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SCOPE AND CONTENTS: 

Reaction of the hydrated trichlorldes of rhodium and Iridium 

with hexamethyldewarbenzene gave the complexes, (CsMesMCt2)2 (M•Rh,lr). 

A mechanism for this reaction Is proposed. 

The dichloro complexes, (CsMesMCt2h, were reacted with a 

number of di- and tri-enes in ethanol tn the presence of base and 

gave a variety of pentamethylcyclopentadienyl complexes of M(l) and 

M(lll). Evidence for a hydrido intermediate Is presented and the 

hydrido- and deuterido- complexes, C5MeslrH(D)CtPPh3, were Isolated 

and characterised. 

The Isomers endo-H and exo-H pentamethylcyclopentadtene(cyclo

pentadienyl)rhodium were isolated and showed significant differences 

In their properties. Cyclooctadlenes reacted with {C5Me 5MCt2) 2 to 

give C5Me5M(l,S-CsH1 2) via the intermediacy of the ~-2-cyclooctenyl 

complexes C5Me 5MC1(C 8Hl 3); mechanisms are presented to account for 

the observed products. Cyclohexadienes gave the complexes, 

C5Me 5M(l,3-C6H8). 1,4-Cyclohexadiene was isomerlsed to 1,3-C6Ha; 

the rhodium complex, C5MesRh(1,3-C 6Ha), was a very active catalyst 

ii 



for the dlsproportlonatlon of 1,3-CsHa to cyclohexene and benzene, 

both ethanol and base were cocatalysts. 

Mass spectral data for these and other organo-metallic 

complexes are presented. 
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INTRODUCTION 

Metal w Complexes 

Organic molecules having electrons In orbitals of w symmetry are 

able to form complexes with transition metals. The linear combination 

9f atomic orbttals (a.o.'s), which generates bonding w orbitals, also of 

necessity generates antlbondlng w* orbitals. The w orbitals, which are 

occupied and polarlsable, may overlap with suitable vacant metal orbitals 

while thew* orbitals, which are vacant, may also participate In the 

metal-organic bond by overlap with occupied metal orbitals of correct 

symmetry. It Is the combination of these "donor" and "acceptor" Inter-

actions which Is thought to lead to the stability of metal w-complexes. 

This so-called "synergic" mode of bonding can effectively occur 

on 1 y when the meta 1 I nvo 1 ved has f t 11 ed or pa rtt a 11 y f i 11 ed non-bond t ng 

d orbitals. For this reason metal w-complexes are most numerous for the 

groups VII and VIII metals In lew oxidation states. 

The vast majority of the w-complexes obey the Inert gas electron 

configuration formalism and are diamagnetic. This fs a consequence of 

the filling of all bonding and non-bonding molecular orbitals (M.O.'s). 

A brief discussion of the major types of w-complexes follows. 

A. Mono-Olefin Complexes 

The first olefin-transition metal complex and the first example 

In which an unsaturated hydrocarbon ligand Is bonded directly to a metal 

was Zelse's salt K[C2H4PtCtsl•3H20, prepared In 1827. It was not until 

1953 however that Chatt1, applying the molecular orbital concepts of 

Dewar2 , put forward a hypothesis to explain the nature of the platinum-



ethylene bond. His proposal, which survives today as the basts for 

bonding theories of w-complexes, Is Illustrated In Figure 1. 

Figure 

H2 

c 
H2 

(a) 

2 

In Chatt's model for this square planar da complex, the ethylene 

c--c bond Is perpendicular to the plane described by the Pt and Ct atoms. 

The four vacant 5d6s6p2 orbitals of the metal lie in the molecular plane 

and overlap with three chlorine a.o.'s and thew orbital of ethylene to 

give a H.O. of a symmetry (the "l.l"-bond)[Fig. I (a)]. The filled 5d6p 

orbitals of the metal are of correct symmetry to overlap with ~he vacant 

w* orbitals of ethylene [Fig. l(b)] giving a H.O. of w symmetry. 

X-ray studies show that in crystalline [C2H4PdCt2l23, 

C2H4Pt[HN(CHa)2]Ct24 and [KPt(C2H4)Ct3]•3H2o5 the ethylene double bond 

Is, In fact, perpendicular to the coordination plane [Fig. II (a)]. 

H H 
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Figure I I 
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In Chatt 1s treatment the dxz metal orbital Is used for back 

donation; however, If the ethylene double bond were Imagined to lte in 

the molecular plane then the d x orbital is of correct symmetry for ,y 

overlap with thew* orbitals [Fig. IJ(b)]. This latter conformation 

is presumably not observed In the solid state since It is sterically 

less favoured. HQWever Cramer6•7 has Invoked such a conformation to 

account for the low energy barriers to rotation of the ethylene molecule 
I 

about the ethylene-metal bond In some olefin-rhodium cyclopentadienyl 

complexes. 

There is much evidence to support the above type of bonding in 

metal w-olefln complexes In which the olefinic c-c bond order is 

effectively reduced by transfer of electron density from the w- to the 

w*-orbital by t'nteraction with the metal orbitals. Thus oleflns exhibit 

a decreased c-c stretching frequency on coordination and X-ray studies 
I 

often show an increase In the olefinic bond distances. 

The relative contributions of the 11donor11 and 11acceptor 11 inter-

actions to the metal-olefin bond, and the stability of this bond, will 

depend on the metal, Its oxidation state, the other ligands in the com

plex and the substltuents adjacent to the coordinated olefinic bond. The 

extreme cases of "donor only11 and 11acceptor only11 bonds are illustrated 

In valence bond form in Figure Ill. The acceptor only bond Is, In effect, 

equivalent to two H-C 3 a-bonds, when the configuration about the sp 

carbon atoms Is tetrahedral [Fig. lll(b)]. 

The actual bonding in the majority of olefin complexes will lie 

somewhere In between these two extremes. The Pd(l I) and Pt(ll) ethylene 

complexes would appear to have a bonding which approaches I ll(a). However, 
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Figure Ill 

strongly electron~lthdrawing substttuents adjacent to the olefinic 

double bond such as F, CN and CO are expected to both Increase the 

acceptor ability and decrease the donor ability of the olefin. Also, 

l!gands with good donor properties, such as alkyl phosphines, transfer 

charge to the metal atom,strengthening the back-bonding to other ligands 

such as olefins. Not surprisingly then, the complex (PPhs) 2Pt[C2 (CN) 2]
8 , 

in which the metal ts formally in the zero oxidation state and potentially 

a good donor, has a st~ucture9 very nearly that expected for the a complex 

of Figure lll(b). The olefinic C--C bond in this complex lies at an angle 

of 10° to the plane of the Pt and P atoms and its bond distance approaches 

that of a C s--C 3 single bond [Figure IV]. sp sp 

p~ 

p~ 

Figure I~ 
I 

A similar structure has been observed for the formally Nt(O) com-
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B. Non-Conjugated Polyolefin Complexes 

Chelatfng dlolefins such as norbornadlene, 1.5-cyclooctadiene 

and dicyclopentadtene form numerous w-complexes in which the double bonds 

are coordinated to one 11 •12 •13 or occasionally two14 metal atoms. The 

double bonds In these dlenes are correctly arranged for chelate complex 

formation. The bonding in these complexes is very similar to that of 

monooleftns since interactions are minimal. The structures of many of 

these compounds have been determined, for example [(1.5-CaH1 2)RhCt] 2
15 

has a configuration in which the double bonds are perpendicular to the 

plane described by the Rh and two Ci atoms [Figure V]. 

Figure V 

c. Conjugated Diolefin Complexes 

In w-complexes of organic ligands where conjugation is present, 

the mutual interaction of the double bonds must be considered. An 

analysts of the symmetry allowed interactions between a metal and a 

conjugated diene system, using the local symmetry of butadiene, leads 

to a bonding scheme In which the two extreme modes may be pictorially 

represented by Vl(a) and Vl(b) (analogous to Figure Ill for monooleftns). 

The iron atom in butadiene- 16 and cyclooctatetraene- 17 iron tri-

carbonyls is equidistant from the four carbon atoms of the coordinated 
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Figure VI 

dlene and the c-c bond distances In this are 1effectlvely equal, suggesting 

Vl(a) and Vl(b) to make approximately equal contributions [Fig. VI l(a)]. 

However when electron withdrawing substituents are on the dlene, Increased 

back-bonding from the metal Is expected making Vl(b) more Important. This 

Is observed, for example, In the structure of octafluorocyclohexadlene 

Iron trlcarbonyt 18 [Fig. Vll(b)]. 

Fe 

1/ 'c 
c c ' ol I o 

0 

(a) 

Figure VII 

D. Acetylene Complexes 

/Fe' 
c I c 

I c ' o I 0 

0 

(b) 

The acetylenlc bond has two mutually perpendicular sets of 1r and 

11'* orbitals so that, by analogy with oleftns, It would be expected that 

alkynes can complex with one or two metals via synergic donor and acceptor 
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bonds. In fact, both types of complex are known19• 20 • 

E. w-Allyl Complexes 

There are three ways In which an allyl radical could conceivably 

be bonded to a metal. 

(I) 

(It) 

( ti I) 

' I I via a normal a-bond: c===c---c---M 
/ I I 

via a a- and a w-bond: ~~ 
'c ~c/ 
/'/ ' M 

via a donor-acceptor bond between the metal and a completely 

delocallsed three centre w electron system. There are two 

stereochemical possibilities corresponding to dihedral angles 

of 180° [(iii)(a)] and 90° [(ill)(b)] with respect to the plane 

containing the metal and remaining ligands. 

H 

(a) 

H 

(b) 

The structure represented by (iii) Is very commonly observed for 

the transition metals as shown by n.m.r. and X-ray structural determinations. 

An analysis of the symmetry allowed metal and ligand H.O. overlaps for each 

of (Ill) (a) and (Ill) (b) and a consideration of the various overlap integrals 

led to the prediction that the bonding energy will be maximised at a 

dihedral angle of 110°21 • Just such a magnitude of non-orthogonality has 

been observed In several w-allyl complexes. For example, thew-allyl 
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ligand In the palladium complex [(wC3Hs)PdCtl222 is inclined at a dihedral 

angle of 111.5°±0.9° to the PdCt2Pd plane. 

F. w-Complexes of Cyclic Ligands In which the Metal is Symmetrically 

Bonded to an Assembly of Three to Eight Carbon Atoms 

A large number of metal w-complexes contain fully conjugated cyclic 

ligands which formally contribute from three to eight electrons to the 

metal. The metal here usually lies below a planar 11aromatlc11 ring approx-

lmately equidistant from all of the carbon atoms. The bonding is 

essentially covalent and Is thought to Involve similar interactions to 

those proposed by Chatt 1 for metal-olefin complexes. Some examples of 

these complexes In which the metal is symmetrically bonded to all the 

carbons of a cyclic hydrocarbon ligand are given below. 

23 Ph 

[Ph+NIBrCO l 
Ph 

24 

11Sandwlch11 complexes [e.g., ferrocene, (C 5H5hFe)], 11mixed sandwich" 

complexes [e.g., CsHsVC7H7] and 11ha1f-sandwich11 complexes [e.g., 

(Me4C4NICt2) 2] are all known and many of them are very stable. 

In ferrocene, the cyclopentadienyl ring, when bonded to Iron, may 

be regarded as a radical or an anton depending on the formal oxidation state 

we assign to the metal. The sp2 hybrtdtsed carbon orbitals of this rtng 
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are used to form H.0. 1s which are assumed to be unaffected by the ligand-

metal bonding. The remaining five 2pw a.o.•s give five delocalised M.O. •s 

whose form and relative energies are determined using the Huckel approx-

lmatlon. The rings are now considered together and ligand M.O. •s of the 

same rotational symmetry are combined Into g and u pairs depending on the 

behaviour of the H.0. 1s to Inversion through the centre of symmetry. The 

resulting ten H.o.•s are classified In the o
5
d symmetry point group, to 

which ferrocene belongs. The metal valence a.o.•s (3d, 4s and 4p) are 

also classified In this point group. The actual metal-ligand bond wf 11 

be comprised of contributions from metal and ring orbitals which belong 

to the same representation. The relative importance of each contribution 

to the total bonding energy depends on the amount of overlap (overlap 

Integrals) and the relative energies of the overlapping ligand H.o.•s 

and metal a.o. 1s. It Is on these considerations that the various treat

ments29 which have been proposed differ. Although the actual ordering of 

the energy levels In ferrocene Is uncertain, there is general agreement 

on the major sources of the bonding as summarised In the M.O. energy level 

diagram (Ftg. VIII). 

