyl- 
substituted organotin conipounds7'. A polarographic method for deterniining 
triphenyltin acctatc residues in vegetables can determine as little as 25 p g  of triphenyl- 
tin acetate with a precision of 25Yn7<'. 

Thc oscillographic propcrtics of various organotin acetates. including dibutyltin 
diacetate. tributyltin acetate and triphcnyltin acetate, have been invcstigatcd". 
Clironopotentiometry has also been applied to thc determination o f  triphenyltin 
acctate at very low conccntrations in plant matcrial. In this method a hanging-drop 
electrode is used. at which the ions arc reduced in a pre-electrolysis stcp at -0.7 V w s .  
thc silver-silver chloridc saturated potassium chloride clectrodc for 5 niin;  the 
potential is then increased gradually to -0.1 V. and the anodic diffusion currcnt is 
registercd at about -0.45 V. A peak height of about 0.3 A is obtained for a concen- 
tration of about 0.8 g/ml of t i n .  

Triphenyltin acetate has been determincd polarographically in fresh leaves77. 
Tctraphenyltin has been determined in PVC by treating the  sample with hydrogen 
peroxide solution and concentrated sulphuric acid7". When reaction ceases, the 
mixture is heated until  i t  darkens. thcn concentrated hydrochloric acid is added and 
the mixturc is boilcd unt i l  polymer dccomposition is complete. The cooled solution is 
dilutcd with 4 N ammonium chloride-1 0% hydrochloric acid (1: 1). Thc  solution is 
de-acratcd and the tin(1V) polarogram starting a t  -0.2 V is recorded. Polarography 
has been applied to the determination of triethyltin hydroxide. tricthyltin oxide and 
K3SnOCOC(Mc)=CH, where R = Et o r  Bu7". and amperometric and polarographic 
titration has bccn used to determine dialkyltin oxides in wcakly acidic solution with 
standard oxalic acid solution. 

XII. ORGANOZINC COMPOUNDS 

The polarographic dctcrmination of zinc dialkyldithiophosphate in lubricating oils has 
been discussed"". 
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1. ORGANOALUMINIUM COMPOUNDS 

In  a direct gas chromatographic analysis of organoaluminium compounds thc sample 
was purged with helium carrier gas o n  to a 1-m column of Chroniosorb W containing 
7.5% of paraffin wax mixcd wi th  triphenylamine (17:3) at a column temperature of 
73-1 65°C'. A thermistor dctcctor was used. Organoaluniinium and organogallium 
compounds have been scparatcd on a column containing siliconc elastomer E301 on 
diatomaceous brick operated at 110°C'. Helium was used as the carrier gas and a 
katharometer as the detector. Aluminium. germanium. silicon. and titanium alkoxidcs 
have becn scparated on ;I 1-ft column of 1 %  Apiczon L o n  Chromosorb W packed in a 
PTFE tubc). The operating temperatures were in thc range 60-150°C and a gas 
chromatograph with a dual column and dual thcrmal conductivity dctector was used3. 
The best rcsults were obtained with lightly loaded columns (1  o/u liquid phase) using 
Apiezon L. silicoric gum rubber SE-30. and silicone oil DC-200. A microwave emis- 
sion and a glow discharge tube6 have been demonstrated to be useful for the 
detection of organoaluminium  compound^^.^. 

II. ORGANOANTIMONY COMPOUNDS 

A gas chromatographic method for the analysis of organoantimony compounds uses a 
special sample injector to avoid oxidation of the sample7. Separation was achieved o n  
a 1-ni column of Chromosorb W containing 7.5?h of paraffin wax (m.p. 
63-(,4"C)-triphenylamine (1 7:3). and using dry purificd hclium as the carrier gas and 
;1 thermistor detcctor. Thc  column temperature ranged from 73  t o  165"C, depending 
o n  the type o f  compound being determincd. The  gas chromatography-microwave 
plasma detector (GC-MPD) technique has been applied to the analysis of 
organoantimony compounds in cnvironmental samplesH. 

111. ORGANOARSENIC COMPOUNDS 

Gas chromatography has bccn applied to the separation of eight substitutcd 
organoarsines and substituted organobromoarsines of the typc RAsR'R'' wherc R is 
an alkyl or aryl group, R' is an alkyl group (CF, or C3F7) and R" is CF3 or C3F7. 
ranging in molecular weight from 156 to 306y."'. l 'hcrc is an almost lincar rclationship 
between log(rctention time) and either the  boiling point or thc molccular weight of 
each component o f  a homologous series. Chromatography was carried ou t  on a 
column ( 6  f t  x 0.25 in) o f  5 %  of SE-30 silicone guni rubber on 80-100 mcsh 
Chromosorb W; the column was operatcd at 290°C with argon at a flow-rate of 
40 ml/min as the carrier gas; an argon ionization dctcctor was used. 

A modified Barber Coleman Model 10 argon ionization detector has been used for 
quantitative studics of organoarscnic and organobromoarscnic compound mixturcs"'. 
Using isothcrmal column opcrilting conditions. the chromatograms for the separation 
of the arsenic derivatives investigated were obtained with a 6 ft x in 0.d. 
stainless-steel column packcd with 5% (w/w) dimethyl silicone polymer (Gcneral 
Electric SE-30 silicone gum rubbcr) as liquid stationary phase on  80-100 mesh 
Chromosorb W. Triphenylarsine (b.p. cu. 360°C) was elutcd in 3.2 min using the 
following higher temperature operating conditions: colunin tcmpcraturc, 290°C; flash 
heater. 340°C; dctector tempcrature. 365°C; argon pressure, 30 Ib/in'; flow-rate, 
40 ml/min. The sanic technique was also applicd to t h e  quantitative detcrmination of 
substituted arsines. A niixture of dimcthylbromoarsine (b.p. 128- 1 3O0C/72O niml-Ig) 
and trivinylarsine (b.p. 130°C) was resolved with a 6 ft x f in o.d. copper column 
opcratcd at 66°C and packed with 1 0 %  (w/w) of squalcne on  35-80 mesh 
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Chromosorb W. With a helium inlct pressure o f  25 Ib/in' and a flow-rate of 
350-355 ml/min. dimethylbromoarsinc and  trivinylarsinc were eluted in 4.1 and 
5.2 niin. respectivcly. 

In thc  determination of methylatcd arsenic species in natural watcrs. 
atomic-absorption spcctromctry with electron-capture and/or flame-ionization 
detectors was used to achieve a detcction limit of sevcral nanograms of arscnic". A 
commercial atomic-absorption spectrophotonieter with a heatcd graphitc tube furnacc 
atomizer linked to ;1 gas chromatograph has bccn uscd for the detcrmination of 
trimethylarsinc in respirant gases produced in microbiological reactions'?. T h e  gas 
chromatography-microwave plasma detector (GC-MPD) tcchniquc has been applied 
to the analysis of alkyl arsenic acids in environmental samples13.'". 

Methods involving reduction to produce hydridcs followed by separation and 
detection by an emission-type detector have been investigated for the analysis o f  
organoarscnic compounds". The  design of a glow dischargc tube proposcd earlicrI6 as 
an elemcnt-spccific detector for gas Chromatography has been modified" t o  overcome 
its principal drawback. naincly that it appeared to be subjcct to coating of thc tube 
walls with decomposition products of the sample. thus  attenuating the light signal as 
chromatographic peaks passed through thc dischargc. Although spectral background 
correction would be  beneficial, it was not uscd in a simple helium glow dischargc 
detector with a stable but inexpensive power supply that can detect various metals (Al, 
As, Cr, Cu)  as well as P. Si. C. and S in gas chromatographic effluents". An improved 
glow chamber design prevents degradation products from coating the observation 
window. The  monochromator is provided with an internal beam splittcr and a side-exit 
port. A moveable exit slit mounted o n  the latter permits background corrections t o  be 
niadc at the most suitable distancc from the elemental line detected. Selcctivity and 
vcrsatility are greatly improved by this type of background detection. 

Gas Chromatography has been uscdI8 to detcrmine arsine in hydrogcn-rich 
mixtures. Thc  arsine was detccted on  a column containing dioctylphthalate on 
polyoxyethyleneglycol as adsorbent with hydrogen as the carrier gas. The  limit of 
detection as arsenious oxide was 0.001 mg. In addition, detcrminations o f  down to 
1.5 x g I of arsinc in silane using a colunin (8 m x 5 mm i.d.) of alumina 
moistened with VKZL-94B siliconc oil operated at 0°C o r  down to 4.2 x 10." g I of 
arsinc in silane using a column (4 ni x 5 mm i.d.) of diatomitc brick treated with 
PFMS-4F siliconc oil operated at  30°C have been dcvelopedIy. Both procedures 
utilize dry nitrogcn as carrier gas and  a katharometer dctcctor after passage of thc  dry 
gas issuing from the column through a furnacc at 1000°C to dcconiposc the arsine to 
hydrogen. 

IV. ORGANOBERYLLIUM COMPOUNDS 

Organoberyllium compounds may be analysed by gas chromatography on a 1-m 
column of Chronlosorb W containing 7.5'!0 paraffin wax (m.p. 
63-63"C)-triphenylaniiii~ ( 1  7:3) employing dry helium as carricr gas a n d  a 
thcrmistor dctcctor ' .  Microwavc cmission dctectors are uscful for thc dctection of 
organobcryllium compounds5. 

V. ORGANOBORON COMPOUNDS 

Gas  chromatographic analysis of mixtures of boron a!kyls ranging from triethylboron 
to tri-ir-propylbornn has been discussed?".'l. A 1 -m column packcd wi th  siliconc oil on 
Cclitc at  a carricr gas flow-rate of 1 0 0  ml/min at 80°C scparatcd s e w n  compounds in  
13 niin?". Another method uses a thermistor detector and a I -n i  column of 
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Chromosorb W containing 7.5% paraffin wax (m.p. 63-64"C)-triphenylamine (1 7:3), 
dry pure hydrogen as the carrier gas and a column temperature between 73 and 
165°C. depending on the type of compoundz2. Retention times of 
1.3,5-triaIkylborazolcs have been calculated empirically for individual alkyl groups 
from the logrR (logarithm of the individual retention times relative to mesitylene, log 
r R  = 2) values of the symmetrical 1.3,5-derivatives by subtracting the log t R  of 
borazolc (0.54) and dividing by 323. The agreement between calculated and 
determined values was good. The columns used contained 13% Carbowax 400 at 
100°C. with a flame-ionization detector and oxygen-free hydrogen as the  carrier gas. 

Gas chromatographic analysis of boron hydrides can be achieved using Celite coated 
with paraffin oil. (Octoils) o r  with tricresyl phosphate as the column packing2J. 
Diborane, tetraborane, and pentaborane can be resolved without decomposition on the 
column. Extensive decomposition occurred, however, on the column in the case of 
dihydropentaborane. Of the three stationary phase liquids used to prepare the 
Chromatographic columns, paraffin oil proved best for the separation of the boron 
hydridcs themselves. Thc retention times for the boron hydrides were longest on the 
Celite-tricresyl phosphate column and shortest on the Celite-paraffin oil column. The 
peaks were well resolved on all columns in all cases, except wherc dihydropentaborane 
decomposition occurred. Mixtures of methyldiboranes can be almost completely 
rcsolvcd and determined on chromatographic columns of mineral oil on crushed 
firebrick, operating at O0CZ5. A quantitative determination can be carried out by area 
measurement and is accurate to between 1 and 2% of the components present in a 
mixture. 

A combination of gas chromatography with mass spectrometry has been studied for 
the analysis of mixtures of alkylboranes20. Separation of diborane, chloroboranes 
(B2HjCI. BHCL2, and BC13), and hydrogen and hydrogen chloride has been achieved 
on low-temperature ( -  78°C) columns containing powdered Teflon, silicone oil 703, 
Fluorolube G R  362. Kel Foil, liquid paraffin, or hexadecane26. It was apparent that to 
find a single partition column to resolve all of the components would be unrcalistic. 
Thus, analytical requirements werc successfully met through the development of 
several different columns with specific applications. 

Figure 1 shows a gas chromatom obtained using a column containing 60-80 mesh 
Chromosorb coated with 20% (w/w) silicone oil at 0°C with a helium flow-rate of 
1 ml/niin. I t  is interesting that, although the carrier gas was helium. positive hydrogen 
peaks were invariably recorded and precise calibrations werc obtained. Apparently 
the hydrogen segment leaving thc 0°C column becomes warmer than the helium 
stream bcforc i t  reaches the ambient temperature detector. Subsequcntly, the 

Di borone 

Monochlorodiboronc 

Hydrogen chloride 0 
c 

aJ 
0 

1 I 

0 5 10 15 20 25 
Time (min) 

FIGURE 1. Chromatographic scparation on  a siliconc oil 
column at 0°C.  
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temperature of the hydrogen becomes more important that its thermal conductivity. 
A t  the  thermistor, then, lcss heat is conducted to the hydrogen segment than is lost to 
the cold helium flow, and a positive peak results. Oncc a constant helium flow is 
established, thc temperature gradient between column exit and  detector remains 
constant. 

Another  chromatographic separation medium for mixtures containing 
dichloroborane is based on the fact that this compound is more stable in the presence 
of boron trichloride26. If the partition liquid remains saturated with boron trichloride, 
dichloroborane a n d  monochlorodiborane can be resolved even at 40°C. T h e  f in 
diameter column was 18 f t  in length and filled with 60-80 mesh Chrornosorb coated 
with 30% (w/w) n-hexadecane containing residual boron trichloride from a previous 
sample. The  column was operated at 40°C with a helium flow-rate of 400 mI/min. 
Since boron trichloridc was soon flushed from the column under these relativcly 
drastic conditions, the column performance was found to bc  reproducible only when 
samples were introduced a t  regular intervals. Such a technique would, therefore, be 
more practical fo r  use in a continuously operating plant stream analyser. Although the 
a rea  of the unsymmetrical boron trichloride peak obtained in a separation a t  -78°C  
was used for quantitative determinations. more precise gas chromatographic methods 
were developcd for mixtures in which hydrogen chloride and  boron trichloride were 
the only components. Two  different ambient temperature columns were used fo r  the 
routine analysis of thesc mixtures. O n c  column consisted of mineral oil (20% w/w) on 
Chromosorb and  the other used Fluorolube (10% w/w) o n  Teflon. When using the 
12 ft x f in 0.d. mineral oil column, which was operated a t  25°C with a helium 
flow-rate of 230  ml/min, analyses were based o n  peak height measurements. T h e  most 
precise measurcments for boron trichloride were obtained by peak area 
determinations with the 4 ft x t in 0.d. Fluorolube column. If dichloroborane is 
present. however, i t  disproportionatcs during separation, and  the  result is a n  uneven 
line between the two peaks. 

Pyrolysis followed by thermal conductivity cells has been used for the determination 
of deuterium in deuterated boron hydrides, their organic derivatives, a n d  nitrogen 
compounds27. T h e  volatile boron compounds were first passed over  hot uranium metal 
(500-800"C), which pyrolysed various compounds with a recovery between 95 and 
100% of hydrogen and deuterium. This gas mixture was then analysed using a thermal 
conductivity cell which had bcen prcviously calibrated against standard mixtures of 
hydrogen and deuterium. 

Decaborane has  been determined on a chromatograph with a 3 rn x 1 in i.d. column 
packed with 60-80 mesh Celite impregnated with 20% (w/w) Apiezon L28*2y. It had a 
column efficiency of 12,000 theoretical plates; thc retention time for decaborane 
relative to n-decane was 2.65 a n d  to naphthalene 0.730. The helium flow-rate was 
340 ml/min and  the column and detector temperature was 150°C. Cyclohexane was 
used as a solvent for the dccaborane. Alternative possible conditions include 
temperatures ranging from 90 to 220°C. Squalenc, Apiezon L or M. silicone grease. 
and  Fluorolube a rc  suitable partitioning liquids. For dccaborane samples  the 
recommended conditions are a 0.5 m x f in i.d. column packed with 100-120 mesh 
Celite impregnated with 20% (w/w) of squalene. T h e  operating temperature should be 
about  140°C and  thc helium flow-rate 50 ml/min. Naphthalene is recommended as an  
internal standard. 

VI. ORGANOCHROMIUM COMPOUNDS 

A glow discharge tube and a microwave emission detector havc been used a s  detectors 
for the gas chromatography of organochromium compoundss.16.3". 
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VII. ORGANOCOPPER COMPOUNDS 

A glow discharge tube and a microwave emission detector have been uscd to detect 
organocopper compounds separated on a gas chromatographic ~ o l u m n l ~ . ~ ~ .  

VIII. ORGANOGALLIUM COMPOUNDS 

T h c  microwave emission detector has been demonstrated to bc useful for the detection 
of organogallium compounds31. 

IX. ORGANOGERMANIUM COMPOUNDS 

Alkylgcrmanium compounds exhibit very similar behaviour on a gas chromatographic 
column to those of silicon and may be separated on the same types of  column^^^^^^. 
These include columns containing Apiezon L, SE-30. QF-1. X F  112. and 
o-nitrotoluene as the stationary phase with flame-ionization and thcmial conductivity 
detectors". Mixtures of organogermanium and organosilicon compounds can be 
s e p a r a t ~ d ' ~  using fluorosilicone oil a s  the stationary phase on a column operated at 
150°C using helium as  thc carrier gas. 

Table  1 shows retention times determined for a number of alkyl compounds, 
compared with empirically calculated values35. Retention data in Table 1 (log I R )  are 
expressed as logarithms of retention timcs relativc to mesitylcne = 100. Estimates of 
the retention values of mixed alkylgermanes arc  made from observations on 
symmetrical tetraalkylgermanium compounds. T h e  log t R  values of the latter were 
divided by 4. which gave the following constants representing the cffcct of single alkyl 
groups on the retention time of mixcd alkyls: methyl 0.14. ethyl 0.45. ri-propyl 0.69, 
and n-butyl 0.93. A constant of 0.14 was added to calculate thc germane series. 

Gas chromatography has bcen applied to thc dctermination in gcmiane of down to 
10-5-10-s% of methane. cthane. and ethylene4". I t  is carried out at 40°C on a 5-m 
column containing porous glass using a flame-ionization detector. Silica furnaces 
heatcd to 400°C are placed before and after the column. t o  decompose the gcrniane 
and prevent dcposition of germanium dioxide in thc detector. The  error of thc 
determination is claimed to be less than +200/0. T h e  determination of dissolved oxygen 

T A B L E  I .  Logarithm of retention timcs of gerniancs o n  squalane at 100°C 

'R [R 

Alkyl group Obs. Calc.Alkyl group Obs. Calc. 

Me3(ti-Bu) I .42 I .4Y Mc(ti-Bu)(ti- Pr), 2.61 2.58 
MeEt,  1.57 1.63 MeEt(ti-Bu)2 2.64 2.59 
Mez()!- Pr), 1.77 1.79 Et(ti-Pr)) 2.66 2.66 

MeEt2(ti- Pr) I .84 1.87 Et(ti-Pr)z(wBu) 2.91 2.89 
Et, I .94 1.94 Etz(ti-Bu)z 2.Y5 2.90 

M e E t ( w  Pr)? 2.01) 2.10 Pr3(ti-Bu) 3.13 3.13 
E t ~ ( t i - P r )  2.18 2.1 8 Et ( t i -  Pr)( t i -  B u)? 3.16 3.14 

Mc(ti- Pr3) 2.35 2.34 Et(t1-Bu)) 3.40 3.38 
Etz(ti-Pr), 2.32 2.41 ( t i - P r ) ( t ~ - B u ) ~  3.61 3.62 

Mc2Et(ti-Bu) 1.77 1.80 (ti-Pr)4 2.89 2.88 

Me,(ti- Pr)ti- Bu 2.04 2.04 M e ( t i - B ~ ) 3  3.14 3.07 

MC ?(ti- Bu), 2.31 2.28 (ti- Pr)2(n- Bu)? 3.38 3.37 

Et,(ti-Bu) 2.35 2.42 (ti-Bu)., 3.85 3.86 
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and nitrogen in germanium tctrachloride can be carricd out at 60-90°C on LI 

2.5 m x 6 mm i.d. column containing 2 0 % ~  fluorosilicone oil 169 on firebrick (cn .  
0.2 mm) using hydrogen as the carrier gas at ;I flow-rate of 135- 150 nil/min". 
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X. ORGANOIRON COMPOUNDS 

Ferrocenc derivativcs have been coniplctcly separatcd by gas chromatography on an 
Apiezon L (2 .5%) on Chromosorb W column ( I  .4 ni x 4 nim id.)  at 300°C4?. The 

- 

I_ 

T A B L E  2. Retention timcs of ferrocene derivativcs 

Retention timc (min) 
Molecular 

Compound Melting point ("C) weight 125°C 150°C 175°C 200°C 

Fcrrocene 173- 174 185.95 3.7 1.75 1.15 0.65 
ti-Butylferroccnc B.p. 84-86/0.2 mmHg 242.15 16.0 6.0 2.80 I .3 1 
Ethylfcrrocene B.p. 74-76/0.2 mmHg 213.97 6.7 2.64 1.48 0.83 
Vinylferrocene 48-49 21 1.97 6.8 3.05 1.52 0.90 
1 ,l'-Di-n-butyl- 

fcrrocene - 298.22 73.0 20.2 7.7 2.90 
Ace tylferrocene 85.86 227.97 18.5 7.55 3.2 I .49 
1.1'-Diacetyl- 

Hydroxyme t hyl- 

1 ,I,-Dihydroxy- 

ferrocene 122-124 269.99 77.0 26.2 9.7 3.70 

ferrocene 76-78 215.96 15.0 5.9 2.3 1.20 

met hylfer rocene 85 -86 245.97 76.0 20.5 9.2 3.40 

E 

I I 

0 5 10 

Retention lime (min) 

FIGURE 2. Scparation of ferroccne (A). hydroxymcthylfcrrocene (U). 
11-butylferroccne (D), 1 .l'-di-11-butylferroccne (E). 1.1'-diacctylfcrroccnc (F). and 
1 ,l'-dihydroxymethylfcrrocenc (G) by gas chromatography. Column of stainlcss. 
5 f t  x in 0.d.. containing 5 %  (w/w) SE-30 on 60-80 mesh Chromosorb W; 
flow-rate. 30 ml/min. Tcmperaturcs: column. 175°C; detector, 200°C; injection 
point, 195°C. 
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chromatograph was equipped with a thermal conductivity detector and helium at a 
flow-rate of 50 ml/min was used as the carrier gas. Forty-one ferroccnc and two 
ruthenoccne derivatives were separated on 2.2-dimethylpropane-1,3-diol adipate, 
polyoxyethylene glycol adipate. polyoxyethylene glycol M-20, polyoxypropylene 
glycol. and Apiezon L (1.5%) on Celite 545, 80-100 mesh) at  100-200°CJ3 using 
packed columns (1 - 1.2 m x 0.4 cm i.d.) in glass and stainless-steel tubes, and a 
capillary column (45 rn x 0.25 mm i.d.) and a 0-ray detector. Best separations were 
achieved on 2,2-dimethylpropanc-1.3-diol adipatc and polyoxyethylcne glycol M-20 
columns. Nitro-, dicyano-. diphei?yl-. and diacylferrocenes could not  be separated 
owing to their poor thermal stability at the column operating temperature. Gas 
chromatographic proccdures utilizing SE-30 on 60-80 mesh Chrornosorb W columns 
havc bccn describcd for the scparation of fcrrocene and for butyl-. ethyl-, vinyl-, 
1,l'-dibutyl-, acetyl-. 1.1'-diacetyl-, hydroxymethyl-, and 1,l'-bis 
(hydroxymethyl)-ferr~cenes~~. The retention times of various other ferrocene 
derivativcs at several temperaturcs are givcn in Tablc 2 .  Although all of the analyses 
wcrc conducted undcr isothermal conditions. it is apparent that temperature 
programming would be desirable in the  scparation and analysis of mixtures containing 
both volatile and relatively involatile ferrocene derivatives. The isothermal separation 
of a scven-component mixture is shown in Figure 2. 

Other workers have also discussed the gas chromatography of fcrrocene and other 
rnetallocenes. A microwave cniission detcctor has bcen demonstrated to be useful for 
the  dctection of organoiron compounds separated on a gas chromatographic column3'. 

XI. ORGANOLEAD COMPOUNDS 

Almost all of the published work on the gas chromatography of organolcad 
compounds is concerned with their analysis in petroleum solutions. The analysis of the 
lead alkyls has been investigated vcry cxtensively bccausc of the widespread use of 
mixtures of tctramethyllead. trimcthyllcad, dimethyllcad, methyltriethyllead, and 
tetramethyllead as hydrocarbon fuel additives. The analytical problem is complicated 
by thc fact that the lead alkyls must bc separated and analysed in the prcsence of a 
complex mixture of hydrocarbons. The volatility of the lead compounds is such that 
their peaks are supcrimposed upon hydrocarbon peaks. Selectivc detectors are 
required . 

An early approach to the problem used gas-liquid chromatographic columns to 
fractionate thc lead alkyls and then determined the  amount of lcad in thc fraction 
containing both lead and hydrocarbon compounds by a spectrophotornetric 
m ~ t h o d ~ ~ . ~ ' .  The lcad alkyls were separated by a chromatographic column, 
individually collected in iodinc scrubbcrs, and measured by a dithizone 
spectrophotometric lead analysis procedure. Later modification employed a much 
simpler chromatographic uni t  which consisted of a thick-walled aluminium tube which 
served as a column47. A uniforni temperature was maintained by means of electrical 
hcating tape wrappcd around the column, with control effectcd by a variable 
transformer. The carrier gas flow-rate was controlled by the prcssure regulator at the 
supply cylindcr and was measured by a bubble flow metcr. No detector elements were 
nccessary since thc retention times were determined by calibration and rcmain 
unchanged undcr the fixcd conditions of USC. The column consisted of a 1 in 0.d. 
aluniinium cylinder 14 in long with a k in hole bored full length through the centrc. 
The lowcr 12 in of the cavity was packcd with 20% Apiczon M on 60-80 mesh water 
washed Chromosorb W supported on glass-wool. Apart from innovations such as 
coupling spectrophotometric d e t c ~ t i o n ~ ~ . ~ ~  or titrimctryJ6 at the outlct end of the gas 
chromatographic column, conventional thermal conductivity or flame-ionization 
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methods of gas chromatographic analysis are not  effective in the  chromatography of 
trace amounts of tetraalkyl lcads owing to the extrcmc complexity of the gasoline base 
stock, although the use of an ionization detector for the chromatography of 
tetraethyllead in petroleum has been discussedaH. A selcctivc electron-capture 
detector detects tetracthyllcad with essentially no interference from hydrocarbons. 
which have a much lower rcsponsc factor4'. A photoionization dctcctor may be used 
to measure thc total amount of  hydrocarbon^^^. Thc authors did not  attempt to 
determine the various lead alkyls separately. The chromatographic column was an 
85 f t  x 0.02 in i.d. stainless-steel tube coated with Apiezon L and operated at 90°C 
and in 10 Ib/in2. Convcntional packed columns arc also satisfactory. The flash heater is 
kept below 100°C to prevent thermal decomposition of lead alkyls. 

In addition to thc methylethyllcad alkyls, gasolines frequently contain ethylene 
dichloride and dibromide as scavengers. These compounds also give a high rcsponse in 
the electron-capture detector and frequently elute at the same time as one of the lcad 
alkyls. This can be overcome by using a chemically active stationary phase, silver 
nitrate in Carbowax 400, as a pre-column before the detector to remove the 
scavengers togethcr with a silicone rubber on Chromosorb W analytical columns0. 
Good separation of the f ive methylethyllead alkyls was obtained. However, the 
sensitivity of the  electron-capture detector varied markcdly with the applied voltage, 
which necessitated carcful control of thc operating conditions for quantitative analysis. 
Interchange of methyl and ethyl radicals between tetramethyllead and tetraethyllead 
occurs on a column of 5% SE-30 silicone rubber on acid-washed Chromosorb W. 
Coating the Chromosorb with sodium hydroxide before the stationary liquid phase is 
applied reduces interchange of radicals to an undetectable level. Slight interchange 
takes place when the silvcr nitrate packing is located at the column inlet. When this 
packing is located at the column exit, the lead alkyls are separated before contact with 
the silver nitrate and interchangc is avoided. Excellent rcsolution of the five 
methylethyllead alkyls was obtained with 37 V across thc electron-capture detector. 
The maximum operating temperature for the tritium source is 200°C. The detector is 
maintained at  180°C to prevent condensation of sample and to obtain an increased 
responses'. It is general practice to add a dilution gas to thc column effluent to reduce 
the residence time of components in the detector and to maintain a desired flow-rate 
through the detectors2. Incrcasing the dilution gas rate improves the stability but also 
decreases the response. Optimum stability and sensitivity result from a dilution gas 
rate of 150 ml/min when the eluting gas rate is 100 ml/min. 

The column packings rcmain effective for many analysess0. The silicone rubbcr 
packing continues to separatc the lead alkyls and to avoid interchange after 4 months' 
use. The silver nitrate packing completely removes both scavengers for about 200 
separations of 1 p1 gasoline samples. Thc precision of the method was determined by 
six to ten analyses of petroleums containing known amounts of various lead alkyls. 
Standard deviations for the individual lead alkyls in terms of grams of lead pcr gallon 
are 0.01-0.02 when all five alkyls are present. Thc method was applied to the deter- 
mination of individual lcad alkyls in commercial petroleums. Results for total lcad 
agreed well with those obtained by X-ray fluorescence. 

1,2,3-Tris(2-cyanoethoxy)propane, a very polar liquid, when used as a packing 
material gave good resolution of the methylethyllead alkyls and retained the halogc- 
nated scavengers beyond the elution times for the lcad alkyls so that thesc did not 
interferes2. Cell geometry, carrier gas flow-rate and electrometer voltage all effect the 
performance of the electron-capture detector so that frequent calibration is necessary 
for maximum accuracy. Relative response factors for the alkyllead compounds havc 
been calculated for the flow conditions of this analysis. The detector response 
decreases with increasing molecular weight of the lead alkyl. The retention charac- 
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tcristics of the  tetraalkylleads o n  Apiezon L, siliconc SF-96, and 1.2,3-tris(2- 
cyan o e t h o x y ) p ro p a n c co I u m n s at two t c m pc rat u re s we  rc r c po r t e d . S e ve r a I sc a ve n ge r 
columns for the purification of thc carrier gas and thc removal of intcrfcring peaks 
were discussed. An absolutc accuracy of  +3%1 \vas obtained o n  standard samples made 
from weighed amounts of tetraethyl- rind tetramethyllcad. 

Two types of electron-affinity dctectors have been examined53. The first was of the 
parallel plate typc equipped with a 100 mCi titanium tritidc source, mounted on a 
Jarrcll-Ash Universal 700 gas chromatograph. and thc second was of thc cylindrical 
type. consisting of ?, cylindrical 250 mCi titanium source cathode and a tubular inlct 
port anode supplied by Wilkins Instrument and Rescarch Corporation (Acrograph 
Hi-Fi). Thc latter dctector requircd scvcral modifications to obtain adequate response 
and stability. The most important modification consisted of a hcater to the  dctector 
chamber. Thc electron-affinity detector, while not directly scnsitive to aliphatic hyd- 
rocarbons. can be blocked and rcndcred totally inscnsitivc by condensation of a hcavy 
and rclatively involatile hydrocarbon film on thc ionization source. A heater placed 
around the detector and maintained at a constant tcnipcrature of 150-1 80°C is ncces- 
sary for long-tcrm stability of this detector. A further modification consistcd of intro- 
ducing a voltage divider into thc clcctrometer charging circuit. which pcrmits the 
adjustment of thc detector voltage to optimum conditions. Thc boiling points of the 
halogenatcd compounds added to leaded petrolcum as scavengers ovcrlaps the boiling 
range of three of thc lcad a l k y l ~ ~ ~ .  Thus the tetramethyllead peak is ovcrlapped by one 
isomer of dibromoethane o n  thc Apiczon L and siliconc fluid SF-6 columns when the 
conditions of gas flow-rate, temperature and column length arc adjusted to give 
tetraethyllead an clution time shorter than 90 min.  Unfortunately, electron-affinity 
detcctors are extrcmcly scnsitivc to halogenated hydrocarbons. 

A solution to the problem of halocarbon interference under isothermal conditions is 
to use 1.2,3-tris(2-cyanoethoxy)propanc as thc liquid phase. This material is an  
extremely polar liquid, which results in cxtremely long retention times for thc  halocar- 
bons, e.g. 1,2-dibrornoethane elutes after tetraethyllcad. I-lighcr niolccular wcight 
halocarbons are retained for such a time that thc pcaks are very broad and diffuse. The 
alkyllead compounds elute from this column in almost t h e  same time as is required by 
thc non-polar columns. A pre-column can bc placed in the nitrogen carrier gas line 
before both chromatographs to obtain a high standing current a t  a low voltage (giving 
a wide linear detcctor rangc). Two columns were uscd. a 10 f t  by j in i.d. coppcr 
column packcd with Linde 5A molecular sieve chillcd in liquid nitrogen and a 10 f t  by 
0.25 in i.d. coppcr column packed with 10% silvcr nitrate on Chromosorb W. Both 
resulted in a 40% increase in standing currcnt over the untrcatcd nitrogen. l’hs silver 
nitrate column was morc convenient to use. I t  was concluded that the electron-affinity 
detector furnishes a simple and direct means for the analysis of the  alkyllead isomers 
normally found in petroleums3. N o  cssential diffcrence due to cell geometry was noted 
between the circular and parallcl platc dctectors, with the exception that the circular 
plate detector was not as selective. The circular plate dctector used by these workers. 
owing to its morc radioactivc sourcc (250 mCi) proved to be 5 timcs more sensitive 
than the parallel plate dctcctor (100 mCi). The smaller intcrnal volume of the circular 
plate detector permitted a lower flow-rate of nitrogen to be used. 

Another groupSJ combincd the use of 1.2.3-tris(2-cyanoethoxy)propanc for the 
analytical column with a short scrubbcr column of silvcr nitratc o n  Carbowax 400 
before the detector to remove the lead scavcngers. They claim an analysis time for the 
five lead methylethyl alkyls of 10 niin with an ovcrall relative standard deviation of 
about 4 %  for each compound. Again. the sensitivities of compounds which have 
electron-affinity properties vary with the conditions of analysis such as column tem- 
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peraturc, detcctor tcmperaturc, flow-ratc. voltage applicd across the cell, and the clcan- 
lincss of the sourcc. SO that i t  is advisable to calibrate the instrumen! fl-equently with 
known standards. T h e  scrubber section is important. I t  absorbs the column niatcrial 
and thereby maintains thc fu l l  scnsitivity of the detector. I t  also removes thc haloge- 
nated lead scavcngers by reacting with silver nitratc in the packing. Since these 
scavengers clute at approximately twice the retcntion time of tetraethyllead, the time 
of analysis may be considerably shortened by their removal. I f  the analysis of these 
lead scavengers is important. i t  niay be iricluded with the !cad analysis by simply using 
a scrubber without silver nitrate. The whole pctroleum sample. including the alkyl 
leads and scavengers, is chromatographed a t  60-70°C on a column (20 x 0.4 cm i.d.) 
of 10% of polyoxypropyleneglycol400 on 30-60 mesh Chromosorb P using hydrogen 
as the carricr gas at a tlow-ratc of 40 nil/min. The eluate from this column is passed 
through a hydrogenator where the alkyl lcads are catalytically converted over nickel at 
140°C to ethane and methane. 1,2-Dichloroethane and 1,2-dibromoethanc scavengers 
are similarly converted to ethanc. The petroleum is almost unaffected. The hydrogc- 
nated eluate is then passed through il short column containing 3%) liquid paraffin 
supported o n  charcoal and opcrated a t  60-70°C. which retains almost permanently all 
materials above propane. A flame-ionization detector placed at the  end of the charcoal 
column detects the methane and/or ethane from the lcad alkyl. In this way the 
petroleum 'background'can be separated from chemically produced ethane and methane 
by a specific chemical reaction followed by sorption. This method avoids completely 
the use of a specific detector. 

This mcthod has subsequently becn modificd in respect of the stationary phase to 
permit the simultaneous determination of the lead alkyls and the scavengcIsS5. Thc 
copper column (150 x 0.4 cm i d . )  uscd was packed with 20% of 1,2,3- 
tris(cyan0ethoxy)propane o n  Chromosorb P (30-60 mesh) prc-coated with 1 o/o of 
potassium hydroxide and operatcd at 80°C with hydrogen at a flow-rate of 40 ml/min 
as the carrier gas. Rccoveries were bctween 98 and 102% for each tetralkyllead 
component in the range equivalent to 0.026-0.2 g/l of lend. Similar rcsults were 
obtained for the scavengers dibromo- and dichloroethanc. 

A major advance in lead alkyl analysis was made possible by thc developmcnt of an 
elcctron-capture detcctor capable of operating at high temperatures. Thc methods 
dcscribed earlier in this section using electron-capturc detection utilized tr i t ium detec- 
tors with a safe uppcr operating tempcraturc of 225°C. At this tempcraturc high- 
boiling components of the sample and column substrate can condense on the detector, 
giving an erratic responsc and necessitating frcquent clcaning and calibration. A N P 3  
electron-capture dctector opcrating at 300°C gives excellent long-tcrm stabilitys6. In a 
3-week test period. a power failure occurred that permittcd substrate to condcnse o n  
the detector. Heating to 340°C restored thc detector response to the original value. A 
6 f t  analytical column containing 20% 1.2,3-tris(2-cyanoethoxy)propane operated at 
90°C separatcd the lead alkyls and scavcngers in about 25 min. The lead alkyls could 
be dctcrmined in either pctroleum or fucl oil with a sensitivity of 0.15 ppm for 1 pI of 
sample injected. The usc of pre-concentration techniquess7 should make this tcchni- 
que readily applicable to atmospheric analysis. 

It is claimed that using an electron-capture detector a complete analysis for tetra 
methyllead and tctraethyllead in petrol can be achieved on a column (3  m) of 10% of 
Apiczon L o n  Chromosorb W at 120°C with bromobcnzene as internal standards8. To 
separate the mixcd alkyls ethyltrimethyllead. dicthyldimethyllead. triethylmcthyllead, 
tetramethyllead, and tetracthyllead, i t  is ncccssary to combine the above analysis with 
use of a pre-column ( 5  cm) of 30% of Carbowax 400 saturatcd with silver nitrate o n  
Chromosorb W iniprcgnated with 8'!6 of potassium hydroxide. The pre-column rctains 
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halogen-containing scavengers in the petrol, which would othenvise mask the ethyl- 
trimethyllead peak. As little as 0.002 g of tetramethyllead and tetraethyllead can be 
detected in 1 litre of petroleum in a 45 min analysis. 

Basic work on the gas chromatography of tetraethylleads9 and of tetramethyllead60 
has been reported. Unfortunately, electron-capture detection, although sensitive, is 
not specific enough, nor is it a very easy method of detection to apply to organolead 
compounds. It requires extreme care, cleanliness, and rigid adherence to rnicrochemi- 
cal techniques. The alternative method consists of running the gasoline sample 
through the gas chromatograph to separate the components, which are then intro- 
duced, one by one, directly into the atomic-absorption burner. The atomic-absorption 
spectrophotometer, which is set  up for lead determination. records a peak absorption 
for each lead compound as i t  passes from the chromatograph. This method is stand- 
ardized by using mixtures of known composition. Gasoline sample sizes are typically 
1p litre; as little as 20 ng of lead as lead alkyl can be detected. 

The sensitivities of the electron-capture, thermal conductivity, argon ionization and 
flame-ionization detectors in the chromatographic determination of organolead and 
aliphatic chlorine compounds in the atmosphere have been compared using a Wilkins 
HiFi Model 600 chromatograph with both hydrogen flame and electron-capture detec- 
tors, a Beckmann Model GC-2A chromatograph with a thermal conductivity detector, 
and a Research Specialities Model 600 chromatograph with an argon ionization detec- 
tor (Table 3)61. All separations were made on 6 f t  x f or 0.25 in stainless-steel 
columns. It is apparent that the sensitivities of the thermal conductivity and the argon 
ionization detectors are independent of the molecular weight and the number of 
chlorine atoms in the chlorinated compounds, but the flame detector decreases slightly 
in sensitivity with increasing numbers of chlorine atoms. The electron-capture detector 
has its greatest response to the chlorinated compounds at 10 V. With the electron- 
capture detector thc sensitivity is dependent in rather a complex manner on the 

TABLE 3. Limits of detection for chlorinated aliphatic and lead alkyl compounds using gas 
chromatographs with various detectors 

Compound 

Thermal Argon Flame Electron 
conductivity ionization ionization capture 
(c(s 10-1) (rg x (vg x 1 0 - 9  (c(g x 

Methyl chloride 1.2 2.0 3.0 8.5 
Dichloromcthane 4.2 5 .0 1.3 8.6 
Chloroform 6.0 4.3 20 0.08 
Carbon tetrachloride 4.8 5 .O 20 0.002 
Ethyl chloride 1.4 6.0 1.6 11 
1,2-Dichloroethane 3.4 4.1 13 13 
1, l  ,I-Trichloroethanc 2.6 5.2 6.0 0.03 
1,1,2-Trichloroethane 2.8 4.0 8.6 0.07 
1.1.2.2-Tetrachloroethane 5.0 8.0 16 0.008 
1,2-Dichloropropane 0.9 5.5 8.8 2 3  
1,2,3-Trichloropropane 2.8 3.8 4.0 0.07 
Chloroethylene 0.2 1.9 2.2 2.3 
cis-1.2-Dichloroethylene 4.0 6.5 2.6 13 
fruns- 1.2-Dichloroethylenc 2.2 3.5 2.5 8.4 

Tet rachloroc thylene 3.2 5.3 21 0.003 
Tetramethyllead 2.5 13 2.5 1.5 

Trichloroethylene 2.5 10 8.5 0.02 

Tct raet hyllead 3.3 33 6.6 3.3 
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molecular weight and the number of chlorine atoms in the chlorine compound. In thc 
case of the two alkyl lcad compounds examined n o  large gain in sensitivity of the 
electron-capture detector over the ionization detectors was realised. and the sensitivity 
gain was only a factor of 2. The sensitivity values given for tctramethyllead and 
tetraethyllead in air are about thc same as reported elsewhereh2 for these compounds 
in gasoline. Here again, the greatest sensitivity was attaincd at 10 V, which is lower 
than others have f o ~ n d ~ O . ~ ~ .  It was concluded that for the analysis of volatilc chlori- 
nated aliphatic hydrocarbons, the electron-capture detector is no more sensitive than 
the ionization detectors for compounds with one or two chlorine atoms“. For com- 
pounds with three of four chlorine atoms, the electron-capture detector is 100-1000 
times more sensitive that the ionization detectors. For the two alkyllead compounds 
tested, the electron-capture detector gives little improvement in sensitivity but its 
discrimination towards the lead-substituted compounds as compared with unsubsti- 
tuted hydrocarbons makes i t  a preferable detector for analysing mixtures of these two 
types of compounds. Other have discussed the use of an electron-capture 
detector for the detection of organolead compounds. 

To determine tetraethyllead in air the air may be passed through a sampling tube 
containing the material used for packing the chromatographic ~ o l u m n ’ ~ .  When 
equilibrium conditions have been established. the sample is desorbed by flushing the 
tube heated at about 130°C with carrier gas, and injected directly into a glass column 
(1 m x 0.3 mm i.d.) packed with 10% of silicone rubber SE-52 on Chromosorb P 
(80-100 mesh), operated at 80°C with clectron-capture detection using pure nitrogen 
at a flow-rate of 30 ml/min as the carrier gas. The method is sensitive to down to 
0.1 ppm of tetraethyllead in thc air. 

A very elegant analytical technique for lead alkyls combines pressure programming 
with use of an atomic-absorption spectrophotometer as a specific detector to produce a 
rapid, precise, and sensitive analytical technique66. A 10  f t  column packed with 20% 
1,2,3-tris(2-cyanoethoxy)propane on 60-80 mesh Chromosorb P coated with 1% 
potassium hydroxide was operated at  85°C. Flow-rates were programmed from 10 to 
200 ml/min. Analysis of the five lead alkyls was completed in less than 1.5 min. The 
amount of lead was determined by the absorption of thc lead 283.3 nm emission line. 
The method could detect as little as 20 ng of lead as lead alkyl. The application of 
atomic-absorption spectrometry to the determination of lcad alkyls scparated by gas 
chromatography has also been discussed by o t h ~ r s ~ ~ - ~ ’ .  Detection limits for water. 
sediments, and fish of 0.5. 0.01. and 0.025 pg/g. rcspectively, are ~laimed’~.  When a 
silica furnace is used in the atomic-absorption unit the sensitivity limit for the detection 
of lead such as tetramethyllead in sediment systems and in the atmosphere can be 
enhanced by thrce orders of magnitude. 

The gas chromatograph and atomic-absorption spectrophotometcr were connected 
by means of stainless-steel tubing (2 mm 0.d.) connected from the column outlet of the 
chromatograph to the silica furnace of the spectrometer. A four-way valve was instal- 
led between the carrier gas inlet and the column injection port so that a sample trap 
could be mounted, and the sample could be swept into the GC column by the carrier 
gas. The lead compounds separated by GC were introduced to the centre of the 
furnace through a side-arm. Hydrogen was introduced at the same point at a flow-rate 
of 1.35 ml/min; burning hydrogen improved the sensitivity. The furnace temperature 
was about 1000°C. The silica furnace was mounted on top of the atomic-absorption 
burner and aligned to the light path. The sample trap was a glass U-tube packed with 
3% OV-1 on Chrornosorb W, which was immersed in a dry-ice-meth;lnol bath at cu. 
-70°C. A known amount of gaseous air sample was drawn through the trap by a 
peristaltic pump. After sampling, the trap was mounted to the four-way valve and 
heated to about 80-100°C by a beaker of hot water, and the adsorbed compounds 
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were swept into the G C  column. Liquid saniplcs can be dircctly injccted to thc column 
through the injcction port. without a samplc trap. 

A sinipic. rapid cxtraction procedure can cxtract the live tetraalkyllead compounds 
(Me,Pb. Mc3EtPb. MelEt,Pb. MeEt3Pb, and Et4Pb) into hexanc or benzene from 
water. sediment. and fish samplcs. Thc cxtractcd compounds are analyscd in their 
authentic forms by ;I gas chromatographic atomic-adsorption spcctromctry systcm73. 
Other forms of inorganic and organic lead do  not intcrfere. Thc detection limits for 
water (200 nil). sediment ( 5  g), and fish ( 2  g) are 0.50 p d l ,  0.01 p u g ,  and 0.025 p g / g  
respectively. Although this method would be applicable to the determination of tetra- 
alkyllcad compounds originating from automobile exhausts in watcr, fish, and sedi- 
ment samples. thc main interest was in the determination of organically bound lead 
product4 by biological niethylation of inorganic and organic lead compounds in the 
aquatic environnicnt by n i i c roo rpa~ i i sn i s~~ .~~ .  Thc extract was injected directly into the 
column injcction port of the chromatograph. Ionic forms of lead such as lead(lI), 
diethyllead dichloridc. and trimethyllcad acetate do  n o t  extract in the solvent phase. 
Tetraalkyllcad compounds have high vapour pressures and arc not stable in  water7). In  
water containing 4.2 pg/l o f  tctramethyllead, the lcvcl decreased to 2.8 and 3.9 p d l  
when storcd at room temperature and at 4°C overnight. respectively. For this reason. 
water samplcs should not bc filtcred by suction but should be extracted with hexanc 
immediately aftcr collection. Another procedure76 for determining tetraalkyllead 
compounds in fish samples employs vaccuum extraction of thc tetraalkyllead into a 
cold trap under liquid nitrogen. followcd by solvent extraction of the condensate for 
gas chromatographic dctc rm inat ion. 

Organic lead compounds have been trapped from street air and eluted directly into 
the flame of an atomic-absorption spcctrometer. thus dctcrmining total organic lead77. 
In such a study i t  would be an advantage to employ furnace a t o n i i ~ a t i o n ~ ~  since 
organic lcad cxists in air at vcry low levels and thc furnace can give a detection limit 
gain o f  up to 3 orders of magnitudc. A gas chromatographic-atomic-absorption spec- 
trophotomctric techniquc for alkylleads in which a sample can bc analyscd in 5 min 
with ii detection limit of 0.2 ppm of lead is suitable for determining trace lcad in 
unleaded gasoline79. 

A special carbon furnace atomizer attachcd directly to a gas chromatographic 
column packed with 20% tricresyl phosphate on Chromosorb W operated at 100°C 
exhibits high sensitivity and eliminates many of thc problems involved with interfer- 
ences encountcred with furnace atomization in thc determination of organolcad com- 
pounds in gasolinc and air"". Many of the  problems involved wi th  commercial carbon 
atomizers persist whcn they are used in GC-AAS combination systems which are 
often unreliable. The comrncrcial systems arc certainly capablc o f  performing analyses 
at vcry high levcls of analytical scnsitivity and precision. but the dcvclopmcnt of 
reliable quantitativc proccdures is much more difficult. Thc modified atomizer is left 
hot at all tinics when in use. The effluent from the gas chroniatograph enters the base 
of thc atomizer. where the gaseous sample is decornposcd and atomization takcs place. 
The atoms flow into thc cross-piecc. which is i n  the optical light path. The advantage of 
the proccss is that the pcak of thc solvent uscd is separate from thc pcak of the 
mctal-bcaring component o n  the  gas chromatograni. Thc  gas chroniatograph separates 
the nictal-bearing components from thc rest of thc material. which eliminatcs many of 
the problems encountered in the solvcnt evaporation stcp and other matrix effects. 
Decomposition is fairly rapid. although several scconds clapse from thc timc that thc 
sample enters thc carbon atomizer bcfore the atoms reach the optical light path. This 
permits chemical dccomposition to takc placc and virtually elirninatcs chcmicnl intcr- 
ferencc. which is usually causcd by varying rates of atomization from different coni- 
pounds rather than by prevention of decomposition. Even if  the rate varics. decompo- 
sition is virtually complete beforc the frce atoms enter the light path. 
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Gas chromatography-mass spectrometry can bc used to idcntify the separate 
organolead compounds in The alkyl lead compounds are condensed froiii a 
70-1 air saniplc in a series of  four traps at -72°C. scparatcd by gas chromatography 
and dcterniincd at the 283.3 nm lcad rcsonancc line by atomic-absorption spec- 
t ro m c t ry wit ti c le c t ro t he rni a I at o m i za t io n . 

The hydrogen atmosphcre flame-ionization detcctor (HAFID). introduced in 
197282-86 and subsequently developcd. is a scnsitive and sclectivc gas chromato- 
graphic dctector for organometallic compounds. I t  has a selectivity for tetramethyllcad 
ovcr dodecane of 10' with a dctcction limit of 51 pg of  tctraethyllead injectcd and is 
able to detect tetraethyllead in a gasoline dilutcd 1: 100 with gasolines5.86. Minimum 
detectable amounts for certain metal-containing compounds extend to the low pico- 
gram and sub-picogram range with selectivities of 10 '  and l o 5  when compared to 
Ii-hydrocarbon responses. Bccause of the HAF-IDs simplc design and the high sensitiv- 
ity and selectivity to organometallic compounds. an optimized design has bcen applied 
to the routine determination o f  organolead compounds in gasolinen7. By a simple 1: 10 
dilution of a leaded gasolinc. alkyllead compounds werc detected wi th  no interfcrencc 
from ovcrlapping chromatographic peaks of hydrocarbons. Detection liniits were cal- 
culated to bc 7.3 x 10-l2 g/l of lead. 

Various workersR8.H') havc examined thc applicability of helium in microwavc glow 
discharge detcctors for the detcction of organolead compounds lcaving a gas 
chromatographic column. This uses thc TMolo  resonant cavity to sustain a plasnia in 
helium at atmospheric pressure. The effluent from the gas chromatograph is split 
between a flanic-ionization detector and a heatcd transfer line directing i t  to a small 
auxiliary oven containing a high-tempcrature valve. The valve allows the effluent to be 
directed either t o  a vcnt or to the plasma. Atomic emission at 283.3 nm from thc lead 
entering the dischargc is observed axially with an  Cchclle grating spectrometcr. Thc 
systcm allows for highly selcctive and scnsitivc detection of lead by monitoring an 
appropriate wavelength. A detection limit of 0.49 pg/I is claimed for this detcctor. 

Anothcr detector involves eluting the compounds from thc gas chromatograph and 
directing thcm in to  a niicrowavc discharge which is sustained in either argon or 
heliumyo. Observation of the optical cmission spcctruni resulting from thc fragnicnta- 
tion and excitation of compounds entering the plasma affords sensitive elcment- 
selective detcction. The applicability of a gas chromatograph coupled with a microwave 
plasma detcctor (GC-MPD) for  the detcrrnination o f  tetraalkyllcad spccies in the 
atmosphere has been discussed"". The tetraalkyllcad specics arc collccted by a cold 
trap. The volatile lead specics arc conccntratcd within an organic solvent, separated by 
a gas chromatographic column containing 3% OV-1 on Chromosorb W at 80°C. and 
detcrmined by an MPD system which measures thc emission intcnsity of thc lead 
405.78 n m  spectral line. Previous workcrs have used an acidic solution o f  hydrochloric 
acid".'*, activated charcoal".')?. Apiezon L o n  a silanized universal support'13. the 
chromatographic support OV- I ,  and silicone rubbcr o n  Chroniosorb P"' to collect 
alkyllead compounds from the atmosphere. A cold trap containing SE-52 on 
Chromosorb P at -80°C has also been used for the collcction at atniosphcric alkyllcad 
compounds"'. 

XII. ORGANOLITHIUM COMPOUNDS 

Hydro!ysis couplcd with idcntification of the gas produced by mass spectrometry"? and  
by infrared a~ialysis""."~ has been used for the detcriniiiation ol' organolithiuni 
compounds. A gas chromatographic nicthod"' for dctermining vinyl l i thium in  
tetrahydrofuran and in diethyl cthcr is based on the reaction 
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The observation that vinyllithium gave low recoveries in the double titration 
procedure, coupled with the observation that some samples contained small amounts 
of lithium acetylide as an impurity. prompted a scarch for an alternative specific 
method of assay for vinyllithiumYn. This method involves preliminary hydrolysis of the 
sample followed by separation of the ethylene and acetylcnc produced on columns of 
20% dimcthyl phthalate o n  60-80 mesh firebrick at 75°C or  of 20%) dimethyl 
sulphalone on 60-80 mesh firebrick at 35°C. There is good agreement between this 
gas chromatographic method and the vanadium pentoxide method". In a gas 
chromatographic procedure for phenyllithium. a mcasurcd volume of phenyllithium 
solution is slowly transferred under nitrogen into an excess of a solution of iodine in 
diethyl ether"'". The excess of iodinc is removed from the ethereal phase by shaking 
with dilutc sociium hydroxide solution and the concentration of iodobenzene in the 
ethereal phase is then determined by gas chromatography. Other organic compounds 
of lithium do  not interfere. The accuracy was within 2%). 

XIII. ORGANOMAGNESIUM COMPOUNDS 

Gas chromatography has been used in the analysis of ri-propylmagnesium bromideInl. 
The organomagnesium compound is reacted with an excess of diisopropyl ketone to 
form a compound which at  elcvatcd temperatures produced propylene in almost 
quantitative yield. The propylene was determined gas chromatographically. A method 
for the analysis of arylmagncsiuin compounds, particularly p-tbutylphenylmagnesium 
bromide, distinguishes between active Grignard reagent, RMgX, and hydrolysed 
Grignard reagent, Mg(0H)X1"?. Polypropylene glycol supported on firebrick was used 
as column packing and good agreement was obtained between this method and acid 
titration procedures. In a further gas Chromatographic mcthod for the analysis of 
Grignard reagents the sample is treated with a large excess of tributyltin chloride in 
tetrahydrofuran (reaction 2 )  and the magnesium salts formed (or their 

ihl 
CHz=CHMgCI + Bu3SnCI - Bu3SnCH=CH2 + Bu3SnCI + MgCll 

( 2 )  
excess 

tetrahydrofuran derivatives) are precipitated with hexane and filtered offlo3. Thc 
filtrate is heatcd to evaporate the solvent, and thc residue, containing unconsumed 
butyltin compounds, is analyscd chromatographically. This mcthod distinguishes the 
vinylmagnesium from other titratable cornpounds resulting from hydrolysis, oxidation, 
or decomposition of the Grignard compounds. Aftcr a vinyl Grignard compound has 
been stored for some time, then hydrolysed with dilutc acid, the gascs produccd. in 
addition to the expected ethylene, also contain considerable amounts of ethane, 
hydrogen. and C4 and C5 alkanes, which render gas volumetric procedures unsuitable 
for the assay of such s a m p l ~ s ~ ~ ' ~ .  

A method. similar in principle to this last method, consists of coupling the reagent 
with an excess of dimethylphenylchlorosilane in ethcr and determining the amount of 
trimcthylphcnylsilanc formed by gas chromatography using cumenc as an internal 
standardIo4. In a further method. solutions of organomagnesium derivatives are 
analysed by hydrolysis with concentrated phosphoric acid in a micro-reactor and the 
hydrocarbons evolvcd arc passed through a by-pass injector into a gas 
chromatographic apparatus (with an activated silica gel column, for C I - C ~  
hydrocarbons)lns. Concentrations of alkyl groups are then calculated from the peak 
areas in the usual way. 
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XIV. ORGANOMANGANESE COMPOUNDS 

A procedure for the analysis of manganese antiknock additives in gasoline uses a 
hydrogen atmosphere flame-ionization detector'n6. Detection limits are calculated to 
be 1.7 x 1 0-14 g/l of manganese. Methylcyclopentadienylmanganesetricarbonyl 
[(CH3C5H4)Mn(C0)3] in gasoline has been determined by gas chromatographic 
separation with interfaced specific manganese detection by means of d.c. argon plasma 
emission s p e c t r o ~ c o p y ' ~ ~ .  The  procedure is rapid, free from interferences, specific, and 
requires little sample preparation. The use of cyclopentadienylmanganesetricarbonyl 
as an internal reference yields a relative standard deviation of 0.8-3.4Y0. The limit of 
detection is approximately 3 ng of manganese metal a s  the complex. The gas 
chromatograph was adapted for on-column injection on to  a 6 ft x ; in 0.d. 
stainless-steel column packed with 2% Dexsil 300 GC on Chromosorb 750, 100-120 
mesh. The  column effluent was split by a n  approximately 1:l ratio between the 
flame-ionization detector of the gas chromatograph and a heated, thermal, and 
electrically insulated t in 0.d. stainless-steel transfer line t o  the d.c. plasma. Pre-heated 
argon sheath gas was required in addition to  the argon supplied to sustain the plasma, 
in order t o  optimize spectral sensitivity. The  column and injection port temperatures 
were set at 130 and 160°C. respectively, and the interface temperature was 170°C. 
The  helium carrier gas flow-rate was 2 5  ml/min. 

An  alternative method for the determination of mcthylcyclopentadienylmanganese 
in amounts down to 1.7 x lO-"g/l of manganese uses a hydrogen atmosphere 
flame-ionization detector (HAFID) modified from a commercial FID". With the 
H A F I D  detector, the temperature was maintained a t  250°C 3nd the total hydrogen 
flow-rate was held at 1600 ml/min and for optimal response was doped with 34 ppm of 
silane by mixing pure hydrogen doped with 100 ppm of silane. Air a t  120 ml/min was 
enriched with 150 ml/min of oxygen before entering the jet  tip. With the F ID detector, 
the detector temperature was maintained at 250°C. The  flow-rates used were 
30 ml/min for hydrogen and 240 ml/min for air. A further H A F I D  detector method 
uses a helium carrier gas flow-rate of 5 0  ml/min and an  injection point temperature of 
200°Cn9. The  wavelength setting of the monochromator was optimized for manganese 
using a hollow-cathode lamp and a small mirror placed between the lens and the 
cavity. The  wavelength setting was optimized by introducing small amounts of 
methylcyclopentadienylmanganese vapour into the plasma by connecting with a tee to 
a hydrocarbon solution of this compound. 
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XV. ORGANOMERCURY COMPOUNDS 

In view of the comparatively high mercury content of fish foundlo8 in Swedish lakes 
and rivers'0Y-"2, an extensive survey of the nature and the concentrations of mercury 
in fish from these waters has been made. Although several authors have described 
methods for the determination of organic mercury compounds, many either do  not 
separate different compounds, such as methylmercury from phenylmercury 
compounds, o r  are designed for mercury contents higher than those usually 
encountered in foods. A combined gas chromatographic and thin-layer 
chromatographic methodlW-'") identifies and determines methylmercury compounds 
in fish, animal foodstuffs, egg-yolk, meat, and liver, and a combination of gas 
chromatography and mass spectrometry has been used to  identify and determine 
methylmercury compounds in fish1I2. To extract organically bound mercury from 
muscle tissue of fish the fish was homogenized with water and acidified with 
concentrated hydrochloric acid'09. Organomercury(I1) compounds were then 
extracted in one step with benzene. Methylmercury, either originally present or added 
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to the fish, could bc extracted. although with difficulty. From an aliquot of thc benzene 
solution organomercury could be extracted with ammonium or sodium hydroxide 
solution, saturated with sodium sulphate, for climination of lipids. Thc yields were low 
and variable, but could be improved by modifications to the sample working up 
proccdure (not discussed hcre) prior to gas chromatography. An clectron-capturc 
dctector was used together with a column containing Carbowax 1500 (polyethylene 
glycol. average mol. wt .  1500), 10% in Teflon 6 ,  35-60 mesh or o n  Chromosorb W, 
acid-washed DMCS. 60-80 mesh. Carbowax 20M has also becn used. The nitrogen 
flow-rate was 65 ml/min, the temperaturc of the column was 130-145"C, and the 
tempcrature of the injector was 150-170°C. The pcak of each sample solution was 
comparcd with the pcak of a standard solution with about t h c  same concentration of 
mcthylmcrcury. The purified benzene extracts of fish gave peaks with the same 
retention as methylnicrcury chloride. 

k modification to this method rcndcrs it applicable to a wider range of foodstuffs 
(egg-yolk and egg-white, meat, and livcr) by binding interfering thiols in thc benzcne 
extract of the sample to mercury(I1) ions added in exccss o r  by cxtracting the  benzene 
extract with aqueous cystcine to form the cystcine-methylmercury 
Methylmercury compounds in fish can be identified and determined by combined gas 
chromatographic-mass spectronictric analysis and also by using a standard gas 
chromatograph with an electron-capture dctcctor for detecting organic halogen 
compounds. Other methods for the dctcrmination of organomercury compounds in 
fish, biological materials, and watcr have used atomic-absorption, mass spectrometric, 
rnicrowavc emission and electron-capture detectors' I 3 - I 2 ( '  . The scparation of 
compounds of the type RHgBr. where R is methyl. cthyl, propyl, or ri-butyl. has been 
achievcd using hydrogen as thc carrier gas and a column packed with Dow Corning 
silicone 550 and maintaincd at 1 90-220"C12'. The sample (50 pl) was introduced into 
the column as a 10% solution in tetrahydrofuran. 

Methods have becn described for the determination of  alkylmercury compounds in 
scdimentsIz2, urineiz3, hair'2J, and blood'2s. All involve a n  initial extraction of 
methylmercury from the sample as a halide'26 with an organic solvent, followed by a 
clean-up prior to gas chromatography. A procedurc based on rcductive combustion in 
a flame-ionization detcctor of a conventional gas chromatograph followed by thc cold 
vapour atomic-absorption detection of mercury vapour has been described for the 
determination of organomercurials in bacterial respirant g a ~ e s ' ~ ' . ' ? ~ .  Various workers 
have discussed clean-up procedures for removing fatty acids and amino acids from 
samples prior to gas Chromatography for organonicrcury compounds. Thcse would 
othenvisc poison thc column. The clean-up is achieved by adding to the organic phase 
a reagent, such as sodium sulphide12'). c y s t ~ i n e ' ~ " - ' ~ ~ ,  sodium thiosulphate'15. or 
g l ~ t a t h i o n e ~ ~ ~ ,  which forms a strong watcr-solublc alkylmercury complex to extract 
the mercury complex into the aqueous phase. A halide is added to the aqueous phasc, 
and the alky!mercury halides formed are rc-extractcd into an organic phase. Aliquots 
of this phase are finally injected into the gas Chromatograph. 

More recent work on the determination of alkylmercury compounds has centrcd on 
the applicability of the hclium microwave glow discharge detector as a gas chromato- 
graphic d e t e ~ t o r l ~ ~ - ~ ~ ' .  An atmospheric pressure helium (or argon) plasma is used for 
the detection of diphenylmercury as this leads to high sensitivity and high optical 
resolution and selecti~ity '~ ' .  A hclium carrier gas flow-rate of 70 ml/niin and an injec- 
tion point temperature of 200°C arc used. The wavelength setting of the mono- 
chromator was optimized for  mercury using a hollow-cathodc lamp and a small mirror 
placed betwcen the lens and thc cavity whilst introducing small amounts of dimethyl- 
mercury vapour into the plasma from a hydrocarbon solution. The detector rcsponse is 
significantly affectcd by the  total flow-rate o f  helium through the discharge tube, 
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remaining constant over thc rangc 42-50 ml/min. thcn dccreasing sharply with 
increasing flow-rate. The vcry largc selectivity ratio (ratio of pcak rcsponse per gram- 
atom of mercury to the peak rcsponse per gram-atom of carbon as dodccanc) obtained 
for mercury results from a combination of two factors: (i) the high sensitivity observed 
for this element, and (ii) the favourable wavelength region employed with rcspect both 
to optical resolution of the monochromator and the minimal intcrfercnce by molecular 
band emission from hydrocarbons. The  detection limit, dcfined as the main flow-rate 
of elcment entering the plasma required to produce a signal-to-noise ratio of 2. was 
1 pg/l with a sclectivity 9.1 x 104 137. 

XVI. ORGANOMOLYBDENUM COMPOUNDS 

The gas chromatography of molybdenum tricarbonyls has been discussed13n. 

XVII. ORGANONICKEL COMPOUNDS 

High-prcssure gas chromatography above critical temperatures has been used to 
separate nickel actioporphyrin(l1) and nickel mesoporphyrin( IX) dimethyl  ester^'^'). 
Dichlorodifluoromethane (critical temperature 1 12°C) at  a starting pressure of 
1830 psi was uscd to separate the two nickel porphyrins in 1-mg amounts on a column 
of polyoxyethylene glycol (33%) on Chromosorb W at 1 50- 170°C. The porphyrins do  
not move on the  column at a gas pressure of less than 600 psi. 

XVIII. ORGANOPHOSPHORUS COMPOUNDS 

The micropyrolytic gas Chromatographic tcchniquc has bcen applied to the 
identification of organic radicals in organic phosphates and metal 
dialkylthiophosphates'40. The compound is pyrolyscd in the inlet system of a gas 
chromatograph, and the volatile flash pyrolysis products. generally olefins. are 
fractionated and collected individually for identification by mass or  infrared 
spectrometry. The olefins are  formed generally by thc breaking of a carbon-oxygen 
bond and abstraction of hydrogcn from a bcta-carbon atom with no skeletal 
isomerization. Thus, the structures of the olefins are dircctly relatcd to the structure of 
the alkyl groups initially present. O n l y  when hydrogen is not available on a 
beta-carbon atom as in neopentyl radicals are olefins formed by carbon-skeletal 
rearrangement. Legatc and Burnhani determined the exact configuration of thc alkyl 
radicals in several model organic phosphatcs and metal dialkyl thionothiophosphates 
and described a gas chromatographic inlet system suitable. for pyrolysis or for 
conventional vaporizationI'O. Statistical designs have been dcscribed for the 
optimization of the nitrogen-phosphorus gas chromatograph detector response1". 

XIX. ORGANORUTHENIUM COMPOUNDS 

Ruthenoccne derivatives have been separated o n  2.2-dimethylpropane-1,3-diol 
adipate, polyoxyethylcne glycol adipate, polyoxyethylcne glycol M-20, 
polyoxypropylene glycol, and Apiezon L (1-5% o n  Celitc 545, 80-100 mcsh) at 
100-200°C43. Packcd columns (1-1.2 m x 0.4 cm i.d.) in glass and stainless-steel 
tubes, and a capillary column 45 m x 0.25 mm i.d.). werc used, together with a P-ray 
ionization detector. The best results were obtained with the use of 
2,2-dimethylpropane-1,2-diol and polyoxyethylene glycol M-20 columns. 
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XX. ORGANOSELENIUM COMPOUNDS 

Thc  gas chromatography of a range of organoselenium compounds including dialkyl 
diselenides, dialkyl selenides and ethyl selenocyanatc has been studied using a 
hydrogen flame-ionization detector and an  electron-capture detect01-I~~.  Three column 
packings were examined: (i) 5 ft x i in, 20% polyrnetaphenyl ether on 60-80 mesh 
Chrornosorb W coated with hexamethyldisilazane; (ii) 10 ft x in, 20% Carbowax 
20M on 60-80 mesh Chromosorb W treated with hexamethyldisilazene; and (iii) 
1 0  f t  x i in, 20% silcone oil DC 550 o n  60-80 mesh Chrornosorb W coated with 
dimethyldichlorosilane. Nitrogen was used as the carrier gas at flow-rates between 20 
and 30 ml/min. Using the hydrogen flame-ionization detcctor, the retention times of 
the alkylselenium compounds wcrc determined on each of the three columns a t  
column temperatures within the range 35- 175°C. The  injector temperature was set a t  
50-100°C higher than the column temperature.  O n e  per cent solutions of each 
selenium compound in carbon disulphide were used for the determinations, as  carbon 
disulphide gives very little response with this detector system. For the 
preparative-scale gas chromatographic purification of organoselenium compounds a 
5 ft x f in column packed with silicone fluid (methyl) SF-96 on 60-80 mesh firebrick 
was used. Helium was the carrier gas at a flow-rate of 35-40 ml/min. Figure 3 shows 
the complete resolution of the seven alkylselenium compounds on the polymetaphenyl 
ether column at  a column temperature of 150"C'42. 

A procedure utilizing a commercial atomic-absorption spectrophotometer with a 
heated graphite tube furnace atomizer linked to a gas chromatograph has been used 
for the determination of dimethylselenium (and also trimethylarsenic and 
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FIGURE 3.  Separation of alkylselenium compounds on a 
poly-phenyl cthcr column. with a hydrogen flame-ionization 
dctcctor. Column temperature. 150°C; injector temperature. 
225°C; nitrogen carrier gas flow rate, 25 ml/min. 1 %  Solution 
of each compound in carbon disulphidc, ( 1 )  Dimethyl 
selenide; (2)  carbon disulphidc; (3) dicthyl selenide; (4) 
dipropyl sclcnidc; (5) dimethyldiselcnidc; (6) ethyl selcno- 
cyanate; (7) methyl ethyl diselenide (?); (8) diethyl diselenide; 
(9) ethyl propyl diselenide (?); dipropyl diselenidc. 
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tetramcthyltin) in respirant gases produced in microbiological r~act ions ' '~ .  Atomic 
absorption and microwave plasmas have both been used as dctectors14J.'4S. Carbon 
disclenide can bc determined gas chromatographically'j". 

XXI. ORGANOTIN COMPOUNDS 

The gas chromatography of organotin compounds has been cxtensively studied over 
the past 30 yearsI4'. The gas chromatography of U- and n-bondcd organotin 
compounds is difficult because of their instability towards oxygen and moisture and 
their thermal instability''"'". If a solid column support is insufficiently covered by the 
stationary liquid phase, c.g. 2-5(2/0, adsorption on the exposed siliceous sites becomes 
significant with polar solutes, and tailing occurs. As a consequence, retcntion volumes 
are no longer directly proportional to the weight of solvent, and hence specific 
retention volumes can only be measured with columns containing a high proportion of 
stationary phase. Where organometailic solutes are involved, this adsorption becomes 
very important, and the band spreading is so extensive that squalanc columns cannot 
be used for analysis of rnixturcs of such matcrials. Chemical instability givcs rise to 
chemical change as the  compound passes through the chromatographic column. This 
usually occurs through formation of bonds between the compound and reactive groups 
either on the column support (e.g. acid sites), or the stationary phase (e.g. hydroxy 
groups, as in the polyethylenc glycol). This phcnomena, termed trans-e~terification'~", 
has been observed with organotin hydrides, chlorosilanes, and amino compounds such 
as hexarnethyldisilazane. An early approach to pre-treatment of the support to remove 
this activity was to add small amounts of highly polar and involatile liquids to the  
s ~ p p o r t ~ ~ " - ' ~ ~  or wash the support with acid and then alkaIi'S2-'s4. More recently therc 
have been attempts to deposit solids such as silver o n  thc support surface'SS, but 
unfortunately this method cannot bc uscd in the presence of thio compounds. e.g. 
silylthioethers. An alternative method is to treat the activc sites of the support, which 
are presumcd to be hydroxyl groups (-Si-0-H), and replace these by groups which 
should yield at least a weakly absorbing site. Both trim~thylchlorosilane'~~~~~~ and 
d i m e t h y l d i c h l o r ~ s i l a n e ~ ~ ~ ~ ' ~ ~  have been used successfully to reduce the activity. The 
surface reaction is presumed 10 be of the following type: 

OH 
I 

0- Si(CH3)3 
I 

(CH,),SiCI + -Si- - --I- + HCI 
I I 

or: 

+ 2HCI (4) 
I I I I 

I I I I 
-SI - 0 -SI - + (CH3),SC12 - -SI - O-St- 

"\ 7 OH OH 

SiMe2 

When the hydroxyl groups are not adjacent, thcn a chlorosilyl ether group, 
SiOSi(CH3)zCI, may be left. but this is not beneficial since i t  will be as reactive as thc 
grouping replaced, becausc of the chlorine grouping. As an alternative to this 
treatment, hexamethyldisilazanc has been used since it reacts quantitativcly with 
hydroxyl g r o ~ p s ' ~ " . ' ~ ~ ~ ' " .  It is now uscd to treat all the common solid supports'". 
Many advantages have been claimed for hcxamcthyldisilazane but i t  is expensive and 
gives a surface similar to thc trimcthylchlorosilane. 
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I n  the gas chromatography of organotin compounds, careful consideration must be 
given to the detector and its dcsign since oftcn whcn a compound is eluted from a 
column, dccomposition occurs in the dctcctor. invalidating the elution processI4". 
When such dccomposition occurs. the metal is deposited on  t h c  wires of filamcnts of 
the katharometer. or on thc collector platcs of ii flame-ionization gauge. possibly 
causing thc formation of tarry and finally carbonaceous dcposits which foul the 
katharometer filaments'63. The rccomrnended treatment in such cases is rcgular 
flushing of thc detector block with both polar and non-polar solvents. Although such 
treatment is beneficial, in the course of time thc tarry deposits carbonize. lcading to 
permanent changcs i n  the katharonietcr rcsistancc. The partial contacts of carbon 
deposits betwcen helices of the coiled filamcnt prcsumably are responsible for the 
increase in rccorder base-line noise. Whcn finely divided powder metal is dcposited in 
the katharonictcr. especially on the filamcnts. ii similar situation arises, but the bridge 
becomes pcrnianently out of balancc. since unfortunately n o  clcaning proccdure can 
bc used. 

A similar situation is found with thc flame-ionization detcctor. especially thc 
convcntional typcs where the collector electrode plate is vertically abovc the flame. A 
modified detcctor is nccded and evcn whcn detection can occur. attention must bc 
paid to saturation limits, since non-lincarity of signal response and thc inversion cffect 
have been obscrved'". Trans-csterification of organotin compounds can bc overcome 
by treatment of the supporting phase involving baking of Celite 545 (36-60 mesh 
B.S.S.) at 300°C for 5 h. acid and alkali washing. drying at 50°C. and treatment with 
trimethylchlorosilaneljH. Aftcr such treatment it is possible to chromatograph and 
separatc the methylchlorosilancs and organotin hydrides. Howcver. as indicated later, 
thc choice of stationary phasc is important for this typc of compound. l h e  gas-liquid 
chromatography of thermally unstable organometallic compounds has been cffectedIJn 
using scparation techniques at normal temperaturcs (20- I00"C) followed by 
combustion in a conventional micro-analytical furnace. absorption of water, and 
detection of the carbon dioxidc with a StuvC katharometer'"'. Thc metal oxidc 
dcposited in thc furnace gradually poisons thc copper oxidc packir?g. and has t o  be 
replaccd frequently. The 3 f t  column contained 25%) (w/v) di-2-ethylhexyl sebacate on 
Celite (36-60 nicsh) at 56°C and the carrier gas was oxygcn-free nitrogen at a 
flow-rate of 50 ml/min. T i n  tetraalkyls and relatcd compounds could be detcctcd by a 
thermal conductivity ccll. a modified flame-ionization gauge. and a commercial 
gas-dcnsity balance unit'"". Thc latter unit has many advantagcs for such work, 
particularly that the samplc is not subjected to a temperaturc grcater t h a n  the column 
temperaturc, presumably a temperaturc at which the compound is stable. Results 
comparing thesc three detectors with tetramethyltin under the appropriate conditions 
are given bclow. 

Tlwrrtial coiitiucriviry detccror (Figure 4 ) :  Column. 6 f t .  25% (w/v) Apiczon M on 
treated Silocel (36-60 mesh); column tcnipcrature. 140°C; dctcctor temperature. 
150°C; carrier gas. hydrogen. 30.0 ml/min; recorder. 5 mV f.s.d. From Figurc 4 i t  is 
obvious that the graph is linear for low sample volumes, but abovc 2.5 pI the thermal 
conductivity response is no longer linear'". The relativc detector responscs (rclative 
to tetramethyltin = 100) are as follows: tctranicthyltin. 100; 11-hcxane, 98; 
cyclohexane. 92; rr-heptane, 87; and benzene. 116. 

Fhrne-ionizutioti detector: Column. G f t .  Apiezon M on Silocel (36-60 mcsh); col- 
umn tenipcraturc, 140°C; blced off. 98%; flow-ratc of nitrogen through column, 
7 ml/niin; hydrogen flow-rate. 30 nil/min; air flow ratc. 400 ml/min. The response 
results are shown in Figurc 5 ,  which indicates that the graph is again linear ovcr the 
lowcr ranges. Figurc 6 shows the saturation phenomena for a 4.0 pl sample size or 
abovc. comparcd with the shapc of the elution peak for a 3.0 pI sample size. 
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FIGURE 4. Calibration graph for 
tetramethyltin using a thcrrnal con- 
Ductivity detector. 
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FIGURE 5. Calibration graph for 
tetrarncthyltin using ;1 flarne-ioniz- 
ation detector. 

Gas-densily bnlntzce delcctor: Column, 6 ft .  15%) (w/w) silicone oil E301 on  Celite 
545 (36-60 mesh); column and  balance temperature. 100°C;  nitrogen flow-rate. 
30 ml/min. Becausc of t h e  non-linearity of signal response. the tetramcthyltin was 
diluted with ti-hcptane in thc  ratios 1 : l .  1:s.  and 1:10. 

The  relativc sensitivitics a rc  1 : 10: 1.700 for thermal conductivity, gas-density 
balance and  flame-ionization detectors. respectively. Thc gas-density balance detcctor 
is excellent for the gas chromatography of alkyltin mono- and  dihydrides without 
decomposition on  the column*4H. I t  was possible to elute trimethyltin hydride through 
siliconc E301.  Apiezon L, and  dinonyl phthalate phases. but when attempts to use a 
squalenc column wcre made, decomposition occurred. A discussion"* of the use of thc 
flamc-ionization detector in the gas chromatography of tetramcthyltin, 
trimethylethyltin, dimethyldiethyltin, mcthyltriethyltin. and tctracthyltin includcd thc 
usual sensitivity characteristics of the  chromatography of thesc compounds  and 
presented and  correlated specific retention data and various thermodynamic 
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( b )  

FIGURE 6. Elution pattern of tetra- 
methyltin using a flame-ionization 
detector. (a) Normal response; (b) 
saturation response. 

properties obtained on columns containing 15% silicone oil E301 (mol. wt. 700 000) 
on Celite16' (treated by dry sieving to 36-60 mesh, washing with concentrated 
hydrochloric acid, mcthanol. and distilled water, and drying at 300°C). 

The retention indices of 14 organotin compounds have been determined on columns 
of (i) 40% of Apiezon Lon Cclite, (ii) 20% of Carbowax 1500 o n  diatomaceous earth, 
and (iii) 20% of polyethylcne glycol succinate polyester on diatomaceous earth (Table 
4)170.171. The columns were all operated at 19O"C, and before use were conditioned at 

TABLE 3. Retention indices of organotin compounds 

Polyethylene 

Apiezon L Carbowax 1500 succinate on 
on Celite on diatomaceous diatomaceous 

glycol 

Compound column carth column earth column B.p. ("C) mol. wt. 

Me$n 630 676 692 77.4 178.8 
Et4Sn 1049 1074 1097 179.5 234.9 
Pr4Sn 1327 1347 1352 223.5 29 1 .O 
iPr,Sn 1355 1364 1371 29 1 .O 
Bu4Sn 1599 1606 1642 267.5 347.1 
i-Bu,Sn 1466 1515 1489 347.1 
Me3EtSn 728 745 744 108.2 192.7 
Me3PrSn 833 874 836 131.7 206.9 
Me,(;-Pr)Sn 794 839 818 123 206.9 
Me,([-Bu)Sn 820 856 848 134 220.8 
Me,(Cyhex)Sn" 1208 1243 1300 247.0 
Mc3ViSnh 703 800 800 99.5 190.7 
Mc3Sn 1172 1498 1531 203 240.Y 
Vi4Snb 91 1 1153 1188 160 226.8 

Av. 1114 Av. 1122 

YCyhcx = cyclohexyl. 
"Vi = vinyl. 
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200°C overnight and pre-treated with hexamethyldisilazaiie and dichlorodimethyl- 
silanc at  room temperature. The nature of the compounds had little affect on the 
retention times of alkanes except on column (i). when the number of carbon atolns was 
less than 10. A correlation between retention index and boiling point existed for 
column (i), so that the retention index could be predicted froin the boiling point with 
an average error of 1%. Distinct diffcrences between saturated and unsaturated com- 
pounds were observed on the polar columns (ii) and (iii). and average values of 
retention index divided by molecular weight increased. with two exceptions, as the 
refractive index increased. A correlation of increasing retention index with increasing 
calculated molar refraction applied without exception to (i), and with three exceptions 
to (ii) and (iii). 

The retention times, alone or in the presence of the organotin compounds, are given 
in Table 5. With Apiezon substantial deviations appeared below ten carbon atoms. 
the lack of linearity of the logarithm of the retention time on the polar columns is 
evident. Slight deviations appear above fourteen carbon atoms. A graph (Figure 7) of 
the retention index on Apiezon ver5u5 the total number of carbon atoms shows that 
the homologous series tetraethyl, tetrapropyl, tetrabutyl increases almost linearly, but 
that compounds not in this series deviate irregularly owing to boiling point and polar- 
ity differences. A plot (Figure 8) of the boiling points, where known. v e r . ~ . ~  thc total 
number of carbon atoms shows some degrce of regularity. A plot (Figure 9) of the 
Apiezon retention index versu5 boiling point, where known, shows considerably more 
uniformity despite the variations in structure represented. From such a plot the rcten- 
tion index can be predicted from the boiling point with an  average error of 1%. the 
poorest case being that of tetravinyltin, where the error  is 6%. 

Table 4 gives the retention data for the non-polar Apiezon column and the polar 
columns containing Carbowax 1500 and polyethylene glycol succinate o n  diatomace- 
ous earth. As indicated by the retention times, the retention indices increase with the 

TABLE 5. Retention times (minutes) of alkanes in the presence of organotin compounds. 
Column 1 gives the time for thc alkanes alone. column 2 givcs thc timc in thc prcscncc of the 
organotin. 'The columns were pre-conditioncd at 200°C overnight. Each column was pretreated 
before a scrics of runs with 20 pI of hcxamethyldisilazane and 20 p l  of dimethyldichlorosilane at 
room temperature. All runs were made at 190°C 

Carbowax 1500 on 
Apiezon L on diatomaccous succinatc on 
Cclitc earth diatomaceous earth 

Polydie t hyle negl ycol 

Alkanc 1 2 1 2 1 2 

c.4 
0.10 1.75 1.75 1.78 CS 
0.24 1.81 

2.00 
C6 

0.47 2.00 c7 
0.90 0.87 2.30 2.30 
1.61 1.20 2.74 2.77 2.27 2.29 

C8 

2.59 2.50 3.36 3.37 2.52 2.52 
CY 

4.10 4.20 4.25 1.25 2.91 2.90 
ClO 

ClZ 6.53 6.64 5.57 5.70 3.64 3.53 
CI I 

10.34 10.32 7.47 7.60 4.25 4.27 
16.33 16.60 10.26 10.60 5.43 5.5 1 
25.81 26.16 14.54 15.00 7.23 7.24 Cl4 

CIS 
40.28 4 1 .oo 20.59 2 1.50 10.00 10.69 

1.81 

2.11 

c13 

30.96 
c16 
c 1 7  64.19 
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i- Bu, i -Pc  
Me,Cy 

Me,Pt 1200 

1 
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1 I I 

12 16 
400; 8 

Total No C atoms 

FIGURE 7. Retention indices ( I )  of organotin 
compounds on  Apiezon L at 190°C versus total 
number of carbon atoms in the molccule. 

polarity of the column, as expected. A plot (Figure 10) of thc rctention index on the 
Carbowax 1500 column versus boiling point shows distinct differences between the 
saturated and unsaturated compounds. The lattcr group included trimethylvinyltin, 
tetravinyltin, and trimethylphenyltin, all of which fall on a separate curvc showing thc 
substantial effect of their higher polarities in increasing their rctention indices. A 
similar plot of the results on thc polar polycthylcne glycol succinate column shows the 
same effect. 

An extensive number of rctention times for thc methylethyltin compounds as a 
function of tcmperature have been determined for a packing consisting of Sterchamol 

260 240 r-7 
2 20 

h 

I" 200 
E 
E 1 8 0  
0 

160 
\ 
0 
0 140 
4 m 120 

100 

vinyl, 

SO! Me -21- 8 

4 8 12 16 

Total No C atoms 

FIGURE 8. Boiling points of organotin 
compounds vcrsus total number ofcarbon 
atoms in the moleculc. 
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FIGURE 9. Retention indices o f  
organotin compounds o n  Apiczon L at 
190°C versus boiling point. 

brick impregnated with 15% of high-vacuum stopcock grease (Zeiss No. 20) operated 
isothermally at 70-95°C and using argon as the carrier gas"'. Plots of log (retention 
volume) versus number of chain carbon atoms are straight lines for S ~ ( ~ I - C ~ I - I ~ ) ~  
through Sn(rr-C4Hy)4 compounds173. Retention indices of scveral organotin com- 
pounds on columns containing Apiczon L. SE-30, QF-1. XF 112. and o-nitrotoluene 
as stationary phases and with flame-ionization and thermal conductivity detectors have 
becn determinedI7j in accordance with the recommendations of the Gas Chromato- 
graphy Discussion Group S~b-Commi t t ee '~~ .  Some rules and generalizations of charac- 
ter relationships, bascd on A/ values and retention index increments (N),  wcre estab- 
lished for successive homologous compounds. 

A number of workers have reported aspects o f  the use of gas chromatography to 
determine tetraalkyltin c o m p o ~ n d s l ~ ~ . ~ ~ " ' ~ ~ .  Specific mention has been made of thc 

1600 
Me,Ph, Bu, 

1400 t 

B.p ( O W 7 6 0  mrn Hg) 

FIGURE 10. Retention indices of 
organorin compounds versus boiling 
point. Carbowax 1500 on diato- 
maceous carth column, 190°C. 
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use of Apiezon L columns'76, sample injection in the absence of air o r  waterls0, 
flame-ionization1n'.'n2, electron-captureIs2, and  atomic-absorption detectors143. Tetra- 
alkyltin compounds have been separated and  purified by preparative gas chromato- 
g r a p h ~ ' ~ ~ .  Diethyldimethyltin was separated f rom impurities (mainly ethyltrimethyltin 
and triethylmethyltin) by passing a 6 ml sample through a column (13  m x 25  mm i.d.) 
of Kieselguhr (particle size 0.4-0.5 mm) containing 18% of polyoxyethylene glycol 
400. The  column was operated at  105°C. and  hydrogen was used as the carrier at a 
flow-rate of 64.5 I/h. The  main fraction (retention time 29.5 min) contained only 

of impurity. An attempt to purify tctramethyltin by passage through a similar 
column was  less successful. 