The H.O. diagram shows that there are nine bonding or non-bonding 

orbitals in ferrocene which can accommodate up to eighteen electrons; the 

effective atomic number formalism Is thus given a firm physical basts. 

Other sandwich complexes can be treated similarly though their 

lower symmetry makes the analysis more difficult. 

The metallocenes of the cobalt triad have a 19-electron shell and 

the 11extra11 electron, which ts in an antibondtng orbital, Is readf ly lost 

to give the very stable metalloclnium ions (wCsHs)2H+. These cations also 
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readily react with nucleophlles to give adducts, which now formally have 

the metal In the +I state. Thus biscyclopentadienylcobalt(lll) cation(l), 

when reduced In the presence of LiAtH4 or NaBH 4 , gives ~-cyclopentadlenyl 

cyclopentadlenecobalt(l) (~which obeys the Inert gas rule30 • 

[ (l)H • Co] [ (2)H • Co] 

The methylene group of compounds of type (2), other cyclopentadlene 

complexes such as CsH6Fe(C0)2PPhg31 , and the analogous cyclohexadienyl com

plexes such as c6H7Hn(CO)g32 , exhibits some interesting properties. The 

Infrared spectra of these complexes show a characteristic, intense C--H 

stretching band at around the low value of 2750 cm- 1 • They also possess 

a reactive hydrogen which may readily be removed by oxidation with H202 in 

the presence of acid, or reactlon with hydride abstracting reagents such 

as the trlphenylmethyl cation and N-bromosuccinimide (NBS). For example, 

the oxidation of (~ (H • Rh) with H2o2 in the presence of acid gave 

(1) (H • Rh) 33 and the reversible reaction of [CsH 5Fe(C0)2PPhg]+ is char

actertstic31: 

Fe / \ 'c Ph 3P C O 
0 

+ 

Fe 

/ \ '-c 
PhgP C O 

0 
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Deuteratlon studies30 using LIAtD4 show that, in fact, It is the 

newly-formed C--H bond that Is responsible for the anomalous C--H 

stretching frequency In complexes such as (2). 

A similar reaction to the hydride attack on a ring, described 

above, Is the addition of substituents, R-, using organolfthlum, sodium 

cyclopentadtenlde or Grtgnard reagents. Thus the reaction of CGHsLi 

with (1) (M • Co) yields the complex (nC 5H5) (C 5H5Ph)Co(l). These substituted 

complexes, unlike the unsubstituted ones, do not exhibit the anomalous 

C--H stretching band. X-ray structural determinations on a number of these 

substituted complexes have been reported34 •35 , 36 and show, In each case, 

that R- attack occurs on the least hindered side of the ring, affording 

non-planar 11exo11 substituted products. 

Ph 36 
H 

Co 

® 
Churchi1137 has recently reported the only structural determination 

on an unsubstltuted complex of this type, ~-cyclohexadienylmanganese tri

carbonyl, In which the ligand Is similarly non-planar. 

H 

Mn 
c/1 'c 

/ c ' o I 'o 
0 
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A structural determtnatton38 on the Re complex (3) in which the 

ring Is substituted~ shows the anomalous C--H stretch at 2790 cm- 1 , 

shows conclusively that it is the 11exo11 hydrogen which exhibits the pro-

pertles outlined above. The reasons why this is so are obscure at 

present37 •39 . 
H 

Me 

(1) 

II Cyclopentadlenyl-Complexes of Rhodium and Iridium 

Cyclopentadienyl-metal complexes have frequent.ly been synthesised 

from the.anhydrous halide and sodium cyclopentadienide In THF or CsH 5MgBr 

in ether or benzene. An alternative route is from cyclopentadlene and a 

metal carbonyl or halide in the presence of base. 

These methods have been used for the preparation of rhodium and 

iridium cyclopentadienyl complexes. The biscyclopentadienyl complexes of 

these metals are stable only as the cations (~C 5H 5 ) 2M(III)+ [(1) M • Rh,lr] 

having the Inert gas electron configuration. These were prepared from the 

M(lll) acetylacetonates40 or the anhydrous trichlorides 41 •42 and Grignard 

reagents. 

A by-product with formula Rh 3 (c 5H5) 4H was also Isolated from this 

reaction with RhCt3
42 • An X-ray structural study has now been reported43 
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I 
MX3 + C5H5MgBr + 

(.!) (M • Rh , I r) 

- -X • Br3 , PF6 , etc. 

on this complex and shows It to contain an equilateral triangle of Rh 

atoms, each bonded to one cyclopentadlenyl ring; the remaining C5H5 ts 

bonded equally to all three Rh atoms. The position of the hydrogen is 

not known but Is probably situated between the metal atoms. 

Reaction of (1) (M • Rh, lr:X • Ct) with sodium borohydride In 

aqueous ethano1 31 gave the complex (wC 5Hs)(CsH6)M [(2) M • Rh, lr). The 

rhodium complex (~ was also prepared from the hydrated RhCt3 by the 

reaction with NaC 5Hs In THF followed by addition of sodium borohydride31 . 

The complexes (2) (M • Rh, lr) have also been prepared directly from the 

anhydrous metal trlchlorides with large excesses of C5H5K and C5H6
33 •44 . 

The complexes.(~ (M = Rh, lr) show the characteristic properties of 

cyclopentadiene complexes, with vC--Hexo at 2758 (M = Rh) and 2742 (M = lr) 

cm- 1 • They are readily oxidtsed to (l) (M = Rh, lr) by H202 in the 

presence of acid33. 

The paramagnetic rhodocene and irtdocene M(ll) complexes were 

42 made by reduction of (l) (M • Rh,lr:X • PF6) in molten sodium. They 

are stable only at very law temperatures, at room temperature they dlmerlse 

giving the M(l) complexes (4). 

~ 
~ ~ 
( 4) (M = Rh , I r) 
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The rhodicentum cation (l)(M • Rh) undergoes the characteristic 

nucleophilic attack at the ring with NaC 5H5 and LTPh41 reagents In the 

presence of zinc to give the (presumably) exo-substltuted complexes 

(wCsHs) (CsHsR)~h [(5) M • Rh; R • CsHs, C6Hs). The complex (2) (M = Rh, 

R • C6Hs) was oxldised by oxygen, or H202 In 2N HCi, to the (w-cyclo

pentadlenyt) (w-phenyl-cyclopentadienyt)rhodtum(l I I) catlon41 • Reaction 

wtth bromine tn n-hexane afforded (CsHsRhBr2)n [(6)]: 

(wCsH 5)(wC 5HsPh)Rh{l) 

as an air stable, Insoluble, dark red solid. This, presumably polymeric, 

material reacts.with pyridine to give (wC 5Hs)RhCt2py. 

Rhodium trichloride hydrate, a compound of uncertain stoichiometry 

and unknown structure, reacts with a number of olefins in ethanol to give 

[dtoteftn RhCt] 2
45 • Hexachlorotrtdate(IV) undergoes somewhat similar 

reactions giving [dtoleftn lrCt2]2
46 or [dfolefin lrHCt2] 2

47 • These were 

reacted with sodium cyclopentadienide to give the ~-cyclopentadlenyl com-

plexes (7). 

[dioleftn RhCtl2 
+ NaC 5H5 + diolefin M (C 5H5 ) 

[dioleftn lrHCt2l2 
(7) 

(1) H • Rh, dloleftn • (C 2H4) 2
48 

t,5-cyclooctadiene45 

1,5-hexadiene6 

46 duroquinone 
47 . 49 (Z) H • lr, diolefln = 1,5-cyclooctadiene , duroquinone 
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The rhodium and Iridium carbonyl halides [Rh(C0) 2Ct] 2 and 

[lr(C0)3Ci]n have also been reacted with cyclopentadienide to give the 

n-cyclopentadienyl metal(l)dlcarbonyls (8) (M = Rh, lr)SO,Sl 

[Rh (COhC.th 

[ 1 r(co) 3ct] n G ./co 
+ M......_ 

'-CO 

(8) (M = Rh, lr) 

The rhodium complex {~ (M = Rh} was unstable in air and dimerlsed 

In ether solution to give [CsHsRh(C0)2]2. Exposure of solutions of (8) 

(M • Rh) to u.v. light gave (CsHs)2Rh2(CO)g52 and prolonged Irradiation 

In hexane solution afforded the trlnuclear species [{nC 5H5)RhC0] 3
52 •53 . 

A number of n-allyl derlvattves of rhodium have been reported by 

Shaw54 which, on reaction with cyclopentadienyltha11tum afford cyclopenta

dlenyl derivatives {9), (.!.Q) and {6) (M = Rh, X • CR.) 

* (a 11 CR. ) 

(I) TR.CsHs ·/ 

(II) cone. HCR. 

[ C5H5RhX2l2 

(6) (X • CR.) 

(I) 

(II) d i 1. HC! 

Rh(a-all){n-all) (nCsHs) 

(9) 

t dll. HCR. 

RhC.t(n-all) (CsHs) 

(.LQ) 

P.m.r. spectra of the 1-substltuted allyl complexes Indicated 

that the substftuents are syn. The complex (6) (X = Ct) was obtained 

as Insoluble, dark brown microprisms, probably dimeric. 

An add It i ona 1 route to (.!.Q) (a 11 = 1-metha 11 y 1) was the add itt on 

*all • allyl or substituted allyl. 



17 

of TJI.CsHs to the product from the reaction of RhCR. 3 •3H20 with butadiene 

(formulated as (11)) 54 • 

(!.Q) 

I II The Reactions of Metal Complexes with Dewar Benzenes 

Routes which give useful amounts of dewar benzenes and the other 

non-planar valence Isomers of benzene have been known since 196255 • In 

general, the preparations of these isomers Is rather difficult and the 

unsubstttuted ones, in particular, are usually thermally unstable56 • 

Much of the current great Interest tn the reactions of dewarbenzene Is 

due to the discovery by Schtifer57 that hexamethyldewarbenzene (J!) (hexa

methylblcyclo[2.2.0]hexadtene, HMDB) is readily obtained from the bicyclo-

trlmerlsatlon of 2-butyne with aluminum trichloride. 

Me 
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This compound Is thermally quite stable and has the advantage, 

for structural determinations by 'H n.m.r., that there are only methyl 

substituents. 

Dewarbenzenes, which structurally bear a resemblance to norbor-

nadlene, can form complexes with metals by functioning as chelating 

dioleftns. The majority of the metal complexes made and studied have 

been of HMDB and these are now known for Cr, Mo and w5B,59, Rh60 •61 , 

Pd62 and Pt63 •64 . A palladium complex65 of unsubstituted dewarbenzene 

has also been reported. In all of these complexes, the dewarbenzene 

functions as a chelating diolefin and the bicyclic structure is retained. 

This is shown by their p.m.r. spectra and by an X-ray study66 of the 

chromium tetracarbonyl complex of HMDB. 

0 

I o 

I c / 
........ I /c 

'cr 

,,','I '-c 
, c " I o 

0 

In some metal complexes the dewarbenzene does not function as a 

chelating dioleftn. but still retains Its bicyclic structure. Thus com

plexes of Pd and Pt67•68 are known in which the ligand (less one hydrogen) 

bonds as an allyllc moiety. Hexafluorodewarbenzene also gives complexes 

in which the double bonds are not chelating to the metat69. 

The bicycllc structure of HMDB was not retained in Its reactions 

with rhodlum70 and platinium64 compounds under acidic conditions. The 

products here are pentamethylcyclopentadienyl- and pentamethylcyclopenta-
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dlene- complexes respectively, for example (!Ia) from 11 rhodlum trichloride 

trlhydrate11 and HMDB in refluxing ethano17°: 

(~ + RhCtaJH20 + [CsMesRhCt2]2 

(!Ia) 

The former reaction was discovered by Dr. Kang in this laboratory 

before commencement of the work described In this thesis, which then 

allowed a mechanism to be proposed for it. 

IV Homogeneous Catalysis 

Transition metals and their complexes In a finely divided form 

or dispersed on inert supports have long been known to catalyse a variety 

of reactions involving olefins, acetylenes, carbon monoxide and hydrogen. 

Furthermore, transition metal complexes are involved in the homogeneous 

enzymic catalysts of biological systems. Vet despite the long history 

of heterogeneous and enzymic catalysis, the most basic questions remain 

unanswered owing to the inherent difficulty in studying such systems. 

Clearly, the initial stage is the interaction and activation of the 

reactants at the transition metal. Such interactions are thought to be 

similar to those Involved in organo-transition metal complexes. There is 

some evidence for this, particularly since It has been found that organo-

transition metal complexes may undergo analogous reactions to those 

Involved in heterogeneously and enzymic catalysed systems. Recently, 

homogeneous catalyses with organometallic complexes have been achieved. 

Such systems have a number of advantages since homogeneous catalysis Is 

potentially much more efficient than reactions occurring only at a metal 

surface; moreover it is much more easily studied and the reactions 
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Involved are fairly well understood from years of Intense study of 

organometallic complexes. 

The catalytic reactions which have been studied usually involve 

the addition of a species X-V to an olefin (or an acetylene). The 

processes Involved can be described as 

(I) activation, by reaction with the metal, of X-V; 

(II) coordination (and activation) of the olefin (or acetylene) 

to the metal ; and 

(lit) reaction of XV to give the product in which XV has been 

added to the coordinated olefin; subsequent liberation of the saturated 

organic molecule is followed by regeneration of the catalytically active 

species. 

In some cases, variants of this overall process occur and the 

catalytically active species is not easily defined. 

(i) Activation of the reactant XV by the metal 

One of the characteristics of transition metal complexes of 

Group VII I in low oxidation state (which can be regarded as electron

rich molecules) is their ability to undergo reversible two-electron 

oxidations. In thls context, this is usually accomplished by the 

addition of a covalent molecule, X-V. This process also involves a 

change In stereochemistry and, very often, the loss of a ligand from 

the orlglnal complex. 

In general; metal complexes of Group VI II elements in low 

oxidation states have coordination numbers of 3 or 4 for d10 (e.g., 

N i (COh, (PhgPb Pt) and 4 or 5 for d8 (e.g., (Ph 3P) 2 1r 1COCt and 

Fe0 (CO)s). The most common forms of reversible 11oxidative addition11 
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are dlO t da and da ~ d6. In the former case, the stereochemistry 

changes from trigonal (or tetrahedral) to square planar, for examp1e71 

The reversible·oxidatlve addition to da molecules has been most 

extensively studied72 • Some well known examples include 

+ XV 

X • H 

• I 

The exact mode of attack here, whether cis- or trans- is a matter 

of dispute still, and depends on the medium and on X andY. In either 

case, however, the formal oxidation state changes by two and the stereo-

chemistry changes from square planar to octahedral. A variant of this is 

the reaction with so2
75 or oxygen76 In which case complexes (~and (12), 

which may be regarded either as distorted trigonal bipyramidal, or dis-

torted octahedral, are formed. 



Ph3P\ O 
/\ 

CR.-Ir-0 
I\ 

C PPh3 
0 

(.!.2_) 

Five coordinate d8 metals also undergo the oxidative addition 
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reaction. In this case, loss of a ligand usually, but not always, occurs. 

In fact a stepwise process probably takes place In the majority of cases, 

for example77 : 

+ 
L L L 
I co x2 oc, J .. ...,......x ll oc, l .. ,.........x 

oc-o~~ __. Os X __. .os, 
I co oc/1 "-co -co oc/1 x 
L L L 

In other cases, loss of a ligand may preceed the oxidative addition. 

N 
I 
N 
I,,.......PPha 

PhaP-Co......_ 
I "-PPh3 
H 

Ill 78 
! (PPh3)3Co H3 + N2 

A point of great importance is the number and variety of molecules 

which can be activated and oxidatively added in this fashion. It includes 

hydrogen73, oxygen76, hydrogen halides73, organic haltdes74•79 , mercuric 

ha1ides80 , sulphonyl halides81 and many others. The activation of 

hydrogen In this way Is particularly important in some catalytic processes 

and is thought to proceed vta an initial transfer of charge from a filled 

metal orbital to an acceptor orbital on one hydrogen. The antibonding cr* 

orbital could be used resulting in an induced charge separation In the 
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H-H bond. 

The tendency of transition metal complexes to undergo oxidative 

addition and subsequent reversal depends on the nature of the central 

metal atom, Its associated ligands and X-V. 

The process occurs most easily for metals in the zero oxidation 

state (i.e., with ~he higher formal electron density at the metal) and 

for the 115d metals 11 • Thus an approximate order of the ease with which 
0 I II 0 0 0 the metals undergo this reaction is Os > lr > Pt ; Os > Ru >Fe . 

Ligands which increase the electron density at the metal enhance 

the tendency of a complex to undergo oxidative addition. For example, 

for the complexes L2lrCOX (L = tertiary phosphines), the hydrogen82 and 

oxygen83 adducts are more stable when X = I than when X = C~. 
84 Finally, Vaska has shown that the stability of the adducts 

(PhaP)21rCOCtXV is qualitatively related to the electronegativitles of 

the two parts of X-V. Thus for XY = Ct2 the adducts are very stable 

whereas for XV • CHal the oxidative addition reaction Is readily 

reversible. 

(ii) Coordination of the olefin to the metal 

In addition to their reactions wrth molecules X-V, most of these 

d10 and d8 metal complexes also react with olefins (and acetylenes) to 

give n-complexes. For example: 

(PhsP)aPt 

(R = H, CN, F, etc.) 



Btrk et a1 85 have shown that in this reaction the first step ts 

a dissociation 

(Ph 3P) 3Pt ! (Ph 3P) 2 Pt + PPh 3 

(Ji) 

to give a 11coordinative1y unsaturated species" (Ji} which can then add 

the further ligand, for example, ethylene or phenylacetylene. The same 

Intermediate ts postulated to account for the oxidative addition: 

Very similar processes occur In da systems, but here it is 

possible for the complex to retain its square planar coordination, by 

loss of a ligand, or to Increase its coordination number to five (mono

oleftns and acetylenes are assumed to occupy one coordination site}. 

An example of the first type is chlorotristriphenylphosphlnerhodlum(l} 

(12) which reacts with olefins to give square planar rhodium(!} complexes 

(~. This reaction occurs in solution (S} by primary loss of a tri

phenylphosphine ligand to give again a coordinatively unsaturated species 

(.!!) 86. 

Ph 3P" /PPh 3 Ph 3P" /PPh 3 

Rh ---... Rh 

Ph 3P~ "'Ci (S)~ "'Ci 
(.!1) <.W 

In (l!) lt ls very probable that a molecule of solvent has 

replaced the phosphine; however, the solvent Is weakly bound and this ts 

equivalent to one coordination site remaining unoccupied. 
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The alternative, addition of the olefin without loss of a ligand, 

is exemplified by Vaska's.compound, which will add tetracyanoethylene to 

give the complex (~ 87 

trans(Ph3P) 2 1rCOBr 

+ .. 
(NChC C(CNh 

(20) 

The coordination about the metal in (20) can be viewed either as 

distorted trigonal blpyramidal or, If the tetracyanoethylene Is thought 

of as a bidentate ligand, as distorted octahedral. 

The complexes which undergo these reactions most readily are the 

88 metal carbonyls, since carbon monoxide Is lost so easily, e.g. , 

Fe(C0) 5 

\1 CO 
c I ,........co 
11-Fe......_ 
c I ...... co 
I\ CO 

A number of metal halides will also react with olefins directly, 

one or more halides being replaced. This ts particularly found for 

platinum (and palladium), for example, the preparation of Zefse•s salt. 

Slnce the formation of the above olefin complexes involves no 

formal change of oxidation state of the dlO and de metals, these may 

still undergo oxidative addition of X-Y. It is this feature which Is 

vital In the overall catalytic process since if XV can be added without 

loss of coordinated olefin, the possibility arises for the Interaction 
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of X-V (or one of these In some cases) with the olefin. 

(Ill) Reactions of coordinated XV with the coordinated olefin 

It Is usually assumed that reaction of coordinated XV with the 

olefin occurs at a single metal atom. Evidence is not complete on this 

Important point but all that Is presently available is consistent with 

this hypothesis. This ts in contrast to heterogeneously catalysed 

reactions which are usually explained by Invoking two or more metal 

atoms as the reactive sites. 

The most Important type of reaction is the ''cis ligand Insertion". 

In lts simplest form this Implies a planar four-centre Intermediate, In 

which the centres are the olefinic carbons, the metal and another atom 

or group. 

M-X 
,,./I i/ 
~..=c 

/ ' 
This can occur with unsaturated species other than oleflns such 

as CO, S02 , acetylene or RCN. The most detailed studies on this type of 

reaction have been of the "insertion" of CO into metal-carbon bonds 

R - M(CO) + l. -+ RCOM(CO) 1L n n-

The reaction of methylmanganese pentacarbonyl with various ligands, 

L (• CO, PPh 3 , etc.), has been studied by a number of authors89 • It Is 

found that, using labelled *CO, the entering CO is not the one which 

appears as the acetyl carbonyl. Detailed studies by Calderazzo and 

Noack90 have shown that It Is the methyl group in fact which migrates 

Into a cis-carbonyl. 



L 
~ Me 

~ 
oc ·-·--1-------~o 
:"-M~: : ...,..... n , 
., L "-' 

OC·- -· ··r··--· CO 
co 

L 0 

oc--·--1·---··C-Me 
:'-.... /l 
!/Mn'"'\ 

OC······t········ CO 
co 

In the reverse reaction, decarbonylation of acetyl manganese 

pentacarbonyl, cis-methyl migration again occurs. 
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This type of reaction, more accurately described as "ligand to 

ligand migration", has been postulated to occur in a large number of 

reactions Involving olefins. However the reaction is very fast and 

Intermediates of the type [olefin M-H] cannot usually be Isolated or 

even detected. 
. 91 

Chatt et al have shown that a reversible addition of ethylene 

to the platinum hydride (!L) to give the platinum-ethyl complex occurs. 

A complex series of equilibria are however invoked, since it is found 

that on elimination of ethylene from (Et 3P) 2PtBr(CD 2CH 3), both 

(Et 3P) 2PtHBr and (Et 3P) 2Pt0Br are obtained. All other evidence points 

to the fact that elimination of a e-hydrogen always occurs from such 

alkyl complexes, and hence Chatt 1s results must be understood as follows: 

CH2 
(Et 3P) 2 PtDBr + II 

CHD 



In some cases, for example in the addition of butadiene to a 

metal hydride, a rearrangement of the organic moiety can occur: 

u.v. 0 ,........co 
---.. · Fe........_1t 
-co ~ 

l'ie 

(y) 

In this case, typical of a fairly large class of 11slgma-pl 

rearrangements1192 , the a-allyl complex (22) formed by 1,4-addition of 

Fe-H to butadiene, rearranges, with loss of CO, to the ~-1-methallyl 

comp 1 ex (y)93. 
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Many other examples of cis-11 insertion11 reactions are known and 

some will be discussed in the following sections. It should be pointed 

out however that not !ll olefin metal hydride complexes react in the 

above way. In some cases, notably [1,5-cyclooctadiene lrHCi2 ] 2 , it has 

been possible to isolate stable complexes containing both the olefin 

and the hydride. Addition of M-H to the olefin does not occur and it 

Is thought that the stereochemistry Is against the formation of a planar 

intermediate for the cis insertion here94 • The molecule must also be 

quite rigid and non-labile so that a facile rearrangement cannot occur. 