R3SnCI + RSnCI3 2R2SnCI2 ( 5 )  

R,Sn + RSnCI, - R3SnC12 + R2SnCI2 ( 6 )  

R,Sn + R2SnCI, - 2R3SnCI (7) 
When gas chromatography is used to separate tetraalkyltin compounds and  alkyltin 

halides, problems due  to  redistribution (equations 5-7) may arise184-186. Thus, on a 
2-m column packed with 18% of silicone oil OE 4011 on  Sterchamol brick at  
160-1 80°C. butyltin trichloridc reacts with tetrabutyltin although mixtures containing 
tctrabutyltin, tributyltin chloride. and dibutyltin dichloride a re  stable'84. Reaction 7 
does  not occur on CarbowaxI8'. All four butyltin chlorides can be  separated o n  20% of 
GI 7100 FF o n  Sterchamol brick at 17S"C, o n  18% of OE 4007 D on Sterchamol brick 
at  178°C. or on OE 401 1 supportcd on Sterchamol brick ai  194"C'85.'87. Mass spec- 
trometry providcs a useful detector for identifying the species presentIs8. A study of 
the rclative retention volumes of the butyltin compounds  o n  tcn different liquid phases 
using a katharometer and hydrogen as the  carrier gas clearly showcd the effect of 
liquid phase polarity on  the relative retention volumes'n5. In non-polar liquid phases 
the compounds a re  separated according to their molecular wcights, whereas in polar 
liquid phases the relative retention volumes of compounds  containing the Sn-CI bond 
increase with increasing polarity of the liquid phase. In the case of Carbowax, tetra-n- 
butyltin is eluted a s  the first compound. 

A hydrogen flame-ionization detector was used for the gas chromatographic analysis 
of butyl-. octyl-, and  phenyltin halidcs. used as intermediates for the manufacture of 
stabilizers for plastics, fungicides for paints, and  certain other biological and  agricul- 
teral chemicals189. For the butyltin halides, a n  injection temperature of 380-400°C 
was found to be sufficicnt, but for the octyltin a n d  the  phenyltin halides, a temperature 
of 400-425°C was  necessary to give completely symmetrical peaks. A t  lower 
injcction temperatures. the organotin halides appear  to be insufficiently volatile for 
accurate quantitative work. Thc  column used was a 1 6  cm U-shaped stainless-steel 
section of 4 mm i.d. packed with 5?h (w/w) siliconc oil (Midland Silicone MS 200) 
supported o n  Celite 545  prepared by the mcthod of James  and Martin'", including a 
treatment with alkalilY0. Column temperatures of 110°C for butyltin halides, 180°C 
for phenyltin halides. and 2 10°C for octyltin halides werc satisfactory. T h e  chromato- 
graphs for phcnyltins are substantially similar to those for the octyltins, with slightly 
less resolution of the early peaks. Little diffcrence was observed between the retention 
times of alkyltin bromides and the corresponding chlorides. and the calibration graphs 
were also similar in all respects. There was n o  evidence for thermal decomposition and  
disproportionation of organotin halides during exposure to elevated temperatures 
whilst on  the column as previously reported"'. Disproportionation of m h t u r e s  of, for 
example. monooctyltin tribromide and trioctyltin monobromide docs  not occur during 
chromatography, as shown by the absence of a peak corresponding to dioctyltin di- 
bromide o n  the c h r ~ m a t o g r a m ' ~ ' .  Butyltin bromides may be converted quantitatively to  
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thcir more volatilc butylmethyltin analogue with methyl Grignard reagent and then 
determined by gas-liquid Chromatography with an estimated accuracy of iibout 
?2%lY2. Direct chromatography of thc alkyltin bromidcs appeared to produce scvere 
sample decomposition. Thc mcthod is stated to be applicable to a number of 
tetraalkyl- and/or tetraryltins and alkyl- o r  aryltin halidcs. A dual-column, linear- 
tern pe rat u re p rogra m med gas c h rom a t og ra p h e q u i p ped with a four- f i  I a mc n t ho t - \V i  re 
thermal conductivity ccll dctcctor was uscd. The columrls were 10 ft  x f in o.d. 
stainless-steel 304 tubing in a 4-S in diameter coil with the ends bent parallel to thc 
axis of the coil. Thc coils were packed with 15.5 2 0.2 g of 20% (w/w) SE-30 silicone 
gum on 60-80 mcsh Chromosorb W. I t  was found that in this method the Grignard 
rcaction is indccd quantitative and that no loss o f  sample occurred during othcr stcps 
in the sample preparation procedure. Nevertheless. large differences occur between 
the added and observed amounts of all of the components, excluding dibutyltin di- 
bromide. This is duc to the room temperature reaction of equimolar amounts of tin 
tetrabromide and tetrabutyltin to form butyltin tribromide and tributyltin bromide 
prior to reaction with the Grignard reagent. Dibutyltin dibromide is the only material 
that does not take part in this redistribution reaction. The data obtained for this 
material are then more indicative of the accuracy of the method and in this casc 1 v/o of 
thc actual perccntage. Other gas chromatographic method.; for alkyltin halides are 
described in references 193-203; references 195-198 refer to the separation of 
organotin halides after total acetylation. 

A method for the simultancous determination of triphenyltin hydroxide and its 
possible degradation products tetraphenyltin, diphenyltin oxidc, benzenestannoic 
acid. and inorganic tin in water. is rapid, sensitive to less than 0.01 pg/ml for most of 
the tin species, and exhibits no cross-interferences between thc  phenyltin~'~'~.  The 
phenyltins arc dctected by electron-capture gas-liquid chromatography after conver- 
sion to their hydride derivativcs. using lithium aluminium hydride, while organic t in  is 
determined by a procedure which responds to tin(IV) oxide as well as aqueous tin(1V). 
Conversion of non-volatile hydroxyoxyphcnylstannane (PhSn02H), oxodiphenylstan- 
nane (Ph2SnO), and hydroxytriphcnylstannane (Ph3SnOH) to their hydrides by 
lithium aluminium hydride gives derivatives with cxccllcnt GLC properties. high 
response to electron-capture detection, and none of the attendcnt column stability 
problems encountered with other derivatives'"'. 

A method for the determination of nanogram amounts of methyltin compounds and 
inorganic tin in natural waters and human urine involves conversion by sodium 
borohydride at pH 6.5 to the corresponding volatile hydridcs SnH,. CH3SnH3. 
(CH3)SnH2. and (CH3)3SnH'oS. These hydrides are scrubbed from solution. cryogcni- 
cally trapped in a U-tube. and separated upon warming. Detection limits arc approxi- 
mately 0.01 ng as tin when using a hydrogen-rich, hydrogen-air flame emission detec- 
tor (SnH band) of a type having considerably lower dctection limits than any previ- 
ously reportcd206-212. Average tin rccoveries ranged from 96 to 109%) for seawater and 
from 83 to 108% for human urine samples for six samples, to which were addcd 
0.4-1.6 ng of methyltin compounds and 3 ng of inorganic tin. Rc-analysis of the 
analyscd saniplcs showed that all methyltin and inorgaiiic t in is removed in onc 
analysis proccdurc. The method was applied to rain and tap water. scashclls, urine. 
frcsh water. and saline and estuary water samples. 

XXII. ORGANOZINC COMPOUNDS 

Organozinc compounds have bccn gas chromatographed on a I-m column of 
Chromosorb W, containing 7.5% of paraffin wax (n1.p. 63-64"C)-triphenylamine 
(17:3), using dry purified helium as the carrier gas. a thermistor detector. and a 
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TABLE 6. Pyrolysis fricgmcnts o f  zinc dialkyldithiophospli~tcs (wt.-% of volatilc producis)"s 

Alkyl group 
~ ~~~~ 

Olcfinic fragrncnr Iso-CJ 1s0-C~ 1 -Pcntyl 3- I'c 11 I y I 4 -Met  h y l -  2 -pc n t y I 

3 
85 
12 

column temperature of 73- 165°C. according to the type of organozinc compound 
being examincd'". High-pressure gas chromatography ( 1000- 1700 psi) has bccn 
applied to the separation of zinc(I1) etioporphyrin from othcr metal chelates?lJ. The 
column packed with 10% Epon 1001 o n  Chroniosorb W. was operated at 145°C using 
diclilorodifluoromethane as the carrier gas. In a procedurc for the identification of 
microgram amounts of zinc dialkylphosphorothioatcs in oils by pyrolysis-gas 
Chromatography. the zinc compounds werc separated from the' oil by thin-layer 
chromatography on silica gel using a mixture o f  pyridine and acetic acid as dcveloping 
solvent'". The separated zinc compounds arc recovered from the silica gcl adsorbent 
by extraction with methylcne dichloridc and thcn cvaporating off the solvcnt and 
acetic acid on a watcr-bath in ;I strcam of nitrogen. l'hc extract is deposited on ii 
platinum dish brazctl to nichronie leads. Gas chromatographic separation of thc 
pyrolysis products was achieved with a 6 f t  x f in i.d. column packed with I O ' %  silicone 
oil on  60-80 nicsh Embaccl operated at room temperature. Fivc dialkyl zinc 
phosphorothioates with known alkyl groups were cxamincd. The only significant 
dcconiposition products obscrved arosc from simplc cleavage of the carbon-oxygen 
bond (Tablc 6). Only very sinall amounts (less than 50f%,) of nicthane or C 2  
hydrocarbons werc observed in any o f  the cracking patterns. suggesting that the 
carbon-carbon bonds in the alkyl structurc are morc stable than thc carbon-oxygen 
boiids. and also that further clcgradation to olefinic fragments occurred to a negligabk 
cxtcnt. Pyrolysis of zinc diisopropylphosphorothioat~ led t o  the formation of 
propylcnc alonc. thus phosphorothioatc containing 1 1 -  or iso-propyl groups could not 
hc distinguished by this technique. The isobutyl compound. similarly. gives almost 
entircly isohutene. The cracking pattern given by zinc (4- 
mctliyl-3--pentyl)phosphorothiate is morc informative. Having two beta-carbon 
iitonis from which hydrogen may bc removcd. two olefins ;ire likely to be fornicd. 
4-nict h y l pe 111- I -enc and 4-mc I h yl pc n t- 2-cne. 

I n  Tahlc 7 thc product proportions observed for thc zinc salt'15 arc coniparcd with 
those f o r  tlic lead salt'1f'. l 'hc product distribution is almost identical in the two cases 
c\ccpt tor sonic ~-1iicthylpcnt-1-cnr i n  addition to othcr olcfins in the case of zinc?15. 
T h i 5  m a y  I i ; i \ ~  hccn tluc. t o  t l ic prcbence of small ainounts of the 3-methyl-2-pentvI and 
3-methyl-1 -pentyl structurcs. The preponderancc of 2 over 1 in the products shows 
that  thc prcfcrrcd dircction of hydrogen abstraction is 10 givc the olcfin having the 
iiiorc centrally pl;iccd tlouble bond. Pyrolysis o f  the 1 -pcntyl and 3-pcntyl structures 
h n v s  that i n  the former c115c'. although thc 1 -cnc is the main product. ;I considerable 
a m o i ~ n t  of cloul,lc hoiid riiigration to the 2-position occurs. With the 3-pcntyl 
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TABLE 7. Pyrolysis of zinc and lcad 
dinic thylprntyldithiophosphates ( w t  .-%) 

Product Zinc salt"' ~ e a d  
~ ~~ 

4-McC5"-2 62 59 
4-McC~"-l  34 35 
2-McC~"-2 1 6 
2-McCc"-l 3 - 

compound, ovcr OO'% of thc product appcars as pent-2-enc. only 7.7% of pcnt-l-cne 
being observed. 

CH3 
I 

CH 
I I  I 

CH2 + CH 
I I 

I I 

CH3 I CH2 

!!H 
\ 
,p-O-C-H- - I 

CH2 

L C H 3  CHCH3 CHCH3 I 
CH3 (3-43 CH3 

(1 1 (2) 

A micropyrolytic-pas chromatographic technique using a katharometer dctector 
has becn studicd for the  analysis of substrates such as the zinc salts of 00'-di-n-do- 
decylthionothiophosphate, 00'-di-neopentylthionothiophosphate. and 00'-dicyclo- 
hexylthionothiophosphate2I6. The compound is pyrolysed in the inlet system of a gas 
chromatograph and the  volatile pyrolysis products, gcnerally oletins. are separated 
and collected individually for identification. by mass or infrared spcctrometry. The 
olefins are formed gcnerally by the breaking of a carbon-oxygen bond and abstrac- 
tion of hydrogen from a beta-carbon atom with no skclctal isomerization. The struc- 
ture of the olefins produced is thus directly related to the  structure of the alkyl groups 
in thc original zinc compound. Only when hydrogen is not availablc on a beta-carbon 
atom, as in ncopentyl radicals. are olcfins formed by carbon skeletal rearrangement. 
The authors give examples of  the determination of the  exact configuration of thc alkyl 
radicals in  several modcl zinc dialkylthionothiophosphatcs2'". 
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1. THIN-LAYER CHROMATOGRAPHY 

A. Organoantimony Compounds 

Thin-layer chromatography has bcen used to separate triphenylantimony from its 
phosphorus, arsenic, and bismuth analogues. R F  values havc been reported for these 
compounds on alumina platcs using light pctrolcum as developing solvent'. 

B. Organoarsenic Compounds 

Thin-layer chromatography on  alumina using light petroleum as thc solvcnt has 
becn used to separate (C6H5)3M, where M is phosphorus, arsenic, antimony, o r  
bismuth'. RF values have been dctcnnined o n  silica gcl G and neutral alumina for  
mixtures of labelled triphcnylarsine, triphcnyl phosphate, triphenyl phosphite. 
triphcnylphosphine oxide. triphcnylphosphine and  tritolylphosphate using 
acetone-light pctrolcurn, benzene-acctone (1 : 1 and  9: 1 )  and chloroform-acctone 
(3:2 and 9:l) as solvents2. The  chromatograms wcrc automatically examined 
radiomctrically. A rangc of aromatic compounds containing arsenic or  phosphorus 
havc bcen scparated on silica gel. aluminium oxide. and magnesium silicate3. 
Twenty-four solvents were studied and RF values and thcir standard deviations 
tabulatcd. 

C. Organobismuth Compounds 

Thin-layer chromatography o n  alumina has been applied to  the separation of 
compounds of the type (C6H5)M. whcre M is bismuth, phosphorus, arsenic, or 
antimony'. Light petroleum is thc recommended elution solvcnt. 

D. Organoboron Compounds 

Thin-layer chromatography has been uscd to separate some 
pgp-trichloroborazinesJ. 2,4,6-trichloroborazine and its 1,3,5-trimethyl a n d  
-triphenyl derivatives are separated from each othcr on 0.5 mm layers of 
microcrystalline ccllulose with ethyl acetate or pyridine-ethyl acetate ( 1  : 1000) as 
solvent. For detection, the platcs a r e  sprayed with 6 N hydrochloric acid and then with 
a tincture of curcuma and heated on a hot-plate at  80°C. A red-brown spot on a 
yellow background indicatcs the presencc of boron compounds. Pcntaborane, 
dccaboranc, and some chlorinated boron compounds havc becn separated on  silica gel 
G o r  binder-frcc aluminas. Betwcen 3 and SO pg of sample were applied, and the spots 
wcre detecrcd with 1 %  potassium permanganatc solution or iodine vapour. followed 
by spraying with ;I solution containing S% each of silver nitrate and  cthylenediamine. 
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In many cases, silvcr nitrate alone was sufficient. For pcntaborane and decaborane and 
sonic halogenated compounds. a 10% solution of cthyl isonicotinate in hexane was a 
suitable reagent. H F  values in 10 solvcnts were listed for several boranes. and the 
chromatographic behaviour of the products of their reaction with sonic Lewis bascs 
such as aniincs, hydrazine, trialkyphosphines. and dialkylsulphides was discusscd. 
Difficulties were obscrved with low-boiling compounds or with those t h a t  wcre 
oxidized or hydrolysed readily. Hydrolysis occurred to soinc extent even in aprotic 
solvents, although in many instances thc specd of the separation minimized the effect. 

E. Organocobalt Compounds 

For thc thin-layer chromatographic separation of mixtures of cyanocobalamin and 
cobinamide the sample is applicd to a thin laycr of silica gel imprcgnated with thymol, 
and the chromatogram is developed with an aqueous solution containing 0.40/0 of 
pyridinc, 3% of phenol, 0.01% of  sodium cyanide, and 10W of acetic acid, saturated 
with thymo16. To detcrmine cyanocobalamin the chromatogram is eluted with a 0.1 YO 
solution of sodium cyanide in 75'h methanol. and t h e  absorbance is measurcd. 

Cyanocobalaniin and hydroxocobalamin have becn separatcd on  thin films of silica 
gel'. Two methods of dcvelopnient wcre uscd, thc first involving Merck Kiesclgel G 
and clution with butanol-acetic acid - 0.066 XI potassium dihydrogen 
phosphate-methanol (4:2:4: 1). In the second method thc silica gel is 
suspended in 0.066 M potassium dihydrogen phcsphate and development is cffccted 
with butanol-acetic acid-water-mcthanol (4:2:4: 1).  Idcntical results were obtained 
by both methods, but thc latter method is morc rapid. rcquiring only 5-6 h for 
development. If the spots are visiblc they are scparately cut from thc platc and 
cxtracted with 1% aqueous Tween 80 at 40-45"C, thc extraction being repeated i f  
necessary after centrifuging. The absorbance of thc extract is measured, for 
cyanocobalamin at  361 nm and 548 nm. For hydroxocobalamin, the Corresponding 
figures are 351 nm (165) and 527 n n i  (56). Whcn the spots are not visiblc, duplicate 
platcs are made. one of which is used for locating thc cobalaniin spots 
bioautographically, by incubation in contact with a plate of 3% agar in USP Difco assay 
medium, containing 0.02% o f  triphenyltetrazolium chloride. and inoculation with 
Laclobacillirs leic/it)i(ititiii ATCC 7830. The corresponding zones are t h c n  rcnioved 
from thc sccond platc and elutcd. The displacemcnt of hydroxocobalamin rclativc to 
cyanocobalamin is 0.5 2 0.05. 

By using alumina G as adsorbent. and anhydrous acetic acid-water-metlianol- 
chloroform-butanol (2 :9:  10:20:50) as solvent, cyanocobalamin was completely 
separated, but n o t  hydroxocobaIamin8. By using silica gel G as adsorbent. and 
anhydrous acetic acid-watcr-methanol-chloroform-butanol (9: 1 I :5: 1 0 : 2 5 )  as 
solvent, vitamin derivatives could be successfully separated, viz.. hydroxocobalaniin 
( R F  0.05). cyanocobalamin (HI- 0.23), unknown substance ( R F  0.33). and 
thymidinc (RF 0.7). Spots wcrc detccted by bioautography on thc  platc with 
vitainin B I assay agar mcdium and Lricroh(icillit.7 lcic/it~i(ititiii A ' K C  7830 a s  test 
organism. The minimum aniounts of cyanocobalamin detcctcd on silica gcl G and 
alumina G werc 0.005 and 0.025 x 1 (I-.'' g. rcspectively. A thin-hycr 
chromatographic-spectroscopic procedure for the determination of hydroxo- and 
cyanocobalamins associated with othcr medicaments i n  various pharmaceutical forms 
is based on extraction of thc vitamins. purification by thin-layer chromatography. and  
spectrophotomctric dctcrmination ;IS dicyanocobalaniin'. 

Methods for extracting and  determining cobalaniins have been rcvicwed tinder the 
headings biological. chcmical. radionictric. and spectropliotometric'". A method 
particularly recommcnded that i s  applicable to all forms of cobalaniin prescnt in any 
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type of extract o r  liver hydrolysatc involves thrcc double extractions with 
p-chlorophcnol solution with internicdiate washings with watcr. followed by three 
single extractions with p-chlorophenol solution. The extracts arc combined and 
conccntrated by several alternatc extractions with decreasing volumes of water and 
p-chlorophenol solution. the alternate aqueous and p-chlorophcnol extracts being 
discarded. Thc organic concentrate so obtained is shaken with diethyl ether, then with 
added water. and then with added ethyl olcate. After centrifuging. the organic phase is 
discarded. and thc aqueous phase containing the cobalamins is washed with ether. then 
submitted to thin-layer chromatography on silica gel G. previously dried at 38°C by 
dcvelopnient with 50% aqueous ethanol for 3 h. Cyanocobalamin and coenzyme BI2  
arc extracted individually with 50% ethanol. The hydroxocobalamin zone is treatcd 
with potassium cyanide solution. adjusted to pH 6 wi th  acetic acid. and the resulting 
cyanocobalamin is extracted into 50% ethanol. Finally, cyanocobalamin and coenzymc 
B12 are dctermincd spectrophotometrically at 550 and 525 nrn. respectivcly. 

In a furthcr method for separating hydroxocobalamin and cyanocobalamin by 
thin-layer chromatography, spots of aqueous solution adjusted to pH 8.5 with dilute 
aqueous ammonia wcre applicd to layers of dry ncutral alumina and developed with 
isobutyl alcohol-isopropyl alcohol-water (6:4:5) (with addition of aqueous ammonia 
to pH 8.5)". In this system, the R F  values of hydroxo- and cyanocobalamins were 0.30 
and 0.46, respectively; 0.5 pg of each substancc could be detected. For thin-layer 
chromatography of mixtures of cyanocobalarnin (vitamin BIZ). factor BIZ. 
pscudo-vitamin B12. factor A. factor B, and factor VnB, a 5% solution of sodium 
cyanide was added to an aqueous solution of thc sample". Spots of the solution were 
applied to a layer ( 1  mm thick) of alumina and devcloped in isobutyl 
alcohol-isopropyl alcohol-water ( I  : 1 : 1 ). All thc above substances were well 
separated. For the analysis of a phenol solution of three B I Z  coenzymes, removal of 
inorganic ions was neccssary for good rcsuItsI3. This was achicvcd by washing the 
phenol phase with water. Plates wcrc coated with cellulose MN 300 or M N  300-CM 
and wcrc developed with the lower layer of butan-2-01-0.1 hl acctatc buffer 
(pH 3.5)-methanol (4: 12: 1) .  

F. Organocopper Compounds 

Copper chlorophyllins in preserves havc been dctcrrnined by thin-layer 
chromatography''. For the extraction of chromopigmcnts the sample is homogenized 
and acidified with concentratcd formic acid. then extracted by stirring with isopropyl 
alcohol-acetone-diethyl ether (5:3:2). The concentratcs are developed on thin-layers 
of silica gel. For identifying coppcr chlorophyllins the chrornatograms arc developed 
with benzene-ethyl acetatc-nicthanol (1 7: 1 : 2 ) ;  copper chlorophyllins rcniain at the 
origin as dark brown spots. 

G. Organoiron Compounds 

Thin-layer chromatography o n  Mcrck Kieselgel G has been applied to the 
scparation of fcrrocene and its derivatives". Fcrrocene compounds have been 
separatcd by thin-laycr chroniatography o n  mcthylenc chloride solutions on a plate 
coated with a 0.25 mrn layer ot' Mallinckrodt Silk AR TLC-7G. a silicic acid gypsum 
absorbent. that has been activated for 1 h at Y2"CIh. The clution solvent was 
Ixnzcnc-acctonc (30: I ) .  Detcction of fcrrocenc compounds was done visually and 
detection of benzenoid compounds by means of iodine vapour treatment. In most 
cases thc fcrroccnyl analogue has a lo\ver RF than tlic phcnyl compound. To  ensurc 
that n o  reaction had taken placc on tho adsorbent. a inethylene chloride solution of 
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ferrocenylphenylcarbinol was allowed to stand overnight in contact with Silic A R  
TLC-7G, then filtered and evaporated to dryness. The infrared spcctrum proved to bc 
identical with the original, indicating that n o  reaction had taken place. 

H. Organolead Compounds 

The dithizonates of trialkyllcad halide (yellow) and dialkyllead dihalide (red) 
compounds can be separated by thin-layer ~hromatography’~. Mixtures containing 
much tributyllead acetate and a small proportion of dibutyllead diacetate are best 
chromatographed in acetone-water ( l : l ) ,  and other mixtures can be separated in 
benzene. Following chromatography, the thin-layer plates are sprayed with a dithizone 
solution in chloroform (0.1 %). after which yellow and/or red spots appear on a light 
green-blue background. Inorganic lead does not migrate and causes red spots at the  
baseline on the chromatogram. 

1. Organomercury Compounds 

Radio paper chromatography has been used to separate mixtures of mercury(I1) 
bromide, phenylmercury bromide and p-bromophenylmcrcury bromide18. Various 
other aryl- and alkylmercury bromides were also separated. Various migration 
solvents were used, including ti-butanol-ammonia, tetrahydrofuran-n-butanol, 1 N 
ammonia (15:35:20), methyl acetatc-ri-butanol-2N ammonia (47:40:13), and 
PO[N(CH3)2]3-n-butanol-2~ ammonia (1: l :  1). 

J. Organophosphorus Compounds 

Zinc 00-dialkylphosphorodithioates have been identified in mineral oil products by 
thin-layer chr~matography’~.  The lubricant or  additive concentrate is diluted with a 
paraffinic solvent. A portion of the solution is shaken with dicthylamine to convert the 
additive in to  the ammonium salt, and an aliquot is applied to a plate of aluminium 
oxide G (activated at 120°C). The oil is removed by development with hexane, and 
the chromatogram is then developed with hexane-acetone-ethanol-triethylamine 
(20:30:1:1). The spots arc made visible by spraying first with iodine azide and then 
with starch solution. Spots due to other compounds, particularly sulphur compounds, 
are visible before spraying. The RF values increase with increasing size of the alkyl 
groups. 

K. Organotellurium Compounds 

Analytical aspects of organotellunum compounds have been discussed20. Mixtures 
of the o-, rn-, and p-isomers of ditolyltellurium dissolved in light petroleum have been 
separated by thin-layer chromatography o n  alumina”. In the zeparation of 
organotellurium compounds containing phenyl, tolyl, or naphthyl radicals on alumina 
(activity III-IV, particle size 0.06-0.09 mm), the substances are revealed as yellow to 
red-brown spots by treating the chromatogram with iodine vapour2?. Light petroleum 
is used as solvcnt to separate substances of the type R2Te, whcre R is one of the 
organic radicals mentioned above, and ethyl acctate-methanol (1: 1) and 
benzene-ethanol (9:l or 4 : l )  arc used to separate derivatives of thc types R2TeC12 
and R,TeCI. 
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L. Organotin Compounds 

Thin-layer chromatography has been uscd to determine lubricants and organotin 
stabilizcrs in carbon tetrachloride extracts of PVC’3. Radiometric methods have been 
used to  study the migration of bis(2-ethylhexyl){di([ l-’4C]~~tyl)stannylenc}dithio- 
diacetate from rigid PVC into edible oilsz4. T h e  extractability of dibutyl- and 
dioctyltin stabilizers from PVC into foodstuffs simulation liquids such as water, 3% 
acetic acid, 10% aqueous ethanol, and diethyl ether can be measured by extracting the 
organotin compound with chloroform from the simulation liquid and then applying 
the chloroform solution to a glass plate coated with a suspension of silica gel in water 
(1:23) that has been dricd at 20°C and activated at 105°C just before use. The  
thin-layer plate is then developed with diisopropyl e ther  containing 1.5% of anhydrous 
acetic acid. The chromatogram is dried at  105°C and the separated organotin 
compounds are revealed by spraying with a 0.02% solution of dithizone in chloroform. 
The limit of detection is 10pg of organotin compound. The procedure permits 
distinction between dibutyl- and dioctyltin compounds. Organotin stabilizers in PVC 
were identified using thin-layer chromatographyz5. The  organotin compound is 
isolated from the polymer by shaking the diethyl e ther  extract with aqueous E D T A  
(disodium salt) followed by extraction with a chloroform solution of dithizone. Alter- 
natively, the polymer film may be soaked in an oil (e.g. olive oil) and the organotin 
compounds absorbed from the oil on to activated silica gel. The mobile phase is either 
butanol-acetic acid (50-100: 1)  saturated with water or water-butanol-ethanol-acetic 
acid (20:lO: 10: l ) ,  and the spots are revealed with dithizone or diphenylcarbazone. 
Dibutyl-, dioctyl-, and dibenzyltin salts were separated and identified and mixtures of 
dialkyl- and trialkyltin compounds could be separated. 

Traces of mono-, di-, and tervalent and uncharged tin compounds can be separated 
using silica gcl as adsorbent and various solvents as the mobile phase”. The ItF values 
of the individual compounds are such that cations can be idcntificd; the anionic part of 
the molecule has no effcct. The recommended mobile phase for general use is a 
mixturc (2 : l )  of isopropyl alcohol and ammonium carbonate solution (2 parts of lO?h 
aqueous ammonium carbonate and 1 part of aqueous ammonia). For the scparation of 
bivalent organotin cornpounds, isopropyl alcohol-1 N sodium acetate can be used. For 
monovalent compounds. butanol-2.5% aqueous ammonia is thc most suitable. Spots 
are located by spraying the chromatogram with catechol violct solution and examining 
i t  in U.V. light. Phenyltin compounds dissolved in 96% ethanol are decomposed by U.V. 

light to give phenol, which can be detcctcd with 4-aminophenazonc solution. The  
method has been applied to the determination of thc cxtractability of organotin 
stabilizers from poly(viny1 chloride) foil and the solubility of such stabilizers in fats and 

Thin-layer chromatography of organotin compounds on silica gel can bc carricd out 
with 1 . 5 %  acetic acid in diisopropyl ether as developing solvent?'. Sulphur-containing 
compounds are identified by spraying the chroniatogram with 2% ethanolic 
molybdophosphoric acid, and other tin compounds are located by examination under 
U.V. light and by treatment with 0.596 ethanolic catechol violct. In a procedure for the 
idcntification of organotin compounds commonly used as stabilizcrs in poly(viny1 
chloride) packaging niatcrials thc stabilizcrs arc extractcd from the material with 
diethyl ethcr and separated on layers of silica gel G by radial dcvclopmcnt with 
2,2.4-trimethylpcntane-diisopropyl ether-acetic acid (80:3:8)’*. The developed plates 
arc cxposcd t o  bromine vapour then sprayed with a solution of Rhodamine B and 
catechol violet in acetone and examined under daylight and under U.V.  irradiation (254 
and 366 nm). Migration values (relativc to dioctyltin diacetate) have been reported for 
10 compounds. The  dctcction limit is 1 pg. 

Thin-layer chromatography has been applied to a wide variety of other types of 
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organotin compounds, including bis( 2-ethylhexy1)tin compounds2", sulphur-containing 
organotin compounds3", impurities in di-11-octyltin stabilizcrs", triphenyltin com- 
p o u n d ~ " ~  mixed allylphenyl and isobutylphenyltin  compound^'^, mixed phenyltin 
chloride3', and alkyltin compounds as their querceti:i c h e l a t e ~ ' ~ .  Thus, dialkyltin 
compounds in amounts of 5-100 p g  can be separated from other organotin species 
by thin-layer chromatography. They are determined by treatment with dithizone, 
elution, and photometric det~rrninat ion~".  It is not usually easy to detect, for example 
on thin-layer chromatographic plates, tetraalkyltin compounds or  trialkyl- or triaryltin 
halide compounds with the usual colorimetric rcagents since complexes are either not 
formed or are too unstable. This difficulty can be overcome by exposing the plates to 
bromine v a p ~ u r ' ~  so that tin-carbon bond cleavage occurs and the product has 
sufficient Lewis acidity to form a stable complex with the ragent. 

M. Organozinc Compounds 

plants has a sensitivity of 10 u g  of zineb per 100 g of tobacco3'. 
A thin-layer chromatographic procedure for the determination of zineb in tobacco 

II. PAPER CHROMATOGRAPHY 

A. Organoarsenic Compounds 

Six organoarsenic compounds (arsanilic acid, arsenosobenzene, arsphenamine, 
4-hydroxy-3-nitrophenylarsonic acid, 4-nitrophenylarsonic acid, and p-ureido- 
phenylarsonic acid) were separated by two-dimensional chromatography on 
sheets of Whatman No.  1 paper, with a solvent consisting of water and nitric acid 
diluted wi th  methyl ~ y a n i d e ' ~ .  The compounds were located on thc chromatogram and 
identified by their quenched or fluorescent areas in U.V. light. Final identification was 
made by spraying with ethanolic ammoniacal silver nitrate or ethanolic pyrogallol. with 
air drying bctwcen the sprayings. The  identification limit is 1 p g  for each compound. 

B. Organobismuth Compounds 

Basic bismuth gallate and free tribromophenol can be detected in small samplcs of 
bismuth tribromophenoxide by the simultaneous ascending Chromatography of a 
neutral ethanolic suspension of one portion of the sample and an acidified ethanolic 
solution of another portion39. The two spots are placed side by side and developed with 
butanol saturated with water. After 2 h the chromatogram is treated with aqueous 
iron(I1) animonium sulphate solution at about halfway between the origin and the 
front and silver nitrate solution is applied closc to thc front. The presence of 
tribromophenol is shown by an orange flcck wi th  silvcr nitratc on the neutral 
chromatogram and basic bismuth gallate by a blue-black spot with iron(I1) 
ammonium sulphate solution on the acid chromatogram. An orange fleck on the acid 
chromatogram is due to the acid decomposition of the bismuth tribromophenoxide. 

C. Organocobalt Compounds 

For thc determination of cobalamins. total cobalamins are dctermined 
spectroscopically in  a pH 5.5 acetate buffer containing 25-30 p g  (dry matter) of 
sample pcr millilitre4". Individual cobalamins are determined by applying a portion of 
the sample solution in a band to Whatman 3MM paper. Devclopment is carried out  for 



762 T. R.  Crompton 

18 h by the descending technique with water-saturated sec-butyl alcohol to which is 
added 1% of acetic acid and water to incipient turbidity. The individual cobalamin 
bands arc eluted with measured volumes of 0.1 o/n potassium cyanide solution (pH 6.0). 
Each individual substance is determined spectrophotometrically as cyanocobalamin. 
Hydroxo- and cyanocobalamins can bc determined by converting them into the 
dicyano derivatives by treatment with potassium cyanide prior to paper 
chromatography4’. The dicyano derivatives arc concentrated by extraction with 
butanol of an aqueous solution of the cyanide-treated sample saturated with ammonium 
sulphate. Impurities are removed by paper chromatography, and the purified 
compounds are elutcd from the spots with water. The absorbanccs are thcn measured 
spectrophotometrically at  367 and 570 nm, and thc concentrations of the cobalamins 
are calculated with rcfcrcnce to calibration graphs. 

Cyanocobalamin and its derivatives can he separated on paper with 
chloroform-phenol-butanol-water (1 2:2:5:20)J2.43. Several R F  values were 
tabulated42. Cyanocobalamin can be extracted from the paper with water and 
determined absorptiometrically; the error  was %20/u43. Hydroxycobalamin has been 
determined in parenteral injection solution by paper chromatography followed by 
s p e c t r o s ~ o p y ~ ~ .  Photodensitometric determinations of cyanocobalamin and 
hydroxocobalamin after scparation on Whatman No. 1 paper, on thin layers of 
alumina or silica gel, or on Amberlite WA-2 paper show that the sensitivity decreases 
from 5 p g  on Whatman paper to 15 p g  o n  Ambcrlite paperJ5. Hydroxo- and cyano 
cobalamins give identical calibration graphs. The chromatogram is developed in a dark 
chamber a t  20 5 2°C in an atmosphere saturated with the solvent. The results for 
hydroxocobalamin arc more reproducible than those for cyanocobalamin owing to 
losses of cyanide ion from cyanocobalamin during chromatography. T h e  errors range 
from -5 to -8% for up to 30 pg of cyanocobalamin o n  paper, alumina, or silica gel, 
and from - 1.8 to -2.4% on paper for 50-200 pg of cyanocobalamin. Results for the 
determination of cyanocobalamin by a paper chroma tog rap hi^^^ and by a cup plate 
agar diffusion method4’ have been shown to be equally accurate. 

D. Organocopper Compounds 

In a paper chromatographic method for the quantitative determination of copper 
and zinc 8-hydroxyquinolinates, the 8-hydroxyquinolate. after extraction with 10% 
sulphuric acid and then with chloroform at pH 5-7, is chromatographed with 
butanol-hydrochloric acid-water (8: 1: 1) o n  Whatman No. 3 paper48. Two bands, one 
due to 8-hydroxyquinoline and Cu2+ (RF = 0.7) and o n e  to Cu2+ alone (RF = 0.4), are 
formed. Both bands are cut out, and the copper isextracted with dilute acetic acid and 
titrated with EDTA. with 1-(2-pyridylazo)naphth-2-0l as indicator. 

E. Organoiron Compounds 

Paper Chromatography of ferrocenes has bccn d i s c u ~ s e d ~ ~ ~ ~ ~ .  In the paper 
Chromatography of iron complexes of porphyrins the iron of uro-, copro-, haemato-, 
dcutero-. mcso. and protoporphyrins in the form of corresponding haemin. haematin, 
or haematin acctate are separated by rcvcrsed-phase papcr chromatography with 
water-propanol-pyridinc as thc solvent system and silicone (Dow Corning N o .  550) 
as the stationary phasc”. A simplificd lutidine-watcr system has been describcd for 
the determination of the number of carboxyl groups in haemins and free phosphyrins. 
Methods for the determination in plant extracts of iron chelates such as Fc-EDTA 
and Fc- 1.2-diaminocyclohcxanetetraacetic acid depend upon the rcmoval of 
unwanted plant constituents and concentration of the chelates by passagc through a 
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column of cation-exchangc resin o r  of activated charcoal. followcd by evaporation and 
papcr chromatography with phenol-water (4: 1, w/v) in the prcsencc of aqueous 
ammonia and potassium cyanides'. For thc quantitative determination of free EDTA 
and 1.1-diaminocyclohexanetetraacetic acid, colorimctric methods dcpending on 
either the  iron-(III)-salicylate complex or the copper-biscyclohexanoneoxalyl- 
dihydrazone complex are described. The iron chclates of free EDTA and 
1,2-diaminocyclohexanetetraacetic acid may be determined by a modified 1.10- 
phenanthroline method; up to 200 p g  of each can be determined. 

F. Organolead Compounds 

Mixtures of R3PbCI, RzPbCI', and R4Pb (R = mcthyl. ethyl, or  phenyl) can be 
separated by paper chromatography followed by conversion to the [PbCIJ- ion and 
spectrophotometric dctermination of the latter at 357 nms3. When applying this 
method to samples containing a single organolead compound, a suitably sized portion 
of thc sample is mixcd with 3 volumes of ethanol saturated with iodinc. After 5 min 
the mixture is evaporated to dryness on a water-bath, the iodine is removed by heating 
on a hot-plate, and the residue is dissolved in 4 M potassium iodide and examined 
spectrophotometrically. Recoveries of lead range from 98 to 102.2% of theoretical. 
The solvents used for the di- and trimethyl- and di- and triethyllead chlorides are water 
and methanol, for the di-, tri-, and tetraphenyl compounds chloroform, acetone, or 
methanol, and for the tctramethyl and tetraethyl compounds n-heptane. Mixtures of 
di- and trimethyl- and a i -  and triethyllcad chlorides with lead chloride containing 
25-40 pg/ml of total lead can be separated chromatographically on papers4. The spots 
located by means of a reference strip, are cut out and extracted, and the extracts are 
treated as describcd abovc. The errors range from -2.0 to +1.9'%,. Treatment of the 
spots on the paper without previous elution was more rapid but less precisc. the errors 
amounting to as much as 12.5%. Ionic lead prescnt as a n  impurity can be determined 
by dissolving the sample in watcr, adding potassium iodide to a concentration of 4 M. 
and measuring the absorption at 357 nm, the organolcad compounds having no 
absorption at this wavclcngth; lead ions are converted in to  [ PbI4I2-. 

A proccdurc for thc papcr chromatographic separation of trialkyllead chlorides and 
bromides uses two solvents: (i) benzene ( 6  vols.) and cyclohcxane (3 vols.) saturated 
with water, the organic phase bcing filtered through a paper wetted with bcnzene and 
mixed with acetic acid (1 vol.); (ii) cyclohexane saturated with waterss. Ascending 
development on 2043b paper (Schleicher and Schiill) is uscd. After irradiation with 
U.V. light the compounds are detccted by spraying with ammonium sulphide solution. 
R F  values for sevcral compounds in the two solvcnts were given. Thc water content of 
the solvents is critical; a lower water content leads to an increase in R F ,  especially for 
slowly moving components. Better separations are obtained with trialkylcad chlorides 
than with trialkyllead bromides. 

Paper chromatographys6 has been applicd successfully to thc separation of mixturcs 
of alkyllead compounds in petroleum. Tetramcthyl- and tetraethyllead are detected by 
chromatography of their bromoderivatives (R3PbBr). To thc sample is added aqueous 
bromine, the mixturc shaken. thcn concentrated aqucous ammonia is added in excess. 
The  phases are left to separate, thcn a few drops of thc aqueous phase are placed on 
Whatnian No.  1 paper, and devclopcd by descending chromatography for 12 h with 
the organic phase of butanol-concentrated aqueous ammonia (1: 1). The air dried 
paper is sprayed with 0.1% dithizone in chloroform. The lead compounds appear as 
yellow-orange spots on an cvanescent grcen background. The original Compounds are 
identified from thc K F  values o f  the derivativcs. viz. tetrametliyllcad 0.6. 
ethyltrimethyllead 0.7, diethyldimethyllcad 0.7 or 0.81, triethylmethyllcad 0.81. and 
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tetraethyllcad 0.9. Thc mixed-alkyl compounds result from metathctical reactions that 
occur on storage when both tetramcthyl- and tctraethyllead are  present. 

G. Organornercury Compounds 

Several dcveloping systems can be uscd for thc paper chromatography of 
organomcrcury compounds if aqueous ammonia is onc of the components”. The most 
suitablc combination is butan-l-ol-95% cthanol28% ammonia (8: 1:3). A chloroform 
solution of dithizone is thc preterrcd spray reagent”. Alternatively. an aqueous 
sodium stannite solution can be uscd. The  formcr is morc sensitive but lcss selective 
than thc latter. Both t h e  ascending and the descending techniques were uscd. This 
procedure is useful tor detecting rclatively small amounts of organomercunals in the 
prescncc of largc amounts o f  inorganic mercurials. Inorganic mercury salts did not 
migrate undcr these conditions. A study of the concentration limits showcd that the 
least amount of mercurial which could bc detected aftcr chromatographic 
development contained from 1 to 1.5 pg of mercury. The maximum amount which 
could bc chromatographed without tailing contained 20 pg of mercury. 

In onc procedure for the paper chromatography of organonicrcury compounds an 
aqueous solution is spotted o n  to a filter-papcr and chromatographed with ri-butanol 
saturated with 1 N aqueous ammonia s o l u t i ~ n ~ ~ ~ ~ ~ .  The  spots are  detected with 1% 
diphenylcarbazone in ethanol. The K F  value incrcascs with increasing number of 
carbon atoms in the organic radical (phenylmercury acetate 0.39. phenylnicrcury 
chloride 0.40. ethylmercury chloride 0.27, methoxyethylmcrcury chloride 0.1 8, 
methylmercury chloride 0.17; at 30°C); Hg:- and Hg” remain at  the baselinc. 
Another method for thc paper chromatographic separation of alkyl- and arylmercury 
compounds used as agricultural chemicals uses n-hutanol-pyridine-1 N aqueous 
ammonia solution (35:33:31)“. Thc R F  values are as follows: p-tolylmercury acetate, 
0.77; phcnylmercury acetate, 0.68; di(ethy1mercury phosphate, 0.62; 
2-methoxycthylmercury chloride, 0.47: rncthylmercury chloride 0.41; and mercury(l1) 
chloride. 0.06. The  spots are revcalcd with a solution of 1% diphenylcarbazone in 
ethanol. Various methods based on paper chromatography, colour rcactions, and U.V. 

spcctrophotomctry have been used for the detection of organomcrcury compounds61. 
In paper chromatography. butanol-glacial acetic acid-water (4: 1 : 5 )  is a most useful 
solvent, and dithizonc is a scnsitive detection reagent. Both the Reinsch sublimation 
method and colour reaction with 2,2’-bipyridyl are suitable for qualitative analysis, but 
colour rcactions with di-2-naphthylthiocarbazone and dithizone are unsuitable. 

H. Organose!enium Compounds 

Selenomethionine has been separated from mcthioninc by paper chromatography6’. 
Layers (0.25 mrn thick) o f  silica gel G wcre used with isopropyl alcohol- 
butanol-water (1:3:1) as the solvent system. The spots were located with 
ninhydrin solution in butanol. ‘l’hc limit of detection was 0.2 pg of cither compound. In  
a mcthod for the identification of sclcnoamino acids by paper chromatography thc 
sample containing sclenoniethionine and selenocystine is applied to the papcr, and 
then cxposcd to thc vapour o f  15% hydrogen pcroxide solution for 45-60 s; this 
oxidizes thc sclcnium 10 selenoxide. but does nor affect the sulphur of 
sulphur-containing amino ~ i d s ~ ~ .  After solvcnt dcvelopmcnt. the chromatogram is 
allo\ved to dry and is thcn lightly sprayed with starch-sodium iodidc-hydrochloric 
acid solution. The selenium-containing zoncs give a purplc colour in 45 s. and this 
colour changes to brown when the chromatogram is dried at  50°C. 
Sulphur-containing amino acids may bc dctcctcd cithcr by thc ninhydrin reaction. 
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after decolorization of the paper by exposure to ammonia vapour. or by a process 
similar to that described abovc. with hydrogen pcroxide oxidation for  30 min to forin 
the sulphoxides. 

1. Organotin Compounds 

Procedures for paper partition chromatography of compounds of the type R,,SnX4-,, 
using butanol-pyridine-water, butanol-ethanol-watcr, butanol-ammonia-water, 
and aqueous pyridine detect the organotin compounds by spraying with catcchol 
~ i o l e t ~ ' . ~ ~ .  Compounds of the type R4Sn and R3SnX are initally oxidized by U.V. 

irradiation before spraying with catechol violet. For the paper Chromatography of  
diaryltin compounds thc papcr is imprcgnated with a 10% solution of olivc oil in light 
petroleum". Solutions of various concentrations of methanol in 1 N hydrochloric acid 
are uscd for dcvelopment. 'The diaryltin spots are detected with a saturatcd solution of 
diphcnylcarbazone in 50% aqueous methanol (purple spots). The rninimuni detectable 
amount of diphenyltin dichloride is 0.5 pg. 

Butyltin compounds such as Bu,,SnXJ-,, can be separated and identified by 
revsrsed-phase chromatography using liquid paraffin as the stationary phase". 
Tetrabutyltin ( R F  0.0). tributyltin chloridc ( R F  = 0.50). dibutyltin dichloride 
( R F  0.82), and butyltin trichloridc (tailing) were separated by devcloprnent with 
acetone-water-acetic acid (20: lO:l), dichlorodioctyltin (RF 0.69) and dibutyltin 
dichloride ( R F  0.95) with propanol-watcr-acctic acid (20:20: 1). and butyltin 
trichloride and tin(1V) chloride with butanol saturated with 2 N hydrochloric acid in 
the abscncc of liquid paraffin. 

An alternative reverscd-phase paper chromatographic method for compounds of 
the type (alkyl),,SnX+, (where X = halogen o r  residue of monocarboxylic acid or 
dicarboxylic acid half-ester) uses 1 -bromonaphthalene as thc stationary phase with 
50-7096 acetic acid saturated with 1-bromonaphthalcne as the dcveloping solvent". 
Spots are revealed by spraying with dithizone or catechol violet solution. Another 
method for the paper chromatography of the range of alkyltin chloridcs uses Whatman 
No. 2 paper and a 30% solution of petroleum (boiling range 190-275°C) in benzene 
as the stationary phase and ethanol-acetic-watcr (20: 1 :14) as the mobile phasc". 
Spots are revealed by dithizone aftcr 16-18 h at 20°C. Further methods are described 
in references 70. 71 and 72. 

A method for the chromatographic identification of dibutyltin compounds in the 
prcsencc of dioctyltin compounds in PVC subjects an acetone solution to 
chromatography on Whatman N o .  4 paper (descending technique) with 
butanol-acctic acid-niethanol-water ( 5 :  1 :20:24)73. Thc air-dried chromatogram is 
spraycd with 0.1% butanolic diphcnylcarbazone to produce rcd-violct spots. All of the 
dibutyltin compounds havc an RF value of 0.75 and the dioctyltin compounds remain 
at thc origin. This proccdure was also applied to PVC cxtracts preparcd by extracting 
PVC with carbon tetrachloride. then converting the organotin compound into a 
chloride with concentrated hydrochloric acid7'. Upon chromatographing as dcscribed 
above the dioctyltin stabilizers remained at the baselinc. whercas the dibutyltin 
compounds migrated. 

In a proccdure for the identification of sulphur-containing organotin stabilizers such 
as dibutyltindithioacetatc in the preseiicc of sulphur-frce organotin compounds, 
chromatograms of the stabilizers estracted with diethyl ether from thc plastics are 
developed with hexane-acetic acid (12: l )  and sprayed with a solution of dithizone in 
chloroform or  e t ha n o  I ic ca tcc ho I vio le t T hc d ioc t y I. d ibu t y I. and t r ioc t y 1 dc r iva t ive s 
arc clearly separated. The dialkyl compounds are revealed as red spots with dithizone 
reagent o r  as blue spots with catechol violet. and the trioctyl compounds as yellow 
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spots with cither reagent. T h c  sulphur-containing and  the sulphur-free compounds. 
e.g.  dioctyltin di(butyl1thio)acetate and dioctyltin di(buty1 maleate), have the  same R F  
values but can be distinguished from o n e  another, a s  sulphur-containing compounds 
form additional spots (bluc with dithizone and yellow with catechol violet). Trioctyltin 
compounds can best bc detected by conversion into the corresponding dioctyl 
compounds by exposing duplicate plates to brominc vapour for 10 rnin; thc dioctyl 
compounds a rc  then detected as indicated above. T h c  minimum detectable amount by 
this method is 10 pg. 

111. COLUMN CHROMATOGRAPHY 

A. Organocobalt Compounds 

In a n  ion-exchange chromatographic method for the determination of traces of 
cyanocobalamin, the solution is passed through a column of Amberlite CG-50 
(100-150 Thc  column is washed with 0.1 N hydrochloric acid a n d  then the 
cyanocobalamin is eluted from the column with dioxane-0.25 N hydrochloric acid 
(3:2). To t h e  elute is added 2 %  sodium chloride and  concentrated nitric acid and the 
solution is evaporated to dryness, then redissolved in perchloric acid and evaporated 
to  dryness again. The  residue is dissolved in acetate buffer solution (pH 6 )  and 
nitroso-R salt solution, and then acidified. The  absorption of this solution is measured 
at  520  nm against a reagent blank, and cyanocobalamin is determined by reference to 
a calibration graph or by means of a n  internal standard. Other  vitamin B12 
homologues interfere in this procedure. 

In a procedure for thc  detcrmination of hydroxo. aquo. and  other cobalamins in 
injection solutions, the cobalamins are converted into cyanocobalamin by treatment 
with potassium cyanide at p H  7.5 (citrate buffcr solution)76. T h e  solution is adjusted 
to pH 4 with citric acid and applied to a column of Amberlite XE-97, which is then 
washed successively with water. citratc buffcr solution, 0.1 N hydrochloric acid, 85% 
acetone, and 0.1 N hydrochloric acid to remove impurities. T h e  red cyanocobalamin 
fraction is then eluted with dioxane into 0 . 1  N hydrochloric acid and converted into the 
dicyano compound by treatmcnt with potassium cyanide. T h e  absorption is read 
within 20-30 min at  578  nm. and compared with that of control a n d  standard 
solutions. 

Cyanocobalamin in a solution of the vitamin B complex has been separated and 
detcrmined using ion-eFchange chromatography on  acidic Wafatit CP 300,  sodium 
form”. The sample is placed o n  the column and then the various strcngths of thc rcsin 
a re  washed successively with water. This  removcs all the B vitamins o ther  than 
cyanocobalamin. Cyanocobalamin is then eluted with acetone-watcr (1: 1 )  containing 
7.5%) sodium chloride solution until a suitable volume has been collected. Finally. the 
absorption o f  this solution is mcasurcd at 361 nm against that of the solvent in the 
reference beam. lon-exchange chromatography has bccn applied to the determination 
of cyanocobalamin in pharmaceutical syrups7E. T h e  sample a t  pH 4.5-5.1 is passed 
through a column of Ambcrlite XE-97 ion-exchange resin. T h e  column is washed with 
0.1 N hydrochloric acid, 80%) acctonc. a n d  0.1 w hydrochloric acid. Cyanocobalarnin is 
then elutcd from the column with dioxanc-0.1 N hydrochloric acid (3:2) and the 
cluate collectcd and its absorption mcasured at 361 nm. Recoveries are claimcd to be 
between 98 and 99.4%) of the arnouiit of cyanocobalamin added .  

Ncutral and basic cobalamins such a s  hydroxo- and  cyanocobalainin and cobinamidc 
have been scparated o n  various ion-exchange papers under a variety of  condition^^^. 
RFvalues have been listed for the vitamins of thc BIZ  group on cellulose ion exchangers, 
alginic acid. and  alginic acid-ccllulosc prcparations using water. mixtures of water 
with various alcohols. and water with hydrogen cyanide as solventRo. 
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B. Organoiron Compounds 

Ferroccnes have been separated on columnse1. Separation on a 
carboxymethylcellulose column was used in a simple and rapid method for the 
quantitative determination of haemoglobin A2a2. Packed red cells are lysed with 
0.01 M phosphate buffer (p1-I 6.2) and diluted with buffer solution. A 5% potassium 
hexacyanoferrate(lI1) solution and 2% potassium cyanide are addcd. An aliquot is 
added to a column of carboxymcthylcellulose and suspended in phosphate buffer 
solution (pH 6.2). The haemoglobin components other than A2, are eluted first with 
0.01 M phosphate buffer (pH 7.1) and then, when the red band reaches the bottom of 
the column, with buffer solution of pH 7.3. Haemoglobin A? is eluted with buffer 
solution of pH 7.7. The absorptions of the eluates are read at 540 nm. The behaviour 
of haemoglobins during chromatography is influenced by the pH and ionic 
concentration of the chromatographic developers, the state of equilibrium of the 
Amberlite IRC-50 resin with the developer, the temperature during equilibration and 
chromatography, the amount of haemoglobin on the chromatogram, and the oxidation 
state of the haem in the haemoglobinA3. 

Two chromatographic procedures have been described for the  determination of 
human haemoglobins A,, B, C, and F on Amberlite IRC 50 (EX64) resine4. The results 
compare favourably with those of older methods. An investigation of the methods for 
determining foetal (Hbf) and sickle-cell (Hbb) haemoglobins in the presence of adult 
haemoglobin (Hb,) led to the conclusion that for the determination of Hbf the alkali 
denaturation method is not sufficient in the presence of Hb, and Hbbes. Amino acid 
composition provides a more definite answer to the presence of this protein. Only  
electrophoretic measurements can be used for the detection and determination of Hbt,. 
By the use of the  four different methods i t  appeared that the alkali-resistant fraction, 
sometimes found in the blood of patients with sickle-cell anaemia, is not foetal 
haemoglobines. 

The influence of gel structure and pore size of synthetic gels such as acrylamide gel 
on the resolution of various haemoglobins has been studiedH6. Human, horse, and dog 
haemoglobins have been separated on cation-exchange celluloses7. Chromatography 
of haemoglobins in the carboxy form is carried out on carboxymethycellulose eluted 
with 0.01 M sodium phosphate buffers to give a gradient of increasing pH. The eluted 
fractions are examined spectroscopically and, after concentration, by paper 
electrophoresis and sedimentation methods. The heterogeneous nature of adult, 
human, and horse carboxyhaemoglobins and the effects of temperature and of 
concentration of the urea solution on the chromatography were discussed. The 
chromatographic behaviour of normal haemoglobin and seven different abnormal 
human haemoglobins o n  the cation exchanger Amberlite IRC-50 has been 
studiedsn*8Y, and the separation by electrophoresis, column chromatography, solubility, 
and alkaline denaturation of normal and abnormal human haemoglobins r e v i ~ w e d . ~ ~ .  

Separation on Sephadex gels has been used for the determination of haemoglobin 
and m y ~ g l o b i n ~ ~ .  Separation was effected on Sephadex G-50 or G-75 (200-400 
mesh). The columns were equilibrated at 4°C overnight with 0.05 M phosphate buffer 
(pH 7.4). which was also 0.05 M in sodium chloride. A mixture of the  two proteins in 
buffer solution containing 25% of sucrose was applied to the column. The proteins 
were eluted with the buffer solution containing sodium chloride but no sucrose. The 
bands were located and determined by absorption measurements at 280. 410, and 
577 nm. Recoveries exceeding 95% were usually obtained. 

767 

C. Organolead Compounds 

tetraethyllead as lead per imperial gallon in gasoline to be determinedy2. 
High-performance liquid chromatography enables concentrations as low as 0.01 g of 
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D. Organomercury Compounds 

High-performance liquid chromatography has cnablcd dibenzo-18-crown-6 
complexcs of divalent mercury to be separatedY3. Methyl-, ethyl-, and phenylmcrcury 
cations have been determined in amounts down to 2 pg/g using liquid chromatography 
with differential pulse electrochemical detectiongJ. 

E. Organophosphorus Compounds 

Ethyl- and methylparathion at the parts per 10Ylevel have been determined in run-off 
waters using high-performance chromatographyY5. The plasma chromatography of 
phosphorus esters has been investigatedy6. 

F. Organoselenium Compounds 

Selenocystine and selenomcthionine may be separated from thcir sulphur analogues 
and from leucine by chromatography on a column of sulphonated 
styrene-divinylbenzene copolymer resin; elution is carried out at  33°C with 0.2 N 
sodium citrate buffer, first at pH 3.28, changing to pH 4.25 after the passage of 300 ml 
through the columnY7. Selenocystine leaves the column in the eluate fraction between 
405 and 415 ml, and sclcnornethioninc between 450 and 500 ml. 

IV. ELECTROPHORESIS 

A. Organoiron Compounds 

Several clcctrophoretic methods have been used for separating hacmoglobin A from 
haemoglobin F. Onc uses starch hydrolysed in hydrochloric acid-acetone (1 : 100, v/v) 
at 38.5"C9R. Electrophoresis is carried out at 20°C for 3 h under a potential gradient 
of 12 V/cm. A. second method uses a laycr of 2%) agar in buffer solution (pH 5.7-5.9) 
supported on a glass plate covered with filter-paperYY. Light grecn SF (CI Acid Green 
5) is used for staining, followed by washing with 2% acetic acid until almost 
dccolorized. Thc hacmoglobins are well separated, haemoglobin A remaining near 
the point of application. Another method uses gel phase ion-exchange 
elcctrophoresislOO. Carboxymethylcellulose gel is the supporting medium and 
electrophoresis is carried out in a sodium phosphate buffer (0.17-0.04 M sodium ion). 
The best ovcrall separation is achieved with a sodium ion concentration of 0.07 M. A 
sensitive two-dimcnsional paper-agar electrophoretic method detects small amounts 
of haemoglobin A in the presence of hacmoglobin F, and detects minor components in 
a haemoglobin solutionlOl. Electrophorcsis is carried out at pH 8.2 on paper. A strip 
cut along the centre of the paper in the direction of migration is inserted in a slit in the 
agar gel (pH 6.2), prepared in a plastic tray. Electrophoresis is thcn carried out at 
right-angles to the lcngth of the papcr strip. Haemoglobins A and F havc been 
separated by the cation-exchange dextran gels SE-Scphadex C-50 and CM-Sephadcx 
C-50'02.103. The samples wcrc converted into carboxyhaemoglobin and the 
hacmoglobin was dctermincd. aftcr conversion i n t o  cyanomethaernoglobin, by 
rneasuremcnt of thc absorption at 420 or 540 nm. Both foetal and adult haemoglobin 
were eluted from each gel with 40 n i N  phosphate buffer (pH 6.0) containing an 
increasing concentration of sodium chloride. 

In a rapid method for haemoglobin fractionation o n  cellulose acetate, the buffer 
solution (pH 8.6) is prcparcd from Tris. EDTA, and anhydrous boric acic104.1"s. A 
constant current of 0.4-0.5 rnA per centimetre of strip width is applied for about 
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40 min, a clear separation of hacmoglobins A, C .  S. and A? being achieved. The spots 
are eluted into the  buffer solution and the absorption of the eluate is measured at 
400-410 nm. The factors influencing the chromatography and differentiation of 
similar haemoglobins have been discussedH3. 

Various mcthods have been described for the determination of haptoglobin 
complexcs. For zone elcctrophoresis o-dianisidine is the niost satisfactory detection 
reagent'"h. Zones possessing pcroxidase activity are stained brown-pink. To 
determine the  haptoglobin group in sera containing low concentration of haptoglobin, 
haemoglobin is added to the scra in excess of the haenioglobin-binding capacity. and 
an electrophoretic separation is performed with a gel prepared by boiling starch with a 
phosphate buffer"". The free haemoglobin migrates towards the cathodc. producing a 
clear separation of the haptoglobin groups. which migrate towards the anode. A 
solution of benzidine, acetic acid, and hydrogen peroxide is used t o  develop the 
electrophoretic pattern. Elcctrophorcsis on acrylamide gel has been used to determine 
haptoglobin types. The three types of haptoglobin observed aftcr separation by 
electrophoresis in starch or acrylamide gel can be distinguished readily by adding 10% 
normal adult haernoglobin solution to fresh, clear non-haemolysed serum to form the 
complexes. and staining the electropherogram with a benzidine reagentlo8. Aftcr 
electrophoresis, the gel is placed in thc reagent and thcn washed with 15% acetic acid 
solution. In  a specific separation of serum haptoglobin as a haemoglobin compicx the 
serum is diluted five-fold with phosphate or acetate buffer solution and applied to a 
diethylaminoethylce~lulose column. which has bcen previously washed with 0.2 M 
acetic acid. thcn with 0.2 hl sodium hydroxide. and then with the buffer solution'ny.llO. 
The column is washed with the buffer solution to elute the albumin and the a globulins, 
then washed again with the buffer solution containing a small amount of sodium 
chloride to elutc other proteins. A calculated amount of horse haenioglobin dissolved 
in the buffer solution is added to saturatc the haptoglobin. thcn the complexcd 
haptoglobin-haemoglobin is eluted with buffer solution containing a higher 
concentration of sodium chloride than bcfore. Thc complex is eluted rapidly and 
specifically. 

In a discontinuous buffer system for human hacmoglobins the electrode vesscls are 
filled with barbitonc buffer solution (pH 8 .6 )  and thc paper is immersed in a buffer 
solution (pH 9.1 ). prepared by dissolving tris(hydroxymcthyl)aminomcthane ( l r is) ,  
disodium EDTA dihydrate. and boric acid in watcr"~"'. Thc paper is placed in the 
elcctrophoresis chambcr, buffered haemoglobin solution is applied. and the process is 
carried out in t h e  usual way. The resolution of abnormal haemoglobins is superior to 
that in either buffer solution alone, and cnables haemoglobin A? to bc detected in 
small samples of haemolysate. The staining with Amido Black 10B (CI Acid Black 1 )  
of patterns that o n  visual inspection show only hacmoglobin A revcals the A? 
component i f  present. Agar gcl"', starch geII1*'I8, papcrl"'.'~O . cellulose 
a ~ e t a t e l l ~ - ' ~ ~ .  and acrylamidc gel electrophoresis'-"' have bcen applied to the 
determination of haemoglobin A?. One group subjected the blood sample to 
elcctrophoresis on agar gcl at 90-100 V and 50-50 niA"?. After drying. thc 
elcctropherograms are stained with Arnido Black 1 0 B  (CI Acid Black I )  solution and 
measurcd in a dcrisitometer at 500 nm. A good separation of hacmoglobins Al and A? 
was achieved and up to three unidentified non-haenioglobin fractions werc observcd. 
Excellent resolution has been obtained in the starch-gcl electrophoresis of nornial and 
abno r nial h ae nio gl o b ins with re I at ivc I y I i t  t le t r oi I in g of co m po nc n t s ' ' " . Se par ;L t io n 
occurs of hacnioglobin A?, two other pigmcntcd fractions. and two non-pigmentcd 
protein fractions in nornial rcd cell haemolysates. and the nicthod can be uscd lo 
disiinguish between foetal liacinoglobin and haenioglobin A whcn both are prcscnt. 

Starch-gel electrophoresis of hacinoglobin A ?  has been carried out by the vcrtical 
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t e c h n i q ~ c ’ ~ ~  with a gel made up in 0.025 M borate buffer (pH 8.6)’17*”8. After 
separation, the haemoglobin fractions are cut out and placed in 0.06 N aqueous 
ammonia and stored in a refrigerator for 3 days. The absorption is measured at 
540  nm. and the haemoglobin A2  content calculated. 

Haernoglobin A2 in blood can be dctcrmined quantitatively by paper 
electrophoresis’ 19. The blood samples are collected with EDTA (dipotassium salt) as 
anticoagulant, haemolysed with water and toluene, and converted into 
carboxyhaemoglobin. Electrophoresis is carried out in vertical tanks with strips of 
Whatman No. 3 MM paper and tris(hydroxymethy1)arninomethane (Tris) buffer 
adjusted to pH 8.6 with boric acid. The  treated samples are applied to the strips, which 
are then moistened with buffer on both sides to within 0.25 in of the point of 
application. After passing a current of 225 V and 2 mA per strip for 16 h, the strips 
are  dried at 9O-10OoC, fixed in fresh 10% mercury(I1) chloride solution and 10% 
glacial acetic acid in ethanol, redried, washed in water for 10 min, and then dried 
again. They are then stained in 1% bromophenol and 1% acetic acid in ethanol. The 
stained bands are cut out and eluted with 1.5% sodium carbonate solution in 50% 
methanol, and the absorbances of the eluates are read at 595 nm in a 
spectrophotometer. Another method uses electrophoresis of the sample prepared as a 
solution in 50% glyccrol on paper for 3 h in barbitonc buffer (pH 9.1) at 350 V12”. 
After drying, the paper is stained with bromophenol blue and then examined visually 
or with a densitornetcr and automatic integrator to evaluate the separated 
haemoglobin A2. A quantitative determination of haemoglobin A2 by electrophoresis 
on  cellulose acetate uses an electrophoretic cell solution of 0.05 M sodium carbonate, 
and a membrane buffer solution of Tris-EDTA solution adjusted to pH 8.8 with 
aqueous boric acid’23. The strips are stained with Ponceau S (CI Acid Rcd 9). washed 
with 5% acetic acid, and the bands are eluted with 0.268 M aqueous ammonia. 
Acrylamide gel is superior t o  starch as it is easier to work with, gives more 
reproducible layers and faster separations. and affords fractions that can be evaluated 
by  direct densitometry12‘. Haemolysates are diluted with an equal volume of 
Tris-borate-EDTA buffer solution and clectrophoresis is carried out for 1 h at 300 V. 
The unstained gel patterns are scanned with a recording densitometer with a 500 nm 
interference filter. The normal range for haemogiobin A2  found by this method was 
1.4-4.4%. 

A rapid method for the determination of haernoglobins uses microelectrophoresis 
on cellulose acetate126. The red-cell haemolysate is applied to a cellulose acetate 
membrane and subjected to electrophoresis for 1-1.5 h in a microelectrophoresis 
apparatus. The strips are then stained with 0.2% Ponceau S (CI Acid Red 9) solution 
in 3% trichloroacetic acid containing 5% of sulphosalicylic acid. After bcing washed 
with 5 %  acetic acid. the strips are cleared by immersion in methanol-acetic acid (7:3) 
and scanned in a photodensitonieter. Cellulose acetate electrophoresis has also been 
used for haemoglobin fractionation”’. The sample is subjected to clcctrophoresis on 
cellulose acetate with Tris-EDTA-boric acid buffer solution (pH 8.8). The 
electrophcrograms are stained with Ponceau S (CI Acid Red 9). rinsed in 5% acetic 
acid, cleared in acetic acid -95% ethanol (3:17). and then examined with a 
densitomcter equipped with a blue filter. 

Scvcral groups have studied the application of starch gel electrophoresis to the 
separation of h a ~ m o g l o b i n s ” ~ ~ ” ~ ~ ~ ’ ” .  A simplc inexpensive electrophoresis apparatus 
with water cooling is available”X. Errors resulting from the instability of the 
haemoglobin solution can be reduced by adding a small amount of potassium cyanide. 
Reagents f o r  the detection of Iiacnioglobins separated by starch gel electrophorcsis 
have been described. After completion of elcctrophoresis, the gel is cut into two 
portions, one of which is stained with benzidinc and hydrogen peroxide to identify and 
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locate the fractions. Zones containing the individual fractions are then cut out of the 
second portion of gel and dissolved in 10% sodium hydroxide solution. Each resulting 
solution is mixed with 1 % benzidine solution in acetic acid and 1 %  (v/v) hydrogen 
peroxide solution and set aside, then 10% acetic acid is added. The mixture is again set 
aside and the absorption is measured at 515 nm. 

A study of combined agar gel-paper electrophoresis for the resolution of 
haemoglobins showcd that by carrying o u t  the electrophoresis in highly purified agar 
gel with a buffer of decreased ionic strength and a high potential gradient, separation 
can be attained in 15 min131.13?. For agar gel electrophoresis for the identification of 
haemoglobin types133, blood samples may be prepared by centrifuging and addition of 
oxalic acid or heparinizing and addition of citric acid then removing the plasma and 
adding an equal volume of The solution is shaken to haemolyse and thc 
solution added to lead acetate barbitone solution at pH 8.6. After 30 min the solution 
is centrifuged at 2000 rev/min. Half saturated phosphate solution is then added and 
the solution is again Centrifuged. It is claimed that this solution upon electrophoresis 
gives a sharp resolution of the constituent linemoglobins. 

In an electrophoretic method for the separation of haemoglobin and cytochrome C, 
the sample components are separated on cellulose acetate at pH 8.6, and zones are 
revealed by staining with ethanolic Amido Black 10G (CI Acid Black l )135.  Similar 
procedures werc used to separate hacmoglobin from myoglobin. 

B. Organolead Compounds 

To separate 50 pg amounts of lead chloride, diethylleaddichloride and triethyllead 
chloride by paper elcctrophoresis. 2-3 M lithium chloride is uscd as  the supporting 
electrolyte on a 5.5 x 40 cm strip of Whatman No. 1 paper, applying a potential of 
135 V for 2 h’36. 

C. Organothallium Compounds 

Paper electrophoresis has been carried out on phenyl- and methylthallium 
compounds, using 10 V/cm for 1 h and aqueous sodium chloride containing 0.1 M 
hydrochloric and as the supporting electrolyte"'. Unlabclled compounds were 
detected by spraying thc paper with potassum rhodizonate and 20‘T1 labelled 
compounds by autoradiography. Good separations werc obtained between 
organothallium(II1) chlorides and thallium(1) and thallium(II1) chlorides. 
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1. INTRODUCTION 

Infrared a n d  Kaman spectroscopy and their chemical applications a re  well scrved by 
monographs, reviews. and collections of s p ~ c t r a l - ~ .  Thc  purpose of this chapter is to 
bring together thosc aspccts particularly useful to the study of organometallic 
compounds.  A further object is to describe the state of the art in cxpcrimcntal 
techniques and theorctical methods building on thc  available reviews (see Section 11) 
and serving as a guide to future trends and devclopmcnts. 

Of previous accounts. the fullest is the compilation by Maslowsky', with compre- 
hensive references up  to 1975. Other  treatments of organometallic spectra by Huggins 
and KaeszS, Adams6, Downs', and NakamotoH.Y have an important place. More 
specialised accounts, which. concentrate on particular groups of organometallic 
compounds. a re  cited in Section 111. 

Scvcral diffcrent approaches have been adopted to thc task of organizing organo- 
metallic spectroscopy for review. It is usual to examine metal-ligand vibrations in 
relation to  symmetry and also to discuss the characteristic vibrations of ligands and  the 
changes in these with bonding at the metal. This is thc approach followed here. 

II. THE TECHNIQUES OF VIBRATIONAL SPECTROSCOPY 

A. General Aspects 

Although infrared continues t o  bc thc more convenient fingerprint technique with 
which to guide prcparativc work. serious investigation of organometallic systems 
normally requires the joint application of  i.r. and Raman methods. Technical devclop- 
ments in i.r. a n d  Raman spectroscopy have been rcviewed by Waters1" and  else- 
where"-13. Increasing use is bcing made of computational methods of data handling, 
spectrum avcraging, band resolution, and solvent compensation, applied to both 
techniques. Infrared Fourier transform spectroscopy is finding wide application in 
both the mid- a n d  far-i.r.  region^'^-^". Kaman spectroscopy has a particular value 
where solution work can be uscd to distinguish the polarizcd character of totally 
symmetrical modes. and from a practical point of vicw i t  can be the more convenient 
tcchnique for dealing with highly air- or moisture-sensitive materials whose samples 
can be examined in scaled all-glass systems. T h e  method routinely requires only a 
small sample in a capillary tube (sealed if thc sample is atmosphere-scnsitivc), and 
with suitable optics can handle microscopic amounts. The  well known advantage of the 
Ranian technique in its ability to handle aqucous solutions finds some application in 
organometallic chemistry. Some recent Raman studies of organometallic systems in 
liquid ammonia form part of a review of vibrational spcctra of non-aqueous soIutionsI9. 

T h e  fact that Raman intcnsity is a near-lincar function o f  concentration niakes 
possiblc its quantitative use for analysis, or to study equilibria. Mcasurcment of i.r. 
band intcnsitics is not  much applied to organonietallic systems; exceptions a re  sonic 
studies of olefin a n d  carbonyl complexes. 
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Far-i.r. spectroscopy (conveniently the rangc below 400 cm-I) continucs to be 
advanced by thc application of both grating and Fouricr transform spcctrometers. 
preferably with computational accessories to allow spectruni accumulation and 
background compensation. Details of modern advances can be found in reviews 
already cited1"-18. 

B. Spectroscopy at Non-ambient Temperatures and at High Pressure 

The advantage of obtaining vibrational spectra at low reinperatlire includes the 
improved resolution. especially in thc region of low frcquencies where lattice modes 
are often encountered or where information on low-energy deformations and torsional 
modes may be sought. The techniques and applications of low-tcmperature i.r. 
spcctroscopy by convcntional and Fourier transform methods have been discussed2". 
Complications duc to change of phase and hence of crystal symmetry which are 
routinely taken into account in work on inorganic systems, especially single crystal 
studies, need to be watched for, however, and the  collection of additional data at low 
temperature is scldom attemptcd unless with a particular aim in view, for cxample 
the determination of rotational barriers. Mcasurements above room temperature may 
be undertaken to follow dissociation and other equilibrium processes or to obtain 
Raman spectra of samples in the liquid phasc, including depolarization ratios. 

The additional information to be gained by studies of vibrational spectra under 
high pressure is beginning to be generally appreciated. Reviews of this havc 
drawn attention to thc prcssurc sensitivity of the skeletal modcs of mctal sandwich 
compounds as an aid to their assignment. Special cells'4 and procedures for obtaining 
i.r. spectra at high pressure have bccn dcscribcd and havc been used to study reactions 
of transition metal alkyls with carbon monoxidc". 

C. Vibrational Spectra of the Crystalline State 

The principles which allow the i.r. and Raman spectra o f  crystalline solids to be 
predicted in terms of thc spacc group of the crystal are well understood26. These find a 
limited usc in thc spcctroscopy of organomctallics in cxplaining site splitting and inter- 
molecular factor group correlation effects. There is considerable scope for the 
extension of single crystal studies. Examples which have provided some unequivocal 
assignments include studies of [ Cp,KuI2'. [ Cp2FeI2", and other cyclopentadicnyls. 
[Cp2M] (M = Fe, Ru. Os, or Ni)2Y. as well as [CpNiNOI3". [(arene)Cr(C0)3] 
(arene = benzene or 1,3-dimethylben~cnc)~' .  and the dimethylglyoximato complcx 
trans-[ M e C ~ ( p y ) ( d m g ) ~ ] ~ ~ .  The examinations of solid-state organometallic spectra by 
Kettle and c o - w o r k ~ r s ~ ~  conccntrated particularly o n  the use of the v(C0) modes. 
Main group compounds investigated in great detail by single-crystal Raman spectro- 
scopy arc [ Me2SnF2] and [ MezTIBr]". [ Me2Sn(acac)2]35 and [ Me2SnCI2].2DMSO3'. 

D. Matrix Isolation and the Spectra of Adsorbed Species and of Free 
Radicals 

The techniqucs for obtaining i.r. and Raman spcctra of ttiatrix-isolated tnolc~ciiles 
are reaching a high level of dcvelopmcnt in a number of ccntres. Although 
many of the most thoroughly investigated systems are those of metal carbonyls. it 
range of organometallic spccies is also attracting attention. Advantages includc the 
ability to trap otherwise unstable species. and the opportunity to observe sharp bands 
from isolated molecules. Surveys of  this ; ~ r e a ~ ' . ~ ' - ' ~  draw attention to studies of metal- 
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olefin and metal-aryl complexes, and a variety of alkyl-containing species. Examples 
are described in Section I l l .  

Thc study of ndsorbed species by i.r. s p e c t r o s ~ o p y ~ ~ . ~ ~  is well known though not 
widely applied. Although not at first sight a promising field for Raman scattering the 
situation may be changed if  the vast enhancement in the effect which has been 
reported for some systemsJ5 proves to operate beyond a limited range of substrates 
and adsorbed species. 

The vibrational spectroscopy of free r a d i c d ~ ~ ~ ,  which will undoubtedly contribute 
to mechanistic studies as well as to the  understanding of structurc and bonding, has yet  
to be applied to more than a few organometallic systems. 

E. Resonance Raman Spectroscopy and Raman Optlcal Actlvlty 

The early promise of resor~ance Kntnarz spectroscopy (RRS), the theory of which is 
well developed. is now being realised in areas including organometallic ~hemistry~’-’~,  
and notable advances in both theory and practice of RRS are at the disposal of the 
well equipped spectroscopist. Excitation at a series of wavelengths, either by means of 
a dye-laser, or the various lines from blue to far-red offered by helium-cadmium, 
argon, helium-neon, and krypton lasers, makes i t  possible to obtain excitation profiles 
which offer a sensitive probe to the relationship between electronic structure and the 
vibrations of chromophoric groups. 

Roman optical activity and the related topic of vibrational circular d i ~ h r o i s m ~ ’ - ~ ~ ,  
which offer a probe for stereochemistry and magnetic structure in the investigation of 
organometallic complexes. have so far been applied mainly to organic molecules. 

F. Coherent Anti-Stokes Raman Scattering 

which is capable of giving very high signal levels from a 
small volume of sample, has great scope for Raman studies of organometallic systems. 
Particular advantages are the ability to avoid the problem of fluorescence and the 
opportunity to make effective use of resonance enhancement when working near to an 
electronic absorption band. 

The CARS 

G. Vibrational Analysis and Force Constant Calculations 

The methods of vibrational analysis for the prediction of molecular spectra, the 
application of selection rules, and the further treatment of data, have been well 
described by a number of  author^^^,^^. The need to use special point groups of higher 
symmetry than are required by the static model when dealing with non-rigid systems is 
illustrated in later sections. Reference is also made in Section I11 to some detailed 
studies of organometallic molecules by means of normal coordinate analysis. These 
illustrate the insight provided by force constants and the increasing use being made of 
the potential energy distribution to arrive at a better Understanding of normal modes 
and their coupling in metal-ligand skeletal vibrations. 

New theoretical advanccs have been d e ~ c r i b e d ~ ~ - ~ ’ ,  as have experimental techniques 
such as isotope substitution (including metal isotopes)6’.63 which provide additional 
frequency data valuable for refined normal coordinate analysis (n.c.a) treatments. 
Thc subjects of torsional barriers and internal rotation in m o l c ~ u l c s ~ ~ ~ ~ ~  and the 
vibrations of ring compounds66-68, of particular relevance to organometallic spcctra, 
are treated elsewhere. 
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111. PROGRESS IN THE INTERPRETATION OF ORGANOMETALLIC SPECTRA 

A. Vibrational Spectra of Main Group Organometallic Compounds 

1.  Organic ligand spectra 

Vibrational spectra have been rcported and analyscd for neutral. covalent, ~ t e t l r y l  
compounds of nearly every main group mctal and mctalloid. providing a basic know- 
ledge of  metal-carbon strctching and othcr skclctal frequencies and an appreciation of 
the ranges in which frequencies of the methyl ligand modes are located'. Six vibrations 
characterize the unit CH3M. Taking account of the three-fold axis, these are as follows: 

A modes: U(C-H)~, 2750-2950 cm-I; 6(CH3),, 1100-1 350 cm-I; u(M-C), 
variable with the naturc of the M-C bond. 

15 modes: v(C-H),,. 2810-3050 cm-I; 6(CH3),,, 1300-1 475 cm-I; p(CH3), 
650-975 cm-l. 

The deuteromethyl frequency rangcs are also wcll established'. The symmetric 
deformation is a useful characteristic modc in Raman spectra. while thc rocking mode 
is often strong in thc i.r. spectrum although weak in Raman. 

In most compounds several methyl groups are bonded to the metal atom and so 
more than one peak can often be obscrved in the rcgions expected for modes of CH3M. 
In addition there will be M-C stretching, CMC bending. and possibly CH3 torsional 
modes for [(CHJ),,M] compounds (see the following sections). Pre-I975 data havc 
been t a b ~ l a t e d ~ . ~  for compounds with [ Me,M] ( 1 1  = 2-6). and for some complcx ions 
[Me,,M]+ and [Me,,M]- known to that date. The variation of skcletal frequencies 
with change of metal is thus well documented. Changcs with incrcase in coordination 
number, oxidation state, or charge on the complex follow the established trends 
observed for other metal compounds. notably halidcs6. 

The ethyl and higher nlkyl groups bonded to a metal in general exhibit bands due to 
CH,. CH2, and CH groups, and skeletal modcs of incrcasing complexity. Some 
characteristic bands of ethyl, vinyl, and acctylenic compounds have been tabulatcdJ.Y, 
but the  difficulties caused by vibrational coupling and band overlapping are such that 
the interpretation of available data is often inconiplcte. The v(M-C) frequcncies in 
ethyl derivatives are often 20-50 cm-l less than thcy are in the corresponding methyl 
compound. This is partly due to the increased mass of thc ligand but the situation is 
complicated by coupling of M-C stretching with othcr modes, particularly M-C-C 
bending. Examples of normal coordinate analysis which help to clarify this situation 
are given in the sections which follow. 

The phenyi group. when a-bonded to a metal. cxhibits bands characteristic of mono- 
substituted benzenes69. The C6HS-M type of molecule has 30 fundamentals. Only six 
of thesc are appreciably sensitivc to the change in metal.'.Y. being thc modes (in 
Whiffen's notation) q(A 1050-1085; r(A 1 ) .  620-700: y(B,). 440-480; t(A 1 ) .  

200(bismuth)-420(aluminium); u(B2). 160-330; and x(B1). 135-240 cm-l. The 
approximate forms of these modes arc shown in Figurc 1 .  

For all these organometallic systcms thc spectra of the [R,,M] group are modified 
when other ligands are prescnt in the compound or when thc moleculc takes part in 
complex formation. New spcctroscopic data and improved assignments are continually 
being added. Thc  following sections examinc progress ir. the intcrpretntion of the 
vibrational spectra of organometallic compounds and complexcs. with particular 
cniphasis on vibrations of the metal-to-carbon bond. Spectroscopic rcsults for some 
cxamples of metal compounds with pcrhalogcnated organic ligands are includcd. 
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FIGURE 1. Symmetries of the X-sensitive modes of C~HS-X. 

2. Organometallic compounds of zinc, cadmium, mercury, and other Group I and I1 
elements 

a. Alkyls of zitic, ~ ( i d t n i i i n i ,  utid nicrcury: In a model study for the  thorough under- 
standing of metal alkyl spectra. Butler and  Newbury7(’ examined the i.r. and  Raman 
spectra of L(CH3)zMl ( M  = Zn, Cd. or Hg) in liquid. vapour, and solid states to derive 
secure assignments of v(M-C) modes (Table 1) and to record changes in the  funda- 
mental frequencies and  band contours through all three phases. Their analysis takes 
in to  account methyl group rotation and requires use of the double group Gj6, a s  
discusscd elsewhere7’, rather than the D3,, (staggered) model of earlier work. The  
methyl groups rotate even in the solid state and variablc-temperature Raman 
spectroscopy (200-15 K )  reveals that a barrier to free rotation about the linear 
C-M-C axis gradually develops as the temperature falls. This work also examines 
t h c  solid state spectra of the Group 11 dimethyls in tcrms of their known crystal space 
group. and  reveals changes to lower symmetry a t  very low temperature. The  
stretching frequencies (and force constants) of the  [Mc2M] molecules are in the order 
Zn > Cd c Hg. In this series the assessinent of bond stiffness from vibrational data is 
in line with thermodynamic bond strengths and with cstimates of the chemical stability 
of the M-C bond from othcr sources. 

Re-examination of the spectra of thc methylmercury halides, [CH3HgX] and 
[CD3HgX] (X = CI, Br or I)72, using oriented single crystal techniques permits all 
vibrations to be accounted for in ternis of the ccntrosymmetric space group 
P.,/nrnni(U<,,) and  also allows the degrcc of intcrmolecular attraction (greatest for 

TABLE 1 .  Skeletal vibrations (cm-’) in [MczM] molccules. Vibrations measured in the liquid 
siatc. Vapour phase values in parcnthcses 

Paramcicr [ MczZn] [ Me2CdI [MczHgl 

i s (  hl-C),  

v( M-C),, 

5( c- bl- C )  

503 
(51 1) 
GO4 
(61 3) 
157 

460 

526 

140 

(473) 

(536) 



30. Infrared and Raman spectroscopy of organometallic compounds 78 1 

TABLE 2. Hg-c stretching vibrations and force constants in [ RHgX] molecules 

Molecule Parameter x = CI X = Br X = I  - 
[ MeHgX] v (  Hg-C)(crn- ') 554 545 533 

f( Hg- C)( N/cm 1 2.55 2.48 2.38 
[EtHgX] v(Hg-C)(cm- ') 527 521 508 

I(Hg-C)(N/cm) 2.64 2.52 2.47 

the most polar halide) to be assessed by observing the correlation field splitting 
between the i.r. and Raman-active modes of the crystal. A thorough study of the 
spectra and force fields of [EtHgX] (X = C1, Br or I)73 shows the Hg-C constants to 
be marginally higher than those for the corresponding methyl dcrivatives74. Table 2 
compares the Hg-C stretching frequencies and force constants. G o g i n  er al. 72 noted 
that the [runs interaction constant in the [MeHgX] molecules (about 1% of the 
primary bond-stretching force constant) is much smaller than the values reported for 
Au(1). Au(lI1). and Pt(I1) systems, reflecting a difference in electronic structure and 
bonding . 