One further reaction which occurs between complexed ligands 

which is also very important but for which there is as yet very little 

information, is the cleavage of metal-carbon bonds by acids and similar 
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reagents. A case where this has been studied Is in the acid cleavage 

of alkyl and phenyl groups from platinum(ll). Bellu~o et a19S obtained 

evidence from a study of the kinetics of the reactions of HCt with 

trans-(Et3P) 2PtMeC& and trans-(Et3P) 2PtPh2 that the initial fast step 

was the formation of a sl~-coordlnate Pt(IV) Intermediate, (Et 3PhPtHMeC&2 

and (Et 3PhPtHC&Ph~ respectively. These arise by oxidative addition of 

HC& to the Pt(ll), de, complexes. The rate-determining step is the loss 

of H-R (CH4, CsHs) to give {Et3P)2PtCt2 or (Et3P) 2PtC&Ph. 

In princlple,simtlar reactions can occur with halogens, e.g. 

and alcohols, e.g. 

RCOCo{C0)4 + MeOH + HCo(C0) 4 + RCOOMe97 

The reaction of metal carbon a-bonds with hydrogen has, surprisingly 

enough, hardly been studied in isolation. However, Parshalt 98 has obtained 

evidence for this type of process in the deuterium exchange: 

[ {PhO) 3PJ n C6H 

[ (PhO) 3P] l -co-Q' 
n- J -
(Ph0)2P-0 

Transition Metal Hydrides 

A considerable number of catalytic processes involve reactions 

with, or transfers of, hydrogen and it is thought that transition metal 

hydrides are formed as intermediate~. These intermediates are rather 



30 

reactive and not iso1ab1e (or even detectable in many cases) usually, 

except in the presence of stabilising ligands. 

Reasonably stable transition metal hydrides are readily identified 

by their characteristic, Intense M-H stretching bands (1900-2200 cm-1) and 

very high field proton magnetic resonances (usually T20 to 30). Only in a 

few cases have M-H bond distances been accurately determined but these are 

apparently norma199. 

The various preparations of hydrides are given to emphasize that 

transition metals may readily form hydrides In the presence of stabilising 

w-bonded ligands. The hydrogen may arise from molecular hydrogen, a solvent 

and even from coordinated organic molecules. 

(I) Reaction with molecular hydrogen may result in 

(a) homolytic splitting, as in oxidative addition reactions 

or (b) heterolytic cleavage 

Ill Ill + 100 
Ru CR.s 3- + H2 t, Ru HCt53- + H + CR.-

(it) Reduction of metal halide complexes using, for example NaBH4, LiAR.H4 

or hydrazlne: 

NaBH4 
(Ph3P)2RhCOCR. + PPh3 ) 

{tit) From alcohols with a-hydrogens in the presence of base: For example, 

the formation of the iridium hydride (24) in ethanol -KOH 

H 

'~0~ 1.; 
H 3C-~/ ,,..I{' 

H 
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{PhEt2P)3IrHCt + CH3CHO 

(!!} 

That the hydrogen transfers from the a position of the alcohol 

has been shown by using CH3CD20H as solvent 102 • 

(tv) Hydrogen atoms at certain locations In coordinated organic mole-

cules are rendered labile by the transition metal and transfer sometimes 

occurs to give the metal hydride. 

(a) Hydrogens on 8 positions in alkyl complexes: 

8 
trans(Et 3P) 2Pt(C2H5)Ct ~ 

-t - C2H4 

trans(Et 3P) 2PtHCt 103 

(b) Many examples are now known where the metal abstracts 

hydrogen from alkyl- and aryl-phosphine ligands, for example: 

H 

I to4 
P~r(PPha)zCl 

It is apparent that in these cases the activated hydrogen may be 

in close proximity to the metal and overlap of suitable orbitals is 

possible. 

Catalytic Reactions 

A few of the better understood catalytic reactions of simple oleflns 

are now discussed briefly. 

Hydroformylatlon 

The reaction of olefins with carbon monoxide and hydrogen at high 
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temperature and pressure in the presence of various catalysts, notably 

cobalt salts, gives aldehydes. 

A number of side reactions occur such as hydrogenation, double 

bond migration and formation of alcohols. The reaction, also called the 

110xo11 process, is !mportant industrially for the production of higher 

alcohols. 

It has been shown 105 that under the conditions of this reaction 

dicobalt octacarbonyl and hydrldotetracarbonylcobalt are formed and that 

the latter Is the reactive species. Investigations Into the chemistry 

of this and related organometallic complexes have permitted the following 

reaction scheme for the hydroformylation process to be proposed 106 . 

+ 
+ 

I I 
HCo(C0)4 ~ HCo(C0)3 + CO 

RCH•CH 2 Jt 
H 

H2c l~.,........co 
fi-co 

RHC I ...._co 
co 

Jr 

~ cv 
RCH 2CH2COCo(C0) 3 

The hydridotetracarbonylcobalt reversibly loses CO to form the 
I 

coordlnattvely unsaturated species HCo(C0) 3; this is consistent with the 

Inhibiting effect of CO pressure on the system. The olefin then adds at 

the vacant coordination site and hydride migration (or cis-Insertion) 
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affords a coordlnatlvely unsaturated alkyl complex. Carbon monoxide 

promoted alkyl migration gives an acyl complex which also has a vacant 

coordination site and can undergo oxidative addition of hydrogen with 

subsequent cis hydrogen Insertion and elimination of the aldehyde pro-

duct. 

Oxidation of Olefins 

The reaction of aqueous solutions of palladium(ll) chloride with 

ethylene has long been known to yield acetaldehyde with deposition of 

palladium metal. 

The commercially important process (Hoechst-Wacker) for the 

production of acetaldehyde using this reaction arose from the discovery 

by Smldt 107 that the presence of cupric chloride in solution prevents 

formation of palladium metal. Any palladium metal formed is oxidised 

to Pd(ll) by Cu(ll) and the Cu(l) formed Is oxidised by air in the 

presence of HCt to Cu(ll). A homogeneous catalytic process Is thus 

established In which only oxygen and ethylene are consumed: 

C2H4 + PdCt2 + H20 + CH3CHO + Pd +2HCt 

Pd 0 + 2CuCt2 + PdCt2 + 2CuCi 

2CuCi + %02 + 2HCt + 2CuCi2 + H20 

The Initial reaction is the formation of an olefin complex, 

analogous to Zefse 1 s salt (K[PtCisC2H4]H20), inhibited by chloride ton. 

This w-complex is rapidly hydrolysed (inhibited by acid). Intramolecular 



Pd 0 + H*Ct + CR.-

1~ 
CR. 

/ 
CR.-Pd-H* 

/ 
+ CH3CHO 

1l 

1~ 

rearrangement of the hydrolysis product presumably occurs to give the 
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favourable cis-planar stereochemistry for 11 insertion11
• Addition of 

Pd-OH to coordinated ethylene (probably the rate-determining step) gives 

a a-S-hydroxyethylpalladtum complex. This Intermediate then rearranges 

by a hydride shift mechanism, giving acetaldehyde and an unstable 

palladium hydride species which decomposes to Pd0 metal and chloride. 

The oxidative addition step is carried out separately using Cu(ll). 

Homogeneous Hydrogenation 

All systems which hydrogenate substrates using molecular hydrogen 

are expected (or known) to cleave the ~ydrogen molecule with formation of 

a reactive transition metal hydride intermediate. This cleavage may occur 

108 In the three ways of the following catalytic systems • 

(I) Homolytic splitting. 

2Co (CN) 53- + H2 ~ 2CoH (CN) 5 3-

(ii) Heterolytic splitting. 

Ru11 CR. 5 (olefln) 3- + H2 ¢ Ru11HCR.4(o1efin) 3- + HCR. 

(iii) Oxidative addition. 

(PPh3)2Rh(S)CR. + H2 ~ (PPh3)2RhH2(S)CR. 
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For the ruthenium and cobalt systems; the Important reaction 

steps are thought to be the following. Formation of the hydride and 

coordination of the olefin is followed by Insertion of the olefin Into 

the M-H bond. The resulting alkyl complex ts said to be reduced to 

products by attack of a proton (In the ruthenium system) or by reaction 

with an additional hydride complex (In the cobalt system). 

Hydrogenation using the rhodtum(l) complex, (Ph 3P) 3RhCt, has 

been extensively studied and there Is good evidence for the following 

mechan t sm86 : 

(ll.) 

H 
(S)...._ I ....... PPh3 

"""""Rh .... 
H ......... l ........_PPh3 

CR. 

s 

\I 
C H 
~'I ........ PPh3 
t\ Rh.,. 
H/1 '-.PPh3 

CR. 

•• H ... '. .. 
l 

-C: ··... 111...,.PPh3 
.L 1: .. .... ~<"-- : .. Rh 

-~ ... ·· I 'PPh ...... • • 3 
"·H·· CR. 

The complex (11} is known to dissociate in solution to give (~ 

In which the 11vacant11 coordination site Is probably occupied by a solvent 

molecule (S). Oxidative addition of hydrogen gives a cfs-dihydro-complex 

which may be Isolated as dichloromethane or chloroform solvated crystals. 

Solutions of this complex immediately reduce olefins Including ethylene, 

by the four-centre insertion Illustrated. Ethylene, however, is not 
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reduced by (11) in the presence of hydrogen since it coordinates pre

ferentially to give (PhsP)2RhC2H4Ci (~which will not oxidatively add 

hydrogen. 

Dimerisatlon of Ethylene 

The dimerisatlon of ethylene to butenes using a rhodium(!) 

catalyst in ethanol has been studied In detail by Cramer 109 , who proposed 

the following mechanism. [This Includes a chain growth step which is 

thought to occur In important polymerlsations of olefins.] 

Ill 

Rh C is3H20 

tc2H4 

I -
[Ci2Rh (C2H4) 2l 

(25) 

-butene T C2H4 
I -[Ci2Rh {S)CH 3CH2CH • CH2 ] 

-HCi 
( 

Ill -
[C 2H5 Rh Ct3C2H4S] 

(26) 

l 

The evidence points to the anionic bisethylene complex (25), being 

the active catalyst. This square planar da complex reacts with HCi by 

oxidative addition presumably to give a hydride species but which could 

not be detected spectroscopically. This Infers that cis-insertion 

leading to the ethyl complex (~ Is extremely rapid. Evidence for (26) 

was obtained from low temperature p.m.r. studies and from Isolation of 

the complex Cs2[C2HsRhCiaH20]2 which is formed on pumping off C2H4 from 

(26). The rate-controlling step Is the rearrangement by ethyl migration 

<.cts- 11 insertion11
) of the ethyl complex (li) to the butyl rhodium complex. 
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A reverse hydride migration (from the activated a position), reductive 

elimination of HCt and release of the butene leads to the regeneration 

of the active cata 1 ys t (ill. 
lsomerisation of Olefins 

The lsomerlsation of olefins is catalysed by a wide range of 

transition metal complexes and involves the making and breaking of C-H 

bonds. A number of different mechanisms have been proposed 110 however 
. 111 

the clearest evidence yet is that of Cramer • He investigated the 

rhodium catalysed isomertsation of butenes and put forward a mechanism 

involving the formation of a rhodium hydride species and Its reversible 

addition to the olefin: 

Ill 

L5Rh -CH2CH 2C2Hs 

While this describes the mechanism superficially, the detailed 

proposal, based on the results of deuterium exchange experiments, is 

rather Involved. Cramer observed that, for example, the lsomerlsation 

of 1-butene in CH 30D led to Isolation of deuterated 1-butene together 

with an approximately equal quantity of undeuterated 2-butene. By 

making certain assumptions concerning relative rates of rearrangements 

and exchanges, Cramer was able to account for his observations on this 
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11hydrido-'11'-olefinic11 scheme. 

This stepwise mechanism involving initial formation of a hydride 

can be successfully applied to explain many other results in fsomerisation 

reactions 112 •113• One well-authenticated case where this probably does 

not occur is in the iron carbonyl catalysed reactions studied by von 

114 Rosenberg • In these systems the evidence points to 1,3-hydrogen shifts 

via a hydrido-'11'-allylic intermediate 

H I 

RHC I c -CHR2 

M 

H 
c 

...,:a. ....-: .. -~ I 
~ RHC ~ ..... ,-.. ~ CR2 

M-H 

Other possible exceptions to the hydrido-'11'-olefinic mechanism are 

some reactions involving palladium121 and HCo(Coh 11 5. 

While the majority of isomerisations studied in detail have 

been of linear mono-oleflns, the isomerisatlons of cyclooctadienes (COD) 

have received considerable attention too. Whereas cis,cis-1,3-COD is the 

thermodynamically most stable isomer, the cis-cis form of 1,5-COD has the 

most favourable placement of the double bonds for coordination to a metal. 

Hence it is usually observed that, in reactions with metal complexes, the 

cyc1ooctadlene Is complexed as the 1,5-isomer but any free olefin Is 

present as the 1,3-isomer. Furthermore, both stepwise (via 1,4-cyc1o

octadiene) and multistep processes are possible between these two isomers. 

Ballar 116 has studied the lsomertsatlon of 1 ,5-COD with PtCR.2(PPh3) 2• 

PtHCR.(PPh 3) 2 and PtCR.2 (1,S-COD). He found that in each case the reaction 

proceeds with comparable rates to give equilibrium mixtures of 1,3-, 1,4-

and 1,5-cyclooctadienes. A cocatalyst, SnCR.2 , was essential and, with 

the exception of the hydride, a source of hydrogen was necessary such as 
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hydrogen gas or a solvent; the olefin alone did not serve this purpose. 

These observations together with the Isolation of the Intermediate 

[PtH(SnCt 3) (PPhg) 2] 2 (1 ,5-COD), strongly suggest that a hydrldo-~-oleflnlc 

mechanism is operative. The detection of 1,4-COD further supports this 

stepwise process. This mechanism has also been Invoked to account for 

the observatton117 that whereas 1,5-COD readily replaces two CO's from 

(8-hydroxyqutnolate)rhodlum dlcarbonyl giving the corresponding 1 ,5-COD 

complex, 1,3-COD will give this same complex only in the presence of HCt. 

In the absence of HCt a complex Is obtained in which only one of the 

carbonyls Is replaced, This Indicates that 1,3-COD Is~ lsomerlsed to 

give coordinated 1,5-lsomer by a hydride abstraction mechanism (to give 

a hydrldo-~-allyltc species). 

The reaction of excess 1,5-COD with 11 rhodium trichloride tri

hydrate11 In ethanol gives the complex [(1,5-COD)RhCt] 2• All of the 

uncomplexed olefin Is converted to the 1,3-isomer and 1,4-COD is detected 

118 as an intermediate Indicating, again, a stepwise mechanism • 

It has been suggested 119 that, in the related reaction of 

11 RhCt 3 •3H2011 with 1,3-COD, a stepwise lsomerfsatlon mechanism Is not 

operative since 1,4-COD was not detected as an Intermediate. The reaction, 

with ~xcess 1,3-COD, proceeds to give [(1,5-COD)RhCt]2 together with 

unlsomerlsed, free 1,3-tsomer. The lsomertsed dlene was recovered by 

decomposition of the complex by cyanide. Similar reactions have been 

observed with 11 1rCt3•4H2011119 and K2MX 4
120 (M • Pd, Pt; X • Ct, Br). A 

mechanism Involving migration of the double bond by two positions In one 

step was proposed. 
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RESULTS AND DISCUSSION 

A. The Formation of Dlchloro(pentamethylcyclopentadlenyl)-rhodlum and 

-Iridium Complexes: The Ring Contraction Reaction 

The reaction of excess hexamethyldewarbenzene, HHDB, with 

RhCL3•lH20 In methanol at 65° under nitrogen was reported by Dr; Kang 

of this laboratory to give a nearly quantitative yield (based on 

RhCt3•lH20) of air stable red crystals. The product was identified 

as dichloro(pentamethylcyclopentadlenyl)rhodium dimer (Jla) on the basis 

of analysis, further reactions and spectroscopic data. Its p.m.r. 

spectrum (60 MHz, CDC.e.3) showed a single sharp resonance at T8.40 and 

dtd not distinguish between the Rh(lll) complex proposed here and the 

Rh(fll) complex of hexamethylbenzene, (C6He6RhCt2t+, proposed by Booth 

et al. 121 to be the product from the same reaction. Analytical and 

Infra-red data were s lmllarly not cone 1 us ive and perhaps the most con

vincing Initial evidence for our assignment was mass spectroscopic. 

The red crystals did not melt below 280° and a partial mass spectrum 

was·only obtained with difficulty. At an Inlet temperature of 210° 

the complex gave peaks at m/e 237 (C 5He4CH 2Rh+, corresponding to loss 

of HC.e. from CsHesRhCt+) and 134 (CsHe4CH 2+). Fragments at m/e 162 

(C6Mes+) and 147 (CsMes+) which are prominent In samples containing 

hexamethylbenzene were absent. 

Hexamethylbenzene was, however, formed In subst~ntlal amounts 

as a by-product In the above reaction. The metal must play an Important 

role In the formation of this since HMDB Is quite stable to lsomerlsatlon 

under these conditions In the absence of metal haltde56 • 

In an attempt to elucidate the mechanism of this rather novel 

40 
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ring contraction reaction, an analysis of the volatile by-products was 

undertaken. The solvent and other volatile materials were distilled 

off from the reaction mixture and analysed by a combination of v.p.c., 

p.m.r. and mass spectrometry. The distillate was found to contain, in 

addition to methanol, one major component and two minor ones. The 

major component was Isolated and shown to be dlmethylacetal by p.m.r. 

and mass spectrum; the minor ones were Identified mass spectroscopic-

ally as me~l chloride and dimethyl ether. A reaction In which 

RhCt3•lH20 was heated alone In methanol also gave the two latter com

ponents so that their formation did not appear to be significant as far 

as the ring contraction reaction was concerned. 

Quantitative v.~.c. analysis showed that the amount of dimethyl-

acetal formed was approximately correct for the stoichiometric reaction 

+ + 

(!la) 

4MeOH 

2MeCH(OMeh 

4HCR. + 8H20 

When a similar reaction was carried out under heterogeneous 

conditions In aqueous solution, the complex (Jla) was again formed, 

though In much reduced yield (16%). The only significant by-product 

detected from this reaction was acetaldehyde, presumably formed by 

the fo11cwlng: 
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2 HMDB 

+ 2CH3CHO + 4HC1 + H20 

The mechanism by which these ring contraction reactions occurred 

remained obscure until Paquette and Crow 122 and Crlegee and Gruner 123 

+ reported the ring contraction of HMDB, catalysed by H • These workers, 

relnvestlgatlng the reaction of HMDB with acid, initially reported by 

Schifer and He11manS6 , showed the major product to be the 1-(1-substftuted 

ethyJ)pentamethylcyclopentadlene {~. 

~ + H+ + X- --'> :Q<CHXCH3 

(27) [X = Ct, Br, OMe] 

Furthermore some related work carried out in this laboratory on 

the formation of dlch1oro(pentamethylcyc1opentadiene)p1atfnum64 from 

HMDB suggested that the presence of acid might be important In the pre

paration of (13a). -
The reaction of (~) (X • Ct) with RhCt3•3H20 in methanol readily 

gave the product (Jla) In high yield (88%) together with a stoichiometric 

amount of dimethylacetal. 

2 

MeOH 
---+ [C 5Me 5RhCt2]2 + 2MeCH(OMe) 2 

(Qa) 



The corresponding heterogeneous reaction in aqueous solution 

·gave the complex (lla) (25%) together with acetaldehyde which was 

Isolated and characterised by analytical v.p.c. and p.m.r. and mass 

spectroscopy. 
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The above reactions In methanol were repeated using 11 lrCR. 3 •5H2011 

to give orange crystals of dichloro(pentamethylcyclopentadienyl)iridlum 

dlmer (llb), which had properties similar to the rhodium analogue. 

This comp~ex was far more easily accessible from {27) {62%) than from 

HHDB (reported by Dr. Kang, 9%). The by-products detected from these 

Iridium reactions were identical to those from the corresponding 

rhodium reactions; dlmethylacetal was again the significant organic 

product. 

These results are consistent with a mechanism in which reaction 

with HHDB proceeds via a primary acid catalysed rearrangement to {~ 

(X • CR. or OHe In methanol solution). The protons necessary for this 

rearrangement are presumed to arise by Ionisation of coordinated water 

molecule 

It was found, tn fact, that 0.1 M aqueous solutions of the 

rhodium and Iridium trlchlorldes had pH's of 2.7 and 2.9 respectively 

(observation by Dr. Kang). 

In the light of the above observations It seems tlear that the 

following overall reaction path Is operative In the formation of the 

complexes (13a) and (13b) - -



~CH(OHe)CH3 

l . Ill 
M CR.3Sx 

I 

~\Me 

~~· 
MCR.3Sy 

+ 
HeHC-OHe 

) 

HeOH 
) 
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' OMe ::r::><CHCtHe 
"M"t, 

~- H ........ + 
+ ,.c-oMe 

M CR.g Me 

The great stablltty of the pentamethylcyclopentadienyl complexes 

provides the driving force for reaction, I .e., for cleavage of the c--c 

bond. These results have subsequently been confirmed by other workers 124 ; 

however they proposed the Intermediacy of free pentamethylcyclopentadfene. 

A similar scheme may be written to account for the products 

obtained under aqueous conditions. 

These reac.t Ions , descrIbed above, provIde a f ac 11 e new route to 

pentamethylcyclopentadlenyl complexes. Such polysubstituted cyclopenta

dlenyl complexes are otherwise very difficult to make; for example, King 

and Blsnette125 prepared a number of C5Me 5M complexes using pentamethyl

cyclopentadlene. obtainable only by a rather lengthy route. 



B. Introduction to the Chemistry of the Complexes, [CsMesMCt2l2 

(M • Rh, I r) 
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The general chemical features of the complexes (lla) and (!!b) 

were established by Dr. Kang who found that while the C5Mes--M bond 

was exceedingly stable, the M--Ct bond could be cleaved by a number of 

reagents. All at~empts to rupture the CsMe5--M bond with reagents such 

as base, cyanide and hydrldlc reducing agents failed. The M--Ct bond 

readily unde~ent displacement reactions with Iodide and acetate and 
\ 

the halogen bridges could be cleaved, In the normal way, by a variety 

of Lewis bases, L. For example, for the rhodium complex (!!b) 

Nal/ acetone 

[C 5~e5Rhl2J2 C5Me 5 RhCt2L 

{28a) L = PPh 3 , pyridine, p-toluidine, etc. 

The reactions of the iridium analogue have not been studied as 

extensively but appear to be very similar. 

These complexes are new but the cyclopentadtenylrhodtum halides 

[CsHsRhX2Jn (§) (X • Ct, Br) 41 •54 have been mentioned briefly In the 

literature (see Introduction). The properties described for these cyclo

pentadleny1 complexes, (6), agree well with those of the pentamethy1-

cyclopentadleny1 ones (~,except for the greater solubility of the 

latter. 



In their reactions with oleflns, the complexes [C 5Me5MCt2 ] 2 

(~ often resembled RhCt 3 •3H20, although the former required small 
! ' 

amounts of base, sodium carbonate was usually used. For example: 

[ctRh¢ 1 45 
HeOH 

RhC1 3 •3H20 + C 2H~ ~ 

EtOH A [C5Me5RhC.t2Ja + C2H~ ~ c 5Me5Rh~ 
Na2C03 ~5 

coo* 
EtOH [ctRhOJl RhC.t3•3H20 + ) 

coo* 
EtOH CsHesR<) [C5Me5 RhC.t2 )a + .. 