In compounds [ CH,HgC_CR] the Hg-CH3 force constant remains near 
2.50 N/cm, but that of the bond to the unsaturated ligand is larger: 2.83 N/cm where 
R = H75 and 2.99 N/cm where R = CH376. In related work, the vibrational spectrum 
of [CH3HgCN] has been assigned77 and the effect of the warts-ligand o n  u(Hg-C) in 
species [MeHgL] or [MeHgL]' (where L = CN, halide, or a sulphur or arsenic donor) 
has been compared7" with coupling constants from n.m.r. spectra, and with the bond 
dissociation energy of [MeHgL] into Me- and LHg., in an attempt to provide further 
insight into the electronic configuration of the Hg-C bond. However, the validity of 
such correlations is open to 

1.r. and Raman spectra have provided the basis for some extended studies of 
analogues of dimethylmercury. Vibrational analysis of [CF3HgCH3]*" yields 
f(Hg-C) = 2.04 N/cm for the bond to CF3 and 2.52 N/cm for the bond to CH3. 
Compared with [(CH3)2Hg], wherein the Hg-C force constant is 2.38 N/cm7' and 
[(CF3)?Hg] where it is 2.15 N/cm, it can be seen that in [CH3HgCF3] thc bond 
Hg-CF3 is weakened by the a-donating methyl group. At the same time the electron- 
withdrawing CF3 group strengthens the Hg-CH, bond to a value similar to that in 

The desirability of using normal coordinate analysis to follow trends in metal- 
ligand bonding is further illustrated by studies of [(CF3)2Hg], [(CCl,)zHg], and halide 
derivatives [CX3HgX'] (X = F or CI. X' = F, CI, o r  Br)R'. The pscudohalide deriva- 
tives [CF3HgY] (Y = N3 o r  NCO)n2 have bcen examined by i.r. and Raman spectro- 
scopy in conjunction with their crystal structural determination. The vibrational 
spectra of [(CF3)?HgIs3 in the gaseous state, in the  molecular crystal, and in solution. 
are assignable to D3,, symmetry; use of double group (336 is not appropriate. In this 
molccule n.c.a. shows that the modes become extcnsivelv mixed. The following list 
shows the contributions to the potential energy of each of the totally symmctric modes 
from the coordinates of (1) C-F stretching, (2) Hg-C stretching, and (3) Hg-C-F 
bending : 

A , ,  modes of (CF3)2Hg: v I  = 1150 cm-' [ 5 8 % )  ( l ) ,  54% (2), 20'h (3)l 

[CH,HgCI]. 

p2  = 
v 3  = 224 cni-I [76'!4 (3). 5%) (2)1 

715 cm-' [44% ( l ) ,  37% (2), 6%) (3)] 

Clearly. nonc of these frcquencies can be conipared directly with the symmetric 
Hg-CH3 stretch. 503 cm-1, of [(CH3)2Hg]7n. This sanie point will be recognized in 
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making use of the 'Hg-C stretching' assignments advanced for the trimethylsilyl 
dcrivat ivesH4: 

[ H ~ { C H ( S ~ M C , ) ~ } J [ ~ ( H ~ - C ) ,  = 485 cm-I; v(Hg-C),, = 510 cm-'1; 
[Hg{C(SiMe3)3}2][v(Hg-C), = 360 cm-I; v(Hg-C),, = 360 cm-'1 

For comparison with the Group I1 dialkyls it is intcresting to note a detailed study by 
i.r. and Ranian spcctroscopy of a silicon analogue, [Hg(SiMe3)2]RS, for which 
v(Hg-Si), = 312, v(Hg-Si),, = 318 cm-I, andf(Hg-Si) = 1.50 N/cm, about 60% 
of the value of typical mercury-carbon force constants. 

A different aspect of the vibrational spectroscopy of organomercury compounds 
involves the  use of the methylmercury ion CH3Hg+ as a probe for complex formation. 
As a prelude to work on biological systcms, thc intcraction of MeHg' with a variety of 
inorganic anions in aqueous solution has been studied by Raman spectroscopy and 
proton n.m.r. to determine the formation constants of the complexesN6. In such 
complexes the characteristic methylmercury frequencies, v(Hg-C) are in the range 
535-580 cm-l and the methyl group symmetric deformation, 6(CH3),, is 1180-1210 
cm-I. Similar Hg-C stretching frequencies, which assist in locating the bonding site of 
mercury, are readily observed in the i.r. or Raman spectra of [ MeHg(S2CNEt2)] and 
related complexes (5 10-528 c ~ T I - I ) ~ ~ ,  and in MeHg derivatives of penicillamine (near 
540 cm-1)88. Cationic complexes [MeHgL]', where L is pyridine or a pyridine 
d e r i v a t i ~ e ~ ~ * ~ ~ ,  display v(Hg-C) near 565 cm-'. The Raman spectrum has been used 
to invcstigatc the solvation of the methylmercury halides, in comparison with HgXr 
molecules, in non-aqucous ~ o l v c n t s ~ ~  and in liquid ammoniag2. 

In other methylmercury compounds the MeHg group takes the placc of a proton on 
carbon. Examples studied by i.r. and Raman spectroscopy are [MeHgCH2CN] and 
[(MeHg)3CCN]Y3, and the acetylacetonato dcrivatives. [ MeHgCH(COCH3)2] and 
[ (MeHg)2C(COCH3)2]Y4. Skeletal Hg-C stretching frequencies in the range 
450-500 cm-I are shown by these compounds. 

Organomercury ketenides. [ (CH3COOHg)2C=C=O] and [ (CH3COOHgHg)2- 
C=C=O], arc of notc sincc the latter appears to be the  first organomercury(1) 
compound to be characterizedg5. Apart from acetatc modes, the i.r. spectra show three 
bands: 2070s, v(CC0); 620w, b(CC0); and 276111 cm-l, tentatively assigned to 
v(Hg-C). Sample fluorescence defcated an attempt to corroborate the presence of 
the Hg-Hg bond by Raman spectroscopy. 

b. PIicnyl derivurives: Diphenylmercury and its dcrivatives provide among the best 
understood examples of phenyl-metal spectra. Complete assignmcnts of the 27 phcnyl 
ligand modes in the range 3150-375 cm-I are available for [(C6Hs)?Hg] and 
[C6H5HgL] (L = CI. Br. I ,  CN, or OAc) and their perdcuterated a n a l o g ~ e s ~ ~ . ' ~ .  In 
[ (C6HS)2Hg] only small differences are observcd between thc in-phasc and out-of- 
phase modes of the two phenyl groups. showing that coupling between rings is slight. 
The t-modc (Section 1Il.A.1). however. generates the two frcquencies. v(Hg-Ph), at 
210 cm-I and v(Hg-Ph),, at 252 cm-I. The bending mode b(Ph-Hg-Ph) has the 
frequency 62 cm-l. 

Assignments for the low frcquency modes of phcnylmercury halides are given in 
Tablc 3. The two A l  frequencies involve coupled stretching of C-Hg and Hg-X 
bonds. Calculations of potential encrgy distributiong6 show that the band in thc range 
235-260 cm-l (the lower of the two A l  frequencies in [PhHgCI], but thc higher in 
[PhHgBr] and [PhHgI]) has the predominant v(Hg-C) charactcr throughout. The 
corresponding modc has a frequcncy of 246cm-I in PhHgCN and 239cm-I in 
PhHgOAcV7. 

c. AIky1.s of lirhiutn, berylliutn, atid tnagncsiutii: There has been some spectroscopic 
work on alkyllithium compounds, and an attempt has been made to delineate the 
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TABLE 3. Vibrations of [PhHgX] molecules below 375 cm-I. Values are means of i .r .  and 
Raman measurements (cm-') 

Major 
[ PhHgCI] [ PhHgBr] [ Ph Wl Symmetry compone nt 

230 258 246 A '  v( Hg- Ph) 
324 196 158 A '  v(Hg-X) 
204 216 209 BI Y ( Hg- X) 
185 180 174 B2 P(Hg--C) 
99 97 89 Bl Y ( W-C) 
78 59 52 Bz P(Hg--C) 

range of v(Li-C) modes (ca. 400-500 cm-I) in their complexes with donor mole- 
c u l e ~ ~ ~ .  T h e  stretching frequency v(Li-C) is 450cm- '  in Li3BeMej and bands at 
335 and 405 cm-'  have been assigned to  v(Be-C) vibrations in this Group  
frequencies and u(Be-C) assignments have been proposed for  ethyl-'" and butyl- 
beryllium'0' adducts. 

The  lightest alkylmagnesium derivatives, [ Me2Mg] and [Et2Mg], are  solids with 
infinite chain polymer structures. T h e  at 300 and 90 K. including those of 
isotopic species, [ (CD3)2Mg], [ (CD3CH2)2Mg], and  [ (CH3CD2)2Mg], can be 
interpreted o n  the basis of C2,, and  C 4 h  factor group symmetry, respectively. Sym- 
metric Mg-C stretching frequencies are assigned at 365  cni-' in the [ M C ~ M ~ ] ' ~ ~  and 
340 cm-' in [Et2Mg]Io3, and n.c.a. yields /(Mg-C) = 1.05 N/cm for the electron- 
deficient Mg-C bonds, less than half the value in dimethylzinc. Higher frequencies, 
v(Mg-C) = 505-515 and 480-485 cm-I, are given by [MeMgX].2Et20 and 
[EtMgX]-2Et20 (X = Br o r  I), rcspectively'OJ.lOs. 

The  unstable compound [ EtzMg].Et20 has been shown by i.r. and Raman spectro- 
 copy'^^ to  have the structure of a centrosymmetric dimer with bridging ethyl groups, 
and in another aspect of this studyIo7 characteristic Raman bands have been used to 
calculate the thermodynamic quantities AGO, A H " ,  and  AS" for  the monomer-dimcr 
equilibrium of diethylmagnesium in ether solution: 

2[Et,Mg].(Et20)2 [Et,Mg.Et,O], + 2 E t 2 0  

The  spectra of methylmagnesium alkoxideslo8 and methyl-bridged complex anions 
[Me2Mg(Me)2MgY2]2- (Y = C1, N3, o r  NCS)'" have also been reported and provide 
structural contributions to understanding the nature and action of Grignard reagents. 

3. Organometallic compounds of the Group 111 elements, aluminium, gallium, indium, 
and thallium 

u. Alkyl derivnlives: The  G r o u p  111 metals form complex anions [Me4M]-. 
Vibrational assignments1ln are supported by comparisons with [ Me4M] and [Me4M]+ 
within the isoclectronic triads of Al. Si. P; Ga. Ge,  As;  and In. Sn, Sb. For all these 
tetrahedral species fundamental frequencies have been tabulated by Weidlein and 
co-workers for the Td skeletal modes vMCl ( A  I + F2) and 6MC4 (E  + F2). the mcthyl 
deformations 4 C H 3  ( A ,  + F?)  and 6,,CH3 ( E  + F 2 ) ,  and the rocking modes 
pCH3 ( E  + F?) .  Valence force constants have then been derived for comparison with 
other bond properties which change progressively through Groups Il l .  IV, and V. The  
i.r., Raman, and proton n.m.r. spectra have also bcen measured for the anions present 
in the compounds [Me4MV]"Me,M"'CI4_,]-. where MV = AS o r  Sb, MI" = Ga o r  
In, and n = 1-3' '1,"2. A useful observation is that the weighted nicans of the M-C 
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stretching frequencies (in the range 510-590 cm-’ for gallium and 465-530 cm-l 
for indium) show a lincar correlation with the n.m.r. chemical shifts of the methyl 
pro tons. 

Vibrational spectra of the Group  111 alkyls, [R3M]. have bccn reported in some 
detail. For  the series, [R3Ga],  whcrc R = Me, Et, ri-Pr, i-Pr. rr-Bu, o r  i-Bu, assign- 
mcnts have bccn based on the overall symmetry of the molecule and the local symmetry 
of the alkyl s u b ~ t i t u e n t s ” ~ .  T h e  central GaC3 group is planar in [Me3Ga]. [Et3Ga], 
and [i-Pr3Ga] and is probably so in the other derivatives. Thc  skelctal frequencies of 
the trigonal MC3 unit are assigned according to D3,, symmetry in Table 4. 

TABLE 4. Skclctal vibrations (cm-I) of [ R3Ga] molecules 

v(Ga-C),. A ;  521 485 489 (Raman pol.) 
v(Ga-C),,. E‘ 570 537 525 (Raman dp.) 
6(GaC3), E‘ 163 n.0. n.o.  (Raman dp.) 

For thc highcr alkyls, the Raman  spectrum shows much broader bands in the region 
of metal-carbon stretching and this is ascribed t o  the simultancous presence of scveral 
conformers, the tmrts-forms bcing the most stable ones in the crystalline state. 

The series of propynyl derivatives [ Me2MCECCH3]  show the expected ligand 
frequencies, the skclctal modes of the Mc2M unit. and additional frequencies attri- 
butable t o  M-C stretching of t h e  bond to  the propynyl substituent at 360cm-’  
(M = Al). 325 cm-’ (Ga). and 283 cm-l (In)114. Full analysis needs to  take account of 
the fact that the rnoleculcs are  dimcric, thc n-system functioning as  an electron donor 
to the  vacant orbital of the metal. Tricyclopropylaluminium. although formally a 
saturated compound, gives rise to bridged systems o f  unusual stability. Physical 
methods. including i.r. spcctroscopy115. support a dimeric structure in solution and in 
thc gas phasc.  AI-C strctching frcqucncies in the range 515-786 cm-’ can bc identi- 
fied by comparison of thc spectra of [ ( C - C ~ H ~ ) ~ , A I ~ ]  with the spectra of [Mc(,AIJ and 

The  halidcs [RGaX2] (X = Mc, Et ,  w P r .  or 17-Bu) a rc  halogen-bridged dimers: 
[Ph6AI,]. 

The structures are ccntrosymmctric and the M--C stretching modes show small 
diflcrcnces (m. 10 cni-I) betwccn i.r. arid Raman frcquencics due to coupling across 
the molwulc’16. Taking the means of i.r. and Raman valucs. some v(Ga-C) 
frequencies arc: givcn in Tablc 5. The  frequcncies suggest that the  ‘Ga-C s!retching’ 
is coupled to the metal-halogcn stretching to  a relatively small extent. 

Spectroscopic data for thc indium analogues [RlnX2] and for various dialkyls of 
galliuni and indium, [ R2MX]117.118. rcveal somc differences in structural bchaviour 

TABLE 5 .  Ga-C stretching vibrations 
( c m - I )  in moleculcs [RGaXz] whcrc X = C1, 
X = Br. X = 1 

[ MeGaXz] 603 595 5 80 
r E t c a x 2 i  568 562 549 
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from the systems just discussed. Freshly prepared samples of [MeIn12] are shown by 
the Raman to have the  usual haolgen-bridged structure. which then 
isomerizes to the  ionic form, [Me21nl+[In14]-. The  linear cations [MelIn]+ and 
[Me2TI]', which are isoelectronic with [Me2Cd] and [Me2Hg]. respectively. play a 
considerable par t  in the organometallic chemistry of the heavicr Group  111 elcments 
and are conveniently recogniscd by their i.r. and  Raman spectra4.". 

The Group 111 trialkyls are an  important group of Lewis acids and their complexes 
with donor molecules a rc  readily studied by means of vibrational spectroscopy. A full 
investigation of the m d e c d e s  [(CH3)3AINH3], [(CD3),AINH3], [ (~H, ) ,AIND, ] ,  
and [(CD3)3AIND3]12" provides insight into the vibrational coupling of the  AI-C and 
AI-N bonds in stretching vibrations. According to this analysis 'u(AI-C),' at 524  
cm-'  in [(CH3)3AINH:,I is made up  of 70% AIC:, symmetric stretching and  20% AI-N 
strctching. whereas 'v(AI-N)' at 451 cm-I comprises 68% AI-N stretching and  22')/, 
AIC, stretchis&., t h e  balance of the potential energy in each case coming from othcr 
modes. The doubly degenerate fundamental  ' ~ (A1-c )~ ;  at 5 9 7  cm-'  is predominantly 
of this coordinate (62'!h), with a substantial contribution from the NH3 rocking mode 
(23%). 

Vibrational spectra are widely used to characterize R2M and RM derivatives of the 
Group 111 elements, especially by means of M-C stretching frcquencies. Structural 
evidence and detailed assignments a r e  available from the i.r. and Raman spectra for 
tetrameric complexes [ M c ~ M C N ] ~ ,  where M = Al, Ga. o r  InI2'. and include a com- 
parison with [(Me2MgCN)4]4- isoelectronic with the aluminium compound. Dimethyl- 
aluminium a n d  -gallium azides a re  trimeric, [ Me2MNJ3 ,  and  form complex anions 
[Me2M(N3)?]-. 1.r. and  Raman spectra a r e  known"' for these and  also for the 
complexes [ Me3MN3]- a n d  [(Me3M)zN$. 

A dimethylindium complex, [ Me21nNMe2l2. with D 2 h  symmetry, provides an 
example of the  trend to study the  vibrational spectrum in conjunction with structure 
determination by X-ray crystallography. T h e  frequencies v(ln-C), = 482 and 
u(1n-C),, = 510 c n - I  were  observed and a detailcd assignment of o ther  skeletal 
modes was madel?,. 

Thallium-carbon modes  arc assigned in the ranges v(TI-C), = 423-493 and 
u(TI-C),, = 453-584 cm- '  in dialkylamides [R2TINR;]. where R = Me. Et. or 
n-Pr'24. l h c  tendency of thallium to  form the [Me?TI] + ion has already been mentioned. 
Detection of its spcctrum shows the azide [ Me2TIN3] and a diazomethane derivative 
[ ( M c ~ T I ) ~ C N ~ ]  to have predominantly ionic structurtxl 'S. 

6. Plienyl derivarives: In cxtension of earlier work on phenyl dcrivativcs of the 
Group 111 vibrational spectroscopy has been used in thc structural character- 
ization of [ P I I M X ~ ]  a n d  [Ph2MX] (M = G a  o r  In; X = CI. Br. o r  1) and their dioxane 
a d d u c t ~ l ' ~ ~ ' ? ~ .  Whereas the  gallium compounds12o form dimcric molecules with 
bridging halogen atoms, those of i n d i ~ m ' 2 ~  consist of a polymcric lattice. Assignmcnts 
for the mode o f  prcdominant M-C stretching type are in the range 385-405 cm-I for 
the phenylindium compounds.  Surprisingly, thc corresponding modes of the phenyl- 
gallium spccies occur in a lower range. 330-3515 cm-I. Othcr  low-frcqucncy skeletal 
modes wcrc also assigned and comparisons niadc w i t h  Ph3Ga. Ph31n and Some of 
their other d e r i ~ a t i v e s l ' ~ . ~ ' ~ .  

4. Organometallic compounds of the Group IV elements, silicon, germanium, tin, and 
lead 

Several rrvicws of the vibrational spectra of organic derivatives of the Group  Iv 
c k n i e n t ~ l ~ ~ - l ~ l  a re  additional 10 the  gencr.31 rcvicws of organometallic spectroscopy 
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cited in the Introduction. There is also a comprehensive guide to the pre-1970 
Iiteraturel)'. 
a. Alkyl deriwarivess: The vibrational spectra of the Group IV tetramethyls have 

been recorded many times. Supplemented by measurements on the deutero-compounds 
there is enough information for n.c.a.  calculation^'^^ which are not restricted to 
treating the methyl group as a point mass, and which show that the M-C constant 
decreases considerably from silicon to lead. while the C-H force constant increases 
slightly (Table 6). In the search for fuller data and an improved force field, i.r. spectra 
of matrix-isolated [Me4M] (M = Si, Ge. or Sn) and chlorides [Me4-,MCI,] 
( i t  = 1-3)134 have been recorded at 15 K to determine isotopic shifts for the M-C 
and M-CI stretching modes as a prelude to further normal coordinate analyses. 

T A B L E  6. Force constants in [ MedM] molecules 

Parameter [ MeJSi] [Mc&eI [ Me4Sn] [Med'bl 

f(M--C)(Nlcm) 2.88 2.65 2.19 1.88 
f(C--H)(Nlcm) 3.61 4.68 4.77 4.80 

Investigations of the series [(CH3),MCF3] (M = Ge,  Sn, or Pb) and the perdeu- 
terated analogues allow comparison of the metal-carbon bond of methyl and 
perfluoromethyl l i g a n d ~ ' ~ ~ .  As in the case of mercury (Section III.A.2) it emerges that 
the M-CF3 force constants are considerably weaker than the M-CH3 constants, 
typically some 75% of the latter (Table 7). 

T A B L E  7. Force constants in [ Me3MCF)I molecules 

Parameter M = Ge M = Sn M = Pb 

f(M--CH,)(Nlcm) 2.73-2.84 2.27 1.93 
f(M--CFd(N/cm) 2.04-2.21 1.67 1.38 

The higher alkyl derivatives [ R4M] have attracted frequent attention, especially 
those of high ~ymmetry' .~.  Unusually low values of tin-carbon stretching frequencies 
are assigned to modes involving the bulky ligands of some tricyclohexyltin deri- 
v a t i v e ~ ' ) ~  for which v(Sn-C), = 415-425 and u(Sn-C),, = 490-496 cm-]. An 
example of vibrational analysis of an organometallic compound containing one of the 
higher alkyl groups is to be found in the study of the isotopic series of tertiary butyl 
compounds, [r-Bu3SnNH2], [r-Bu,SnND2] and [ ~ - B U , S ~ ' ~ N H , ]  which has permitted 
a complete assignment and normal coordinate treatment of the C3SnNH2 group13'. 
This analysis yieldsf(Sn-C) = 2.09 N/cm. Littlc coupling between cyclopropyl ligand 
modes occurs in [(c-C3HS)'Pb], whose i.r. and Raman spectra138 resemble those of 
other metals. N.c.a. yields f(Pb-C) = 1.95 N/cni, ii slightly larger value than in 
[ Me'Pb]. 

The series [Me(,M2] has also been much investigated'.', a refinement being the 
interpretation of the spectra of hexamethyldisilane, [(CH3)3SiSi(CH)))]. o n  the basis 
of double group Gj, symmetry to accommodate free rotation about the Si-Si 
bond139. For the molecule [CIMe2SnSnMe2CI], the most likely symmetry appears to 
be CZh. corrcsponding to a staggered arrangement of the ligands14". However, the four 
Sn-C stretching frequencies. 520, 530. 543, and 547 cni-I. are found in both i.r. and 
Raman spectra and the assignment is not finally established. A similar range, 
5 10-560 cm-I. spans the v(Sn-C) modes of tetramethylditin complexes [Me,Sn2(L)], 
where L is a bidentate ligand. 0 2 C R ,  S2CNR2, or S2P(OR)2'4'*142. A stretching mode 
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of the tin-tin bond, v(Sn-Sn), occurs in the region 190-210 cm-l and the bridging 
acetate or  other ligands are recognized in the spectra. The Me2SnSnMe2 structural unit 
is also present in the tin heterocycle 

S n M e ,  
/ \  

S S 
\ / 

MepSn - S n M e p  

characterized"' by Sn-S frequencies, 310-360 cm-I. v(Sn-Sn) = 190 cm-I. and 
Sn-C stretches assigned to the Me2Sn and Me4Sn2 units. In less detail the vibrational 
spectra of the stannacyclohexanes [(CH2)5SnR2] (R = Me or Et)Ia4 can be assigned 
by considering the modes of the alkyl ligands, the fragment SnC2, and the heterocycle 
(CH2)SSn in comparison with the corresponding silicon-containing ring system. The 
Me2Pb group as part of some cyclic organolead compounds'45 gives u(Pb-C), = 
470-474 and v(Pb-C), = 483-491 cm-', close to the values in [Me4Pb]. 

Various branchcd-chain tin and lead organometallics have been characterized by 
their vibrational spectra'46. In this category are the tetrastannanes [ RSn(SnMe3),]. 
where R = Me, Et, n-Bu, n-pentyl. o r  phenylI4', which in addition to the u(Sn-C) 
modes show intense Raman bands at 106 2 1 and 138 2 2 cm-l assigned to coupled 
v(Sn-Sn) and d(SnSnC) vibrations. Thorough studies of molecules of high symmetry 
being a cornerstone of vibrational spectroscopy, Muller et ul. performed a normal 
coordinate analysis of the regular tetrahedral species [ Mc4Sn4S6]. This yields a valence 
force constant f(Sn-C) = 2.3 N/cm which, together with usual values for Sn-S and 
bending constants, suggests that bonds arc approximately single and that n-bonding 
within the cage structure is negligiblc. 

Organometallic dcrivativcs of silicon. germanium, tin, and lead with unsaturated 
organic ligands have a special interest in the context of the metal-carbon bond because 
of the possibility of interaction between thc n-electron system of the ligand and the 
unoccupied d-orbitals of thc metal. Low valucs of u(CGC) in the compounds 
[R,MC=CH] (M = Si. Ge. or  Sn) and higher i.r. band intensities than in the spectra 
of analogous compounds where the central atom is carbon have been attributed to an 
interaction of this kind149. 

In a series of studies of organoacetylenic compounds of Group IV and V elements, 
the vibrational spectra of [Mc3M-C~C-CfC-MMe3] (M = C, Si, Ge, Sn, or  Pb) 
have been examined and the assumption of D3,., symmetry found to be satisfactory. 
Detailed assignments for all these compounds have been tabulated"'. 

Studies continue of many compounds of silicon, germanium, tin. and lead containing 
the groups RM, R2M, and R3M and rangcs for M-C strctching frequencies, 
previously deduced4.', provc useful for their investigation. Typical examples include 
the organometallic amines [Me3MNMe2] (M = Si. Ge. or Sn)I5l and [R,MNH21, 
[(R3M)?NH]. and [(R3M)'N] (M = Si. Gc  or  Sn; R = Me, Et. if-Pr, i-Pr, orr-Bu)lS2. 
In  five-coordinate [(R3Sn(L2)] (R  = Me or Et; Lz = the anion of acetylacetone, 
benzylacetonc or d ib~nzoyln ie thar?e) l~~.  u(M-C) frequencies lie in thc rangcs 
548-556 cm-l (symmctric) and 574-589 cm-l (asymmetric). in most R3M derivatives 
the MC3 unit is pyramidal and in R2M dcrivativcs i t  is usually bent. Simplest of the 
linear complexes arc the [Me2M]' cations found. for example, in the solutions of 
[ Mc2Sn]0 and [ Me2Pb](N03)2 in strong acids ar?d identified by a single Raman band 
at 525 or 475 cm-l, respectivclylS4. 

Vibrational spectroscopy has been cniploycd with n.m.r. and other techniqucs to 
characterize the bivalent organometallic derivatives of germanium, tin. and lead, 
[ M { C H ( S ~ M C ~ ) ~ } ~ ] ,  wthich arc stabilized by the presence of the hexamethyldisilymethyl 
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ligandls5. Vibrational da ta  including v(Sn-C) assignments a re  conveniently used to 
identify the corresponding tin(1V) systemsls6 and somc analogous tin d i a m i d e ~ ' ~ ~ . ' ~ " .  

Thc  organometallic group R3M, whcre M = Si, Ge, Sn, or Pb. is itself encountered 
as a ligand in compounds with o ther  m c t a l ~ ' ~ ~ .  Spectra of such G r o u p  IV  derivatives 
of thc iron triad carbonyls have bcen r c v i e ~ e d ~ ~ ~  and  other studics include those of 
nickeIl6" and rheniumI6' complcxes of the Me3Sn ligand. 

6.  Plzeriyl derivatives: Vibrational assignments of the G r o u p  IV  tctraphenyls, 
[Ph4M]. have been substantiated in the case of tin by application of  thc metal isotope 
tcchnique'". T h e  i.r. spectra of isotopically pure [ Ph,Sn], [Fh3SnI], and [ Ph3SnOAc] 
labclled with IlhSri or  Iz4Sn showcd shifts of the ordcr of 5 cm-I in the  metal- 
sensitive modes. The  term 'tin-phenyl stretch' proves to have physical significance for 
the i.r. bands in the region 260-270 cm-I, i.e. the asymmetric component of the t- 
mode. In triphenylvinyltin, [ Ph3SnCH=CH2], v(Sn-Ph),, is observed a t  266  cm-', 
with v(Sn-Ph), at 239  cm-1163 v(Sn-C) of the vinyl group has  a frequency of 526  
cm-I. O the r  phenyltin compounds, the benzoate [Ph3SnOzCPhI1", complexes 
[ Ph3Sn( NO,)L]I", and sornc /V- tripheiiylstannylcyanamidcs, [ Ph3SnN(CN)R]166, 
exhibit v(Sn-Ph),, in the range 260-278 cm-I a n d  v(Sn-Ph), 214-240 mi-'. A 
substantially higher frequency for the Sn-Ph asymmctric stretching mode ,  near 
320  cm-'. has been advanced in tentative assignments of the  i.r. spectra of the  
tin-tin bonded compounds, [(Ph3Sn)3Sn(N03),] and [Ph3SnSnN03]167.16H, thc 
latter having the  unusual feature of a tin(1V)-tin(I1) bond which is confirmed by the 
crystal structure deterrninationlh7. 

Solution measarcments of the i.r. spectra of [Ph,SnCI] in the  solvents bcnzene, 
acetone. and  dimethyl sulphoxide16v locate v(Sn-Ph), at 240  2 1 and v(Sn-Ph),, at  
273  2 cm-' .  the near  constancy suggesting that solvent coordination plays little part. 
O n  the other hand, X-ray analysis has shown that dimethyl sulphoxide is coordinatcd 
to the scven-coordinate tin atom in [ Ph2SnNO3(DMSO)3]+. T h e  cationic nature 
probably explains the  higher than usual Sn-Ph lrequcncy of 2 8 5  cm-'  reportcd for 
this coin plc x 70. 

Far-i.r. spectra of 
[Ph3PbX] and  [Ph2PbXz] (X = CI, Br, I .  or  NCS) and various o ther  complexes of 
PhzPb with oxygen o r  nitrogen l igand~~" . '~ 'exhib i t  t hc  t-modes v(Pb-Ph), = 190-21 8 
and v(Pb-Ph),, = 222-238 cm-l.  O the r  low-frequency X-sensitive modes are 
reported: 'u' in the range 160-1135 and 'y' in the range 245-260 cm- ' .  

The  introduction of substitucnts in the  benzenc ring provides a familiar way of 
modifying the  electronic environmcnt in phenyl derivativcs. From a study of the  far-i.r. 
and  Ranian spectra of many substitued aryltrimcthyltins. a n d  the silicon and 
gcrmanium analogues, Zuckcrman and c o - ~ o r k e r s ~ ~ ~  have dcduccd that the fre- 
quencics which may be assigned to the aryl-tin stretching inodc corrclate wcll with 
the squarc root of the reciprocal mass of the substituted phcnyl system. but not with 
electronic factors such as the Hanimett a-constant of the  substituent attached to thc 
benzenc ring. Much uscful information for the assignment of phenyl ring vibrations 
is conipiled in  the cited r ~ f e r c n c e l ~ ~ .  

Fcwer phcnyl lead compounds have come under 

5. Organometallic compounds of Group V and V/  elements, arsenic, antimony, and 
bismuth; selenium and tellurium 

Elements of Group V, arsenic, antimony. and bismuth, and Group IV. selenium and 
tclluriuni. form a wide variety of organic derivativcs which may involve the clemcnt in 

the group valencc state or low-valcnt states. in somc of which clcnient-to-element 
covalcnr bonding is a structural fcaturel"". 

u. AIkyl  derivcirives: Frcqucncies of mcthyl d e r i v a t i v ~ s ~ ~ ~ - ' ~ ' '  a r c  collectcd i n  Table 
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TABLE 8. Characteristic vibrations (cm-’)  of Group V methyl compounds 

Compound d(CH3)S P(CH 3 1 O - - C ) . l ,  v(M-C)), Rcfcrence 

[ M ~ ~ A s ]  1250 880 583 568 I74 
1 1250.1 235 889.824 578 564 175 

[ MCSSbl 516. 456 393. 414 176 

[ Me,Bi] 1160 780 460 460 174 
[Me$b] 1200 810 513 513 174 

8, which also illustratcs the diversity in formula types. The  vibrational spectra of 
trimethylantimony halides. [Me3SbX2]. establish D 3 h  symmetry and nomiitl coordinate 
analyses have been performed using several alternative force f i ~ l d s l ~ ~ .  The  symmetric 
stretching frcqucncy of the equatorial SbC3 unit and thc Sb-C valencc force constant. 
which decrcase from fluoridc to iodide, are given in Table 9. Also shown are the values 
of thc v(Sb-C), vibrations for thc analogous ethyl and isopropyl compounds178. 
Structural analogues for which thcrc are some vibrational da t a  includc [R3MX2] 
( M  = A s  or  Sb; R = Et. i-Pr, or B Z ) ~ ’ ~ .  Vibrational data  for thesc compounds can be 
used to estimatc thc barrier hcight to intrainolecular exchange of the ligand arrange- 
ments as demonstrated for a numbcr of [MX$] and [MX,Y2] speciesIH”. 

The  tendency of antimony to attain a coordination number of 6 appcars in the 
behaviour of [Mc,SbC13], which is shown by spectra to be monomeric in solution, 
with C2,, symmetry. but t o  crystallizc as a chlorine-bridged dimer in which the methyl 
groups are in Irons-positions (DZh symmetry)IH1. Similarly, the compounds 
[Me2SbCI2Y] ( Y  = N C O  or N3) arc dimcric and bridgcd through nitrogen of the 
pseudo-halide’”. Bridging occurs through X in the complexes [ ( M c ~ S ~ C I ~ ) ~ X ] -  
(X  = F or CN)ls3. T h c  v(Sb-C) frequencics arc in thc range 510-582 cm-I. The  
spectra of tetrahedral ions [Me4M]+ (M = As o r  Sb)111-112.1n4 prcsent in compounds 
[ Mc,M][ Me,M’CI4-,,] are mcntioned in Section III.A.3. 

In other Group  V organometallic systems the As, Sb. or Bi a tom is in the + 3  
oxidation state. Vibrational spectra of these compounds have been reviewed1*’, and 
have featured in a number of studics of these molcculcs whcrc they act as donor 
ligands coordinated to  main group or transition metals. Examples whose spectra are 
additional to previous c o v ~ r a g c ~ . ~  arc thc diazoalkyl dcrivatives [ Me2MCN2R] and 
[(Me2M)2CN2] ( M  = As, Sb, or Bi), and the related species [Me2AsCNzMMe2] 
( M  = Sb  or Bi) and [Mc2AsCN2MMc3] ( M  = Ge,  Sn. or Ph)186. T h e  spectra of the 
latter are largely a superimposition of Mc2As and MMe, bands, although the stretching 
modes of the C N 2  group can be identified a n d  are sensitive to the nature ot thc mctal 
M. There are also rcports of the spectra of cyclopentadienyl derivatives [Mc2MCp] 
( M  = As. Sb. or Bi)lH7.1HH. Assignments for the arsenic compoundIH7 arc  v(As-C), = 
572, v(As-C),, = 580 and v(As-Cp) = 350 cm-’. 

Progress has bcen madc in interpreting the spectra o f  perfluoromethyl derivatives of 

TABLE 9. v(Sb-C), vibrations (cm-’) in organoantimony halides. R3SbX2. Values in 
parentheses arc thc force constants. f(Sb-C)(N/cm). in [ Mc3SbXr] 

Compound X = F  x = CI X = Br X = I  
~~~ ~ 

[ M c ~ S ~ X ~ ]  546 538 526 508 
(2.61) (2.51) (2.42) (2.31) 

[ Et3SbXzI 513 392 482 475 
[ i- Pr3SbX,] 500 480 478 475 
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Group V elements, particularly [(CF3)2ECH3] (E = P, As, or Sb)Ie9, [(CF3)2SbX] 
(X  = H, CI. Br. or I)19n, and [(CF3)3Bi]'y'. 

Vibrational spectra of organic derivatives of thc Group VI mctalloids are collected 
in Maslowsky's extcnsivc surveyJ. The principles employed in interpreting these 
spectra are similar to those already illustratcd. Reported v(M-C) and ligand 
frequencies in compounds of selenium and tellurium fall within the established ranges. 
Spectra of the compounds (MeSe),P and ( M ~ S ~ ) ~ A S ' ~ ~  are richer in bands than 
expected for C3, symmetry, which indicates the probable existence of conformational 
isomers. Strong i.r. bands, ~(Tc-c) ,  in the range 520-550 cm-' have proved helpful 
in characterizing some tellurium-containing h e t e r o ~ y c l e s ~ " ~ ~ ' ~ ' .  

There are many examples of molecules in which organic derivatives of the Group V 
and VI elements arc coordinated to a main group or transition metal. A survey of 
diorganotellurides as ligands for transition metals'9s contains new spectroscopic data 
additional to the already large store (Section 1II.E). 

b. Plieriyl derivurives: A wide variety of phenyl derivatives of Group V and VI 
elements can be prepared, ranging in oxidation from +1, exemplified by Ph2Te2, to 
+5 in  Ph3SbX2. Considerable progress has been made in applying i.r. and Raman 
spectra to their characterization and in deducing vibrational assignments. A list which 
encompasses spectroscopic work subsequent to the pre-1975 reviews'.9 contains the 
following phenyl derivativcs: 

Group V: Ph3SbX2lY6, [Ph2SbX.,]-Ly7. [PhSbXs]-19E, Ph2SbOAc'99, Ph3BiXz200, 
Ph2BiX2"', [Ph2BiXz]-, and [Ph2Bi(OAsPh3)2]+2n2 (where X = F, CI, Br, 
or in some cases a pseudohalide). 

Ph2TeX2 (X = CI or Br)2n7, Ph2Te?206, PhTe(L)X (X = halogen, 
L = thiourea)209, and (C,Fs)2Te22'0. 

Group VI: Ph2ScClzzU3, PhSeBr3'04, PhScMH3 (M = C, Si, or  Ge)'OS. Ph2SezZn6. 

For Ph2TeX2 (X = C1 or Br) and @-MeC6H,)zTeBr2207 definitive assignments of 
v(Te-Ph) modes have been cstablished by use of samples containing isotopically pure 
"6Te or I T e .  Values of v(Te-Ph) stretching frequencies (Whiffen t-modes) from the 
above tellurium compounds are given in Table 10. Taken with the phenyl derivatives 
of other metals of Groups 11-IV a consistent pattern emerges wherein the mass of M 
is the predominant factor in determining the frcquencies of the skeletal M-Ph 
stretching modes and changes in oxidation state and coordination number have 
smaller effects. 

T A B L E  10. Low-frequcncy vibrations (cm-I) of isotopically pure organotellurium compounds: 
i .r.  values (supporting Raman data wcre also obtained) 

Ph2TeC12 

"9-c I 3oTc 

PhtTe B r 

' 2 6 T C  '3DT.e Assignment 
~~~ ~ 

286.5 284.5 160 160 v(Te- X), 
265 263.5 186 br 185 VVe-X),, 
271 270 272 2 70 v(Te-C),,(!) 
246 234.5 23 1.5 240 v(Te-C),(t 1 
25 1 251 258 258 Phenyl (u) 
229 229 Phenyl (u') 
185 I85 186 br I85 Phcnyl (x) 
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B. Vibrational Spectra of Otgano-transftion Metal Compounds 

In many transition metal organometallic compounds the M-C bond arises through 
the attachment of a coordinated ligand (Section 1II.C). The present section is 
concerned primarily with the spectroscopic investigation of alkyl, aryl. and acetyl 
complexes of the transition metals, for which early work was reviewed by Adam@. 
Most examples are provided by the later groups. especially Group VIII and the 
coinage metals, where some binary alkyl complexes are now well characterized. 

1 .  Binary alkyl complexes 

The complex anions [Me2Au]- and [Me4Au]- of gold and their deutero-analogues 
have been the subject of thorough i.r. and Raman studies"'.212. The skeletal v(M-C) 
frequencies of [Me2Au]- and [Me4Au]- differ little, being 526 and 530 cm-', respec- 
tively. The vibrations of linear [Me2Au]- correlate smoothly with those of [ Me2Hg], 
[Me2TI]+, and [Me2PbI2+. The trend of decreasing force constant from gold to lead is a 
reversal of the more usual variation with nuclear chargc and serves to emphasize the 
stronger M-C bonds of the earlier members of this series. [MeAu(Me2PPh)] and 
[Me3Au(Me2PPh)] show v(Au-C) bands in the range 500-540 cm-' 2 1 3 .  The 
gold(1II) methyl complex [ Me2Au(PPh3),]+ and some analogues exhibit intense 
v(Au-C) Raman bands (5 16-542 cm-I) which have been used to monitor reactions 
of these species2I4. Several other Me2Au-containing complexes have been studied 
spec t ros~opica l ly~ '~ .  

The methylplatinum complexes [ Me4PrI2- and [ MebPtI2- and the  phosphine 
derivatives [Me3Pt(PMe3)]+, [Me4Pt(PMe3)2], and [MezPt(PMe3)?] are also well 
characterized by i.r. and Raman ~ p e c t r a ~ ' ~ - ~ ' ' .  Typically intense Pt-C stretching 
bands at 522 and 552 cm-l are shown by the Raman spectrum of ck-  
[Me2Pt{P(OMe)3)2]2'a. Othcr alkyl- and arylplatinum complexes are cited in the 
following section. 

2. Other alkyl and aryl complexes 

Early reviews of this area3.5.6 have sincc been s ~ p p l e m e n t e d ~ . ~ ' ~ .  Stretching 
frequencies, u(Ti-C) = 505-5 10 cm-I. are definitely identified in [ M ~ T i c p ( o R ) ~ ]  
(R = Et or  Pr), which also give a u(Ti-Cp) band near 425 cm-' 2zo. In the cornplcxes 
cf McTiBr3 with donor ligands the v(Ti-C) frequency drops to 450-470 cm-'  2 2 1 .  

[(C6H5CH2)3Ti] shows the frequencies of the benzyl ligand and an additional i.r. band 
at 540 cm-' attributed to a Ti-C stretching mode2?? [compare 565 cm-I in the 
titanium(1V) analogue]. The i.r. studyz2) of [(ChHSCHz)4M]. wherc M = Ti, Zr, Hf, 
or W, also assigned W-C stretching modes v(W-C), = 485 vw; u(W-C),, = 523 w, 
535 m, 556 m. 

In Groups V-VII, v(V-C) = 537 cm-l in [MeVO(OR)2j224 and rangcs from 435 
to  500 cm-' in some methyltungsten dcri~atives''~. A methylrhenium derivative 
[Me4ReO], for which Re-C stretching at 520 cm-l is rcportcd226. probably has Clv 
symmetry. 

Group VIII provides a variety of organometal complexes for which there is 
vibrational information. 1.r. has been used in conjunction with Mossbaucr spcctro- 
scopy to compare the Fe-C and Fe-Si bonds in [RFe(C0)2Cp], where R represents 
a range of alkyl and silyl groups2?'. [ M c ~ C O ( P M ~ ~ ) ~ ] ~ * ~ ,  other mcthylcobalt 
derivatives22Y, and dialkylcobalt complexes230, as well as some palladium derivatives231 
provide examples which may be compared with the mcthylplatinuni systcms cited 
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above. T h c  compound palladium bis(cyanomcthanidc). [ Pd(CH,CN)2], and some 
derivatives [ R2PdL2]  with amine and phosphine ligands. show u(Pd-C) modes 
580-612 cm-I and  u ( C E N )  2180-2200 cm-’ 232.  

Trcnds  in  Pt-C stretching frequencies in methylplatinum complexes, already well 
established, now include data for [Me2PtBr(H20)3]+ 233 and [Me3PtX3I2- (X = CI, 
Br, or NCS)234. In addition to the low-frequency information. the value of d(CH3), in 
the range 1225-1 275 cm-I is a useful characteristic psramcter.  Previous Raman and 
i.r. studies of the clusters [Me3PtXI4. mainly halides, reviewed by have been 
extcnded to the explosivc perchlorate (X = in which u(Pt-C,), = 565 vs 
(Raman) ;  u(Pt-C3),, = 650 vs (i.r.). The te t ramer  [MePtSMeI4 shows bands 
v(Pt-C) at 563  cm-’ and  6(CH3), a t  1255 cm-I as polarized Raman features in 
chloroform solution236. Raman and i.r. spectra of the  anions [ RPtC12(CO)]- yield 
sccurc assignments for  u(Pt-C) at  570 cm-l (R = Mc). 540 cm-’ (Et. m P r ,  and 
~ I - B u ) ,  a n d  510 cm-I (i-Pr)237. When R = phcnyl the  Pt-Ph stretch (Whiffen t-mode) 
appears as a strong, polarized Raman band a t  2 5 0 c m - I  and  the  Pt-C-C bend 
(Whiffen u-mode) givcs a weak, depolarized band a t  210  cm-I. 

O the r  vibrational analyses for aryl derivatives of the  transition metals follow the 
lines of those of main group systems, and  some useful assignments a rc  a ~ a i l a b l e ~ . ~ .  A 
further X-sensitive mode  [still incorrectly described in some work as ‘v(M-C)’] is 
located in the 400-500 cm-I region, for example at  448 cm-I in [PhAuCI2] and in the 
range 460-500 cm-I in other compounds [ RAuCI2] (R = a ~ y l ) * ~ ~ .  Systems containing 
the ligands C6Fs*39 and  C6Clsz40*241 have also been  studicd, notably in divalent 
complexes of nickcl, palladium, and platinum. Orthometallation of one of the 
phenyl rings of the Ph3P ligand such as occurs in 5-coordinate iridium complexes 
[MelrC1L2]242 is accompanied by splitting of the  7 2 0  cm-I band ( thc  X-sensitive 
Whiffen r-mode), which helps to establish that the  ring-metal bond is present. A n  i.r. 
band in this region, diagnostic of orthometallation. has bccn noted in other work on 
complexes of aromatic l i g a n d ~ ~ ~ ~ .  

3. Wid complexes 

N o  special fcatures a re  expected in thc  vibrational spectra of ylid compounds, but 
v(M-C) assignments should assist in structure determination. Characteristic i.r. 
frequencies of ylids. including u(M-C) 51 0-544 cm-I, have been rcported by 
Tanaka and  co-workers2“ who notcd the existcncc of trends in thc  Pt-C stretching 
frequencies. 1.r. bands in thc rangc 495-550 cm-’. assigned t o  u(Au-C) rnodcs. hclp 
to establish the structures of some ylid compounds of 

4. Carbene. carbyne, and related complexes 

Carbene-type complexes in which ligands (-CH2, -CR2. and  variants) are 
attached to a transition metal by a formal double bond should give rise to M-C 
stretching modcs and  internal vibrations. including u(C-H) and/or  u(C-R) modes. 
Most reports have been concerncd with thc detection o f  i.r. bands in the  latter 
c a t e g ~ r y ~ ~ ’ - ~ ~ ~  , for which data are summarizcd in Tablc  1 1 .  Various systcms related to 
carbenes. and involving the formyl. thioformyl. a n d  carbanioyl Iigands. a r e  also 
included. A Raman and  i.r. study of isomeric forms of [Re.(CO)9{C(NHMe)Me}]’J7 
rcvcals low-frequency bands possibly associated with the  carbenc ligands. in addition 
to useful u(NH) characteristics. The  cumclene ligand (=C=C=C=O)  analogous to 
carbene givcs risc to a band ( u I  o f  thc  ligand) a t  2028  cni-I in [(C30)Cr(CO)s]26j.  

the triple bond frcqucncy of carbynes is wcll established in several cases. Thc tungsten 
In contrast to the abscnce of an obvious v(M-C) band in carbene 
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carbyne complexes 1 r r t r i s - [ X ( C 0 ) , W ~ C C H ~ ]  (X = CI, Br. or  I)267 exhibit thc 
v(WEC) stretching band in the vicinity of 1315 cm-' [compare v(WEN) at 1286 
crn-'1. Complete n.c.a. yields a suitably high force constant of 7.40 N/cm. 

C. Vibrational Spectra of Organometallic Compounds with Carbon Donor 

1 .  Reviews 

The vibrational spectra of n-bonded organometal complexes were systcmatically 
trcated b y  Davidson in 1972'68 and earlier by Fritz2". Davidson's important rcview 
tabulated the frequencics of all the  common 2- to 8-electron donor ligands and discusscd 
the best available assignnicnts i n  their complexes with transition nictals. These two 
surveys provide a sound basis for this part of the subject, and other accounts of the i.r. 
and Raman spectroscopy of metal n-complexcs are a ~ a i l a b l c ~ . " . ~ . ~ ~ " - ? ~ ' .  

Ligands 

2. Olefin complexes 

The early vibrational studies of olcfin complexes, principally of Group VII and VIII 
transition mctals, and also of main group metals, have been extensively re- 

Formation of the n-bond to metal charactcristically lowers the C=C stretching 
frequency and renders this mode i.r. active, even for those olefins (including ethylene) 
which arc ccntrosymrnctric in the uncomplexed state. A convenient measure of the 
modification of thc C=C bond, first dcmonstratcd in complexes of platinum and 
silver27n, is the summed pcrcentage lowering of bands due to the coupled v(C=C), 
b(CH2), and/or b(CH) vibrations. Also a useful indicator is a change in Rarnan inten- 
sities whereby thc v(C=C> band (ncar 1500 cm-I) becomes progressively wcaker 
relative to the b(CH) band (near 1250 cm-l) as the strcngth of the metal-olefin bond 
increases. 

Direct obscrvation of nietal-ligand stretching frequcncies, v(M-C2). assigncd in the 
range 385-500 cm-' for Pt-C2H, and 270-290 cm- '  for Ag-C2H4 complexes278, is 
becoming common. These spectroscopic criteria of the metal-olefin bond have been 
applied to iron27Y.2n0, rhodium and iridium2n1-2n3, copper, silver, and gold284, as wcll as 
to many platinum-olefin c o ~ n p I e x e s ~ ~ ~ - ~ ~ ~ .  Vibrational spectra of ole fin complexes 
[ ( ~ l ) P t C l ( a c a c ) ] ~ ~ '  reveal v(Pt-C?), near 400 cm-I. The cationic complex 
[(C2H4)PtCl(tmcda)]'  displays v(Pt-C2), = 368 and u(Pt-CZ)ar = 458 cm-' 290. 

The value of v(Pt-C,), is lower than in neutral or anionic complexes because thc 
positive charge on platinum lessens dn-n* interaction in the metal-olefin bond. 

Amongmctal-olefin systemsattractive for force constant calculation [(C2H4)PtCI,]-. 
the anion of Zicsc's salt, continues t o  attract detailed attention'"'. Normal coordinate 
calculations f o r  this complex and [(C,H,)Fe(C0)4]2'J? show that the original ethylene 
force field is very considcrably pcrturbed by coordination. Assignments for the scries 
[(ol)Fc(CO),]. where ol = C2HJ. C2HC13. C,H2CI,. and C,C14293, which show 
v(M-C?) frcquencies in the range 375-400 cm-I, have provided the basis for force 
constant determinations and for calculating values of v(C=C) which eliminate the 
effect of coupling to 6(CH2) and b(CH) modes. The dccrease in v(C=C) from the free 
olefin value thus calculated is 260-370 cm-l and indicates C-C bond orders of 
1.2- 1 .s. 

Assignments for the metal complexcs of more complicated olefinic ligands, 
including cycloocta- 1.5-diene and various other dienes. have been r e v i e ~ c d ~ ~ " . ~ ~ " - ' ~ ~ .  
Wertz and Moselcy?"s in investigations of [(cod)RhC1I2 and [(cod)MCl2]. wherc M is 
Rh'. Pd" or  Pt". have shown that the lowering of v(C=C) and b(C1-I) bands. which 

viCWCd'68.27n,.'73-277 



20. Infrared and Raman spectroscopy of organometallic compounds 797 

indicates the total u- plus n-bonding between metals and olefin, follows the order 
Rh > Pt > Pd. On the basis of shifts in u(M-L) frequencies in the range 400-580 
cm-l, they suggest a different ordcr for the strength of n-interaction: Pt > Rh > Pd. 
The characteristic increase in the i.r. intensity of v(C=C) upon coordination has been 
measured for the  compounds [(nbd)M(CO)4]. where M = Cr. Mo, or W296. A study 
of the species formed in aqueous solution by the reaction of buta-1.3-diene with 
cobalt(II1) cyanide c o m p l ~ x e s ’ ~ ~  provides a spccializcd example of the use of Raman 
spectroscopy in this field. 

Other  applications where vibrational spectroscopy contributes to the undcrstanding 
of the M-C bond in olefin complexes occur in the fields of surface adsorption studies, 
including catalyst action, and metal atom-ligand reactions. Metal atom-olefin 
systems studied by i.r. spectroscopy include those of ethylene co-condensed in an 
argon matrix with tinZY*, palladium3@’, copper. silver. and idcnti- 
fiable complexes are of the type [M(C2H4),,], with ti = 1, 2, or 3. Nickel complexes 
[Ni(CzF4),,] and [Ni(C2H3CI),], where ti = 1. 2 ,  or  3, have also been i d e n t i f i ~ d ~ ~ ~ .  
In related work, i.r. spectra have been obtained for ethylene chemisorbed on palladium 
and the interpretation of which suggests that n-bonded surface adducts 
co-exist with a-bonded M-C2H4-M species. Developments in Raman spectroscopy 
are also expected to have an impact on this topic. 

3. Acetylides and acetylenic complexes 

The principal types of metal-acetylene derivatives, n-bmded complexes and 
acetylides, can usually be distinguishcd by vibrational spectroscopy. Characteristic of 
acetylides are intense v(C-C) bands only slightly different from the values in the 
free acetylene, e.g.  in the range 2020-2040 cm-I for Ni, Pd, and Pt complexes306 
(compare C2H2, 1974 cm-I). These complexes also show metal-acetylene 
stretching frequencies, 510-600 cm-l. in the order Ni  < Pd < Pt attributablc to 
increase of the a-bond strength. Various complexes cis- and r r m s - [  L2Pt(C=CR)2] 
exhibit v(Pt-acetylene) frequcncies in the range 544-576 cm-’ as well as the expected 
one or two u(CEC) bands307. The tetrahedral anions [ Mn(C3CR)4]2-3 where 
R = H, Me, or Ph308, have been investigated and there arc other spectral studies of 
acetylides of Re, Fe, Ru309, Pd””, Pt311.312, Cu and Ag?”, and Hg31J. 

Cluster cornpounds [ A S ~ C U ~ ( C E C R ) ~ ] ~ ”  and some dinuclear i ron arc 
examples where the -C-CR ligand apparcntly acts as a 3-electron donor, forming 
u- and n-bonds. These, and the series [Me2M(C=CMe)l2, where M = Al, Ga, or 
In3I7, have yielded insight into the characteristic spectra and h a w  provided fairly 
complete vibrational assignments. The spectra of [(C2H2)Co2(CO)9] and rclated 
 structure^*^^-^'^, also illustrate the participation of acetylene ligands in bridgcd and 
cluster compounds. Studies of [ (C2R2)Co2(CO)6]319 show the effective use of Raman 
spectra to substantiate ligand assignments and to locate the intcnse. polarized bands 
of metal-alkyne stretching modes a t  395, 380, and 275 cm-I for C2H2, C2Me2. and 
C2(CF3)2, respectively. 

In some cases the spectra of complexes of n-bonded alkynes may fail to reveal any 
i.r. band for v(C=C). Alternativcly, thc frequency may be so much lower than that of 
the free alkyne as to lend support to a metallocyclopropenc structure for the M(C2R2) 
unit. A case in point is the  complex [(C2Ph2)2Ti(Cp)2CO] of known crystal 
in which the u(CZC) frequency of PhCfCPh, 2100 cm-’, is replaccd by a band at 
1780 cm-I. Shifts Av[(C-C),,,, - (C_C),,,,,,] of 300-400 cm-I are observed for a 
variety of n-bonded acetylenc complexcs of Mo3”, W3”, Fe3’3.324, and Pt3zs.326. 

Another useful parameter from i.r. spectra is the intcgratcd molar absorption 
coefficient of the v(C-C) band which has been shown, for complexes of the platinum 
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g roup  metals, t o  be proportional to the shift Av(CGC) a n d  to be useful in assessing the 
acceptor strength of these metals towards a l k y n e ~ ~ ' ~ .  

T h e  strong metal-carbon bonding betwcen zerovalent Ni. Pd, o r  Pt and  acetylene 
has been  investigated by i.r. studies of the interaction of acetylene with co-condensed 
metal atoms328 and with metal films329. 

4. Allylic and allene complexes 

In this category a re  complexes o f  the n-ally1 (CH2.=CH-CH2), n-methallyl, and 
n-crotyl groups for which ligand assignments a re  available in their complexes with 
G r o u p  VII and VIII transition Characteristically n o  C = C  stretching 
band appears but instead three medium o r  strong bands 1375-1510 cm-I, a re  
obscrved and  there a re  metal-ligand stretching vibrations in the range 280-570 cm-I. 
A 1 9 7 8  review330 focuses on  the frequencies of the metal-ligand modes (Figure 2) 
and  shows that the out-of-plane allyl-tilting vibration can occupy any of three 
possible positions with respect to the two symmetrical vibrations. In the most studied 
systems the strengths of the metal-ally1 bonds appear  t o  vary thus: Ni = Pd < Pt = 
Rh < Ir. 

M M M 

Activity: 1.r. 
Ra(po1.) 

1.r. 1.r. 
Ra(po1.) Ra(depo1.) 

FIGURE 2. Metal--n-ally1 strctching vibrations according to C, symmetry. 

Vibrational assignments for the q3-allyl complexes [(q3-C3H,)Fe(CO)3X], where 
X = Br,  NO3, o r  [(q3-C3H5)Fe(CO)3]331, include Fe-ally1 frequencies near 330 
(A ' ) ,  360 ( A " )  and 400 ( A ' )  cm-I. Other  systems studied include [ q3-allyl)Co(PF3)2- 
(PPh3)]332 and  derivatives of ~ a n a d i u m ~ ' ~ . ~ ~ ~ ,  zirconium, hafnium33i, and  platinum336. 
These  illustrate the differentiation between n-, U-, and u/n-bonding in allyl, methallyl, 
and  crotyl complexes which can be accomplished by i.r. and  Raman together with 
n.m.r. spectra. 

T h e r e  a re  few systems involving the allene molecule, CH2=C=CH2,  as a donor 
ligand compared  with the large number of allyl complexes. Coordination to a metal 
decreases the  Y,, frequency of 1940 cm-' by about 180-260 cm-', and this i.r. 
evidence for allene complexes of Pt, Rh, and Ir has been reviewed337. 

5. Benzene and related arene complexes 

T h e  typical n-complexes of benzene and other aromatic ligands involve the formal 
donation of six electrons to a low-oxidation-state metal centre. Bcst understood are 
the spectra of bisbenzenechromium and analogues [ (q6-C6H6)M(CO)3], where 
M = Cr ,  Mo, o r  W. For these compounds detailed assignmcnts and normal coordinate 
calculations a re  a ~ a i l a b l e ~ ~ . ~ ~ " . ~ ~ ~  and i t  has been shown that significant, although not 
large, changes occur in a number of thc benzene force constants o n  complexation. A 
substantial Cr-(C6H6) stretching force constant of 3.74 N/cm is computed339 and i t  
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has been shown that the lower wavenumber features, e.g. the A band at 306 cm-I 
of [ ( q6C6Hh)Cr(C0)3], involve heavily Coupled vibrations. It is interesting to corn- 
pare these studies with those of tricarbonyl(trimethylenemethane)iron 
[ {  q”C(C,H,),} Fe(C0)3]. This complcx. with its $-coordinated hydrocarbon ligand, has 
been the subject of normal coordinate a n a l y ~ e s ~ ~ ” ~ ~ ~ ~  which yicld a metal-ligand force 
constant of 2.83 N/cm comparablc to those in more familiar $--arene complexes. 
Other i.r. studics include those to characterize an cxtensivc rangc of $-arene tricar- 
bonylchromium cornp l~xcs~~’ -”~ .  The spectra of n-bonded complexcs [ LCr(CO),]. 
where L = thiophcn”s o r  3 methyl-substituted p y r i d i n ~ ~ ~ ~ .  are also known. 

Of considerable fundamcntal interest are studies of the i.r. spectra of C6H6, CbD6, 
and Ct,HSF co-condenscd with Cr. Mn. Fe. Co. or  Ni atoms which have shown that 
$-complexes, (C6H6)M and/or [(C6H6)2M]. lire formed in all cases exccpt with 
manganc~e~~’ .  It was deduced from thc spectra that the rclative strengths of the 
metal-arcne bonds decrease in the order Cr > Fe > Co > Ni. Co-condcnsation of 
titanium atoms with benzene, toluene, or mesitylene yields complexcs [(arene)?Ti] 
which show ncw i.r. bands near 400 cm-‘ 348. 

Thc interaction of main group nictals with aromatic donor systems is less well undcr- 
stood. 1.r. data are available for the n-arenc complexcs of zinc, cadmium. and 

Dissociation of the adducts of AIBr, with aromatic hydrocarbons has been 
the subject of a variable-temperature Raman study3s0. 

6. Cyclopentadiene complexes 

a. Strucrurul types: Cyclopcntadienyls arc among the most numerous hydrocarbon 
complexes of metals. The various structural types can be distinguished by the 
vibrational spectra and symmetry rules for their intcrpretation. originally treated by 
Fritz2”. have been cxtendcd in more recent accountsJ.G.Y.268. 

(i) Ionic con~plexes are formed by the electropositive metals and give the spectrum 
of the CsH, ion. 1.r. activc vibrations. whose frequencies change with the nature of the 
metal in predominantly ionic compounds351, occur in thc following ranges: v(CH). 
3020-3100; v(CC). 1425-1500; P(CH). 1000-1010; and p(CH), 670-810 cm-’. 

(ii) a - b o d e d  diem complexes (q l  type) : here cyclopentadiene functions as a motio- 
liupro ligand and thcsc exhibit spectra similar to that of the hydrocarbon itself. Band 
assignments of [(q’-C5H5),Hg] and [MeHg(q’-CSH5)] are made accordinglyY. The 
spectra of [Me3Sn(q1-C5H5)] and [ ( M C ~ S ~ ) ~ C ~ H ~ ]  which are of this type differ 
markedly from the spcctrum of [(qS-CSHs)2Sn] and allow a clear distinction to be 
made. 

(iii) Synzrnetrically u- arid n-bonded complexes ($ rype) contain the ligand in 
penruhupro coordination. Most are n-bonded and typically exhibit the following bands: 
u(CH) 3000-3100; v(CC) cu. 1100 and cu. 1400; 6(CH) ca. 1000; and n(CH) 
750-900cm-I. At lower frequency are to bc found the bands due to M-Cp 
stretching (v4, 200-350 cm-I), ring-tilting ( v 1 6 ,  cu. 400 cm-I), and Cp-M-Cp 
bending ( Y ~ ~ ,  170-200 cm-l). Examples of data for complexes [CpzM] and [CpM]’ 
have been collected by Nakamoto’, who also listed typical M-Cp force constants. 

(iv) Cyclopentudienyl complexes of q3 and other types include cases where bonding is 
of an allylic or  trihapro-type, and those whcre the Cp-ligand is associated with bridge- 
or p o l y r n e r - l i n k ~ ~ ~ ~ .  

6. Spectroscopic charuc~erizatioti of cyclopentadienyl complexes: Frequencies are 
reasonably well establishcd for all the above structural types and single-crystal 
vibrational spectra are available for ruthenocene2’, fcrrocene28, and several other 
cyclopcntadienyl c o m p l e ~ c s ~ ~ - ~ ~ )  (Section 1I.C). Reassignments for some q5-Cp ligand 
modes have been proposed3s’. Studies of [Cp2Be]353. [CpBeX] (X = C1, Br or 
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TABLE 12. M-Cp vibrations (cm-I) from Raman spectra 

[CprMnI [CpzVI [ CprCrl [ Cp~Fc.1 [ Cp2RuI [ Cp20s] 

v4(A Ig) 203 m 258 m 273 s 303 s 325 s 349 vs 

M C ) " ~ . ~ ~ ' ,  [ C p ~ M g 1 ~ ~ ~ .  [ C P ~ S ~ ] ~ ~ ~ .  and [ c ~ A g ( P P h , ) l ~ ' ~  have extended the spectro- 
scopic data  to metals outsidc the earlier compilations. For the scries [($-C~Hs)2M], 
where M = Mn, Cr,  V. Fe, Ru. or Os35y.36"0, whose spectra accord with Ds,, symmetry 
the frequencics in Table 12 are attributed to v4, the totally symmetric M-Cp 
stretching modc. The frequency and also the Ranian intensity increase through the 
serics f rom thc partially ionic mangancsc complcx to the covalcnt species of the iron 
sub-group. Stretching force constants. f(M-Cp), of 3.04. 3.33 and 3.83 N/cm havc 
Been obtained for [ CpzFe], [ Cp2Ru], and [ CprOs], respectively36" {compare 
f(Cr-Bz) = 3.74 N/cm for [ (q6-C6H,)Cr(C0)3]33Y}. T h e  Raman frcquencies assigned 
to M-Cp stretching in [CpzCo] (320 cm-1)3hl and [Cp2Ni] (245 cm-1)362 show clearly 
the bond-weakening effect of the additional electron(s) compared with [Cp2FeJ, where 
~(Fc-Cp),  = 478 cm-I. Such changes have little effect on the characteristic cyclo- 
pentadicnc modes, so that on ly  slight ligand frequency shifts from [CpzFc] are 
obscrved for thc protonated ferrocene cation, [CpzFeH]'jo3. or the fcrricinium ion, 
[ Cp2Fe]'361.36J. 

The salts of the [Cp2Fe]+ ion have thcoretical intcrcst in that thc Raman spectra 
include bands due to low-frequency electronic  transition^^^'.^".^^^. These are 
predicted367 to occur f o r  various sandwich complexes of transition metals. and can be 
used to calculate the magnctic moment of the [Cp2M] system for small distortions 
from DSd symmetry. In addition to the ferricinium salts. such Raman bands have also 
been observed for chromoccne. at 35 and 55 cm-I.  The lanthanide 
complexes [Cp3Ln] havc been s t ~ d i c d ~ ~ "  to revcal typical bands of $-coordinated 
cyclopentadicne and low-frequency features. notably v(Ln-Cp), a strong, polarized 
Raman band ncar 230 cm-l. which varies little through the series of seven metals. 

Coordinated cyclopentadiene is prcsent in many metal complexes containing other 
polyatomic ligands. Thc i.r. spectra of [Cp2M(C0)2] .  whcre M = Ti or Zr. exhibit 
v(M-Cp),, bands at 399 cm-'  (Ti) and 341 cm-l (Zr) and v(M-Cp), at 203 cm-l 
(Ti)371. For  the singlc cyclopentadienyl group in dithiocarbamatcs [CpTi(S2CNR2)X2] 
(X = CI o r  Br). v(Ti-Cp) occurs ncar 420cm-l  and is shown to be coupled to 
v(Ti-X) stretching by a shift of about 10 cni-l on replacing CI by Br372. Data for 
[Cp3CSH4Ti2]373 illustrate the application of i.r. spectra to a complex with sevcral C p  
ligands. Detailed spectra of the coniplcxes [CpMn(CO)?(CS)] with v(Mn-Cp) = 
342 cm-I and [CpMN(CO)(CS)2] with v(Mn-C) = 321 cin-l have bccn reported374. 
A particularly thorough study was made of [CpWR(C0)3],  where R = H. CH3, Et, or 
~ - a l l y l ~ ~ ~ ,  in which W-Cp stretching gives an iritense Raman band at 328-333 cm-l 
and the ring-tilting mode is locatcd in the range 350-416 cm-I. T h e  Group IV anions 
[ C P M ( C O ) ~ ] -  show the ~ ( M - c p )  frequencies 319 ( M  = Cr) and 299 cni-' (M = Mo 
or  W) as strong Raman bands376. The vibrational spectra of compounds containing 
$-cyclopentadienc together with other ligands have bccn rcviewed by Nakanioto'. 
There are  ncwer studies of [ C P ~ M ( N C S C ) ~ ]  (M = Ti. V o r  Cr)377 with v(M-cp) 
in thc range 282-306 cm-l. and of some $-Cp complexes of Group VIII  metal^'^". 
A n  investigation of [(CH3C5H,)Mii(CO)3]379 includes the vibrational assignment of 
the mcthylcyclopentadienyl group and identification of metal-ligand modes. 

Some cxaniples of complcxes of ql- and q3-bondcd Cp ligands havc already been 
mcntioncd. The Group 111 compounds [CpMEt?]. where M = Al. Ga. o r  In3"('. arc 
monorncric and show cyclopentadicne acting as an allylic ( q 3 )  ligand when attached to 
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an unsaturated centre. Stretching vibrations, v(M-Cp), polarized in thc Raman 
spectrum, are observed at 345 (Al), 277 (Ga), and 255 cm-' (In). Interestingly, the 
vibrational spectra of the adduct [CpAIEt2]-OEtz3"" show that here the ligand is 
$-coordinated and is an example of the centrally a-bonded type. Thc spectrum of 
[Cp2SnFe(CO),] from the rcaction of [ qs-Cp),Sn] with [ Fe2(CO)9] has been used to 
show the presence of an inequivalent pair of q'-cyclopentadienyl l i g a n d ~ ~ ~ ' .  

7. Complexes of other cyclic unsaturated ligands 

Interpretation of the vibrational spectra of cyclic ligands. C,H,, owes much to the 
early systematization by In addition to benzene and the cyclopcntadicnyl ion, 
ligands in this category are cyclobutadiene, C4HJ, the tropylium ion, C7H7+, and the 
cyclooctatetraene ion, C8HH2-. Complexes of these and some other cyclic unsaturated 
ligands are treated here. 

Cyclobutadienylir~ntricarbonyl~~~ displays v(C4H4-Fe) stretching at 406 cm-' 
observed in the Raman spectrum and confirmed by inelastic neutron scattering, and 
the spectra also reveal skeletal bending and ring-torsion modes. Rccent data for the 
C8Hs2- ion in its Na+ and K +  salts383 have suggested some changes to earlier assign- 
m e n t ~ ~ " ~  and therc is a sound basis for the  vibrational study of cot complexes. In 
recent work typical bands of q8-C8H8 appear in the  spectra of [ (q8-C8H8)Ti\C9H7)] 
(where C9H7 is the indcnyl [ ( Q - ~ - C ~ H , ) ~ C ~ ] ~ ~ ~ ,  and [(sS-C8H")2U] ". The 
uranium derivative in a resonance Raman study exhibits a polarized band at 21 1 cm-' 
assigned to metal-cot ligand stretching. In  another uranium complex, [(Cp3U),- 
(C8HH)]388, the spectroscopic evidence points to bridging q3-allylic coordination of the 
cot group. The derivativc [(C9H7)3MX], wherc M = U or  T h  and X = CI or Br3H9, 
and the titanium compound above, provide examples of vibrational assignments of the 
indenyl ligand. 

D. Carbonyls, Nitrosyls, Cyanides, and Related Complexes 

The vibrational spectra of individual metal carbonyls lie outside the scope of this 
chapter; however, the value of v(C0) and sometimes also v(M-CO) observations in 
determining the structure of organometallic carbonyl complexes is wcll established 
and examples are given in Section 1II.C. The interpretation of numerous carbonyl 
spectra is thoroughly treated e l ~ e w h e r e ~ ~ " - ~ ~ ~ .  Special topics, such as the spectra of 
matrix-isolated metal ~ a r b o n y l s ~ ~ ~  and of CO chcmisorbcd on metal surfaces. have 
also been reviewed3'". 

Griffith399 has collccted vibrational data for cyanides, isocyanides, and nitrosyls, and 
cyanides have been the subject of further r e v i e ~ s ~ ~ O - ~ O ~  in which spectroscopic work 
was examined. Yaneff403 has reviewed thc arca of thiocarbonyls and related complexes 
of the transition mctals. Therc is a first reportJm of a homologous series of compounds 
(osmium complexcs) in which thc  diagnostic v(CE) frequency is observed for CO, CS, 
CSe, and CTc. 

Spectra, usually infrared, arc being uscd to charactcrizc adducts of CO,, CS2, and 
related carbon-containing ligdnds; further information on this subject appears in 
Section III.B.4 dealing with carbene complexes. 

E. Coordinated Inorganic Ligands and Other Structural Features of 
Organometallic Spectra 

I t  is common for organometallic compounds to contain various other ligands, and 
the v(M-L) and internal ligand frequencies of these are often very useful in inter- 
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T A B L E  13. Coordinated ligands: a convenicnt organization for spcctroscopic data purposcs. 
This orgariization is similar to that uwd in Spcciolisr Periodical Reporrs 

1 Carbon donors 
2(a) Carbonyl, thiocarbonyl. and rclatcd complexes 
2(b) Cyar;ide and reiated complexes 
3 Boron donors 
4 Nitrogcn donors 

(a) Molccular nitrogcn. azido. and relatcd complexes 
(b) Ammines 
(c) Amines and related ligands 
(d) Oximes 
(e) Ligands containing <=N groups 
(9 Nitriles and isonitrilcs 
(g) Nitrosyls and thionitrosyls 
Phosphorus. arsenic. and antimony donors 

(a) Molccular oxygen. pcroxo. and hydroxy complexcs 
(b) Hydratcs 
(c) Carbon dioxide and carbonato complexes 
(d) Carboxylato cornplcxcs 
(c) Acetylacetonatcs and related complcxes 
(9 Keto, alkoxy, phenoxy. and ether ligands 
(g) 0-bonded amides and ureas 
(h) Ligands containing N - 0  bonds 
(i) Ligands containing P-0, As-0, o r  Sb-0 bonds 
( j )  Ligands containing S-0. Sc-0. or Te-0  bonds 
(k) Ligands containing CI-0. Br-0. o r  1-0 bonds 
Sulphur. selenium, and tellurium donors 

(a) Cyanate and thiocyanatc complexes and thcir iso-analogues 
(b) Ligands containing N and 0 donor atoms 
(c) Ligands containing N and S or Sc donor atoms 
(d) Ligands containing 0 and S or Se donor atoms 

5 
6 Oxygcn donors 

7 
8 Potentially ambident ligands 

9 Halogen and intcrhalogen donors 

preting structure and bonding. Table 13 gives a convcnient organization of ligands, 
similar t o  that in Spcciahr Periodical ReporrsJoS, for thc purpose of collecting such 
data .  Useful reviews of spectra of common ligands include accounts of phosphines and 
their Group V analogues4", other  phosphorus thiocyanatcs and related 
c o r n p l e ~ e s ~ " * * ~ ~ ~  organ on it rile^^"'. alkoxides and dialkylarnidesA1l, carboxylates412, and 
t r i f l u o r ~ a c e t a t e s ~ ' ~ .  

The  ranges of metal-hydrogen. -nitrogen. -0xygcn. and -halogen frequcncies are 
widely documented. Three volumes4I4 have surveyed the spectroscopic literature prior 
to the commencemcnt of Specialisr fcriodicnl ReporrsJnS. Broad treatments of mainly 
inorganic ligand systems arc available in several well known books6.y.415-416 and the 
spectroscopy of metal chelate compounds is the subject of a monograph417. The 
vibrational spectra of homo- and hcteronuclear M-M bonded compounds have 
attracted a number of rcvicws418-Jzz which examine this structural feature in both 
organometallic and purely inorganic systems. 

Guidance in the interpretation of organometallic spectra will frcquently be gained 
from the spectra of coniparablc organic molecules. Many collections of the i.r. and 
Raman spectra of organic compounds and discussions of their intcrpretation are 
available 1 .?.69.4?3-2?R 
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Monographs on the i.r. spectra of o r g a n o s i l i ~ o n ~ ~ ~ . ~ ~ ~ ,  o r g a n ~ g e r m a n i u m ~ ~ ~ .  
o r g a n o p h o ~ p h o r a s ~ ~ ? ,  and  othcr Group  V o r g a n o m ~ t a l l o i d s ~ ~ ) ~  and organofluorine 

a rc  a further adjunct to the ell;cidation of organometallic spectra. The 
vibrational spectra of othcr organic compounds which may be encountered as  
coordinated ligands, or which may have structural features in common with particular 
organornetallic compounds, have been cxamincd with particular emphasis on the 
functional group therein43‘. 
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M ultin uclear magnetic resonance 
methods in the study of 
organometallic compounds 
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I. INTRODUCTION . 
A. N.m.r. in Organometallic Chemistry 
B. N.m.r. Literature 

11. MAGNETIC PROPERTIES OF NUCLEI 

1. Magnetic dipole-dipole interactions 
2. Ouadrupolar intcractions . 
3. Scalar coupling interactions . 
4. Spin rotation interactions . 
5. Chemical shift anisotropy . 

1. Sign convcntions . 
2. Standards . 
3. Ranges of chemical shifts . 
4. Correlations bctween chcmical shifts and physical propertics 

C. Nuclear Spin-Spin Coupling . 
1 .  Origin and variation in coupling constants . 
2. 'Through-space' coupling . 
3. Analysis of spin systems . 

111. MEASUREMENT TECHNlQUES 
A. Direct Observation Methods . 

A. Relaxation Processes and Nuclear Overhauser Enhanccrnent . 

B. Nuclear Shielding and thc Chemical Shift . 

1 .  Continuous sweep (and correlation spectroscopy) . 
2. Pulsed excitation . 
3. Other methods 

B. Double Rcsonancc Techniques . 
C. lndircct Methods of Observation 

1. Inter-nuclear double rcsonance (INDOR) . 
2. Triple resonance . 
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IV. DYNAMIC SYSTEMS . 

V. PARAMAGNETIC SYSTEMS . 
A. Paramagnetic Shifts and Spin Delocalization . 
B. Relaxation Agents . 
C.  Shift Reagents . 

VI. N.M.R. STUDIES OF ORGANOMETALLIC SYSTEMS 
A. Proton N.m.r. Studies . 

1. Transition mctal hydrides . 
2. Coordinated organic groups . 

B. Deuterium and Tritium N.m.r. Studies . 
C. Studies of Alkali Metal Nuclei . 

1. Organolithium compounds . 
D. Studies of Alkaline Earth Metal Nuclei. 

1. Organoberyllium compounds 
E. Studies of Transition Metal Nuclei (Including Lanthanides and Actinides) 

1. Sc, Y. La. the lanthanides, and actinides . 
2. Ti, Zr, Hf . 
3. V . N b , T a  . 
4. Cr, Mo. W . 
5. Mn, Tc. Re . 
6. Fe. Ru. 0 s  . 
7. Co, Rh, Ir . 
8. Ni. Pd. Pt . 
9. Cu, Ag. Au . 

10. Zn, Cd. Hg . 

. 

F. Studies of Group IIIB Nuclei . 
1. Boron compounds . 
2. Organoaluminium compounds . 
3. Other systems 

G. Carbon-13 N.m.r. Studies 
1. Relaxation behaviour 
2. Chemical shift and coupling constant data . 
3. Dynamic behaviour . 

H. Studies of the Remaining Group IVB Nuclei . 
1. Organometallic Si and Ge systems . 
2. Organotin compounds 

a. Variation in coordination number 
b. Temperature effects . 
c. Multiple substitution effects . 
d. Single substitution effects 

3. Transition metal-tin systems 
4. Organolead compounds . 

I. Nitrogen N.m.r. Studies . 
J. Phosphorus-31 N.m.r. Studies . 

1. Chemical shift variations . 
2. Variations in 'J(M, ,IP) . 
3. Variations in 2 ~ ( 3 1 ~ .  3 1 ~ )  . 
4. Gcometry determinations . 

K. Studies of the Remaining Group VB Nuclci . 
L. Studies of Group VIB Nuclei . 

1. I7O n.m.r. of metal carbon Is 
2. Other systems studied by ' 0 n.m.r. 
3. 33S. 77Se, and '2sTe n.m.r. studies . 

Y 

M. Fluorine-I9 N.m.r. Studies . 
N. Studies of the Remaining Halogen Nuclei . 
0. Studies of the Noble Gas Nuclei 
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LIST OF SYMBOLS 

Nuclear magnetic resonance of isotope A with irradiation a t  or near the 
resonant frequency of X 
Term representing imbalance in the valence d-orbitals of a given atom 
Nuclear spin quantum number  
Coupling constant between nuclei A a n d  X over n formal bonds 
Reduced coupling constant between nuclei A a n d  X over n formal bonds 
[independent of y(A) a n d  y ( X ) ]  
Percentage natural abundance of a given isotope 
Te rm representing imbalance in the  valence p-orbitals of a given atom 
Nuclear quadrupole moment 
Receptivity of nucleus X with respect t o  the proton 
Expectation value of the 11th x orbital (x = p .  d) of a given a tom 
Spin-lattice relaxation t ime 
Spin-spin relaxation time 
Bohr  magneton 
Gyromagnetic ratio of isotope X 
Chemical shift of isotope X in ppm (more  positive shifts repre 
deshielding) 
Electronic excitation energy 
Ring contribution to a chemical shift 
Extent of Nuclear Overhauser Enhancement (NOE)  
Magnetic dipole moment 
Permeability of free space 

- 

entin 

Nuclear magneton 
Resonant frequency of isotope X, corrected to a field where the ‘H 
frequency of T M S  is 100 M H z  
Shielding of a given nucleus 
Diamagnetic contribution to u 
Paramagnetic contribution to u 
Magnitude of the valence s-orbital of X a t  the nucleus of X 
Linewidth of a signal at  peak half-height 

1. INTRODUCTION 

A. N.m.r. in Organometallic Chemistry 

Nuclear magnetic resonance (n.m.r.) techniques have been of great importance in 
the historical development of organometallic chemistry. Intense study of the  IH n.m.r. 
spectra of organometallic compounds has led to  an  enormous  increase in o u r  knowl- 
edge of molecular structure in solution a n d  molecular dynamics. Determinations of 
both rate a n d  equilibrium constants by n.m.r. methods have also been of importance. 

In recent years there  have been two major developments in n.m.r. spcctroscopy 
that havc had  particularly far-reaching effects. These developments concern the study 

, 
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of solids by high-resolution n.m.r.l and the study of nuclei other than the  proton2. To 
date,  solid-state high-resolution n.m.r. has only rarely been utilized in organometallic 
chemistry and  studies of organomctallic compounds using liquid crystal solvents3 a rc  
also relativcly few. Accordingly, solid-state studies are considered in a section of their 
own in this chaptcr and all o the r  mention of n.m.r. rcfers to high-resolution measure- 
ments of liquids or solutions. T h e  other major development, n.m.r. measurements of 
nuclei o the r  than the proton, has been of greater significance in organometallic 
chemistry. T h e  advent of heteronuclear double resonance and more advanced multiple 
resonance techniques has been paralleled by thc rapid devclopment of very high field 
spectromcters with fully multinuclear capability. Reports of the n.m.r. of nuclei o ther  
than the proton are  now commonplace, although closer examination of the situation 
shows that many areas a re  still in a state of infancy and  that rapid development is 
likely. Undoubtedly. ' H  n.m.r. will always remain an important technique in the  study 
of organometallic compounds, but now it  is not always the technique of choice and the 
future role of multinuclear studies in organometallic chemistry is becoming apparent.  

In the chemistry of the metal-carbon bond, it is likely that the metal  atom or the 
bonded carbon a tom will be  the  centre of interestin a given reaction. In many cases, the 
nearest availablc proton for n.m.r. study may bc two or three bonds away from the 
reaction centre and  so may be in an environment which is little altered by the process 
under study. In  order  to move the n.m.r. 'probe' nearer t o  the region of interest in the 
moleculc, it is necessary to  examine the 13C n.m.r. or the  n.m.r. of the metal nucleus 
itself, if this is possiblc. T h e  former method, most usually performed under conditions 
of broad-band proton dccoupling, 13C{ IH} n.m.r., has developed to a n  extent which 
almost rivals ' H  n.m.r. in popularity; for example, a recent research paper" routinely 
described the I3C{IH} n.m.r. of about 200 carbonyl complexes of nickel, chromium, 
and molybdenum. The  alternative of examining the n.m.r. of the meta! nucleus itself, 
can either be a simple matter o r  a research project in its own right, depending upon 
the metal nucleus in question. Thus, although almost all nuclei with I = i have been 
investigated by n.m.r. methods, little of any chemical significance has been reported 
for several of thcm. Examination of Tables 1-3, which detail some important nuclear 

TABLE 1. Nuclear propertics of the I = non-metals" 

Magnetic moment. Gyromagnetic ratio, 
Isotope N (%) P / P N  y(X) ( lo7 rad T-I sC1) R,b 

1H 

'3c 
'SN 
'YF 
2 9 ~ i  
31P 
77Se 
I2?e 
12STe 
I "Xe 

3H 
'He 

99.985 
- 

1.3 x lo-' 
1 .lo8 
0.37 

4.70 

7.58 
0.87 
6.99 
26.44 

100 

100 

4.8371 
5.1594 

1.2162 

4.5506 

1.9581 
0.9273 

-3.6848 

- 0.4901 

-0.9609 

- 
- 1.528 
- 1.3350 

26.7510 
28.5335 

6.7263 

25.1665 

10.829 
5.101 

-20.378 

-2.7107 

-5.3141 

-7.01 1 
-8.453 
- 7.3995 

1 .ooo 
- 
5.75 x 10-7 
1.76 x 10-4 
3.85 x 
0.8328 
3.69 x lo-' 
0.0663 
5.26 x lo-' 
1.57 x lo-' 
2.21 1 0 - 3  
5.60 x 10-3 

"Excluding radioisotopes (apart from )H). Data from rcference 2. 

'Receptivity relative to IH. given by R,  = 
N(X)I(X){'(X) + 1 1  ; reference 2. 
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TABLE 2. Nuclear propcrties of thc I = f main group metals" 

Magnetic moment. Gyromayetic ratio, 
Isotope N (%) P l P N  y ( X )  (10 radT-' S - I )  K," 

ltsSn 0.35 - - 8.7475 1.22 x 1 0 - 4  ' ' 7 ~ n  7.61 - -9.5301 3.44 1 0 - 3  
II9Sn 8.58 - 1.8029 -9.9707 4.44 1 0 - 3  

207pb 22.6 1.0120 5.5968 2.07 10-3 

2 0 3 ~ 1  29.50 - 15.288 5.51 x lo-' 
70.50 2.7914 15.438 0.1355 ZOsTI 

"As in Table 1 
'As ' in Table 1 

TABLE 3. Nuclear properties of the I = 1 transition metals" 

Magnetic moment, Gyromagnetic ratio, 
Isotope N (%> P I P N  y ( X )  ( l o 7  rad T-' s- ' )  K,b 

57Fe 2.19 0.1 563 0.8644 7.39 x 1 0 - 7  

In7Ag 51.82 - - 1.0828 3.44 x lo-' 

-5.6720 1.22 x 10-3  '"Cd 12.75 - 
'I3Cd 12.26 - 1.0728 -5.9330 1.34 x 

iwW 14.40 0.20 13 1 . 1  131 1.04 x 10-5 
1 8 7 0 ~  1.64 0.1 114 0.6 1 6 1 2.00 1 0 - 7  

lyyHg 16.84 0.8623 4.7690 9.54 x 1 0 - 4  

8 9 Y  100 -0.2370 -1.3106 1.18 x 
Io3Rh 100 - 0.1522 - O.8420 3.12 x lo-' 

loyAg 48.18 -0.22s 1 - 1.2449 4.86 x lo-' 

l"'?Tm 100 -0.400 -2.21 5.66 x lo-' 
14.31 0.8520 4.7117 7.81 x 171yb 

19Sp, 33.8 1.0398 5.7505 3.36 x 

"As in " Tablc 1 .  Transition mctnls taken to include thc f-block. 
'As in Table 1 .  

properties of the I = elements, shows that of the 24 clemcnts, 3 are main group 
metals and 11 are transition metals (including the f-block). Even more fortuitous for 
the organometallic chemist is the observation that 8 out of the remaining 10 non- 
metals are  common donors as either neutral or ncgative supporting ligands in organo- 
metallic compounds. Of these 24 I = f elements, neithcr thulium (I6?m) nor 
ytterbium (I'IYb) has been studied. and reports of "e n.m.r. arc as yet of little 
significance in organometallic chemistry. Perhaps most surprising is the scarcity of 
reports concerning Io3Rh n.m.r., of which no direct observation had been made when 
the standard text on multinuclcar magnetic resonance? was written. 

Thus, there are 14 metal nuclei with I = t which have been, or potentially could 
be, invcstigatcd directly by n.m.r. To examinc the n.m.r. of the metal centre in a 
compound not containing one of these elements, one has then to deal with thc 
problems of obtaining n.m.r. spectra from quadrupolar ( I  > t )  nuclei. Tables 4-6 
detail some important nuclear properties of these clements. The overriding concern 
with n.m.r. of I > $ nuclei is the problem of line broadening associated with the 
quadrupolar moment (discussed in Section II.A.2) and this factor really dominates 
both natural absndance and receptivity as thc major property that determines 
suitability for n.m.r. study. 
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Depending upon the metal nucleus involved, i t  may well be feasible to study the 
n.m.r. of thc two nuclei at the ends of a given metal-carbon bond. Further infor- 
mation still can be acquired by examining the n.1n.r. of any donor atoms present as 
supporting ligands at the metal centre or  any hetcroatoms bonded to the carbon 
donor. The obvious extension of this approach is the study of organometallic com- 
pounds in which every atom has at  least onc n.m.r.-active isotope; structural 
characterization by this total-n.m.r. approach has proved to be highly successful and 
the expression 'as good as a crystal structure determination' justifiably applied. 

A major advantage which arises from the ability to pick the most appropriate 
nucleus for study in a given situation is the simplicity of the spectra which can often 
result. For cxample, the ' H  n.m.r. spectrum of r r ~ n s - [ P t C l ~ ( P C y ~ ) ~ ]  (Figure l a )  is 
broadened and featureless owing to the complex coupling of the cyclohexyl protons 
to each other, 31P, and 19sPt and because of the very small chemical shift range of 
the various protons. The 31P{'H} n.m.r. spectrum (Figure l b )  is extremely simple, 
however, and allows the parameters c ~ ( ~ ' P )  and 'J('"Pt, 31P) to be obtained directly. 
Nonetheless, the power of IH n.m.r. spectroscopy as a tool in organometallic and 
coordination chemistry should not be underestimated; thus the 'H n.m.r. spectrum of 
trans-[ PtH2(PCy3)2] (Figure 2a)  is definitive and allows the parameters associated 
with the hydridic centres, a(lH),  IJ(19'Pt, 'H) and ?JJ(,'P, 'H)  to be measured. The 
corresponding ,IP{ 'H} n.m.r. spectrum (Figure 2b) is necessarily devoid of infor- 
mation concerning the hydridic centres and so only 6(31P) and 'J(lgsPt, ,'P) can be 
measured. 