Na2C03 

The reactions of [C 5Me5MCt2 ] 2 with olefins in the presence of 

base effectively constitutes the remainder of this discussion. The 
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products may or may not be of the above type depending on the reaction 

conditions and, more significantly, on the nature of the olefin. 

C. The Reactions of the Complexes, (C 5Me5MC12 ) 2 (}1), with 01- and Tri

Olefins 

1. Introduction: Evidence for a Hydride Intermediate 

The dimerlc dlchloro(pentamethylcyclopentadlenyl)-rhodlum and 

-Iridium complexes were reacted with a number of olefins In ethanol. 

These reactions, In the presence of base (usually sodium carbonate), 

gave products of three main types. All of these compounds described 

obey the effective atomic number rule. 

* 1,3- or 1,5-cyciooctadlene. 
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(a) HI complexes formed by complete dehalogenation of(~; e.g., 

Ill 
(b) H 11cova 1 ent11 comp 1 exes formed by part i a 1 deha 1 ogenat I on of (,!l) • 

The metal is a11yllca11y bonded to three carbons of the ligand derived 

from the olefin; e.g., 

7t Me 
\ 
CR. 

Ill 
(c) H 11 ionlc11 complexes In which the metal is formally bonded to 

five adjacent carbons of a ligand derived from the olefin; e.g., 

X • monovalent anion 

In the second and third of these, M-H has been added to the 
Ill 

olefin substrate to give an en-yl complex of M 

Intermediate formation of a metal-hydride. 

This suggested the 

Further evidence for this intermediate came from the analysis 

of the mother liquors from some of these reactIons. .1 t was found that 

acetaldehyde and/or dlethylacetal were Invariably present. The reactions 

of platinum-metal halide complexes with alcohols, to give aldehydes or 

ketones, are well known 126- 128 and It has been shown that hydrogen 

abstraction Is from the a-position of the alcohot 102 •127. 



* The reaction Is generally thought to proceed 

-HCR. 
m-CR. + EtOH --+ m-CR. ---+ 

I (base) 
0 

H/ "Et 

m-OCHCH 3 ~ m-H + CH 3CHO 
.rl H . 

A~sllght variant of this Is also possible 

m-CR. + EtO- (H•base). -+ m-OCHCH 3 + CR. 
I, 
H 

The metal-hydride intermediate proposed here, C5Me 5MHCR.(S) 

[where S is solvent or olefin], could not be isolated presumably due 
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to the high reactivity of such a species. However the iridium complex 

CsHesl rHCR.PPh3 (~ was obtained from the reaction of CsMesl rCt2PPh3 

(~b) with ethanol in the presence of sodium carbonate or triethylamine; 

best results were obtained with the former in the presence of some water. 

The triphenylphosphine presumably stabilises the lr--H bond largely by 

blocking the vacant coordination site. 

(28b) - -.-.· C5He5 1 rHCR.PPh 3 

(30) 

Some deuteratlon studies, described later in the section on 

reactions with cyc1ooctadlenes [C. S] also support the Intermediacy 

• m represents a complexed metal, Hln. 
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of a hydrido-complex. 

Chlorohydridotrfphenylphosphinepentamethylcyclopentadienyliridium (30) 

The Iridium hydrldo-complex, (1Q_), was an air stable, yellow, 

crystalline solid and was Identified by analysis and spectroscopy. 

The deuterido-analogue, CsHe 51rDCtPPh 3 (ij), was prepared by a similar 

route from CsHeslrCt2PPha (28b) using ethano1-d6 and 020. No exchange 
' -

of coordinated deuterium with water was observed. 

The hydrldo-complex showed an intense, rather broad band at 

2090 cm- 1 In the Infra-red (KBr disc) assigned to v(lr--H). This was 

absent In the spectrum of the deuterldo-complex which showed a new 

shoulder at ca. 1500 cm- 1 , assigned to v(lr--0). 

[v(lr--H)/v(lr--0) • 1.39] 

The p.m.r. spectrum (60 HHz, CDCt 3) of the hydrido-complex (J2} 

showed a multiplet at T2.6 (aromatic protons, 1SH) and a double doublet 

at T8.42 [J(He-P) 2Hz, J(He-H) 0.9Hz; ISH], arising from the coupling of 

the fifteen equivalent methyl protons to the phosphorus and hydride. A 

rather broad doublet at T23.) (J(H-P) 36.4Hz) due to the hydridic 

hydrogen was also observed (100 MHz, benzene) but only coupling to 

phosphorus could be detected. The p.m.r. spectrum (60 MHz, CDCt 3} of 

the deuterido analogue (.ll) confirmed these assignments and exhibited 

the multiplet at T2.6 (aromatic protons, lSH) but only a simple doublet 

at T8.42 [J(He-P) 2Hz; lSH]. 

The hydrido-complex (J2} was unstable in solution In air and 

on standing In deuterochloroform (room temperature, 1 day} reacted to 

regenerate (l!b). 



so 

(J2_) (~b) 

A small triplet at T4.76, due to methylene chloride-d 1
136, 

observed. 

was 

Attempts to Isolate the hydrido-rhodlum analogue of (30) were 

not successful. This Is consistent with the known tendency for M-H 

bonds to become less reactive down a triad. 

The reactions of (J2_) with oleflns were not investigated but the 

phosphine dichloro-complexes, CsMesMCt2PPh 3 (28), were found to react 

with oleflns In a similar way to, though more slowly than, (C 5Me5MCt2) 2 

(Jl). This Is not surprising since (28b) and Its rhodium analogue have 

a triphenylphosphine in the reactive site. If the reactions between 

CsMeslrCt2PPh3 (~b) and an olefin were interrupted before completion, 

the hydride, CsMeslrHCtPPha (~,could be detected by p.m.r. spectro-

scopy. 

2. Reactions with Butadiene, Cycloheptatrlene and Dlphenylfulvene 

The complexes (CsMesMCt2)2 (~ were reacted with butadiene, 

cycloheptatrlene and 6,6 1 -diphenylfulvene in ethanol In the presence 
Ill 

of sodium carbonate. In each case a M en-yl complex, derived from 

addition of M-H to the olefin, was readily isolated. 

The structures of (32), (33) and (34) were assigned from - - -
analytical and spectroscopic data, particularly p.m.r. spectra (Table 1). 

The covalent l·methallyl-rhodlum complex (lia) was obtained In 

effectively quantitative yield under mild conditions. It was sublimable 

and soluble In non-polar solvents. All attempts at dehydrochlorination 

of the complex, CsMesRhCt<£4H7) (34a), by extended reaction with sodium 
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<W 

carbonate In methanol (or ethanol) at elevated temperatures were 

unsuccessful; (i!a) was recovered on each occasion. The 1-methallyl 

group In (i!a) ts coordinated as the 11syn11 (or trans) isomer as shown 

by the coupling constant, J(a,c) • 11 Hz, (Table 1). The complex, 

chloro(cyclopentadlenyl) (1-methallyl)rhodtum C5H5RhCt(CH 2 CHCHMe} (~. 

recently reported by Powell and Shaw54 has similar properties to (~a). 
The mass spectrum of this rhodium complex, (34a), was recorded 

and Is presented In the Appendix. The molecular ion peaks at m/e 330 

+ and 328 CCsMesRhCtC4H7 , ca. 8% of the base peak) were observed 

together with a major fragment at m/e 292 (CsMesRhC4H5+, 52%), due to 

loss of HCL from the parent lon (metastable peak at m/e 259.8). 

Fragmentation of the latter ton led to the base peak at m/e 238 

(CsMesRh+, metastable peak for this transition at m/e ca. 194). Other 

major fragments were observed at m/e 275, 273 (C 5Me 5RhCt+, 32%), 134 

(C1oH14+, 28%), 119 (CgHll+• 72%) and 103 (Rh+, 18%). 

Similar en-yl complexes were formed from cyclooctadlenes, these 

are discussed below (c. 5). 
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The reaction of (CsHesRhC£2)2 with cycloheptatrlene In refluxlng 

ethanol In the presence of sodium carbonate gave yellow crystals of w

.2,S-cyc1oheptadteny1(pentamethylcyc1opentadieny1)rhodtum chloride [(33a); 

X • Ct]. The Iridium analogue (33b) could not be isol~ted as the chloride 

due to Its hygroscopic nature. Both complexes, (33a) and (33b), were 

Isolated In crystalline form by precipitation from aqueous solution with 

a large ant_on, hexafluorophosphate. The rhodium [(33a); X • CR., PF6 ] 

and Iridium [(Jlb); X • PF6] complexes were identified by their analyses 

and p.m.r. spectra. 

The p.m.r. spectrum of the rhodium complex [(33a); X • CR.] Is 

given In Table l; that of the hexafluorophosphate salt {60 MHz, CDCt 3) 

showed resonances at t3.S2 (1 H, t, Ha)' 4.55 (2H, dd, Hb), 5.41 (2H, 

unresolved multiplet, He), ca. 8.0 (4H, unresolved multiplet; Hd, He) 

and 7.96 'ISH, s, C5Hes). Decoupltng experiments at 100 MHz showed that 

Ha was only significantly coupled to Hb (J(ab) 6.5±0.2 Hz), that Hb was 

coupled to both H and H (J(bc) 8.6±0.2 Hz) and that H was coupled to a c c 

Hb and, slightly, to Ha. 
+ 

The Iridium complex, w-2,5-C,Hglr(CsMes)[(33b); X • PFsl, gave 

a very similar p.m.r. spectrum: a triplet at t3.33 (lH, H , J(ab) a 

6±0.5 Hz), a double doublet at 4.44 (2H, Hb, J(ab) 6±0.2 Hz, J(bc) 

8.2±0.2 Hz), unresolved multlplets at 5.53 (2H, He) and 8.2 (4H, Hd, 

and a singlet at 7.90 (ISH, CsMes). 

Cycloheptadlenyl complexes are still rather uncommon however, 

where available, the p.m.r. data agrees well with the above129-l3l. 

H ) 
e 

The Ionic dtphenylmethylcyclopentadtenyl complexes, (32), were 

obtained In good yield (80-90%) from reactions with 6,6-diphenylfulvene 
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In refluxlng ethanol In the presence of sodium carbonate. The chloride 

salts of both rhodium and Iridium complexes were extremely hygroscopic 

and the complexes (~ could only be Isolated in pure crystalline form 

as the hexafluorophosphates. The complexes were identified on the 

basts of their analyse, and p.m.r. spectra (Table 1). A similar reaction 

mechanism to that proposed here Is thought to be operative in the forma

tion of Ph 2CHC 5H4Ho(C0) 3
132 , I.e., Involving hydrogen transfer from the 

solvent to 6,6-dtphenylfulvene. Weiss and HUbet 133 have prepared the 

iron complex, (Ph2CHCsH4)2Fe2(C0)4, from diphenylfulvene and Iron penta

carbonyl. 

3. Reactions with Norbornadtene and Dtcyclopentadiene 

In contrast to the above (CsHe5RhCt2)2 (lla) reacted with norbor

nadiene and dlcyclopentadlene In refluxlng ethanol In the presence of 

sodium carbonate to give the yellow complexes, (l2_a) and (~a), tn 42% 

and 75% yield respectively. These M(l)-dtene complexes were sublimable 

and very soluble In non-polar solvents. 

C1oH12 

EtOH 

~R~ 
(}!) 

These complexes were characterised by a combination of analytical, 
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p.m.r. and mass spectral data. There are many examples In the literature 

of transition metal complexes containing these dlene llgands 134 • The 

p.m.r. spectrum of the dlcyclopentadfene complex (~) was rather com

plicated and a full analysts was not possible (Table 1). That of the 

norbornadlene complex (100 HHz, CDCt 3) showed a broad multiplet at T6.73 

(2H, due to bridgehead hydrogens), a double doublet at 7.57 (4H, assigned 

to olefinic hydrogens coupled both to bridgehead hydrogens and to rhodium; 

J(H-H) 5Hz, J(H-- 10 3Rh) 1.2 Hz), a triplet at 9.17 (2H, due to CH 2 

coupled to both bridgehead hydrogens, J(H-H) 1.6 Hz) and a singlet at 

8.12 (15H, CsHes). 

The mass spectra of these volatile complexes were readily obtained 

at an Inlet temperature of 30° (Ionising beam strength 80 eV). Unlike 

other pentamethylcyclopentadfenyl-rhodfum complexes the most abundant 

+ lon from these complexes was~ C5Me5Rh (m/e 238). The norbornadfene 

complex (12) gave a mass spectrum in which the molecular ton at m/e 330 

was most abundant. Fragments at m/e 329 (C 5Me 5RhC 7H7+, 41.5% of the base 

) ~ + peak , 315 (p-He · , 70%) and 303 (CsHesRhC 5H5 , 13.5%) are consistent with 

the proposed structure. 

The spectrum of the dlcyclopentadlene complex (36) was relatively 

simple, showing a rather large molecular ion peak at m/e 370 (p+, 80% of 

base peak). The major fragments were at m/e 369 (p-H+, 40%), 355 (p-Me+, 

base peak), 329 (CsHesRhc,H,+, 14%), 303 (C 5Me5RhC 5H5+, 91%) and 289 

(C13H2oRh+, 55%). The detailed mass spectra of both complexes are 

Included In the Appendix. 

CsMesH'(dlene) complexes were also formed with cyclopentadiene, 

cyctohexadlenes and cyclooctadlenes; these are discussed below. 

+ p denotes the parent or molecular lon to distinguish ft from P used to 
denote phosphorus. 



4. Reactions with Cyc1opentadfene 

(a) The Rhodium Complex 

Two products were isolated from the reaction of (C 5Me 5RhCi 2 ) 2 

(lla) with cyclopentadiene in ethanol tn the presence of sodium 

carbonate. One of these, readily soluble in non-polar solvents, was 
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easily separated from the other, Ionic material. The former, covalent 

complex was shown to be cyclopentadtenyl(pentamethylcyclopentadiene)

rhodlum(l) (}]) (54%) and the latter, cyc1opentadienyl(pentamethy1-

cyclopentadienyl)rhodium(lll) chloride [(38a); X= Ci] (19%). The 

hexafluorophosphate salt [(38a); X= PF6 ] was obtained by precipitation 

from an aqueous solution of the chloride. The complex, [(38a); X • Ci], 

was the sole product (76%) from a reaction of {lla) with cyclopentadiene 

in aqueous THF in the presence of sodium carbonate. 

aq. THF 
Na 2C03 

+ Me r-@7 + 

-@7 ~H I I -Rh X + Rh 

@ 
X 

@ ® 
(38a) (38a) 
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The unexpected complex, (ll), a sublimable yellow crystalline 

solid, was Identified by Its analysis and l.r., p.m.r. and mass spectra. 

The p.m.r. spectrum (60 HHz, CDCt3) showed a doublet at T5.12 (CsHs, 

coupled to 10 3Rh; J(H-Rh) 1.0 Hz), singlets at T7.96 and 8.57 (each 6H, 

due to two methyls) and a doublet at T9.67 due to one methyl, coupled 

to a hydrogen (qu~rtet at T7.29; J(H-He) 6Hz). The hydrogen on a 

pentamethylcyclopentadlene ring was presumed to be 11endo11 to the metal 

because of the absence of a characteristic low frequency vCH band In Its 

l.r. spectrum. There Is good evidence that the low frequency vCH band 

(ca. 2750 cm-1) exhibited by such compounds Is due to exo-hydrogens37,39 

(see Introduction and below). 

The complexes, (CsHe5RhCsHs)+x- [(~a); X= Ct, PF6], were 

fonmulated as such on the basts of their analyses and p.m.r. spectra 

(Table 1). 

The pentamethylrhodlcenlum chloride [(~a); X= Ct] reacted 

with sodium borohydride In a benzene-water mixture to give a yellow 

benzene-soluble complex, (~a) In 93% yield. This was Identified as 

an Isomer of (~. Its p.m.r. spectrum showed that reduction had 

occurred exclusively at the substituted cyclopentadlenyl ring, and 

exhibited a doublet at TS.OS (CsHs, coupled to 103Rh, J(H-Rh) 1.0 Hz), 

a singlet at 7.90 (6H, He ) , a doublet at 8.69 due to He coupled to a c 

a hydrogen [quartet at T7.18, J(Hd-Mec 6.2 Hz)] and a doublet at 8.84 

(6H, Heb, J 0.8 Hz). The latter doublet, due to Meb (or possibly Mea), 

protons, could conceivably arise through coupling of these to either 

Hd or 103Rh or through a non-equivalence of the two Meb (or He
8

) groups. 

No splitting of the quartet due to Hd could be observed (100 HHz, benzene). 
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The Infra-red spectrum of (~a) was identical to that of the 

Isomer, endo-H(pentamethylcyclopentadlene)cyclopentadienylrhodium (37), 

except for an Intense band at 2730 em- • This is assigned to vCH due 

to an exo-hydrogen37, the presence of which is not surprising since 

attack of R- at a coordinated ring always appears to be exo- (see Intro

duction). Hydrtd, attack was exclusively at the CsMes ring as shown by 

p.m.r. studies on the crude reaction product. 

Q!,a) (i2_a) 

Synthetic difficulties have usually precluded the isolation of 

endo- and exo- Isomers such as (Jl) and (39). These two isomers 

exhibited some very Interesting differences In their properties. 

The mass spectra of both complexes were recorded under similar 

conditions (Inlet temperature ca. 30°, electron beam energy 80 eV). 

To assist In the Interpretation of these spectra, the mass spectrum 

of 1,2,3,4,5-pentamethylcyclopentadlene was also recorded. The most 

abundant Ions, observed metastable peaks and the transition involved 

for the latter a.re listed In the Appendix. Harrison et a1. 135 have 

reported the mass spectra of a number of methyl-substituted cyclo

pentadlenes Including 1,2,4,5,5-pentamethylcyclopentadlene but excluding 

the 1,2,3,4,5-lscmer. They observed that positional Isomers gave very 

similar spectra; their quoted spectrum of the 1,2,4,5,5-isomer Is very 

similar to that of the 1,2,3,4,5-isomer determined here. The mass 



spectra of the exo (Jta) and endo (~ Isomers (Figure IX) were some-

+ what similar with major fragments corresponding to {p-H) (m/e 303), 

(p-Me)+ (m/e 289), (C 5HsRh)+ (m/e 168) and Rh+ {m/e 103). A fragment 

at m/e 238 (corresponding to C5Me 5Rh+), usually very ~bundant In the 

mass spectra of these types of complexes, was notably absent. This, 
+ together with the observation of a major fragment assigned CsHsRh , 

confirmed that these are cyclopentadienylrhodtum complexes. The dif-

58 

ferences ~hich were observed are precisely those expected on the basis 

of their structures as Indicated, and their chemical properties (see 

+ below). The exo-lsomer (~a) showed a weak molecular ion peak {p , 

m/e 304, ca. 20% of the base peak) and the base peak at m/e 303 [p-H+, 

assigned to the stable pentamethylrhodlcenlum ton (CsMesRhCsHs)+]. 

Loss of a methyl from the parent was a much less favoured process for 

the exo-lsomer (m/e 289, ca. 24% of the base peak) but was the dominant 
. + 

fragmentation mode for the endo-lsomer (37) to give (CsHsRhCsMe4H) 

(~. Both the molecular ion (10%) and C5MesRhCsHs+ (m/e 303, 15%) 

were of small abundance for the endo-isomer. Further breakdown In 

both cases gave rise to peaks corresponding to CsHsRh+ (m/e 168), 

C3H3Rh+ (m/e 142, very common In the mass spectra of cyclopentadlenyl

metal complexes) and Rh+, and to the characteristic cracking pattern 

observed for pentamethylcyc1opentadiene Itself. The mass spectra of 

both Isomers are therefore dominated by the high stability of the 

positively-charged Rh(lll) 11sanclwich11 complexes. The Isomers differ 

In the way In which they achieve this state, the one by loss of hydrogen 

(the exo-isomer) and the other by loss of methyl {the endo-isomer). 
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Figure IX 

The Mass Spectra of endo-H and exo-H. CsMesHRhCsHs 
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I 

Rh (!!Q_) 

~ 
m/e 289 

+ 

-Q-
Rh (38a) 

~ 
m/e 303 

This difference In lability of an exo C-H bond with respect 

to an endo C-H bond was also well brought out by the reactions of the 

two Isomers. It should be pointed out however that Angelicf and 
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Flscher41 found that reaction of the endo-hydrogen complex (wC 5Hs)Rh(C 5H5Ph) 

+ with oxygen, or H202 in 2NHC1, gave a cation, [(CsH 5)Rh(CsH4Ph)] , In 

which the ~ C-H bond had been cleaved. 

The exo-lsomer was readily oxidlsed by deuterochloroform and 

N-bromosucclnlmlde (NBS) to the pentamethylrhodlcenlum ion (38a). Thus 

a p.m.r. study of a solution of the exo-lsomer In deuterochloroform 

showed that decomposition to [(38a); X • Ct] occurred rapidly, this was 

effectively complete after five hours (at ca. 40°). In addition to the 

growth of resonances due to (i!a)(X • Ct), a small triplet at 4.63 

(J(H-D) l.Ot0.2 Hz) also Increased In Intensity. The latter was due to 



CHDCt2
136 , formed In the reaction: 

exo-H (C 5Hs)Rh(CsMe 5H) 

(Jla) 

+ CDCR. 3 

[(CsHs)Rh(CsMe5)]+CR.- + CHDCR.2 

(38a) 

NBS rapidly reacted with the exo-isomer in a methanol-petrol 

ether mixture, In the presence of ammonium hexafluorophosphate, to 

give (J!a)(X • PF6)• 

exo-H (C 5MesH)Rh(CsHs) 
(».,a) 

+ NBS + PF6 

(C 5Me5 RhC 5H5)+PF6 - + 

(1!a) 

The endo-H complex(~, wht1e decomposing much more rapidly 

61 

In the solid state In atr, was effectively Inert In chloroform solution. 

With NBS, halogen and hydrogen chloride, the endo-isomer gave a mixture 

of pentamethylcyclopentadlenyl- and cyclopentadfenyl-rhodtum halides. 

OWing to the extreme insolubility of the latter and sparing solubility 

of the former, accurate relative amounts of the two products were 

difficult to determine. In one experiment with NBS the product dibromides 

were converted to the corresponding 1,5-cyclooctadiene complexes by 

reaction with 1,5-cyclooctadtene tn ethanol in the presence of sodium 

carbonate. The relative amounts of these soluble Rh(l) complexes were 

estimated by p.m.r. spectroscopy. As the conversion of the dibromtdes, 

(i!) and (!!!), to the 1 ,5-cyclooctadlene complexes, (43a) and (44) 

.respectively, Is believed to be essentially quantitative, the bromides 

(i!.) and {!!!) were produced In the ratio 55:45. 



HCR.,CR.2 
endo-H (CsMesH)Rh(CsHs) __ ,.,. C5H5 RhCR.2 + C5Me 5 RhCR. 2 

(1Z) 

!NBS 

CsHs RhBr2 + CsMe5 RhBr2 
(42) (41) - -

!1,5-cyclooctadlene 

CsHsRh(l,S-COD) + CsMesRh(l ,5-COD) 

(42) (i!_) 

Although reaction of (C 5Me5RhCR. 2 ) 2 (lla) with cyclopentadtene 

In ethanol In the presence of sodium carbonate gave the complex 

(C 5Me5RhC 5Hs)CR. [(J!a); X • CR.] In addition to the endo-tsomer 

C5Me5HRhC 5H5 (~. (l!a) was not an Intermediate In the formation of 

(1l). This was shown by an absence of reaction on prolonged heating 

of (J!a) with sodium carbonate In ethanol at elevated temperatures. 
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It Is reasonable to presume that, by analogy with the reactions of 

(C 5Me 5MCt2)a (.!1) with various dlenes, the kinetically controlled 

product of the cyclopentadlene reaction Is cyclopentadiene(pentamethyl

cyclopentadlenyl)rhodium(l) (~a). The actually observed, thermo

dynamically more stable product, (37), may then arise by lsomerisation 

of (!ia) by an Intramolecular hydride shift. 