B. N.m.r. Literature 

In  this chapter, the application of multinuclear magnctic resonance to the study of 
organometallic and related coordination compounds is discussed, with particular 
emphasis on the detection and characterization (i.e. molccular structure determi- 
nation) of organometallic compounds in solution. Solid-state studies are dealt with 
briefly in a section of their own. Theoretical considerations have been minimized and 
are presented only when necessary to understand the experimental results discussed. 
Many texts are availables-8 which deal fully with the theory of the n.m.r. experiment 
and reference to these is made where appropriate. No attempt has been made to 
provide exhaustivc lists of data and references o n  n.m.r. parameters of organo- 
metallic compounds; rather, a guide to the use of multinuclear magnetic resonance in 
organometallic chemistry and the literature surrounding thc topic is presented to 
enable the scope and applicability of the method to be evaluated. Several review 
series are available which covcr most aspects of n.m.r.'-I2. including thc n.m.r. of 
inorganic and organometallic  compound^'^. The  more rccent attempts to survey the 
literature of n.m.r. in inorganic and organometallic chemistry demonstrate the vastncss 
of the subject; thus a revicw of recent advances (up to late-1977) had nearly 1700 
references". 

The recent expansion in multinuclear magnetic resonance has led to thc appear- 
ance of several general reviews dealing with the n.m.r. of nuclei other than the 
proton's-z?. Reviews of the n.m.r. of the less-sensitive I = f nuclei" and the less- 
common quadrupolar nucleiz4 have also appeared. The subject of multinuclear 
magnetic resonance gained a much needed impetus with the appcarancc of a text 
entitled NMR arid die Periodic Table'. now regarded as thc standard work in this 
field. The single volume covers thc n.m.r. of thc Icss-common nuclei (i.e. cxcluding 
'H, log, IlB, I3C, I4N. IsN. I'F. and 31P) in depth and thc rcader is refcrred to this work 
for details of n.m.r. studies which do not bear directly on organometallic chcmistry. 
particularly work relating t o  nuclear rclaxation, which as yct has little chemical 
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significance in studies of metal- carbon compounds. T h e  more common nuclei 
mentioned above have all been  thc subject of texts or review articles and  thesc are 
detailed in the appropriate sections. 

Mention is made of the various methods of direct and indirect observation of n.m.r. 
spectra (sec Sections 1II.A-1II.C); spin-echo and  two-dimensional spectroscopy are 
not included as few significant studies of organometallic compounds  have been 
performed by these rather specialized  technique^^^. 

A text is availablc which dea ls  with n.m.r. spectroscopy using liquid crystal solvents, 
including details of studies o f  organometallic compounds3. and  so this topic is not 
covered hcre. 

II. MAGNETIC PROPERTIES OF NUCLEI 

Almost all nuclei suffer from o n e  or  more  disadvantages compared with the proton 
in their susceptibility to n.m.r. rneasuremcnt. Low natural abundances, low gyro- 
magnetic ratios and  quadrupolar moments a re  frcquently encountered when the  n.m.r. 
of hcteronuclei is measured. I t  is noteworthy, however. that  although the  low natural 
abundances of 13C (1.108%) a n d  I7O (0.037%) cause problems in,  fo r  example. the 
study of transition metal carbonyls by 13C and I7O n.rn.r.. thcy are really a blessing 
a s  the IH n.m.r. of even a relatively simple organic molecule would otherwise be 
rendered incomprehensible by ex t reme coupling situations. T h e  problem of low gyro- 
magnetic ratios is exemplified by considering the "',Rh nucleus; although N = 100% 
and  I = i, the low valuc of y(Iu3Rh) a n d  the correspondingly low rcsonant frequency 
had prevented any direct observation of its n.ni.r. in solution until very recently. In 
fact. the resonant frequcncy of this nucleus is so low as to be bclow thc  range attain- 
able by many of the  earlier multinuclear high-field spectrometers. Nuclei with I > f 
possess a quadrupolar moment which can advcrsely affect thcir rclaxation behaviour 
in low symmetry environments (see Section II.A.2) and this can seriously affect the 
quality of the derived n.m.r. spectra.  Fortunately. o n c  of the  most studied quadrupolar 
nuclei, I4N ( I  = 1 ,  N = 99.63'!0) also has a congencr with I = f .  15N ( N  = 0.37%). 
Accordingly, a choice bctween the  problcms of the nuclear quadrupole and  the 
problems of low natural abundance  can be made in a given situation. W e  arc  not so 
fortunatc with many other quadrupolar  nuclei as few such relationships exist (compare 
Tables 1-3 and 4-6). 

The  factors affecting nuclear relaxation processcs. nuclear shiclding. and coupling 
between magnetically inequivalent nuclei effectively definc the final appearance of an 
n.m.r. spectrum. Relaxation processcs tend to define signal shapc and  intensity whilst 
shielding and  coupling effects rclate to the nunibcr and positions of t h c  observcd 
signals. Somc undcrstanding of these effects, at least qualitatively, is neccssary if the 
resulting spectra a re  to be meaningfully interpreted. 

A. Relaxation Processes and Nuclear Overhauser Enhancement 

As a moleculc movch randomly in solution, fluctuations in the magnetic ficld at a 
givcn nucleus. X. can  providc a pathway Tor the rclaxation of a second nucleus. A, 
although the coupling encrgy averagus to zcro. Accordingly. irradiation iit or near the 
rcsonant frequcncy of X (equivalent to proton dccoupling \vherc X = ' H )  can affect 
the observed intcnsity of thc transition associated with the nucleus A .  Interactions of 
this type. described a s  magnetic dipolc-dipolc interactiom. can therefore allow some 
signal cnhancenicnt to bc achieved in comparison with the  observed spectrum of A 
without decoupling of X .  T h e  maximum possible enhanccment. known a s  Nuclear 
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Overhauser E n h a n ~ e m e n t ? ~ - ~ ~  (NOE), given that the relaxation of nuclcus A occurs 
entirely by this route, is shown in equation 1, 

wherc A = observed nucleus and X = decoupled nuclcus. I t  therefore follows that the 
ratio of decoupled to undecoupled intensities will be 1 + q : l  and thus, if y(A) is 
positive, the decoupling process will lcad to signal enhancement. Somc care is nceded 
in considering such valucs as the  Nuclear Ovcrhauser Enhancement (NOE) has a 
valuc q.  whereas thc observablc cffect. known as the Nuclcar Overhauser Effect (also 
abbrcviatcd to NOE) has thc value 1 + q .  

Unfortunately, not all nuclei have positive gyromagnetic ratios and in some cases 
the value of y(A) in equation 1 is negative; accordingly the signal ‘enhancement’ will 
also be negative. If  other relaxation mcchanisrns (discussed below) detract from the 
magnetic dipole-dipole interactions then a casc can be envisaged where partial 
negative enhancement occurs and nulls a signal to zero intensity. In 2YSi{lH} n.m.r., 
resonances of reduced intensity, negative resonances, and completcly nulled reson- 
anccs have all been rcported30. depending upon the extent of mixing of the various 
relaxation processes. 

There are five major relaxation processes which are gcnerally operative, as follows. 

I. Magnetic dipole-dipole interactions 

This mechanism has been mcntioncd above in connection with the NOE. I t  should 
be emphasized that the two nuclear spins concerned nced not bc part of the same 
molecule for this mechanism to operate and both intramolecular and intermolecular 
interactions are possible. This mechanism is probably thc most iniportant process for 
relaxation off  = nuclei (except possibly at high temperature, scc Section II.A.4) and 
an cxaniple which clearly demonstrates the nccessity of bearing relaxation processes 
in mind when studying thc n.m.r. spectra of organometallic compounds is the 13C{’H} 
n.m.r. spectra of the platinum(I1) complexes 1 and 2. 

As the 13C nucleus has a positive gyromagnetic ratio, proton decoupling would be 
expected to enhance the signal intensity in the spectrum, provided that the magnetic 
dipole-dipole interaction was a major relaxation route. In fact, resonances attributable 
to the olefinic and paraffinic carbon atoms of the cycloocta-1.5-dicne ligand are 
readily observable, as arc resonances for five of the six carbon atoms in cach phenyl 
ring. The resonance associated with the phenyl carbon atom bondcd directly to 
platinum is either not observed, or  is very weak. depending upon thc  condition^".'^. 
The proposed explanation” for this observation is that the carbon atom bondcd 
directly to platinum has no  protons attached to it  and so experiences no signal 
enhancement by NOE. In fact, it is entirely possible that thc phenyl carbon bonded to 
platinum does expcrience a full NOE from the protons o n  the adjacent carbons but, 
as the rate of dipolc-dipole relaxation is inverscly proportional to the sixth power of 
the distance between the intcracting nuclci. this unique carbon atom will possess a very 



826 Julian A. Davies 

long relaxation time and so will be difficult to observe under normal operating 
conditions because of spin-saturation problems. 

Dipolc-dipole interactions can also result from the presence of paramagnetic 
species in solution. Particularly important in this respect is the presence or absence of 
dissolved molecular oxygen. This trace paramagnetic is especially effective at 
enhancing relaxation of exposed nuclei, such as ’H, but rather less so for nuclei such 
as 13C and 31P which tend to be ‘buried’ in the molecule. Long relaxation times of 
nuclei such as 13C can often be reduced by the addition of a paramagnetic species 
capable of enhancing relaxation via intermolecular electron-nuclear interactions. 
A typical relaxation agent employed in organometallic chemistry is [Cr(acac),]. Of 
course, relaxation via interaction with a relaxation agent detracts from relaxation via 
dipole-dipole interactions with protons and so decreases the observed NOE. This is 
actually a useful fact as it  can be employed to help remove the nulling effects 
previously mentioned for nuclei with negative gyromagnetic ratios. 

The effects of added paramagnetics o n  n.m.r. spectra arc actually extremely 
complex as shifts in resonance positions occur as well as  relaxation enhancement. The 
former phenomena result largely from contact interactions and the species employed 
as shift reagents, notably rare earth ionic complexes, have a relaxation rate determined 
largely by the  longitudinal relaxation of the unpaired electron and so are less effective 
at inducing dipole-dipole interactions. Accordingly, careful choice of the para- 
magnetics employed allows some division between relaxation agents and shift reagents 
to be made (see Sections V.B and V.C). 

2. Quadrupolar interactions 

Nuc:ei with I > f have an electric quadrupole moment and so relaxation may be 
induced by fluctuations in the electric field at the nuclcus caused by molecular motion 
in solution. Relaxation by this route is extremely efficient and thus is the preferred 
route for most quadrupolar nuclei. The symmetry of the electric field gradient at  the 
nucleus relates to this effect and so in compounds where the ligand field is highly 
asymmetric, the central quadrupolar nucleus will relax predominantly via this inter- 
action. In compounds where the symmetry about the nucleus is high (generally above 
tetrahedral) the electronic distribution is suitably symmetric to maintain the electric 
field in a pseudo-cylindrical geometry and in such cases quadrupolar interactions 
need not be the major relaxation route. 

The SSMn nucleus has a relatively large quadrupolar moment (Q = 
0.55 x cm2) and the effects of symmetry on the extent of quadrupolar relax- 
ation, and hence the linewidth of the SSMn resonance, are clearly observed. Thus, the 
permanganate ion3’ (tetrahedral symmetry) has a linewidth at peak half-height of 
< 10 Hz, the axially symmetric [Mnz(CO),o] has a linewidth of 48 H z ~ ~ ,  whilst the 
asymmetric field gradient produced in [ Mn2(CO)8(PPh3)~]3J results in a linewidth of 
10.66 kHz. The problems associated with observing spin-spin coupling with such wide 
resonances can obviously be enormous. 

3. Scalar coupling interactions 

When two nuclei. A and B. are magnetically inequivalent then the  spin-spin 
coupling between them can altcr the field experienced by each nucleus. If the coupling 
between A and B is affected by chemical exchange or internal motion of the molecule 
then this effect can lead to relaxation, known as scalar coupling of the first kind. 
Alternatively, if nucleus B relaxes very much faster than nucleus A (say it  is quadru- 
polar such as I’B or “N) then the coupling between the two nuclei enables nucleus A 



21. Multinuclear magnetic resonance methods 827 

to relax by this interaction. known as scalar coupling of the second kind. The impor- 
tance of this type of relaxation is exemplified by the broad resonances observed in the 
'H n.m.r. of molecules containing quadrupolar nuclei. This line-broadening can be a 
problem if it is necessary to observe small couplings and can frequently be eliminated 
by heteronuclear double resonance techniques (see Section 1II.B). 

Scalar coupling of the second kind may intuitively seem a reasonable relaxation 
route for 13C in complexes such as transition metal cyanides ([ Fe(CN),I4-, 
[Ni(CN),I2-, etc.) via the  coup!ing interaction between 13C and 14N, but this point 
has proved to be controversial and is discussed further in Section VI.G.1. 

4. Spin rotation interactions 

nuclei in samples examined in the gas phase or  as high- 
temperature (low-viscosity) liquids or solutions can demonstrate a decrease in the 
observed NOE from that expected if dipole-dipole interactions dominate the relax- 
ation pathway. This is because the rapid rotation of molecules, or parts of molecules, 
results in fluctuating motion of the molecular magnetic moment which affects the 
field at the nucleus. At more ambient temperatures, freely rotating parts of molecules 
may also demonstrate this behaviour, which provides a path for relaxation, detracting 
from dipole-dipole interactions and so reducing the NOE. 

In the 13C{ 'H} n.m.r. spectra of the complexes [PtMeCl(cod)] and [PtMe2(cod)] 
(i.e. the methyl analogues of 1 and 2) t he  resonances of the methyl carbon atoms are of 
much reduced intensity compared with the resonances of the cycloocta-l ,S-diene 
ligands. The explanation for this obviously cannot be t h e  same as that proposed31 for 
the phenylplatinum(I1) complexes as here the carbon atoms bonded to platinum also 
have three protons bonded to them to facilitate dipole-dipole interactions and lead to 
an observable NOE. The explanation proposed32 is that rapid rotation of the methyl 
groups about the Pt-C bond allows relaxation via spin rotation interactions, hence 

The n.m.r. of I = 

detracting from the magnetic dipole-dipole interaction and decreasing the observed 
NOE. 

In general, dipole-dipole interactions dominate in the relaxation of a given hetero- 
nucleus in molecules where protons are also present unless a proton-containing group 
with a low barrier to rotation (such as a methyl group) is involved. In organometallic 
systems, spin rotation is most likely to be encountered in cases such as the I3C n.m.r. 
of homoleptic metal carbonyls (such as [Ni(CO).,] and [Fe(CO)5]) where the more 
favoured relaxation route is not available to the carbonyl carbon atoms. 

5. Chemical shift anisotropy 

Local variations in the magnetic field at  thc nucleus, which arc sensitive to both 
temperature and the  magnitude of the applied ficld, may open a new pathway for 
nuclear relaxation. The magnitude of this effect, the chemical shift anisotropy, is 
related to temperature and is proportional to the square of the applied field3s. 
Accordingly, the effect is evident at low temperature and high applied field when the 
local variations in the field at the nucleus are most pronounced. Clear examples of this 
phenomenon are few, but a relevant exampleg6 is the  19sPt n.m.r. spectrum of [Pt2(p- 
C1)2C12(PBu;)J which shows a clearly observable coupling, ?J( lYsPt, lUsPt) = 190 Hz, 
when recorded under an applied field of 18.8 kG. Increasing the field to 58.7 kG 
results in an apparent loss of magnetic character of the '95Pt nuclei and the two bond 
coupling collapses. This has been attributed to a change in relaxation mechanism as 
the applied field is increased until chemical shift anisotropy, characterized by long 
relaxation times, is dominant. 
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Care  must be taken when comparing coupling situations f o r  series of compounds 
where thc spcctra have been obtained a t  different applied fields. Thus, observable 
couplings, ‘‘J(1y5Pt, IH), havc been reported for somc  platinum(I1) nucleoside and  
nucleotide c o m p l e x e ~ ’ ~ * ~ ~  (recorded on a 60-MHz instrumcnt) whilst somc very similar 
series of compounds (whose spcctra were recorded on  a 100-MHz instrument) were 
rcported to show n o  such c o ~ p l i n g ~ ~ - ~ ’ .  Accordingly, great care must be  taken when 
comparing coupling da ta  from diverse sources, especially that involving heavy metal 
nuclci, such a s  Is5Pt or 207Pb36*42, where the effect is most often encountered in organo- 
metallic systems. 

In summary, therc a rc  five major mechanisms which can contribute t o  nuclear 
rclaxation. The  extent to which each is involved defines both thc extent of NOE which 
will be observed and  the linewidth of the resonance. Some consideration of the 
mechanisms involved in nuclear relaxation can be a great asset in spectral analysis as 
the lack of certain resonanccs and expected couplings may (sometimes) be 
rationalized. 

B. Nuclear Shielding and the Chemical Shift43-4S 

Before discussing the  origins and  variations in nuclcar shielding and  chemical shift 
in organometallic compounds, it is nccessary to define exactly both sign convention 
and  measurement standards. 

1. Sign conventions4h 

The  chcmical shift (a) of a resonance could be taken to imply cither a change in 
resonant frequcncy or a change in nuclear shielding. The  relationship between these 
paramcters (the resonant frequency increascs as the  shielding decreases) makes a 
phrasc such as ‘. . . t he  increases in chcmical shift . . .’ meaningless unless a sign 
convcntion is defined. T h e  presently accepted convention is t o  refer chemical shifts, 
mcasured in parts per  million (ppm), to changes in rcsonant frequency. As most 
modern spectrometers operate at  fixed field and variable frcquency this is obviously 
sensible as the expressions ‘high field, low field’ are effectively obsoletc, and  probably 
the best way to describe chcmical shifts is by using a ‘shiclding, deshielding’ nomen- 
claturc, although thc expressions ‘low frequency, high frequency’ may also be accept- 
able in some circumstances. 

Unfortunately, literature reports using both sign conventions are plentiful and  
frequently no  attempt is niadc to define the convention a t  all. In  this chapter, more 
positive values of the chemical shift  represent deshielding and  a n  attcmpt has been 
made to adapt all cited litcrature to this convention. 

2. Standards 

Therc  is even less agrecmcnt concerning standards in n.m.r. circles than there is over 
t h e  problem of sign convention. Currcntly, measurements for  each nucleus are 
referenced to a givcn standard which is assigned zero chemical shift. Of coursc. not all 
systems lcnd themselves to the  prcsence of an internal standard and  so external 
standards are frequently used. The  solvent medium employed for the standard can 
affect its chcmical shift4’. as can the temperaturc, and  so bulk susceptibility corrections 
should be madc. In fact. such corrections arc rarely applied and reports stating 
whether or not the correction has been made are cxtrcniely scarce. Unfortunately. as 
somc standards a re  insolublc in certain solvents. some nuclei a r e  referred to more than 
one  shift standard [for example, tetramcthylsilane (TMS) is insoluble in water]. Con- 
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sidering the choice of compound for a shift standard, several factors need to be 
evaluated, including solubility, stability towards decomposition, and extent of vari- 
ation of chemical shift with temperature. Ideally, the  standard should have a resonance 
which falls at the high shielding end of the range expected for that particular nucleus 
and accordingly the shifts in most other compounds will then be positive. Unfortu- 
nately, this is not always the case; for example, [Me4Sn] is the accepted standard for 
‘19Sn n.m.r. and the resonance of this standard falls about half way through the range 
of resonances known for tin compounds. Consequently, about half have positive sign 
and half have negative sign, a most undesirable situation as confusion and misrcpre- 
sentation are bound to occur. 

An alternative to using individual standards for each nucleus is to employ an 
absolute frequency scale whereby all resonances are referred to the proton resonance 
of TMS at 100 M H z ~ ~ .  As yet, this idea has not met with universal acceptance. In this 
chapter, the standards used for each nucleus are discussed in the appropriate sections; 
where more than one standard is currently being employed, the cited data are con- 
verted to thc most suitable (in the author’s opinion). 

3. Ranges of chemical shifts 

Considering diamagnetic compounds only, chemical shifts of resonances in ’H 
n.m.r. spcctra occur over a very sniall range, 0-15 ppm being typical for most 
compounds, with the cxception of certain metal hydrides. In 2osTl n.m.r., for example, 
the known shift range is ca. 34 000 ppm. This enormoils difference can be understood 
by considering the factors affecting nuclear shielding and hence determining the 
chcmical shift. 

According to the model developed by R a m ~ e y ~ ~ ,  the nuclear shielding, u., consists 
of a ‘diamagnetic’ term (corresponding to free rotation of electrons about the nucleus) 
and a ‘paramagnetic’ term (corresponding to restriction of such rotation by other 
electrons and other nuclei in the molecule). Additionally, contributions due to ring 
currents, electric field effects, neighbounng group anisotropy, etc. may contribute to 
the total magnitude of u.  

Considering atoms in a molecular environment, t h e n  for small atoms, where there is 
little to affect the free rotation of electrons, bd is the dominant tcrm. As larger atoms 
are considered, the role of the inner electrons in shielding the nucleus becomes less 
dominant and a number of factors contribute to an increasc in up (sce below). Accord- 
ingly, for large atoms, u becomes the sum of two numbers of opposite sign, one of 
which has a highly variable magnitude. With small atoms (such as ‘H. 2H, 3H), u is 
dominated by one term (ud) with only a small contribution from the other, more 
variable, term (up). In terms of shift ranges, we would thus cxpect small atoms to have 
a narrow range, whilst the  range for large atoms will  be much biggcr, as the highly 
variable magnitude of up dctermines the total shielding. 

A number of factors contribute t 3  determining thc overall contribution of up to a; 
here we shall consider only the more important factors in determining the shifts of 
heavy nuclei in organometallic compounds. Fuller discussion is available elsewhere44. 
One of the  approximation^^^, made by the ‘atom in a molecule’ approach, for the para- 
magnetic term of a nucleus, A, is given in equation 2. In general tcrms, P ,  and D, are 

factors representing imbalance of electrons in the p and d valence orbitals of atom A. 
The radial terms, ( r - 3 ) ,  represent the  expectation values of the t r t h p  and trth d orbitals 
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and AE represents an effective excitation energy. In other words, the magnitude of 
up is determined by a number of factors, which include the following: 

(i) Symmetry effecfi. As up is proportional to ‘electron imbalance’ in the p and d 
orbitals, increasing the symmetry about nucleus A will decrease the contribution 
of up to u and the shiclding will increase. A frequent trend in the n.m.r. of the 
central metal atom in transition metal complexes is that the shieldings vary with 
geometry: square planar < tetrahedral < octahedral. Exceptions occur because 
of (iii) below. 

(ii) Elecfrotz density. The ( r - 3 )  term in equation 2 shows that up will vary according 
to the fate of the valence electrons. If the valence electrons are removed (by 
delocalization, oxidation, etc.) then the remaining electrons are subject to an 
increased cffective nuclear charge and so circulate closer to the nucleus. The 
magnitude of up is thus incrcased and so dcshiclding results. Accordingly, the 
resonance of a central metal ion in a transition metal complex would be expected 
to vary with oxidation state and with the nephelauxetic effect of the surrounding 
ligands (see Section VI.E.5 for example). 

(iii) Excitation energy. A small energy difference betwcen occupied and unoccupied 
orbitals can lead to electric currents caused by transitions which enhance the 
paramagnetic term. With low-spin transition metal complexes, the ligand field 
splitting thus determines the size of this contribution. With rnain-group elements 
of the first row, the presence of lone-pairs of electrons, which can give rise to 
low energy n + A* transitions, causes deshielding. Removing the lone-pair, say 
by donation to a Lewis acid, cffectively increases AE in the denominator of 
cquation 2 and hence decreascs the magnitude of up, resulting in increased 
screening. 

The exceptions to (i) above occur when a low symmetry gives rise to a small 
excitation energy; accordingly, up becomes large and deshielding occurs. The 
balance between these three factors is thus crucial in determining up and hence 
t h e  chemical shift of a heavy nucleus. 

4. Correlations between chemical shifis and physical properties 

Nuclear scrcening. and hence the chcmical shift. of a nucleus is dependcnt upon its 
electronic environment (see Section II.B.3) and so correlations between the chemical 
shift of a nucleus and other physical properties of the compound, which relatc to 
elec:ronic structure, should be observable. In fact, the situation is extremely complex 
as the models used to describe nuclear screening (the independent electron models1, 
the atom-dipole models2, the average excitation energy methods0, etc.) are all 
approximations. to a grcater o r  lesser extent, and a truly accurate model has not yet 
been found. Accordingly, while correlations with other spectroscopic data exist, thcse 
are frequently suitable only as rough guides and careful examination of the literature 
will usually produce one or two examples which do not f i t  the correlation. The subjcct 
of correlations between nuclear screening and other physical properties has recently 
bcen reviewedd4 with emphasis o n  inorganic compounds and so here such correlations 
will only bc dcscribed in sections concerning particular nuclei whcrc the relationship 
has some significance in organometallic chemistry. 

C. Nuclear Spin-Spin 

1. Origin and variation in coupling constants 

Coupling between magnetic nuclci is another property which relates to the 
electronic structure of the molecule. Thus, one magnetic nuclcus causes a perturbation 
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in the valence electrons which in turn perturb a second nuclcus, causing an indirect 
coupling to arise. Obviously, if  coupling arises by perturbation of valence electrons in 
this manner then the two nuclei need not be directly bonded as the effect could be 
transmitted via a scries of perturbations to a more distant magnetic nucleus within the 
molecule. Intuitively one would therefore expect the size of a coupling to rclate to 
the size of the initial perturbation and the distance through which it is transmitted. 
In addition, thc coupling will have a sign as i t  is a measure of an interaction; thus 
positive couplings are taken to imply that thc interaction via perturbation of the 
valence electrons causcs stabilization of antiparallel spins whilst a negative sign implies 
the converse. 

Coupling constants have been treatcd theoretically by several valciice-bond and 
molecular orbital appro ache^'^.^^, and, according to Ramsey, arise via three major 
mechanisms of interaction. Briefly, these three mechanisms arc as follows: 

(i) Orbital-dipole interaction - whereby the nuclear moments interact with the 

(ii) Dipole-dipole interaction - whereby nuclear spin and electron spin interact. 
(iii) Fermi contact interaction - whereby the nuclear spin causes an instantaneous 

It has been shown56 that Fermi contact is the dominant mechanism for spin-spin 
coupling between the proton and any other nucleus. In terms of rationalizing coupling 
constants dominated by Fermi contact, the Pople-Santry expressions7 can be very 
useful. This expression (equation 3) follows from Ramsey's original work by an LCAO 
approximation, retaining only one-centre integrals. 

orbital motion of the electrons. 

correlation of electron spins. 

vary 

(ii) 

(iii) 

(4 

where I J I s ( ~ ) ( O )  I = magnitude of the valence state s orbital of A at the nucleus of A; 
k = C~S(A)C~S(A)C,~(X)C,~(X) ,  where c is the coefficient of thc S atomic orbitals of the 
coupled nuclei in both occupied (i) and unoccupied 0') molecular orbitals. Other 
symbols are defined in the list a t  the beginning of this chapter. The summation is 
carried out over all occupied and unoccupied orbitals and involves thc triplet 
excitation energies, )AEj-,, and the coefficients. C,, of the coupled atoms. 

The Poplc-Santry expression is particularly useful as i t  can be utilized to examine 
a number of possible relationships between the size of a coupling constant, in a series 
of related compounds, and a given variable within that series. Thus, by qualitative 
examination of equation 3. it is expected that the coupling constant, 'J(A. X) will 

with: 

the products of the gyromagnctic ratios of A and X; 
the magnitude of the valence state s orbital of A at the nucleus of A, for a series 
in which X is constant and A varies; and 
the  magnitude of the valence states orbital of X at the nucleus of X. for a series 
in which A is constant and X varies. 

The factors causing variation in points (ii) and (iii) (such as oxidation state, 
coordination number, electroncgativity and/or rruns-influencc of supporting groups) 
give rise to a large number of possible variables to be explorcd. Kather than dis- 
cussing examples for varying nuclei where the comparisons may not bc obvious, this 
situation is discusscd in some detail undcr ,IP n.m.r. studies (see Section VI2.2)  as 
metal- phosphorus compounds arc particularly amenable to study in this respect. 
Variation in point (i) causes comparisons of the type 'J (A.  X) ws. 'J(B, X) to be invalid 
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as the difference may not result from any chemical implications, but may just reflect 
differences in the magnitudes of y(A) and y(B). Accordingly. a reduced coupling 
constant, “ K ( A ,  X), is defined (equation 4) to account f o r  differences in gyromagnetic 
ratios between different nuclei. 

I t  is particularly important to stress that the treatment and rationalization of 
coupling constants by the Pople-Santry method is applicable o n l y  in cases where 
Fermi contact is the dominant intcraction between the spins involved. In organo- 
metallic chemistry, the rationalization of spin-spin coupling between any two directly 
bonded nuclei by the Pople-Santry method is commonly encountered in the literature. 
In fact, i t  has only recently begun to be appreciated that, for nuclei apart from the 
proton. t h e  other availablc mechanisms may make substantial, i f  not dominant, 
contributions to the intcraction. In Section VI.J.2. the rationalization of one-bond 
metal-phosphorus cotiplings is examined and i t  can be clearly seen that the model 
predicts trends correctly. but not always accurately, and with more exotic couplings, 
such as those between two different metal nuclei, the extent of Fermi contact 
dominance is not known and treatments by the Pople-Santry and allied methods must 
be viewed with caution. 

A final point to mention in introducing coupling constants is the question of sign. 
It was mentioned previously that coupling constants can bc either positive or negative, 
but in fact the sign of a coupling constant cannot usually be derived simply from 
spectral analysis. Most coupling constants arc cited without sign but this does not mean 
that they have been found to be positive. In  this chapter. numerical values are given 
a sign if i t  has been determined and values quoted without sign may be either positive 
or  negative. 

2. ‘Through-space’ coupling 

This concept is invoked to cxplain coupling between nuclei which are separated by 
several bonds. Commonly. “J(IYF. I9F) and ’J(IYF. IH) values are explained by this 
phenomenon, attributed to an overlap of valencc orbitals of the two nuclei. With 
“J(I9F. IyF) i t  seems likely that p-orbital overlap is involved in the transmission of the 
perturbations8. ‘Through-space’ couplings are kncjwn in several organometallic 
systemss9-”, although these usually require one o r  more nuclei with non-bonded 
electrons (such as I0F. 31P, and lYyHg) which can interact with a second nucleus to 
transmit the perturbation. Such contributions to the overall value of a coupling 
constant (i.e. ‘through-space’ contribution and through-bond contribution) can be 
useful in estimating the proximity of non-bondcd groups in organometallic com- 
pounds, usually a difficult paramctcr to measure in solution. This topic is further 
discussed in Section V1.M. 

3. Analysis of spin systems 

Spectral analysis can often be a problem i n  multiriuclear n.m.r. expcriments, 
particularly where thc obscrved nucleus is coupled to a lieteronucleus which is not 
1 OOYh abundant. For cxample. the coniplcx [ Pt2(p-dppni)zCI,], which has structure 3. 
exhibits a complex 31P{ IH} n.ii1.r. spectrum”’. The complexity arises because lysPt is 
only 33.8% abundant and so thcrc arc thrce possible ‘isotopomers‘ (isotopic isomers), 
one with n o  active platinum centres (33.8?h). one with one active platinum (44.8?4), 
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and o n e  with two active platinums ( 1  1.4%). The  last isotopomer represents the 
AA'A"A"'XX' spin and  as a consequence of the multiplicity caused by the 
complicated couplings and the  low percentage abundance, this isotopomer is difficult 
to observe and fully characterize by ,IP{ 'H} n.m.r. Perhaps unsurprisingly. computers 
play a n  ever increasing role in spectral analysis by iterative procedures. The  increasing 
use of computers in n.m.r. procedures has been revicwed64-65 and  both texts and 
reviews are available on the analysis of complex spin  system^^^.^'. The  complexity of 
spin systems resulting from compounds containing magnetically inequivalent hetero- 
nuclei of N < 100?4 has Icd to some errors in structural assignment, particularly where 
spectra have been obtained by indirect observation (see Section III.C.1). 

Selective population transfer (SPT) experiments couplcd with difference-mode 
display allows an  INDOR-type spectrum to be produced in Fourier transform n.m.r. 
Using these methods, separate spectral displays of the 31P n.m.r. of three of the four 
possible isotopomers of [Pt2(p-S)(C0)(PPh3),] have been described6R (the minor, 
doubly active, isotopomer of 11.4% abundance was not observed). This method is 
experimentally simple to perform and will probably be applied to other heteronuclei 
in the future. 

111. MEASUREMENT TECHNIQUES 

A. Direct Observa t ion  M e t h o d s  

1. Continuous sweep (and correlation spectroscopy) 

T h e  continuous sweep method of obtaining n.m.r. spectra is very familiar6y from its 
extensive usage in 'H n.m.r. spectroscopy of organic molecules. In this method, the 
exciting frequency is swept linearly through the appropriate range, at  a rate which is 
sufficiently slow so as to avoid spin-saturation, and  the nuclear magnetization 
measured. The method is very useful for high-abundance, high-scnsitivity nuclei, such 
as 'H a n d  I9F, and even less favourable nuclei, such a s  31P, provided that the com- 
pound under study contains a high proportion of the  element and  that i t  can be 
examined as a liquid or highly concentrated solution. Problems arise in organometallic 
chemistry, as in other areas, because of poor sensitivity, low natural abundance, 
unfavourable relaxation times, poor solubility. a n d  complex coupling situations. 
Despite the inefficiency of this method (in which resonances a rc  measured sequen- 
tially) it has two overwhelming advantages over all others. Firstly. i t  is technically a 
simple method to use. and secondly, i t  is an  inexpensive facility to install and 
maintain. These two factors alone should ensure its continued usage in most branches 
of chemistry. 

Correlation s p e c t r o ~ c o p y ~ " . ~ ' ,  which is a rapid sweep method employing cross- 
correlation to remove transient effects produced by fast scanning, has not been 
utilized to any significant extent in organometallic chemistry (possibly as thc cross- 
correlation and subsequent Fourier transforms require sophisticated computing 
facilities) and so will not be discussed further. 
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More efficient than continuous wave techniques are methods whereby all nuclei 
are cxcited simultaneously by a pulsc of radiofrequency applied in the middle of the 
spectral range. When this pulse is completed, the nuclei relax in a manner charac- 
terizcd by T2,  producing a voltage change with time in the receiver coils of the 
spectrometer. This can be measured and is referred to as a free induction decay (FID) 
or  time domain spectrum. A Fourier transform then relates the  FID to the desired 
spectrum, in the frequency domain. 

The advent of such spectrometers, commonly referred to as FT n.m.r. spec- 
trometers, has been of enormous significancc in many branches of chemistry. High 
signal-to-noise ratios can be achieved, enabling problems of sensitivity and abundance 
to be largely overcome and the multinuclear capability of the more sophisticated 
instruments, particularly the  very high field spectrometers, has made multinuclear 
studies a reality. Several texts and review articles on Fourier transform n.m.r. are 
a ~ a i l a b l e ~ ~ ~ ” - ~ ~ .  

3. Other methods 

To examine very large spectral widths by pulsed techniques it  is necessary to make 
efficient use of the exciting radiofrequency power, and this can be achieved by 
modulation with pseudo-random or white n ~ i s e ~ ~ . ’ ~ .  This technique is known as 
stochastic excitation and is likely to become extremely important as n.m.r. of heavy 
nuclei with large spectral ranges are further investigated. 

Of importance in situations where complex homonuclear coupling arises is the 
tailored excitation which allows selective excitation of certain spectral 
regions. Currently the technique is fairly elaborate and as yet  is really only of great 
interest t o  spectroscopists. 

B. Double Resonance Techniques 

A common application of double resonance in ’H n.m.r. is in the irradiation of a 
multiplet arising from spin-coupling to other protons and so decoupling the nuclei. 
Of more interest are heteronuclear double resonance techniques whereby radio- 
frequency tickling at  the resonant frequency of a nucleus X causes all couplings 
between X and a second nucleus A, the observed nucleus. to be removedR”. Such a 
spectrum is referred to as an A{X} spectrum. The difference in chemical shift of the 
nuclei A and X is of importance as coupling between them can be reestablished if 
the applied tickling frequency is of too high a power and the difference in shift is 
small8’. In heteronuclear experiments this is unlikely to be a problem. Where nuclei 
with a range of shifts are to be decoupled, as in proton decoupling in multinuclear 
studies, a modulated frequency is applied in the centre of the range under study. The 
effects of proton decoupling on relaxation and hence NOE have previously been 
mentioned (see Section 1I.A). 

The usefulness of double resonance techniques in n.m.r. studies should not be 
underestimatcd; apart from the simple heteronuclear proton decoupling method, 
which itself has made interpretation of hcteronuclcar n.m.r. spectra possible, several 
other useful experiments can be performed. Previously, the problems arising because 
of quadrupolar nuclei in molecules was mentioned in connection with line-broadening 
in ‘ H  n.m.r. spectra. By double resonance the line broadenings can be simply removed 
by decoupling the quadrupolar nucleus. Double resonance can also be used as an aid 
to assigning couplings in complex spectra, for examplc, SnEt2Cl, has a ’H n.m.r. 
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spectrum which is approximately first order and coupling to two of the three active 
tin isotopes can be observed82 ("'Sn, I = f ,  is only 0.35% abundant). The peak 
heights of the  satellites do not aid in determining which couplings are due to "'Sn 
( I  = f ,  N = 7.61%) and which are due to  "9Sn ( I  = f, N = 8.58%) as the abundances 
are so similar. The spectrum was recorded with '19Sn decoupling, IH{ IIYSn}, leaving 
only the satellites due to "'Sn and so unambiguous assignment was possiblee2. Using 
this method of removing satellites, it is also possible to observe resonances which, in 
the undecoupled spectrum, may be 'buried' under a complex coupling pattern. 

A less common application of double resonance n.m.r. in spectral assignment relates 
to the determination of molecular geometries by observing the effects of selective 
decoupling on the NOE of a resonance. Where relaxation of a nucleus A operates 
largely via magnetic dipole-dipole interactions with a nucleus X, then enhancement 
of intensity of the resonance due to A will occur when X is saturated. Accordingly, 
if A is coupled to two nuclei, X and X'. and selective decoupling of each in turn 
causes enhancement of the A resonance in one case, but not the  other, then it  may be 
possible to predict the geometric arrangement of the three nuclei, knowing which are 
coupled more strongly. 

C. Indirect Methods of Observation 

1 .  Inter-nuclear double resonance (INDOR) 

In situations where an n.m.r.-active heteronucleus displays an observable coupling 
to a high-sensitivity nucleus (usually 'H or 19F), then i t  is possible to determine the 
chemical shift of the heteronucleus as well as both the magnitude and sign of the 
coupling involved. Thus, by monitoring the observed coupling in the 'H (or lyF) n.m.r. 
spectrum and slowly sweeping a secondary radiofrcquency through the range expected 
for the resonant frequency of the heteronucleus, i t  is possible to simulate the n.1n.r. 
spectrum of the heteronucleus by monitoring the extent of decoupling in the observed 
spectrum. As many heteronuclci have large ranges of resonant frequency it is often 
sufficient simply to measure the frequency of the applied secondary source which 
causes maximum decoupling, and this  value will correspond to the chemical shift of 
the heteronucleus. the errors involved being less than the sizc of the coupling under 
observation. If greater accuracy is required, a series of tickling experiments can be 
performed and the INDOR spectrum plotted. Provided that certain conditions are 
met  [especially that y(lH or  I9F) * y(heteronuclcus)], then the derived INDOR 
spectrum will closely resemble that obtained by direct observation. 

The  contribution made to organometallic chemistry by INDOR techniques is vast. 
Work described in the section concerning llySn n.m.r. data (Section VI.H.2), for 
example, derives almost entirely from indirect observation by IH{ IIYSn} n.m.r. 
Similarly, all early studies on 2ySi resulted from 'H{ 29Si} double resonance studies. 
The importance of INDOR as a technique in organometallic chemistry is cxernplified 
by considering n.m.r. studies of rhodium compounds. Such compounds, which are 
greatly studied as homogeneous catalysts for a variety of organic transformations, 
could not be directly observed by Io3Rh n.m.r. until  vcry recently because of the low 
gyromagnetic ratio of rhodium. Accordingly, INDOR was utilized and successful 
double resonance experiments including II-I{ 103Rh}n3. 13C{103Rh}84. lyF{ '"3Rh}ns, and 
31p{103Rh}R6 have been reported. 

Interest in INDOR techniques has declined since the advent of multinuclear spectro- 
meters capable of direct observation of nuclei such as 2ySi and '19Sn in a routine 
manner. Obviously. the major drawback of INDOR is that a clearly observable 
coupling to a high-sensitivity nucleus is essential or the mcthod cannot be utilized. 
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Conversely, simple continuous wave spectrometcrs can be readily adapted for double 
resonance experiments and hence i t  is possible to observe the n.m.r. of heteronuclei, 
albeit indirectly, without the expense of establishing a multinuclear Fourier transform 
n.m.r. facility. 

No direct pulse excitation equivalent of INDOR is available7', although complex 
methods of achieving the  same end are possible28-6A. Unfortunately, this somewhat 
limits thc sensitivity which can be achieved, even though INDOR rclies on monitoring 
a high-sensitivity nucleus. Problems :herefore arise in attempts to study complex spin 
systems of low abundance by indirect methods. For example, reaction of 
[PtMeCl(cod)] with the ligand PhzPCHzPPhz has been reporteds7 to yield an 
oligomcric product of the type [ {  PtMeCI(Ph2PCHzPPh2)},1. The product was assigned 
the trimeric structure 4, on the basis of 31P n.m.r. data obtained by INDOR and 
molecular weight measurements. Ke-examination ot this system by direct observa- 
tion"nR9 of the 31P{ IH} n.m.r. of the product allowed its re-formulation as the cationic 
'A-frame' organoplatinum( 11) dimer [ Ptz(p-C1)(p-dppm)zMez][ CI] (5). The product, 
5,  is the same spin system as 3 and so the minor isotopomer also represcnts the 
AA'A"A"'XX' spin system and the same problems in  its detection apply. 

Me\ 
\ /  

P 
/ \  

/ \  I / \  
Me 
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I ,C"2\1 
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I ...CI... I 
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-P  P-  

I'CH2/ I 
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2. Triple resonance 

An additional sophistication possible in indirect n.m.r. measurement is triple 
resonance. Thus, a high-scnsitivity nucleus can be monitorcd with simultaneous 
irradiation at two different radiofrcqucncies. The powcr applied can bc adjusted to 
allow total decoupling, spin-tickling or  population transfer effccts to be obscrved. Such 
triple resonance techniques, designated A{ M. X}. havc been successfully utilized in 
several diverse areas in organometallic and coordination chemistry. A straightforward 
example is the IH{''N, '9C0} n.m.r. spectra of a series of cobalt(II1) complexesYo 
which allowed observation of small proton-proton couplings by removal of the line- 
broadening effects of both the quadrupolar I4N and s')CO nuclei. In  situations where 
INDOR is not suitable, triplc rcsonance methods can sometimcs be used; for example, 
tertiary phosphinc complexcs of tungsten have bcen successfully studicd by INDOR, 
but in the corresponding trimethyl phosphite complcxes, the value of 4J(1n3W, IH) is 
effectively zero and so 'H{"P. lS3W} experiments wcre performedY'.". Further 
mention of triple resonance experiments can be found in sections concerning the 
appropriate nuclei. 

The topic of multiple resonance methods in n.ni.r. has becn reviewed many 
timesY3-Y' 

IV. DYNAMIC SYSTEMS 

Lineshapes of 1i.m.r. spectra are affected when two species are undergoing a dynamic 
process at a rate similar to thc  difference in chemical shift between the resonances 
associatcd with cach species. Rates between 1 and lo7  s-l are thus of particular 
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interest. This behaviour is vcry common with organometallic and coordination 
compounds, many of which are not 'well behaved' or static on the n.m.r. timescale. 
The processes which affect the n.m.r. spectra can be either intermolecular or intra- 
molecular'n". Intermolccular proccsses include dissociation, association. ionization, 
and other bond-making or bond-breaking reactions. Intramolecular processcs refer t o  
rearrangements of stereochemically non-rigid molecules, including proccsscs where all 
the interconverting species are observably chemically and structurally equivalent. Thc 
latter class of stereochemically non-rigid rnoleculcs arc referred to as fluxional. 

Variable-temperature n.m.r.. coupled with detailed lineshape analysis, can provide 
much information concerning dynamic processes. By varying the temperature of the 
sample under study i t  may be possible to reach a limit of slow exchange (low 
temperature) where the lifetime of the molecule is long compared with the dynamic 
proccss on the n.m.r. timescale. A limit of fast exchange (high temperature) may also 
be attained where the dynamic process is fast compared with the lifetime of the 
molecule on the  n.m.r. timescale. 

An initial problem is to determine whether the proccss is intermolecular or intra- 
molecular. This nzuy be possible if there arc suitable spin-spin couplings to monitor in 
the n.m.r. spectrum. For example'"', a dihydride of thc typc 6 will exhibit a complex 

hydridc resonance in the 'H n.m.r. at the limit of slow exchange (an AA'XX'Y:! 
spin system, A = H) whilst in the limit of fast exchange a quintet indicates coupling 
of the hydrides to four equivalent phosphorus nuclei. Thus no  loss of 2J(31P. 'H) occurs 
in the dynamic proccss and i t  would appear reasonable to assume that thc process was 
intramolecular. In fact another possibility exists; i f  dissociation of phosphine occurred 
and the species were prevented from drifting apart in solution, say by formation of a 
solvent lattice. then recombination could occur, after rearrangement. to give a new 
molecule in which spin coupling is maintained. If the lifetime of the dissociated spccies 
is short relative to thc relaxation of the 31P nucleus, then no loss of spin coupling will 
be observed in t he  spectrum. Such a process is perhaps simpler to envisage if the four 
PR3 ligands in 6 are replaced by two chelating diphosphines. 

An examplc of intermolecular exchange is the reversible dissociation of a ligand 
from a complex (equation 5) .  

ML(t8-i) + L ( 5 )  - ML, - 
If M and a nucleus in L are spin-spin coupled, thcn the process may be rnonitoied 
simply. In the limit of slow exchange, the undissociated complex can be detected, 
but in the immediate region broadening will occur until the  limit of fast cxchange 
is reached and a single peak is observed, representing an average of the chemical 
shifts of the dissociated species. A great many processes can be monitored in 
this fashion; of particular importance are the studies of metal phosphine 
complexes which act as homogcncous catalysts in organic trarisfornlat1ons. An 
cxarnplcln1 is the study of thc complex [RhHzCI(PPh3)3]. formed according to 
equation 6. The 'H and ,'P{'H} n.m.r. spectra at two diffcrcnt tcnipcratures are 
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Cl 

(7) 

shown in Figures 3a and 3b. The low-temperature 'H n.m.r. spectrum shows two 
inequivalent hydrides, one with a large coupling 2J(31P, IH), establishing the geometry 
as 7. The low temperature 31P{1H} n.m.r. spectrum shows the expected resonances for 
P2 [doublet of doublets resulting from 2J(31P1, 31P2) and 'J(Io3Rh, "Pz)] and PI 
[doublet of triplets resulting from coupling to both P2 nuclei, 2J(31PI, 31P2) and to 
rhodium. IJ(lo3Rh, 31P1)]. A t  high temperature, the 'H n.m.r. spectrum is broadened, 
but otherwise uninformative, whilst the 31P{ 'H} n.m.r. spectrum shows that both P2 
nuclei are still coupled to  rhodium, but that all couplings involving PI are lost 
[i.e. 'J('"'Rh, 31P1), 2J(31P1, 3'P2)]. This suggests that the phosphine fruns to hydride 
(PI) is dissociated to a considerable extent at 30°C and so an available coordination 
site at the metal centre is produced, a key step in the reaction of unsaturated organic 
molecules during homogeneous processes. There are many further examples of inter- 

FIGURE 3. (a) ' H  n.m.r. spectra of [RhH2CI(PPh3)3] at (i) +28"C and (ii) -25°C. 
' H  n.m.r. spectra obtained at YO MHz. (b) 31P( IH} n.m.r. spectra of [RhH2CI(PPh3)3] 
at (i) +30"C and (ii) -25°C. Kcproduced by permission of Academic Press from Jcsson 
and Mutterties"" in Dynotnic Nuclenr Mogneric Resononce Spectroscopy, edited by 
Jackman and Cotton. New York, 1975. 
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and intramolecular dynamic processes and an excellent rcvicw is available which 
describes these and the mathematical processes involved in lineshape analysis101. 

Fluxionality is of particular importance in the chemistry of metal complcxes contain- 
ing unsaturated carbon donors. The concept of fluxionality was first applied in 
1956'02-'03 whcn i t  was observed that the complex [ Fe(qS-C~Hs)(q'-C,Hs)(CO)z] 
(believed to have q' -  and q'-cyclopentadienyl groups on the basis of i.r. and chcmical 
evidence) exhibited only two resonances (ratio 1 : 1 )  in its ' H  n.m.r. spectrum. Of 
course, an qs-CsHs would be expected to exhibit only one resonance. but an q'-C5HS 
should exhibit one resonance for the proton bonded to the Fe-C unit and a complex 
resonance for the four olefinic protons in the AA'BB' spin system. The novel idea 
at  that time was that the q1-C5H5 unit was continually rotating, exchanging one Fe--C 
bond for another, at a rate that made all the protons equivalent on the n.m.r. time- 
scale. Later work'"' showed that this was correct and that the limit for slow exchange 
could be reached at  -80°C. Complexes which exhibit this behaviour arc commonly 
known as 'ring-whizzers'. 

Since the initial discovery, many compounds, particularly cyclopentadienyl, cyclo- 
heptatrienyl, cyclopolyene, and ally1 derivatives have been shown to exhibit fluxional 
behaviour. Fluxionality in complexes of this type has been the topic of many 
reviews'05-' I .  

Dynamic processes in metal- carbonyl and metal- hydride complexes, particularly 
polynuclear systems, have also been the subject of much investigation. In studies of 
carbonyl complexes, 'H n.m.r. are of limited use unless other ligands 
(CsHs, CNR, etc.) can be substituted into the molecule under study. In this area, 
13C{ 'H} n.m.r.113-11s and, to a lesser extent, ''0 n.m.r."6-"8 have been of significance. 
These studies are further mentioned in the appropriate sections (Sections VI.G.3 and 
VI.L.1). With polynuclear hydridesllY, the current challenge is to synthesise non- 
fluxional complexes, as  fluxionality is so common. A recent example'20 of such a 
system is the complex [ Rh3H3(q5-C5Mes)30][ PF6]-HzO, which has an oxygen atom 
capping a triangulo-rhodium cluster. ' H  n.m.r. studies showed that the complex was 
rigid up to at least loooc, giving a minimum of AG' = 109 kJ mol-' as the barrier to 
fluxionality. Highly rigid hydrido-complexes of this sort are uncommon. 

by wide-line 'H n.m.r. in 1971 
for the complexes [Fe(C8H8)(CO),] and [Fc2(C8H8)(CO),]. The few studies of solid- 
state samples of fluxional complexes by high-resolution n.m.r. methods are discussed 
in Section VII. 

Fluxionality in the solid-state was first 

V. PARAMAGNETIC SYSTEMS 

A. Paramagnetic Shifts and Spin Delocalization 

The discussion so far presented has concentrated upon diamagnetic systems, with a 
brief mention of paramagnetic species as relaxation agents and shift reagents. Studies 
of the n.m.r. of paramagnetic compounds can be very informative about niolecular 
electronic structure. In such systems, a contact interaction can occur bctwecn the 
nucleus under observation and thc unpaired clcctron; such contact relics upon there 
being a finite electron density for the unpaired electron at  the nucleus. such that 
contact can occur. Only electrons withs  character have a finite electron density at the 
nucleus and so contact in these systems requires the unpaired electron to have some s 
character. The  contact interaction between the nuclear spin and the spin of the 
unpaired electron gives rise to internal magnetic fields at the nucleus which edd to, 
or subtract from, the applied field. Accordingly, the nucleus experiences a contact 
shift as the field is altered; the change in position of the resonance gives the magnitude 
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of the shift, whilst the direction of the shift gives its sign. A further contribution to the 
shift can arise from dipolar coupling interactions between the unpaired electron and 
thc obscrved nucleus, this contribution is referred to as the pseudocontact shift. 

Among the  first studies of paramagnetic compounds were reports of the IH n.m.r. 
spcctra of the nietalloccnes [M(Cp)2] (M = Ni. V, Cr)’23.i2J. Polycrystalline samples 
showed large resonance shifts in the  positions of the  cyclopentadienyl protons and this 
was explained in terms of a contact shift arising from delocalization of unpaired 
clcctron density over the cyclopentadienyl ring systems. The unpaired electron, 
formally from the mctal atom, was thus seen to be involved in thc interaction with the 
cyclopentadienyl ring. These observations laid the foundation for much research into 
the n.m.r. spectra of paramagnetic species with a view to gaining a better understand- 
ing of the electronic interactions between metal and ligand. The resonance observed 
for thc cyclopentadienyl protons in [Cp2V] was attributed to an isotropic hyperfine 
contact and not a pscudocontact interaction. The basis for this assignment stems from 
thc differences in spcctra which may be observed between polycrystalline and solution 
samples. Thus, as contact shifts arc determined by an electron spin-nuclear spin 
interaction, which is isotropic. solid-state and solution spectra are thc same. Pscudo- 
contact shifts. however. result from electron spin-orbit coupling, electron orbit- 
nuclear spin(dipolar)coupling, and electron spin-nuclear spin dipolar c o ~ p l i n g ” ~ - ~ ~ ~ .  
The electronic g-tcnsor relating to thcse properties is anisotropic and so in the solid- 
state the electron spin will no t  generally be quantized in the direction of the applied 
field. In solution, however. free rotation makes such quantization possible; accord- 
ingly, the pseudocontact shifts in mlution and in the solid-state will be differentI2’. 
Applying these criteria to [Cp2V] provcd that the shift originated via an isotropic 
hyperfine contact interaction”‘. 

Problems associated with obtaining satisfactory n.m.r. spectra of paramagnetic 
samples rclatc directly to the relaxation t ine of the  observed nuclcus. In non- 
quadrupolar species, relaxation is generally dominated by the nuclear spin-electron 
spin interaction. Fortunately, paramagnetic transition metals generally exhibit a much 
shorter electronic relaxation timc than organic free radicals and so, in certain cases, 
the electronic relaxation time is sufficicntly short that the resonances are not excess- 
ively broadencd. The factors determining paramagnetic lincwidths, and hence 
obscrvability of contact shifts, havc been the subject of a 

There are three spin-transfer mechanisms normally invoked to explain spin 
dclocalization in paramagnetic transition metal complexes; L -+ M a-transfer, L + M 
n-transfer and M - L n-transferi’Y. Indirect spin-transfer processes may also be 
involvedi3n. Certain qualitative observationsi3i may allow distinction to be made 
between the various processes. particularly: 

(i) a-delocalization givcs rise to high frequency shifts of aromatic protons. The 
magnitudes of the shifts attenuate according to the number of intervening bonds. 
Substituents on aromatic rings (particularly mcthyl groups) necd not exhibit this 
be haviour; 

(ii) a-delocalization causes the “C hyperfine constants of carbon atoms in an 
aromatic ring t o  alternate in sign around the ringi3n; 

(iii) n-delocalization is often c h a r a c t c r i z ~ d l ~ ~  by opposite shifts for methyl and 
hydrogen substituents on an aromatic ring, at a given position. 

I t  should bc borne in mind. howevcr. that (iii) is only diagnostic as exceptions are 
known. An example is the IH n.m.r. study13’ of the manganese isocyanidc complexes 
[Mn(CNR)6][PF6] and [Mn(CNK)6][PFf,]2. The formcr are Mn(1) and so are 
diamagnetic. but the latter contain Mn(I1) and so paramagnctic shifts would be 
expcctcd. The compounds studied (I? = Ph,p-CH3c6HJ, Bz) exhibited shifts in the ’ H  
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n.m.r. spectra which alternated in dircction for the 0- and m-protons; this was inter- 
preted in  tcrms of n-spin delocalization [as criterion (i) is not obeyed. u-dclocalization 
can be discounted] and hence a 2 T ~ R  ground-state for the complexcs. 

Reviews o n  the n.m.r. of paramagnctic compounds are available which include 
discussion of paramagnetic coordination complexes and metallocenc dcriva- 
tives 130.1 34-137 

6. Relaxation Agents 

Paramagnetic ions, particularly Cr(II1) complcxes, havc previously bcen mentioned 
as suitable relaxation agents for enhancing the  spin-lattice relaxation times of certain 
nuclei. I t  has been however, that shifts in resonance position and 
increased lincwidths can occur with the common relaxation agent [Cr(acac)J. 
Accordingly, care is needed, particularly in lineshape analysis of dynamic systems. 
whcn such agents are employed. Both [Cr(dppm)3]1J" and [Gd(dppm)3]'J' havc been 
used as alternatives. 

C. Shift Reagents 

Lanthanidc shift r e a g c n t ~ ~ ~ ~ - l ~ ~  are commonly employed to render complex 
coupling patterns approximatcly first ordcr by effectively 'spreading out '  the spectrum. 
A more demanding application is in the dctermination of solution geometries of 
adducts. 

Thc origins of the shiftsI3" induced by lanthanide complexcs are not straightforward. 
Ligand atoms adjaccnt to the rare earth ion are generally shiftcd by a contact inter- 
action, whilst more distant atoms are shifted by a dipolar interaction. The exact contri- 
butions of each appear to vary across thc lanthanide series'30. In structurc determi- 
nation. several conditions must be met"", particularly that the shifts are dipolar in 
origin, that only one geometric isomer of a single complex exists in equilibrium with 
the uncomplexcd substratc. and that this isomer is magnetically axially symmetric with 
a known orientation of the axis with respect to the ligand. In cases where these 
conditions are met. as is the case with troponeiron tricarbonyl"", conformations can 
be deduced. In  other cases, such as in the interaction of [Eu(fod)3] with 
[FC($-C~H,)(CO)~(CN)]~~~, a simple 1 : 1 adduct is not formcd and more complex 
equilibria exist and analysis becomes more difficult. 

Chiral shif t  reagents'J','SO have becn known for somc ycars and the recent interest 
in chiral metal centreslS1 has led them to be used in organometallic chemistry. A 
number of succcssful resolutions of optically active cyclopentadienyliron derivatives15' 
were possible using chiral shift reagents. 

VI. N.m.r. STUDIES OF ORGANOMETALLIC SYSTEMS 

In this section. the study of organomctallic compounds by n.1n.r. methods is described 
with referencc to thc nucleus undcr study. Each nucleus for which relevant data have 
been obtained is mentioned, although the limitations of spacc restrict the SCOPC of this 
section. The major limitations are as follows: 

( i )  Nuclei which have been thoroughly discussed in tcxts and rcvicw articles arc 
discussed here only briefly. These arc nuclei which arc generally wcll known and 
will have becn encountered by many readers. Fcw cxaniples are givcn i r i  these 
sections. 



842 Julian A. Davies 

(ii) The morc cxotic nuclei are discussed in greater detail, where possible with 
tabulations of shift and coupling constant data and discussion of examples to 
allow these more unusual methods to be appreciated. 

(iii) The theory of chemical shifts and coupling constants has briefly been mentioned 
(Scctions 1I.B and 1I.C) and rather than engage in long discussion over each 
example, the correlations between theory and practicc are considered in detail 
in only one section (Section V1.J). 

( i v )  When a particular compound is discussed, for example [Fe(CO)s] under "C 
n.m.r. studies, cross-reference to other sections (170 and 57Fe) is made, rather 
than repeating data in more than one section. 

( v )  Coupling constant data are usually considered under the section dealing with the 
heavier atom (e.g. 1 J ( s 7 F ~ ,  I3C) under s7Fe n.m.r. studies), unless i t  is particularly 
appropriate to considcr the data in the earlier section. 

With these restrictions in mind, it is intended that this section should provide 
sufficicnt data and examples for the  various n.m.r. methods such that their utility and 
applicability to a given chemical problem in organometallic chemistry can be 
evaluated. 

A. Proton N.m.r. Studies 

The proton is a very familiar nucleus for n.m.r. study. The high sensitivity (Table 1) 
enables a great deal to be accomplished using conventional continuous wave measure- 
ment techniques. Relative to the widcly accepted shift standard, TMS, nearly all 
resonances occur in the range 0-1 5 ppm. The major exception to this generality is the 
hydride rcsonance of many classes of transition metal hgdrides and these are discussed 
below. The vast number of studies of organometallic compounds by 'H n.m.r. pre- 
cludes any general coverage here; application of IH n.m.r. spectroscopy to structural 
characterization and studies of dynamics can be found in other chapters. Attempts to 
rcview applications of 'H  n.m.r. spectroscopy in organometallic c h e m i ~ t r y ~ ~ ~ - " ~  arc 
generally fairly outdated because of the rapid growth in this field. 

One of the  most fundamental uses of 'H n.m.r. spectroscopy is to determine 
whether or not  a specific organic group is coordinated to a metal centre and, if so, in 
what particular orientation. This problem is considered in the second section below, 
by way of examples. 

For detailed lists of rcfcrences concerning ' H  n.m.r. spcctroscopy in organometallic 
chemistry. the  reader is referred to the Specialist Periodical Report scries"; appro- 
priate reviews are also rcferenced in this serics. 

7 .  Transition metal hydrides 

The hydridic proton of many classes of transition metal hydrides exhibits a charac- 
teristic resonance. more shielded than TMS, in a unique region of the spcctrum. It 
should be rcmembcrcd that the tcrm 'hydride' results from an clectron-counting 
formalism and does not imply any particular clectron distribution in the metal- 
hydrogen bond; indeed. many hydrides arc reasonably strong acids. The origin of thc  
extreme shielding of hydridic protons arises from their proximity to the metal centre; 
valcnce-bond calculations for thc molecule CoH(CO)4'S6 show that thc shielding is a 
result of an 8% contribution from the hydrogcn Is elcctrons and a 92% contribution 
from the cobalt 4s and 4p clectrons. 

The highly definitive shift of a hydridic resonance is generally observed in most 
classes of transition metal hydrides. Certain cxceptions do exist, howcvcr. a note- 
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worthy example being the dimeric complex [ P~~(~-H),(S~{OE~},),(PM~BU;)J~~~. 
The 'H n.m.r. spectrum of this compound at 75°C exhibits a single resonance at 
2.95 ppm (ignoring resonances due to the organic groups) with a coupling to 195Pt of 
681 Hz. At -60°C the resonance is observed at 3.35 ppm, with two unequal couplings 
to IysPt of 456 and 894 Hz. These data imply that the molecule is undergoing a 
dynamic process at room temperaturc and above but, at -6O"C, a static structure is 
observed with the hydride ligands having an uneven interaction with the two metal 
centres. In terms of the unusual shift position and the  coupling data, the implied 
structure is suggested to involve an interaction of the platinum centre with a Si-H 
bond to yield a 3-centre, 2-electron bonding system, as showr? in 8. Interactions of this 

(8) 

sort may be of relevancc in the catalytic activation of Si-H (and perhaps even C-H) 
bonds by platinum metal complexes. Accordingly, hydride complexes may exhibit 
resonances in the 'H n.m.r. spcctrum that are either shielded or deshielded with 
respect to TMS. The important class of compounds which show no resonances at all, 
in either region, should also be borne in mind. An example related to 8 above, is the 
complex [ Pt2(p-H)2H2(PCy3)2]'58, known to contain both bridging and terminal 
hydride ligands from infrared and chemical evidence. The 'H n.m.r. spectrum 
exhibits no resonances attributable to hydridic protons and the molecule is assumed 
to be dynamic, probably involved in a terminal-bridging hydride exchange process at  
all temperatures within the experimental range. As neither a limit of fast exchange nor 
a limit of slow exchange can be obtained, the spectra show only the intermediate 
region of broadening where the hydridic resonances are lost. The application of 'H  
n.m.r. spectroscopy to the study of dynamic transition metal hydrides has been 
reviewed' I9*lS9.  

2. Coordinated organic groups 

In determining whether or not an organic fragment is coordinated to a metal centre, 
the initial reaction is usually to look for a change in resonance position between the 
organic molecule itself (or facsimile of the organic fragment) and the supposed metal 
complex. The  effects of coordination to a metal centre are not always straightforward; 
for example, formation of a chromium tricarbonyl n-complex with the organic ligand 
9I6O causes the aromatic protons, HI-H4, to be shielded by ca. 2 ppm. The proton Hs 

H 

(9) 

is very shielded in thc free organic molecule as it  is held in close proximity to the 
aromatic ring and so is affected by the ring currents. Upon coordination, the rcsonancc 
position is not altered at all. implying that although coordination to chromium may be 
expected to perturb the ring current, this is evidently not the case. Accordingly, the 
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proton taken to monitor complex formation must be selected carefully for, a s  in this 
case, the likely choicc is not always the most useful. 

Thc observation of spin-spin coupling between a proton in the organic molecule 
and thc mctal ccntre is. of course, indicative of complex formation, but necessarily 
requires thc mctal to havc a reasonable abundance of an active isotope. Should this 
not be the case, it may be possible to incorporate a spin-probe into the molecule. 
Thus, inclusion of a PR3 ligand in many organometallic transition metal complcxes can 
facilitate reaction monitoring by 'H  n.m.r.. by observation of indircct 1H-31P 
spin-spin coupling. 

A less obvious monitoring system can result from the inclusion of chiral ligands in 

a complex'". For example'", [ Au(PPh3)((S)-2-Me2NCHMe&H4)] exhibits a 'H 
n.rn.r. spcctrurn displaying a single resonance for the NMez protons. Should there be a 
stable Au-N bond in this compound, then the nitrogen atom would be a prochiral 
centre (with no inversion possible) and, as thc benzylic carbon atom is chiral, the two 
methyl groups at nitrogcn would be diastereotopic and appear as two single resonances 
in the ' H  n.m.r. spectrum. As only one resonance is observcd, inversion at  nitrogen 
must render the methyl groups homotopic and hence no Au-N bonding can be 
occurring in this compound. 

Having established that there is an interaction between a given organic fragment 
and the metal centre, 'H  n.m.r. spectroscopy can frequently be uscd to shed light on 
the geometry of the molecule. Examples of this abound in the literature and so only 
some relatively simplc examples will be discussed here. 

In the reaction betwcen SbFs and 10 at -2O"C, the product'63 is a bridged complex 

(1 0 )  

whose 'H  n.m.r. spcctrum shows a single resonancc at 5.70 ppm, indicating that halide 
abstraction. with the unusual q4-trimcthylenemethane complex, 11, as a likely product, 

+ ,CI. + 

has occurrcd. Cooling thc sample to below -20°C rcsulted in considerable broadening 
of the resonance, but no low-tcmperature limit could bc reached as the compound 
crystallized at  -80°C. Thc broadening does suggest that a dynamic process is occur- 
ring and so the structure 11 is probably not a true reprcsentation of thc molecule. 
More likely is the structure 12, thc positions C I ,  C2. and C3 rapidly interconvcrting, 
involving thc more common n-ally1 ligand. 
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In the study of acetylene insertion into platinum-hydrogen bonds, it has been 
observed that a complex such as [PtHCI(PEt,),] can react with a disubstituted 
acetylene such as Me00CC-CCOOMe to yield four possible geometric isomers. 
Thus, the two phosphine ligands may be either c b  or rruns to each other and in both 
cases the  insertion may lead to a c b  or [runs disposition of platinum and hydride 
groups about the  resulting vinylic ligand. All four isomers have been ~ r e p a r e d l ~ ~ . ~ ~ ~  
and may be d i~ t ingu i shed '~~  from the magnitudes of the proton couplings to 31P and 
195Pt (Table 7). 'H n.m.r. studies of this type have led to a much clearer picture of 
the processes involved in the so-called insertion reaction. 

A final example to show some of the uses of 'H n.m.r. spectroscopy as a tool for 
molecular structure determination in solution comes from the chemistry of carbene 
complexes. The 'H n.m.r. spectrum of the complex cis-[ PtC12(PMe2Ph)(C{ 0Et)-  
{CH2Ph})] shows several interesting features166. The benzylic protons of the carbene 
moiety give rise to an AB pattern and the  methyl resonances of the PMe2Ph ligand are 
inequivalent. Additionally, the methylene protons of the ethoxy group are inequival- 
ent, with a substantial difference in shift (ca. 0.6 ppm). These data imply that rotation 

- - 
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of the carbene moiety about the Pt-C bond is restricted and that the methylene 
protons of the ethoxy group are in very different magnetic environments. The solid- 
state structure of this compound was determined'66 and showed that the orientation of 
the carbcne group was such that a methylene proton of the ethoxy group was main- 
tained in a position only 2.59(8) A from the metal centre. This non-primary valence 
interaction is evidently maintained in solution, restricting rotation of the carbene 
moiety and resulting in different magnetic environments for each of the methylene 
protons. 

B. Deuterium and Tritium N.m.r. Studies 

Although deuterium is a low natural abundance isotope (Table 4), organic com- 
pounds enriched in 2H are  commonly available and routinely used as solvents in n.m.r. 
spectroscopy. The diverse applications of 2H n.m.r. to chemical, biochemical, and 
physical  problem^'^^-^^^ have been reviewed. The usefulness of 2H n.m.r. in organo- 
metallic chemistry is currently rather limited as 2H n.m.r. shows advantage over 'H 
n.m.r. only in complex coupling situations where the low homonuclear coupling of 
deuterons gives rise to sharp, single resonances for each type of deuteron. Accordingly, 
2H n.m.r. has been applied to complex rearrangements of organic moieties in organo- 
metallic ~ y ~ t e m ~ ~ ~ ~ . ~ ~ ~  where 'H n.m.r. is unable to provide unambiguously interpret- 
able spectra. Few other areas of interest have been examined so far. 

Tritium is a radioactive isotope, principally of interest a s  it  is more sensitive to n.m.r. 
detection than the proton (Table 1). The problems of handling radioisotopes disuade 
many workers from attempting to use 3H n.m.r. in their particular fie!d. The advan- 
tages again arise only when 'H or 2H n.m.r. produces overlapping resonances in highly 
complex molecules. Rearrangements of organic compounds over metal surfaces have 
been studied'73 by 3H n.m.r. Reviews on 3H n.m.r. are a ~ a i l a b l e ' ~ ~ . ' ~ ~ .  

C. Studies of Alkali Metal Nuclei 

Lithium possesses two quadrupolar isotopes, 6Li and 7Li, the latter being more 
widely studied owing to its higher abundance, although the former has a smaller 
quadrupole moment; an attractive n.m.r. feature leading to pseudo-spin one half 
behaviour. The  active nuclei of the remaining alkali metals (23Na, 39K, 41K,  8SRb, and 
133Cs; Fr being radioactive) arc more typically quadrupolar in their n.m.r. behaviour 
(Table 5). The major areas of interest in alkali metal n.m.r. are as follows: 

(i) Studies of aqueous solutions of ionic  compound^'^^. The variation in linewidth 
associated with a change in symmetry during cation-anion interactions and 
variation in coordination sphere may be probed by alkali metal n.m.r. 

(ii) Studies of non-aqueous solutions of ionic  compound^'^^. Ion-ion and ion-solvent 
interactions cause substantial variations in chemical shift and linewidth. Effects of 
coordination number and solvent 'donicity' may thus be examined'77. 

(iii) Studies of complex ions. Biochemical interactions of alkali metal ions with sugars. 
phosphate esters, nucleosides. etc., have been probed by these  technique^'^^*'^^. 
Examination of cryptand and crown ether complexes of alkali metal has 
allowed information concerning the coniplexing ability of these ions to be 
obtained. 

Of interest in organometallic chemistry are the studies relating to organolithium 
compounds. Although organosodium and organopotassium compoufids are also much 
studied systems, their alkali metal n.m.r. is as yet in a state of infancy. 

The general topic of alkali metal n.m.r. has been r e v i e ~ e d ' ~ ~ - ~ ~ l .  
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7 .  Organolithium compounds 

Lithium forms many compounds which a rc  primarily covalent in character, thus 
differing considerably from the remaining alkali metals which tend to  form ionic 
compounds.  T h e  elucidation of the  structure of organolithium compounds. widely 
used a s  reagents in organic synthesis, has largely resulted from n.m.r. studics. For the 
7Li nucleus, the quadrupole coupling constant in organolithium compounds is 
extremely small’82 and  quadrupolar relaxation relatively inefficient. Accordingly, very 
narrow resonances a re  obtained in the 7Li n.m.r. of organolithium compounds2“. This 
is particularly fortuitous as the chemical shift range is very small because the dia- 
magnetic and  paramagnetic contributions a re  of similar magnitude*X3. Cancellation 
of these parameters  leaves a small shift rangc, governed by indircct contributions. 

7Li n.m.r. studies have done  much towards the elucidation of the oligomeric 
structure of organolithium compounds and variation in molecularity with solvent, 
t empera ture  and  the  nature of the organic group are known. The  subject has becn 
reviewed 175.178. 

T h e  relative merits of 6Li and  7Li n.m.r. in the study of n-PrLi have been 
reported’84. T h e  6Li nuclcus has a long relaxation time, indicating that the quad- 
rupolar mechanism is relatively inefficient, and  t h e  6Li n.m.r. spectrum of n-PrLi 
(96% enriched with 6Li) consists of a resonance less than 1 Hz wide. The  corre- 
sponding 7Li n.m.r. spectrum shows a broad resonance. This broadening is frequently 
attr ibuted t o  unresolved 7Li-’H coupling, but examination of a sample enriched t o  
90% with 13C at C, shows no  7Li-13C coupling, indicating a n  exchange process. The  
line broadening is thus attributed to chemical exchange and  to a quadrupolar contri- 
bution t o  7Li relaxation. 

StudiesIR5 of the 7Li n.m.r. of silyl- and germyllithium compounds have demon- 
strated tha t  these compounds behave similarly to organolithium species with various 
dynamic processes, including inversion at Si (Ge or C),  being evident. Lithium-carbon 
coupling has been  i n ~ e s t i g a t e d ’ ~ ~ . ’ ~ ~  and the sign shown to be positive for the methyl- 
lithium tetramerlA6. 

Fur ther  dcvelopments in alkali metal n.m.r. a re  likcly to  include the development 
of 6Li as a n  alternative to 7Li n.m.r. and the study of organosodium and organo- 
potassium compounds by 23Na and 3yK n.m.r. T h e  development of a suitable reference 
for each  techniquc should be forthcoming as none is currently wcll established. 

D. Studies of Alkaline Earth Metal Nuclei 
Alkaline ear th  mctal n.m.r. is not a widely studied t e c h n i q ~ c ’ ~ . ’ ~ ~ .  All these mctals 

have quadrupolar  nuclei with generally low receptivities (Table 5 ) .  Both beryllium and  
magnesium display the same covalent characteristics in their chemistry and  are well 
known in organometallic systems. Despitc the cxtensive chemistry of Grignard 
reagents and  o the r  organomagnesium compounds, 2sMg n.m.r. does not appear t o  
have been  applied in these areas. Conversely, 9Be n.m.r. has becn utilized in thc study 
of organoberyllium compounds. The  weak quadrupole moment of YBe suggests that 
quadrupolar  relaxation need not always be a dominant relaxation mechanism fo r  
this nucleus and  accordingly it is the most suited to  direct observation by n.m.r. 
spectroscopy . 

7 .  Organoberyllium compounds 

T h e  few available data’89*’90 on  ‘Bc n.m.r. of organoberyllium compounds suggest 
that shielding is related to the coordination number of Be  (four coordinate > three 
coordinate) and  t o  the elcctronegativity of thc substitucnts (electronegative sub- 
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stituents cause deshielding). Coupling of 'Be to 31P has been observed24. 

compounds havc largcly been unsuccessful191. 
Attempts to apply analogous methods to obtain 2sMg n.m.r. of organomagnesium 

E. Studies of Transition Metal Nuclei (Including Lanthanides and Actinides) 

Interest in the n.m.r. of transition metal nuclci has developed in such a fashion that 
there is currently available a vast amount of data concerning nine or ten nuclei and 
virtually none for all thc remainder. Historically. this awkward situation has arisen 
because of several factors. including: 

(i) the quadrupolar nature of many transition metal nuclci (see Table 6); 
(ii) the  existcnce of paramagnctic oxidation states; 
(iii) the ability o f  indirect methods to extract data only where coupling to a high 

( i v )  a diversity of chemical interest, which conccntrates only o n  certain elements. 

A review on the n.m.r. of transition metal nuclciIY2 dealing with inorganic and organo- 
metallic compounds and a morc recent up-date are available193. More specific reviews 
conccrning the n.m.r. 0 1  ccntral metal ions in octahedral complexes'94 (mainly 5yC0. 
93Nb and lyzPt) and metal ions as probes in the n.m.r. of biological molecules'y5 arc 
also available. 

sensitivity nucleus can be observed; and 

1.  Sc, Y, La, the lanthanides, and actinides 

Scandium exhibits a coordination chemistry reminiscent o f  aluminium. Thc unfor- 
tunate corollary of this. from an 1i.m.r. viewpoint. is that scandium compounds tend to 
be of low symmetry about thc Sc(I1I) metal centre. As "Sc ( I  = ;, N = loo'%, 
Table 6) is quadrupolar, thc linewidths of its resonanccs are dependent upon the field 
gradient (and hcnce the symmetry) at thc nucleus. O n l y  in the octahedral ion. 
[ScF6I3-, has coupling been observed, 'J(45Sc. I9F) = 180 H z ' ~ ~ ,  as large linewidths 
gcnerally preclude this in less symmetrical species. The standard for shift measure- 
ments is [ S ~ ( C l O ~ ) ~ l ( a q . ) ,  which displays a known shift dependence upon conccn- 
t r a t i o ~ ~ l ~ ' . ' ~ ~ .  N o  organoscandium cornpounds appear to have been studied, pre- 
sumably because o f  the field gradient problem in compounds of lowcr symmetry or  
bccausc of a lack o f  chemical interest in this field. 

H9Y is an I = f nucleus (Table 3) and suffers the opposite n.m.r. problcms to "Sc; 
thus it has a low magnetic moment and exhibits long relaxation times, making spin- 
saturation a problem. Chemical shift measurements of a fcw inorganic salts havc been 
made using special techniques to ovcrcome this problemIyY, but no organometallic 
y t t r ium compounds havc been studied. Couplings t o  nyY are known from spectra of 
othcr nuclei; for cxample. [Y(CHzCMe3)3-2thfl has been examined by ' H  n.m.r. 
spectroscopy?"" and shows coupling to methylcnc protons. 2J(nyY, 'H) = 2.5 Hz. The 
scandium analogue is also known""', but obviously no coupling could be observed. Thc 
molccules 13 havc also been examined by ' H  n.m.r. spectroscopy"". The yttrium 

(13) M .= TI. Y 
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complex, whose X-ray structurc is known2"'. shows coupling to thc bridging lncthyl 
protons. 2J(R''Y. ' H )  = 5 Hz. at -45°C. At +40°C. collapse of the methyl rcsonances 
suggests a fluxional process. involving terniinal-bridging methyl group cxchangc"". 
The 13C n.m.r. spectrum of 13 ( M  = Y) shows 'J(8yY. I3C) = 12.2 Hz?"'. The ethyl- 
aluminium analoguc of 13 is similarly fluxional. but the static spectrum at -40°C 
shows coupling to the methylene protons of the bridging cthyl groups. 2./(fiYY. IH) = 
4 Hz'"'. Complexes of this sort are considered to be of importance as potcntial inter- 
mediates in Ziegler-Natta catalysis. the yttrium complex bcing espccially suitable for 
study owing to its cxceptionally high thermal stability?"'. 

139La ( I  = I. N = 99.9%) is quadrupolar (Table 6) and the problems here parallel 
those for the 4sSc nucleus. To  date. 13YLa n.m.r. has been of importance in two fields 
only. Firstly, in studies of ion pairing. the lowering o f  symmetry about the I3'La 
nucleus as cation-anion interactions occur causes lincwidth changes which can be 
measured and interpreted in terms of inner-sphcrc complex formation. Sccondly. in 
biochemistry, linewidth changes due to complex formation with biopolymcrs can be 
used as a structural probe. N o  reports on organolanthanum studies by 13'La n.m.r. 
appear to be available. 

Although interest in the n.m.r. of the f-block element c ~ m p l e x e s ~ " ~ ~ " " ~ .  particularly 
organometallic complexes?05, is apparent from the availability of several reviews, no 
direct observation of mctal nuclei in any organomctallic compounds of the f-block 
elements appcar to have becn reported. No doubt this area will  be further investigated 
in the future. 

2. Ti, Zr, H f  

Titanium has two n.m.r.-active quadrupolar nuclei (Tablc 6 )  and both zirconium 
(YIZr,  I = i) and hafnium (177Hf, N = 18.596, I = I; 179Hf. N = 13.75'36, I = y )  havc 
suitable isotopcs for study. Of these. only titanium has been investigated and par- 
ameters for halidc salts reportcd20". No organomcrallic compounds have becn 
examined, the quadrupole problem presumably deterring potential investigators. 

3. V, Nb, Ta 

51V ( I  = I).  Y3Nb ( I  = 5 ) .  and '"'Ta ( I  = i) are all about 100'36 abundant (Table 6) 
and the ease of obtaining spectra of thcsc nuclei relates directly to the magnitude o f  
their quadrupole moments (Table 6 ) .  Both s l V  and 'I3Nb have rclatively small 
quadrupolc moments, enabling resonances to be observed in niost compounds. pro- 
vided that the symmetry is not  extrcmely low. IRITa, howevcr. has a very large 
quadrupole rnomcnt (Table 6) and the only solution measurcmcnt is of thc octahedral 
[ TaF6] - ionzo7. 

Many vanadium carbonyl derivatives208-"J, substituted with cyclopentadienyl or 
Group VB ligands. have been examincd by 5 'V n.m.r. spectroscopy. Chemical shift 
measurements are usually given relative to VOC13 (ncat liquid), which resonates at thc 
extreme de-shielding end of the shift range. Increasing shielding with decreasing 
oxidation state is obscrved. as expected in terms of clcctron dcnsity. and so most 
values are negative with respect to the reference. Various attempts have becn 
madc to correlate vanadium chemical shifts wi th  ligand strength in complexes 

[V(CO)J(PR3)z]-. The tern1 'ligand strength' is generally fairly arbitrary. although 
correlations of  6(s'V) with ligand field splitting have been observed1')?. which can 
bc attributcd to variations in A E  in equation 2, altering thc magnitude of op. Similarly. 
variations in b(-"V) with the clectronegativity of the R group in P K 3  haw been dis- 

of the types [V(CSHS)(CO),(PR,)I, [V(C,HS)(CO),(PR,),I, [V(CO)s(PRdI-.  and 
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cussed21J, although these workers also observe a correlation214 with Tolman's cone 
angle2" for the phosphine; of course, to separatc electronic and stcric contributions in 
a single molecule is very difficult. Complexes of types [V(CO)4(LL)]-, [ V(CsHs)- 
(CO)2(LL)], and [VH(CO)d(LL)] also show a variation in c ~ ( ~ ' V )  with the chelate- 
bitc of the bidentate diphosphine, LL214. The most strained structures, with a four- 
membered ring, show minimum shielding of s lV  and maximum shielding of 31P, 
indicative of a reduced V-P bond order (i.e. withdrawal of electron density by 
phosphorus). Vanadium(1) complexes exhibit211.212 shifts of ca. - 1250 2 250 ppm, 
whilst vanadium( -1) complexes are208.212 more shielded, ca. - 1800 2 150 ppm. The 
reported shift for [v (co )6 ]  of +5660 ppmZo8 does not fi t  these general ranges and 
recent reviewersIY2 have suggested that a contact or pseudocontact interaction with a 
paramagnctic decomposition product may bc responsible for this enormous deshield- 
ing. The explanation is certainly credible and a re-investigation of the compound 
would appear to be warranted. 

Coupling, 1J(59V. 31P), is generally observed in the phosphine-substituted carbonyl 
complexes and the variations in magnitude appear to relate only to the nature of the 
phosphine212 and thus are not diagnostically very informative2". 

93Nb n.m.r. has been applied to a number of structural problems in inorganic 
niobium chemistry192. Only a narrow shift range is currently known (ca.  2300 pprn), 
but as only Nb(V) compounds have so far been studied, this can be expected to 
increase. Niobium has a limited organornetallic chemistry and no organoniobium 
compounds have been examined by 93Nb n.m.r. spectroscopy. Both [ NbC1& and 
[NbF6]- have been used as shift standardsIg2; the latter is preferred as, despite the 
coupling to fluorine, the fluoride resonates at  the high shielding end of the shift range 
whereas the chloride resonates in the middle of the range. 

As previously mentioned, no organotantalurn compounds have been studied by 
lnlTa n.m.r. spectroscopy. 

4. Cr, Mo, W 

"Cr ( I  = i, N = 9.55%) has a low sensitivity to n.m.r. detection and data relating to 
53Cr n.m.r. are scarcc. The [Cr04]'- ion has been examined216. where symmetry con- 
straints do not causc a large field gradient a t  the nucleus and [c r (co) , ] ,  where thc 
53Cr nucleus is shielded by 1795 ppm relative to t h e  chromate ion217. The higher 
shielding in the lower oxidation state is to be expected on electron density consider- 
ations. No other data relevant to organometallic systems appear to be available. 

The two active molybdenum isotopes, 95Mo ( I  = $. N = 15.7%) and Y7Mo ( I  = i, 
N = 9.5%). are quadrupolar with weak magnetic moments (Table 6 ) .  95Mo is pre- 
ferred as i t  is slightly more sensitive and has a smaller quadrupolar momcnt. Few 
results from "Mo n.m.r. have yet been obtained. Both YSMo and 97Mo resonances 
for [Mo0412-  have been reportcd2'" and resonances at -1309 and -1856 pprn 
relative to b(Y5Mo) of the molybdatc ion observed for [ M o ( C N ) ~ ] ~ -  and [Mo(CO)J, 
respectively21Y. No other studies of rclcvance here appear to have been describcd. The 
decrease in shielding, Mo(0) > Mo(1V). is as expected (see abovc). 

A few coupling constants involving molybdenum have been measured from the 
n.m.r. of the coupled nuclei. Particularly interesting arc results obtained from the 
3IP{ IH} n.m.r. of [ MO(CO)~L] (L = tertiary phosphine) where satellites assigned to 
coupling bctwccn phosphorus and both molybdenum isotopes were described2?". 
These workers suggested that separate satellites could not be resolvcd bccause of the 
small diffcrcnccs between lJ(ySMo. 31P) and 1J(y71M0, ,IP) in relation to the linewidth. 
Thc system has bccn re-invcstigated by 31P{ysMo. IH) triple resonance methods221 
and i t  appcars that the satellites result entirely from coupling to "Mo. The explanation 
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TABLE 9. 6('99Hg) and 'J("'Hg. 'lJ3W) data for sornc 
mercury-tungstcn compounds, [ HgX( W(CO)3(C5Hs)}] 

X 6(1YYHg) (ppm)" lJ("9Hg, IR3W) (Hz) 
~~ ~ ~~~ ~ ~~ 

CI -997 706 
Br - 1200 690 
I - 1529 630 
SCN - 924 684 

'Kclative to 90% HgMe2/10% C6F6 (internal lock). Data 
from rcfcrcnce 238. 

proposed is that the large quadrupolar momcnt of 97Mo causes rapid relaxation in 
isotopomers of 97M0 which effcctively decouples the phosphorus nucleus. In 9SMo, thc 
quadrupolar moment is substantially smaller and so relaxation is slower, enabling 
coupling to be observed. 

Tungsten has one  I = $ isotopc. IR3W, which prescnts several problems rclating to 
n.m.r. measurement. The isotope has a low sensitivity (Table 3), which hinders 
measurement by pulsed cxcitation, whilst the low gyromagnetic ratio leads to small 
values of nJ(la3W. X), which restricts indirect observation, as the coupling must be 
clearly resolved before doublc resonance methods can bc used. Nonetheless, 'H{ le3W} 
n.m.r. studies have been successfully performed for some tungsten phosphine com- 
plexes" in cases where "J(IB3W, 'H) > 1 Hz. Even in cases where the coupling is less 
than this, the fact that 3J(31P, 'H) and 'J(la3W, 31P) are both distinguishable allows 
iH{31P. le3W} triple resonance experiments to be performed92 and so the data can be 
extracted by the indirect method. 

Chemical shifts are measured relative to WF6 and, apart from thc usual variation 
with oxidation statc, d o  not seem to be particularly sensitive probes for structural 
changcs. Many carbonyl dcrivatives of types [ W(CO),L], [W(CO)4L2], and 
[W(CO),(C,H,)X] ( L  = tertiary phosphine, X = anionic group) have been 
~ t u d i e d ' ~ . ~ ~ ~  and a compilation of shifts is availablc192. The range of shifts for a given 
class of compound is small and hencc correlations with other spectral parameters are 
not to be heavily relied upon. 

As previously mentioned, couplings involving tungsten tend to be small and, 
although a substantial number of lJ(lH3M', ,lP) values havc been deduced from the 
31P{ IH} n.m.r. of tungsten phosphine and phosphite c o m p l e ~ e s ~ ~ ~ - ~ ' ~ ,  few other 
couplings involving nuclei othcr than the proton are known. Couplings to fluorine in 
tungsten o ~ y f l u o r i d e s ~ ~ " ~ ~ ~ ~  and to carbon in tungsten carbonyls havc been reportcdZ3' 
(Tablc 8 ) ,  as have thc values of IJ(Ia3W, Il9Sn) = -150 z 5 Hz by IH{Ia3W} double 
resonance of [ Me3SnW(CO)3(CsHs)]237 and IJ(IY9Hg, In3W) (Table 9). 

5. Mn, Tc. Re 

55Mn is a quadrupolar nucleus ( I  = i) of 100% abundancc. It has a modcrate 
quadrupolc moment (Table 6) and accordingly i t  is to be expccted that broad lines 
will result for complexcs of low symmetry and that couplings involving 5sMn will be 
difficult to detcrmine unambiguously. These expectations arc borne out in practice. 
Technetium has no stable isotopes and so is of limited intcrcst in organometallic 
chemistry and will not be considercd furthcr hcrc. Both IHsRe ( N  = 37.07%)) and 
IB7Re ( N  = 62.93%) have I = z; IH7Re has the smaller quadrupolc moment and is 
slightly inore sensitive to 9.m.r. detcction (Tablc 6). Limited studics of rhenium n.m.r. 
have been describedlY2. but no data rclcvant to organometallic systems have been 
reported. Accordingly, o n l y  ssMn is of intcrest in this triad. 
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TABLE 10. b("Mn) data for [Mn(CO)sX] cornplexcs 

X 6(s5Mn) (pprn)" X a( 5sMn) (pprn)" 
~~ ~~~ 

H - 3630 -3 - 1850 

CHzF -2130 Br - 1160 
CHF2 - 1970 CI - 1005 

Me -2265 I - 1485 

"Relative to [ K][Mn04](:lq); data from rckrence 34. 

SsMn chemical shifts are reported relative to [ K][ Mn04](aq.). The high oxidation 
state of mangancse means that the rcsonance occurs at the low shielding end of thc 
shift range and so most values are negativc with respcct to this refcrencc. Thc high 
symmetry of the [MnO,]- ion results in a narrow s5Mn resonance and so. despite 
considerable solvent effectsly', the standard seems a good choice. Most compounds 
which have becn studied involve low-valent inangancse [ Mn( I )  and Mn( - I)] as the 
paramagnetic compounds of higher oxidation state are obviously not suitablc. 

largely substituted carbonyls. [ M ~ ( C O ) S L ] ~ ~ ~ " ~ ~ ~ ' ~  , [ MnH(CO)s-,,(PF3),,]z3y. and 
some dimeric c a r b ~ n y l s ~ ~ , ? ~ '  (L = anionic ligand, Ii = 0-5). Data for some mono- 
nuclear [Mn(CO)5X] compounds are displayed in Tablc 10. The increase in shielding 
o n  moving from the [X-----+Mn(CO)s] typcs to the [X'-----Mn(CO)s] types has 
been taken as a diagnostic of the a-donor ability of thc X ligand?"".?'?. The incrcase in 
shielding rcflects the increased clcctron dcnsity at the manganese nucleus. 

I t  was previously mcntioned that corrclations bctween nuclear shielding and other 
spectroscopic parametcrs can bc unreliable. a consequence of the number of variablcs 
in the shielding equations. Here, thc SSMn shielding increases in the order CI < Br < 1 
(Tablc lo), exactly as prcdicted by the ncphelauxctic serics by 'cloud cxpansion' 
(i.e. variation in the radial term. ( r - 3 ) ,  in equation 2). This correlation is not always 
obscrved as changing from hard to soft halide donors usually causes A E  to altcr 
sufficiently that variations in ( r - 3 )  are obscured. This variation is oftcn described as 
normal or  typical behaviour, whereas in reality i t  is not always observed with transition 
metal nuclei. 

The variation in 5SMn linewidth with symmetry provides a useful tool for measuring 
quadrupole coupling constants without resorting to NQR. The subject has been dis- 
cussed in some detai1I9*. 

Coupling data have yet to be extracted from 5sMn n.m.r. spectra. Thc only coupling 
involving '"n which appcars to have bccn reportcd is 1J(5sMn, I7O) = 30 H z " ~ . " ~  
for the [MnOJ- ion. 

Manganese chemical shifts have been measured lor many 

6. Fe, Ru, 0 s  

The active nuclei in thc iron triad must rank as one of the greatest disappointments 
in organometallic n.m.r. studies since. despite t h e  wry rich organomctallic chemistry 
displayed by these elemcnts. the difficulties encountered in observation of the n.m.r. 
of these nuclei almost precludes thcir use as structural probes. 

57Fe ( I  = f ,  N = 2.2%) has a poor sensitivity to n.m.r. detection (Table 3) and the 
long relaxation times associated with the I = t nuclei cause saturation problcms at high 
radiofrequency powcrs. Both active ruthenium nuclci, "Ru ( I  = f. N = 12.7%) and 
IolRu ( I  = :, N = 17.1 %) arc quadrupolar and no  rcports of thcir n.m.r. appcar to bc 
available. Osmium has both I = i ( I n 7 0 s )  and I = (IR90s) nuclei; the former has a 
very low n.m.r. sensitivity and thc latter is quadrupolar. Apart from rcsonanccs 
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TABLE 11. 6(S7Fe) data for some substituted ferrocenes 

Comoound' 15('~Fe) (ppm)b Solvcnt 

/ CH3 

*O 
Fc- C 

FC - CHCHB 

OH 
I 

Fc- CHZCH3 

Fc-H' 

215.55 -2 

0.00 cs2 

36.6 cs2 

- 1098.85 BF,-H20 

"Type: 0- .......' R ;  

I 

Fe 
I 
I 

data from refercnce 248. 
Compounds enriched with up to 
82% s7Fe. 

bRclative to 6(S7Fe) of ferroceneC = 0 (30°C. CS2 
solution). 
'From 13C{'H} n.m.r., 'J(s7Fe, 13C) = 4.88 -t 0.12 Hz 
and 6(13C) = 67.7 ppm for ferroccne. 

attributable to both isotopes in O S O ~ * ~ * ,  no other n.m.r. parameters have been 
measured. Only the s7Fe nucleus has been studied in any depth for this triad and even 
here only a few significant results have been reported. 

The s7Fe resonance of [Fe(C0)5] has been reported247, but very sophisticated 
experimental techniques were necessary for its observation and the effort required 
would dissuade most workers from attempting similar experiments with other com- 
pounds. Substituted ferrocenes, enriched with s7Fe (an expensive process), have also 
been e ~ a m i n e d * ~ ~ . ~ ~ ~ ,  using multiple resonance methods. The  data for these com- 
pounds are shown in Table 11. Double resonance studies of myoglobin enriched to 
90% with 13C and s7Fe have also been described2s0. 

Apart from the data in Table 1 I ,  few coupling constants involving s7Fe are  known. 
Values of 'J(57Fe, 13C) = 23.4 Hz in [Fe(CO)S] and 'J(s7Fe, ,lP) = 26.5 Hz in 
[ Fe(CO)4(PR3)] complexes have been reported2s'. 

7. Co, Rh, Ir 

"Co ( I  = I ,  N = 100%) is a sensitive nucleus for n.m.r. detection (Table 6); it has 
a moderate quadrupole moment and so linewidth variations with symmetry are to be 
expected. Io3Rh, despite being 100% abundant with I = I, is very difficult to observe 
directly by Io3Rh n.m.r. as i t  has a magnetic moment and a gyromagnetic ratio which 
are both of small magnitude (Table 3). Most measurements of lo3Rh n.m.r. parameters 
have been made indirectly. Iridium has two isotopes of I = f ,  1911r and I9,Ir, both of 
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which have large quadrupole moments. To date, no significant reports of iridium 
n.m.r. have appeared, and this is unlikely to be a useful area of study in organornetallic 
systems as the linewidths will be prohibitively large in all but the most symmetric 
complexes. 

Co(II1) coordination complexes have been studied in depth by s9C0 n.m.r. [Co(II) 
being a paramagnetic oxidation state] and possibly more data o n  chemical shifts are 
available for Co(II1) than for any other transition metal ion. Chemical shift data for 
cobalt complexes have recently been reviewed'Y', with extensive tabulation of data 
for Co(III), and so the results, which do not bear directly on organometallic chemistry, 
will not be reconsidered here, although some results of relevance have appeared since 
the review article was p ~ b l i s h c d ~ ' ~ - ~ ~ ~ .  Of greater relevance to organometallic systems 
are data for low-valent cobalt complexes, largely Co(0) and Co(-I), for which rather 
fewer results are available. 

Chemical shifts are generally measured relative to [CO(CN),]~-(,~,,, used as an 
external reference to prevent ligand exchange problems. The normal relationship 
between oxidation state and shielding appears to hold, i.e. Co(-I) > Co(0) > Co(II1). 

A number of cobalt(0) carbonyls and related cobalt( - I )  derivatives have been 
e ~ a m i n e d ~ ~ O - ~ ~ ~ ,  these compounds being of interest in catalytic hydroformylation and 
hydrosilylation reactions. The polynuclear carbonyls [ co~(co)8]260-2"2.267 and 
[Co4(CO)12]261.262.264.267 have been examined by several workers; the former shows a 
single resonance at cu. -2100 ppm and the latter shows two resonances in the ratio 
1:3 at cu. -400 and - 1700 ppm, as expected. The data are approximate as there 
appears to be a substantial variation in shift with solvent. Some Co(-I) complexes, 
[ C O ( N O ) ~ B ~ ( P R ~ ) ] ,  have bcen studied265 and the value of the cobalt shielding was 
found to correlate with the n-acceptor ability of the phosphine ( i t .  good n-acceptors 
cause deshielding) as expected in terms of electron density at cobalt. Complexes of the 
type [Co(CO),X] (X = SiR3. GeR3, H) have also been and show the 
expected variation in 6(s9C0) with the electron withdrawing ability of X. The anion 
[Co(PF,),]- gives rise to a cobalt resonance at -4220 ppm261, comparison with a 
related Co(II1) compound, [ C O ( P { O M ~ ) ~ ) ~ ] ~ + ,  6(59C0) = +304 ppm2'* demonstrates 
the considerable shielding experienced by low-valent cobalt nuclei. 

As sgCO is quadrupolar, few coupling constants involving this nucleus have been 
observed. For example, some Co( 111) phosphite complexes have been r e p ~ r t e d ~ ~ ~ - ~ ~ ~ ,  
[coL6]3+, where L = 14-18, but 1J(5yC0, 31P) could only be obtained from the "Co 
n.m.r. of the complexes for L = 14 and 18; quadrupolar broadening prevented obser- 
vation of coupling for L = 15-17. The values obtained were 'J(syCO, 31P) = 443 HzZS9 
for L = P(OMe), and 412 Hz for L =  182s9. In the anion [Co(PF,),]-, 

' O 1  1 
P' / ' O Z  MeO, T z  MeO-P 

0 
\ P N O  

P(OMeI3 OMe 
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1J(59Co, 31P) = 1222 Hz and 2J(59Co, I9F) = 57 Hz2". Coupling to carbon in 
[Co(CO),]. 'J(5'Co. I3C) = 287 Hz261 and [CO(CN),]~-. 'J(s 'C~. 13C) = 126 H z ~ ~ ~  
has also been reported. 

A variety of rhodium complexes ranging from simple niononuclcar Rh(I)85*R6-269-271 
and Rh( 111)85.86.269.272.273 species to complex carbonyl clusters271, have been examined 
by double resonancc methods. The choice of standard for 1"3Rh n.1n.r. shifts is 
currently rather arbitrary; mu-[ RhC13(SMe2),] has been usedns.272, as this is especially 
suitable for 'H{ '("Rh} n.m.r. More recently, thc symmetrical [ Rh6C(CO)ls]2- ion has 
been employed as a reference274 in the direct observation of clusters where the 
resonant frequencies are correctcd to the field strength where the protons of Me4Si 
resonate at 200 MHz. A more acceptable approach is to use an essentially arbitrary 
value of 3.16 MHz as the resonant frequency of thc rhodium refcrcnce corrected to 
the field strength where the protons of Me&i resonate at 100 MHz; i.e. O(Rh) = 

3.16 MHz. This arbitrary approach, relating resonancc shifts to a given frequency, is 
used here to be consistent with the most recent articles dealing with Io3Rh n.m.r. 
data 192.193. 

TABLE 12. 6(In3Rh) data for 
[ Rh(PPh3)3X] complexes 

X a( '"'Rh) (ppm)" 

CI -81 
Br - 1 4 2  
1 - 268 

ORelative to E(103Rh) = 3.16 
MHz; data obtained by 
31P{ Io3Rh} double resonance; 
refcrence 86. 

Shift data86 for the complexes [Rh(PPh3)3X] (X = CI, Br, I )  are given in Table 12, 
and show a decrease in shielding, I > Br > CI, as prcviously describcd for 55Mn 
shielding. Variations in AE would usually cause the opposite trend to be observed. so 
here the effects of altering the halide ligand on ( r - 3 )  must be dominant in determining 
the paramagnetic contribution. A large number of Rh(1) and Rh(ll1) complexes have 
been examined and their data have been discussed recentlylg2. Thc most important 
recent development in Io3Rh n.m.r. is the direct observation o f  this nucleus in solution. 
A number of mononuclear complexes were initially s t u d i ~ d ~ ~ '  (Table 13). including 
some cyclopentadienyl derivatives which show no obscrvable coupling to rhodium and 

TABLE 13. Io3Rh n.m.r. parameters of mononuclear complexes obtained by 
direct observation 

IJ 103 Complex a( lo3Rh) (ppm)" ( Rh. 'lP) (Hz) 

- 368  127 -c 4 
- 

[ Rh(PPh3)2(CO)CI] 
[CsMejRhC12]2 + 2 3 0 3  
[ CSMe Rh( OCO Me)2- H 2 0 1 ,  + 2644  - 
[CsMesRh(N03)21 + 2 3 6 4  - 
[ CsMesRh( PMe2Ph)2CI][ CI] + 4 2 S  104 -c 2 
[ C5Me5Rh(PMezPh)zCI][ BPhj] + 4 1 5  143 t 5 

"Relative to ?("'3Rh) = 3.16 MHz; data from refcrence 275. 
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TABLE 14. '03Rh n.m.r. parameters of cluster complexes obtained by direct 
observation 

85 7 

Complex 6('""Rh) (ppm)" 'J('03Rh. 3 1 P )  (132) 

[Rh6C(CO)lj]'- -277.2 - 
+879.3(1) - 

- 1457.8(8) - 
- * 

- 638.6(8) 

[ Rh,P(C0)2ll2- '' - 1423.1 4 6  
- 1222.3 32 
-1051.8 36 

"Relative to Z( lo3Rh) = 3.16 MHz; relative intensitics in parentheses. Data 
from reference 274. 
bSee Figure 5. 
'Sec Figure 6 .  

so could not be examined indirectly. The technique has since been utilized27J to study 
some carbonyl clusters, [ Rh9P(CO)2i]2- and [ Rh17S2(C0)32I3-. The data are shown 
in Table 14. The Rh9 cluster has been characterized ~rys ta l lographica l ly~~~ and the 
solid-state structure consists of eight rhodium atoms at  the  corners of a cubic antiprism 
with the ninth rhodium atom capping one squarc face. The phosphorus atom is 
encapsulated in the central cavity (see Figure 1). Initial I3C{ 'H} n.m.r. studies276 
showed that there was carbonyl fluxionality in the temperature range -40 to +45"C. 
The 3*P{'H} n.m.r. spectrum276 consisted of a ten-line multiplet at t 4 0 " C  which 
increased in multiplicity down to - 80°C. To  investigate whether thc rhodium skeleton 
was fluxional, as the I3C and 31P studies suggest, the lo3Rh n.rn.r. spectrum was 
obtained274. The rhodium skeleton was indeed found to be non-rigid. as a static 
spectrum could be observed at -80°C consistent with the solid-state structure, 
whereas at +23"C only one doublet was observed. The shift and coupling constant of 

Square Square Capping 
plane plane Rh atom 

1 1 I 
I I I 

A I 

FIGURE 4. X-ray structure of 
[Rhr,P(C0)21]"-. Open spheres, 
Rh; closcd spheres, P. Carbonyl 
ligands omitted. See Table 14 for 
lu3Rh n.m.r. data. Reprinted with 
permission from Vidal et al., Inorg. 
Cliern.. 18, 129 (1979).  Copyright 
1979 American Chemical 
Society. 
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Outer Rh, plane 

Inper Rh, plane 

Encapsulated 
Rh atom 

Inner Rh, plane 

Outer Rh, plane 

FIGURE 5. X-ray structure of [Rhl&- 
(C0)32l3-. Open spheres. Rh; closed spheres. 
S. Carbonyl ligands omitted. See Table 14 for 
lo3Rh n.m.r. data. Reprinted with permission 
from Vidal et al.. lnorg. Cheni.. 17. 2574 (1978). 
Copyright 1978 American Chemical Society. 

the  doublet  corresponded to  a weighted mean of the three resonances in the static 
spectrum. 

T h e  [Rh17S2(C0)32]3- ion gave a static spectrum274. The  crystal structure of this 
compound is known277 and  consists of  sixteen rhodium atoms at  the corners of four 
square planes stacked horizontally with a 45" stagger between each layer. T h e  
S-Rh-S moiety lies along the  C4 axis of the  cavity (Figure 5). The  1"3Rh n.m.r. 

shows resonances attributable t o  the two outer planes (SRh), the two 
inner planes (8Rh)  and  the  encapsulated a tom (1 Rh). T h e  encapsulated atom is very 
deshielded, indicating a highly electropositive nature. T h e  I3C n.m.r. spectrum of this 
compound has also been reportedt7*, and exchange studies with 13C0 show that 
enrichment a t  all sites occurs at  ca. 125°C whilst no  enrichment occurs a t  lower 
temperatui-es (40°C). Only a t  high temperatures could carbonyl scrambling on  the 
internal Rh4  planes be observed. T h e  Io3Rh n.m.r. results a static structure for 
t he  rhodium skeleton, but high-temperature studies a re  necessary for investigating 
the fluxionality observed in the  I3C n.m.r. work. 

Another  recent development in the study of carbonyl clusters is the use of selective 
I3C('O3Rh} decoupling experimentsa4. T h e  anion [ Rh7(C0)16]3- has been investigated 
by this technique. The  solid-state structure of this anion is known279 arid consists of a 
monocapped octahedron with seven terminal carbonyls (one per Rh), six edge- 
bridging and  three face-bridging carbonyls (Figure 6). T h e  13C{ lo3Rh} n.m.r.w demon- 
strated that o n e  set of carbonyl groups moves around the basal triangle of rhodium 
a toms in the fluxional process and  that fluxionality of the rhodium skeleton is not 
involved. Direct observation274 of the '03Rh n.m.r. of [ Rh7(C0)16]3- confirms the 
rhodium chemical shifts derived from the 13C{ lo3Rh) m e a s u ~ e m e n t s ~ ~  (Table 15) as 
three resonances in a 3:1:3 ratio were observed at  similar shift values. 
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-Copping Rh otorn 

-Copped Rh3 triangle 

-Uncapped (bosal) Rh3 
triangle 

FIGURE 6.  X-ray structure of 
[Rh7(C0)16]~- ,  showing Rh skeletononly. 
Reproduced from reference 279 with 
permission. See Table 15 for 13C{'03Rh} 
n.m.r. data. 

TABLE 15. In3Rh n.m.r. parameters of [Rh7(C0)16I3- obtained b; 13C{ "'Rh} double 
resonance methods 

Number of Rh-Rh bonds 
Assignment" ,5('"3Rh) (PPmIb associated with atom 

Capping Rh atom +483 3 
Capped Rh3 triangle - 376 4 
Uncapped (basal) Rh3 triangle +690 5 

"See Figure 6. 
bRelative to 3(Io3Rh) = 3.16 MHz; data from reference 84. 

As y(Io3Rh) is of small magnitude, couplin constants involving the '03Rh nucleus 
tend to be small in size. Couplings to IHfS9, 1gC232 and 31P2Rn*2R1 have been discussed 
previously. Some telluride complexes have been describeds3 and I/(lzsTe, Io3Rh) 
measured; the data (Table 16) show the cxpected effects according to the frans- 
influence of the tram-ligand, but effects of changing the trans-halide are rather small 
and so not very diagnostically informative. 

T A B L E  16. Io3Rh n.rn.r. parametersofmer-[ RhX3(TeMe2)3] 
(X = C1, Br. I) obtained by IH{Io3Rh) double resonance 
methods 

X d("'Rh) (ppm)" IJ(IZsTe, lo3Rh) (Hz) 

CI +3179 +71b +94c 
Br +2567 + 7 0  +93 
I +I352 + 66 + 69 

"Relative to E('03Rh) = 3.16 MHz; data from referente 83. 
birans to TeMel. 
'trans to X. 

8. Ni, Pd, Pt 

The 61Ni nucleus (I = !, N = 1.19%) has attracted very little attention from 
chemists, presumably the problems of low abundance and the nuclear quadrupole 
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TABLE 17. 6 ( 6 ' N i )  and 'J(6'Ni, 3 1 P )  data for some [Ni(CO)3L] 
comnlexrs 

L 6("Ni) (ppm)" 'J(O'Ni, ,'P) (Hz) 

PBuf2( SnMc,) Y2.8 206 
PBuf2(GeMc3) 59.2 203 
PBu'(GcMe3)z 87.0 197 
PBuf(SiMe3)-, 81.8 161 
PI3 uf2( Si 1Mc 3) 58.9 197 
PBd3 56.6 232 

'Relative to [Ni(CO).J in benzcnc. Data from refcrcnce 283 

dissuading many workers from attempting "Ni n.m.r. cxperimcnts. Despite reports to 
thc c ~ n t r a r y ~ ~ ~ ~ ' ~ ? ~ ' ~ ~ ,  t h e  first solution measurement of an organometallic compound, 
[Ni(CO)4], by " 'Ni n.m.r. appears to have been performed as carly as 19642H2. with 
no special problems of observing a resonance bcing mentioned. No other work 
appears to have been reported until vcry recently, when the 6'Ni n.m.r. of some 
[Ni(CO),L] (L = tertiary phosphine) complexes were r e p ~ r t c d ~ " ~ .  The values of 
6(61Ni) and 'J("Ni. 3'P) obtained arc shown in Tablc 17. Thc standard uscd for shift 
measurements was [Ni(C0)4] in benzene. rathcr an unpleasant choice in view of the  
toxicity and volatility of nickel carbonyl and the carcinogenicity of benzene, but 
nccessary as the prccedent for its measurement was available2"?. Undoubtedly this 
area will bc one of rapid future growth in view of the extensive organomctallic 
chemistry of nickel. 

loSPd (I = f .  N = 22.23%) docs not appear to have been the subject of chemically 
significant n.ni.r. studies. 

ly5Pt (I = 4. N = 33.8%) has becn studied in some detail. initially by double 
resonance and now increasingly by direct observation. 

Considerable solvent cffects o n  the chemical shifts o f  both Pt(l1) and Pt(IV) coni- 
pounds have bcen notedIY2 and accordingly thc choice of shift standard is of consider- 
able importancc. Although a wide variety of compounds have becn used as standards, 
none seem cntirely satisfactory and again i t  seems bcst to employ an arbitrary 
frequency scale. Here, a value of O("'Pt) = 21.4 MHz is used, in keeping with a 
previous article concerning lvsPt n.rn.r.lY'. A large number of coordination complexes 
of Pt(l1) and. to a lesser extent, Pt(1V) have been examincd by lvsPt n.m.r. spec- 
troscopy. As thcsc studies have recently bcen discussedIY2, only organoplatinum(I1) 
compounds and the more recent rcsults for related coordination compounds of 
significance in organometallic systems will be discussed here. 

The shift range observed for lYsPt resonances is very largc, extending from 
+ 1 1  847 ppm for [ P t F J -  -'84 to - 1528 ppm for [PtI6I2- 2RS. Clearly, as two Pt(lV) 
compounds occupy thc extreme ends of the shift range, the magnitude of the IysPt 
chcmical shift cannot be used to diffcrentiate between oxidation states. There are, 
howcver, clearly observablc trends in shift for related series of compounds. Some 
exaniplcs. useful in structural analysis, are as follows: 

( i )  Analogous substituted-phenylplatinum(I1) complexes have similar shifts when 
substituted in nwru- and para-positions as thc shielding is not very sensitive to 
electron-withdrawing cffccts. Substitution in the orrho-position of the aryl ring 
causes deshielding. possibly a result of a sterically induced interaction between 
the meru-substitucnt and the platinum nuclcus. resulting in an enhanced dipole- 
dipole interactionZH6. or a rcsult of a disrupted solvation sphere about the 
platinum nucleus. 
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T A B L E  18. lVSPt n.m.r. data for [PtMe?L?] com- 
plexes. comparison of strain effects on  a( ”5Pt) 

86 1 

L2 

dPPn1 +703.Y 

dPPP +4.7 

2 PPhiMc 0 
PBU%( B u ~ P C ~ H ~ )  + 685 

dPPc -9 .2  

dl’Pb -58.6 

“A{a(lvspt)) = 6(19’Pt) o f  complcx - J(lysPt)  of 
[ PtMc?(PPhzMe)z] in pprn. Data f r o m  reference 
387. 

(ii) Platinum shieldings are vcry scnsitive to bond angle strain28G (sec also IIYSn and 
207Pb) and the formation of strained metallocycles is accompanicd by consider- 
able deshielding. An example is the series of compounds [PtMe2L2] wherc 
L2 = Ph2P{CH2},,PPh2 ( n  = 1-4) and L = PMePh2. Thc shift data”’ (Table 18) 
for ti  = 2, 3, and 4 are all similar whereas the strained system, n = 1. is 
deshielded by ca. 700 ppm. This effect can be used to diagnosc mctallation in 
tertiary phosphine complexes; for example287. in the nietallated complcx 
[ Pt(PBujCMe2kH2)(PBu;)CI] the chemical shift is similar to that of 
[PtMe,(dppm)J; data in Table 18 show that this value is typical of a strained 
plat inacycle. 

(iii) In related series of compounds, such as [ PtC13(PR3)]-, changing the substitucnts 
on the donor atom has little effect on shielding (as in phcnyl substitution in (i) 
above). For example the shieldings for R = Me, Ph, OMe lie within a 17 ppm 
range192. 

More useful in structural analysis is consideration of both chemical shift and 
coupling constant jointly. Some couplings for which data arc available are as follows: 

(i) nJ(195Pt, IH). Values of thc one-bond ( n  = 1) coupling are very well known; the 
coupling constant is usually obtained from the IH n.ni.r. spectrum and consc- 
quently there are many rcported valucs (e.g. IH n.m.r. of 123 platinum hydrides 
are mentioncd in the 1976-77 annual reviewsI4). Collation of the available 
data15V.228 has shown that values o f  a ca. 1000 2 300 Hz arc typical, depending 
upon the trans-influcncc of thc rrutu-ligand2nH. Couplings for ri = 2228 
(e .g .  Pt-CH3) and I I  = 328y [c.g. Pt-P(CH3),] have also becn described. 

(ii) nJ(195Pt, I3C). Values of one-bond couplings have been r ~ v i e w e d ? ~ ~ .  In studies2’” 
of the oxidative addition o f  XY (X = Y = CI. Br, I; X = I ,  Y = C N )  to 
[Pt(CN)J]2- by I;C and IysPt n.m.r. i t  was observed that IJ(lYsPt, I3C) in Pt(l1) 
cyanides is ca. 1000 Hz whereas in Pt(1V) cyanides thc value is typically cu. 
850 Hz, the expectcd trcnd in terms of percentage s-orbital character in the 
theoretical hybrid orbitals of the Pt-C bonds (i.e. Pt(1I) = dsp?; 2590 s-charac- 
ter; Pt(IV) = d2sp3; 16.6% s-charactcr). assuming a simplified Fermi-contact 
model. 

Multi-path platinum-carbon couplings have bccn invcstigatcd i n  some 
platinum-amine complexes2”; thc effccts are probably gcneral in most platina- 
cycles. For example. coupling bctwecn Pt and CI in 19 is the  sum o f  both a 
two-bond and thrcc-bond coupling (i.e. Pt + N I  - CI + Pt + N? 4 c: -+ CI) .  
The resulting coupling is very small (ca. 5 Hz) when comparcd with an analogous 
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\ /  
Pt 

coupling in a bis(mondentate amine) complex (ca. 20 Hz) where n o  multipath 
coupling is possible. As three-bond couplings relate to the  dihedral angle via a 
Karplus-type relationshipss, the ring strain or fixed bond angles result in an 
abnormally large magnitude for 3J(19sPt, "C). Assuming the two and three-bond 
couplings to be of opposite sign, as expected, then the multipath effect reduces 
the coupling almost to zero as I2J(lssPt, I3C)I = I3J(IV5Pt. 13C)I. 

Platinum chemical shifts and platinum- carbon coupling constants have been 
examined in studies of diastereomeric olefin c o m p l e ~ e s ~ ~ ~ ~ ' ~ ~  and of platinum 
carbonyl ~ l u s t e r s ~ ~ ~ ~ ~ ~ ~ .  The major problem in spectral analysis with a carbonyl 
cluster of any size is the large number of possible isotopomers with 195Pt (33.8%) 
and I3C (1.108%). The ly5Pt and 13C n.m.r. of the [Ptn(CO)2,]'- anions (n = 3, 
6, 9, 12, 15) have been r e p ~ r t e d ~ ~ ~ . * ~ ~  and the method of deducing isotopomer 
populations by pattern enumeration discussed2Ys. 

The signs of 'J(Pt, 13C) have been determined for [PtC13(C2H4)]-296 and for 
some phosphine-substituted platinum c a r b o n y l ~ ~ ~ ~ .  All values were positive. 

(iii) "J(IVSPt, I4N) and r'J(lysPt, ISN). Coupling to I'N may be resolved provided that 
quadrupolar relaxation is not too rapid. Values of IJ(lY5Pt, I4N) of ca. 300 Hz 
(substituted pyridine complexes)298 and 200-500 Hz (N-thiocyanate and 
N-cyanate c o m p l e x e ~ ) ~ ~ ~ ~ ~ ~ ~  have been reported. Studies of complexes enriched 
with ISN by ISN and 19sPt n.m.r. generally give more definitive results. S- and 
N-coordination of thiocyanates can be differentiated30' as IJ(lUsPt, lSN) is ca. 
550 Hz whereas 3J('9SPt, ISN) is cu. 15 Hz. Studies302 of Schiff base complexes 
have shown the dependence of 1J(13SPt, 15N) on the trans-effect of the trans- 
ligand. Some interesting multinuclear studies on the reactions of amines by 
nucleophilic attack on platinum(I1) olefin complexes have been described. 
Equation 7 describes the observed reaction303. 

CI CI 
I 

CI H 

M e ~ ' ~ C H 2 & 1 2 -  6 t  --"NHMe2 ~~-Pt- ' '5NHMe2 + ''NHMe2 r =  
I 
CI (7)  

/ \  I I 

(20) (21) 

Complex 20 shows a coupling, IJ(lYSPt. 15N) = 299 Hz, which collapses on addi- 
tion of a trace of amine. Further addition causes the appearance of a new 
resonance, attributed to 21, more shielded by 75.5 ppm, showing 
IJ(19sPt. lsN) = 107 Hz and 3J(losPt, 15N) = 51 Hz. The large value of the 
three-bond coupling was interpreted in terms of a secondary Pt- - - -N interaction. 
Thc geometry of 20 appears to be critical. as further of cis-complexes 
have shown a different reaction sequence (equation 8). The metallacycle 
shows the  expected 13C, 31P and lvsPt n.m.r. parameters, including 
IJ(19sPt. IsN) = 122 Hz. N o  three-bond coupling (as in 21) was observed. The 
reaction has since been shown to occur with other neutral l i g a n d ~ ~ " ~ .  
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CI 
Me 
I 

( i v )  “J(I9’Pt, I9F). Platinum-fluorine couplings have been used diagnostically in 
geometry determinations of fluoro-olefin complexes. 2J(19sPt, lYF) = 279.5 
Hz in [Pt(F2C=CF2)(PPh3)2]306; this may be compared with the value of 
3J(19SPt, I9F) of +66.5 Hz in the  analogous acetylene complex, [Pt(F3CC=CCF3)- 
(PPh3)2J306. A number of five-coordinate tris(pyrazoly1)borate fluoro-olefin 
complexes of platinum have been ~ t u d i e d ~ ~ . ~ ” ~  and the magnitude of “J(  lYsPt, lyF) 
found to vary with the orientation of the fluoro substituents with respect to the 
metal centre. Variation in 2J(1YSPt, I9F) in Pt-CF3 complexes has been dis- 
cussed22s. See also Section U .M.  

( v )  1J(195Pt, 31P). Variations in one-bond platinum-phosphorus couplings with the 
oxidation state of the metal, the nature of the trans-ligands and the bond anglc 
strain at the metal centre are well known and very useful in structural assign- 
ments. Articles discussing IJ(lssPt, 31P)22e~zeo~281 are available (see also Section 
VI. 5.2). 

Less commonly observed couplings, ‘J(  IssPt, 29Si)308, ‘J(IgsPt, 77Se), ‘J( 19’Pt. 
12sTe)309-311, and J (  19’Pt, 11ySn)312-314 have all been reported. Intercstingly, the anion 
[PtRhS(CO)lS], whose crystal structure shows that the six metal atoms are arranged in 
an octahedron, shows bcth IJ(IgSPt, lo3Rh) = 24.4 Hz and ?J(IYSPt, In3Rh) = 73.2 
Hz3I5. The one-bond coupling to the  four nearest rhodium atoms is much less than the 
two-bond coupling to the more distant single rhodium atom. This implies either a 
difference in sign between one and two-bond couplings or a strong interaction across 
the centre of the octahedron, or around the edges. 

One of the most erratic coupling constants, with regard to magnitude, is the 
platinum-platinum coupling, IJ(lssPt, 19’Pt). In Section II.A.5 the problem of 
chemical shift anisotropy cffectively collapsing this coupling36 was discussed; the 
reported values of this coupling have been compiled316 and show no correlation with 
the Pt-Pt bond order. The effect of the ligands trans- to the Pt-Pt moiety (whether 
formally bonded or not) seems to affect the coupling more than the bond order. For 
example, the formally Pt(1) dimer 3 has IJ(19’Pt, I9’Pt) = 8197 Hz whereas the Pt(1) 
complex 22 has IJ(lYsPt, I9’Pt) = 188 Hz. Both are estimated to have similar Pt-Pt 
distances3I6. As [Pt2(p-C1)2C12(PBu~)2J has ’J(I9’Pt, I9’Pt) = 190 Hz36.317, whcre 
there is no formal metal-metal bond, this parameter must be utilized with caution. 

9. Cu, Ag, Au 

Both active copper nuclei are quadrupolar, but have relatively high receptivities. 
As Cu(I1) is paramagnetic, only Cu(1) complexes are suitable for study. Very few 
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rcports of "3Cu (the more scnsitive isotopc) n.m.r. have appeared, possibly indicating 
a lack of interest in Cu(1) chemistry. although the pronounced disproportionation to 
Cu(0) and Cu(I1) is a deterrent. The [ C U ( P { O M ~ ) ~ ) J '  ion has been studied by 

identificd. The [Cu(CN)J ion has also been ~xamincd" l" .~?~.  TOO few data exist to 
makc mcaningful comparisons of chcmical shifts. 

Silver has two I = f nuclei, Io7Ag and IoYAg, the latter bcing more sensitive to 
n.m.r. detection, despite its lower abundance, as its gyromagnetic ratio is larger in 
magnitude. The problem with lo7Ag n.m.r. is largely chemical as Ag(1) complexes tend 
to be highly labile and thc formation of a numbcr of species is possible upon dissol- 
ution of an Ag(1) salt in  a coordinating solvent. Studies of this behaviour by loyAg 
n.m.r. have been discussed previously"?. An examplc of relevance in organometallic 
chemistry is the effect of added arcnes on the  Io7Ag n.m.r. of AgX salts dissolved in 
coordinating solvents321. In weak donor solvents (such as methanol or dimethylform- 
amide) addition of benzene o r  toluene causes deshielding of thc Io7Ag nucleus by 
several hundrcd parts per million. In  stronger donor solvents (such as acetonitrile or 
pyridinc). addition of arenes has little effect. As silver(1) arene complexcs are well 

these results have becn interpreted in terms of n-arcne complex formation 
in solution. These results support the well known cmpirical obscrvation that silver(1) 
salts. such as AgC104, are soluble in aromatic  hydrocarbon^'^'. Similar solution 
studies of rcactions of Ag(1) salts with S- and N-donor ligands have also becn 
r e p ~ r t e d ~ ~ ' - ~ ' ~ .  

Couplings involving Io7Ag arc uncommon owing to the  lability of thc complexes, 
although a fcw values of couplings to lH327 and 19F32n are known. The system 
[Ag(P{OR},),][X] ( 1 1  = 1, 2 .  3, 3 )  has been invcstigated by 31P{ln7Ag, IH} triple 
resonance329, values of 'J('"Ag, .IlP) varying from ccr. 340 Hz ( 1 1  = 4, X = SCN) to 
ca. 1160 Hz ( 1 1  = 1, X = NO3) .  Thc corresponding phosphine system has been 
investigated by 31P n.m .r.330. 

No chemically significant studies of Ig7Au (I = g, N = 100%) have been performed. 
a probable conscquence of the relatively largc quadrupolar moment. as thcre is 
significant interest in organogo Id system s33 I .  

3lp { 63 -C  , ' H }  triplc resonance"" and the coupling. 'J("Cu, 31P) = 1210 Hz, 

70. Zn, Cd, Hg 

"Zn (I = f, N = 4.11%) is a little studied nucleus. Reports of the 67Zn n.m.r. of 
simple Zn(I1) salts have appearedIY' and the lincwidth is very sensitive to the sym- 
metry of the ficld gradient at the nucleus, as expcctcd for this quadrupolar species. 
No reports of organozinc compounds studied by "Zn n.m.r. have been described. 

nuclei; the II'Cd isotopc is more sensitive to n.m.r. 
detection and so direct observations of this nucleus are usually made. Both Me2Cd 
and [CdSOJ],,,) have becn crnployed as shift standards, the former being suitable 
for double resonance work. A considerablc solvcnt dependence of cadmium shifts can 
lead to appreciable diffcrcnces in rcsults in diffcrcnt solvents. 

A 1 k y Ic ad m i urn corn pou nds have bec n studied by se ve ra I wo r ke rs33 2-3 36. The 
effcct3" of alkyl chain length and branching gives rise to an irregular increase in 
shielding. CdMc2 < Cd(CHMeEt): < CdBuP< CtlPr;< CdEt, < Cd(CHMc2)2. These 
authors particularly that thc substitution of a saturated carbon atom for a 
hydrogen atom in an alkyl chain has no rcgulnr effect o n  the ccntral mctal, but depends 
upon thc naturc of that mctal. Somc alkylcadniiuni alkoxides havc also been investi- 
g a t ~ d , ~ '  and the results intcrpreted in ternis of a tetramer-hexamer conversion. 

Somc results concerning the relaxation bchaviour of organocadniium compounds 
have bccn describcd3)) and. although these wi l l  not be discussed in dctail here. i t  is 

Both IlICd and Il3Cd are I = 
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noteworthy that spin-rotation contributions a re  significant for MezCd at  high 
tcmpcraturcs. a s  expectcd for a small organic group bondcd to a heavy metal centrc 
(see Section l l .A.4).  

As cadmium compounds tend to be labile in solution. few couplings involving 
l l l C d  or I13Cd have bcen dcscribcd. although the sign and  magnitude of ?J(II3Cd. I1-I) 
in R2Cd  arc known334.33s and couplings to 13C333 and 31P337 havc been described. 

Mercury has both I = f ("'Hg) and  I = I' (201Hg) nuclei, the former being preferred 
for n.m.r. study as i t  is not quadrupolar. The  accepted shift standard is Me2Hg, which 
can be uscd as a neat liquid, so avoiding solvent effects which are known to be large 
for mercury ~ h i e l d i n g s ~ ~ ~ .  T h c  solvent cffects or: mercgry shicldings are usually taken 
to imply an increase in coordination number. but recent have pointed out 
that this is not always thc case a n d  the complex effects of ficlds produced by polar 
solvents must be considcred. For cxample, the  199Hg nuclcus in t h e  complcx 
[MeHg(NCSH5)][N03] is deshielded by substituting a methyl group for a proton in 
the 2-position of thc pyridine ring and is further deshielded by a second substitution 
in the  6-position. This  has been attributed to a disrupting effect on the solvent 
coordination sphere about t h e  mercury nucleus by the methyl 

19yHg chemical shifts of many simplc organomercury compounds of the types RzHg 
and  RHgX have been  r e p ~ r t e d ) ~ " - " ~ ;  the differences in solvent and temperature 
make  comparisons difficult although i t  is noteworthylY2 that the  alkyl chain lcngth 
affects 6(IYYHg) diffcrently to 6('I3Cd). Studies of some cyclohexylmcrcury halidcs 
have shown3j5 that axial and equatorial mercury halides can bc distinguished by 19yHg 
n.m.r., the equatorial groups being more shieldcd by cu. 90 ppm compared with axial 
groups. The  explanation for this is not obvious. but the observation is useful for 
distinguishing different conformations of cycloalkylmercury derivatives. 

Iy'Hg n.m.r. has bcen used to study anion-exchange reactions between mercury(I1) 
cyanide and mercury(I1) halides and the equilibria involved in these processes349. 
Mercury-phosphine complexes havc also been examined35o a n d  somc success 
achieved in differentiating betwccn isomeric dinicric complexes. 

A number of mercury-main group element complexes have been  ~ t u d i e d " l - ~ ~ ~ ;  
da ta  fo r  some mercury-silicon compounds are shown in Tablcs 19 and  20. T h e  effect 
of increasing alkyl chain lcngth o n  mercury results in shielding whereas increasing 
the alkyl chain length o n  silicon results in deshiclding of the mcrcury nucleus. The 

TABLE 19. 29Si and ""Hg n.m.r. data for trimcthylsilylmercury cornpounds, 
[ RHg(SiMe3)l" 

R 6(29Si) (pprn)' 6('99Hg) (ppm)' I J (  l y y ~ g .  ?'Si) (Hz) 

Mc 33.0 - 1367.0 
EI 34.0  - 1213.0 
ti-Pr 35.2 166 1234.1 
11-BU 35 .0 159 1225.9 

I-BU 33.6 1 1  995.6 
i- Pr 34.0 51 1 o n u  

CHzCl 30.3 - 1 137.0 

"Data from reference 351. 
bRclative to Me4Si. 
'Data convcrtcd to MezHg = 0 pprn; the original standard cmployed, 
Hg(NO3)r. was taken as having a chemical shift of -2361 pprn relative to 
Me2Hg3S5. The solvent dependence of mercury chemical shifts may introduce 
crrors into the tabulated data. 



866 Julian A. Davies 

TABLE 20. 29Si and '''HE n.m.r. data for bis(silyl)mercurials 

Compound ~ 5 ( ~ ~ S i )  (ppm)" ~5("~Hg) (ppm)' 'J(199Hg, 29Si) (Hz) Reference 

[ H3SiHgSiH31 - 10.3 + 196.0 - 352 
352 

[ Me3SiHgSiMe~y +64.0 +481.0 - 352 
+ 63.6 + 566 989.6 35 1 

[ Et3SiHgSiEt3IC +35.1 +971 957.0 35 1 

'Relativc to Me& 
'Relative to MezHg. 
'As ' in Tablc 19. 

[H3Si(')HgSi(')Me3] (1) -22.1 +327.1 - 
(2) +63.7 

former trend results from an electron density effect at the metal nucleus, whereas the 
latter may be due to an enhanced n-interaction causing a decrease in A E  as the silicon 
becomes more electron-rich. 

Some mercury-transition metal complexes have been studied23n; the data in Table 
21 show that no triad effect is observed in these compounds, probably because the 
small size of chromium leads to a decrease in covalency in the Hg-Cr bond and the 
resulting polarization shields the mercury nucleus. The halo-compounds (Table 9) 
show the decrease in shielding I > Br > C1, typical of halomercury derivatives. 

Coupling between '9yHg and many other active nuclei have been reported. Coupling 
to 'H and lYF has been discussed previously356. Sign determinations have been 
performed for couplings to 13C3s7 and 31P35L(. Examples of couplings to other hetero- 
nuclei are given in Tables 9,  19, 20, and 2 1. 

Of the three nuclei in this triad, lYyHg n.m.r. presents the most promise as  a 
relatively simple and well behaved n.m.r. nucleus. A substantial data base now exists 
and more elaborate structural dcterminations by this technique should now be 
possible. 

TABLE 21. 199Hg n.m.r. data for somc mercury-transition mctal 
compounds 

C5('99Hg) (ppm)" 

M Hg[M(CO)dCsI%)12 HgCI[M(CO)3(CsHs)I 

Cr - 80 - 542 
Mo +I15 -617 
W - 348' -997c 

'Relative to 90% HgMe2/10% C6F6 (internal lock). Data from 
reference 238. ' 'J(lYYHg. Is3W) = 151 Hz. 
' 'J(lYYHg, IR3W) = 706 Hz. 

F. Studies of the Group IllB Nuclei 

1. Boron compounds 

Boron has two n.m.r.-active isotopes, 'OB (I = 3. N = 19.6%) and IlB ( I  = {, 
N = 80.4%), the latter being more favoured for n.m.r. study. Historically, boron 
n.m.r. has been of great importance in the devclopment of the extensive chemistry 
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associated with the boron hydrides and their  derivative^'^^-^^'. Boranes. carboranes, 
and heteroatom boranes have all been studied in dcpth by IIB n.m.r.362.363; a potential 
area of interest relevant to this chapter is the study of m e t a l l o ~ a r b o r a n e s ~ ~ ~ .  Metal- 
locarboranes containing either a metal-carbon a-bond o r  a metal-boron a-bond are 
known. A review of thc chemistry of transition metal c a r b o r a n e ~ ~ ~ ~  has described IlB 
n.m.r. as  'useless' for the structural characterization of such complexes. This rather 
pessimistic view arises from two inhcrent problems in "B n.m.r. Firstly, thc multiplets 
arising from spin-coupling to IlB (with I = ) in many compounds are highly complex 
owing to overlapping as the shift range for IlB nuclei in a typical 'carborane-type' 
environment is relatively small. Secondly, many of the interesting transition metal 
carborane complexes are paramagnetic and hence give risc to broad resonances where 
small couplings (such as IIB-l H coupling) are not resolved. Nonetheless, this pessimis- 
tic attitude is not universal and a number of elegant structural determinations have 
been possible with favourable diamagnetic corn pound^^^^.^^^. Evcn with paramagnetic 
complexes the induced paramagnetic shifts may be of value d i a g n ~ s t i c a l l y ~ ~ ~ .  

Also of interest are studies of main group organometallic compounds containing 
rnetal-boron a-bonds. Several such compounds have been examined by double reson- 
ance methods in order to determine the sign of 'J(M, IlB) for comparison with 
'J(M, X) values for other elements. Some typical results are  shown in Table 22, 
together with some values of IJ(lgSPt, IlB) for which the magnitude, but not the sign, is 
known. 

The  widely accepted shift standard for I IB n.m.r. is rEtzO-BF31. 

TABLE 22 .  IlB n.m.r. data for some metal-boron compounds 

Compound d("B) (ppm)" 'J(M. IlB) (Hz) Reference 

[ Me3SnBC1(NMc2)] +44.4 2 0.3 -1007e 10 237 
[Me3SnB(NMed21 +39.0 2 0.3 -953 2 10 237 
[ Me3PbB(NMe2)2] +41.72 1 - 3 6 2  ? 2 368 
[ 9,9-( PMe2Ph)2-6-9-SPtBsHloJ - 26d' 369 

24W 

ORelative to [ Et20-BF31. 
bFor llB.+ 

2. Organoaluminium compounds 

27AI is a quadrupolar nucleus and accordingly linewidths are sensitive to the field 
gradient, and hence the symmetry, about the metal centre. 27Al n.m.r. has been 
r e ~ i e w e d ~ ~ O * ~ ~ l  and data show that linewidths increase as the symmetry decreases, 
octahedral < tetrahedral C trigonal. Shifts correlate with the type of coordination372 
and so a combination of shift and linewidth measurements makes 27AI n.m.r. suitable 
for  studies of s ~ l v a t i o n ~ ~ ~  and metal binding in biological systems372. Of interest in 
organometallic chemistry are studies of aluminium h y d r i d e ~ ~ ~ j - ~ ~ ~ ,  alkyls375-37Y*3Ro and 
b o r o h y d r i d e ~ ~ ~ ~ . ~ ~ ~ - ~ ~ ~ .  The linewidth problem (e.g. for [ A12Et6], linewidth a t  half- 
height i sca .  1 kHz) normally prevents observation of coupling to 27Al, although a few 
reports involv in~ coupling to 1H37n.376.377.381, 11B384, 13C3*5 and 31P370 have appeared. 

Al n.m.r. in solving chemical problems concerning dimeric alanes, 
[AJ2R6], o r  monomeric adducts, [AIR3.L], is limited as dissociation and ligand- 
exhange problems add to the ever-present linewidth problem and really only compara- 
tive shift data arc  a ~ a i l a b l e ~ ' ~ ) . ~ ~ ~ .  

T h e  use of 
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3. Other systems 

Gallium has two quadrupolar nuclei. "Ga and  71Ga. the latter. ICSS abundant, 
isotope being more suitable for n.m.r. study. Thc  problems in 71Ga  n.m.r. parallel 
those for  '7AI n.m.r. a n d  thc  limited number  of studies r e p ~ r t e d ~ ~ " ~ ~ ~ ~  probably reflccts 
a lack of chemical interest rathcr than  inherent n.m.r. problems. A number  of sym- 
metrical species have been  examined, but n o  compounds  of particular interest in 
organomctallic systems havc bcen studied. A shift range of cu. 1200 ppm is now 

Indium also has t w o  quadrupolar nuclei, II3In a n d  I r s ln ,  the former having poor 
receptivity and  the latter being more  sensitive. A few studies concerning the  n.m.r. of 
In(II1) salts havc been reported a n d  discussed371. but no  results of relevance in 
organometallic systems have been described. 

In contrast t o  G a  a n d  In. there a r e  two I = f nuclci of thallium. 203Tl a n d  205Tl, the 
latter being slightly more  favourable for  n.m.r. study. Both arc sensitive nuclei and a 
largc number  of compounds. particularly organothallium derivativcs. have been 
studied by ?O5TI n.m.r. Complcxation of TI(1) has been  studied in depth in biological 
systems and in studies o f  solvation. A large number  of alkyl- and  arylthallium(II1) 
compounds have been examined a n d  a reccnt r e v i ~ w ~ ~ ~  contains extensive tabulation 
of shift data and  coupling constants. A number  of generalizations concerning these 
data a r e  possible: 

(i) Thallium chemical shifts show a considcrable concentration and  solvent dcpen- 
dcnce. the  shielding being related to the basicity of the solvent. For example, 
[MezTIX] ( X  = C104, NO3) show a 200  ppm variation in C ~ ( ~ " ~ T I )  a s  the solvcnt 
is varied3"*. 

(ii) Thallium coupling constants show a solvent dependence .  For example. variations 
in lJ('"sT1. I3C) of cn. 2500-3000 H z  and lJ(")sT1. IH) of cn .  400-470 H z  in 
[ Me2Tl]+ have been  notcd in different solvents3X". 

(iii) Thallium chcmical shifts can vary with ion pairing; thus C ~ ( ~ ( ' ~ T I )  in [Me2TlX] 
(X = C104, NO,) show a dcpcndcncc o n  the degree  o f  ion a s s o ~ i a t i o n ~ ~ " ~ ~ " ~ .  

(iv) Thallium chemical shifts arc sensitive to the degrec  o f  covalency in the TI-C 
bond and changing the p-substituent in arylthalliuni complcxcs C ~ U S C S  significant 
variation in 6(20STI)3Y0. 

I t  can clearly be seen that rosTl is of considcrablc importance in organomctallic 
n.m.r. studies whereas 7 1 G a  and I131n a rc  unlikcly to be  of great interest for somc time. 
The  space devoted to 20sTI in this chapter  is certainly less than the number  of reported 
studies merits, but this subject has recently becn covcrcd in intcnse d ~ t a i l ) ~ ~ .  the 
authors of the excellent review being willing to supply lists of rcfcrcnce data upon 
request 371. 

and  coupling to 1H3"6 a n d  31P3R7 have been  dcscribed. 

G. Carbon-13 N.m.r. Studies 

I3C n.m.r. studies of organomctallic compounds a r e  now becoming routine in struc- 
tural charactcrization a n d  in studies of dynamic systems. The  vast amount of back- 
ground data available for  organic corn pound^^^^^^'^^ is of considerable u t i l i ty  and vari- 
ous aspects of the application of I3C n.m.r. to and  o r g a n ~ m e t a l l i c ~ ~ ~  
chemistry have been described. T h c  information obtained from I3C n.m.r. spectra of 
organomctallic compounds generally falls into thrce categorics. as follows. 

1. Relaxation behaviour 

Relaxation times of the  13C nuclei in organic compounds  havc been used as struc- 
tural probes for many years395. The  situation in organometallic chemistry is completely 
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different. howevcr; although many main-group organometallic compounds havc bcen 
examined. these havc generally becn treated as organic molcculcs containing ;1 

heteroatoin (which just happcns t o  bc a nictal) and so from a n  organolnetallic vie\\,- 
point, few coherent series of data arc availablc. Transition metal orgnnometallic corn- 
pounds have only recently bcen studied and ;IS yct little data exist. Kcprcsentativc 
examplcs of the liternt~rc~'"-~".' concerning the rclaxation bchaviour of thc I3C nllclci 
in organometallic compounds of the transition metals show that thc subjcct is still open 
to considerable dcbate and that much remains to be accornplishcd in this arca. 

In  Section I I .A.4, the possibility of thc methyl carbon atoms in platinum(l1) 
mcthyl complexes relaxing via spin-rotation interactions was mentioned. I n  rcla- 
tion to this. a dctailcd study of relaxation processes in some transition metal 
mcthyl complexes is notcworthy'"'. In this study. thc relaxation of scveral methyl 
derivatives (of 0s .  Mo. Fc. Zr. Re, and Au) was cxamincd and the results indi- 
cate that both 13C-'H dipolar interactions and internal spin-rotation are gener- 
ally thc major rclaxation routes. The ratc of molecular tumbling and the barricr 
to mcthyl group rotation appcar t o  be the controlling factors in determining thc 
relative contributions of each mcchanism. Only when the mctal ion is quad- 
rupolar, as in [Rc(CO)sMc]. docs scalar rclaxation of the second kind bccome 
important whilst chemical shift anisotropy appears to bc negligible in all 
thc cases studied. 

A reportJo2 on the relaxation of cyano-carbon atoms in diamagnctic transition metal 
cyanides has suggested that both the spin-lattice and spin-spin rclaxation timcs of 
such carbon atoms (ratio T l / T 2  = 1 02-105) arc typical of a mechanism involving scalar 
coupling of thc second kind to I4N. A generally obscrved trend, that TI increases with 
temperature. supports this conclusion. Furthcr on the ion [ Ni(CN).J- 
showed that 7'1 decreases at higher applied fields, implying that. under such condi- 
tions. chemical shift anisotropy is an  important relaxation route. Thc dipole-dipole 
interaction betwecn 13C and I4N was also found to play an important rolc in spin-lat- 
tice rclaxation. Scalar coupling to IJN was found to bc unimportant in spin-latticc 
rclaxation. whilst making a significant contribution to spin-spin relaxation. The two 
reports arc obviously at variance wi th  each othcr. further cxamples bcing necessary for 
clarification. 

In gcneral, the relaxation of 13C in organometallic compounds. particularly of the 
transition metals. is only poorly understood and furthcr efforts in this area are ncccs- 
sary before a level comparable to organic systems can be reached. 

2. Chemical shift and cou9ling constant data 

The carbon-1 3 nucleus has a chemical shift rangc ofcci. 700 ppni. making I3C n.m.r.  
a uscful technique for structural assignment. Tabulated data arc available in 
 review^^^^.)^' for comparison purposes and will not bc repeated here. 

Spin-spin coupling between 13C and other active nuclci, in conjuction wi th  shift 
data, renders structural charactcrization of static molecules routine by 13C n.ni.r. 
Tabulated data for 13C coupling constants are available232 and couplirlg betwccn 13C 
and other first-row nuclei has been discussed in detailJoJ. The theory of  coupling 
constants involving 13C has been described'"' and ,  at least with first-row elements. 
Fermi contact has becn shown to be the  dominant ~nechanism'"". 

3. Dynamic behaviour 

I3C n.m.r. has been instrumental in increasing o u r  kno\\,ledge of dynamic systcms 
involving organomctallic compounds. Probably the major contribution of "C n.m.r. 
has bcen in the study of transition metal carbonyls. Thc known shift range of carbonyl 
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carbon atoms is over 100 ppm. making 13C n.m.r. a sensitive structural probe. The 
chemistry of dynamic transition metal carbonyls, and the use of 13C n.m.r. in their 
study, has been reviewed many times3"~3Y4.407-J10. The availability of carbon-13 label- 
led carbon monoxide can usually allow the preparation of enriched carbonyl com- 
plexes. so overcoming thc problems of low natural abundance. 

Possibly the most important compound so far studied in this class is [FC(CO)~] .  
Be1 ieved to have a trigonal- bi pyram idal s t ruc t ure, only one carbonyl carbon resonance 
has been observed in the n.m.r. Attempts to find resonances attributable to both 
axial and equatorial carbonyls have failed, even using enriched samples and tempera- 
tures as low as -170°C411-414. Coupling, 1J(57Fe, 13C). has bcen observed415, so an 
intermolecular exchange of carbonyl ligands can be discounted and an intramolecular 
process is believed to occur which averages the carbonyl resonances. Results from 1 7 0  

n.m.r. arc in agreement with this (see Section VI.L.1). Since the early studies of 
[FC(CO)~],  the use of 13C n.m.r. in the study of dynamic processes has become well 
established and the reader is referred to the excellent reviews a ~ a i l a b l e ~ ~ ) ~ - ~ ~ ~  for 
further details. 

Despite the wealth of data available from "C n.m.r. studies of organometallic 
compounds, there are several practical details which may cause experimental difficul- 
ties in obtaining satisfactory spectra. The long relaxation timcs ( T I )  associated with 
quaternary carbon atoms and with carbonyl and cyano-carbon atoms can cause prob- 
lems of saturation in pulsed n.m.r. experiments. The use of 'shiftless' relaxation agents, 
such as [Cr(acac)J, is almost obligatory in some experiments. Possible decomposition 
products of diamagnetic compounds may be paramagnetic species themselves, and 
accordingly any unusually large chemical shifts in systems where such decomposition is 
possible should be viewed with caution. Finally, in comparing literature data, it is 
noteworthy that although the accepted standard for chemical shifts is now TMS, early 
results may well be cited using benzene or carbon disulphide as the shift standard. 

H. Studies of the Remaining Group IVB Nuclei 

The remaining Group IVB nuclei present several diverse problems from an n.m.r. 
viewpoint. Silicon has one I = f isotope, with a negative gyromagnetic ratio and ger- 
manium has one quadrupolar isotope, 73Ge, with a negative gyromagnetic ratio. Tin 
has three 1 = i isotopes, IlsSn, II7Sn, and IlYSn, with negative gyromagnetic ratios, 
although l19Sn is slightly more abundant and more sensitive than l17Sn (l15Sn being of 
very low abundance) and so is the preferred nucleus for study. Lead has one I = $ 
isotope, 207Pb, of reasonable abundance and with a positive gyromagnetic ratio. 

1 .  Organometallic Si and Ge systems 

29Si n.m.r. studies have bcen performed by continuous wave, pulsed excitation, and 
double resonance methods. The  major problem in obtaining 29Si n.m.r. spectra arises 
because of the negative gyromagnetic ratio, which, as previously mentioned (sec Sec- 
tion II.A.1) can lead to nulling of the resonances during decoupling. There are several 
ways to prevent this; by either adding to. or subtracting from, the observed NOE and 
thus causing the resonance to appear as either a negativc or positive signal. Some 
applicable methods include: 

(ii) degassing solutions i r i  vac140 or purging with nitrogen (i.e. removing dioxygen and 

(iii) adding a 'shiftlcss' relaxation agent such as [Cr(acac)3] (see Section V.B); 
(iv) applying gated decoupling :echniques4l6. 

(i) purging solutions with molecular oxygen (detracting from the NOE); 

so enhancing the NOE); 
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Assuming that the problem of nulling can be overcome by one of these methods, the 
only remaining problem is one of abundance (N = 4.70%). Enrichment techniques to 
enhance thc percentage of 29Si in a molecule do not appear to be as common as they 
are with 13C, and so i t  is necessary to use neat liquids or concentrated solutions for 
continuous wave observation. Ind irect obsc niation, where possible, and pulsed cxcita- 
tion methods are really necessary to observe more dilute solutions. This is frequently 
the  case in organometallic systems. 

There are several reviews dealing with 2ySi n.m.r.417-422 , some specifically with its 
application to the study of silicon  polymer^^'^.^^', to which referencc should be made 
for background data, particularly that of 29Si relaxation. which has been studied in 
depth in organic systems. The accepted standard for chemical shift measurement is 
Me4Si (TMS). 

73Ge n.rn.r. is restricted to high-symmetry moleculcs as the quadrupole adversely 
affects relaxation in situations where the field gradient at  the nucleus deviates 
largely from cylindrical. Accordingly, only compounds of the type [GeLJ (L = halide. 
alkyl, alkoxy, thiolate) have been successfully examined. Unfortunately. whilst gcrmyl 
ligands are of importance in organometallic systems, the symmetry at the germanium 
nucleus appears to be too low for observation of n.m.r. to be possible. A review discus- 
sing 73Ge n.m.r. is available42'. 

Although a vast number of organosilicon compounds have becn studied by 29Si 
n.m.r.. surprisingly few organometallic or  related compounds have been examined. A 
number of compounds containing metal-silicon bonds have been studied and these 
are of interest as analogues of mctal-carbon compounds for comparison purposes. 

29Si n.m.r. studies of about twenty carbene and carbyne derivatives of Cr, Mo, and 
W have been reported423; representdve data are shown in Tables 23 and 24. Com- 
parison of these tables shows that the magnitude of 6(*'Si) is not diagnostic for these 
classes of compound. The data in Table 23 also show that no triad effect is observed 
here, as the deshielding reaches a minimum at molybdenum, instead of decreasing 
down the group as is usually observed (see Table 25 for an example of the triad effect 
on a nucleus one atom removed from the metal centre). This rather unusual trend has 
been e ~ p l a i n e d ~ ~ 3  in terms of a metal-silicon n-interaction via hyperconjugation, 
facilitated by the availability of d-orbitals o n  silicon. The degree of shielding can be 
seen to relate to the electron-withdrawing ability of the  carbene substituent by com- 
paring -0Me  and -NMe2 derivatives (Table 23). In  addition to carbene- and 

TABLE 23. 29Si n.m.r. data for some metal carbene complcxes: 

Ma R d(2'Si) (ppm)* T ("C) 

Cr OMe -24.2 - 1 0  
Mo OMe - 30.3 - 2 0  

Cr NMe2 -23.9 + I  
Mo N M c ~  - 25.6 - 2 0  

W' OMe - 18.3 + 3 2  

W N M c ~  - 22. I + 32 

'Data from reference 423. 
'Relative to Me4Si. 
C 2/('83W, "Si) = 13.5 Ez. 
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TABLE 24. 29Si n.m.r. data for 
some metal carbvne complexes, 
[ Br(CO)4WGCSiR31a 

SiPh3 -23.4 
SiPhzMe - 17.8 
SiPhMcz - 10.6 

'Data from rcferencc 423. 
'Relative to Me&. 

~~~ 

M = Cr 388.4 370.1 226.8 234.5 
M = M o  38 I .9 369.2 215 21 8 
M = W  377.0 346.2 203.6 209.4 

"ppm, relative to Hz"O; data from rcferencc 116. 
'ppni> relative to ( '3CH~)4Si; data from reference 116 

carbyne-substituted carbonyl complexes, the  cyclopentadienyl derivative, 23, was 
examined. T h e  chemical shift, 6(2ySi) = -28.0 ppm, is similar to the values for the Cr ,  
Mo. and  W carbenc complexes in Tab le  23. Complexes with silicon directly bonded to 
a transition metal were studied by indirect methods4?' until recently, when studies by 

gOMe 
(C 5H 5) (C OIgMn .- C ', 

SIPh3 

(23) 

selective population transferJ25 enabled simple observation of M-Si systems to  be 
made. A m o n g  the  first were  19F{ ZySi) measurements of [ Co(SiFJ(CO).J; a 
value of -28.6 ppm, for t he  chemical shift of ''Si was obtained. Comparing this value 
with -55.7 ppm, the ?'Si chcniical shift of Me-SiF3. shows how coordination of "Si 
to a transition metal causes deshielding of the silicon nucleus. This has been attributed 
to a low electronic cxcitation energy ( A E  in thc denominator of equation 2, Section 
ll.B.2) resulting from involvement of silicon d-orbitals in the bonding. These results 
correlate with '"F n.m.r. studies of [Co(CF3)(CO),]. where the fluorine nuclei a r e  
considerably deshielded. Similarly. direct observationJZ3 of the 2ySi n.m.r. of 
[ F c ( C , H , ) ( C O ) ~ ( S ~ M ~ ~ ) ]  shows that the silicon chemical shift, +40.8 ppm, represents 
considerable dcshiclding in comparison with the organic analogue. H3C-SiMc3 [ i.c. 
TMS. 6("Si) = 01. A further of the compound [ Fe(C5H5)(CO)2(SiMc3)] 
quotes a valuc of the ''Si chemical shift as cn. +41.3 ppm (converted from a 
Mc3SiOSiMe3 refcrence), which is within acceptable error of the earlier value of 
+ 40.8 ppm. A series of trimethylsilylmetal carbonyls were studied by the selective 
population transfcr method previously mentioned and the chemical shift da ta  a rc  
shown in l a b l e  26. Moving across the  first row of the transition series (Mn, Fe. Co) 
causes dcshielding of the "Si nucleus, a probable result of an  increased paramagnetic 
contribution. The  data for the rhenium complex are included for completcness. 
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TABLE 26. '9Si n.m.r. data for trimethylsilyl- 
metal carbonyl complexcs 

Complex 6("Si) (ppm)" 

[ Re(CO)s(SiMcdl -14.1 
[Mn(CO)s(SiMc3)1 + 17.8 r Fe(Co)z(CSHS)(SiMc3)1 +41.3 
[ Co(CO)&iMe3)] +44.3 

"Relative to McjSi; data from reference 425 

873 

?'Si n.m.r. studies of a number of cyclic metal systems have been 
including thc diiron complex 24. which was studied by 1H{29Si} doublc rcsonance 

(24) 

methods. The chemical shift, 6('ySi) = + 173.0 ppm. represents extreme deshielding 
of the silicon nucleus by the close proximity of the two heavy nuclei. Double resonance 
methods have also been to examine the complex trans-[ PtCI(SiH,CI) 
(PEt3)2](6(2YSi) = -25.0 ppm, IJ(lY5Pt. 29Si) = -1600 2 100 Hz, zJ(31P. 
29Si) = +18 2 3 Hz), although in view of the extreme importance of the platinum 
metals in the activation of silicon compounds (hydrosilylation. silanc alcoholysis and 
hydrolysis, etc.) the number of 29Si n.m.r. studies is surprisingly few. 

A large number of trimethylsilylmercury alkyls have been studied by 2ySi and Iy"Hg 
n . n ~ . r . ~ ~ I .  Representative data are shown in Table 19. Studies of bis(silyl)mcrcurials 
have also been r e p ~ r t e d ~ " . ~ ' ~  and these data are shown in Table 20. Thc dcshielding 
of the 2ySi nucleus by the close proxiniity of the IggHg atom has bccn ascribed to the 
so-called 'heavy atom effect'; an involvement of low-lying d-orbitals in the Hg-Si 
bond is postulated as  an explanation for an increased paramagnetic contribution to u.  
resulting in extensive d e ~ h i e l d i n g ~ ~ ~ .  Additionally, i t  has been observed that as 
[ HgRz]-type complexes are linear, or usually only slightly non-linear. an anisotropic 
contribution to u is also possible351. The lY9Hg shieldings are discussed elscwhere (see 
Section VI.E.lO). 

Main-group organometallic compounds containing silicon have hardly bccn studied 
by 29Si n.m.r. Data  for the trimethyltin derivative [ Me3SnSiMe3] have bccn prc- 
~ e n t e d ' ? ~  [ ~ 5 ( ~ ~ S i )  = 11.0 2 0.2 ppm, 6("'Sn) = -126.7 ppm, lJ(ll"Sn. 2ySi) = 
+656 2 10 Hz); substituting Ph3Si- for Me3Si- on ly  slightly alters the tin-silicon 
coupling [lJ(1*9Sn, 2ySi) = +650 Hz in Ph3SiSnMc3]"". 

T h e  potential of z9Si n.m.r. in organometallic chemistry is indeed significant; further 
work, particularly on transition metal complexes active as catalysts in the activation of 
organosilicon compounds and on the chemistry of main-group organometallic com- 
pounds of silicon, will undoubtedly prove fruitful. 

2. Organotin compounds 

Double resonance techniques are ideal for thc study o f  organotin compounds which 
display an observable coupling between t in  and a high-sensitivity nucleus (such as the 
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proton). As I19Sn is the more abundant and more sensitive of the three active tin nuclei 
(Table 2). nearly all studies relate to lI9Sn n.m.r. The vast amount of data concerning 
tin shielding and coupling has been the subject of several comprehensive 

amount of 'IySn n.m.r. data to be accumulated by direct observation; particularly 
noteworthy in this respect are several studies of platinum(II):tin(II) systems which 
gave insight into the role of tin(I1) halides in promoting catalytic hydrogenation and 
hydroformylation by platinum(I1) complexes. As the active tin nuclei have negative 
magnetogyric ratios, proton dccoupling does not enhance the signal intensity and the 
problems discussed for the zySi nucleus apply. Nonetheless, proton decoupling is virtu- 
ally a necessity in the direct observation of many organotin compounds, as the extreme 
tin-proton coupling situations could readily render the spectra uninterprctable. The 
accepted standard for chemical shift measurement is Me4Sn, which has been discussed 
earlier (see Section II.B.2). 

Tin chemical shift data are available for several hundred organotin compounds and 
some predominant trends can be distinguished as a function of structure. As this subject 
has been extensively reviewed only the most salient points will be discussed here. 
u. Vuriutiori in coordiriatiori number. Increases in the coordination number of tin432, 

from four to five or four to six, lead to increased shielding of the tin nucleus. Examples 
are shown in Table 27; clearly, the increase in coordination number causes shielding to 
the extent of 200-300 ppm. This effect is particularly important when comparing 
values of tin shieldings for compounds examined in different solvents433, donor sol- 
vents frequently causing increased shielding. This effect can also be of importance for 
compounds which undergo auto-association; in these cases increasing the concentra- 
tion (and hence auto-association) can cause shielding of the tin 

Various explanations have been proposed to account for increased shielding with 
higher coordination numbers. The possibility that n-bonding is involved, reducing 
d-electron imbalance at tin, has been mentionede2, but this also involves a rehybridiza- 
tion of tin (from s p 3  to sp3d in a five-coordinate compound) and so the electron 
imbalance of the p-orbitals will also be reduced. The  presence of a donor ligand 
additionally increases the electron density at  tin and so increases the diamagnetic term. 
Probably both of these factors contribute to the observed effect, which is diagnostically 
very useful. 

b. Temperature effects. Related to the above effect is the temperature effect some- 
times observed in the '19Sn n.m.r. of compounds capable of auto-association. Increas- 
ing the temperature with compounds such as dialkyltin a l k ~ x i d e s ~ ~ ~ ,  which are usually 
associated in solution, causes some dissociation to occur, resulting in an effectively 
decreased coordination number at  tin and consequent deshielding of the tin nucleus. 

rcviews82.~21.429-431 . M ore recently, pulsed excitation methods have enabled a large 

TABLE 27. Effect of coordination nurnbcr on a( lI9Sn) in simple organotin compounds 

Coordination 
Compound number 6('I9sn) (ppm)" Referencc 

[ MezSnBr?] 4 + 70h 435 
[ Mc 2% B rz( bi py r) J 6 - 245 432 
[ Me2SnClzl 4 + 136.8' 436 
[ Mc2SnClz(Me2SO)z] 6 - 84 432 
[ Me3SnCII 4 + 15g6 436 
[ Mc,SnCl( MezSO)] 5 - 86 432 

"Relative to Me4Sn. 
bBcnzene solution. 
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Compounds such as alkyltiii trihalides. which are unassociated as pure liquids. display 
no temperature dependence of the chemical shift437. 

c.  Mirlfiple subsriricriorr effecrs. Substitution of an elcctronegative group for an alkyl 
group in [ R4-,SnX,] (where X is an electronegative group and I I  increases from I to 4) 
causes a decrease in shielding for the first substitution and then an increase in shielding 
for the subsequent substitution. Thc charactistic 'camel's hump' plot of I'"Sn shielding 
vs. n has been observed for many classes of compoundn' (X = OR, NR2. halide, etc.). 
Organosilicon compounds show a similar effect4". 

Once again. n-bonding. a favourite bone of contention in tin c h c m i s t r ~ ~ ~ ~ .  has bcen 
invoked in an attempt to explain this effect but. as I3C shifts in substituted methanes 
also show this behaviourJ3'. n-effccts are not a prerequisite in such shift anomalies. 
Possibly the p-clectron imbalance contribution to up and variations in ud. resulting 
from altering the electron density at tin by varying the number of electronegative 
ligands, may jointly contribute to this effect, but no really satisfactory explanation 
seems available as yet. 

d. Single subsrifurion ef ic t s .  In a compound [R3SnX] the effect of varying the single 
X ligand is more predictable than varying the number of X ligands in [ R4-,,SnX,]. A 
linear correlation of b('lySn) with the Pauling electronegativity of X has been 
observedJz9, more electronegative groups causing d ~ s h i e l d i n g ~ ~ ~ .  Deshiclding can be 
explained in terms of decreased electron density at tin (resulting in a decrease in the 
diamagnetic contribution). but the effects observed are so large that i t  seems likely 
that paramagnetic effects are also involved. Possibly, where the electronegativities of 
X and R arc different, the p-electron imbalance is altered. more electronegative X 
groups increasing the electron imbalance, resulting in increased op and so decreased 
total shielding. 

The above four points cover the major causes of variations in t in  shieldings; more 
minor effects relating to the inter-bond angles at  tin441 and the steric effects cf bulky 
substitucntsR2 have also been noted. 

Coupling constants involving tin421 have been determined in many cases by observa- 
tion of the coupled nucleus, or by double resonance. The latter method. of course, 
enables both sign and magnitude to be determined. As tin has a gyromagnetic ratio 
which is negative. coupling to a nucleus with a positive gyromagnetic ratio ( 'H,  13C. 
19F, etc.) gives rise to a negative reduced coupling constant if J(lIySn, X) is positive 
and vice versa. In the "X spectrum of an Sn-X compound it is usually possible to 
observe both "J(Il9Sn, X) and "J("'Sn. X); the low abundance of '15Sn generally 
precludes observation of f1J(ii5Sn. X). The ratios of couplings to I"Sn and "'Sn 
correspond to the quotient of their gyromagnetic ratios, as expected. The  magnitudes 
of couplings involving tin, generally larger in magnitudc than analogous couplings 
involving carbon, are of coursc dependent upon molecular structure; for example. 
ZJ("YSn, IH) = +96.9 Hz in C13Sn-CH3 442, but in [CI3Sn-Pt(PPh3)2-H] the 
two-bond tin-hydrogen coupling is 1740 HzaJ3. The differences in molecular 
structure of thcse two compounds obviously preclude any meaningful comparison. 

3. Transition metal-tin systems 

Interest in metal-metal bonding between dissimilar species and the usc of tin(I1) 
halides in catalytic olefin activation by platinum metal halide complexcs has Icd to 
substantial interest in the tin n.m.r. of transition mctal:tin systems. 

A series of trimethyltin derivatives of the chromium triad have been examined444; 
the shift data are  presented in Table 28. Clearly. descending the triad causes shielding 
of the tin nucleus. The  increase in polarizability in descending the triad undoubtedly 
contributes to this effect and is probably dominant with third row transition metals 
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TABLE 28. The triad cffect with a(' 19Sn) in somc 
transition n1etal:Iin comDounds 

Compound 6("%n) (ppm)" 

(the 'heavy atom effect'). With the first and second row transition metals, thc  extent of 
dn-cfn interaction is believed to give rise to low-energy excited states, causing lowcring 
in AE. and contributing t o  deshieldingA2. Accordingly, an  incrcase in shielding down 
the g roup  is to be expected. With this particu!ar set of compounds it was postulateds2 
that t hc  dipolar carbonyl groups may effect the field experienced by the tin nucleus 
and contribute to  deshielding. T h e r e  is slight evidence for this as the compounds  
[ Me3SnMoCl(q5-C5Hs)2] [b("'Sn) = +90 ? 2 pprn] and [Me3SnMo(CO)3(q5-C5H5)] 
[a( ' lYSn) = + 121 ppm]444 show that the carbonyl groups may cause some deshielding. 
The re  is very little conclusive evidence, however, that  this is 

T h e r e  are several sets of compounds which demonstrate decreases in shielding as 
transition metals are coordinated to tin. Table 29 shows that incrcasing the number  of 
Co or Mn atoms joined to a tin nucleus causes substantial deshielding. The  same  effect 
is evident in compounds 25 and 2644'.44s. 

KO), 
/Fe\ 

Me3Sn \ Me2%, ,SnMe2 
Fe 

S("'Sn) = +257 ppm 

Fe(CO1, 
Me3Sn' KO), 

~ ( ' l ' ~ n )  = +79 ppm 

(25) (26) 

These  observations demonstrate how important t he  paramagnctic contribution to 
the total 'shiclding can be  when n-intcractions give rise to low-lying excited states. A 
small value of A€ (cquation 2, Section II.B.2) causes up to dominate entirely and  
drastic dcshielding can result. 

TABLE 29. Multiple substitution effects of transition 
metals on a(' '"Sn) in transition mcta1:tin compounds 

Compound a( 'IySn) (ppm)" 

+ 150.5' 
+293? I h  
+483? l b  
+63r I' 
+150t Ih 
+284? l C  

"Rclative to McJSn; data from rct'crence 443. 
"Bcnzcne solution. 
'CDCI3 solution. 
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Several platinum(II):tin(II) systems havc been investigated by 'IYSn n.m.r.; the 
importance of these systems in catalytic and hydrof~rmylat ion '~~ is 
well known and yet thc role of thc tin(I1) salts, added to the systems to enhance 
activity, still remains something of a mystery. 

The five-coordinatc anion [ Pt(SnC13)5]3- is a particularly interesting sample to 
study; thc crystal structure is knownJ4R and results of Miissbauer studiesJJ9 suggest that 
the so-callcd 'red isomer' of [ PtC12(SnC13)2]2- 450 may in fact contain the fivc- 
coordinate anion. The Il9Sn n.m.r. of this anion3I2, which has trigonal bipyrimidal 
gcometry in the solid stateJ4*. shows the presencc of only o,ne type of tin nucleus, 
6(IlYSn) = -142 ppm. The moleculc must therefore be fluxional or of an extremely 
unusual geometry in solution. Coupling to platinum is maintained. 1J(195Pt. 
'I9Sn) = 16 024 Hz, and as coupling bctween different t in  isotopes can be observed, 
2J(11YSn, "'Sn) = 6230 Hz, it is possible to dcduce that there are five t in  nuclei coor- 
dinated to platinum from the satellite intensity ratios. Accordingly, fluxionality by an 
intramolecular process has been proposed3I2. The prcsence of different tin isotopes in 
a multi-tin species can generally be used to determine the  molecularity. a useful factor 
in spectral analysisJS1. 

Complexes of the type [Pt(PR3)2C12] are generally bclieved to react with 
SnCI2-2H20 to yield insertion products containing the SnClj  ligand. A major problem 
in such systems is determining whether the SnClj is present as a coordinated ligand or 
as a free anion. The system is well suited for multinuclear (31P, II9Sn, 19'Pt) n.m.r. 
studies and the results suggest a rcaction sequence as in equation 9313.443.452. 

The geometry of 27 depends on the nature of R, whilst complexes of type 28 all 
appear to be I ~ U I I S ~ ~ ~ .  The complex 28 (R = Et) reacts with hydrogen to yield the 
hydride, rruns-[ PtH(SnClJ(PR3)2] (29)313. Complexes such as 29 (R, = Ph2Bz) react 
with activated acetylenes via insertion to yield the corresponding vinyl complexes312. 

These results are interesting from an n.m.r. viewpoint; geometry determinations for 
various complexes313 of type 27 relate to magnitudes of coupling constants and the 
n.m.r. frans-influence (see Section VI.J.2). Also, complexes 28 contain two t in  nuclei 
and so display a 2J(1'9Sn, I17Sn) The magnitude of 2J('1YSn, 'H) in 29 has 
previously been mentioned443, although not explained very satisfactorily. From the 
point of view of the catalytic system, it initially appeared that scveral subsequent 
stoichiometric steps had been defined. However, nearly all n.m.r. data were obtained 
at  low temperatures as at higher tcmperatures broad, featureless spectra are generally 
observed443, usually an indication that an exchange process is occurring. In  fact, i t  is a 
general rule that any complex reactive enough to be part of a catalytic cycle is too 
short-lived to be observed. Actual conditions in catalytic  reaction^^^^.^^^, of course, 
bear absolutely no resemblance to thosc used in n.m.r. experiments and so relating 
n.m.r. experiments to catalytic reactions must be done with the greatest caution. 
Solvent effects in  n.m.r. experiments of this type have also been noted4". 

Other transition metal complexes of Ta. Rh and Ir containing tin ligands have been 
studied by II9Sn n.m.r.44J.JJs, but the data are too few for meaningful comparisons to 
be made. 

4. Organolead compounds 

Several studies of organolead compounds have been reported368*417*454-459. Simple 
organolead halidc compounds show much the same variation in lead chemical shift as  
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TABLE 30. 207Pb n.m.r. data for some [Me3PbX] 
(X = CI. Br, I) compounds 

Corn pou nd Solvent 6( 2n7Pb) (ppm)" 

[ Me3PbII 
[ Me3PbBr] 
[ Me3PbCII 
[ Me3PbCII 
[ Me3PbCII 
[Me3PbCI] 
[ M c ~ P ~ C I ]  

~ 

CH2Cl2 +203 2 0.3 
CH2C12 +367 ? 4 
CH2C12 +432?  1 
CDCI3 +374.8 
Me2SO +258 
CSHSN +216 
H M I T  + 166 

'Relative to Me4Pb; data from references 421 and 456. 

analogous organotin compounds do for the 'lYSn nucleus. As a typical heavy metal 
nucleus, the polarizability of lead is reflected in chemical shift changes as the 
electron-withdrawing ability of the ligands is altered. Thus, the data in Table 30 show 
that the lead nucleus is deshielded as the electron-withdrawing ability of the halo- 
ligands in [Me3PbX] (X = C1, Br, I) is increased. Solvent effects for the lead shielding 
of [Me3PbCl] (Table 30) suggest a variation in shielding with coordination number as 
described for '19Sn. Similar variations in shielding have been noted for compounds 
with strained bond-angles a t  lead4s6, although studies of spiroplumbanes are too few 
for the effects to be fully appreciated. 

Some examples of lead coupling constants and chemical shifts in organolead com- 
pounds containing heteroatoms are shown in Tables 22 and 31. The large size of these 
coupling constants probably reflccts :he high value of the valence-state s-orbital expec- 
tation at the lead nucleus and the relatively high gyromagnetic ratio of lead. Diagnosti- 
cally, variations in large couplings are  obviously easier to detect than variations in 
smaller couplings; indeed, lead-proton couplings over six bonds have been detected; 
6/(207Pb, 'H) = 5.4 Hz in [Pb(p-CH3C6H4)4]460.46'. 

Surprisingly, although the variations in chemical shift and coupling constant are 
large and sensitive to structural variations in organolead compounds, few studies have 
employed 207Pb n.m.r. in the elucidation of structural problems. This is particularly 

TABLE 31. '07Pb n.m.r. data for some lead-heteroatom compounds, [Me3PbX] (X f H. 
ha1ogen)o 

X d(2n7Pb) (ppm)b W )  (PPm) 'J(207Pb, X) (Hz) 

[PbMcd -281 _t 1 -281 _t 1 +290+ 10 
[SnMed -323 .82  1.2 -57.0 2 1.5' -3570 2 100 
[SnPhd -263.1 -t 0.2 -119.5 % 1 3  -2800 2 50 
[ SeMe] -196.5 -t 1 -1170% lo@ -61.9 % 0.2 
[ ISNMePh] +226.5 -t 2.5 +15.5 -t 0.2' +261 2 5 
[ PPh2l +40.5 2 4 -35.9 -t 0.41 -1335 2 10 
[B(NMeCH2)21 -326.0 -t 2 +41.78 -1330 * 30 

'Data from reference 368. 
bRelative to [Me4Pb]. 
'Relative to [Me&] 
dRelative to [MczSe]. 
'Relative to [M~JNI] .  sample enriched with lSN. 
/Relative to 85% H3PO4. 
ERclative to [Et20-BF3]. 
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notable in biochemical systems where the interactions of lead and inorganic lead 
compounds with biopolymers would make a number of interesting z07Pb n.m.r. studies. 

The  standard employed for  measuring lead chemical shifts is [Me4Pb], which is 
relatively unaffected by solvent (unless coordination occurs) and temperature changes. 
Unfortunately, as  with [MejSn]. the resonance of [Me4Pb] falls in the middle of the 
shift range and  so care with signs is necessary. Aspects of 207Pb n.m.r. have previously 
been r e v i e ~ e d ~ ~ ~ . ~ ~ ' .  Chemical shift anisotropy can contribute to  the relaxation of 
z07Pb42 and so care is needed in comparing data from different sources (see Section 
II.A.5). 

I. Nitrogen Nmr. Studles 
Nitrogen is o n e  of very few elements having both quadrupolar (14N) and I = f (ISN) 

isotopes available for n.m.r. study. I4N has a high natural abundance (N = 99.63%) 
and so is relatively simple to detect by n.m.r. methods (the receptivity is high and the 
gyromagnetic ratio is positive); however, as it is quadrupolar it is fairly unusual to 
resolve coupling t o  I4N because of the linewidth problem. Accordingly, only chemical 
shifts and not coupling constants are usually obtained from I4N n.m.r. spectra (there 
are, of course, many exceptions where the ''N nucleus is in a highly symmetric 
environment, but these are few in organometallic systems). 

ISN is the better nucleus t o  study as i = f and so there a re  n o  problems of line 
broadening and  spin-coupling can often be resolved. Unfortunately, this nucleus has a 
very low natural abundance (N = 0.37%) and the gyromagnetic ratio is negative. 
Accordingly, spectra can usually be obtained only with high-field Fourier transform 
n.m.r. spectrometers o r  with samples artificially enriched with ISN. Techniques are 
available for sensitivity enhancement in ISN n.m.r. using population transfer 
met hods462. 

Many texts and  reviews are available which deal with various aspects of I4N and ISN 
n.m.r., including both theoretical and practical aspects as well as lists of reference 
data463-468. T h e  application of 14N n.m.r. t o  problems in inorganic chemistry has been 
discussed in somc detail468, and so only I5N n.m.r. will be considered further here. An  
initial area of study in this field was the ISN n.m.r. of amine and diamine complexes469 
of the transition metals, particularly platinum(I1) amine complexes470. which are  
known to  exhibit chemotherapeutic anticarcinogenic activity. T h e  parameter IJ(IssPt, 
ISN) has  been examined471 as  a function of the trans-ligand in some Schiff base com- 
plexes of type 30. The  variation in magnitude (290-500 Hz) serves as  a sensitive 

(30) 

measure of trans-influence and so is useful in structural assignments in much the  same 
way as IJ(M, 31P) is uscd in 31P n.m.r. studies (see Section IV.J.2). Coupling to In3Rh 
has been exploited in a similar manner472 and some "N n.m.r. studies of Rh(II1) 
complexes have been performed at natural abundance, with no  artificial isotope 
enhancement473. 
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Among  the more significant studics of organometallic and related coordination 
complexes are those of transition metal dinitrogcn compounds. important as model 
compounds in studies of nitrogen fixation. A noteworthy example is the ISN n.m.r. 
study of the com lex [Ti(CSMes)zN2]J74 (preparcd using doubly enriched nitrogen, 

and a singlet. l h c  spectrum was interpreted in terms of a n  equilibrium (equation 10). 

P IsN=IsN). - l'hc I-N n.m.r. showed both a pair of doublets with 'J(IsN, IsN) = 7 Hz 

(31) (32) 

Complex 31 would be cxpectcd t o  show a single I'N resonancc as thc  side-on coordina- 
tion of Nz renders both "N nuclei equivalent, whereas complex 32 would be  expected 
to show a doublet of doublcts a s  the cnd-on coordinated N2 ligand has two inequival- 
ent I5N nuclei, which will spin-spin couple. 

T h e  crystal structure d e t e r m i n a t i ~ n ~ ~ ~ . ~ ~ ~  of this compound showed a solid-state 
structure equally in accord with the  "N solution n.m.r. da ta  and the  spectroscopic da ta  
havc now been reinterpreted477 in tcrms of this single species, involving bridging 
(single resonance) and  terminal (doublet  of doublets) end-on coordinated N2 ligands. 
33. Dinitrogen coniplexes of Zr4", Mo, and W4'* have also been studied by 15N n.m.r. 
and the technique shows considerable promisc, especially whcn used in conjuction 
with o ther  physical methods. 

N 

N 
II  

C5Me5, / / %Me5 

1 \ c 5 ~ e 5  
, TI-N =N -TI 

N 

N 
I I  

(33) 

There  is some disagreement as to the most suitable shift refcrcncc for nitrogen 
n.m.r.; nitromethane is widely used, but results in most shifts being negative, whilst thc  
[NO3]- ion gives rise to problems of solvent, temperature,  and concentration dcpen- 
dence. N o  ideal standard yet appcars to have been found. 

J. Phosphorus-31 N.m.r. Studies 

3 1 P  n.m.r. has a particularly important place in organometallic chemistry. The  vast 
number of compounds containing phosphorus(II1) ligands that have been synthesizcd 
have shown that tcrtiary phosphines and. to a lesser extent, phosphites, impart some 
almost unique characteristics to their compounds. Most significant a r e  transition metal 
phosphine complexes, some of which act as very effective catalysts for a number of 
industrially important organic transformations. 31 P n.m.r. has contributed significantly 
to thc developmcnt of tcrtiary phosphine chcmistry; the 31P nucleus has I = 4 and  
N = 100% (Table 1 )  and a sensitivity that permits observation of 31P n.m.r. by 
continuous-wave tcchniqucs in favourable cases (neat liquids, concentrated solutions, 
simple coupling situations. etc). Indirect and direct observaticn methods have 
previously been mentioned (Section III.C.1). A number  of texts on  ,'P n.m.r. a r e  
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a ~ a i I a b l e ~ ' ~ - ~ ~ '  and a text2n' and review28n 011 "P n.m.r. studies of transition metal- 
phosphorus( 111) compounds. 

In this section, the commonly mcasurcd parametcrs 6(31P). ' J ( M .  3 r P ) ,  and zJ(31P. 
31p) are discussed in the light of  tlic theoretical descriptions of chcmical shifts (Section 
II.B.3) and coupling constants (Scction Il.C.1). Chemical shifts are gcnerally rather 
poorly understood theoretically and a suitable contribution of a d  and up to the 
observed shift can usually be rationalized for any givcn trend. provided much iniagina- 
tion is used. Coupling constants are most often discussed in tcrms of the Poplc-Santry 
expression for Fermi contact. The cxpressions for thc other two coupling mcchanisms 
are rarcly cvcn mentioned, although the total dominance of k r m i  contact is yct to bc 
fully established for couplings bctween heavy atoms. Eaton and L i p s c ~ m b ~ ~ ~  have 
aptly dcscribcd the rationalization of coupling constants by pscudo-theoretical trcat- 
ments as 'orbital-waving' (being 'the quantum mcchanical analogue of arm-waving 
rhetoric'). With this succinct phrasc in mind, the following sections describe correla- 
tions to date. 

I t  will quickly be seen that thc theoretical expectations for variations in coupling 
constants and chemical shift are only poorly supportcd by practical results. Nonethc- 
less, this rather unfortunate situation need not be a dctcrrent in organometallic and 
coordination chemistry as a large number of cmpirical relationships exist, enabling 
much to be accomplishcd in structural detcrrnination. 

1. Chemical shift variations 

Treatments of phosphorus chemical shifts assumc the dominance of a,, in the total 
shiclding of the nuclcus. Equation 2 (Section II.B.3) has been interprctcdZn" in terms 
of a-  and n-bonding contributions as follows: the term P relates to electron imbalance 
in the valence p-orbitals and D, to imbalance in valence d-orbitals. Accordingly, if 
a-bonding relates to s- and p-electron involvement and n-bonding to d-electron 
involvement. these ternis correspond to a-bonding and zr-bonding terms. In reality. 
this interpretation is open to question, thc initial assumptions being constancy of the 
radial tcrms and the excitation encrgy. By carcfully choosing a serics of frcc tcrtiary 
phosphines in which n-bonding (between P and R in PR3) is l ikely to bc minimized, the 
constancy of the radial and excitation energy terms can be estimated by examining the 
variation in shielding with thc extent of a-bonding in the P-R bond. In othcr words, if 
all other facts are held constant, the shielding should bc lincarly rclatcd to parame- 
ters such as the electronegativity of R and the  R-P-R bond angle which relate to the 
elcctron distribution in the phosphorus orbitals. Tables 32 and 33 show that correla- 
tions of b("P) with thc clectroncgativity of R and with thc R-P-R bond angle are in 
fact poor. Thus, it appears that variations in AE o r  (r-3),p in equation 2 must be 

TABLE 32. Values of b(3'P) and the elccrronegativity of X in 
some PX3 ligands 

X s (31p)  (PPm)" Electronegativit!.h 

127 4.0 
3.0 PCI, 170 

PMe - 62 2.5' 

PF3 

PH 2 - 240 2.1 

"Data from references 21 5 .  280, and 281. 
'Data from reference 482. 

Electroncgativity of carbon. 
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TABLE 33. Values of c ~ ( ~ ' P )  and the cone-angle of some PR3 
ligands 

Phosphine" Conc-angIeb 6P'P) (ppm)' 

PEt, 

P B z ~  
PBu'j 

PCY 3 
PBu\ 

132" 
132" 
165" 
170" 
182" 

- 20 
- 33 
- 12 

+9 
+ 62 

"Ligands prcsented are all trialkylphosphines, arylphosphines 
being excluded to minimize substituent electronic effects. Note 
that 6(3'P) and cone-angle do  not correlate. 
bData from reference 215. 
<Data from reference 483. 

significant (alternatively, n-bonding between P and R may be considered to contri- 
bute). The major problem now encountered is how to consider yet another unknown 
factor, coordination to a metal centre. Here, n-interactions are likely to be significant 
in some (but not all) cases and the R-P-R bond angle not  only increases upon 
donation of a-electron density to the metal, but may be affected by steric interactions 
with other ligands. In some cases i t  may even be necessary to consider a (formal) 
rehybridization of phosphorus to account for the M-P bonding, which alters every 
variable in equation 2. Some correlations of phosphorus shielding with other parame- 
ters nevertheless do exist, despite the rather depressing account so far, and these are 
now considered. 

Although for a series of different phosphorus(I11) ligands there is no correlation 
between the shift of the free ligand and the shift of a given type of metal complex (see 
Table 34). some correlations do  exist for [ML,,X,]P+ complexes where M, L, and X 

TABLE 34. b(31P) for some frce phosphorus(II1) ligands and their Ni(0) 
complexesa 

Ligand, L 6(31p) (PPm) c ~ ( ~ ' P )  of [NiL4] (ppm) A(b(3'P)}b ._  

PC19 21s 170 - 45 
PC12Ph 164 152 - 12 

P ( O W 3  140 160 +20 
PF3 97 127 + 30 

PMe3 - 62 22.2 +82.2 

'Data from references 280 and 281. 
bNote that the coordination chemical shift may be either positive or negative. 

are constant and n ,  rn, and p vary. For example, in the complexes [PdL,,] (Table 35). 
the 31P nucleus is less shielded for n = 3 than for ti = 4. It seems quite general that the 
31P shielding decreases in tertiary phosphine complexes as the coordination number 
increases. A variety of reasons are possible, including a-bonding effects (variation in 
P J ,  n-bonding effects (variation in D J ,  and a decrease in AE. Probably all possible 
factors are involved. 

Attempts to correlate shift changes with changes in oxidation state of the metal 
centre arc generally less succcssful. Table 36 shows that no regular trend exists even in 
very closely related complexes. Changes in geometry at the metal centre often imply a 
change in the ligand frans to phosphorus also. thus two parameters vary simultane- 



21. Multinuclear magnetic resonance methods 

TABLE 35. b(3'P) for some [ Pd(PR3),] 
complexes 

b("p) of[Pd(PR3)nI ( P P ~ Y  

883 

R I1 = 3 n = 4  

Ph 22.6 18.4 
Et 9.6 -1.5 
n-Bu -1.4 -7.9 

"Data from reference 485. Note that 
shielding is consistently less for n = 3 
than forn = 4. 

TABLE 36. B(3'P) for some [PtCIn(Bu3P)2] complexes (n = 2.4) 

Complex 
Oxidation 

P P )  (ppm)" state of Pt 

ciS-[ PtCl2(B~3P)2] +1.2 2 
~ k - [  P ~ C I ~ ( B U ~ P ) ~ ]  + 12.5 4 

-[ P tCl2( B u'JP)~] +5.1 2 
fr~rts-[  PtCI4(Bu'jP)2] 0 4 

"Data from reference 280. Note that shieldings vary Pt(1V) < 
Pl(I1) for trans-complexes and Pt(I1) < Pt(IV) for cis-complexes. 

TABLE 37. Variation in b(3'P) with the 
geometry of [MClz(PR3)2] (M = Pd, PI) 

[ MCMPPh3)zI 

Pt C k  14.3 
Pt trans 19.8 
Pd CiS 38.2 
Pd iruns 28.5 

"Data from references 486 and 487. Note that 
Pt(iruns) is less shielded than PI(&) and that thc 
converse is truc for Pd. 

ously and unsurprisingly the situation is far from straightfonvard. Table 37 shows that 
the cis- and trans-isomers of [MC12(PR3)2] (M = Pd, Pt) show a different shift depen- 
dence o n  geometry. Generally, the effect of the rruns-influence on 6()'P) is not under- 
stood and cannot be used predictably with any confidence. 

Most useful in characterization is the so-called ring contribution to the chemical shift 
which occurs in complexes containing a chelated phosphorus(II1) ligand. The 3'P 
n.m.r. spectra of chelate complexes have been studied in much detail and a review 
discussing the ring contributions to 31P n.m.r. parameters is available484. The ring 
contribution to the chemical shift is exemplified by considering the complex 
[ PtMe2(PPh2Me)2] and its chelate analogues, [ PtMe2{ Ph2P(CH2),PPhz}]. The shift 
data (Table 38) show that the 4- and 5-mcmbcred rings ( 1 1  = 1 and 2) result in a 
considerable shift relative to the parent complex, whilst the 6-membered ring (n = 3) 
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TABLE 38. Ring contribution 10 the chemical shift 
in some [ PtMe2{ Ph2P(CH&,PPh2}] complexcs 

tr a(3lP) A R' 

I - 40.0 
2 + 45.4 
3 + 3.2 

-46.4 
+ 39.0 

-3.2 

'Data from reference 484. A R  = C(3'P) of 
complcx - 6(31P) of [PtMel(PPhzMe)z]. 

is scarcely affected. A recent review on this topic sensibly states that the theoretical 
aspects of the ring contribution a re  not clearJR4. Nonetheless, this contribution to thc 
3 rP  chemical shift appears to be general for transition metal cornplexcs and  can bc 
particularly useful for studying the mctallation of phosphorus(II1) ligands, where a 
phosphorus-carbon chelate is formed (see also lYsPt n.m.r.. Section VI.E.8). 

It can clearly be seen that, although a great many cmpirical relationships have becn 
investigated for c ~ ( ~ ' P ) ,  thc level of understanding for chemical shifts of even this, a 
greatly studied nucleus, is at a n  extremely primitive level. T h e  utility of the  data in 
solving chemical problems is undeniable, bu t  thc level of comprehension is very poor. 

2. Variations in 'J(M, 3'P) 

Understanding of the nature of the one-bond coupling between 31P and  a metal 
nucleus is. at  the simplistic level, more acceptablc. As previously mentioncd. most 
correlations assume a dominance of Fermi contact in the coupling mechanism and so i t  
is entirely possible that some da ta  correlate with the theoretical cxpcctation by coinci- 
dence as it is by n o  means proved that Fermi contact is a dominant interaction between 
coupled heavy nuclei. Assuming that equation 3 is valid, the magnitude of 'J(M, ,IP) 
would be expected to vary as thc metal is changed due to variations in the  1 Jl,c,,(0)12 
term. Indeed, this is so, and i t  has been shown that a plot of IJl,cm,(0)12 vs. the reduced 
coupling constant [ hencc eliminating dependence on  y(M)] is approximately linear'R1. 
Of coursc values of IJ(M. 31P) vary greatly for a given metal in different types of 
complex and so the  errors involved in such a plot are large. I t  can clearly bc secn that 
variations in IJ(M. >'P) for a givcn metal d o  n o t  arise solely because of variation in thc 
I Jl,cm)(0)lZ term by considering a complex such as [ PtCIPh(dppe)] where IJ(lYsPt, 
,IP) = 4192 Hz for Plroris to CI and  IJ(IYSPt, 3IP) = 1638 Hz for Prrnrls to PhjHn. The 
two very different coupling constants arise from interactions with a single IssPt 
nucleus, where the  [Jl,[,.,,l(0)12 term must obviously bc the same. 

The  corresponding term for phosphorus. 1 J13\(,,)(0)12, can also be scen to affect thc 
magnitudc of ' J (M.  31P). A plot of iJ(i83W, 31P)  vs.  thc Sanderson electroncgativity of 
R in [ W(CO)s(PR3)] complexcs has bcen prcsented2"l. which shows that the coupling 
constant increases with elcctronegativity in a roughly linear fashion. Further variation 
in IJ(M. 31P) is to bc expected in terms of changes in thc s-orbital bond order  between 
M and P (the teriii k i n  equation 3). The  problem here ariscs in considering the formal 
hybridization of the atoms involvcd. which may not give a true impression of thc 
pcrcentagc s-characrcr in the bond. The  best known cxaniplcs to illustrate this point 
are the complexes rruns-[PtCI-(PBu';)~] with lJ ( lysPt .  ,IP) = 2392 Hz and lriiiis- 

[ P ~ C I , ( P B U ' ~ ) ~ ]  with IJ(lY5Pt. ,IP) = 1474 Hz. Assumi:ig the s-character argument, 
thcn the ratio of Pt(l1) ( d s p 2 )  to Pt(1V) ( d 2 s p 3 )  couplings should bc : k. Accordingly. 
the Pt( 11) complcx should have a coupling 1 .S timcs as large as the  Pt(1V) complex, 
and indccd this is approximately the case. A recent text2"' points out. howevcr. that 
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[Pt(PEt3),] and [ Pt(PEt3)4]?+ both have 25% s-charactcr hut IJ(lysPt. 31P) is 3740 Hz 
in the formcr and 2342 H z  in the lattcr. The validity of thc s-charactcr argument is 
thus opcn to considerable doubt. 

Onc o f  thc most useful factors causing variation in IJ(M. )IP) is the /ram-influence 
of the ligand /ratis to phosphorus in squarc-planar and octahedral metal complcxes. 
Generally, high rrans-influence groups give rise to low magnitudes of IJ(M, ”P) and 
vice vcrsu. Considering either a a- or  n-dorninancc of the rrrrris-influence requircs that 
the effect opcratc indirectly. via the intcraction with the metal centrc. Indeed, the 
Fermi contact cxprcssion cannot account for n-effects and so we can circumvent this by 
assuming that the n-effects cause a syncrgic a-effect in the trnris M-P bond. Obviously 
this can hardly bc called ;I satisfactory explanation at anything other than thc niost 
basic level, but nonethelcss, thc cffect ofrram-intluence on ‘J(M, ,IP) is of the greatest 
importancc in gcometry determinations. especially those conccrning a-carbon ligands, 
which gave rise to very high rrons-influence and hence a low value of IJ(M. 31P). The 
trans-influcnce has becn discussed in dctail?2R and its effects on 311’ 1i.m.r. spectra 
described2n1. Examples of geometry dctcrminations which utilize the rrotts-influence 
argument are dcscribcd below. 

3. Variations in 2J(3‘P, 3‘P) 

In 31P n.m.r. spectra of complexes containing incquivalent phosphorus atoms. the 
two-bond phosphorus-phosphorus coupling is very important in determining the final 
appearancc of the spectrum. O n l y  in cases where the spectrum approximates t o  first 
order can the coupling bc measured directly. Rccently a qualitativc niolccular orbital 
model has been developed to explain variations in sign and rnagnitudc of 2J(31P. 
31P)z81. This model again assumes the  dominance of Fermi contact in the coupling 
mechanism and proposes that the magnitude of the triplet excitation energy, averaged 
as 3AE, is dominant in determining the paramctcrs of the coupling constant. The 
model assumes that excitation from one orbital to another of the same symmetry gives 
rise to a negative contribution to the coupling. whereas if two orbitals of oppositc 
symmetry are involved, thc contribution will bc positive. By considering thc relative 
encrgies of thc metal orbitals in relation to the energies of {he phosphorus orbitals 
contributing to the M-P bond, it is possiblc to show that couplings bctween cis and 
tram pairs of phosphorus nuclci will be of similar magnitude for complexes of first-row 
transition metals, but that second- and third-row transition metals will exhibit a smal- 
Icr coupling for two cis-phosphorus nuclei than for two frnirs-phosphorus nuclei. ‘The 
relative energies of the orbitals contributing to the M-P bond. and hence defining 
AE, similarly explain changes in 2J(3’P, ,IP) with changing gcometry and oxidation 
state of the metal centrc. This model has been discussed in home dctail previously?”. 

Most useful in determining geometries is the observation that ?J(3’P. 31P)c,, G 
2J(31P. 31P),,onr for second- and third-row transition mctals. Some determinations of 
geometry utilizing this qualitative observation arc discusscd below. 

4. Geometry determinations 

Utilization of the paramctcrs J(j’P). ‘ J ( M .  3’P). ?J((”P. 31P). and. less frequcntIy. 
“J(3lP, X) can often be an aid in structural assignmcnt. Variations in combination o f  
these paranictcrs and occasionally just thc rnagnitudc of ;I single paranicter can he 
indicative of a certain structurc or geometry. Elegant examples abound in  literature so 
only sonic relatively simple examples will be considcred here. 

In  sonie cases d(”P) alone can bc uscd in structural nssignnient. This is particularly 
evident in cascs whew chelation (in diphosphincs. mctallated phosphincs. ctc.) givcs 
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rise to a large ring contribution to the chemical shift. In addition, the difference in shift 
between free and coordinated ends of a potentially bidentate diphosphine may be 
indicative of monodentate coordination. The complex [Fe(dppm)3]484.489 illustrates 
both of these points. The observation of three resonances, c~(~’PA) = 60.4 ppm, 
b(”PB) = 10.2 ppm. and ~ ( “ P c )  = 49.8 ppm, supports a structure 34. Similarly, the 

(34) 

complex [ Fe2(dppm)S]484-4ey is assigned the structure 35, as one phosphorus resonance 
exhibits a large ring contribution to the shift, b(”PB) = 60.4 ppm, and the other does 
not, b(31PA) = 7.2 ppm. Another useful  application of c ~ ( ~ ’ P )  to structural assignment, 
again related to the ring contribution to the shift, appears in the chemistry of 
phosphido-bridged complexes. Thus, in complex 36, c ~ ( ~ ’ P )  = - 127 ppm, whereas in 
complex 37, c ~ ( ~ ’ P )  = +155 ppm (considering the phosphido resonances only). The 
enormous shift difference indicates a four-membered ring environment in 36 and a 
three-membered ring environment in 37, thus supporting a metal-metal bonded 
structure in the latter490.4Y’. 

PPh2, ,CI 

PEt3 
Pd: PPh2 P, 

Lt3P, 

CI’ 

PEt 
I 

(36) (37) 

In a simple substitution reaction of [ PtRCl(cod)] with the unsymmetrical ligand 
appe, the product may be of two possiblc geometries, 38 and 39. The 31P{1H} n.m.r. 
spectra of the  analogous [PtRCl(dppe)] complexes show that lJ(lySPt, 3’P) = 4200 Hz 
for P r r m s  to CI and ~ 1 5 0 0  Hz for P rrans to R. Accordingly, a value of 1/(195Pt, 
31P) --- 4250 Hz (4219 Hz for R = Ph. 4382 Hz for R = COPh) defines 38 as the sole 
product. Thus, the paranieter ‘ J ( M ,  ”P) defines the product in this case44e. 

(38) (39) 
It  is obviously more satisfactory to have two supporting parameters to identify a 

product. In the case of the complexes [PtCI(PR,)(appc)]+, two geometries. 40 and 41, 
are possiblc. 

The 31P{lH} n.m.r. spectra48e of the products of reaction 11 indicate that both 
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isomers are formed, with one isomer being more favoured. This is shown by ,IP{ 'H} 
n.m.r. to be 41. The P rrans to P arrangement in 40 is supported by similar values of 
'J(IgSPt, "PA%B) (231 3 vs.  2386 Hz), whereas in 41, 1J(195Pt, ''PA) = 2845 Hz (rruns to 
As) and 1J(19sPt, ,'PB) = 4225 Hz (iruns to C1). The supporting evidence is the differ- 
ence in values of 2J(31P, In 40, 2J(31PA, ,'Pg) = 397 Hz (Prrutu to P). whereas in 

[PtC12(appe)] + AgC104 + PPh, - [PtCI(PPh,)(appe)]+ + AgCl (11) 

Coupling between 31P and a heteroatom, other than the metal centre, can be very 
useful in product formulation. For example, the  dimeric complex [Pt2(p-CI)2- 
C12(PEt3)2] is cleaved by Bu'NC to yield a monomeric product of empirical for- 
mula [PtC12(CNBu')(PEt3)]4ns. The 31P{'H} n.m.r. spectrum showed that both ck-  and 
trans-isomers were present. The magnitudes of lJ('YSPt, 31P) are indicative of this with 
values of 2822 H t  (Prruns to C) and 3174 Hz (Piruns to CI) for the two isomers. The 
geometry is confirmed, however. as one resonance appears as a 1 : 1: 1 triplet owing to 
coupling with I4N, ,J'J(,IP. 14N) = 7 Hz, indicating a irans geometry, whilst the second 
resonance is a singlet (i.e. ,J(,IP, lJN) = 0 Hz), indicating a cis geometry. 

Occasionally a spectrum may contain morc information regarding molecular 
structure than would initially be imagined. For example, the complex rrutis- 
[PtH{ P(o-t0lyl)~}(PCy~)2] shows a resonance attributed to the PCy3 group consisting 
Of eight This implies that the phosphorus nuclei of the PCy3 groups 
couple not only to the cis-phosphorus but also to each other. Accordingly, it is likely 
that the molecule is distorted considerably from square-planar geometry in solution, 
hence rendering the PCy3 groups inequivalent. The X-ray shows that this 
is so in the solid state. 

A final example in this section demonstrates how the multiplicity and magnitude of 
couplings to 31P can be used to determine the numbers of ligands in a complex4R8. 
truns-[PtH2(PCy3):] reacts with CO at -60°C in toluene solution to yield a single 
product observable in the 3'P{'H} n.m.r. spectrum, with c ~ ( ~ ' P )  = 20.2 ppm and 
1J(19SPt, 31P) = 3123 Hz. In order to determine the number of phosphorus ligands 
present, the reaction was repeated with 90% 13C0 and the  13C{'H} n.m.r. spectrum 
obtained. Here, a carbonyl resonance at 6(I3C) = 185.0 ppm was split into a triplet by 
two equivalent phosphorus nuclei, 2J(31P, 13C) = 12 Hz, with lgSPt satellites, IJ(lYsPt, 
I3C) = 1809 Hz. In order to determine the number of carbonyl ligands, the 3'P{'H} 
n.m.r. spectrum of the 13C-enriched sample was obtained. The phosphorus resonance 
appeared as a triplet [again, of course, with 2J(31P, "C) = 12 Hz], indicating that 
coupling to two equivalent carbonyl carbon atoms was present. Accordingly, these 
data establish488 that two equivalent PCy, ligands and two equivalent 13C0 ligands are 
bound to  platinum, defining the product as [Pt(C0)2(PCy3)2]. 

The enormous data base available for 31P n.m.r. data of metal-phosphine and 
related complexes makes comparative structural assignment routine in many cases, 
although care in any theoretical interpretation of such results is obviously essential. 
Additionally, although the acceptcd standard for shift measurement is currently 
H3P04 (the use of external P406  no longer being recommended by the American 
National Standards Committee), many arbitrary references are used and care in 
comparing literature data is necessary. 

41 2J(3'PA, 31Pg) = 14 HZ (P cis to P). 
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K. Studies of the Remaining Group VB Nuclei 

7SAs n.m.r. would secm to be a potentially useful technique in organometallic 
chemistry, in view of the very large number of transition metal complexes containing 
tertiary arsines as supporting l i g a n d ~ , ~ ~ .  Unfortunately, as 7sAs is quadrupolar (Table 
4), the detectability of the spectra relate directly to the symmetry of the 7SAs nuclcus. 
To date, the majority of 75As n.m.r. data are for tetrahedral or octahedral arsenic(V) 
derivatives (such as [AsR,]' and [AsFJ) and no transition metal, or other, low- 
symmetry arsenic(II1) derivatives have been observed. Studies of 7sAs n.m.r. havc 
been re~icwed~, . ,~ ,  and the standard used for chemical shift measurements is 
[K][AsF6] - a peculiar choice in view of the arsenic-fluorine coupling, 1J(7sAs, 
19F) = 930 

Antimony has two I > t isotopes (IZISb and IZ3Sb; Table 4), although the slightly 
more sensitivc Iz1Sb nucleus is usually studied. The situation with regard to lZ*Sb 
n.m.r. parallels that describcd for 7sAs; thus, although it would be highly desirable to 
study the I2'Sb n.m.r. of transition metal stibine  derivative^"^. this has not proved 
possible because of the low symmetry about the I2'Sb nucleus in such complexes which 
adversely affects it relaxation. Again, compounds af the types [SbR,]+ and [SbFJ- 
have been observed. but attempts to observe Sb(II1) derivatives have so far been 
unsuccessful4Y6. The chemical shift standard is [ SbCI6]- (usually as the  tetraethyl- 
ammonium salt); reviews dealing with I2lSb n.m.r. have a p ~ e a r e d ~ ~ . ~ ~ ~ .  

209Bi ( I  = f ;  Table 4) has been little studied in chemical systems. The reportJY7 of a 
'O'Bi resonance for aqueous Bi(N03)3 appears to be the only report of a solution 
studyJ9,, indicating little interest in this element over the last 3 0  years. 

L. Studies of Group VIB Nuclei 

The lighter Group VIB clcments are not particularly well suited for n.m.r. study. 
Oxygen has one quadrupolar isotope (I7O, I = i; Table 4) of low abundance, as does 
sulphur (%, I = i; Table 4). The heavier elements sclcnium and tellurium both have 
I = t isotopes (77Se, IZ3Te, IzSTe; Tablc 1). the Iz5Te isotope being the better suited of 
the two tellurium nuclei for n.m.r. study. N o  chemically significant studies of polonium 
have been performed. 

Despite the  problems of observing n.m.r. of low-abundance, quadrupolar nuclei with 
only averagc magnetic moments, much effort has gone into thc study of I7O n.m.r. The 
importance of oxygen in chemistry need not  be strcsscd and this led to carly work on 
the 1 7 0  n.m.r. of organic and inorganic compounds. The early studies showed that 
resonances could usually be observed, provided that the oxygen nucleus was not in a 
completely unsynimctrical environment and that the molcculc was sufficiently small 
that long molecular tumbling timcs do not become a problem. Several review articles 
are available, although the most recent is in J a p a n e ~ e ~ ~ ~ - ~ ' ) ~ .  

7 .  "0 n.m.r. of metal carbonyls 

Among the first reports of I7O n.m.r. were details of studies of scvcral transition 
metal c a r b o n y l ~ ~ " ~ .  Both [Ni(CO),] (tetrahedral about Ni) and [Mnz(CO),"] (octa- 
hedral about Mn) showed a single resonance, at 362 and 355 ppm. respectively. The 
nitrosyl derivatives [ Fe(CO)z(NO),] and [CO(CO)~(NO)]  also each give single reso- 
nances. at 41 8 and 377 ppm. respectively. N o  resonances attributable to the nitrosyl 
oxygens could be detected. presumably a result of quadrupolar broadening by the 
adjaccnt nitrogen atom. although signal averaging by dynamic oxygen exchange be- 
tween nitrosyl and carbonyl groups cannot be ruled out. Possibly the most interesting 
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sample studied was [ Fe(C0)J.  Again. only a single rcsoriance could be obscrved, at 
388 ppm, either as a pure liquid (30 to -20°C) or as an ether solution (30 to -63°C). 
This work thus substantiates the I3C n.m.r. studies of [Fe(CO)s], which also gave a 
single resonance (see Scction VI.G.3); accordingly, no diffcrentiation bctween a 
dynamic carbonyl averaging process and an unusual geomctry with fivc equivalent 
carbonyls can be madc. This work uscd the  I7O resonance of pure water as a reference 
and this has largely been accepted. although reccnt work1IH using the 170 resonance of 
acetone as a reference has appearcd. Thc former would appear to be the most satisfac- 
tory as the majority of organic compounds hzve posi:ive shifts with respect to water. 
Shift changes with environment are known, howrvcr. and so i t  is possibly most satis- 
factory to use water as an external refercnce and apply the susceptibility correction. 

Sincc the initial report appeared, studies of natural abundance I7O n.m.r. of metal 
carbonyls have largely bcen concerned with the relationship of 13C and I7O parameters 
of a givcn carbonyl group. Unfortunately. although a vcry iarge and extensive data 
base exists for 13C n.m.r. studies of metal carbonyls, this is not the case with I7O n.rn.r. 
and so the correlations proposed in the current litcrature may well nced to be modified 
as further work increases our understanding of I7O 1i.m.r. 

A number of tungstcn dcrivatives have been studied2j3, of the type [ W(CO)sL] 
(L = carbcne, phosphinc. phosphite), and resonances attributable to carbonyl groups 
cis and trails to the  L group were obscrved. The chemical shift data are shown in Table 
8, together with the corrcsponding valucs of 'J('"W, "C) from l3C{lH} 1i.m.r. studies. 
I t  appears that the relationship 6(Ci70),,,,,,., 3 b(C170),, is general. These workersz3' 
observe that deshiclding of the oxygen nucleus is accompanied by a decrease in 
IJ(IH3W, I3C). although inspection of Tablc 8 shows that the trend is not espccially 
obvious. I t  has previously been mentioncd that the valuc of IJ(M, X) is related to the 
a-donor/n-acceptor ability of the ligand tratts to X (see Section VI.J.2) and, using these 
two correlations, a relationship betwcen 6( 170) and the  a-donor/n-acceptor ability of 
the trans-ligand, L, is proposed. A plot of b( 1 7 0 )  vs. 6(I3C) for each typc of carbonyl 
group (cis or  rmtis) was said to be approximately linear. 

The latter point, the relationship bctween 6(I7O) and C ~ ( ~ X ) ,  has been the subjcct 
of some debate. One studylIH of a large group of substituted carbonyls (of Cr, Mo, W, 
Mn, Fe, and Co) showcd a reasonably good corrclation. whercas a second study116 (of 
those metals previously mentioned together with Re, Rh, and Ni) showed a very poor 
correlation. A comparison116 of I7O and 13C{'H} n.m.r. data for substituted transition 
metal carbonyls raised the following points: 

( i )  elcctronegative substituents o n  M C ~ U S C  dcshiclding of I7O but shie!ding of 13C; 
(ii) substitution of :I carbonyl group by a Lewis base (PR3. SbR,, CNX, etc.) o r  by 

arenes causes shielding of I7O and deshielding of I3C in the remaining carbonyl 
groups; 

( i i i )  6(170) correlatcs poorly with the C=O stretching force constant whereas 6(13C) 
shows a good corrclation; 

( i v )  shielding of 170 increases in the order cationic < neutral < anionic complcx. the 
opposite of 13C shielding; and 

(v) both 170 and I3C exhibit triad cffects; for example, Table 25 shows that desccnd- 
ing the Cr, Mo, W triad in [ M(CO)4(NBD)] results in shielding of both l 7  0 and 
13C nuclei. 

The oppositc trends in 13C and 170 n.m.r. data have been rationalized by consider- 
ing the effects of different trans-ligands on the C=O bond order and elcctron distribu- 
tion. Thus, an electron-donating trans-ligand will enhance n-back-donation from M 
into the A* orbitals of CO. This disrupts thc  CO bond order, causing the eiectron 
density o n  carbon to dccrease arid thc electron dcnsity on oxygen to incrcase. This is 
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FIGURE 7. Schematic representation of the relationship between 
6(13C) and 6( I7O) in transition metill carbonyls. 

shown schematically in Figure 7. The shielding of 13C and I7O will relate directly to the  
fate of these outer electrons (see Section II.B.3); as the p-orbitals on carbon contract 
with reducing electron density, so the contribution of up to u is increased and 
deshielding occurs. Conversely, the negative charge on oxygen increases, making the 
contribution of up to u less dominant and so shielding of the oxygen nucleus results. 
Accordingly, an inverse correlation between I7O and I3C shieldings should be 
observed although, as the role of the electrons in defining the contribution of up to u is 
very sensitive, any factors affecting the modcl described will have a dramatic effect on 
the shielding. Only strictly analogous systems should therefore be compared. Further, 
the points listed above do not appear to be entirely general; thus, comparison of 
substituted carbonyls of tungsten and chromium (Table 39) shows that point 2 is not 
general as the carbonyl groups in [W(CO)sP(OMe)3] are both shielded (cis) and 
deshielded (trans) with respect to the parent compound, whereas in a similar 
chromium complex, [Cr(C0)5P(OPh)3], both cis- and trans-carbonyl oxygens are 
shielded. In reality it is necessary to accumulate more data before valid statements 
concerning the relationship of I7O and I3C n.m.r. data of metal carbonyls can be made. 

A number of derivatives, [Cr(s6-C6H6-,%)(Co)2cx] (R = H, C1, Me, OMe, NH2, 
NMe2, COOMe; X = 0, S; n = 1-3) have also been studiedso4 by natural abundance 
170 n.m.r. These compounds merit separate mention as a number of interesting 
‘through-space’ interactions have been proposed. Molecular modcls show that the 
carbonyl groups may be close enough to the arene ring or,  in the cases R = NH2 or 
NMe2, to the nitrogen lone-pair or methyl protons, for an interaction to occur. The 
total range of shieldings observed is 368.2-376.4 ppm and a possible electronic domi- 
nance by a ‘through-space’ interaction is proposed to account for the observed values. 

TABLE 39. Effects of substitution on 6(I7O) in [M(CO)5L1 complexes 

Complcx 
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Complementary studies of the other nuclei ( 'H and I3C) are really necessary before 
this model can be rationalized. 

Studies concerning several binuclear systems have also been reported. Thc complex 
[Mn2(CO)10], reported to show a single oxygen resonance in an early studyso3 (at 
355 pprn), has been re-examined'I8 and resonances at  ca. 368 and 387 pprn (corrected 
to H2I7O reference) observed. These were assigned to axial and equatorial carbonyls, 
respectively. Variable-temperature 1 7 0  n.m.r. of [ Fe2(CO)a(Pi2C2COC2Ph2)] showed 
that the three observable oxygen resonances broadened at +50 C as exchange began to 
occurI18. Care is needed, however, with line-shape studies of 170 n.m.r. spcctra; for 
example, [CO~(CO),{C,(CH~OH)~}] gives a relatively narrow resonance at ambient 
temperature (o = 100 Hz), but on cooling to -50°C the resonance broadens consider- 
ably (w = 620 Hz). The effect is not related to fluxionality, however, as I3C {IH} 
n.m.r. shows that the molecule is still fluxional at -90°C. A possible explanation is 
that the molecular tumbling time is lengthened at low temperature and so the re- 
laxation is adversely affected, resulting in a broad resonance1I8. The complex 
[c02(co)6{C~(CoOMe)~}]  also exhibits a very broad resonance, w = 480 Hz, but 
this was explained by coincidental equivalence of the carbonyl and carboxyl oxygen 
shieldings. Linewidth measurements show that oxygen resonances of carbonyl groups 
are generally broadened by coordination to quadrupolar metals, but not as much as 
the 13C resonancesso5. 

The 
series ~ i s - [ M o ( C ' ~ 0 ) ~ L ~ ]  (L  = EPh3; E = P, As, Sb; L = PPhMe2) was studiedso6, 
each compound showing two oxygen resonances. Again, the relationship 
b(C'70),,,, z b(C170),i, appears to apply. The cluster [ R U ~ ( C " O ) ~ ~ ]  was examined 
and a single resonance observed. Possibly most interesting is the spectroscopic data 
concerning [Fe($-CsHs)(C170)2]2; this complex showed a single oxygen resonance at 
461.5 pprn at 55"C, indicating that a carbonyl-averaging process was occurring. Cool- 
ing to -46°C caused three resonances to appear. at 555.7, 359.7 and 458.8 ppm. The 
former two resonances were assigned to the cis-isomer. the more shielded resonance 
being broadened and consequently assigned to the bridging carbonyls. The latter 
resonance was assigned as an averaged signal for the rrans-isomer, implying that the 
barrier to fluxionality is much lowcr for the rrans-isomer than for thc cis-isomer. 
Further evidence for these assignments comes from studies of the bis(triiso- 
propylalurninium) adduct. 'H n.m.r. studies have previously shown that coordination of 
aluminium to the bridging carbonyls slows the fluxional process to the extcnt that the  
molecule is static at +28"C. Here, the ''0 n.m.r. spectrum shows a single resonance at 
371.2 ppm, attributable to a terminal carbonyl group in the cis-isomer. No resonance 
attributable to the bridging carbonyls of the cis-isomer could be observed, a probable 
consequence of quadrupolar broadening by the coordinated aluniinium (27AI, I = 2' 

The series [Mn(CO)5L] ( L  = CI, Br enriched with I7O; L = CH3 at natural abun- 
dance) have been studiedsos and each compound gives rise to two resonances in a 4: 1 
ratio, as expected. This is particularly intcresting as the 13C{ 'H} n.m.r. spectrum of the 
methyl compound shows only a single broad resonance. This could be explained in 
terms of carbonyl exchange, or by quadrupolar broadening by 55Mn causing two reson- 
ances to merge into one. The I7O n.m.r. results demonstrate that the molecule is in 
fact static and so quadrupolar broadening must explain the I3C{ IH} n.m.r. results. 

N.m.r. studies of metal carbonyls enriched with 1 7 0  have been 

N = 100%). 

2. Other systems studied by 170 n.m.r. 

Of the remaining 1 7 0  n.m.r. studies of inorganic compounds, the majority have been 
concerned with transition metal oxy-anion complexes5"0~50'. A few organometallic 
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derivatives have been csamined. such as [Ti( $-C5HS)(Mo@ l8)][ NBu:],""~, although 
thc organic ligand is really coincidental and thc oxy-anion is thc centre of interest. 
Nonetheless, some very structural d e t e r m i n a t i o n s s o ~ ~ ~ s 0 ~ ~ s 0 7 ~ s n ~  of oxy-anions have bcen 
performed by 170 n.m.r. and the accumulated data will be of use in  other fields. 

Probably the most obvious use of 170 n.m.r. is the study of reactions involving 
molecular oxygen. A number of transition mctal complexes arc known which react 
reversibly with dioxygen and thesc are important as analogues of biological oxygcn 
carriers. 1 7 0  n.m.r. has been applied to the study o f  such systems in a number of 
casess')o~so9-s~2 with a singular lack of success. For cxamplcsoY. a serics of Vaska-typc 
complexes, [ IrX(CO)(PR3),] ( X  = CI, I ;  R =  Ph; X = CI; R = C7H7). were reacted with 
I7O2 and examined by I7O n.m.r. N o  indication of thc  wcll known dioxygen complex 
was observed. The problem does not appear to be related to the field-gradient at the 
I7O nucleus, as the complex [IrI(CO){ P(C7H7)3}2(S1704)] also could not  be detected. In 
this sulphate complex no symmetry-detcrmined field gradient problems would be 
expected and so thc failure to observc oxygen resonances was interpreted in terms of a 
long molecular tumbling time for the relatively large unsymmetrical molecule. Such 
problems havc on!y bccn observed elsewhere"* at low temperatures, however. 

3. 33S, 77Se, and lZ5Te n.m.r. studies 

33S n.m.r. has been littlc s t ~ d i e d ~ " . ~ ~ ~ .  The few availablc data indicatc that there 
should bc little problem in obtaining reasonably narrow rcsonances provided that the 
symmetry about thc 33S nucleus is not too low. To  date. no organonictallic cornpounds 
havc been studied by j3S n.m.r. and even studies of simple coordination compounds of 
charged or  neutral sulphur donors do not appear to have been rcported. Both 
[ C S ~ S O ~ ] ( ~ ~ )  and CS2 have been employed as referenccs and therc is little to choose 
between them as [Cs2S04] shows iittle temperature or concentration dependences". 

77Se is more amcnable to n.m.r. study and a great deal of data havc been accumu- 
lated using both indirect and direct nicthods of observation. Reviews dealing with 77Se 
n.m.r. have a p p e a r ~ d ~ ~ ) ~ . ~ ~ ~ . ~ ~ ~ .  The acccpted standard for chemical shift measurements 
is MezSc, although a variety of other compounds [including selenophene, H2Se03(,,.) 
and SeOCI,] havc been used. The use of Mc2Se is particularly convenient in doublc 
resonance experiments. 

The only complete series of organometallic cornpounds to be studied by 77Se n.m.r. 
are the organotin selenides. [Me,Sn(SeR)4 -,,I (R = Me. Ph); the data obtained by 
doublc resonancc tcchniquesSI6 arc given in Table 40. The values of 6(77Se) clearly 
show that thc deshielding of thc 77Sc nucleus increases as thc electron-withdrawing 

TABLE 40. Valucs of d("'Sn). ~ 5 ( ~ ~ S e ) .  and lJ("'Sn, 77Se) in some organotin selenides. 
[Me,Sn(SeR)4-,, 1 
Compound 6(IIYSn) (pprny 6(77sc) ( P P m P  lJ("ySn, 77Se) (Hz) 

:Me 3SnScMe] +45.6 
: MezSn( SeMc)z] +57.1 
1 McSn(SeMe),] + 14.8 
: Sn( SeMe)4] -80.5 
:Mc3SnScPh] +5s .0  
:MezSn(ScPh)2] + 53. I 
: MeSn(SePh)3 - 16.5 

-276.7 10155 10 
- 237.0 1190 2 10 
- 183.9 13405 10 
- 127.3 15202 10 

+11.3 980 5 10 
+65.5 1190 5 10 

+ 124.0 1400" 15 

"Relative to Me4 'lVSn = 0; data from reference 516. 
"Relative to Me4 77Se = 0. 



21. Multinuclear magnetic resonance methods 893 

ability of the attached groups increases. This has been attributed516 to  changes in up 
arising from altered electron imbalance in the bonds to selenium. That the effect is 
greater for -SePh than for -SeMc may just reflect the greatcr electron-withdrawing 
ability of thc -SePh group. The  coupling between 77Se and 'lySn is also affected. 
electron-withdrawing groups causing the magnitude of 1J(119S~1. 77Se) to increase, as 
expected in  terms of equation 2. 

A few transition metal complcxes of selenium ligands have been cxamincd by 77Se 
n.m.r. Both cis [b(77Se) = + 1 2 0  ppm] and  [rum [ ~ 5 ( ~ ~ S e )  = +135 ppm] isomers of 
[PtC12(SeMe2)2J have been studied3I1. as have a variety of dialkyldiselcnocarbamate 
complexes517 (including Ni, Pd, Pt, Zn ,  and C d  complexes). The  complexes 
[M(Se3CNBu5),] (M = Ni, Pd, Pt)  a re  of particular interest as the electronic spectra51s 
show that the lowest energy transitions decrease in thc order  Pt > Pd > Ni and yet the  
shieldings of the  selenium nuclei decrease in the order Pd > Ni > Pt. This has been 
interpreted in terms of a mesomeric effect which induces a shift of electron density 
f rom the -NR2 group towards the metal, although t h e  resulting order of shielding 
is not clear from this explanation. Variable-temperature 77Se n.m.r. studies of 
[Pt(Se2CNBu$)z(PPh3)] have shown51Y that the molecule undergoes an  intramolecular 
rearrangement in solution. N o  organometallic transition metal derivatives appear 
t o  have been  studied by 77Sc n.m.r. 

lz5Te n.n~.r.~Ol is also reasonably promising; in many ways the technical problems a r e  
similar to those encountered in 77Se n.m.r. and, oncc again, IH{ lzsTc} double-resonance 
techniques have bcen of the utmost importance. T h e  only organometallic tcllurium- 
containing compound which appears to have bccn reportcds2"~'?' is [( Me,Sn)?Te] 
[b(I2'Te) = - 1 2 1 1  ppm;b( ' lYSn)  = -66.8 ppm; IJ('?'Tc. "'Sn) = -1385 Hz].Froni 
studies of analogous selenium- and tellurium-containing organic compounds, it seems 
that apl0tof6(~~~Tc)us.6(~~Sc) islinear'z".enablingan approximate valucof6(1'sTTe) to 
be obtained when only the selenium analogue is available. I t  seems likely that such a 
relationship will only be true in simplc sp" hybridized compounds. where p-orbital 
electron imbalance will be similar in related Sc a n d  T c  compounds. In transition metal 
derivatives. wherc d-orbital involvement must be considered. the rclationship may n o t  
hold, so any extrapolation should be made with care. 

M. Fluorine-19 N.m.r. Studies 

T h e  I9F nucleus is unique among the halogens, being the only I = 5 nucleus, and has 
been of considerable importancc in organometallic n.ni.r. studics. The  very high reccp- 
tivity to n.m.r. measurement of the  "F nucleus cnablcs analogies to be drawn with the 
proton. Thus, in suitable cases, continuous wave techniqucs may be applicablc to its 
measurement, whilst the availability of suitable instrumentation enables lyF{ X} 
double resonance experiments to be performed, thus increasing the range of 
possibilities for the indirect observation of the heternnuclcus (X).  

The re  a re  introductory textss2? and  rcviewss23.52J available which dcal with most 
aspects of IYF n.m.r. Particularly useful a rc  compilations of chemical shifts5" and 
coupling constantss26. Reviews are  available which dcal spccifically with the  IYF n.m.r. 
of fluoroalkyl and  fluoroaryl complexes o f  the transition r n ~ t a l s ~ ~ ~ . ' " " .  

T h e  problem of chemical shift standards is very important in "F 1i.m.r. This nucleus 
has a reported shift range of cu. 850 ppm and so various standards have been em- 
ployed, according to thc range of interest in ii particular study. The  widely accepted 
standard in current usc is CFCI,; conversion factors for the other common standards 
(about ten have been used fairly frequently in the past) arc availables2'. 

As many reviews are available on "F n.m.r.. only one particular aspect will bc 
considered further hcre. 'fhc I''F nucleus is almost unique ir! its ability to exhibit 



894 Julian A. Davies 

so-called 'through-space' coupling. This has been briefly mentioned in Section II.C.2, 
although no satisfactory theoretical explanation can be offered as yet. In 
organometallic systems, through-space coupling is occasionally encountered with 
complexes of the heavy metals and some mechanism involving an overlap of valence 
shell electrons often invoked as a possible explanation. 

In the study of some substituted dialkylmercury(I1) complexes, f9r example, it was 
observed in the  comparison of o-, m-, and P - [ ( F ~ C C ~ H ~ ) ~ H ~ ]  and 
-[(F3CC6H4)HgBr]59 that the values of 45(199Hg, 19F) were large, in the range 
26-29 Hz, for the o-complexes. Owing to the proximity of the o - C F ~  groups to the 
mercury nucleus, a through-space interaction was proposed to account for this. 

It has also been observeds29, in complexes of the type 42, that 2J('95Pt, 19F3) corre- 
lates well with the trans-influence of the ligand X (as estimated from other spectro- 
scopic and chemical evidence), whereas 3J(1YSPt, 19F2) and 35(195Pt, 19F1) do not. A 
possible explanation has been proposeds29 which suggests that the magnitude of 
nJ(19sPt, 19F) relates to the degree of through-space interaction, determined largely by 
the orientation of the C-F bond relative to the square-plane occupied by the metal 
centre. Such observations, whatever the explanation, show the danger of correlating 
physical parameters with the magnitude of a single n.m.r. parameter. Here, were other 
data not  available, a trans-influence series constructed on the basis of 35( lssPt, I9F1,2) 
values would be very misleading. 

F2 
PEt, I ' +c\ 

x-Pt-c F' 
I I  
PEt, F 3  

(42) 

A further examples30 of through-space coupling is illustrated by the 19F n.m.r. 
spectrum of the product of the reaction between [ Pt(PPh3).,] and hexafluoro- 
bicyclo(2,2,0)hexa-2,5-diene, assigned the structure 43. The resonance at - 176.4 
ppm is broad, probably because of unresolved )lP-19F coupling, and so is assigned 
to F5 and F6. The coupling to platinum, 2J(lusPt, 19FS.6) = 180 2 5 Hz, was also 
observed. The resonance for F1 and FJ was not broadened, but also exhibited a 
substantial coupling, 35(1ysPt, 19F1.4) = 185 ? 5 Hz. Accordingly, the two- and three- 
bond couplings are of the same magnitude, attributed to a through-space contribution 
to 35( 195Pt, I9F). The assignments of these resonances relies largely on the broadening 
due to the unresolved 31P-lyF coupling in this case. 

F' 

(43 1 

A final example of the phenorncnon of through-space coupling involves the interac- 
tion of IYF nuclei which are fornially scparated by several bonds. The complex 44 



21. Multinuclear magnetic resonance methods 89 5 

showsS3' strong coupling between F' and F6 (53 Hz) and between F4 and F6 (51 Hz), 
despite separation by four formal bonds in each case. Additionally, where L = PPh3. 
the value of 3J(31P, I9Fs) is 67 Hz, also indicating a strong coupling over three formal 
bonds. Molecular models show that the strongly coupled nuclei are maintained in 
positions close to each other by the stereochemical constraints of the coordinated 
organic group. 

Through-space coupling is, of coiirse, only one aspect of the 19F n.m.r. studies of 
organometallic compounds. The reader is referred to the available reviews for details 
of structural characterization and dynamic studies of other organometallic compounds. 

N. Studies of the Remaining Halogen Nuclei 

Chlorine and bromine each have two stable I > f isotopes (3sCI, )'CI and 79Br, 8'Br; 
Table 4) and iodine has a single stable I > f isotope (I2'I; Table 4). Astatine is 
radioactive. Halogen n.m.r. has been the subject of a texts32 and recent reviews33. The 
major applications of halogen n.m.r. are in b i o c h e m i ~ t r y ~ ~ ~ * ~ ~ ~  and no purposeful 
studies of organometallic halogen-containing systems appear to have been reported. 
Mention of organometallic compounds in biological studies occurs occasionally, 
organomercury(I1) compounds being used as probes to investigate halide-binding in 
biopolymers. For example, the mercury-labelled hapten 45 was investigateds34 in 
studies of the binding of the antidinitrophenyl antibody. In this system, the 3sC1 
linewidth was monitored as a function of the concentration of 45 and it  was observed 
that the linewidth increases with concentration owing to rapid relaxation of 3sC1- by 
interaction with the tpercury(I1) centre in the halide probe. 

ti 

(45) 

The major problem in obtaining n.m.r. spectra of halogen nuclei arises because of 
their quadrupolar moments. Thus, in a covalently bound halogen compound (i.e. the 
type we wish to study in organometallic systems), there is usually a very large field 
gradient a t  the nucleus, caused by low symmetry of the halogen environment. and so 
the resonances are excessively broadened (see Section II.A.2). This problem appears 
to have deterred study, although the above example demonstrates that this effect can 
be put to good use in certain fields. 

The standards for chemical shift ranges in spectroscopic studies of the halogens are 
aqueous solutions of the [XI- ions, extrapolated to infinite dilution. 
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0. Studies of the Noble Gas Nuclei 

('He 
and 129Xe; Table 1). two elements only with I > f isotopes (2 'Ne and 83Kr; Table 4), 
and one,  argon, with no  stable isotope with non-zero spin. Xenon also has a quadrupo- 
lar isotope ("'Xe; Table 4). Of these nuclei, only 129Xe has been the subject of any 
chemically significant n.m.r. studies and this topic has  recently been reviewed5". 

Of the reported work only studies of Xe(I1) derivatives of Mo and Ws36 are  of 
marginal interest here, as no  organometallic compounds containing xenon have been 
reported. 

Of the five non-radioactive noble gases, there a r e  two with isotopes of I = 

VII. HIGH-RESOLUTION SOLID-STATE N.M.R. STUDIES' 

The  discussion so far presented in this chapter has concerned high-resolution 
measurements of diamagnetic samples in solution. almost exclusively, for the simple 
reason that such samples as these are  o f  most interest to the majority of chemists. In 
the solid state, the 'H n.m.r. spectra of most organic and organometallic compounds 
consist of broad, featureless resonances, a result of direct dipole-dipole interactions 
between the nuclei. Such spectra (wide-line n.m.r.) are not  informative from a 
structural viewpoint, although in cases where motion in the solid allows some 
averaging of the dipole-dipole interactions, narrowing of the resonances can occur. 

In the case of a nucleus such as  13C537. dipole-dipole interactions are likely to be small 
in the solid state, a result of the low natural abundance of I3C, which statistically 
makes such interactions unlikely. Accordingly, there is a chance to obtain 
high-resolution n.m.r. spectra of 'dilute nuclei' in t h e  solid state. Returning to the 13C 
nucleus, the broad lines observed in a normal experiment arise largely from two 
sources: firstly, carbon-proton dipolar interactions, and secondly, from 13C chemical 
shift anisotropy. The  former can be removed by high-power proton decouplingS3*, the 
high power being neccessary as dipolar couplings u p  t o  several thousand hertz must be 
removed (compared with a solution I3C{ 'H} n.m.r. experiment where couplings are 
rarely over 200 Hz). The  chemical shift anisotropy can be removed by spinning the 
solid sample very fast (ca. 3000 Hz) at  an  angle, 8, of 54.7" to the field. This 'magic 
angle's39 is chosen to  make the term (1 -3cos28) vanish from the expression relating 
chemical shift anisotropy and field. A further sophistication is the technique of 
c ross -p~ la r i za t ion~~" ,  which removes a dependence on the sometimes long I3C 
relaxation time and relies on the shorter relaxation time of the proton. 

A combination of these three techniques, cross-polarization (CP), vcry fast sample 
spinning, and spinning at the 'magic angle' (MAS), enables high-resolution spectra to 
be obainedSJ'. The  availability of such techniques enables several areas of 
organometallic chemistry to be explored which was not previously possible owing to 
constraints imposed by the solid state. 

A n  example is the I3C n.m.r. of solid [ R u ~ ( C O T ) ~ ( C O ) ~ ] ' ~ ' ,  which exhibits two 
resonances for the carbonyl carbon atoms, but only a single resonance for the 
chemically inequivalent carbon atoms of the cycloctatetraene ligands. Since the MAS 
experiment produces isotropic values for the shift, this single resonance must be due to  
ring fluxionality in the solid state. Accordingly, this technique enables solid-state 
fluxionality in organometallic compounds to  be studied. Variable temperature work is 
now possible with the MAS experiment and the range of processes which may be 
examined is vast. 

More recently. CP-MAS cxperiments designed to  observe thc 31P nucleus have 
been reported'". The  spectra of the simple complexes cis-[ PtC12(PPhzMe)z] and 
cis-[PtClz{ Ph2P(CH,)2Si(OEt)3)2] are shown in Figures 8a  and 8b. The  constraints 
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FIGURE 8. (a) Solid-state CP-MAS 31P n.m.r. spectrum of [ PtC12(PPh2Me)2]. Recorded 
at 36.442 MHz using matching and decoupling fields of approximately 10 G. spinning at 
3 kHz. 3000 scans accumulated with a 1 s recycle time and a 1 ms single CP. The FID was 
transformed with 15 Hz line broadening. 6(P) = 1.6. -2.1 pprn; 1J('95Pt, "P) = 3466, 
3759 Hz. (b) Solid-state CP-MAS 31P n.m.r. spectrum of [PtC12( PhzP(CH2)2Si(OEt 
Details as for (a), except 6000 scans accumulated. 6(P) = 15.3, 12.9, 4.8ppm: 
"P) = 3740, 3711, and 3418 Hz. respectively. (c) Solid-state CP-MAS 'IP n.m.r. spectrum 
of [P~CI~{P~~P(CH~)~S~(OE~)~}Z] supported on a glass surface. Details as for (a), 
except 14 000 scans accumulated, and FID transformed with 40 Hz line broadening. P) = 
10.45 ppm; 1J(1u5Pt, ,IP) = 3721 Hz. 

IJ ()dj$:; 

imposed by the solid state cause the central rcsonance to appear as more than one 
component. Thus, crystallographic constraints may render the two phosphorus ligands 
inequivalent in a single molecule, or indeed there may be two distinct molecules 
in the crystal cell, either case resulting in the appearance of two resonances and a 
combination of these cases resulting in many possible resonances. These two spectra 
show that a considerable shift rangc is possible for a given nucleus as a result of 
solid-state constraints. Indeed, Figure 8c shows the spectrum of ck-[PtC12{Ph2P- 
(CH2)2Si(OEt)3}2] after reaction with a glass surface, the width of the resonance 
(o = 500 Hz) resulting from solid-state shift dispersion. This technique enables 
immobilized homogeneous transition metal catalysts to be previously a 
difficult task owing to their solid nature and low-volume concentration of metal 
species. 

Further development in this field, including studies of tluxionality and supported 
metal catalysts, is likely to be rapid and hindered only by the expcnse and 
sophistication of the apparatus required. 

VIII. CONCLUSIONS 

Although it has been possible to present only sclccted examples from the literature 
concerning multinuclear magnetic resonance studies of organometallic compounds, 
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the scope and applicability of the subject can be seen to be vast. Future developments 
are likely to include the direct observation of many more of the active nuclei in a 
routine way and hence the development of a more substantial data base from which 
the organometallic chemist can work in the elucidation of structural problems. There 
still exists a huge back log of problems which could never be solved by ' H  n.m.r. and, 
hopefully, attention will be turned to these and the multinuclear approach applied. In 
this chapter many aspects of n.m.r. have been covered only briefly and some aspects 
not at all. Of these, multinuclear studies of# paramagnetic compounds (in order to 
understand metal-ligand interactions a little better) and the development of 
high-resolution solid-state n.m.r. (and its application to fluxionality and immobilised 
organometallic compounds) are certainly going to be heard of in greater detail in the 
future. 

In reading other chapters in these volumes, it will become clear that n.m.r. has been, 
and always will be, essential in studies of the metal-carbon bond. 

IX. NOTES ADDED IN PROOF 
The development of n.m.r. methods and their application to problems in 
organometallic chemistry continue to be reported at an ever increasing rate. The 
following notes describe some of the  more recent developments and applications. The 
material is divided into the same sections as the main text, as set out in the table of 
contents (p. 813); sections for which no important new work has been detailed have 
been omitted. 

VLB. Deuterium and Tritium Studies 

2H n.m.r. continues to be applied in specialized areas. The reactions of some 
transition metal (Re, Ru, Os, Rh, Ir) carbonyl clusters with LiHBEt, and Li2HBEt3 
have been studiedS4, by 'H, 2H, and 13C n.rn.r. and evidence presented suggesting the 
formation of new metal-formyl complexes and organic decomposition products 
(HCHO, CH3OH). The importance of such homogeneous systems as models for 
heterogeneous Fisher-Tropsch synthesiss44 makes this study particularly noteworthy. 
The mechanism of reduction of organomercury(I1) compounds by both NaB2HJ and 
sodium amalgam/2H20/NaOC2H, systems has been investigated by 2H n.m.r. The 
latter mode of reduction occurs stereospecifically and the results are interpreted in 
terms of the reaction mechanisms5JS. 

The selectivity of a range of heterogencous and homogeneous catalysts in effecting 
hydrogen isotope exchange in organic molecules has been studied by 3H n . n ~ . r . ~ ~ ~ .  The 
complex [RuC12(PPh,),], for example, catalyses the specific exchange of 3H for 'H at 
the a-methylene position in the reaction of many primary alcohols with 3Hz0, at 
elevated temperatures. 

V1.C. Studies of Alkali Metal Nuclei 

While the n.m.r. of the alkali metals develops into an important technique in many 
areas of chemistry, few new results are of importance here. Further work on the 
mechanism of 7Li relaxation has been reporteds47 and both 7Li and 27.41 n.m.r. studies 
of [Li(AIH,)] in ether solutions describeds48. Some aspects of the theory of 23Na 
chemical shifts have also been describedsJ9. 
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1 .  Sc. Y, La, the lanthanides, and actinides 

Still an untouched area in organometallic chcmistry. ‘‘9Y n.m.r. has becn employed 
as a spin-relaxation probe for studying metal ion interactions with organic ligands 
(typically oxygen-donor l i g a n d ~ ) ~ ~ ”  and 139La n.m.r. continues to be of interest in 
studies of ionic complexationss’. 

2. Ti, Zr, Hf 

The first chemically significant study of ”Zr n.m.r. has been reported by 
McGlinchey and co-workersss’. Complexes of the type [ ZrCpzX2] (X = C1, Br, I) and 
[ ZrCp4] were examined and resonances observed for all the halide complexes (Table 
41), but not..the tetraorgzno-complex. A temporary shift standard ([ZrBrzCp2] in thf 
solution) was employed until sufficient compounds have been examined to select a 
more convenient standard. The resonance due to [ZrCp,] was believed to be too 
broad to be observed. 

No doubt further studies of 9’Zr n.m.r. will be forthcoming as no particular 
problems were observed in the initial study. 

TABLE 41. ”Zr n.m.r. data for some cyclopentadienyl 
complexes 

Complex 

r ZrCp2C121 - 121.9 276 
[ ZrCp2CIBrI -65.9 237 

r ZrCp2I21 126.0 134 

ORelative to [ZrCp2Br2] in thf solution; data from 
reference 552. 

r ZrCpzBr21 0.0 19 

3. V, Nb, Ta 

Further studies of 51V n.m.r. of carbonyl and phosphine-substituted carbonyl com- 
plexes have been reported and correlations of shielding with variations in the contribu- 
tion of up to u describedss3. The s’V n.m.r. of [V(PF3)6]- has also been reportedss4. 
Interesting new work o n  the 93Nb n.m.r. of some organoniobiurn and related 
complexes has been discussed. The complexes [Nb(CO)& 5s4, [ N b C ~ ( c o ) ~ ] ,  
[NbjCp3(C0)7]555, and a series of phosphine-substituted [ N ~ C P ( C O ) ~ ]  derivatives 
have been examinedss6. Various shift standards have been utilized, including [ NbCIs] 
in diglyrness4, [NbCIs] in a~etoni t r i le”~,  and [ NbOCI3] in acetonitriless6. The reson- 
ances are generally very broad in the less symmetrical complexes, being cu. 6000 Hz 
in the phosphine-substituted [ N ~ C P ( C O ) ~ ]  derivativesss6. 

4. Cr, Mo, W 

Several reports of the Y5Mo n.m.r. of substituted [ Mo(CO),] derivatives have 
a p ~ e a r e d ~ ~ ~ - ’ ~ ~ ,  thus establishing a considerable data base in this area. A selection of 
data are presented in Table 42. The use of an alkaline (pH = 11) solution of 2 M 
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TABLE 42. "Mo n.m.r. data for somc [ Mo(CO)~]  derivative8 

Compoundh Solvent 6 (ppm) o (Hz) 1J(y5M0. 'lP) (Hz) 

- 

Thf 
MeCN 
MeCN 
MeCN 
CHzCl2 
CHzClz 
CHzClz 
CHzClz 

CHzClz 
CHzCl2 
CHzCIz 
CH2C12 
CHzClz 
CH2C12 
CHzC12 
CH2C12 
CHzClz 
CH2Clz 
CH2C12 
CHzCl2 
CH2CI2 
CHzCl2 

CHzClz 

CHzC12 

Dmf 

-1845.3 
- 1439.7 
- 1306.6 
-1113.8 
- 1819.1 
- 1774.7 
- 1742.7 
- 1824.5 
- 1842.8 
-1710.7 
- 1756.5 
- 1863.9 
- 1433.3 
-1512.9 
- 1781 . I  
- 1807.4 
- 1753.7 
- 1362.0 
- 1556.1 
-1637.1 
- 1741.7 
- 1576.9 
- 1807.0 
- 1092.6 
- 1785.0 

Cir-[ M o ( C O ) ~ ( P ( O P ~ ) ~ ) ~ ]  

cis-[ Mo(C0)4(PPh3)2] 

cis-[ Mo(CO)J(PBU"~)~] 
~ i r  - [ Mo( CO)4( AsPh 3) 2 1  
cir-[ Mo(CO)4(SbPh3)2] 

cir-[Mo(Co),(PiP)[P(oPh)311 

cis-[ MO(CO)~(  MePPhz)?] 

cis-[ Mo(CO),(pip)21 
rrans-[ Mo(CO)~(P(OP~) , )~ ]  

[ Mo( C0)3( t riphos)] 
trans-[ M o ( C O ) ~ ( M C P P ~ ~ ) ~ ]  

~~. [ Mo(CO)3( Me PPh2)31 - -  L 
C6H5CH3 - I631 .0 

CHKI, - 1427.1 
CH2CIz - 1759.5 

- 1 
39 
49 - 
10 
36 234 
66 156 
54 139 
46 129 
16 129 
67 127 

- 

- 

112 - 
117 - 
76 - 
108 - 
90 128 
43 - 
36 250 
109 25 7 
46 140 
57 133 
93 123 
187 - 
247 
94 
96 225 
87 134 
43 I29 
7 126 

- 
- 

'Relative to external aqueous alkaline 2 M [K]2[Mo04]; data from reference 557. 
bdiars = o-C6Hj(AsMcz)2; pip = pipcridinc; triphos = bis(dipheny1phosphino)phenylphosphine; 
dmf = dirnethylformamidc. 

[MI2[MoO4] (M = K, Na) is recommended as an external shift ~ t a n d a r d ~ ~ ~ . ~ ~ ~ .  Coup- 
ling to 31P is clearly observed (Table 42) in phosphine-substituted derivatives. This 
area will no doubt prove fruitful for chemically significant work now that background 
data have been presented. 

5. Mn. Tc, Re 

The IesRe and lE7Re n.m.r. spectra of [ Kc(CO)~][CI].HCI have been reportedsw. A 
single resonance at -3400 ppm relative to aqueous NaReOj was observed, with a 
linewidth at half-height of cu .  1.5 kHz. The same describes further SSMn 
data for [ Mn(CO)S(PR3)]'. com'plexes. 

6. Fe, Ru, 0 s  

57Fe n.m.r. spectra of 35 diamagnetic iron complexes. largely [Fe(CO)3(diene)] 
compounds. have been Using Quadriga Fourier transform techniquesz4'. 
spectra were obtained for complcxes at natural abundances of 57Fe. The shift range so 
far observed covers cu. 3000 ppni and [ FC(CO)~]  has been proposed as a secondary 
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shift standard. The Quadriga Fourier transform method has proved to be especially 
useful s7Fe n.m.r.247.561-s63 and in other areas. such as Io3Rh n.m.r. (see notes on 
Section VI.E.7, below), where the shift range is large and resonances can be very 
difficult to locate. 

7. Co, Rh, Ir 

13C{ 1('3Rh} n.m.r. studiessh4 of the cluster [Rhlz(C0)30]?- show that the solution 
structure at -72°C is the same as that in the solid state, as determined by X-ray 
crystallographys"'. Three '"3Rh resonances were monitored, at + 168, - 322 and 
-560 ppm (relative to E('"RRh) = 3.16 MHz), although only two resonances were 
previously observed by direct observation of the lu3Rh nuclei274. The reason for this 
descrepancy is unknown. 

Direct observation of the '"Rh nucleuss", utilizing Quadriga Fourier transform 
methods247, has allowed relaxation studies of [ Rh(acac),] to be performed. Other 
studies567, however, concerning relaxation measurements of [ Rh(a~ac ) (CO)~]  and 
[ Rh(Bpz,)(diene)] [ Bpz4 = tetrakis( l-pyrazo1e)borate; diene = duroquinone, cod, 
nbd) at high field, suggest some care is needed in the interpretation of such mcasure- 
ments. It appears that chemical shift anisotropy makes an important contribution to 
the relaxation mechanism at high field and that even at lower fields this contribution 
may still be significant. I t  was previously mentioned (Section II.A.5) that chemical 
shift anisotropy was most likely to be encountered as a problem in examining the 
n.m.r. of heavy metal nuclei, where substantial contributions to the observed linewidth 
(leading to problems in complex coupling situations) are to be expected. This seems to 
be the case for lo3Rh at high field and is similarly encountered with 199Hg (see notes on 
Section VI.E.10, below) and 2osTl (see notes on  Section VI.F.3, below). 

8. Ni, Pd, Pt 

A paper discussing the applications of multinuclear magnetic resonance methods to 
the chemistry of platinum has appearedS"and a number of papers discussing the lYsPt 
n.m.r. spectra of [ Pt(PPh3)2(RCCR)JS69, cis-[PtC12(NH3)2] and its hydrolysis 
and oligomerization products570, and lSN-labelled diimine complexess71 have been 
reported. Particularly interesting are reports of polynuclear complexes, including 
[ Pt3(p-CO)3(PR3)3]S72 and [ PtMe3X]4573, as these involve the long-range couplings 
between active lysPt centres in the less abundant isotopomers. 

At very high field574 (9.4 T) the isotopomers of 35C1, 37C1, 7 9 B ~ ,  and HIBr  may be 
distinguished in chloro- and bromoplatinum(1V) complexes by Iy5Pt n.m.r. In  poorly 
resolved cases, the different isotope shifts thus cause a substantial l ine broadening. 
The linewidths are not field dependent (i.e. not dominated by chemical shift aniso- 
tropy) and relaxation by spin-rotation interactions is believed to occur. In the case of 
[ Pt(3sC1),(37CI),-,] ( t i  = 0-6). resonances for the five most abundant isotopomers 
have been clearly resolved. Undoubtedly, such high-field isotope shifts may cause 
problems of linewidth in more complex cases under conditions of poor digital 
resolution. 

10. Zn, Cd, Hg 

Many reports have appeared concerning IIICd. I13Cd. and r99Hg n.m.r. Particularly 
important are r e s ~ l t s ~ ~ ~ ~ ~ ~ ~  which show that the relaxation of 199Hg is dominated by 
chemical shift anisotropy at high fields for species with symmetry less than tetra- 
hedral. Chemical shift anisotropy measurements for PhzHg yield a value of 
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6800 z 680 p p ~ n ' ~ ~ .  Also of interest are studies of [ H  X2(PBu3Se)2] (X = Cl, Br, 1, 

comparison of direct and indirect methods is presented, with useful practical details 
such as the time required for each type of measurement. instrumental sensitivity 
necessary, etc. By the indircct methods, 1J(199Hg, 77Se) and 2J(199Hg, 31P) were found 
to be negative in sign, relative to a negativc value of 1J(77Se, "P). 

SCN)s77 by 31P, 77Se, 199Hg, 3 1 P  {77Se, 'H},  and "P { 7 99Hg, 'H} n.m.r. methods. A 

V1.F. Studies of the Group IllB Nuclei 

3. Other systems 

The "sin n.m.r. spectra of some inorganic indium salts in non-aqueous solution have 
been reporteds78. Of particular interest is the complex of empirical formular [MeInI;], 
known to exist as [ InMe2][ InIj] in the solid state, by X-ray c r y s t a l l ~ g r a p h y ~ ~ ~ .  Only a 
resonance for the [ InIJ anion was observed in solution, indicating that the cation is 
of too low a symmetry (possibly because of solvation effects) to be detected. Clearly 
this technique is of limited structural use in organoindium chemistry. A standard of 
0.5 M [InCI4]- in CH2CI2 solution is recommendeds78. 

Further studies on the effects of solvents8" and temperatures8' o n  20STl chemical 
shifts and coupling constants in [ Me2TIX] compounds have been reported. Significant 
relaxation measurementss82, at various applied fields, have been described for 
diorganothallium(II1) derivatives and chemical shift anisotropy shown to be a domi- 
nant relaxation mechanism. The effects of this are clearly manifested in the lH 
n.m.r. of protons coupled to 2osTl also. 

VLG. Carboru-13 N.m.r. Studies 

A noteworthy 13C n.m.r. experiment has been reported583 whereby the cluster 
[Rh12(C0)30]2- was reacted with a gaseous CO-H2 (2.1:l.O) mixturc in a specially 
constructed high-pressure n.m.r. probe. For this experiment, a pressure of 850 bar was 
employed. Even under very high applied pressures of CO, the exchange of coordi- 
nated carbonyls for free CO is not fast at low temperature and so much structural 
information may be obtained. In the example under discussion, conversion to a cluster 
of lower nuclearity, [Rhs(CO)IS]-, occurs. The significance of this work is a clear 
demonstration that cluster degradation to mononuclear complexes does not occur 
under the type of conditions employed in catalytic organic synthesis, previously a 
disputed point in many areas of cluster chemistry. The report describes the probe 
design and hence further studies in related areas may be expected. 

Papers describing studies of mononuclear metal carbonyls, with the emphasis on 
extraction of 2J(13C, I3C) values from I3C n.m.r. spectra have been r e p ~ r t e d ~ ~ . ~ ~ ~ .  The 
utility in monitoring 2J(13C,  I3C) as a probe of inter- versis intramolecular carbonyl 
exchange in [ML(CO)S] (M = Group VIII metal) complexes has also been 
de tailedSBS. 

V1.H. Studies of the Remaining Group IVB Nuclei 

1. Organometallic Si and Ge systems 

73Ge n.m.r. remains unapplicd t o  organometallic systems, whereas 29Si n.m.r. has 
now reached a level of real utility in organometallic chemistry. Many examples have 
been reported, a typical examplesn6 being the reformulation of ($-I - 
silapropeny1)tricarbonyliron coniplexes as q2-(vinylsilane)tetracarbonyliron species 
after a study of the reactions of vinylsilanes with [Fe2(CO),] by 2ySi n.m.r. 
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2. Organotin compounds 

A Ii9Sn n.m.r. studysa7 of 7-coordinate organotin compounds confirms the general 
trend that an increase in coordination number results in an increased shielding of the 
l19Sn nucleus. Thus, for [B~Sn(oxala te )~]  (7-coordinate) b = -561, whereas for 
[B~Sn(oxalate)~CI] (6-coordinate) 6 = -395. 

The use of selective deuterium labclling in organotin compounds leads to observa- 
tion of “J(ii9Sn, 2H) in li9Sn n.m.r. spectraSaR. The resonances for coupled nuclei thus 
appear as simple 1: 1: 1 triplets, which can be utilized as a structural probe in organotin 
chemistry. 

3. Transition metal-tin systems 

19Sn n.m.r. studies of transition metal trichlorostannate complexes are now con- 
tributing significantly to the understanding of catalyst systems based on platinum 
metal halo-complexes with a tin(I1) chloride co-catalyst. The RhC13-SnC12-HCI,,,,, 
system has been investigatedsaY and parameters for [ Rh(SnC13),C16-,,13- anions pre- 
sented. An interesting redox reaction of RhCl, with SnC12 to yield a rhodium(1) 
derivative of the type [Rh(SnC13)S]4- and tin(1V) spccies was also observed by IiySn 
n . m ~ . ~ ~ ~ .  Data for a series of compounds, [ Rh(SnClnBr,3,,)(NBD)(PR3)2] have also 
been presented5Y0. 

Most interesting is a studySyi by li9Sn, Ii7Sn, and IisSn n.m.r. of the  complex 
[ R U ( S ~ C I ~ ) ~ C I ] - ,  whose X-ray structuresgi shows an approximately octahedral array 
of ligands, with CI- occupying an equatorial sight. The spectra allowed observation of 
1J(117*119Sn, 99Ru), the first coupling to be observed for the quadrupolar Y Y R ~  nucleus. 
No couplings to loiRu were detected, presumably because of the larger quadrupole 
moment of this isotope. The study is particularly important in the light of the known 
catalytic activity of ruthenium:tin systems in reactions such as the trimerization of 
isobutenesg2. 

Studies of the reaction of cis-[ PtC12(CO)(PR3)] complexes, including 13CO-labelled 
analogues, with SnC12.2H20 by li9Sn n.m.r. and other methods (‘H, 13C, 3iP, and 
IgsPt n . m ~ . ) ~ ~ ~  have shown a remarkable solvent effect. Reactions in chloroform 
solution lead to a simple insertion of SnC12 iruns to PR3, whereas in acetone or 
acetonitrile solution a ligand rearrangement occurs. In the case of PPh3. the products 
were identified by multinuclear magnetic resonance methods as trum- 
[PtCI(CO)(PPh3)2]+, rruns-[PtCl(SnC13)2(PPh3)]-, tra~u-[PtCI(SnC13)2(CO)]- and 
[ Pt(SnC13)s]3-. The real utility of such solution studies is demonstrated by the fact that the 
only isolable product from this highly complex system is the simple compound cis- 
[PtC12(PPh3)2]. The system in acetone and acetonitrile solutions has previously been 
reported as an active and selective hydroformylation catalyst precursoru7. 

4. Organolead compounds 

While several studies of organolead compounds by ’07Pb n.m.r. have becn reported, 
including a detailed study of vinyllead derivativesSYJ, most interesting is the observa- 
tion595 of 207pb-14N couplings in the complexes [(Me3Pb)2NSnMc3] and 
[Me3PbN(SnMe3)2]. Values of 170 ? 10 Hz were obtained, with the z07Pb resonance 
appearing as an ill-defined triplet of 1 : l : l  intensity (“N, I = 1). Coupling of heavy 
metal nuclei to the 14N nucleus are observed only rarely. 

VI.1. Nitrogen N.m.r. Studies 

The applications of nitrogen n.m.r. to problems in inorganic, organomctallic, and 
bioinorganic chemistry have been reviewedsg6. lSN n.m.r. continues to be applied to 
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the study of molecular nitrogen activation by transition metal complexes. A series of 
related ligands (I5N2. ~5N211111AIR~, "N2H and "NH) have becn clearly distinguished 
by I5N n.m.r. studiessY' of a wide range of transition metal (Mo, Re, W, Os, Rh. and 
Fe) complexes and the  two forms of diazenido complex, 46 and 47, clearly differenti- 
atcdsys. The I5N-M resonance of 46 is shielded by cu. 300 ppm with respect to 47, 
thus clearly allowing thc geometries to bc assigneds9*. 

N=N, 
M, 

R 

(46 1 (47 1 

An absolute ISN n.m.r. shielding scale based o n  gas-phase studies of "NH3 has now 
bccn proposed59Y. 

V1.L. Studies of Group VIB Nuclei 

3. 33S, "Se and 125Te n.m.r. studies 

AS predicted, 33S n.m.r. studies of compounds relatively high in symmetry about the 
33S nucleus have been shown to produce resonances with linewidths small enough to 
permit substituent effects on the chemical shift to be monitored. Thus. although the 
33S resonance of sulphides could no t  be obscrvcd. the more symmetrical oxidation 
products, the sulphones, produce signals with small linewidthswo. This n.m.r. techni- 
que may find application in the analysis of sulphur compounds in the petroleum field, 
but has yet to bc applied to organometallic systems. 

lzsTe n.m.r. spectra of a series of tellurophencs have been reported6"' and the signs 
of couplings to 'H  and I3C determined by SPT (selective population transfer) techni- 
q u e P 2 .  An interesting application of lZsTe n.m.r. is in the study of the cislrruns 
isomerization of [ PtCI2(TcR2)2] complexes, which has been described in detai1603. The 
magnitudes of 1J(19sPt, IrsTc) are 900 Hz (cis) and 544 Hz (trans) for 
R = CH2CH2C6HS, thus clearly differentiating the isomers. 

VII. High-resolution Solid-state N.m.r. Studies 
A comprehensive and detailed review covering recent developments in high- 

resolution CP-MAS n.m.r. studies of solids is now available604. Further 13C CP-MAS 
n.m.r. studies of organometallic compounds have been described, including 
[ Hg(CF3)2]60s and organothallium derivatives606. Although 2ySi CP-MAS n.m.r. spec- 
troscopy has been applied t o  many areas of solid state chemistry, no organometallic 
systems incorporating silicon have bccn described604. Applications of 31P CP-MAS 
n.m.r. continue to be reported, including s t ~ d i c s ~ ' ) ~  of several PPh, complexes of 
Rh(1). Cu( I )  and some gold-phosphinc clusters. 

A series of asymmctric bidcndate tertiary phosphines and their rhodium( I )  com- 
plexes have been studied6O*. Such complcxes are of interest in homogcneous asym- 
metric catalysis. 

In  thc area of supported catalysts, further CP-MAS studies of Ni(I1). Pd(lI), and 
Pt( 11) phosphinc complcxes and their analogues imnlobilized on silica and glass sur- 
faces have becn reportcdhU9. Using organic polymers as supports, CP-MAS "P n.m.r. 
has becn cmployed"l" to study the incorporation of platinum(I1) complexes by various 
routes and assignmcnts of surface structures have been described. 
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1. INTRODUCTION: COMPOUND IDENTIFICATION AND FRAGMENTATION 
BEHAVIOUR 

A. Introduction 

The  initial steps in the  study of the  gas-phase ion chcmistry of organometallics were 
taken long ago when several metal alkyls and  carbonyls were used to investigate metal 
isotope ratios'. Subsequently the subjcct did not develop until wcll into the period 
when commercial mass spectrometers had become avai!able. This was due t o  the 
misapprehension that metal-containing compounds would be particularly dcleterious 
to  mass spcctrometer ion sources. focusing plates. ctc. Such misgivings have proved 
almost entirely unfounded. Over  the last 20 ycars the nuniber of investigations has 
steadily incrcased. with a concomitant increase in the general understanding of the 
factors influcncing organometallic spcctra. Howcvcr. a more fundamental undcrstand- 
ing of the basic proccsses involvcd in the ionization and dissociation of thcse molecules 
and in particular ion structures is for thc most part still lacking. A number of newer 
techniques a re  being developed to study these problcms and  we are  at  an exciting stage 
in the application of mass spectrometry to organometallic chemistry. 

Thc  purposc of this chapter is two-fold. First we discuss in general terms the appear- 
ance and basic features of the mass spcctra of organometallics. This will be done  
initially according to the  type of ion sources used, sincc the spectra depend largcly on  
the ionization method cmploycd. Electron impact ionization. which has been used for  
most of thc studies to date.  will probably continue as the most common method. but 
chemical ionization. desorption methods. and  other ionization methods will gain in  
iniportancc in the futurc.  This first section will include results from studies using 
isotopically labelled compounds and  metastablc ion assignments. Thc  dcvelopment 
and application of inlet systems such as the usc of thc gas chromatographs in conibincd 
gas chromatography-mass spectrometry (GC-MS) and computers in data acquisition 
and  handling will be notcd but not trcatcd as a primary conccrn. The  second section 
will focus o n  investigations of ion structures and  the energetics of ion decompositions 
leading to thermochemical information. Results from ion/niolcculc reaction studies 
\viH bc discusscd. 

The  previous litcrature on t h c  mass spectrometry of organometallics has included 
two books'.3 a number  of general reviews4-lh. and reviews of a more specific 
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naturel7-?". Of these. the book by Litzow and Spalding?. the Speciulisr Periodical 
Reports of thc Chemical Society (now the Royal Society of Chemistry) (London)l2-I6, 
and the monthly Muss Spcctrot~ierry B i i l l ~ r i t i ' ~  arc particularly useful as comprehensivc 
reference sources. The Sp~cial is i  Pcriorlicnl Rcporrs also cover most other aspects of 
mass spectrometry and offer excellent current reviews of thc state of thc art. O n  thc 
more practical side the article by Miller and Wilson" discusses some of the problems 
encountered in obtaining spectra of organometallics and has sections on ion fragmen- 
tation. metastable ion tcchniqucs. and GC-MS. Specialized reviews have covcred 
compounds of boronz3, main group IV18.21.22.24 , main group V1'.'h, and transition 
m c t a l s R . l  7.1Y.20.15 

B. Compound Identification, Assignment of Spectra, and Fragmentation 
Modes 

7 .  Compound identification and assignment of spectra 

Thc observation of ions in a mass spectrometer will  depend on the  machine's sen- 
sitivity and resolving power as well as on the sample. Sensitivity is usually not a 
problem. Spectra have been obtained with as littlc as a fcw nanograms of a compound. 
The rcsolving power (RP) depcnds on the design of the instruments' ion analysers. It is 
commonly defined as RP = M / 6 M ,  where two peaks of mass M and M + 6 M  of equal 
intensity are considered to be resolved if M/6M is less than or equal to 0.1, i.c. 10%. 
This is callcd the 10% valley definition. Spectra are most commonly recorded in the 
low-resolution modc (RP = 1000-2000). but with double focusing spectrometers high 
resolution is obtainable (RP = 10 000 to 25 O O O + ) .  With high resolution it is possible 
to measure the  masses of ions to an accuracy of a few parts per million and conse- 
quently to determine thcir elcmcntal composition. This extremely important function 
can also be achicved for rcsolved ions with doublc-beam instruments in the low- 
resolution mode (RP = 1 500+) by using one of the beams for a rcference compound 
and computer acquisition of data from repeated scans of both sample and reference 
simultaneously. Mass measurement with computer-acquired data from single-beam 
instruments is usually less accurate (25-10 ppm) than the other methods. (For further 
discussion of instrumentation see refs. 2, 11-16, 'organic' mass spectrometry text- 
books such as refs. 28-31, and. for the application of computers in mass spectrometry, 
ref. 32.) 

It  is now common to record a low-resolution spectrum as the first step in the 
characterization of an organometallic compound. Sincc most metallic elements have 
distinctive polyisotopic patterns, a low-resolution spcctrum usually offers immediate 
confirmation of the presence of a metallic clement as well as information about the 
basic componcnts in the molecular structure. (The only monoisotopic elements of the 
main groups and first threc transition metal series are Na. Cs, Be, Al, P, As, Bi, Mn, 
Co, Nb, Rh, and Au.) Examples of the use of isotopic patterns in ion assignment are 
given in Figure 1. Germanium isotope ratios are compared with the parent molecular 
ions M ' f rom [Ph4Ge], Figure l(a),  and iron isotope ratios with M' ions from fer- 
rocene, Figure 1 (b). In  both cascs the respective patterns are vcry similar and easily 
recognizcd. However, they are not cxactly superimposable since the presence of other 
isotopes, na~nely"C/ '~C in these examples. has caused a shift in the basic metal pat- 
terns to higher mass/chargc ( t n l z ) .  Hence the most abundant iron isotope containing 
ion from ferrocene [ 5 6 F ~ 1 ~ C I o ~ H l o ] +  has a significant proportion (1 1'1.0) as 

polyisotopic elements can be calculatcd from elementary probability t h e ~ r y ~ . * * - ~ ' .  
Computer programs are available to do and to calculate anisotopic spectra 

[56Fe13C12C I Hlo] '  at one mass unit  higher. The proportions from combinations of 
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FIGURE 1 .  
[GePh4] and (b) iron and fcrrocene. 

Isotope ratios and ion abundanccs from (a) germanium and 

from overlapping ions by deconvolution methods3s. However, if losses of small masses 
(e.g. hydrogen) are suspected the results from deconvolution calculations should be 
carefully checked, preferably by high-resolution measurements. 

The polyisotopic nature of metallic elements can make the calculation of spectra 
extremcly arduous without computer assistance. For cxample. the compound 
[Mo(SnMe3)(CO)3 ($-C5H,)]37 produces M’ ions covering 21 mass units from m/z 
398[Y2Mo”2Sn160312Cl l’HI4]+ to m/z 419[ 1”0Mo’24Sn’603’2Clo~H14]+, and consider- 
able overlap occurs in the parent molecular ion region between M+, [ M  - Me]’, 
[ M  - 2Me]+, and [ M  - CO]’. 

Both polyisotopic and anisotopic spectra are commonly presented, either in bar- 
graph or  table form. The most abundant ion (the base peak) is taken as the reference 

The occurrence of a parent molecular ion and its subsequcnt fragmentation depend 
mainly on the samplc and the method of ionisation (see below). Other factors to 
consider are the temperatures of the ion source and inlet system, and ion source and 
inlet system mcmory effects2.”. 

lemperature effects may be of two types. First there is the universal effect of 
decreasing the relative abundance of M +  with increasing The extent 
of this effect will depend on the number of atoms in the molecule, increasing with the 
number of atoms present. This is well known for organic compounds and can be quite 
dramatic; the M+ ion of 2,2,3-trimethylpentane showed a fivc-fold decrease in abun- 
dance when the ion source temperature was increased from 175 to 225 0C38. Rela- 
tively little work has becn reported with reference to organomctallics, but the obvious 
implication is to record spectra at low ion source temperatures (i.e. 50-150 “C) when 
possible, if  molecular weight information is required. The second temperature effect is 
that of thermal decomposition in the source or inlct systems. Organometallic com- 
pounds can be particularly susccptible and somc carc should be exercized in this 
respect2.I’. Furthermore, thermally decomposed samplcs often act as catalysts in the 
decomposition of subsequent samples. This effect is most noticeable at heated metal 
surfaces. If a compccnd is suspected to be thermally unstable, spectra should be 
obtained with the lowest possible temperatures of thc ion source and inlet system. The 

(100%). 
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inlet system should preferably be glass and the path from the sample holder to the 
point of ionization should be as short as possible. Thus, a solid probc or direct all-glass 
inlet system is preferable to a gas chromatograph. 

Spectra may be affected by traccs of compounds rctained in the ion sourcc or inlct 
system. There are always rcsidual amounts of water, N2. 02, and COz. Often thcse 
residues are used in counting the spectrum. However. if an organomctallic compound 
is extremely moisture- or air-sensitive. unwanted reactions may occur. Hydrolysis is a 
common reaction and is cvidenced by the appearance of a significant abundance of 
[HX]". In such cases the sourcc and inlet system may be dried out with a volatile 
drying agent such as BCI, prior to inserting the sample. For the particularly susceptible 
triaryl derivatives of Ga and In. cvcn the glass capillary sample holders had to be 
silanized by trcatment with chlorotrimethylsilane before satisfactory spcctra were 
obtained3Y. Another potential cause of confusion are halogenation reactions. Examples 
have been reported of halogen-containing ions appearing in spectra of halogen-free 
compounds, the halogen having been absorbed onto inlet and source surfaces from a 
previous sample19. Halogcn exchange has also been observed, a notable case being the 
appearance of [MeHgI]" in thc spectrum of MeHgCPO. Further details of the handling 
of moisture- and air-sensitive compounds are discussed in the review by Miller and 
Wilson1'. 

2. Fragmentation behaviour 

When analysing the fragmentation pattern of a compound i t  is necessary to adopt an 
empirical approach. This is because the processes involved in the ionization and dis- 
sociation of even simple molccules such as tetramethylsilane or ferrocene are too 
complex to treat rigorously by current versions of the quasi-equilibrium theory (QET) 
or other theories of mass s p e ~ t r o m e t r y ~ ~ .  The lack of a suitable theoretical background 
has not inhibited the discussion of fragmentation mechanisms, nor has the almost total 
lack of knowledge of ion structures. O n  this point i t  is important to remember that 
most of the chemical formulae encountered in the mass spectrometry literature are not  
necessarily structurally significant. At  best they may represent the most important 
form of an ion, and at worst they may be totally misleading. I t  is hoped that tcchniques 
currently being developed4I such as photoelectron-photoion coincidence spectro- 
scopy, ion photodissociation, collisional activation, and high-resolution emission spec- 
troscopy will be applied increasingly to organornetallics. At prcsent, fragmentation 
paths are nearly always based on a general knowledge of molecular chemistry. This is 
not always a judicious approach, since in many caws ion fragmentation occurs with 
some degree of atomic rearrangement for which there are no  known molecular 
analogies. However, in the absence of more detailed information one can only adopt a 
'reasonable structure' approach. 

In the spectra of organometallics the charge is gcnerally assumed to be located 
mainly on the metal. This is consigtent with the finding that in nearly all spectra most 
of the ion current is carried by metal-containing ions. For simple bond cleavages this 
can be rationalized in terms of Stevenson's rule42, which states that the favoured 
process of dissociation is that producing the ion whose neutral species has the lowest 
ionization potential (I), i.e. mode l a  if I(X,M) <I(L). In general, metal-centred 

X,M+ + L' C- XnM-L - L'+ X,M' 
( a i  (bl 

X n M '  + 'L 
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species havc lowc: f values than organic o r  non-metal centrcd specics, and with simple 
clcavages the charge will bc rctaincd on the mctal centrcd ion. Simple examplesof this 
arc shown in reactions 2 and 3. 

Me' -1- MejGe+ - Me4Ge" 4 Mc' + MejGe' ( 2 )  

f(Mc&k') = 7.1 eVA3; f(Mc') = 9.82 eVJ4 

Cr(CO)6' CO' + Cr(CO)5 (3) CO + Cr(CO)S+ - 
f(Cr(CO)5) = ?.  but f(Cr(CO)6) = 8.4 eVJS and'f(Cr) = 6.75 eVJ6; f ( C 0 )  = 14.0 
eVJ5. 

A corollary appears to exist for negative ions produced by dissociative electron capture 
processes; the favoured ion derivcs from the neutral with the higher electron affin- 
ity". For more complex fragmentations, such as those involving rearrangements, 
rationalization with Stcvcnson's ru le  is less satisfactory bccause the neutral products 
are not always predictablc. An examplc is the unexpectcd elimination of (CSHS + N), 
possibly as pyridine. from [C5HSVNO]+ (reaction 4)j8. Here the elimination of 

- co - - N O  - CSHSVNO' + vo (4) 

molecules of CO then NO from [CSHSV(NO),CO] '. typical of the fragmentation of 
metal carbonyls and nitrosyls. gives [ CSHSVNO]', which must undergo considerable 
rearrangement to yield [VO]' in thc ncxt stcp. Although this process may be rational- 
ized by Stevenson's rule it could not  be predicted. Rearrangement reactions are coni- 
mon in mass spectrometry and their occurrence may be elucidated by thc use of 
labelled atoms or groups. Using I3C0 in cis-[ M(CO)A('3CO)pipcridine] (M=Cr ,  W), 
it was shown that initial loss of CO procccdcd with complete scrambling bctween axial 
and equatorial s i t c ~ ~ ~ .  

A corrclation has been suggestcd between the hard-soft acid-base character of the 
metallic element and thc appearance of rearrangcd ionss0. Thus in the spcctra of 
[(Cf)X5)2Hg]. with X = F or CI, n o  I-ig-X ions are produced but for X = Br. 
[COBrSHgBr]", [ HgBr,]", and [ HgBr] ' are found. Similarly, from 
[ {(C6FS)Me2P}AuX], P-CI are favoured over P-I species. 

Evidence for a fragmentation path is often sought from metastable peak 
a n a l y ~ i s ~ ~ . ~ ' .  Metastable peaks are usually of low intensity. occurring at non-integral 
rn / z  values, and broadened compared with normal ion peaks. They are ordinarily 
observed from ions which arc decomposing in the field-free regions between the ion 
source and magnct in single-focusing instruments, or bctwecn the electric and niagne- 
tic analysers in a doublc-focusing spectrometer. The centroid of a metastable peak 
occurs at an apparent n i / z  valuc m* = (m2)2/ml.  where ml  is decomposing to give m2 
and ncutral specics. The assignnicnt of a metastablc pcak providcs clcar cvidence that 
ml  is a prccursor of m?. A number of methods have been deviscd to enhancc the 
detection of metastable p ~ a k s " . ~ ~ . " .  Of thcse mass-analysed ion kinetic cnergy spec- 
troscopy (MIKES) and linked scan tcchniqucs havc proved extremely u s e f ~ l " ~ ~ ' .  since 
they provide direct evidencc of fragmentation modes from selected ions. An cxtension 
of MIKES to t h e  dccomposition of metastable ioiis has led :o thc analysis of consecu- 
tivc processes". Most of the fragmentations discussed in this chapter are 'mctastable- 
supported'. Howcvcr. as noted in reaction 4. the form of the neutral species bcing lost 
is not always clear since only the mass is known. Furthermorc, thcre is convincing 
cvidence that in some fragmentations more than onc ncutral group is lost in each 
decomposition stcp4'. 
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A. Introduction 

Electron impact (El) ionization has been used for most reported spectra (>99%). I t  
will probably continue as the most important method on commercial machines 
because it is easy to operate and usually produces M +  ions. Further, the electron beam 
ionizing encrgy can be continually altercd between about 5 and 100 eV o n  most 
spectrometers, enabling I and appearance potential ( A )  measurements to be made. 
Typical ion source conditions are temperature CQ.  100-1 50 "C, sample pressure in 
ionization area cu. Torr, electron beam cnergy set at 70 cV. Under thcse condi- 
tions less than onc samplc molecule in several thousand is ionized. Both positive and 
negative ions are produced but the former are generally in at least a 1000-fold excess. 
Usually the positive ions are singly charged (reaction 5) .  but doubly and, rarely. triply 
charged ions are observed in low abundance from some compounds. Negative ion 
studies are feasible but not as common because of the lower intcnsities. In most 
compounds, impact by 70-eV electrons causes considerable fragmcntation in thc M+ 
ions producing numerous fragment ions at lower m / z .  

M + e- - M +  + 2c- (5) 

A discussion of El spectra can bc initiatcd according to whether the metallic ele- 
ment present is from a main group or is a transition metal. 

B. Main Group Compoundss3 

Although compounds of almost all main group elements have been reported2.i2-'6. 
most studies have conccrncd Group IV and V derivatives. Consequently. most of the 
examples given below contain elements from these groups. Several generalizations can 
be made about fragmentation behaviour: 

1. For simple bond cleavages of type (1) the ion in higher abundance is the one whose 
radical has the  lower I .  In some cases the argument can be extended to make other 
deductions about the fragmentation processes. In the decomposition of the 
[(c6H5)2M]' ion from Ph3M (M = Sb or Bi) two alternativc routes are observcdJ6 
(reaction 6 ) ,  depending o n  the relative I values of Sb (8.64 eV), Bi (7.29 eV), 
C12Hlo  as biphenyl (8.27 eV), and Ph (9.4 eV)s'. These obscrvations would seem 
to suggest that the hydrocarbon fragment is probably biphenyl. However, i t  must 
be remembered that there is no cvidencc about clectronic states or structures of the 
ions and neutrals involved, so that the formation of [Bi]' by loss of two phenyl 
radicals could be an acceptable alternative mode. 

CI 2H lo+' 
- Sb - 

2. Generally, ions with even electron configurations are morc favourable than odd- 
electron ions. This is directly analogous to organic mass ~ p e c t r o m c t r y ~ ~ ~ ~ " .  I t  fol- 
lows that odd-electron ions will preferentially decompose by losing an odd-electron 
neutral to give an evcn-electron ion. and even-electron ions will decompose losing 
even-electron neutrals to other evcn-electron ions (rcactions 7a and 7b). 

PhjM" - (C,HS)3M+ + Ph ( 7 4  

(C6H5)3M+ - C6HSM' + Ci2Hl(l (7b) 
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3. Reactions 7a and 2 are examples of very common fragmentation paths for M" ions 
from main group compounds R,M and reflect the influence of the stable group 
oxidation state. Thc product [R(, - I,M]+ has the same overall electron configura- 
tion as the 'stable' derivative of the main group element to the left of M, e.g. 
[Me3Ge]+ is electronically equivalent to [Me,In], with M retaining the group 
oxidation state. It is common to observe an increase in stability of the (group-2) 
oxidation state ions as a group is descended. This is reflccted in an increasing 
amount of the ion current being carried by ions such as [R,, - 3,M]+, and is inti- 
mately related to point 4 below. 

4. A decrease in bond energies E(M-C), E(M-H), etc., is gcnerally observed as  a 
group is descended. Thus thcrc are fewer types of ions derived from [Me&] than 
[Me4Pb], since in tetramethylsilane Si-C, C-H, and Si-H bonds have similar 
strengths leading to Si-C and C-H cleavage and Si-H formation, but in tetra- 
methyllead the P k C  bond (and P k H )  is much weaker than the C-H bond, 
favouring simple Pb-C cleavages without more complex fragmentation. From 
[Me4Si] twenty-five ions with an abundance >0.10/0 of the total ion current of 
metal-containing ions are formed2. Only fourteen are found from [ Me4Pb]. 

5. Rearrangement ions are commonly found with compounds containing electronega- 
tive groups such as -OR, -NR2, halogens, and fluorinateds4 or chlorinated hyd- 
rocarbons. A dramatic example is reaction 8 from [(C6FS),B]". 

(C6Fs)3Bt' - ClsFl;' + BF3 (8) 

1. Alkyl derivatives 

Methyl compounds [Me,,M] initially lose Me or, lcss commonly, H radicals from M" 
ions2. The latter mode is particularly noticeable with McP"' and MeAs"' compounds, 
where it probably yields 61=CH2-containing ionss5. Further decomposition is mainly 
by loss of C2H4. C2H6. H2, CH4, and occasionally CH2 species. As a group is 
descended simple M-Me cleavage becomes more important, yielding higher abun- 
dances of [M--nMe]+ ions. Elimination of C2H4 or CH2 groups suggests that re- 
arrangements giving M-H bonds have occurred in several ions. Typical fragmentation 
patterns are summarized in e'quation 9 for Group IV compounds. Mode (a) is favoured 
for [Me4Si] and [Me4Ge] and mode (b) for [Me4Sn] and [Me4Pb]. 

+ - H? H2MCH3 - CH3M+ 

H3M+ 
+. -Me + CH, 

Me,M - (CH3),M - HM(CH,)2 

Compounds of other alkyl groups produce spectra characterized by loss of R from 
odd-electron ions and of R-H from even-elcctron ions. Commonly, species such as 
C?H4, R + H, R2, and H2 are also eliminated. For phosphorus(II1) compounds, 
removal of neutral R-CH2 groups probably gives +P=CH2 speciess5. R3M deriva- 
tives of P. As, and Sb produce abundant ions of the type [ R2MH]" and [ RMHJ'.. A 
relative abundance study of major ions from [R4Ge] ( R  = Me, Et, n-Pr, n-Bu, 
n-CSHII ,  and n-c6H13)s6 showed that the abundance of [ R3Ge]+ ions decreased as the 
alkyl group's chain length increased and the proportion of hydrocarbon ions increased 
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TABLE 1. Ion abundances (%) from [R,Gc] compounds 

R 

Ion Me Et n-Pr t 1 - B ~  n-CsH1 I n-CgH13 

R3Ge 71.1 26.6 20.4 14.7 9.1 11.6 

3.5 3.0 7.4 18.0 28.3 30.5 

HGeR2 0.9 35.9 39.3 31.1 26.9 24.2 

with increased chain length (Table 1). This is consistent with a decreasing D(Ge-R) 
bond strength and, more important, an increase in the number of decomposition 
modes available as the chain length increases, including C-C cleavage. The abun- 
dances of [HGeR2]+ indicates that Ge-H formation is dependent on chain length, 
being negligible for R = Me and most significant for R = n-Pr. It-has been suggested 
that loss of C2H4 from Et4M compounds specifically involves the P-H atom, but no 
convincing evidence has been put forward to justify this claim. Furthermore, a study of 
labelled BuYB with deuterium labels at a-,p-, and y-carbon atoms and I3C at the 
a-carbon atom has shown that the fragmentation of [M - Bu]+ occurs with very 
extensive H/D and 12C/13C ~ c r a m b l i n g ~ ~ .  The mechanism was suggested to involve 
reversible reactions of protonated boracyclopropane- and cyclopropane-based ions 
which decomposed by loss of C,H2, + 2, C,H2, + and C,H2, species, including CH2. 
Some of the reactions are given in Scheme 1. 

c H/C ions 

Ge/H/C ions 

+. 
M+' 2 BuBCH2CHCH2CH3 

I 
H 

'CH, H 
+/ \ I 

\ + /  \ /  I 
H H ;CH2 

BuB-CHCH2CH3 BuB- CHCH2CH3 = BuB-+CHCH2CH3 

CH2 

II 
H H 
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Relatively few simple compounds containing alkenyl or alkynyl groups have been 
reported. Fragmentation of Group IV tctravinylsSR and tetraallylsSY were similar in 
that thc germanium and tin compounds tended to lose R, (R-H). and R? neutral 
species whereas the  silicon derivatives exhibited more complcx spectra with a wider 
variety of hydrocarbon ncutral species lost. This is consistent with the bond strength 
arguments used previously to discuss other [ R4M] species. 

Compounds containing cycloalkyl or cycloalkcnyl groups show unusual fragmenta- 
tion bchaviour in that olefin loss is often the most important path even from odd- 

electron ions (reaction 10)(lo. Analysis of the spectrum of 1 showed that the olefin lost 
was cxclusively CHzCDZ6l. Similar reactions occur with cycloalkenyl derivatives. From 
2 both M" and [A4 - Me]+ lost C4HJR2 (possibly as 2,3-di-R-buta-l,3-diene)". 

"2 

(1 I 

Me 

\ 
R' Me 

( 2 )  

The spectra of [(C5Hs),M] (M = As. Sb) show major fragmentation modes which 
involve loss of C5HS then CH3, CzH4. and another C5HS group". Elimination of H2 to 
give ions with fused ring structures, a common feature in the spectra of diphcnyl 
compounds, was not important from [(C5H5)zM]+. 

2. Aryl derivatives 

Phenyl compounds [Ph,M] of main groups 111-V fragmented predominantly with 
initial loss of a C6H5 radical. Thereafter removal of C,H6, CI2HIO.  CIH2, and H2 
molecules provided the common decomposition modes. Loss of H was also observed 
in the spectra of B"', Ga, Si. Gc.  P, and As compounds2. but only  with Ph3P was it 
an important pathway. Deuterium-labelled derivatives of Ph3P showed evidence for 
ring fusion in several of the ions observed, including [ M  - HI+ 65.66 (Scheme 2). Such 
ions arc suspected to be a feature of the  spectra of related As and Sb compounds but 
appear to be less important in compounds of main group IV65. Another noticeable 
feature in the spectra of main group V compounds of both types R3M and RsM 
(M = P, As, Sb)67 and derivatives of Be6", Hg6', and B64 was the loss of main group 
element containing neutrals. Both beryllium and boron compounds lost MH from M+'. 
Diarylmercury derivatives lose Hg from M" and [ArHg]+ ions. The spectrum of PhzBe 
was generally unlike those discussed above. I t  did not show any major ions due to 
C ~ H S ,  C6Hh or C lzHlo  losses from M" but rather eliminated H, H2, CzH2, and BeH 
groups. 

Data on other series of [Ar,,M] compounds are sparse. Tolyl derivatives of Ga, In", 
Ge7", and main group V elements'I have been reported. The n i -  and p-isomers gave 
almost identical spectra. Typically. C7H7, C7Hs, and C14H14 groups are lost. Also, Me, 
CHJ. H. Hz. and central elenicnt containing species are lost froni the derivatives of the 
lighter elements. The  [ (~ - to ly l )~P]  spectruni differed considerably from those of the 
other main group V compounds in that [ M  - Me]+ was the base peak. presumably 
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SCHEME 2 

with a fused ring structure analogous to [ M  - HI+ from PhJP. The related ion from 
[(o-tolyl),Ge] was not observed but was found in n7- and p-derivatives. 

From the preceding discussion i t  can be seen as a gcneral rule that aryl groups more 
complex than Ph can be expected to provide more fragmentation routes and consc- 
quently more complicated spectra. 

3. Compounds with alkyl and aryl groups 

Compounds with a variety of alkyl or aryl hydrocarbon groups attached generally 
produce spectra in which the fragmentation of the groups occurs by the same routes as 
in the symmetrical compounds [R,M] or  [Ar,M]. Alkyl-M bonds cleave more read- 
ily than aryl-M bonds. This, togcther with the possibility of greater delocalization of 
charge in aryl-M containing ions and the lower I valves of Ar-substituted compared 
with R-substituted species, tends to produce Ar-containing ions as the most abundant 
species2a4. Although this is the general trend i t  is sometimes complicated by interac- 
tions between hydrocarbon groups. Thus [Me2PhM] (M = P, As, Sb) lost CH2 as well 
as Me from M'., and C7H7 was eliminated from [C~HSAS(CH~) , J "~~ .  In a releated reac- 
tion, the [C7H7Ge(CHJ2]+ ion from dibenzyldimethylgermane lost CnHlo to give 
[ CH3Ge] + '". 

4. Halo ca rbon derivatives 

Halocarbon derivatives are notorious for producing rearranged ions and neutrals 
with M-X bonds. This is especially so for fluorocarbon or chlorocarbon compounds 
of B, Si, Ge, and P2.11*73 (equation 11). 

c12F7* 

c17F10+ C17Fll' 
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Other fragmentations of C6F5 derivatives involve the  loss of F,C~FS,  and C12FI0. 
Trifluoromethyl compounds commonly lose F and CF,,(n = 2-4) groups. Chlorocar- 
bon derivatives generally produce fewer M-X containing species. Two examples are 
given in equations lz7' and 1 37s. 

- CI -C3& Me3S'iCC13 - (CH3)3iiCC12 - CH3siCl2 

5. Compounds with M-H bonds 

Compounds containing M-hydride bonds often show significant abundanccs of 
ions produced by loss of (H + R) species (R = H, alkyl, or  aryl), as well as loss of H 
and fragmentations associated with R groups. Some examples are given from main 
group IV compounds in equations 1470 and 1576. 

(PhCH2)2GeD+ - C7H7Ge'+ + C7H7D (14) 

PhGeD+' - G e + +  C6HSD (15) 

6. Compounds with M-N bolrds 

One of the simplest N-containing organometallics studied is [(Me3Si)2NH]77. Initial 
loss of Me was followed by elimination of CH4, C2H4, and C2H6SiH2 molecules as well 
as the N-containing species NH3, HCN, and SiNH. The fragmentation of 
[(Me3Si)2NMe]77 and bis(trimethylsily1)- and bis(trimethylgerrnyl)carb~diimide~~ also 
proceeded with loss of M-N containing species. The spectra of [ Ph(CH2),,NHSiMe3] 
(n = 1,2) and related compounds7Y showed an abundant [CH2=NHSiMe3]+ ion 
which lost CH2=NH to give [Me3Si]+. Derivatives with M-NR2 bonds generally 
show loss of NR2 and (NR-H) neutrals (equation 16)8n. 

- Et - CH2=NMe 
EtP(NMe2),*' - +P"CzH& * Hi'(NC2H6) (16) 

Heterocyclic derivatives which have been reported include borazines and related 
compounds, silazanes, and phosphonitrilic derivatives2. The ring systems in these 
compounds are resilient to fragmentation and the major ions are usually produced by 
simple cleavage of peripheral groups. 

7. Compounds with M-0 or M-S bonds 

Most studies have concerned oxygen containing groups. Elimination of H20 is a 
characteristic mode in the later stages of fragmentation of R,M-OH compounds such 
as Me3SiOH and R2P(0)OH2. For compounds of the  R,,P(X) type (R > Me) elimina- 
tion of (R-H) and rearrangement to P(XH)-containing ions (X = 0 or  S) is an 
important decomposition mode'. 

A formidable number of M-OR containing compounds have been studied, 
especially with OSiMe, or P-OR groups. Commonly occurring fragmentations result 
from the cleavage of M-OR. MO-R, and MOCH2-R1 bonds, and olefin elimina- 
tion from alkyl R groups ( i f  R > Me) giving H-rearranged ions with M-OH bonds. If 
methoxy groups are present elimination of C H 2 0  provides the characteristic mode of 
decomposition. Aryloxy derivatives generally show fewer rearranged ions. Some typi- 
cal initial fragmentations from alkyl derivatives R'(OR2)2P(0)  are given in equation 
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17. All fragment ions undergo further loss of olefin groups giving o ther  (OH)-P 
containing ions. 

+. 
P(OH)(OR2)2 

\ -olel in 

/ (17)  

The spectra of the [(Me3Si)2X] derivatives (X = 0. S, Se. and Tc) are reported to 
show a characteristic fragmentation pattern (equation 18) with the loss of MezSiX 
species8'. The telluride was unusual in that the loss of Te from M" was observed. 

- MC - Me2SiX 
M" - [ A 1  - Me]+ - Me3Si' (18) 

The spectra of a large number of Me3Si0 derivatives of and a ~ i d s ~ ~ . ~ ~  
have been discussed in detail with the aid of deuteiium labelling. The more interesting 
fragmentations involved rearrangements such as those in equations 19-22. Whilst 

-Me  - C H 2 0  
p-XC6H4CH20SiMe3-SiMe;' - - XC6H4<ib'IC2 (19) 

-Me -c02 p -XC6H ,OzCSiMe - - XC6H4GMe2 (20) 

- MC 

-Me 
RO(CHz),OSiMe;' - . 

R O s M e 2  

Ph(CH2),C02SiMe3 showed rearranged [C6H5SiMe2]+ ions", acyloxytriphenyl com- 
pounds [(Ph3M)C02R] (M = C, Si, Ge; R = Me, Ph) exhibited the rearranged ions 
[(c6H5)2MR]' in  reasonable abundance only with M = Si or Ge (equation 23)"6. Such 
ions generally become progressively less important as a group is descended, reflecting 
the decreasing M-0 bond strengths. Thus, [Ph3SnC02Me] fragments mainly by 
simple cleavages of Sn-Ph and Sn-OC(0)Me bonds"'. 

(C,H5)2MRt 

Ketonic derivatives [Me,Ph3 - ,SiC(O)Ar] exhibited several ions formed by migra- 
tion of the Ar group on to Alkyl ketone compounds [Me3Si(CH2)3C(0)R] pre- 
ferred to fragment by loss of C2H4 then Mea9. 

A number of interesting fragmentation paths have been reported from the phos- 
phorus compounds [R3P=X] (X = 0 or S) and [(RX),,R,-,,P=X]', etc. Elimina- 
tions of H, C 6 H ~ ,  and C ~ H S X  from M" of [Ph3PX] (X = 0 or S) were observed6s. 
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Data from deuterium-labelled compounds showed the probable formation of fused 
ring structured ions similar to those from Ph3P65. Similar ring fusions were suggested in 
the spectra of diarylphosphinic acids and esters (equation 24)"'. 

, MeO'.' OH 

II 
0 

Rearrangements involving group migration from 0 to S (equation 25) were 
observed from [(Ph0)2(RO)P=S] (R = Me, Et), and provided several unexpected 
ions such as [M - SH]+, [ M  - SMe]', and [bf - SPh]' as well as those expected 
from loss of OPh and R groups9'. 

Me Me 
0 0 0 

I+  'I+ 
I I 
0 0 

II 
0 

Ph Ph 

(25) phO-L+2SPh - PhO-P=S - PhO-P-SMe 

Heterocyclic derivatives of many kinds have been reported, particularly of boron2), 
silicon, phosphorus, and a r s ~ n i c ~ . ~ ' .  Although they are too diverse to allow a detailed 
discussion, it may be noted that elimination of MO-containing neutrals is a common 
mode of fragmentation, (equations 26"'. 2 F ) ,  and 2g9j). 

0 - CH,BO, - 80 
E p P h  - +C,H7 - [M-OCH,]* (26) 

Me2Si /''SiMe2 
-Me I +. I - 

I 
C Hg i303 

c\ 

(27) 
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8. Compounds with M-halogen bonds 

Compounds containing M-halogen bonds cxhibit ions due to loss of halogen or 
elimination of a neutral RX group (R = H, alkyl. aryl). Molecular eliminations are 
favoured for X = F and CI and to a lesser extent Br o r  I ,  whereas simple bond 
cleavages occur more commonly from M-Br and M-I Compounds. Examples from 
main group IV are given in equations 29  and 30. Another feature in the spectra of 

+ + .  -Me - HCI 
Me3GeCI - (CH3),GeCI - C2HsGe+ 

X = F. CI. B r ,  or I 

many M-halogen compounds is the climination of MX-containing species (cquations 
3195, 3260, and 3394). 

(MeAICI2);' c CH3A1CI (31 1 

9. Compounds with M-M bonds 

Compounds containing bonds between main group elemcnts supporting different R 
groups show characteristic rearrangement ions, involving rcdistribution of R groups 
(equations 34 and 354.96). 

- C ~ H S S ~ E ~ ~  
Ph3SiSiEt;' * (C6H&SiEt (34) 

Ph3SnGeMe;' - PhnGeMe3-, + PhnShMe3-, (35) 
(n = 0-3) 

However, with main group IV compounds most of the ion current is usually carried 
by ions derived from an initial simple M-M bond cleavage. The spectrum of diphenyl 
diselenide is an interesting case, giving abundant ions due to simple Se-Se cleavages, 
[ C 6 ~ 5 ~ e ] + ,  Ph rearrangement, [(C6Hs)zSe]+', and Se elimination from M" 9'. 

C. Transition Metal Compounds 

Here the distinction between fragmentation of even- or odd-electron ions becomes 
blurred by the fact that transition metals havc accessible d-orbitals which are capable 
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of accepting electrons. Thus, although most transition metal compounds and ions are 
apparently odd-electron spccies :hcy may show a dual character (equation 36). 

[L,,M"X]+' - [L,M" - 'XI+ (36) 

The concept of variable valency has often been invoked to explain fragmentation 
effects in the spectra of transition metal inorganic and coordination compounds, but 
this approach is generally of limited use in organomctallics since the bonding is usually 
more complcx than the basically 'simple' u systcms found in most inorganic and 
coordination compounds. Furthermore,  metal-ligand rearrangements are more 
common and more extensive in organometallics. Again. information about structural 
and  electronic states in gas-phase ions is extremely limited. 

As with main group compounds. most of the ion current is carried by metal- 
containing ions and it is usually assumed that the charge is located mainly at the metal. 
Subsequently thc weakencd M' decomposes. leaving the chargc still predominantly at 
the metal centrc. T h c  reactions which occur in the spectra of transition metal corn- 
pounds can involve simple M-L bond cleavages, MLI-X bond cleavages within the 
ligands. o r  reactions giving rearranged ions containing new M-X bonds. 

1. Metal-Carbon a-bonded compounds 

Simple methyl derivatives have been rcported for a number of metals. Hcxamethyl- 
tungsten produced n o  apprcciablc M', only abundant [WMe,,]' ions ( n  = 0-5)'8. 
Hexamcthylrhenium gave M +  and  the ions [ReMe,]+ (n  = 0-5)99. The  differcnce in 
behaviour can be simply understood in terms of the formal oxidation states of Wv' (do)  
and ReV1 ( d l ) .  Thc fragmentation by Me loss is similar to that found with the heavier 
main group element methyls (equation 9b) and presumably reflccts the weak M-Me 
bonding. However, the choice of thc R group also has an effect since from [ C r ( r - B ~ ) ~ l  
[ M  - Bu]' appeared at the highest m/z  whilc [ C r ( n e ~ p e n t y l ) ~ ]  produced M' loo. 

Neither p-methylene complex [(p-CH2){M(CO),,($-C5H5)}2] (M = Mn or  R h , n  = 2 
o r  1) showed fragmentation by the direct loss of thc C H 2  bridgeIO'. Rathcr, elimina- 
tion of four CO groups occurred initially from thc manganese compound, followcd by 
loss of Mn, MnCH, and MnCH, groups. T h c  rhodium derivativc fragmented differ- 
ently, losing one CO molecule then C H 2 0 ,  C H 2 C 0 ,  R h C H 2 C 0 ,  o r  the second CO 
group. Rearranged ions [ MnCH2(CSH5)2]+ and [ Rh(CSH5)2]' constituted the base 
peaks; both can be formulated as having 18 electron rule structures. The related 
rhenium vinylidene complex [ (p-C=CHPh){ Re(C0),(q5-CsH5)} fragments by 10s- 
ing four CO molecules consecutively then H2 and C2H2 molecules'o2. These latter 
decomposition paths are also typical of acetylene and benzcne derivatives, and are 
observed from the [M - 2CO]+ ion of [Re(CO)?(C = CHPh)(q5-CsH~)] but the 
manganese analogue prefers to lose the C2HPh ligand. 

Relatively few aryl-M compounds have bcen reported. 
CarbeneIo3 and carbyneln4 compounds have rcccived some detailed attention. Car- 

benes [Cr(CO),(CXY)] (X = M e  o r  Ph; Y = O R ,  NHR,  NR2. o r  SR) show major 
decomposition paths from the base peak ions [Cr CXY]' dependent on X and Y 
(equations 37-40). 

- Y  -'2'3 -Me  
( Y  -= OMe.NMe2)Cr+ - 'Cry  - 'CrC(Me)Y - (37) 

+ 
( Y  = SPh)CrS  'CrNAr  (Y = NHAr) 
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- M e  -icy-&) ,-Me - CMCV 

935 

Cr' - 'CrMe - 'CrC(Me)Y - Cr' (38) 

(Y = OMe. NMe2) 

--H -Me - MeCN - H  'CrCNAr - - 'CrC(Me;NHAr - - 'CrAr (39) 

- H C N  - Cr+ - 
-H 2s 

+CrC(Me)SPh - 'CrCZHPh 'CrC2Ph (40) 

For X > Me, olefin elimination commonly occurred; thus the ion [CrCMe(OH)]' 
was produced from [CrC(Me)OEt]+. 

Carbynes [MX(CO),CR] ( M  = Cr or W; X = halogen; R = Me or  C6H4Y) tended 
to lose the C R  group from [ M  - 4CO]+ when M = C r  but with W, degradation of the 
ligand often occurred (equation 41). 

As with the main group compounds, fluorocarbon derivatives are typified by M-F 
containing ions and elimination of neutral MF, species. An example is 
[ Fe(C3F7)(I)(CO)4], which first loses the carbonyl molecules then decomposes by loss 
of I,  F, and C3F7  group^"'^. From [ (C3F7)Fe] + elimination of FeF? gave [ C3F,] +. The 
ready formation of M-F containing ions is illustrated by the appearance of abundant 
[ MnF]+ ions from [ Mn(CH2C&14F-p)(CO)5] and [ Mn(CH2C6F5)(CO)=J lo6. Loss of 
HF may also be important if a hydrocarbon group is present73. A number of similar 
rearrangements have been reported from chlorocarbon compounds of transition 
metals. 

2. Olefin complexes 

Relatively few complexes have been reported with simple olefins. Cyclopentadienyl- 
diethylenerhodium shows predominant elimination of successive C2H4 molecules 
(equation 42)Io7. 

-C5H5 

(42) 

I 
Rh' 

In contrast, a number of studies of more complicated polyolefins and cycloolefins 
have indicated very complex modes of fragmentation often involving rearrangement 
with other hydrocarbon ligands when present. Thc fragmentation of [Fe(diene)(PF,),] 
complexes depended on whether the diene was cyclic or notlo8. Typical routes are 
shown in equations 4 3  and 44 from [M - 3PF31'. 

The loss of a hydrogen moleculc has been suggested to convert the olefin from a 2n 
to a 2n + 2 electron donor (n = number of olefin to metal 2-electron donor bonds). 
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‘ +FeC3H, 

(43) 

(44) 

Deuterium labelling in [(cyclohexadiene)Fe(CO),] showed hydrogen loss to be highly, 
but not totally, stereospecificlog. From the endo Dz olefin, D2 was lost in preference to 
H2 in a ratio of 9 : l .  

Sometimes very complex interactions occur between different hydrocarbon groups 
attached to a metal. One can consider as an example of this the cyclopentadienyl 
cyclocta-1,5-diene complexes of cobalt and rhodium (Scheme 3)107-110. Paths for which 
metastable peaks were found for Co or for Rh are marked. Initial losses of H2, CZH6, 
C4H6, C4H6. or  C8H12 are followed by more complex eliminations of CSH6 and C6Hb 
molecules from rearranged ions. 

SCHEME 3 

Cyclobutadienc derivatives have been reported to show a variety of decomposition 
modes. Whereas [ Co( q4-C4H4)( q5-C5H5)] loses one then another CzH2 molecule1”, 
[ Fe(CO)3(q4-C4H4)] loses C4H4 only112. Successive losses of two C2Ph2 molecules 
were reported from some cobalt and iron compounds of C4PhJ113. However, 
[ Mo(C0)2( loses both carbonyls and three C2Ph2 molecules before 
[ MoCzPhz]’ undergoes consecutive CPh 

Some related [(cy~lopentadienone)M(CO)~] cornplexcs of iron and ruthenium show 
elimination of four CO molccules to give [MC4R4]+ ions, probably with similar prop- 
ertics to the ions derived from cyclobutadiene complexes11s.116. Decarbonylation of 
the ligand also occurs in a wide variety of substituted diencirontricarbonyl complexes 
(equation 45)”’. 

-11-31 CO * - R ’ ,  - co A- - q  

Fe 
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Substantially diffcrent Structures are suspected to arise for thc [FeOC6H6]+ ion 

formed from 3 or  4”*. From 3 the ion decomposes by loss of CO or HCO, but from 4 
C6HS or FeOH iS lost. 

3. Acetylene complexes 

Complexes of acetylenes [Co2(CO),(C2R2)] (R = H, CF3. CH2CI, Ph. C02Me) 
showed a marked reluctance to fragment by clcavage of the acctylene ligandllY. Of the 
more interesting decompositions, those shown in equations 46 and 47 were 
noteworthy. 

-( I-6)CO -C0 
C O ~ ( C O ) ~ C , P  h 2+ + C02C2Ph2’ - 

- Co 
CoCzPh,’ - CZPh2’ (46) 

4. Allyl complexes 

Allyl derivatives [RhCl(allyl)2]? typically IOSC the allyl group, H, and (allyl X) 
(X = halogen)I2O. Propenc is eliminatcd from thc base peak [Rh(C3H5)?]’ and this 
requires a transfer of H from one group to the other. Methallyl derivatives of Rh and 
Fe”I have been postulated to undergo rearrangement to butadiene type ion struc- 
tures. Complexes of rhodium (5) with formally 16-electron structures were reported to 
lose up to three H2 molecules and (R + H) groups”’. Related 18-elcctron species with 
a five electron cycloolefin donor only  lost up to two H? moleculcs and (R + 3H) 
groups. 

( n  = 1 - 3) 

5. Cyclopentadienyl complexes 

Cyclopentadicnyl derivatives of virtually all transition mctals have bccn studied”. 
AS a group, ferrocenes have been examined most extensively and a number of interest- 
ingly rearrangements have been reported involving substitucnts on the Cs ring. Frag- 
mentation of a CSHs group attached to a metal is predominantly by loss of CsHs 
radicals o r  C2H2 molecules. Less importantly, H. C3H3, and CH3 radicals and C3H4 
molecules are lost. Occasionally a metal atom is expelled to produce a hydrocarbon 
ion (cquation 48)12’. 
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The incorporation of a side chain group, i.e. {CsH4(C,H2, + ')} (n > 2) produces 
[C7H7Fel+ and [ C7H7]+ions20-'24.12S. The transfer of groups from side-chain on to Fe 
has also been a commonly discussed decomposition r n ~ d e ~ ~ . ' ~ ~ .  Thus compounds 6 
produce [C5HSFeOH]+ions126, whilst for 2-ferrocenylethyl derivatives (7)127 the 

0 CH2CY2X .. . . . . . 
Fe Fe 

n = 1 - 4  

(6) ( 7 )  

common elimination of c Y 2 x  gave [C&iSFeC6H6]+, an 1 %electron species which 
loses C6H6. The importance,of rearranged ions is confirmed by a study of deuterium 
labelled rnethylferrocenes where [FeC,H,]+ (n = 5, 6 or  11) and [FeCSH6]+ were 
produced with complete H/D randomization'28. 

Steric effects in various endo and e m  isomers of 8 have been d i s c u ~ s e d ' ~ ~ .  The 
stereoselective elimination of C6H5R occurred with transfer to Fe of the endo-H- from 
em-R-substituted derivatives. The loss of C5H6 from M+ was also stereoselective from 
this isomer. 

R 

0 ...... 

(8) 

6. Arene complexes 

Complexes with arene ligands are generally characterized by ions due to loss of the 
arene ligand, those ions formed by partial decomposition of the ligand being much less 
abundant. Doubly charged ions were of significance from [Cr(C6H6)2] and a most 
unusual decomposition was observed (equation 50)'30*131. 

A series of substituted b e n ~ e n e - C r ( C 0 ) ~  complexes showed rearranged [CrX]' 
ions (X = F, I, OR,  NH2) and [C6HsCr]+ 132.  A study of styrene and [Cr(CO)3(qa 
C6HSCH:CH2)] showed the randomization of H in the [CrC8Hs]+ ion was different to 
that occurring in [CAHR]" from styrene. This is presumably due to the influence of the 
metal133. Isomeric substituted benzyl- and cycloheptatriene-Cr(CO)3 complexes 
decomposed differently and therefore did not reflect the  closely similar fragmentations 
found from the benzyl and cycloheptatriene l igand~"~.  
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7. Complexes with q7-C7 or qR-CR hydrocarbon ligands 

For complexes containing C7. Cg, etc.. ligands the most typical modes of decomposi- 
tion a re  by loss of a complete Iigand. C2H2 or Hz'. Rearrangement ions formed by 
interactions with other ligands are often produced (equation 5 1 ) l 3 " .  

8. Organic ligands containing atoms from main groups Ill-VI 

Apart from hydrocarbon ligands. other common groups have elements from main 
groups 111-VI at  bonding sites. We shall briefly consider some which contain a group 
111-VI atom in the organic ligand, but recommend that details of metal to N. P, S, etc., 
bonds are sought in the literature2.12-16. 

( a )  Compounds containing B atoms have included [Cr(CO),{ q6-PhB(CH1)5} 
and [Cr(q6-C5HsBR)2] ( R  = Me or Ph)'36. The former lost hydrocarbon fragmcnts. 
ChHsBHz, and C3H3BCH2 from [ M  - 3CO-J'. Thc  latter eliminated H z  and R H  
molecules, and from R = Me, McBCH2. 

( 6 )  Compounds with main group IV ligands MX3 bonded to transition metals are 
characterized by cleavages of the transition metal-M bonds, production of ions typi- 
cal of main group species MX3, and sometimes rearranged ions such as [CSHSSn]+ 
which have been observed from R3Sn cornpounds of cyclopentadienylmolybdenum,- 
tungsten and -iron2. 

Transfer of X(X = F, C1, Br, o r  Ph) groups to the transition metal centrc has also 
been reported, as in the spectrum of [Mn(SnBrzPh)(CO)J which gave [BrMn]' and 
[C6H5Mn]+ ions137. Mention may also be made here of several isocyanide-containing 
complexes which have been studied2. Typical are [Cr(CO)5CNR] ( R  = alkyl, aryl) 
which produced [CrCNR]'., [CrCNH]', and [CrCN]' ions'3R. and [Fe(CO)2(ole- 
fin)(CNL)] complexes'3Y. 

( c )  Numerous complexes with main group V containing ligands have been studied. 
The  formation of M-0 containing ions from [ V(CO)(NO)2(qs-C5H5)] mentioned 
previously (equation 4)j8 is also observed with other nitrosyl complexes such as those 
shown in equations 52j8 and 53'j". 

-Me - co - C ~ H S N  
Cr{C(OMe)Ph}NO(C5Hs)" - - - 'CrOCSHS (52) 

/ Cr20(C5HS)2 
Cr2(NH2)(N0)3(CSHS)2' \ (53) 

6 r 2 0 ( N H 2 )  

Elimination of H C N  from pyridine-containing organic ligands is a common process 
(equations 5414' and 5S1j2). 

-(1-3)CO -HCN . +M=H~CSHJN(CSHS) a (CSW2M' (54) 
M = Mo, W 

-( 1 -4)CO -R - HCN 
+M(C0)4(R)N=CHCsHsN) - - CSHSNM' 
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Azaferrocene [Fe(qS-CSHs)(q5-C4H4N)] also showed loss of HCN from M +  as well 
as C2H2, C4H4N, and C2H2N molecules143. 

Organometallic compounds containing (PX,) ligands (X = alkyl, aryl, halogen, OR,  
etc.) tend to fragmcnt by loss of PX, and cleavage of P-X or 0-R bonds2. There 
have been some examples of interactions with other groups in the molecule such as 
those shown in equations 56144, 57145 and 58146. 

/ + Pt M e ?( PP h ,)( PPh 2) 

+PMe2Ph2 
PtMe2(PPh3)2+ (56 )  

/ CSHSPX+ - CSH4P+ 
CSH sM nPX3 + (57) 

CSHSMnX+ - MnX+ 

/ +CoOR - CSH5CoOR+ 
CSHSCOP( 0 R)3+ (58) 

(d) Sulphur-containing compounds generally produce abundant [ MS]" ions and 
often show elimination of MS, and H2S molecules. Examples are found in the spectra 
of the norbornadiene iron complex containing two SMe bridging ligands (equation 
59147 and cyclopentadienyl iron compounds (equation 60)'48. 

-( 1 -4)CO 
C7H8Fe2( CO),( SMe)2 L 

- 2Me 
___) C7H8FezS2 - i;eZs2 

CSH sFe 2S2 

(60) 
-H2S 

C 5 H 5 Fe SC H 3 + c6 H 6Fe + 

Complexes with more complicated ligands (9)'4y, often produce MS-containing ions 
(equation 61). 

- CsHshS - 2co - CR' = N R ~  

9. Cluster compounds 

Cluster compounds are characterized by the appearance of ions containing the core 
atoms. From carbonyl clusters [ C O , ( C O ) ~ C X ] ~ ~ ~ ,  [ R U ~ H , ( C O ) ~ C X ] ' ~ ' ,  or 
[RU&(C0)16]1s2, the ions [Co,CX]", [Ru,CX]+, and [Ru6C]+ are observed as well as 
the expected CO-containing ions. The further fragmentation of [Co,CX]+ occurs by 
cleavage of C-X and, unusually, the loss of a Co atom. A cyclopentadienylnickel 
compound [Ni,H,(CSHs)4]'S3 and related cobalt complex [Co4H4(CsH5)4]154 elimi- 
nate H atoms from MA ions. 
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D. Negative Ion Spectra by Electron Impact 

94 1 

1. Main group compounds 

These studies havc bceii relativcly few but a numbcr of compounds of main group 
elements Hg. Si, Sn. and P havc becn reportcd. At 30 eV the basc peak from [Me&] 
was [.(CH3)3SiCH2]-’ with [(CH,)2SiCH]-, [CH3SiCH2]-, and [CHSi]- also reason- 
ably abundant”’. From [Me4Sn], [(CH3)3Sn]- was the most abundant ion with 
[CH3SnCH2]-, [(CH3)2SnCH2]-’, and [C2H4Sn]-’ in order of significancei5’. Spectra 
of alkenylsilanes [ R1Me2SiCH2CH=CHCH2R2] contain M-’ and ions due to cleavage 
of Si-C. Si-H. H&-R’, or CH2-CH=CHCH2R2 bondsis6. Prominent in the 
ncgative ion spectrum of [Si(CGCCF3),] wcre [ M  - CF3]-, [CI2FV]- and 
[CaF4]-”’. Both [Me6Si2] and [(MezSi),] show M-’ but (Me3Si)20 does not158. 
Trimethylsilyl derivativcs of cthers (10, 12) and esters (11. 13) have been studiedls9. 
Basic fragmentation leads to [M - Me$]- and [ M  - Me3Si - COz]- ions, respec- 
tively. Migrations of SiMe3 groups were common in orrho-substituted compounds and 
abundant M’- ions were features of several spectra. 

(10) X = OSiMe3 (12) X = OSiMe, 

(11) X = OgCSiMeg (13) X = 02CSiMe3 

Deuterium-labelling experiments showed that loss of C6HS and CI2HIo from 
[Ph,Si]-’ proceeded without scrambling but elimination of H2 from the base peak 
[ (CgHs)2Si]- occurred with complete randomizationb2. The base peaks in the spectra 
of related main group IV and V compounds were [ M  - Ph]- 66*160. Of the group V 
derivatives only Sb and Bi gavc M - ’  ions. I t  was noticcable that [Ph3Bi] produced the 
greatest variety of ions, the reverse of the positive ion spectrab6. This complementary 
effect has also been noticed with some transition metal compounds. Spectra of PBu% 
Ph2PCI. P(OEt), were reported to show abundant [M - HI- ions and ions due to 
P-X cIeavageI6’. 

Carbonyl-stabilized phosphorancs Ph3PCR’C(0)K2 decomposed by initial loss of 
Ph or Ph,Pi62. Furthcr fragmentation of [ M  - Ph]- gave ions of formula (CGH’)2PO 
and (C6H4)2P0,  which havc direct counterparts in the positive ion spcctra (equation 
62). 

o=c, 

0 

Pentafluorophcnylmercury dcrivatives [(CCIFs)HgX] (X = CaF5, halogen) showed 
M-’ ions163. An unusual rcaction ( X  = hal) lcading to ion-pair production was 
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reported from these compounds (equation 63), and also from bistrichlorovinylmercury 
(equation 64)164. 

[ C ~ F S H ~ X ]  - C6FsX- + Hg+ (63) 

[(C12C=CCI)*Hg] - C2C14Hg- + C2Clt (64) 

2. Transition metal compounds 

Transition metal compounds containing cyclopentadienyl and arene ligands have 
been studied. These include [M(CO),,(qs-C5Hs)] compounds of V, Mn, and C O ' " J ~ ~ ,  
related [ M(CO),,(qS-CSHs)]2 (Cr, Mo, Fe, and Ni) derivatives166, and 
[Cr(CO),(arenej]  derivative^'^^. Carbonyl losses predominated in the fragmentation 
paths. Symmetrical cleavage of the dimers was a feature of their spectra. Most spectra 
showed abundant [M - CO]- ions which are often base peaks and formally isoelec- 
tronic at M with M+. Abundant M -  ions were observed from [MC12(qS-CsH5)2] 
(M = Ti, Zr, Hf) and major fragment ions arose through loss of CI or C5HS radicals'68. 

Numerous studies of metal carbonyls have been r e p ~ r t e d ~ * ' ~ ~ - ' ' ' ,  including tetra- 
nuclear carbonyl clusters of cobalt, rhodium, and i r id i~rn"~.  The electronic formal- 
ity between [ M  - CO]- and M +  in the spectra of carbonyl derivatives has been the 
subject of some d i ~ c u s s i o n ' ~ ~ .  The appearance of [M - CO]- ions as base peaks in the 
spectra of most qS-cyclopentadienyl metal carbonyls has already been n ~ t e d ' ~ ~ . ' ~ ' ;  
however, from [ C O ( C O ) ~ ( ~ ~ - C S H ~ ) ]  the base peak was M -  173. This was rationalized 
by postulating a change from $-CsHS- to q3-CSHs-M interaction. Further, q4-diene 
iron tricarbonyls gave abundant M -, which were suggested to contain q3-allylic bonded 
species. Similar arguments were used in interprcting the spectra of q4- 
cycloheptatriene-iron, 2nd q6-cycloheptatriene-chromium, -molybdenum, and 
-tungsten  derivative^'^^. 

151. OTHER IONIZATION TECHNIQUES 

A. Chemical lonlzatlon 

Chemical ionization (CI) occurs in an ion source by ion/molecule reactions between 
ions of a reagent gas, commonly CH4 or  i-C4Hlo, and sample molecules M (equation 
65)174. Usually the ratio of reagent gas to sample is of the order of 1OOO:l and the 

CH5' t CH3 (48%) / CHI" - CH4 

CHI  CH 
CH3+ + H 2 C2H5+ + H2 (40%) 

then 

C H 5 + + M  - M H + + C H 4  

or  

/ M H + +  C2H4 
C2HS+ + M 

[M + C2HS]+ 

reagent gas pressure is ca. 1 Torr. Since the sample-containing ions are even-electron 
species and, more important, the energy transferred in the ionization process is much 
lower than by electron impact (EI), the proportion of M-containing ions is greater and 
consequently the amount of fragmentation is less. Often quasimolecular ions such as 
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[ M  + HI', [ M  + C~HS]' .  and [ M  - HI' are the base pcaks in a spectrum. Selection 
of the reagent gas is all-important in determining the spectrum obtained. Isobutane 
has become a popular choice since the reagent ion is >90% [C4H9]+. it is a weaker 
Bronsted acid than [CHSI", and transfers a proton with much lcss energy. Other gases 
have been NHl, NO, H20, and Me4Si for positive-ion CI, and C H 3 0 N 0 ,  N 2 0  mixed 
with Hz, CH4, or N2, and CHzCl2 for negative-ion C1174. The application of inert gases 
(He, Ar, Xe) or N2 as reagent gases in CI sources, causing odd-electron reagent gas 
ions to transfer charge to a sample molecule, has been described. This is usually 
termed charge-exchangc CI. The molecular ion formed is odd-electron, as in E l ,  but 
the energy of the process is more controlled and hence fragmentation is not as exten- 
sive. 

Many advantages are to be found with CI over EI, especially in the determination of 
molecular weights and the simplification of fragmentation patterns. However, some 
slight disadvantages also exist, including excessive ion source contamination from the 
high pressure of reagent gas and poor reproductility since CI  spectra are often very 
tem pe ra t ure dependent . 

The use of CI for organometallics was first reported in 1971, since when its adoption 
has been rather slow. We shall discuss the results obtained for main group compounds 
first, then those from transition metal derivatives. As a reagent gas, Me4Si produces 
[(CH3),Si]+ and [(CH3)7Si2]+. These have been subjected to reaction with a variety of 
compounds to give [M + SiMe,]+ ions175.176. With methane as reagent gas, Me4Si gave 
[(CH,),Si]+ ions pred~rninant ly~~ ' .  In contrast, Me,SiH4 - , (n = 0 - 3 )  produced 

CI spectra of dialkylmercury compounds and organomercury acetates have been 
r e p ~ r t e d l ~ ~ . ~ ~ ~ .  The fragmentation of the acetates depended o n  R (equation 66). Path 
(b) was favoured most for R = Ph and less for R = Et or h e ~ t y l ' ~ ~ .  

[M - HI+ '77. 

H 6Me 

H 

Both Ph3Ga and PhjIn showed [(c6Hs)zM]+ as the only significant ion in CI 
~pec t ra '~ .  It was suggested that this ion was formed by elimination of C6H6 after initial 
protonation at a phenyl group since neither [M + HI' nor [ M  - H]+ ions were 
observed. Some butyltin compounds [Bu,SnX4 - "3 are reported to produce three- 
coordinate ions by simple Sn-Bu or Sn-X cleavages and no ions due to C4Hs 
loss'ao. However, in the more complex y-OH substituted butyltins, 
[Bu2(X)Sn(CH2),CH(OH)Me], the 1,3-deoxystannylation reaction giving 
[ M-H20]+ was significant and more important than the corresponding 1,4- 
deoxystannylation from b-OH cornpoundslM1. A correlation was found between the 
electron-donating ability of X and stability of [ M  - H20]+ from 
[ Me3Sn(CH2)2CH(OH)C6H4X]. The isobutane CI spectra of some benzyltin com- 
pounds have been studiedla2. Evidence from p-substituted-benzyl compounds sug- 
gested that the reagent ion [ C4HP]* react predominantly at the p-position (equation 
67). 

Alkyldiphenylphosphine oxides produced as major ions [ (C~HS)~POH]"  
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Me3Sn' 

(with H transfer from the P-C atom of thc alkyl groups), [(C6HS)2POCH2]" 
[(C6HS)2P(OH)CH2]+' and [ M  - R]' I s3 .  The CI of somc organophosphonates has 
been r e p ~ r t c d l ~ ~ .  

Other compounds reported have included MeAs d e r i v a t i v c ~ ~ ~ ~ ,  RB derivatives of 
boronate  ester^'^^..'^^, and an Me2Al-carborane188. 

The [(diene)Fe(CO)3] complexes 14-16 were the first transition metal 
organometallics to be studied'RY.'Y". All produced abundant [ M  + HI+ ions whereas 
under EI no M' ions were found. Likewise, quasimolecular ions were observed from 
cyclooctatetraene-and cy~lobutadiene-Fe(C0)~ complexes. A later study of [ (q4- 
olefin)Fe(CO)3] compounds was reported using hydrogen, methane, isobutane, and 
ammonia as reagent gases"'. With the olefins cyclobutadiene, buta-l,3,-diene, 
penta-l,3-diene, and cyclohexa-l,3-diene, protonation of M was observed with all 
reagent gases except ammonia. Thus thesc organoiron compounds have proton 
affinities lower than that of ammonia (205 kcal/mol). Base peaks in the spectra were 
usually [ M  + HI' or [ M  + H - CO]' and fragmentation occurred mainly by CO 
and H2  loss. With the polyene ligands cycloheptatriene, cycloheptatrienone, and 
cyclooctatetraene, protonation occurred with all of the reagent gases used. It was sug- 
gested that the difference in the behaviour of the diene and polycne complexes could 
be duc to the possible protonation of an uncoordinated C=C bond in the latter. 

X 

Cyclopentadicnyl compounds which have been studied with methane reagent gas 
include [M(C5HS)J (M = Fe, Ru, Os, Co, Ni) and [MCI2(C5Hs)2] (M = Ti, Zr. 
Hf)I9O. The metallocenes afforded only three prominent ions, M+,  [ M  + HI', and 
[ M  + C2HS]+. whereas the dichloro derivatives produced M',  [ M  + HI', and 
[ M  - CI]' as the base peak ion. 

[ ( A r ~ n e ) C r ( C O ) ~ l  complexes (C6HSX; X = H, F, CI, Me. C02Me) with methane 
reagent gas produced abundant M' and [ M  + HI' ions and weak fragment ions by 
loss of CO, H. and arene groups'92. No  Cr-F ions were observed in the spectrum of 
the fluorocarbon compound, in contrast to the EI spectrum. Protonation reactions 
were observed for [Cr(CO)3(q%"ne)] complexes (arenc = C6H6, toluenc. methyl- 
benzoate, and acetophenone) and q6-cycloheptatriene tricarbonyl derivatives of Mo 
and W using hydrogen, methane. isobutane. and ammonia as reagent gaseslY3. Ions 
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derived from ammonia failed to protonate [ Cr(CO)3(q6-C7H8)]. whereas those from 
H2, CH4, and C4Hlo succeeded. Relatively high nbundances of M +  ions were observed 
particularly with methane as the reagcnt gas. A charge exchange reaction (equation 
68)  was postulated for their formation. which is in agreement with the known ioniza- 
tion potentials for the species involved. A similar explanation was suggestcd for the 
formation of M + ions from metallocene dcr iva t ive~ '~~) .  A number of studies of metal 
carhonyls have been reported. including [ M(CO),]'". 

[Cr(CO)3(q6-arenc)] + CzH5+ - [Cr(CO),arene]+ + % ~ H s  (68) 

B. Field ionization (FI), Field Desorption (FD) and Related Techniques 

In FI, vaporized molecules are ionized by a very high electric field gradient (ca. 2 
V/A) betwcen electrodes. This is a 'softer' ionization than EI and consequently M +  
ions are morc probable. Relatively few studies of organometallics havc becn reportcd. 
They include substituted phenylph~sphinesl~~,  bis(arene)-chromium iodidesly' and 
biphenyl derivatives [(~-q~-C,Hs)2{Cr(q6-C~H~)}.z1'Y6. 

Ficld desorption (FD) usually involves deposition of the sample from solution on to 
a specially prepared emitter electrode4'. The sample is desorbed under the influence 
of a high field gradient under normal mass spectrometer vacuum conditions to producc 
molecular or quasimolecular ions and relatively fcw fragment ions. This tcchnique has 
particular relevance to thermally labile or ionic compounds. It  is not  as simple to apply 
as El or even CI. and there can be problems with reproducibility and interpretation of 
spectra. However. i t  has proved successful for several compounds which do not give 
satisfactory EI spectra, including [ CjLij]'97. R4PBrI9*, and ionic transition metal 
derivatives such as [ Fe(q5-CsHs) (q6-arenc)]PF6luY. [ Mn(CO)3(qs-Me2SC5H4)]PF62"o, 
[ Fe(C0)3( qS-olefin)]BFJ, [Co(q5-C5Hs)( qs-C8H, I)JBF,"". and [ Fe{P(OMe)3}3(q5- 
~ l e f i n ) ] B F ~ ~ " ~ .  as well as neutral complexes such as [M(CO)3(q0-C7H8)](M = Cr: Mo. 
W), and [ R U ( X ) ~ ( L ) ( ~ ~ - C ~ H ~ ) ] ' ~ ~  and the cluster compounds [Rh3(C0),(qs- 
csHs)3l2O3, [ Ir7(CO) I 2(CsH 12)(csH I 1 ) ( c s H ~ o ) I ~ ~ ~ .  [ Ptn(CO)n-+ 1 (PPh3)41()1 = 4. 5 ) ' O S ,  
and polynuclcar carbonyls20h. 

A relatcd 'soft' ionization technique is the attachment of ions to a neutral compound 
preceding desorption. This has not yet been rcportcd for organomctallics but both 
[ M ,  + Na]' and [ M  + 13- ions were observed from NaI in glycerol ( M )  using elec- 
trohydrodynamic ionization2"'. Cationization has also been observed in conjunction 
with FD2ON and CI'"9. Several other modifications exist of the general ionization tcch- 
niques described above, including thermal desorption of samples combined with EI2Io 
o r  C1211. Added to these the thermal evaporation of the cations from phosphonium 
salts has been reportcd2". 

C. Other Techniques 

Rccently developed alternativc methods of ionization as yet untried for 
organometallics include the use of radionuclides and lasers". Photoionization sources 
havc been developed for some time but relativcly few studies of organometallic 
spcctra havc been reportedd1. Rather. the interest in  these sourccs has been in the 
determination of accurate I and A data. 

Ncwer methods of sample introduction such as combined liquid chromato- 
graphy-mass spectrometry (LC-MS)'" and 'in-bcam' sample introduction2I2 to obtain 
CI spectra will be of future interest-to chemists studying organometallics. 
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IV. ION STRUCTURES AND ENERGETICS 

A. Introduction 
Throughout this chapter reference has been made to the lack of structural informa- 

tion for gas-phase ions. Fortunately, a number of recently developed techniques are 
beginning to alter this situation significantly. Most of these techniques are only just 
being applied to organometallics. Of particular importance are metastable ion studies 
including collisional a c t i v a t i ~ n ~ ' . ~ ' ,  photoelectron-photoion coincidence experi- 
m e n t ~ ~ ' , ~ ' ~ ,  and photodissociation s t ~ d i e s ~ ' . ~ ' ~ .  These, together with the measurement 
of I and A data and results from ion cyclotron resonance (ICK) ~ p e c t r o s c o p y ~ ~ . ~ ' ~ ,  are 
thc subjects of this scction. 

B. Metastable Ion S t u d l e ~ ~ " ~ ' ~  

Intensity ratios of metastable ions from compcting fragmentations can be used to 
characterize ion structures (or mixtures of  structure^)^'. It is generally accepted that if 
intensity ratios of precursor and m* ions are different by a factor of greater than 5, this 
constitutes evidence for precursor ions having different structures (or mixtures of 
structures). Thus, the spectra of the 0- ,  rn-, andp-derivatives of (tolyl)3P all showed an 
ion [C13HloP]+ which fragmented by loss of H, H2, and PH neutrals7'. The ratios of 
the intensities of the metastable peaks for these fragmentations were very similar and 
it was suggested that the structures, or mixture of structures, of [C13HloP]+ were the 
same in each case. However, it should be noted that, although a similar intensity ratio 
may be taken as suggesting identical structures, it is not a proof since the energy 
distribution in the ions may be substantially different even if the ion structures are the 
same. Hence evidence from metastable ion intensity ratios of ion similarities should be 
taken as a guide and not as a rule. 

Developments in instrumentation have led to an increase in the study of meta- 
stable  ion^^^.^'. A technique for scanning both magnetic ( B )  and electric (15) fields 
simultaneously on double-focusing spectrometers provides more specific and sim- 
plified fragmentation patterns and information about fragmentation  path^^'.^'^. Meta- 
stable decompositions occurring in the first field-free region (i.e. between source and 
analysers) can be observed. Scanning at a constant B/E ratio at a constant tn /z  reveals 
the daughter ions arising from the chosen precursor. Scanning at constant B2/E reveals 
the precursor ions of chosen daughter ions. In a study of [Cr(CO),($-PhCH,)] the 
molecular ion was shown to fragment by CO losses exclusivcly (equation 69)2'9. 
Subsequently [ M - 3CO] + decomposed by four different routes. 
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Another technique of future importance is thc study of metastable ions produced in 
collision induced decomposition or  collisional activation spectroscopyJ1. Activation of 
ions by collision with neutral molecules of a rarc gas such as helium in a field-free 
region of a mass spectrometer leads to the addition of internal energy and the frag- 
mentation of the ions. For a particular ion this produces a characteristic collisonal 
activation (CA) spectrum which is related to the structure of thc precursor ion. It 
appears that the internal energy of the precursor ion has a negligible effect on such a 
spectrum and comparison of C A  spectra for ions of the  same formulae derived from 
different precursors therefore gives information about structural similarities. This 
technique has not yet  been applied to organometallics. 

C. Photoelectron-Photoion Coincidence S p e ~ t r o s c o p y ~ ~ ~ ~ ~ ~  

By this technique ions can be formed in selected internal energy states and their 
subsequent decompositions or reactions with other species can be studied. Mostly 
small inorganic or organic molecules have been investigated and a number of interest- 
ing effects have already been observed, including isolated state behaviour in the frag- 
mentation of molecular ions such as [C2F6]+' 220. This constitutes a breakdown of a 
basic assumption in quasi-equilibrium theory (QET) of mass spectra that electronic 
energy is randomized on ionization and will provoke a reassessment of the theory. A 
study of the unimolecular decay of ions from [Me2Hg] has been reported to show 
deviations from QET predictions at high initial internal energies221. In particular the 
formation of [CH3Hg]+ from [ Me2Hg] may involve incomplcte statistical energy par- 
titioning in the reaction (equatior. 70). At about 5 eV above the threshold of this 
reaction a new fragmentation mode emerges in which it seems possible that an 
electronically excited methyl radical is involved. 

D. ion Photodissociation S t ~ d i e s ~ ~ - * ~ ~  

These concern the impact of photons on ions in ICR traps or in beams2", and can be 
represented by reaction 71. Most work has used ICR ion traps. By investigating 

reaction 71 as a function of photon wavclength it is possible to obtain a photodissocia- 
tion spectrum. Such studies can be interpreted to yield spectroscopic, thermodynamic, 
kinetic, and dynamic data on the trapped ions and their reactions. Virtually all of the 
photodissociation work reported has involved organic moleculcs. An example is the 
study [ C7H8]" ions produced from toluene, cycloheptatriene. and norbornadiene222. 
This showed that, contrary to previous ideas based on fragmentation patterns, the 
ions' structures were not common. The photodissociation spectra were different in 
each case and demonstrated that little or no interconversion of structures was occur- 
ring within the time scale of a few seconds. 

With this technique the thermochemistry of the interactions between [ Li]' and 
derivatives of benzene and ferrocene have becn investigated223. A series of 
D(M - Li)' ionic bond dissociation energies were obtained for ground- and cxcited- 
state ions. 

An initial study of [Ni(NO)(qS-CSHs)] determined D(C5HSNi - NO)' as (43 2 2 
kcal/mol and identified two low-lying excitcd states of the [ Ni(NO)(C5Hs)]+ ion22J. 
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hv 
C5HSNiNO' - CSHSNi' + NO (72) 

T h e  reaction studied was reaction 72. The  w!ue for thc  ionic bond dissociation energy 
compares well with 45.9 5 1 kcal/mol determined using photoionization. 

- ._ 
v) 

aJ 
c 
c - 

E. Ionization and Appearance Potential Meas~rernents~' .~ '~ 

In principle, the measurement of I or  A data should be achicved relatively simply by 
following an  ion's ionization efficiency curve to the onset potential, OP (Figure 2a). In 
practice there a re  many pitfalls associated with these mcasurernents. Both the sensitiv- 
ity of the spectrometer and the signal-to-noise (S/N) ratio of t h e  ion current will play 
significant parts in the determination of the onset potential (Figure 2b). Other com- 

o": 

t (O) (b) 

OP 
region J- I 10 2 0  30 40 50 

Ionizing beom energy (eV)  

FIGURE 2. 
more typical curvc with signal noise. 

(a) Idealizcd ionization efficiency curve without signal noise, and (b) 

plicating factors will include the possibility o f  thc formation of the ion with excess 
energy and, if a conventional EI source is used. thc inhomogeneous ionizing bean). 
Concerning sensitivity. mcasurements of I or A are  most successful at  high spectro- 
meter  sensitivity with abundant ions at a high S/N ratio. The most accurate rcsults are 
usually for 1 ' s  rather than A's, but of course photo-electron spectroscopic I values are 
preferable to mass spectrometrically determined values. I t  has been commonly 
accepted that an  I measured with EI ionization refcrs t o  the vertical I ,  rather than the 
adiabatic I ,  because ionization by EI is a Franck-Condon controlled process. While i t  
is clear that reported EI data a re  usually higher than  the corresponding I ,  values 
determined by photoelectron spectroscopy, it should be remembered that thcre is a 
small but finite chance of producing ions with internal energies lower than that corres- 
ponding to I , ,  even some with internal energics corresponding to the threshold not- 
withstanding the Franck-Condon restrictions. The  importance of these ions will 
depend on  each  molecule studied but i t  may be notcd that differences in I ,  and I ,  are 
commonly of the order 0.1-1 e V  in organometallic compounds'". Further, there is 
usually the complicating cffcct of an inhomogeneous clcctron bcam. Hence I and 
especially A data should be intcrprctcd cautiously. taking the  values a s  upper limits 
unless therc is othcr evidence t o  substantiate them. 

In a fragmentation reaction (equation 73), the A ( X ' )  value is related to the  stan- 
da rd  cnthalpies of formation of the species involved by equation 74 ,  where E is a 
conglomerate term reprcsenting thc inclusion of any cxcess encrgy in the formation of 
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A ( X ' )  = AHy(x')  + A f f y ( y )  - A H r ( M )  + E 

949 

M + e -  - X + + Y +  2e- (73) 

(74) 

[XI+ or  Y at the threshold for the  production of [XI'. It is possible that E would 
contain contributions from (a) the kinetic shift, (b) the competitive shift, (c) a thermal 
shift, and (d) an energy of activation for the rcversc reaction, i.e. recombination. The 
first of these arises because extra cnergy may have to be imparted in ordcr that [XI' 
may be formed with a rate constant >lo6 s-l so that a sufficient number of ions are 
ejected from the ion source to be subsequently detected. The kinetic shift is the  excess 
energy above the minimumA (X') necessary to bring about decomposition with this rate 
constant. If competing reactions are occurring at the threshold thcn the intensity of 
[XI' may increase very slowly with electron beam cnergy. A competitive shift similar 
to the kinetic shift may be experienced requiring an extra amount of energy beforc 
[XI+ is detected. The thermal shift arises from the fact that molccules in the ion sourcc 
possess thermal energy and therefore less than thc threshold A ( X + )  will be rcquired 
for the reaction. This effect increases as molecular size increases and would counter 
the kinetic and competitive shifts. An activation encrgy (ZO) for the recombination 
reaction of reaction 73 may mean the products [XI' and Y arc formed with cxcess 
internal or kinetic cnergy. The size and partitioning of these will depend on the  
reaction. With the possibility of any of the above excess encrgy components bcing 
present i t  is surprising that in most studies the excess energy term E is assumed to be 
zero. Howcver. this drastic assumption appears to be valid within the prccision of the 
measurements for ;I large number of 'simple' fragmentations. By 'simple' we mean to 
exclude reactions producing rearrangement ions. Simplc cleavages are generally 
synonymous with the absence of abundant metastable peaks and significant compcting 
reactions. 

Very few investigations of the excess terms have been made with organometallics. 
The fragmentation reaction 75 (M = Cr, Mo. W)'" has been rcported and a study of 
the C O  molecules eliminated showed them to be predominantly in the first vibration- 
ally excited statc with an energy of 0.27 eV. Howevcr. whcn the prccision of the 
measurements is considered, typically ?0.05-0.1 CV for I and ?0.1-0.3 eV for A ,  it 
is doubtful if such effccts would be observable in most cases. 

"M(CO), - +M(CO), - I + CO* (75) 

The inhomogeneity of ionizing beams, generally of the order of 0.1 eV at low beam 
energies, is another source of inaccuracy. Several laboratorics have designed mono- 
chromated photon or electron beams and results obtained with them are to be prefer- 
red. An alternative approach has been to remove the effccts of the normal cncrgy 
spread by Fourier transformation o r  deconvolution techniques applied to thc ionisa- 
tion efficiency curve. Some success has been achieved with these and also empirical 
ionization efficiency curve analysis by the critical slope curve matching (CSCM) 
method226. After comparison with a nunibcr of commonly uscd methods including the 
semi-logarithmic plot, energy compensation and extrapolatcd voltage difference. 
second derivative, and critical slope methods, i t  was concludcd that the CSCM and a 
deconvolution method (the double energy distribution differences method) were 
preferred to give accurate valucs for A (to within 0.05 eV)227, The empirical CSCM 
method is relatively easy to apply and can be used with inferior S/N levels. 

Unfortunately, most measurcmcnts of I and A prior to 1974 were obtained by the 
less reliable empirical methods. Even now results using these early methods are still 
being published. but it is hoped that this will soon stop. Although trends in such results 
are probably noteworthy, their accuracy will rcmain suspect unlcss good agreeincnt is 
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established with accepted thermochemical data from other methods. A good example 
of the use of mass spcctrometrically determined da ta  combined with thcrmochemical 
data is the E I  dctcrmination of bond dissociation energies and enthalpies of formation 
of organosilicon compounds containing Si-Me, Si-Et, Si-Si. Si-H, and  Si-Cl 
bonds22R. This  study used a monochromated clectron beam. Among  the compounds 
studied the mcthylsilanes, [ Me,Si H4 - ,,I, were of particular interest since few if any 
reliable enthalpies of formation have been obtained for such compounds from 
calorimetric measurements. Combined with thermochemical data, t he  A values from 
47  reactions gave consistent rcsults. T h e  enthalpies of formation were calculated and 
bond addivitivty schemes formulated for  the calculation of enthalpies of formation of 
silicon compounds containing Si-alkyl, Si-Si, Si-H, and  Si-CI bonds. I t  was found 
that for  any compound the Si-C, Si-Si, and  Si-H bond dissociation energies were 
almost independent, having vcry small interaction corrections. For the Si-CI bond 
there was greater variation with values f rom 116 kcal/mol in Me$+-CI to 104 kcal/ 
mol in CI3Si-CI. 

Table 2 lists organometallic compounds for which I and  A data have been reported. 
A number of trends a rc  noteworthy from these studies. Generally, t he  bond dissocia- 
tion energies in ions D(X,,M-R)' a re  less than in molecules D(X,M-R) for main 
group organometallics but this is not necessarily so for transition metal compounds. 
Some examples a re  given in Table 3 fo r  M-Me. M-C5H5 and  M-CO bonds. 

D(X,,M-R)+ = A(X,M)+ - I(X,,MR) (76) 

Ionic bond dissociation energics were calculated from equation 7 6  assuming that no 
exccss energy was present. A decrease in the values from both ions a n d  molecules with 

T A B L E  3. Bond strengths in ions and molecules (kcal/mol) 

Main groirp IV Me4M43 

Compound D ( M c ~ M - M c )  * 5  D (  Me3M-Me)" -c 5 

Me4Si 

Me,Sn 
MelPb 

M c ~ G c  
91 
82 
73 
49 

39 
19 
19 
12 

Transirion nierol cyclopetiradieti yl conipoiinrls [ M (Cj H S )  2 3 

Compound( M )  E ( M - C S H ~ ) ~  D(M-CsHs)+ ' ~ 3 ~  

Fe 
c o  
Ni 

75 
79 
71 

83.5 
97.5 
74.5 

Transition tnerd carbonyls [ M(CO),.,] arid relared [ M(CO)5CS] cotnpounds2's 

Compound (1M) b( M-CO) Ij (M- CO)  + 

Cr 
M o  
W 

25.6 25.4 
36.2 37.2 
42.7 45.4 
D(CO)5( M-CO)+ D( CO)s( M-CS)* 

Cr 
MU 
W 

33.0 
36.0 
39.2 

5 2 . 5  
63.2 
74.8 
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increasing atomic number of M in main group compounds is noted. The smaller 
differences bctween and ionic and molecular values for transition metal compounds 
reflects the fact that ionization from the predominantly transition metal-centred high- 
est occupied molecular orbital (h.o.m.0.) in these compounds will have less effect on 
metal-ligand bonding than ionization from a h.o.m.0. which is more M-L bonding in 
character such as is found in most main group  compound^^^. 

The relative strcngths of sevcral metal-ligand bonds have been reported. In 
[Mn(CO)2(L)(qS-C~Hs)] ( L  = CO or CS) complexes the Mn-CO bond was weaker 
than the Mn-CS bond292*2y3. This was relatcd to the fact that CS is a better 
a-donor/n-acceptor than CO and CS is primarily a a-donor. The  effect on the Fe-Si 
bond in [Fe(SiMe3)(CO)(L)(qS-CsHS)I of replacing L = CO by PPh3 was studied and 
it was found that D(Fe-Si) increased with Ph3P s u b ~ t i t u t i o n ~ ' ~ .  Changing X from Me 
or Ph to CI in [Mn(SnX3)(C0)s] and [Fe(SnX3)(C0),(q-C5H,)1 increased the M-Sn 
bond strength310. This agreed with Mossbauer evidence and the observed shortening 
of M-Sn bond lengths. 

The  assignment of ion structures on thc basis of I and A data has often been 
attempted in organic mass spectrometry but has been less frequent with organometal- 
lics. A case in point is the formation of [C7H8Cr]+ ions in the spectra of [Cr(C0),(q6- 
PhCH3)] and [ Cr(CO)3(q6-cycloheptatriene)]309. In this study it was shown that the 
energies for the formation of [C7H8Cr]+ from either molecule were very nearly identi- 
cal. It was then argued that since the fragmentation behaviour o f  this ion is signific- 
antly different in each case, the ion did not have a common structure. This conclusion 
was reinforced by a study of the corresponding [CRHloCr]+ ions from [Cr(CO))(q6- 
PhEt)] and [ Cr( C 0 ) 3 (  ~6-7-exo-methylcycloheptatriene)]. 

F. lon/Molecule Reaction 

Generally these have been carried out  with (a) normal, commercial mass spec- 
trometers operating at higher than usual pressures, (b) ion cyclotron resonance (ICR) 
spectrometers or  more recently (c) ion beam and molecular beam  method^^^^).^^'. and 
(d) flowing afterglow  technique^^^^.,^^. ICR216 has proved most useful to datc for 
studying reactions between organometallic ions and M molecules, and between 
organometallic ions and potential ligand molecules. ICR techniques enable precursors 
to be identified, reaction rates to be measured and, in suitable cases. thermochemical 
properties to be calculated. 

1. Reactions in normal mass spectrometers 

A number of reports of mononuclear transition metal organometallics giving 
dimetallic ions in nornial mass spectrometers have been published. Arene-chromium 
 derivative^^?'^'^^ [Cr(CO),(arcne)] gave ions of types [ Cr2(arene)2C0,] + by reaction 
77, and even trinuclear ions [Cr3(arene)2(CO),]+(n = 1-6) for arene = C6H6. 

[Cr(C0)3arene]+ + [ C r ( C O ) w e n e ]  - [Cr~(arenc)~(CO),] ' (r~ = 0-3) 

(77) 

Displacement of C O  ligands was studicd in [ Mn(CO)3(qS-C5H5)]326. Displacing 
ligands included MF,(M =P.  As. Sb) and SFJ (equation 78). A similar study was made 
of [Ni(NO)($-CsHs)]. with N O  displaccd by numcrous groups including amines or 
~ l e f i n s ~ ~ ' .  Other cyclopentadienylmctal carbonyls which have been studied include 
compounds of V, Mn, and C O ' ~ ~ . ~ ' " .  

Mn(C0)3CjHs+ + L - Mn(CO)LCsHs+ + 2CO (78) 
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Ferrocene is reported to show [ Fe2(CsHS)3] + ions329. Reactions between ions derived 
from [M(I~-C~H, ) ( I .~ -C~H~) ]  (M = Cr, Mn) o r  [M(~ ' -CSHS) ( I~ -C~H~) ] (M = V, Cr) 
and various ligands including H 2 0 ,  NH3, phosphines. acetone, benzene, and olefins 
have been discussed33n. Other work in this area has concerned ferrocene deriva- 
t i ve~ '~ ' ,  carbene complexes332. and exchange of PF3 for other ligands in [ Fe(PF3)5]333. 

2. Ion cyclotron resonance techniques 

ing those in Table 4. 
ICR techniques have been applied to numerous reactions of organometallics, includ- 

T A B L E  4. Studies of ion/rnolecule reactions 

Ions derived from Neutral Reference 

Li 
CH4, Bu'H 
Me2Hg 

CH4 
MeSiH3 
Me4Si 

(AlIyI)2Me2Si 
(Various anionso) 
Me3SiNMe2. other arnine derivatives 

-n)Si)20 s F6' 
MenSiF 4-n) 

Me3SiCj 
MClj  
EtdPb 

MenPH2-n) 
Me3P( ) 

Me3P 

X = CH2 
X = 0. NH, NMe 

Phosphiran 

Me3As 
Fe 
c o  
Fe. Co, Ni 

(Me2P)2 

Various organic spccics 
Mg 
C2H4 
AIIene 
Me1 
Alkenes 
Me3B 
R3B and R2BF 
Various species 
Rx 
CH4 

C2H2 

-4 

C2H4 

C6H6 

Methyl silanes 
MeSiH3 
Me4Si 
Alcohols 
Ketones, esters, carboxylic acids 
Ethers 
Alcohols. ethers 
(Me4Si. Me3SiPh. other silanes) 
Arnines 
Various species 
MenSiF(4 -,,) 
MenSiF[4-,) 
Arnines 
MeF 

Me3P 
Et4Pb 

Me3PH(3-,,) 
Me3P(X) 

Phosphiran 

Me3As 
Alkanes 
Alkanes 
Alkyl halides. alcohols 

( M e  2 P)Z 

334, 335 
336 
337 
338 
339 
340 
341 
342 
343 
344 
345 
346 
347 
348 
349 
350 
351 
175, 176 
352 
353 
354 
355 
323 
356 
357 
358 
359 
360 
361 
362 
363 
364 

365, 366 
366 
367 
368 
369 
370 
32 1 
335 
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TABLE 4. conrinued 

Ions derived from Neutral Reference 

Me I 
Phenyl halidcs 
Small olefins 
Chlorohydrocarbons 
Alkyl chlorides 
Methyl cyanide 

Arenes 
Fe(rlS-C5Hs)2 

339 
371 
372 
373 
374 
375 
3 76 
377 

HL, ligands M(rlS-CsHsh 378 
(M = Fe or Ni) 

Aldehydes 380 
M(rlS-C5Hs)X, Methyl halides 381 

M = Mn; X,, = (CO); NH3 382 
M = C o ; X , , =  C O  CO(C0)2(rlS-CsHs) 3 83 I )2 Various species 3 84 

385, 386 
[Fe(CO)3(CH2)(rl -CSHS)I 

Various species 
387 

[Mn(CHs)(CO)sl 
Various ligands 

388 W C 0 ) 3 " 0 )  Various ligands 

Ni( NO)( qs-CsHs) u- and n-donor ligands 379 

W C 0 ) S  

OSignifies a negative ion study. 

u. Ion reacriviries. Ion/molecule reactions can be extremely complex, as in the case 
of Me3P=0 where 68 independent reactions between M and M" or  fragment (pro- 
duct) ions occurred366. The most intense product ion was [(CH,),POH]+, itself formed 

M + + M - (CHJ3POH + POC3H8 (79) 

[M - Me]+ + M - (CH3),POH + POC2HS (80) 

H,PO+ + M - (CH3)3i>OH + HPO (81) 

by three separate reactions (79-81). This ion undergoes seven ion/M reactions (82). 
Fortunately, in other cases the reactions observed arc more specific, permitting a more 
detailed study of intermediates in fragmentation and allowing some insight into 
possible mechanisms. 

A number of [ Me3Si]+-ether systems have been inve~ t iga t ed )~~ .  The trimethyl- 
siliconium ion is the predominant ion derived from Me4Si. Reactions with ethers 
produce a 1: 1 adduct ion [Me,SiORR']+ which generally decomposes be elimination 
of a neutral (R-H) group for R > Me. Experiments with deuterium-labelled species 
suggested that this elimination proceeded by P-hydrogen transfer to oxygcn through a 
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four-membcred transition state, as in reaction 83. T h e  hydrogen transfer appeared to 
be involved in the rate-determining step. For R f R: the (R-H) eliminated primarily 
is from whichever R is largcr. Cyclic e thers  O(CH2),, formed adducts which, except for 
11 = 2, decomposed by loss of (CHz), - 1 groups (equation 84). Formation of 
[ M C ~ S ~ O ( C H ~ ) ~ ] '  a s  a product ion was a minor feature from !I  = 4 and 5. 

A number  of interesting studies involving transition metal centred ions have been 
initiated. These include reactions between olefins and  ions derived from TiC14372 and 
reactions between alkyl halides or alcohols a n d  metal ions33s. In the former study it 
was shown that [TiC14]+' was unreactive but [TiCI,,]+ ( n  < 4) ions underwent a variety 
of reactions, typical reactions a r e  85 and  86. Both  [Ti]' and  [TiCI]+ complexed with 

olefins and  then eliminated Hz molecules whereas elimination of HC1 was a common 
mode from the complexcs with [TiCI2]+ and [TiC13]' ions. Complexes of [TiCI,]+ 
( n  = 1-3) and  larger olefins with five o r  more  carbon atonis lost smaller olefinic 
fragments. Reactions of M+ ions ( M  = Fe, Co ,  Ni), produced by electron impact on 
metal carbonyls, with alkyl halides or alcohols (RX)  were postulated to involve an 
intermediate ion [ RMX]' 335. This suggestion presumes a gas-phase oxidative addition 
and  was supported by [ MXIL and  [ MR] + ions in some cases and  reactions such as 87, 
which a re  easiest t o  rationalize in terms of such intermediates. 

[CH3FeOH]+ + C D J O H  - C D 3 0 H k e O H  + CH3 (87) 

Evidence was found for the participation o f  M-H bonds in fragmentation by 
dchydrohalogrnatiori (X = halogcn) a n d  dehydration ( X  = OH) .  This has been a 
commonly postulated feature in the fragmentations of transition metal organometal- 
lics. and is well established in solution reactions3nY. T h e  reaction between deuteriated 
ethyl iodide and [Fe]' showed HI a n d  DI elimination occurring in the expected 
statistical ratio (2:3) for randomization via a I]-hydrogcn shift (cquation 88). I t  was 
noticcablc that [Fc]' and  [CO]' tended to form [MR] '  and  [ M - ~ l e f i n ] ~  ions in 
prefcrcnce to [ M X ] '  and [MXI-I]'. T h e  oppositc tendency was found for [Nil'. 
Several reactions of [ M(CO),] ' ions were discussed, including CO displacement 
giving, e.g.. [M(CO),, - IRXI'  and [M(CO), - IR] ' .  T h c  results suggested that 
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M-alcohol bonds were stronger than M-alkyl halide bonds. The MR-containing 
ions tended to undergo proton transfer from R. The importance of this was propor- 
tional to the acidity of [R]+. 

A number of studies of CO displacement or ligand addition to an organometallic ion 
have been reported (Table 4). With ions derived from [Fe(CO),] the ability to dis- 
place CO and the number of carbonvls displaced depended on the basicity of L and the 
value ofy in the ions [Fe(CO),]' 387. Ligands with higher proton affinity (PA) than CO 
displaced it, including NH3, HzO. Me20, NO, C6H6. and MeF, but not HCI. More CO 
groups were displaced by ligands with higher proton affinities such that up to three H 2 0  
molecules could be introduced but only one MeF molecule. Ions with lower values ofy 
showed more extensive substitution. 

b. Thcrmochernicnl s t r 4 d i ~ s ~ ' ~ .  The use of ICR techniques in determining gas-phase 
acidities or basicities as well as bond dissociation energy and enthalpy of formation 
data is increasing. Proton affinity may be defined as the negative of the cnthalpy 
change of reaction 89. 

M + H +  M H +  (99) 

Relative acidities/basicities may be dcduced from a study of reactions of type 90. 
Since gas-phasc ion/molecule reactions arc assumcd to proceed with negligible activa- 
tion energy, the observation of a rcaction 90 can be interpreted as showing that the 

M I + + M z H  - M , H ' + M ?  (90) 

proton affinity of M I H  is greater than that of M 2 H .  Thus, the  unknown proton affinity 
of a molecule M I  may be cstablished by 'bracketing' rcactions of type 90 using com- 
pounds M 2 H  with known proton affinities. Thc accuracy of the determination will 
depend on the available calibrated compounds. A sufficiently large numbcr of these 
are usually available for proton affinities to be determined to within 24-5  kcal/mol. 
The gas-phase basicity may also be calculatcd. It is defined as the ncgative of the free 
energy change for thc protonation reaction 89. Similarly hydrogen affinity (HA) may 
be defined (equation 91) and the relationship between equations 89 and 91 cxpressed 
as equation 92, where adiabatic I valucs arc uscd for H and M .  Proton affinities for a 

(91) 
- M H +  - M ' + H  

PA(A1) - HA(M') [(HI - [(MI (92) 

number of organometallics have been rcportcd (Table 5 ) .  including mcthylphos- 
phines, Me,PH, - ,, and ferroccne. A study of the reactions between ferrocene and 
[LH]+ ions (L = NH3, MeNH?, PH,, H,S, and PriO) established the proton affinity of 
ferrocene to be 213 -C 4 kcal/mol. just greater than that of ammonia (205 k ~ a l / m o l ) ~ ~ " .  
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TABLE 5. Proton affinities (PA) of organometallics 

Type Compound PA (kcal/rnol) Reference 

Main group compounds Me3Si(CH2),NMez: 
I1 = 1 
n = 2  
n = 3  

Bu'Me2SiNMe2 
MezSiCHz 

MePH2 
MezPH 
Me3P 

PH3 

Et3P 
 ASH^ 
M c ~ A s  

CH2CH2PH 
r 

230.6 
231.1 
231.1 
229.1 
22.7 

191.1 
204.8 
217.1 
225.7 
23 1.7 
183.6 
213.7 
194.8 

356 
356 
356 
356 
360 
391 
392 
392 
392 
391 
393 
3 69 
367 

Transition metal compounds [ Fe(q5-C5Hs)2] 213 378 

[ Mn( Me 1 (co) 51 188 3 85 
[Re(Me)(CO)sl c 191 385 

"i(q5-CsH~PI 219 378 
[Mn(CO)3(q -C&Me)l 197 3 82 

[Fe(co)sl  204 387 

It is worth noting that attempts to measure acid/basc strengths are sometimes thwarted 
by unwanted alternative reactions. Thus  in a study of silylamines, transamination 
reactions upset the protonation equilibria 93356. 

Me3SiNMez + piperidine-H+ . Me3SiNMe2H+ + piperidine 

Me3SiNMe2H+ t- piperidine - Me3Si piperidine' + MezNH 

I C R  methods havc been used to  obtain bond  strength and enthalpy of formation 
da ta .  A n  interesting example is the  determination of AH? of 1 , l -  
d imethy l~ i lae thy lene~~~ .  Trimethylsilylcations, produced by  EI on Me3SiCI, were sub- 
jected to reaction with a variety of bases, B, some of which deprotonated [Me3Si]+ 
(reaction 94). Of the bases used, piperidine (proton affinity 225.4 kcal/mol) failed t o  

Me3SiCI - Me2Si-CH3 + B 

(93) 

e 

(94) I 
-CI' 

MeiSi=CH2 + BH+ 

deprotonate [ Me,Si]+ but EtPr'NH (proton affinity 226.9 kcal/mol) did. T h e  average 
of these proton affinities was taken as that of Mc2Si=CH2 and combined with the  
enthalpy of formation of [Me3Si]+ a n d  [HI+ yielded a value for AH? 
(Me2Si=CH2) = 20.5 kcal/mol with an estimated error 2 2  kcal/mol. This value was 
consistent with those obtained previously by o ther  Finally, the  Si=C 
n-bond energy was estimated using known thermochemical data to be 34 kcal/mol, 
significantly less than that of the C=C n-bond (60-65 kcal/mol in ethylene). 

A study of thc formation of CH, from protonation of [Mn(Me)(CO)5] has led t o  
some  information about possiblc intermediates38s. Protonalion of [ Mn(Me)(CO)5] 
yields two products depending on the proton affinity (PA)  of the base B (equations 95 
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Mn(CO)S + CH4 + B (95) 
[Mn(Me)(CO)S] + BH+ PAB =s 203 kcal/mol 

PAB 188 kcal/mol 
' Mn(Me)H(CO)S + B (96) 

and 96). It is a surprising observation that [Mn(Me)(H)(CO)J+ is formed only with 
bases with proton affinities substantially lower than those producing abundant 
[ Mn(CO),]+ ions. A simple interpretation of methane formation via the conjugate 
acid intermediate [ Mn(Me)(H)(CO)S]+ would therefore appear untenable, especially 
as  the further products from sufficiently highly exothermic reactions of type 97 are not 
[Mn(CO)s]+ and methane, but [Mn(Mc)(H)(CO),]+ and CO. 

[Mn(Me)(H)(CO)s]+* - [Mn(Me)(H)(CO).J+ + CO (97) 
It was suggested that reactions 95 and 96 were not competitive in the sense of 

showing some common or  readily interconverted intermediate. Instead, it was pro- 
posed that methane was eliminated with virtually no activation barrier by protonation 
of the Mn-Me bond. A second protonation site accessible with stronger donors led to 
an  Mn-H bonded species which eliminated CO in preference to methane. The  calcu- 
lated value of DIMn(Me)(CO)S-H]+ was 67 ? 3 kcal/mol, comparable to  those for 
other first-row M-H bond strengths. Similar conclusions were reached with the 
rhenium analogue. 

The chemistry of [MnCH2]+ has  been ~ t i l d i e d ~ * ~ .  Generation of this ion was via 
[Mn]+ formed by E I  o n  [Mn2(CO),,], then reactions 98, 99, and 101. 

(98) 
CZH. 

Mn+ t N20 - MnO' + N 2  - MnCH2' + C H 2 0  

Mn' t - MnCH; + C2H4 (99) 

MnO' + C2H4 (100) 
/ 

M n ' t  O N  

MnCHz' + CH20 (101) 
\ 

Reaction 99 established a lower limit for D(Mn-CH2)' of 9 2  kcal/rnoi, and a 
further reaction (102), an upper limit of 100 kcal/mol. T h e  manganese carbene 
ion underwent metathetical reactions with olefins CD2CD2 and (CD3)2CCD2 giving 
only [MnCD2]+ and [ MnC(CD3)2]+, respectively (equation 103). 

MnCH2+ + CD2CD2 - Mn' + C3H2D4 (102) 

'MnCRi 

H2C= CR; 

+ ( 1  03) 'Mn-CRJ ~ 

MnCH2' - I I  + 
CR;=CR: H,C- CR: 

Analysis of the reactions of [Mn(CH2)(CO)S]+ with olefins and ofA data lead to an 
estimated D(Mn(CO)S-CH2)' = 77 2 5 kcal/mol, significantly lower than 
D(Mn-CH2)+. From these observations it was concluded that a strong M=CR2 bond 
was desirable from the point of view that it would reduce the tendency for olefin 
homologation reactions (equation 102) but encourage metathesis (reaction 103). 
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It is obvious  f rom a considerat ion o f  t h e  examples  givcn a b o v e  that  ICR and o t h e r  
ion/molecule  techniques  have a significant future  in t h e  s tudy  o f  organometal l ic  
chemis t ry  . 
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deprotonation, 238 
oxidation. 224 
rcaction with Lewis acids, 234-237 
rcaction mechanism. 236 
rearrangement. 237 
synthescs from. 234-238 

Carbenc derivatives. 871 
Carbcne ligands. 168. 21 2 

modification, 207 
transfcr of, 205 

Carbene-mctal complexes. 168 
Carbcne spccies. 107 
Carbenc systcms. 12 
Carbon 

determination in organoaluminium 

dctcrmination in organoarsenic compounds, 

detcrmination in organobcryllium 

determination in organoboron compounds, 

dctcrmination in organocalcium 

determination in organogermanium 

detcrmination in organolcad compounds, 

determination in organolithium compounds, 

detcrminntion in organomagncsium 

determination in orgaiiomercury 

detcrmination in organophosphorus 

detcrmination in organopotassium 

compounds. 582 

595 

compounds. 595 

596 

compounds, 60 I 

compounds. 602 

606 

608 

compounds. 608 

compounds, 6 I 1 .  6 1 2  

compounds, 620 

compounds, 623 
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determination in organoselcnium 

determination in organothalliunl 

determination in organotin compounds. 626 

compounds, 624 

compounds, 624 

Carbon donor ligands. 796 
Carbon furnace ntomizcr, 732 
Carbon-gold o-bonds, 100 
Carbon monoxidc ligands, 164 
Carbon-13 n.m.r., 868, 902 
Carbonyl clusters, 856 
Carbonyl complexes. 81 6 

vibrational spcctra. 801 
Carbonyl fluxionality, 857 
Carbonyl ligands, 101. 275 

Carbonyl olefination, 163, 171 
Carbonyl-stabilized ylides, 128. 130. 134. 168 
Carbonylate anions, 41 1 
Carbonylchromium ligated ylides. 149 
cis-3.4-Carbonyldioxycyclobutenes. 395 
Carboranes, n.m.r., 867 
Carboranyl ligand, 508 
Carboxyhaemoglobin in blood. determination 

Carbync (alkylidyne) complexes. 1 I 
Carbyne complexes. 188, 792 

modification of, 238-240 
phosphine addition to, 148 

replacement of, 294 

of, 691 

Carbync derivatives, 871 
Carbyne systems, 12 
Carius method, 596. 599, 615 
CARS technique, 778 
Catalytic hydroformylation, 855 
Catalytic hydrogenation. 874 
Cationic carbcne complcxes. 189. 19 1, 203 
Cationic carbyne complexes. 188, 189, 212, 

Cationic cyclopentadienylide complexes, 139 
Cesium. 133Cs. 846 
Chalcone, 371, 386 
Chelate complexes, 883 
Chelate compounds, 802 
Chclating and bridging R(O)S(CH& 

Chelating ligands. 14-16 
Chelating properties, 117 
Chclation. 96 
Chemical ionization. Y42 
Chemical shift. 828. 830 
Chemical shift anisotropy. 827. 863 
Chiral rhodium complexcs. 302 
Chiral shirt reagents. 831 
Chlorine 

235 

moieties, 124 

35CI, 895 

determination in organoboron compounds. 
37~1,895 

599 

determination in organolcad compounds. 

dcterrnination in organop;illadium 
606 

compounds. 61 4 
2-Chlorobutiidiene. 374 
3-Chloro-(2-chloromethyl)propenc. 388 
2-Chlorocycloliexa- 1.3-dienc. 424 
Chloro(dimethylamino)cnrbcne complexcs. 

Chromarencs. 559. 561. 562 
Chromatographic techniques, 688 

Chromium 

34 1 

196 

set' nlso wider specific rcchiqrrc,s 

addition o f  ally1 halidcs to hexacarhonyl of, 

' k r .  850 
determination in organochrornium 

compounds, 601 
Chromium-nrene complescs. 558 
Chromium atoms, 382,434,466,561,562.563 
Chromium-carbon a-bonds, 122 
Chromium vapour. 465. 474, 552. 562, 564, 

567. 570 
cis-1rciir.s isomerism, 129 
cis-rrcins ratio. 137 
Cluster compounds. electron impact studies. 

CSMeJEt ligand, 508 
CO insertion, 528 
Cobalamins, dcrcrminatioii of, 688 
Co-bal t 

940 

"co. 854 
dctcrmination in organocobalt compounds. 

see nlso Organocobalt compounds 
GO I 

Cobalt-acctylene complexes. 307 
Cobalt atoms. 383 
Cobalt-carbon a-bond. I30 
Cobalt olefin complexes. 299 
Cobalt vapour. 549. 568 
Cobait(1) ylide complex, 110 
Cobalticiniuni ion. 448 
Cobaltocene. 405. 445 
Cobaltocinium ions, 445 
Coherent anti-Stokes Raman scattering, 778 
Colorimetric method, 622, 684, 685 
Column chromatography, 766-68 
Combustion, enthalpies of, 44-48 
Combustion procedure. 596. 622. 624, 627 
Complexometric dielcctric constant titration. 

Complexomctric titration. 627 
Computers, 833 
Cvnductometric titration. 644 
Conjugate addition reaction, 208 
Contnct interaction. 839, 841 
Contact shift. 839 
Continuous swccp. 833 

647 
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Coordinated dienes 
elcctrophilic attack on, 337 
nucleophilic attack on. 347 

Coordinated inorganic ligands. 801 
q2-Coordinated ligands. displacement of. 301 
Coordinated organic groups, 843 
Coordination number, 831 
Coordinative saturation, 506 
Co per 

&u. 864 
determination in orpnocoppcr  compounds, 

see dso Organocoppcr compounds 
60 1 

Copper atoms, 542 
Copper vapour, 542 
Correlation spectroscopy, 833 
Coulometric titration. 657, 670 
Coupling. 824, 830 
Coupling constmts. 830 

reduced. 832 
sign of, 832 

Covalent a-bonds. 126 
Covalcnt thallium-carbon a-bonds, 113 
Cross-polarization. 896 
Crown ether complexcs. 846 
Cryptand complexes, 846 
Crystal structure analysis, 11 7 
N-Cyanate complexes. 862 
Cyanides, vibrational spectra. 801 
Cyanobalamin. 653 

Cyanomethacmoglobin (hemiglobincyanide) 
method, 689 

Cyclic carbene complcx. 184. 185. 187, 192. 
195. 198, 199 

Cyclic dithiocarbcne complexes, 204 
Cyclic q3-ligands. 22-23 
Cyclic q4-ligands. 26-27 
Cyclic ylides. 138 
Cycloaddition of alkyncs and alkenes. 452 
Cyclobutadiene complexes, 400 

q4-Cyclobutadiene complexes. 27 ,  396, 398, 

q4-Cyclobutadiene ligand transfer, 402 
(t~~-Cyclobutadienc)( q2-acctylene)niobium, 

(q'-Cyc1obutadiene)cobalt complexes, 305, 

(q4-Cyclobutadiene)iron complexes. 401 
( qJ-Cyclobutadiene)molyhdenum complexes. 

(#-Cyclobutadienc)nickel. 41 0 
(rl'-Cyclohutadicne)palladium complex, 398 
(q'-Cyclobutadiene)transition metal 

(q4-CycIobutadiene)vanadium, 4 0 0  
Cyclobutadienylirontricarbonyl. 801 

determination of, 686, 688 

synthesis of, 367-442 

399, 41 1 

400 

410 

40 1 

complexes. 392 

( $-Cyclobutenyl)transition metal complexes, 

q4-Cyclo-l ,3-diene complexes. 41 2 
Cycloheptadiene. 429 
( r14-Cycloheptadie.nonyl)iron cation. 432 
$-Cycloheptadienyl complcxes. 456. 457 
Cycloheptatricne, 429 
qJ-Cycloheptatrienc complexes, 431 
$-Cyclohcptatriene complexes, 479 
#-Cyclohcptatricnc metal carbonyl 

complexes. 481 
($-Cyc1oheptatriene)transition metal 

complexes, 475 
C cloheptatrienone, 429 

398 

q Y -Cycloheptatrienyl complexes, 476. 479, 
483 

Cyclohepiatrienyl derivatives, 830 
( q7-CycloheptatricnyI)( $-cyclopentadienyl)- 

chromium, 482 
( q7-CyclohcptatrienyI)( qs-cyclopcntadienyl)- 

molybdenum. 482 
(q'-Cycloheptatrienyl)transition mctal 

complexes, 479  
1.3-Cyclohexadiene, 422 
qJ-Cyclohexa-l,3-diene complexes. 422. 427 
( ~J-Cyclohexa-l ,3-dicnc)iron complexes, 

Cyclohexadienyl complexes, 3 1-32 
$-Cyclohexadienyl complexes, 422. 453, 454, 

($-Cyclohcxadienyl)iron complexes, 455 
$-Cyclohexadienylium complexes, 427 
( qS-Cyclohexadienyliuni)metal complexes, 

Cyclohcxanediamine tctraacetate, 580 
Cyclohexanediaminetetraacetic acid (CDTA), 

Cyclohexylisonitrile adducts, 497 
Cyclometallatcd derivatives, 253 
Cyclometallation, 255, 256. 257 
Cyclononatctacnite anion, 5 13 
Cycloocta-l.3-diene, 433, 435 
Cycloocta-1.5-diene, 825 
( tIJ-Cycloocta-l .5-diene)( ~3-cyclooctenyl)- 

(q4-Cycloocta- 1.5-dicnc)($-cyclopenta- 

C cloocta-1.5-diene displacement, 305 
$Cyclooctadien y l complexes, 457 
(q'-Cyclooctadicny1)iron cations, 435 
Cyclooctatetraene, 393, 400, 41 1, 433. 434, 

q6-CycIooctatetraene. 477 
(q'-Cyclooctatetraene)cobalt. 433 
(q4-Cyclooctatctraenc)ruthenium. 433 
Cyclooctatctraenyl anion, 483 
Cyclooctntctraenyl complexes, 484, 5 12 
Cyclooctatetraenyl lanthanide complexes, 512 

424 

455 

426 

581 

cobalt, 453 

dieny1)cobalt. 405 

484 
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Cyclooctatriene. 433 
C cloocta-1.3,5-triene, 434, 478 
qkyclooctatriene comp!exes, 484 
t+-CycIooctatriene transition metal complexes. 

q7-Cyclooctatrienyl complexcs, 484 
Cyclooctenc displacement, 304 
Cyclooligomerization of allene, 357 
Cyclopentadiene, 412. 444. 448. 449. 799 
Cyclopentadienide anion, 444 
(1'-Cyclopentadiene)cobalt, 4 12 
(q4-Cyclopcntadiene)iron complexes, 41 2 
Cyclopentadicnonc. 4 18 
( q4-Cyclopentadienone)cobalt complexes. 420 
(q4-Cyc1opentadienone)iron complexes, 4 14 
(q4-Cyclopentadienone)rhodium complexes, 

Cyclopentadienyl actinide complexcs, 

Cyclopentadienyl actinide trihalides. 508 
Cyclopentadienyl complexes, 28, 495, 777, 

477 

420 

heteroleptic. 525 

799, 839 
electron impact studies, 937 

qS-Cyclopentadienyl complexes, 444 
Cyclopentadienyl derivatives, 839 
Cyclopentadienyl lanthanide complexes, 

C clopentadienyl lanthanide dihalides. 500 

( q5-Cyclopentadienyl)( q3-cyclopentyl)nickel, 

Cyclopentadienyldicarbonylcobalt, 341 
(q5-Cyclopentadienyl)( q6-hexamethyl- 

Cyclopentadienylide complexes, 138 
q5-Cyclopentadienylmetalcarbonyls. 452 
( qs-Cyclopentadineyl)( tetrahydrofuran)- 

Cyclopentyl derivatives, 265 
Cyclophanes, 561. 568 
Cyclopolyene derivatives, 839 
Cyclopropanation. 172. 173 
Cyclopropanes. 357 
C clopropenes, 357 

Cymantrene, 449-452 

Decaborane, 685, 723 
Decomposition of thf, 510 
Deprotonation, 112, 122, 124. 141, 142 
Deuterium. 898 
Deuterium n.m.r., 846 
Dialkylaluminium hydrides. 682 
Dialkyl auratc(1) complexes. 98 
Dialkyl cuprate(1) complexes. 98 
Dialky\dise\enocarbamate complexes, 893 
DialkyImercury(I1) derivatives, 278 
Dialkylphosphide derivatives. 500 

heteroleptic, 521 

q Y -Cyclopentadienyl ligand displacement, 471 

448 

benzene)iron, 454 

manganese, 380 

q Y -Cycloptatrienyl derivatives. 481 

Dialkyltin alkoxides. 874 
Dialkylzinc compounds, 44 
Diamagnetic compounds. 829 
Diamagnetic term, 829 
Diarylcarbcne tungsten pentacarbonyls. 105 
Diaryliodonium reagents. 272 
Diastereotopic groups, 844 
Diazenido complex, YO1 
Diazoalkane precursors, 199 
Diazocyclopentadienes. 450 
Diazoindene. 451 
Diazomethane. 269 
Dibenzylidene acetone complexes of Pd(0) 

and Pt(0). 345 
1.4-Dibromocyclooctatetraene. 41 1 
1.2-Dibromoethane. 729 
2.3-Di(bromomethyl)butadiene, 389 
Dibromotriphenylphosphane, 237 
as'-Dibromo-o-xylylene, 376 
Dicarbonyl(q4-cyclobutadiene)cobalt iodide, 

Dicarbonyl(q5-cyclopentadienyl)cobalt. 405. 

Dicarbonyl( q5-cyclopentadienyl)rhodium. 

Dicarbonyldichloroplatinum. 406 
2.3-Dichlorobutadiene, 374 
Dichlorcarbene complexes, 204 
cis-3.4-Dichlorocyclobutene. 393 
3,4-Dichlorodimethylcyclobutenes, 395 
Dichlorodimethylsilane, 743 
1.2-Dichloroethane. 729 
Dichlorocthyne. 419 
Dichloromaleic anhydride, 397 
Dicyclohexylcarbodiimid, 234 
1 ,I-Dicyclopropylethylenc. 377 
Dielectric constant titration, 646 
Dienes, 549 
qJ-Dienes. protonation of. 337 
1,2-Dienes, 355 
1.3-Dienes. 347. 354 

393 

409. 410.417, 419, 422,448 

420. 422,446 

addition of transition mctal hydrides and 

insertion into allyl-palladium bonds, 355 
insertion into metal carbon ql-bonds. 336 

alkyls to, 331 

q44s-l.3-Dienes, 24-25 
Dienetricarbonyliron complexes, Friedel- 

(qS-Dienium) transition metal complexes, 384 
Diethyldimethyltin, 746 
Differential pulse polarography, 710 
Differential scanning calorimetry. 52 
Diffraction methods. 3 
Difluorcarbene complex, 203 
Digestion procedurcs. 593. 610. 613, 684 
Digestion reagents, 61 7 
Dihalocyclobutencs. 392, 395 
Dihapto ligands. 13-1 9 

Crafts acylation of, 339 
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Dihydridc resonance. 837 
1 .I,-Diisopropylfcrrocenc, 450 
Dimcrization to cight-mcmbercd heterocycles. 

2,2-Dimethylallylidenccyclopropane, 39 I 
or1ri-2.2-Dimethylallylidenccyclopropane. 379 
syn-2.2-Dimethylallylidenccyclopropane. 379 
2.3-Dimcthylbutadienc. 370, 371, 386 
Dimethylcarbcnc complex. 189. 21 1 
Dimethylcyclobutadienc iron complexes. 395 
Dimethylcyclopropcnc. 380 
1.2-Dimcthylenecyclobutanc. 370 
Dimcthylhexa-1.5-diynes. 395 
2.5-Dimethylhcxa-2.4-diene. 374 
Dimethylidene bicylohcptanes. 371 
Dimcthylidcnc bicyclcoheptencs. 37 1 
Dimethylidene bicylcooctancs. 37 1 
Dimethylidene bicylcooctencs, 37 1 
2.7-Dimethyloxepin. 430 
(qs--syn-l,5-Dimethylpent;idicnyl)iron cation. 

( q6-2,6-Dimcthylpyridine)-tricarbonyl- 

Dimethylzinc. 247 
Dinitrogen compounds. 880 
Dioxygen. 892 
Diphenylacetylcne, 398, 400, 401, 405 
[ q4-Diphenylbis(2-thienyl)cyclobutadiene] 

Diphcnylbuta-1 A-dicnc. 369 
l,J-Diphenylbutadiene, 371 
Diphenylcarbcnc complcx. 21 1 
Diphcnylcyclobutadirne complexes. 405 
Diphenylethyne, 41 9 
o-Di(pheny1cthynyl)benzene. 405 
2,5-Diphenylsilacyclopentadiene. 41 7 
Dipolar coupling. 840 
Dipolar interaction, 841 
Dipole-dipole interaction, 83  1 
Disodium EDTA. 580 
Displacement, 149 

by ylides, 165 
of nitrite. 171 

cnthalpy of, 67 

96 

385 

chromium complcxcs. 473 

cobalt complexes, 305 

Displacement reactions. 133 

Dissociation of CO ligand, 240 
Dissociation-association equilibria. I 30 
Dissociation-association mechanism, 1 29 
Di-tetra-substituted q'-cyclobutadiene 

Divalcnt lanthanide complcxcs. 501. 5 14 
Double group. 780, 78 1.  786 
Double resonnncc. 833  
Dypnone. 371 

Eight-mcmbered heterocycles. 113. 115 
Eight-membered rings. 1 I2 
Electric field effects, 829 

complexcs. 393 

Electrochemical oxidation, 255 
Electrochemical prcparations. 452 
Electrochemical reduction, 455 
Electrolysis, 3 17 
Electron-affinity detector. 728 
Electron-capture detector. 727, 729, 731, 746 
Electron density. 830 
Elcctron impact studics, 925 
Electron-rich olefins. 197 
Elcctroncgntivity, 83'1 
Electronic transitions. 800 
Elcctrophilic attack on coordinated dienes, 

Electrophoresis, 768-77 1 

Elcct rosynthcsis. 45 2 
Elimination rcactions. 152, 239. 263, 271 
Emission-type detector, 72 1 
Empty-tube method. 612 
Encrgy of atomization, 67 
Ennracarbonyldiiron. 388. 391 
Enriched carbonyl complcxcs, 870 
Enthalpies of atomization. 53 
Enthalpics of combustion. 43-48 
Enthalpies of disruption reaction, 67 
Enthalpies of formation. 53 
Enthalpies of halogenation, 50  
Enthalpies of hydroborination. 5 1 
Enthalpies of hydrolysis, 48-50 
Enthalpies of metal-carboil mean bond 

Enthalpies of rcaction. 48-53 
Enthalpies of rcdistribution reactions. 50. 76 
Enthalpies of reorganization. 68 
Enthalpies of thermal decomposition. 51 
Epoxides, 3 13 
$-bonded ligands, 443-462 
q7-C7 hydrocarbon ligands. 939 
q n - C ~  hydrocarbon ligands, 939 
q2-ligands containing heteroatoms, 17  
$-ligands containing heteroatoms, 24 
q6-ligands. 33-35 
~'-1igands. 35 
q*-ligands. 35 
q2-ethenc complexes, 13 
Ethoxy-substituted carbenc complexcs. 183 
Ethyl group bonds. 779 
1 -Ethylcyclohcxadiene. 425 
Eihylcnc displaccmcnt. 301 
Ethylfcrrocene, 472 
Ethylidcnc complexcs. 108 
Excitation energy. 830 
External standard. 828  

f-clement. 530 
forbitals. 401 
Fdr-i.r. spcctroscopy. 777. 788 
[ F(CO)3(NO)]-. 329 

337 

zonc. 760 

disruption, 68 
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Feist's ester, 378 
Ferini contact interaction. 83 I 
Ferricyclobutane, 254 
Ferroccnc. 29. 448,  4 5 1 , 4 5 3 , 4 7 1 ,  472. 603. 

627. 725, 767, 854 
Ferrocenophanc, 450 
Ferrociniumcation, 471 
Ferrolcs. 421 
Field desorption. 945 
Field ionization. 945 
Fischer-Hafner synthesis, 558 
Fischer-Tropsch synthesis. 898 
Fissioning side-reaction, 584 
Flame cmission methods, 619 
Flame-ionization detector, 722.724,729,733. 

Flame photometry, 598. 623 
Fluorine 

735. 738-74 I ,  746 

determination in organoarscnic compounds, 

determination in organophosphorus 

"F. 893 

595 

compounds, 62 1 

Fluorine-19 n.m.r., 893 
Fluoronlkylsilver compounds, 266 
Fluoro-olefins. 863 

Fluxional non-rigid molecules, 837 
Fluxionality, 839 
Foodstuffs, 736 
Force constant. 781, 787, 791, 798-800 
Formation, enthalpies of, 5 3  
Formyl complex, 276 
Formyl ligands. 276 
Fourier transform n.m.r.. 833 
Fourier transform spectroscopy, 776 
[ Fp] cation, uscd as protecting group, 304 
Free induction decay. 834 
Free radicals, 778 
Frequency domain, 834 
Friedel-Crafts acylation, 339 
(q'-Fulvenc)iron complexes. 41 3 
Fulvenes, 450 
Furnace atomization. 732 
Furotropylidenes, 476 

Gallium 

addition to qJ-diene complcxes, 339 

69Ga, 868 
71Ga, 868 

high-pressure. 748  
G a s  chromatography, 600, 719-753 

Gas  chromatography atomic-absorption 

G a s  chromatography-mass spectrometry. 733 
Gas  chromatography-microwave plasma 

detector (GC-MPD) technique, 721, 733 
Gas-density balance detector. 741 
Germanes, retention times of. 724 

spectrometry system, 732 

Gcrmanium 
detcrminntion in organogermanium 

73Ge. 870. 902 
sec crlso Orgnnogcrmanium compounds 

compounds, 60 1 

Gcrmanium-nitrogen ylidcs. 152 
Germanium vapour, 544 
Gcrmanium ylidcs. 152 
Germyl ligands. 871 
Germylene complexes, 152- 154 

Germyllithium compounds, 837 
Gilman titration procedure, 668  
Glow discharge tubc. 723. 724 
Gold, Ig7Au. 864 
Gold atoms. 542 
Gold-phosphinc clusters. 904 
Gravimetric determination. 605, 614 
Grignard reagcnts. 315. 326, 608, 664,  702. 

Gyromagnetic ratio, 824 

Haemoglobin, 654, 768-771 
chromatography of, 767 

Haemoglobin in blood. determination of, 689 
Haemoglobin in plasma, determination of, 689 
Haemoglobin in serum and urine, 

Hacmoglobin A2, dctermination of, 767 
Hafnium. 899 

177Hf, 849 
'7yHf, 849 

base-stabilized. 93. 94 

783 

determination of, 690 

Hagan :!nd Leslic titration apparatus. 6 4 2  
Halide ions, displacement in M-CHzX. 1 0 8  
Halides. organic. 540 
Halocarbene complcxcs. 237 
Halocarbon dcrivatives, electron impact 

Halocyclobutenes. 396 
Halogenation. cnthalpies of, 50 
Halogens 

studies, 929 

determination in organoaluminium 

determination in organolead compounds, 

determination in organomercury 

determination in organophosphorus 

dctcrmination in organotin compounds, 

determination in organozinc compounds, 

see also under specific halogens 

compounds, 582 

606 

compounds, 61 1-613 

compounds. 62  1 

626 

628 

Halomethylene phosphorane ligands, 17 1 
Halophosphine ligands, 171 
Helium, 3He, 896 
q6-Heptafulvene complexes. 476 



1058 Subject I n d e x  

Hcptahapto ligands. 32-36 
Heterocycles. 1 19. 126 
Heterocyclic ligands. 32 
($-Heterocyc1ic)transition metal complexes. 

Heterocyclopcntadienes, 41 6 
Hetcrolcptic cyclopentadicnyl actinide 

complexes. 525 
Heteroleptic cyclopentadienyl lanthanide 

complexes. 52 1 
Heterolytic cleavage, 146 
Heteronuclear double resonance, 8i6. 827 
Heterosiloxane method. 117 
Hexacarbonyl( q4-cyclobutadiene)dicobalt, 

fmns, rmns-Hexa-2,4-dienaI, 386 
rrun.s. rrur~s-Hexa-2,4-dienc, 386 
Hexahapto ligands, 32-36 
Hcxamethylcarbodiphosphorane. 1 17 
Hexamethyldisilazane, 739, 743 
Hexamethyltungsten, 248  
High-performance chromatography, 768 
High-performance liquid chromatography, 

Homobarrelene. 371 
Homogcneous catalysts. 837 
Homoleptic actinide complexes, 523 
Homoleptic lanthanide complexes, 5 18 
Homotopic groups, 844 
Hydrazine hydrate. 3 16 
Hydrazinocarbene complexes. 2 10 
Hydride abstraction, 203, 204 
Hydride groups 

473 

393 

767 

determination in organoaluminium 
cornnounds. 584 

determination in organoboron compounds, 

determination in organozinc compounds. 
600  

628 
Hydride ion abstraction. 453 
Hydrides 

proton n.rn.r. studies, 842 
see nlso Metal hydridcs 

Hydrido complexes, 171 
Hydridophtinum( 11) complexes, 263 
Hydroborination, enthalpies of, 5 1 
Hydroformylation. 874 
Hydroformylation catalyst. 903 
Hydrogen 

determination in organoaluminium 

determination in organoheryllium 

determination in organohoron compounds. 

determination in orgnnocalcium 

compounds, 582 

compounds, 595 

596,  600 

compounds, 601 

determination in organogcrmanium 

determination in organolead compounds, 

determination in organolithium compounds, 

determination in organomagnesium 

determination in organomercury 

determination in organophosphorus 

determination in organopotassium 

determination in organoselenium 

determination in organothallium 

compounds, 602 

606 

608 

compounds, 608 

compounds. 61 1, 612 

compounds, 620 

compounds. 623 

compounds. 624 

compounds. 624 
determination in organotin compounds, 626 
'H. 898 

a-Hydrogen abstraction, 201 
y-Hydrogen abstraction, 202 
Hydrogen atmosphere flame-ionization 

detector (HAFID),  733. 735 
Hydrogen displacement, 310 
P-Hydrogen elimination reaction. 519 
1.2-Hydrogen migration, 21 1 
Hydrogenolysis, 502 
Hydrolysis, enthalpies of. 48-50 
Hydrolysis methods. 585-587 
Hydrosilylation, 855 
Hydroxocobalamin. determination of, 686, 

Hydroxycarbene complex. 182. 184,191,210, 

Hydroxycarbcnc complex anhydrides, 237 
2'-Hydroxychalcone, 386 
8-Hydroxyquinoline complex, 582 

688 

216 

lminoalkylmctal derivatives, 268 
Immobilized catalysts. 897 
lndcnyl derivatives. 507. 509 
Indenyl species. 51 1 
I nuic iii 

'131n. 868 
"51n, 868. 902 

INDOR. 833, 835 
Infrared band intensities, 787 
Infrared spectrometry. 749 
Infrared spectroscopy. 775-81 2 

Insertion 
see nlso Vibrational spectroscopy 

into metal-carbene bond, 217 
of SnC12, YO3 

Insertion reactions. 263. 845 
Internal ligand frequencies, 801 
Internal rotation, 778 
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Internal standard, 828 
Inter-nuclcar double resonancc (INDOR), 

Intramolecular substitution reactions. 222 
Iodine 

833. 835 

determination in organoaluminium 

determination in organolead compounds. 
compounds, 583 

606 

titration. 664 
I 2 Q ,  895 

Iodometric method. 668 
Ion cyclotron resonance techniques, 954  
Ion-exchange chromatography, 710, 766 
Ion/molecule reaction studies, 953 
Ion photodissociation studies. 947 
Ion rcactivitics. 955 
Ion structures and encrgetics, 946 
Ionic complexes. 799 
Ionic metathesis. 492 
Ionization and appearance potential 

measurements. 948 
Ionization detector, 727, 731 
Iridium 

19'1r, 854 
lg3h,  854 

Iridium pentamethylcyclopen tadienyl 

Iridium(II1) ylide, 157 
Iron 

complexes, 334 

determination in ferrocene derivatives, 603 
determination in organoiron compounds, 

determination in organophosphorus 

determination in organotin compounds. 626 
57Fe. 853, 900 
see also Organoiron compounds 

602 

compounds, 61 9 

Iron acety!enic complexes, 301 
Iron atoms, 332. 551, 570 
Iron carbonyl. dctcrmination of, 692 
Iron-olefin complexes. 297 
Iron vapour, 448.450 
Isobutylene displacemcnt, 303 
Isocyanide complexes, 185 
lsomerization reaction, 221 
Isonitrile complexes, 240. 241 
Isoprene, 369. 371 
(q'-Isoprcne)-cobalt, 384 
Isopropylmagnesium bromide method. 335 
Isotope substitution. 778 
Isotope technique, 788 
Isotopomcrs, 832 
Iterative proccdures. 833 

Karl Fischcr titration. 669 
Karplus rclationship, 862 

Katharomctcr detector. 749 
Kz. C ~ H R .  synthesis of, S14 
Ketimine complexes, 170, 171 
Keto-enol tautomcrism. 314 
Kjeldahl digestion, 624 
Kjcldahl flask. 593, 594. 601 
Krypton. '.'Kr. 896 

Labclled osmoccne, 451. 452 
Labellcd ruthenoccne, 45 1, 452 
Labile carbonyl ligands. 165 
Labile ligand displaccment reactions, 139 
Labile ligands, 141 
Laidler scheme. 80-82 
Lanthanidc atoms. zero-valcnt, 5 3  1 
Lanthanide complexcs, 122. 493. 899 

divalent. 501,  514 
homoleptic, 5 18 
n.m.r., 848  
tctravalent. 502, 514 
trivalent, 495. 512 

Lanthanide metal-carbon sing!? bods ,  5 18 
I-anthanide shift reagents. 841 
Lanthanum, 899 

I3'La, 839 
Lasers. 945 
Lead 

determination in organolead compounds. 

'07Pb, 828, 870 
see dso Organolcad compounds 

604 

Lcad alkyls, 605, 729. 731 
I-cad anti-knock compounds, 607 
Lead dimcthylpentyldithiophosphates, 740 
Lead-heteroatom compounds, 878 
Lead scavcngers. 728. 729 
Lead pctroleum, 655 
Lewis acids, 785 
Lcwis base behaviour, 140 
Ligand displacement. 1 12 
Ligand-exchange experiments. 130 
Ligand-cxchange reactions, 239 
Ligand redistribution, 496. 51 2 
Ligand substitution reactions. 97, 220 
Linc broadening, 8 17 
Lineshapes, 836 
Liquid ammonia, 776, 782 
Liquid crystal solvents, 816. 824 
Liquid scintillation counting, 604 
Lithiocarbons, 541 
Lithium 

determination in organolithium compounds, 
608 

'Li, 846 
7Li. 846 
see also Organolithium ccnpounds 

Lithium complexes, 1 12 
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Lithium organyls. addition of. 110 
Lithium salts. 316 
Lithium-ylide complexcs, Y7 
Lubricating oils, 5Y8. 710 
Lumometric titration. 647. 663 

Macrocyclic alkadiynes. 400. 409 
Macrocyclic diynes. 298 
Magic angle. 896 
Ma nesium 0 Mg. 847 

sce nlso Organomagnesium compounds 
Magnesium atoms. 542. 567 
Magnesium complexcs. 1 12 
Magncsium fusion. 595 
Magnesium vapour, 544 
Magncsium ylide complex, 126 
Magnetic dipolc-dipolc interactions. 824. 825 
Magnetic propcrtics of nuclci. 824 
Manganese 

determination of organomanganese 
compounds, 608 

"Mn, 826, 852. 900 
see also Organomangancsc compounds 

Mangancsc antiknock additives, 735 
Manganese atoms. 382 
Manganese isocyanide. 840 
Manganese olefin complexcs. 300 
Manganese powdcr, 3 14 
Mass spcctromctry, 621. 722, 739. 919-969 
Matrix-isolated molecules. 777 
Matrix isolation spectromctry. 540. 545 
Mean bond disruption enthalpies. 68 
Mean bond dissociation energy. 53 
Mercaptogcrmanes. 654 
Mercurated ylidcs. 145 
Mercurimetric titration procedures. 653 
Mercury 

determination in organomercury 
compounds, 609.61 3. 780 

865 
I9'Hg. YO1 
20'Hg. 865 
see also Organomercury compounds 

Mercury alkyls. 873 
Mercury complexes of carbonyl-stabilized 

ylides, 130 
Mercury-transition metal compounds n.m.r.. 

866 
Mesityl derivatives, 250 
[ MeJSn]. 829 
Mcsomeric effect, 893 
Metal acylatc. 235 
Metal acylatc formation. 165 
Metal alkyl complcxcs, displaccmcnt 

reactions, 109 
Mctal alkyl derivatives, 68 
Metal alkyl spectra, 780 

Metal arcne 'sandwich' compounds, 72 
Metal aryl derivatives, 68 
Metal atom technique, 254, 343. 347, 465. 

Metal-carbcnc complexes, 104 
Mcral-carbene-ligand bond, 21 7 
Metal-carbon q'-bonds. 1,3-diencs insertion 

Metal-carbon o-bonds, 93. 104. 11 1. 116, 

466, 51 3, 339-574 

into, 336 

128. 130, 518 
chcrnical stability, 100 
electron impact studies. Y34 
thermal stability. 97, 100 

Metal carbonyls. 182. 827, 839 
Mctal cyclopentadicnyls, 71, 73 
Mctal-enolate coordinated species, 128 
Metal-enolate structurc, 131 
Metal-formyl complcxes, 898 
Metal-hydridc bonds, 263 
Metal hydridcs. 264, 829. 839 

Metal-ligand framework modification. 21 7 
Metal-metal bonds, 76. 1 13, 239 
Metal-metal multiplc bonds, 78-80, 112, 114 
Mctal-mctal quadruple bonds, 1 16 
Metal-metal single bonds. 76 
Metal n-cornplexcs. 796 
Metal-substituted onium salts, 93 
Metal-substituted ylidcs. 150 
Metal vaporization. 501, 5 16, 521 
Metallacycles, 250. 257. 259 
Metallacyclic ring cxpansions, 266 
Metnllacyclobutancs. 253, 254, 262. 275 
Metallncyclohcptatrienes, 261 
Metallacyclopcntadienes. 260, 261 
Metallacyclopentane, 258 
Metallacyclopentene, 26 1 
Mctallated onium salts, 144 
Mctallation. 255. 257, 861 
Mctallocarboranes. n.m.r.. 867 
Mctallocenes. 840, 841 
Metallocycles, 11 3, 861 

three-memhered, 158 
Metallolcs. 260 
Metalonium ylides, 155 
Metastable ion studies. Y46 
Metathesis reactions. 197, 518. 521, 523, 530 
Mcthaemoglobin in blood, determination of. 

Methane displacement. 31 1 
2-Methoxyallyl bromide. 382 
2-Mcthoxyallyl chloride. 381 
Methoxycarbenc complexes, 182 
Methyl complexes, alkylation of, 95 
Methyl compounds. 779, 789 

see nlso Hydride(s) 

6Y1 

clectrophilic. 159 
nuclcophilic, 15Y 

Methyl dcrivatives. 246, 788 
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Methyl sorbatc. 370 
N-Mcthylaniline proccdurc. 588 
Methylbutadicneirontricarbonyls, 361) 
Methycyclopcntadicnylmangancsc. 735 
Methylene bridge, 112 
Mcthylenc complexes, 201. 203. 248 
p-Methylenc complexes. 252. 260 
Mcthylenc inscrtions. 269 
Methylcne systems, 12 
em-Methylenccyclobutene. 3 Y Y  
Mcthylenccyclopropancs, 378. 374,. 388. 391 
Methylcnespiroalkanes, 377 
Methylethyltin compounds, rctention times 

Methyllithium tetramcr. 847 
Methylpalladium(I1) complexcs. 249 
4-Methylpenta-1.3-dicne, 374 
Methyl( pheny1)carbcne complexes, 21 1 
Methylplatinurn( 11). 241) 
Methyltin compounds. dctermination of, 

7-Mcthyltropone complexcs, 456 
Methyl-tungsten compound. u-elimination of 

M-halogcn bonds, elcctron impact studies. 

Micro-bomb fusion method, 616 
Micro-Carius proccdure. 594 
Microcombustion proccdure. 608 
Micropyrolytic-gas chromatographic 

Microwave emission detcctor, 721. 723. 724. 

Mixcd cyclooctatetracnyl-cyclopcntadienyl 

M-M bonds. 802 

M-N bonds, electron impact studics. 930 
M - 0  bonds, clcctron impact studies, 930 
[ Moz(CHzSiMc3)6]. 246 
Molecular structural malyses, 113, 126. 133. 

Molccular structure. 99. 115. 118. 123, 126, 

Molecule structure determination. 823 
Molybdenum 

for. 744 

747 

hydrogen from. 106 

930. 933 

technique, 749 

726 

complexes. 5 13  

clectron impact studics, 933  

142. 160 

130. 133, 136, 139. 141 

addition of ally1 halides to hcxacarbonyl of, 

'"0, 850. 899 
97M0. 850 

34 1 

Molybdcnum dihydride complexes. 3 10 
Molybdenum vapour. 382 
Monoalkenes, 547 
Mono-carbene complexes, 198 
Monomer-oligomer equilibria, 117 
Monomeric chelates. 117 
Monomcric square-planar compkxcs, 128 
Monostannylatcd ylides. 147 

Mono-tetra-substituted q'-cyclobutadicne 
complexcs, 393 

Mossbauser studies, 877 
M-S I>onds, electron impact studies. 930 
Multiplc bonds, I15 
Multiplc lithiated ylides, 147 
Multiple resonancc. 816 
Myoglobin. 854 

Naphthalcne. 36Y 
Natural abundance. 817, 823  
Negative ion spectra, Y41 
Neighbouring group anisotropy. 829 
Neon, "Ne, 896 
Neopentylidene complexes. 20 1 
Ncphelauxetic series. 853 
Ncptunium alkyls. 526 
Neutral carbyne complexes. 234 
Neutron absorption. 599 
Nickel 

atomic, 546 
determination in organonickcl compounds, 

61 3 
"Ni, 859 
SEC also Organonickcl compounds 

Nickcl atoms, 545, 547. 55 1. 556 
Nickel carbonyl. 860 
Nickel vapour, 448. 519. 550 
Nickel ylide complexcs. 100 
Nickelocenc. 448 
Niobium, "Nb. 849, 899 
Niobium alkylides, Y5, 156 
Nitrilc displacement. 171. 308 
Nitrogen 

dctermina:ioil in organoboron compounds, 

detcrmination in organophosphorus 

determination in organotin compounds, 626  

600 

compounds, 62 1 

Nitrogen fixation. 880 
Nitrogen n.rn.r.. 879, 903 
Nitrogen ylidc complcxes, 104 
Nitrosyls, 888 

Non-chclated biscarbene complexcs. 186 
Non-cyclic carbenc cornplcxes, 193 
Non-cyclic dithiocarbene complexes. 205 
Non-hctcroatom-stabilized carbene 

complexes, 21 1 
Non-rigid molecules, 837 
Norbornadiene displacemcnt, 306 
Normal coordinate analysis, 778. 787. 789, 

NQR, 853 
Nuclear magnetic resonance (n.m.r.) 

vibrational spectra, 801 

7Y8,799 

techniques. 813-918 
I3C. 816. 824 
'3CC('H), 816. 827 
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Nuclear magnetic resonance (n.m.r) 
(cot1ri,1ued) 

I3C{ '03Rh}, 835. 858, 901 
direct and indirect observation. 824 
d namic systcms. 836 
'&{lo3Rh), 835 
I9F{ "Sit, 872 
high pressure, 902 
high resolution, 816 

'H. 815, 816. 821-823 
'H. 846 
)H 846 

IH{"P. IR3W), 836, 852 
IH{'"'Rh). 835 
lH{'YSi}, 835 

{ - S  1. 825 
{ T }. 893 

I H ~ ~ J N ,  svco), 836 

1H 119 
IH 122 

1 7 0 -  824 . ~~ 

paramagnetic systems, 839 
31P{ 63Cu. 'H}, 864 
"lP{'H}, E21-823 
"P{ 199Hg, 'H} ,  902 

31P{ lo3Rh . 835 
31P{77Se, lH}. 902 
ti-PrLi, 847 
Proton, 842 

lo3Rh, 817 
'9Si{ 'H}. 825 
""Sn. 829. 835 
solid state, 816, 696. 904 

31 P{ Y 5  Mo. 'HI ,  850 

195Pt, 827 

Nuclcar magnetic resonance spectroscopy, 

Nuclcar Overliauscr Effcct, 825 
Nuclear Overhauser Enhancement, 824 
Nuclear properties, 81 6-820 
Nuclear relaxation. 823 
Nuclcar screening, 830 
Nuclcar shielding. 824. 828 
Nucleophilic addition of ylide, 165 
Nuclcophilic attack on coordinatcd dienes, 

Nucleophilic displacemcnt, 109. 153 
Nucleotide complexes, 828 

Octahapto ligands. 32-36 
Octahedral complexes, 101, 130 
Octahcdrally coordinatcd metal atoms. 117 
Oils. 748 
Olefin complcxes. 706 

Olefination, 314 
Olefinic ligands. 162. 169 
Olefinic substrates. 31 8 
Onium allylides. 135 
Onium mctallates. 94, 96. 171 

702 

347 

electron impact studies. 935 

Onium salts 
halogenated, 103 
metal-substituted, 93, 96 

Orbital-dipolc interaction, 83 1 
Organic halides. 540 
Organic ligands 

containing atoms from main groups 111-VI, 
939 

spcctra, 779 
Organoacctylcnic compounds, 787 
Organoactinide complexcs. synthesis of, 

Organoaluminium compounds 
489-537 

amperometric titration proccdures, 646 
classical titration procedures, 640 
conductimetric titration, 644 
determination of alkoxide groups, 588. 589 
determination of alkyl groups, 583,586,588 
determination of aluminium, 577 
determination of aluminium-bound 

determination of amino groups, 590 
determination of aryl groups, 584 
determination of carbon and hydrogen, 582 
detcrmination of halogens. 582 
determination of thioalkoxide groups, 591 
dielectric constant titration. 646 
gas chromatography, 720 
lumometric titration procedures. 647 
n.m.r., 867 
potentiometric titration, 645 
sampling procedure for, 577-582 
thcrmornetric titration procedures, 647 
vibrational spectra, 783 
visible spectroscopy, 680 

Organoantimony compounds 
gas chromatography, 720 
vibrational spectra, 788 

Organoarscnic compounds, 48 
determination of arscnic. 591 
determination of carbon, 595 
determination of fluorine, 595 
determination of sulphur, 5Y5 
gas chromatography, 720 
polarographic techniques. 709 
titration proccdures, 652 
vibrational spectra, 788 
visible spectroscopy, 684 

determination of carbon and hydrogen, 595 
gas chromatography. 721 
n.m.r., 847 

dctcrmination of bismuth, 596 
vibrational spectra. 788 
visible spectroscopy, 684 

Organoboron compounds. 45 
classical titration procedures, 652 

halogens, 582 

Organobcryllium compounds, 595 

Organobismuth compounds. 38 
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determination of boron, carbon. and 

determination of chlorine. 599 
dctermination of hydride and active 

hydrogen, 600 
determination of nitrogen and boron, 600 
gas chromatography, 721 
polarographic techniques. 71 0 
potentiometric titration. 653 
ultraviolet spectroscopy. 702 
visible spectroscopy. 684 

Organocadmium compounds. 8 6 4  
vibrational spectra. 780 

Organocalcium compounds 
dctermination of carbon and hydrogen, 601 
titration procedures, 653 

Organochromium compounds, 601 
determination of chromium. 601 
gas chromatography, 723 
visiblc spectroscopy, 688 

column chromatography, 766 
determination of cobalt, 601 
polarographic tcchniques. 71 3 
titration procedures, 653 
visible spectroscopy, 686 

Organocopper compounds 
determination of coppcr, 601 
gas chromatography, 724 
titration procedures. 653 
visible spectroscopy. 688 

Organocyanide ligands, 170 
Organofluorine compounds, i.r. spectra. 803 
Organogallium compounds 

gas chromatography, 724 
vibrational spcctra. 783 

Organogermanium compounds 
dctcrmination of carbon and hydrogcn. 602 
detcrmination of germanium. 601 
gas chromatography. 724 
i.r. spectra. 803 
titration procedures, 654 
vibrational spectra, 785 

Organogold systems, 864 
Organoindium compounds, vibrational 

Organoiron compounds 

hydrogen. 596 

Organocobait compounds 

spectra. 783 

classical titration procedures, 6 5 4  
column chromatography. 767 
determination of iron. 602 
clectrophoretic methods, 768 
gas chromatography, 725 
polarographic techniqucs, 71 0 
potentiomctric titration, 655 
visible spccaoscopy, 689 

Organolanthariide complexcs. synthesis of, 

Organolanthanum compounds, 849  
489-537 

Organolcad compounds 
classical titration procedures, 655 
column chromatography, 767 
coulornetric titration. 657 
detcrmination of carbon and hydrogcn, 607 
determination of halogens. 607 
detcrmin;ition of lead, 604 
determination of mono-. di-. and tri- 

dctermination in pctrolcum. 604 
determination of tetrasubstituted. 693 
gas chromatography, 726 
high frcquency titration. 658 
n.m.r., 877. 903  
papcr electrophorcsis. 771 
polarographic techniques. 7 10 
vibrational spectra, 785 
visible spcctroscopy. 692 

Organolithiurn compounds 
classical titration procedurcs, 658 
detcrrnination of lithium, carbon. hydrogcn, 

and oxygen, 608 
gas chromatography. 733 
high frcquency titration. 663 
lumornetric titration. 663 
n.m.r.. 847 
potentiometric titration. 662 
thermometric titration. 663 
ultraviolct spectroscopy. 702 

Organomagnesium compounds 
amperornetric titration. 665 
classical titration procedures, 664 
detcrmination of alkyl groups. 608  
dctcrmination of carbon and hydrogen. 608 
gas chromatography. 734 
n.m.r., 847 
potentiometric titration, 665 
titration with sulphuric acid, 664 
ultraviolet spectroscopy, 702 

Organomanganese compounds 
determination of manganese. 608 
gas chromatography. 735 
polarographic techriiqucs. 7 13 
visible spectroscopy. 695 

Organomercury compounds 
classical titration procedures. 665 
column chromatography, 768 
detcrmination of carbon, hydrogen. sulphur, 

halogens. and osygcn. 61 1-612 
detcrmination of halogcns, 613 
detcrmination of mercury. 609. 61  3 
determination of oxygen. 61 3 
determination of sulphur, 613 
gas chromatography, 735 
n.m.r., 865 
polarographic techniques. 712 
potentiornetric titration. 667 
ultraviolet spectroscopy. 703 

substituted, 692 
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Organomercury compounds (conritiued) 
vibrational spectra, 780 
visible spectroscopy, 695 

Organometallic compounds 
analysis of 

see under specific methods, eletnenrs, cirid 
coinpoutids 

bond energy schcmes for. 80-85 
structure of, 1-41 
thcrmochemistry of, 43-90 

Organometallic synthesis, mctal atoms in. 
539-574 

Organomolybdenum compounds, gas 
chrcmatography. 737 

Organonickcl compounds 
determination of nickel, 61 3 
gas chromatography, 737 
polarographic tcchniques. 7 13 
visible spectroscopy, 697 

Organopalladium compounds. detcrmination 
of palladium and chlorinc, 614 

Organophosphorus compounds 
classical titration proccdurcs, 667 
column chromatography, 768 
determination of carbon and hydrogen, 620 
determination of halogens. 621 
dctcrmination of iron, silicon. titanium, 

arscnic, and phosphorus. 619 
determination of nitrogen, 62 1 
determination of oxygen, 621 
dctcrmination of phosphorus, 614 
dctcrmination of sulphur, 622 
gas chromatography. 737 
i.r. spectra, 803 
polarographic techniques. 7 14 
potentiomctric titration, 667 
visiblc spcctroscopy. 698 

Organoplatinum compounds, analysis of. 622 
Organopotassium compounds. 623 

determination of carbon, hydrogen. and 
potassium, 623  

titration proccdures, 668 

chromatography, 737 
Organoruthcnium compounds, gas 

Organoscandium compounds, 848 
Organoselcnium compounds, 48 

column chromatography. 768 
determination of carbon and hydrogen, 624 
determination of selenium, 623 
gas chromatography, 738 
polarographic techniques. 71 4 
titration procedures. 668 
vibrational spcctra. 788 
visible spectroscopy. 698 

i.r. spectra. 803 
vibrational spectra, 785 

Organosilicon compounds, 46. 47 

Organosilicon dcrivatives. 603 

Organosodium compounds, titration 
procedurcs. 6 6 8  

Organotcllurium compounds. vibrational 
spectra, 788, 790 

Organothallium compounds 

thallium. 624 
determination of carbon, hydrogen, and 

n.m.r., 868 
papcr e!ectrophorcsis, 771 
vibrational spectra, 783 
visiblc spectroscopy, 698 

ampcrometric titration, 670 
boiling points of, 744 
classical titration procedures, 668 
coulomctric titration. 670 
dctcrmination of carbon and hydrogen. 626  
determination of halogens, 626 
determination of nitrogen, 626 
determination of sulphur. 626 
determination of tin. 625 
gas chromatography, 739 
n.m.r., 873 
polarographic techniques, 715 
potentiomctric titration. 669 
retention indices of, 743, 744. 745 
ultraviolet spectroscopy, 703 
vibrational spectra, 785 
visiblc spcctroscopy, 699 

Organotin compounds 

Organotin sclcnides, 892 
Organotitanium compounds, 117 

detcrmination of iron, 627 
determination of titanium, 627 

classical titration procedures, 671 
determination of halogens. 628 
determination of lower alkyl and hydride 

determination of zinc, 627 
determination of zinc-bound alkoxide 

gas chromatography, 747 
polarographic tcchniques, 716 
thermome t ric t i t  rat ion. 672 
vibrational spectra, 780 
visible spectroscopy, 701 

Organozinc compounds 

groups. 628 

groups. 628 

Organozirconium compounds, dctcrmination 

ordio-dimetallated phcnyl ring. 134-135 
orrho-metallated aromatic rings, 122 
orrho-metallated complex, 134 
orrho-metallation. 170, 255. 792 
Oscillographic polarography. 71 5 
Osmium 

of zirconium. 6 2 8  

ln7Os. 853 
I"90S.  853 

Osmium-dihydride cluster complex, 310 
Oxidation statc. 831 
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Oxidative addition. 160. 194. 223. 250. 

Oxidativc hydrolysis. 49 
Oxvecn 

252-254. 340 

I I  

determination in organolithium compounds, 
608 

determination in organomercury 

determination in organophosphorus 

"0, 888. 89 1 

compounds, 61 1-613 

compounds, 62  1 

Oxygen displacemcnt. 31 1 
Oxygen flask combustion method. 591, 598. 

Oxyhaemoglobin in blood. determination of, 
599 ,618 .620 .  623  

690 

Palladium 
atomic, 546 
determination of organopalladiuni 

loSPd, 860 
compounds, 614 

Palladium q3-allyl complexes, 35 1 
Palladium atoms, 547 
Palladium q'-benzyl complexes. 343 
Palladium binuclcar complexes. 359 
Palladium chloride. 405 

alkene rcactions. 352 
Palladium( 11) chloride. 398 
Palladium complexcs. 135 
Palladium-dibenzylidene acctone complcxes, 

Palladium salts, 354 
Paper chromatography. 761-766 
Paraniagnctic carbene complexes, 224 
Paramagnetic compounds, 841  
Paramagnetic shifts. 839 
Paramagnctic species, 826 
Paramagnctic term, 829 
Parr bomb combustion techniquc. 597. 599.  

Pattern enumeration, 862 
Pauling clcctroncgativity, 875 
Pentaboranc, determination of. 684 
Pcntacarbonyl(dialkylaminocarbyne)- 

chromium tetrafluoroborate. 190 
Pentacarbonyliron. 449  
Penta-1.3-dienc. 369. 371 
cis-Penta-1,3-dicne. 372 
(q4-penta-l,3-diene)transition metal 

complexes, 459 
Pcnta-l.4-diene. 384 
Penta-1.4-dien-3-01, 381 
q~-rrtln.s-Pcntadicnol complexcs. 458 
q5-~cntadienyI complexes. 458. 45Y 
Pentafluorophenyl complexcs. 272 
Pentahapto ligands, 28-32 
Pentalenc, 413, 414 

345 

607. 621 

Pent~irncthylcyclope~itxiienyl complexes of 

Pcntanicthylcyclop~~itadic~iyl ligand. 498. 

Pentnniethylcymantrenc, 449 
Pc n t ;i mc t h y I t ant a I um . 248 
l'entaphenylphosphole. 31 7 
Pcntafluorobenzcne. 466 
Perfluoromcthyl derivatives. 789 
Pcrfluoromethyl ligands. 786 
Perhalogenated organic ligands. 779 
Pcrmanganatc ion. 826  
Petroleum, 604. 655. 710. 726. 727. 728. 730 
Phasc-transfer catalysis. 330 
Phenazinc differential titration, 633 
(q('-Phenol)iron complexes. 473 
Phcnoxycarbone complexcs. 183 
Phenyl derivatives, 250. 788. 790 
Phenyl group bonds. 770 
Phenylhydrogencarbene coniplexcs. 2 I 1 
Phenylplatinum( 11) complexes, 860 
Phcnyltin halidcs. 746 
A5-Phosphabcnzenes. 140 
Phosphido-bridged complexes. 886 
Phosphine addition to carbync complcxes, 148 
Phosphinc adduct. 497 
Phosphinc-hydridc complexes. 307 
Phosphincs, S68 
Phosphinomcthyl compounds, 150 
Phosphinomethyl groups. 161 
Phosphites, 317, 836. 880 
Phospholanc. 1 13. 1 19. 120 
q3-Phosphoriium allylide complcxcs. 135 
ql-Phosphonium allylide pentacarbonyl 

Phosphonium cyclopentadicnylides. 138 
Phosphonium salts 

rhodium and iridium. 334 

51 1. 527. 529 

complexes. 135 

hnlogenatcd. 103 
germanylated, 109 

Phosphonium ylide-carbene complcxcs. 166 
Phosphorinane, 119. 120 
Phosphorus 

determination in organophosphorus 
compounds. 614. 619 

3IP, 880 
Phosphorus-3 1 n.m.r.. 880 
Phosphorus ylide complexes. 101. 520 
Photochcmical syntheses. 299 
Photoelectron-photoion coincidence 

Photoionization detcctor. 727 
Photoionization sourccs. 945 
Photolysis, 502. 51 1 
Photornctric detcrrnination. 61 1. 685 
Photo-a-pyrone. 410 
n-bondcd complexcs. 799 
Picolinyl methylide ligands. 132 
Pl;itinac!.clobut;ines, 253 

spectroscopy. 947 
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Platinacyclobutanes (continued) 
rearrangcmcnt of, 106 

Platinacyclopentanes, 253 
Platinum, I9'Pt, 828. 860 
Platinum-acetylene complexes, 302 
Platinuin(I1) amine complexes, 879 
Platinum binuclear complexes, 359 
Platinum carbonyls. 862 
Platinum complexes, 35 1,  407 
Platinum(l1) complexes, 825 
Platinum(1V) cyanides, 861 
Platinum-dibcnzylidene acetone complexes, 

Platinum ethylene complexcs. 31 1 
Platinum(l1) nucleosidc. 828 
Platinum-olefin complexes, 302 
Platinum(I1)-olefin complexes, 862 
Platinum-platinum coupling, 863 
Platinum(l1): tin(1l) systems, 874 
Polar solvent system, 599 
Polarographic half-wave reduction potentials, 

Polarographic method, 601, 602, 605. 

Polonium, 888 
( q6-Polyaromatic)tricarbonylchromium 

Polyenes. 554 
Polymethylcobaltocenes. 445 
Polynuclear carbonyls, 855 
Poly-1-pyrazolylborate ligand. 509 
Pople-Santry expression, 831 
Potassium 

345 

317 

709-718 

complexes, 467 

determination in organopotassium 

-lUK. 846 
4'K. 846 
see also Organopotassium compounds 

compounds, 623 

Potassium vapour. 565 
Potential energy. 781. 785 
Potential energy distribution, 778. 782 
Potentiomctric titration. 614. 645. 653, 655. 

Pregl combustion, 620 
Propynyl derivatives. 784 
Proton abstraction,93,95, 112. 142.137, 166 
Proton affinities, 958 
Proton dccoupling. 824 
Protonation of q4-dicne complexes, 337 
Prototropic phenomena. 124 
Prototropy. 147 
Pseudo-allylic interaction between ligand and 

metal. 119 
Pseudocontact shift. 840 

662, 665, 667, 669 

/m, l .T- [  PtCl~(Pcy. l )~] .  82 I 
/m,l.~-[PtH2(PCy~)2]. 822 
Pulsed cxcitation. 833 
Pyridine adduct. 498 

Pyridinium ylides. 168 
Pyridium ylides, 106 
Pyrolysis, 723 
Pyrolysis-gas chromatography, 748 
a-Pyrone. 385, 386 
Pyrrolyl complexes. 530 

Quadriga Fourier transform techniques, 900 
Quadrupolar interactions, 826 
Quadrupolar moment, 817, 824 
Quadrupolar nuclei, 817, 823 
Quasi-tetrahedral complexes of scandium, 

vanadium, and titanium, 120 

Radioisotopes, 846 
Radionuclides, 945 
Raman intensity, 796, 800 
Raman optical activity, 778 
Raman spectroscopy, 775-812 

variable-temperaturc. 780 
see also Vibrational spectroscopy 

Rare earth complexes, 826 
Receptivity, 817 
Redistribution reaction, 499, 506 
Relaxation agent. 826, 841 
Rclaxation behaviour, 868 
Relaxation processes, 824 
Relaxation time, 826 
Reorganization, enthalpies of, 68 
Resonance Raman spectroscopy, 778 
Resonance stabilized carbene complexes, 187 
Resonant frequency, 824 
Rhenium 

IssRe. 852, 900 
'"Re, 852, 900 

Rhenium-methyl derivatives, 248 
Rhodium, Io3Rh. 854 
Rhodium acetylene complexes, 307 
Rhodium carbonyl complexes, 299 
Rhodium(II1) chloride, 354 
Rhodium complexes, 406, 410 
Rhodium([) complexes, 251 
Rhodium pent~methylcyclopentadienyl 

Ring-bridged compound, 527 
Ring contribution, 883 
Ring currents, 829 
Ring exchange reactions, 482 
Ring whizzers. 839 
Rubidium, 8SRb, 846 
Ruthenium 

complexes, 334 

"'Ru. 853 
""Ru. 853 

Ruthenium carbonyl complexes, 301 
Ruthenium complexes, 307 
Ruthenocene. 449. 45 1 ,  737 

Salt-like precursors, 194 
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Sampling procedure for organoaluminium 

Santonin. 4 14 
Scalar coupling, 826 

compounds, 577-582 

of the first kind, 826 
of the second kind, 827 

Scandium, 899 
"Sc. 848 

Schiff basc, 862. 879 
Schoniger oxygen flask combustion technique, 

Sccondary alkylidene complex, 200 
Secondary carbcnc complcxes. 189. 196 
Selcctive population transfer, 833, 872 
Selenium 

determinaiion in organoselenium 

"Se, 888, 892 
see also Organoselenium compounds 

Selenium ylides. 156 
Selenocarbene complexes, 209 
Shift reagents, 826, 841 
a-bond, 93, 97 
a-bonded actinide complexcs, 525 
a-bonded d ime complexcs, 799 
a-bonded mixed-ligand lanthanidc complexes, 

a-bonded (monohapto) ligands, 3-12 
Sign conventions, 828 
Signal enhancement, 824 
Silacyclopropanes, 54 1 
Silanc displacement. 309 
Silicon 

609 

compounds, 623 

52  1 

determination in organophosphorus 

"Si, 870, 902 
compounds, 61 9 

Silicone polymers, 871 
Siloxybutadienes. 369 
Siloxycarbenc complcxes, 2 1 0  
Silver 

'"Ag, 864 
Io9Ag. 864 

Silver(1) arene complexes, 864 
Silver atoms, 542 
Silyllithium compounds, 847 
Single crystal techniqucs, 780 
Single crystal vibrational spectra, 799 
Sodium 

23Na, 846 
see also Organosodium compounds 

Sodium amalgam, 314 
Sodium atoms, 540 
Sodium cyclopentadienide. 445, 446 
Sodium peroxide fusion, 6 16 
Solid-statc fluxionality, 896  
Solid-statc n.m.r., 816, 896. 904 
Sodium tctrachloropalladate(I1). 398 
Solvcnt displacement, 309 

SpC'ti'I! analysis, $32 
Spcctrochemical analysis. 599 
Spectrographic methods, 599, 602-604 
Spcctrophotomctric methods, 688. 701. 726 

diffcrentiai. 687 
isoquinoline. 643 
isotope dilution. 624 
ultraviolet. 689 

absorption spectra. 680 
ultraviolet. 702 
visible spectroscopy. 680 

Spin delocalization, 839 
Spin rotation interactions, 827 
Spin saturation, 826 
Spin systems. 832 
Squarc-planar complexes, 115, 126 

Square-planar configuration. 114 
Standards, 828 
Stannylenes, base-stabilized. 93, 94 
Starch gel electrophoresis. 769, 770 
Stevens rearrangement of arylphosphonium. 

Stibabenzcnc complexes, 474 
Stochastic excitation. 834 
Strohmeier apparatus, 295 
Strontium vapour. 570 
Structural data sources, 3 
Structure, 1-41 
Structure rcports. 3 
Styrene, 383, 426 
Substituted (q'-cyclohutadicne)iron 

7-Substitutcd cycloheptatrienes, 475 
Substituted fcrrocenes. 448 
Substituted q4-trimethylenemethane 

Substituted uranocencs. 485 
Substituted vinylcyclopropanes, 376 
Substitution, 133 
Sulphonium cyclopentadienylides. 138 
Sulphur 

Spectroscopic methods. 679-708 

monomeric, 128 

170 

complexes, 397 

complexcs, 389 

dctcrmination in organoarsenic compounds, 

determination in organomercury 

dctcrmination in organophosphorus 

determination in organotin compounds, 626 
'%, 588. 892. 904 

595 

compounds, 61 1-613 

compounds, 622 

Sulphur ylide complcxes of copper and iron. 

Supported catalysts, 897. 904 
Symmetry cffects. 830 

Tailored excitation, 833 
Tantalonium salt, 157 

172 
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Tantalonium ylide, 157 
Tantalum, 899 

alkylides of, 156 
'"Ta, 849 

Tantalum alkylidenes. 95, 108 
Te I I u rium 

I2'Te, 888 
"'Te. 888, 892, YO4 

Tellurium ylides, 156 
Tellurophenes, 904 
Tertiary arsines, 888 
Tcrtiary phosphine complexes, 836, 880 
Tertiary phmphine displacement, 306 
Tetraalkylaurate( I l l )  compound, 100 
Tetraalkyllead compounds, 657 
Tetraalkylmercurates. 125. 126 
Te t raal k y I t halla tes, 97 
Tetracarbene complexes, 186 
[ q'-Tetra(carbomethoxy)cyclobutadiene] 

tetracarbonyl molybdenum, 397 
T e  tracarbonyl( q5-cyclopentadienyl)vanadium, 

371, 400,422. 445,481 
Tetracarbonyl(q2-styrenc)iron, 383 
Tctracnrbonyl( q'-tetramethylcyc1obutadiene)- 

Tetracarbonyl( ~'-tetramethylcyclobutadiene)- 

Tetracarbonyl( q'-vinylcyc1opropane)iron. 376 
Tetrachlorocyclopentadicnone, 4 19 
Tctraethyllead. 604-607. 655, 71 1. 712,727, 

Tetrahapto ligands, 24-28 
Tetrahedral complexes, 98. 124. 125 
Tctrakis-carbene complexes, 198 
Tctrakis(cyclopentadieny1)actinidcs. 503 
q'-Tetramcthylcyclobutadienc complexes, 400 
( ~4-Tetramcthylcyclobutadiene)platinum 

Tetramethyllead, 726 
(q6-2.3,5,6-Tetramethylpyridinc)-tricarbonyl- 

chromium complexes, 473 
Tetraniethylsilane (TMS), 828 
Tetranicthyltitanium. 246 
rt'-Tetraphcnylcyclobutadiene. 400 
Tctraphenylcyclobutadiene palladium and 

platinum complexes. 347 
(~'-'l'ctraphenylcyclobutadicne)pailadium 

dibromide, 400 
( q4-Tct raphenylcyclobutadicnc)titanium, 400 
(q'-Tctraphenylcyclobutcnyl)nickel. 398 
(q'-Tetraphcnylcyclobutenyl)palladium. 35)s 
Tetraphcnylcyclopentadicnonc. 414 
Tetraphenylporphyrinato. 242 
Tetravalent actinide complexes, 503. 514 
Tctrnvalcnt lanthanidr complexes, 502, 514 
Tha I I i  um 

molybdcnum. 393 

tungsten, 393 

73 1 

dichloridc. 407 

dctcrmination in organothallium 
compounds, 624 

20.?l. 868 
2osTl, 868 

Thallium cyclopentadienide, 446. 453 
Thallium methylcyclopentadienide. 446 
Thermal conductivity detector. 723, 724, 726, 

Thermal dccomposition. enthalpies of, 51 
Thcrmai stability of metal-carbon a-bonds. 97 
Thermistor dctcctor. 721, 747 
Thermochernical bond strengths. 53 
Thermochemistry of organomctallic 

compounds, 43-90 
Thermometric titration, 647, 663, 672 
A'-Thiabcnzenes, 140, 141 
A6-Thiabenzenes, 140. 142 
Thiacyclobutcnes, 380 
Thin-layer chromatography, 748. 756-761 
Thioalkoxide groups, determination in 

organoaluminium compounds, 591 
Thiocarbenc complexes. 204, 209, 214 
Thiocarbonyl complcxcs, syntheses from, 

N-Thiocyanate complexes, 862 
Thiocyanates, 862 
Thiolysis reaction, 2 10 
Thiomercurimetric method, 652 
Thiomcthoxymethyl groups, 161 
q'-Thiomethoxymethyl ligands. 160 
q'-Thiomethoxymethyl ligands. 155)-160 
Thiophcn, 418 
Thiophen-1,l-dioxide. 417 
(q'-Thiophenol)iron complexes, 473 
Through-spacc coupling, 832, 894 
Thulium. 16?m. 81 7 
Timc domain, 834 
Tin 

740,747 

240-24 1 

detcrmination in organotin compounds, 625 
II'Sn, 870. 903 
1 1 7 S ~ i .  870, 903 
I*'Sn. 870. YO3 
see ulso Organotin compounds 

Tin derivativcs. 5 0 0  
T i n  ylides. 152 
Titanium. 899 

determination in organophosphorus 

determination in organotiri compounds, 626 
n.m.r.-active quadrupolc nuclei, 849 

compounds, 619 

Titanium-carbon a-bonds. 117 
Titanoxy-substituted carbcnc complcxcs. 183 
Titration procedures, 639-678 

classical. 640,654,655,664,665,658,667. 

high frequency, 658, 663 
see also under Specific procedures 

668. 671 

Titrimctric methods, 625 
$-Toluene complexes, 466 
Torsional barriers, 778 
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Transannular oxidative addition, 1 14 
'Transfer of carbene ligand, 205 
rmm-lnflucnce, 133. 831. 859. 894 
Transition metal-acetylcnc complexes 

addition to coordinatively unsaturatcd 
complexes, 289 

anion displacement. 292 
gcneral prcparative methods. 289 
rcplacement of carbonyl ligilnds. 293 
synthesis of, 287-323 

Transition metal-alkenc compleses, 13-17 
Transition nictal-alkyl complcxes, synthesis 

Transition metal-alkync complexes. 18-19 
Transition mctal-ally1 complexes. 326 
Transition mctal-aryl complexcs, synthesis of, 

Transition metal-carbene complexcs. 

Transition metal carbonyls, 74. 76. 4 10. 870 
Transition metal-cnrbync complexes, 

Transition mctal compounds 
electron impact studies, 933 
negative ion spectra, 942 

Transition metal cyanides. 869 
Transition metal hydrides. 331 
Transition mctal nuclei, 848, 899 
Transition metal-olcfin complexcs 

of. 245-285 

245-285 

synthesis of. 181-231 

synthesis of, 233-243 

addition to coordinatively unsaturatcd 
complexcs. 289 

anion displacement, 292 
general preparative methods. 289 
replacement o f  carbonyl ligands, 294 
synthesis of. 287-323 

Transition metal-organometallic compounds. 
45 

vibrational spectra. 791 
Transition metal-stibinc derivatives. 888 
Transition metal-substitutcd ylidcs, 144. 148. 

Transition metal-tin systems. 875. 903 
Transmetallation rcactions. 250. 392. 521 
Transylidation. 112. 117, 120. 122. 143, 145, 

Trialkylsiloxy-substituted carbenc complexcs, 

Triaryl germanium, 500 
Tricarbonyl( q'-acetylcyclooctatetracnc)iron. 

Tricarbonyl(,~'-cyclobutadiene)iron. 403. 41 0 
Tricarbonyl( q'-cyc1oheptadicnc)iron. 43 I 
T r i ~ a r b o n ~ l ( ~ ~ - 2 ~ 3 - c ~ c I ~ ~ h e p t ; l d i e n o n c ) ~ r o n ,  

Tricarbonyl(q'-cyclohepti1dicnyl)iron cation, 

Tricarbonyl( 7'-cyc1ohcptatricne)iron. 429. 

150 

165, 168, 171 

183 

457 

43 1 

456 

4 3  1 

Tricarbonyl( q6-cyclohcptatricnc)- 

Tricilrbonyl( q"-cyclohept;i t ricnone) i ron,  330 
Tricilrbonyl( q'-cyclohex- 1.3-dicne)iron, 422. 

Tricarbonyl( q'-cycloocta- 1 .j-dicne)iron. 435 
Tricitrbonyl( q4-cycloocta- 1.3-dienc)iron, 457 
Tricarbonyl( q'-cycloocta- 1.3-dicne)osmium. 

?'ricarbonyl( q6-cycloocta tetraene)chromium, 

Tricnrbonyl( q'-cyc1ooctatctracne)iron. 457 
'Triciirbonyl( qJ-cycloocta- 1,3 ,S-tricne)- 

Tricarbonyl( q'-cyc1opentadiene)iron. 412 
Tricarbon yl( q'-cyclopcn tit dienone) iron. 4 1 6,  

'rricarbonyl( qs-cyclopentadicnyl)manganese, 

Tricarbonyl( q'- 1.2-diacctyl butadicne)iron. 

Tricarbonyl(q'- 1.2-dimet hylcyclobutadiene)- 

Tricarbonyl( q'- 1.2-dimethylenccyclobutane)- 

Trica rbonyl( q'-frmx-2.5 -dimethylhexa-2,4- 

Tricarbonyl( q6-hcxamethylbenzene)rhenium 

Tricarbonyl( q'-hcxa- 1.3.5-triene)iron. 459 
Tricarbonyl(q'-Iiomobarrelcne)iron, 37 1 
Tricarbonyl( q"-isoprene)iron, 369 
Tricarbonyl( q6-mesitylcne)chromium. 422 
Tricarbonyl(q6-rncsitylene)molybdenum, 422 
Tricarbonyl( q6-methoxybenzene)chrornium. 

Tricarbonyl( qJ-3-mcthoxybuta- 1,3-dienonc)- 

Tricarbonyl( q6-7-e.ro-mcthoxycy~l~hepta- 

Tricarbonyl( q'-2-methylallyl)iron chloride, 

Tricarbonyl( q6-2-mcthylthiophene)chromium, 

Tricarbonyl( qJ-penta- 1.3-dIenc)iron 

Tricarbonyl(q'-cis-penta- 1.3-diene)iron. 459 
Tricarbonyl( qJ-rrcrns-penta- 1.3-dicne)iron, 374 
Tricarbonyl(qj-.r~,r-pcntadien~l)iron cation, 

Tricarbonyl( qs-pent;imcthylcyclopentadienyl)- 

Tricarbonyl( q'-a-pyronc)iron, 385 
Tricarbonyl(q'-styrcnc)iron. 383 
Trica rbonyl( q'-tet raphen ylcyclobu tadienc)- 

Trica rbon yl( q'- te t raphen ylcyclopen ta- 

molybdenum. 479 

425 

457 

378 

ruthenium, 435 

418 

445 

41 1 

iron. 399 

iron, 370 

dienc)iron. 374 

cation. 454 

366 ,467 

iron, 381 

tricne)chromium. 476 

392 

474 

complexes. 369 

385 

iron. 41 3 

iron, 403. 41 1 

dienone)iron, 4 19 



1070 Subject  Index 

Tricarbonyl( q'-thiophen)chromium Vanadium vapour, 465 

Tricarbonyl(q'-trimethylenemethanc)iron, 388 Vaska complcxes. 892 
Tricarbonyl[ 7'-( triorganosily1)cyclopenta- 

Tricarbonyl(q4-tropone)iron, 456 adsorbed species, 778 
Tricarbonyl( q4-syn- 1-viny1butadienc)iron. 

384 free radicals, 778 
Tricarbonyl(q4-l -vinylnaphthalenc)iron, 369 
Tricarbonyl(q'-o-xylene)iron, 376 high pressure, 777 
Triethylaluminium, alcoholysis and/or 

Trihapto ligands. 20-24 
Trimethylcyclobutadiene iron complexes. 395 Vinyl complexes, 877 
1,3,3-Trimethylcyclopropene, 379 rearrangement, 241 
Trimethylenemethane, 385 Vinyl derivatives, 263, 267 
Trimethylenemethane complexes. 27-28.390. Vinylcarbene complexes, 21 5 

q4-Trimethylenemethane complexcs, 388, Vinylene-iron complexes, 108 

Trimethylphosphine adducts. 51 1 Vinylidene complcxes. 194 
Trimethylsilyl ligands, 5 19 Vinyllcad derivatives. 903 
Triple resonance, 836 Vinylmetal derivatives, 274 
Tns(  q4-butadiene)metal complexes, 382 2-Vinylmethylcnecyclopropane. 39 1 
Tris-carbene complexes, 187. 198 1 -Vinylnaphthalene. 370 
Tris(cyclopentadicnyI)actinide, 5 10 Vinyltrimethylenemethane complexes, 391 
Tris(cyclopentadieny1)actinide halides, 504 q'-Vinyltrimethylenemethane complexes, 388 
Tris(cyclopentadienyI)lanthanides, 495 Volhard method. 599. 664 
Tris( indeny1)lanthanide complexes, 497 Voltammetric methods. 715 
Tris(pyrazoly1)borate complexes, 863 
Tri-tetra-substituted 0'-cyclobutadiene Wet oxidation methods, 593 

Wittigreactions, 103. 157, 162, 164, 169. 172 
Tritium, 898 
Tritium bremsstrahlung technique, 607 Xenon 
Tritium n.m.r., 846 lrYXe, 896 
Trivalent actinide complexes, 5 10, 5 17 13'Xe. 8 9 6  
Trivalent lanthanide complexes, 495. 5 12 
Trivalent uranium alkyl. 529 
Troponeiron tricarbonyl, 841 
Tropones. 430 
Tungsten X-ray diffraction data, 3 

complexes, 474 Van Slyke wet combustion technique, 596 

Vibrational analysis, 778, 781 
dienyl]mangancse. 452 Vibrational spectroscopy, 776 

crystalline state. 777 

general aspects. 776 

low temperature. 777 

single crystal studies. 777 
hydrolysis, 585 matrix-isolated molecules, 777 

39 1 Vinylcyclopropanes. 376 

392, 844 Vinylene-phosphoranc complexes, 108 

complexes, 393 

X-ray absorption. 607 
X-ray analysis, 114, 116, 135. 138. 141 
X-ray crystallography, 122 
X-ray diffraction analysis, 130, 131. 154 

X-ray emission method, 624 
X-ray fluorcsccnce methods, 582. 601, 606. 

X-ray spectroscopy. 604 
X-ray structural analysis, 98, 139, 154, 166 

Ylidc attack, target for, 168 
Ylide-bridged complexes, 11 1 
Ylide bridges, double, 123 
Ylide carbon atom, a-coordination of 

Ylide ligands, 98 

addition of ally1 halides to hexacarbonyl of, 

lf33W. 852 607, 727 
34 1 

Tungsten-methylcne hydride derivative. 106 
Tungstcn vapour. 382 
Tungsten ylide complexes, 102 

Ultraviolet photodecomposition. 684 
Ultraviolet spectroscopy, 702 
a$-Unsaturated imincs. 37 1 
a.8-Unsaturated ketones. 371 sp3-hybridized. 9 8  
Uranocene. 485, 491 
Uranium. 529 germanium. 154 
Uranium alkyls, 523 tcrminal, 98 

Vanadium. "V, 849, 899 
Vanadium carbonyl derivatives. 839 

tin. 154  
trans-. 128. 130 

Ylide complexes, 7, 792 
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addition of, 166 
alkenyl-stabilizcd. 135 
alkcnyl-substituted, 135 
bis-ylide complexes, 99 
bridging, 1 12 
carbonylchromium ligated. 149 
carbonyl-stabilized. 128. 131. 134. 168 
chromium, molybdenum, and tungsten, 101 
cobalt(l), 110 
conjugated double, 124 
containing threc-mernbered metallocycles, 

cumulated double, 124 
di- and trisubstituted, 102 
displacement by, 165 
displacement reactions, 105 
disubstituted cis-complexes. 102 
donor ligands, 98 
double, 98, 111. 117. 122, 124, 147 
germanium, 153 
germanium-nitrogen, 152 
iridium(lI1). 157 
linear complexes, 98 
magnesium, 126 
mcrcurated. 145 
metallated, 144 
metal-onium, 94, 155 
metal-substituted, 97, 142, 150 
metals as anionic centres in, 151 
molecular structure analysis, 99 
monodentate, 96, 101 
rnonostannylted, 147 
multiple lithiated, 147 
nickel, 100 
nitrogen, 104 
non-stabilized, 93. 11 1 
nuclcophilic addition of, 165 
organometallic, 108 
oxidative addition, 103, 110 
phosphorus, 101 
photochemical reactions, 102 
precursors for, 105 

158 

pyridinium. 168 
pyridium. 106 
rcactions with coordinated ligands, 162 
selenium, 156 
square-planar configuration, 99 
stabilized, 93 
strong trans-influence, 99 
synthesis of, 91-180 
synthetic chemistry, 171 
tantalonium, 157 
tellurium, 156 
terminal ligands, 96 
thermal stability, 102 
tin, 153 
transition-metal substituted. 110. 148. 150 
trans-ylidations, 101, 146 
tungsten, 102 
with metal-substituted onium ccntres, 157 

Ytterbium. '"Yb, 81 7 
Yttrium, 899 

'%. 848 

Zero-valcnt lanthanide atoms. 531 
Ziese's salt, 796 
Zinc 

determination in organozinc compounds, 
627, 780 

"Zn, 864 
see a/so Organozinc compounds. 671 

Zinc dialkyldithiophosphates, 748 
Zinc dirnethylpentyldithiophosphates. 749 
Zinc vapour, 544 
Zirconiacyclopentadienes, 26 1 
Zirconium 

determination in organozirconium 
compounds, 628 

"Zr. 849. 899 
Zirconium atoms, 570 
Zirconocenc, 253 
Zirconoxycarbene complexes, 185 
Zone electrophoresis, 769 
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