H 

~ 
Rh 

~ 
'~·> 

G::J 
I 

Rh---H 

~ 
<¥ 

Rh 

)(~~~ H 
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A similar Intramolecular hydride shift has been postulated to 

explain observations in.the mass spectrum of C6Me6MnC 6H7
137 • Rapid 

equilibria of this type could explain the formation of both cyclopenta

dienyl- and pentamethylcyclopentadtenyl-rhodtum halides from the 

reactions of (JZ) with NBS, Ct2 and HC!. The intermediacy of (38a), 

(CsMesRhCsHs)+Br(Ci)-, cannot however be discounted completely In these 

reactions. 

(b) The Iridium Complex 

The reaction of the Iridium complex (C 5Me 51rCt2)2 (!!b) with 

cyclopentadlene In ethanol In the presence of sodium carbonate was also 

carried out. In contrast, no endo-H Isomer corresponding to 

CsMesHRh(CsH 5) CJZ) was produced. The only product was the pentamethyl

lrldlcenium cation [(i!b); X • Ct], Isolated in crystalline form as the 

hexafluorophosphate salt In 88% yield. 

(CsHeslrCt2 )2 + C5Hs 

(J.lb) 
EtOH 

(C 5MeslrC 5Hs)+X

(38b) 

The chloride, [(38b);X • Ci], was reduced with sodium borohydride - ' 

In a benzene-water mixture. White crystals, analysing for c15H2 1Ir, were 

obtained which resembled exo-H (C 5Me5HRhC 5H5) (~a) in their chemical 

properties. The product reacted with NBS In the presence of hexafluoro

phosphate Ions to regenerate (CsHeslrCsHs)+PF
6

- [(38b); X • PFsl· It 

also reacted rapidly with CDCt 3 {1 hour at 40°) to give [(J!b); X • Ct] 

and CHDC!2 (Identified by Its p.m.r. spectrum, a triplet at T4.68, J(H-D) 

1.0~0.2 Hz). The product showed an Intense band in the Infra-red at 2740 

cm·l assigned to vCH due to an exo-H37; the remainder of the spectrum was 



very similar to that of the exo-H rhodium complex {39a). 

(~b) 

)+ -(C 5Me 5 1rCsHs Ct + NaBH4 

+ 

{39b) 
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H 

The mass spectrum of the white solid showed fairly weak molecular 

ion peaks at 394 (C1sH21 193 tr+) and 392 (C1sH2 1191 1r+) and base peaks at 

m/e 393 and 391 (C1sH2olr+) corresponding to loss of a hydrogen from the 

parent. Loss of a methyl from the parent was not a highly favoured pro

cess (m/e 379, 377; ca. 20%), loss of a second hydrogen was more pro

nounced (m/e 392 and 390; ca. 30%). The two isotopes of iridium allow 

easy Identification of metal-containing fragments. Apart from the Ions 

listed above, there were no significant amounts of such fragments. The 

mass spectrum confirmed that the molecular formula was C1sH21lr and 

Indicated, by comparison with the spectra of the endo-H and exo-H rhodium 

complexes [(37) and (39a) respectively] (Figure IX), that an exo-H was - -
present. 
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However the p.m.r. spectrum (60 MHz, benzene) did not agree with 

that expected for exo-H(CsMesHirCsH 5) (39b). Resonances which could 

reasonably be assigned to this were present at T5.21 (5H, CsHs), 7.75 

(6H, s, Me), 8.82 (6H, s, Meb) and 8.62 (3H, d, J(Me -H) 6.5 Hz). This a c 

data is consistent with that of the rhodium analogue (39a) except that 

the quartet expected for the exo-H coupled to Me could not be detected. c 

In addition to these resonances the following were observed which are 

attributed to CsHslrCsMes (~b) (for clarity, the relative Intensities 

are considered separately to the above); a doublet at T4.37 (lH, H6), a 

double doublet at 5.42 (2H, H), a doublet triplet at 6.72 (lH, H), a a a 

·broad unresolved multiplet at 7.36 (2H, Hb) and a singlet at 8.01 (lSH, 

CsMes). The assignments were supported by decouplfng experiments at 

100 MHz; Irradiation at the resonant frequency of H
8 

reduced the Hb 

resonance to a broad doublet (J(ab) 2.2±0.2 Hz). Decoupling of Hb pro

duced a collapse of Ha to a broad singlet (J(ab) 2±0.2 Hz, J(ab 1
) 

1.4±0.2 Hz) and collapse of H to a doublet (J(aS) 9.5±0.5 Hz). H was a a 

coupled to H6 and H6 was coupled to Hb and Ha (J(bS) ca. 1Hz). 

A comparison of the relative intensities of the resonances 

attributed to the two complexes showed that exo-H C5Me 5HirC 5H5 (39b) 

and C5H6 1rC 5Mes (~b) were formed in the ratio 7:3. 

Unfortunately there Is a lack of detailed p.m.r. data for cyclo-

pentadlene metal complexes. The reported coupling constants agree 

reasonably well with the present values for {4Sb), as do the T values 

for Ha, Hb and Ha. However there Is a serious discrepancy in the H6 
assignment, which has been reported to lie between T6.5-7.5 for some 

CsHs-complexes30,31,138. 



Complex 

+ - a [ CsMe5RhCsH4CiiPh;t] PF c. (32a) 

+ - a [C 5Me 5 1rC 5H4CHPh2 ] PF6 (32b) 

d 
CsMe 5RhC~C4H 7 (34a) 

[CsMesRhC?Hg}+Ct- (33a}b 

+ - b [CsMesRhCsHsl C.t (38a) 

+ - c (CsMe 5RhCsH 5 ] PF6 (38a) 

+ - b [CsMe51rC 5H5 ] CR. (38b) 

+ - b [C 5Me 5 1rC 5H5 ] PF6 (38b} 

TABLE I 

Proton magnetic resonance data for some pentamethylcyclopentadienyl-rhodlum 

and -iridium complexes. 

H Hb H Hd H a c e 

4.24 m 4.72 

4.20 m 4. 76 

6.42 dd 8.36 d 6.04 m 6.72 d 7.12 d 

J(a-Me)6.2 Hz J(Me-a)6.2 Hz J (c-a) II Hz J(d-c)6.6 Hz J (e-c) II Hz 
J (a-c) II Hz J(c-d}6.6 Hz 

J (c-e} II Hz 
J(c-Rh)2.2 Hz 

3.21 t 4.28 dd 5.38 m 8.26 m 

J(a-b)6.0 Hz J (b-e) 7.0 Hz 
J(b-a)6.0 Hz 

~--- / 

c5Me 5 

7.94 s 

7.87 s 

8.27 s 

7.91 s 

7.79 s 

7.87 s 

7.62 s 

7.74 s 

Other 

phenyl 
2.61 

phenyl 
2.62 

CsHs 4.26 d 
J (Rh-H) I .0 Hz 

CsHs 4.51 d 
J(Rh-H)I.O Hl 

CsHs 

CsHs 

4.25 <; 

4.47 <; 

0' 
0' 



Complex 

d 
C5Me 5RhC 10H12 (36) 

a 60 MHz in acetone-ds 

b 60 MHz in CDCt3 

c 60 MHz in CD2Ct2 

d 100 MHz in CDCt3 

H 
a Hb 

TABLE 1 - cont'd. 

H 
c Hd H 

e c 5Mes 

8.32 5 

Other 

CH2 8.35 m 

Cfi 7.43m 

7.84 m 

olefin 6.18 m 

6.48 m 

7.02 m 

7.15 m 

0" 
........ 



5. The Reactions with Cyclooctadlenes 

Preparation and Characterisation of New Complexes 

Both the rhodium and Iridium complexes, {C 5Me 5Mct2 ) 2 (JlY, 

reacted readily with 1,5-cyclooctadfene (1,5-COD) in ethanol In the 
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presence of sodium carbonate to .give crystals of 1,5-cyclooctadtene

(pentamethylcyclopentadlenyl)-rhodlum and -Iridium, {~), respectively. 

As In the other reactions of this type the colourless iridium 

complex (~b) was formed under milder conditions {55-65°, 2-3 hr) than 

the yellow rhodium analogue (~a) (60-70°, 3-4 hr). These air stable, 

readily sublimable M(l) complexes were characterised by analysts and 

p.m.r. and mass spectroscopy. 

In addition to the singlet (lSH) at T8~23 (M • Rh) and 8.13 

(H • lr), due to the pentamethylcyclopentadienyl group, the p.m.r. 

spectra of both (~a) and (~b) showed two broad resonances only, due 

to olefinic (4H, T7.0S and 7.23 respectively) and methylenic (8H, 

T7.94 and 8.12 respectively) protons. 

The mass spectra of both rhodium and Iridium complexes, 1,S

CODHC5Me5 (~,were recorded using a sample Inlet temperature of 80° 

(Ionising beam strength, 80 eV). In agreement with mass spectral data 

for other CsMes complexes studied, the Iridium complex (~b) showed a 

+ base peak corresponding to the molecular ion, while C5Me 5Rh was the 

most abundant lon for (~a). The mass spectrum of the rhodium complex 



(see Appendix) exhibited a molecular ton peak at m/e 346 (76% of the 

base peak). In addition to the lon at m/e 238 (CsMesRh+), major 

fragments were at m/e 331 (p-Me+, 24%), 329 (C 5Me 5Rht,H 7+, 27%), 316 

(CsHesRhCsHs+, 12%), 303 (CsMe5RhC 5Hs+, 7%), 292 (C 5Me5RhC 4Hs+, 6%) 

and 103 (Rh+, 26%). This Is tn fatr agreement with the spectrum of 

CsHsRhCaHu (!!!) reported by Ktng 139 • The iridium complex, in 

addition to very large.molecular ton peaks at m/e 436, 434 (p+, corres

ponding to CleH2, 1931r+ and C8H27 191 1r+ respectively), also showed 

peaks corresponding to p·CH3+ (m/e 421, 419), p-CH5+ (m/e 419, 417), 

p·C2H4+ (m/e 406, 404) and p·CaH7+ (m/e 393, 391). In contrast to 

(~a), no significant peaks corresponding to C5Me5 1r +or lr+ were 

observed and loss of H2 and 2H2 from the parent appeared to be 

favoured processes 139. 

The same complexes (!!a) and (~b) were also obtained wtth 

essentially equal facility from the reactions of (Jla) with 1,3- and 

1,4-COD and the reaction of (Jlb) with 1,3-COD respectively. The 

reaction of (CsHeslrCt2)2 (jlb) with 1,4-cyclooctadiene was not 

Investigated. 

Metal complexes of the chelatlng 1,5-cyclooctadlene are 

extremely common and were also obtained in a number of systems from 

reaction with 1,5- or 1,3·cyclooctadlene4S,ll9 ,l34• The reactions 

of 1,4-cyclooctadlene with metal complexes do not, however, appear 

to have been studied, undoubtably since this Isomer Is not readily 

available. The only fully characterised complexes of 1,3-cyclo

octadtene seems to be 1,3-COD-Iron trtcarbonyl 140 , prepared photo

chemically from Iron pentacarbonyl and 1,3-COD. 
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It was observed that, during the reactions to gtve 1,5-CODMCsMe5 

(~.an Intermediate colour change occurred. This prompted the rein

vestigation of these reactions under milder conditions. Thus (l!a) was 

reacted with 1,3-, 1,4- and 1,5-cyclooctadlenes at 40-45° In ethanol In 

the presence of sodium carbonate. In each case this rapidly led to the 

formation of a stable red complex, Isolated as chloro-n-2-cyclooctenyl-

(pentamethylcyclopentadlenyl)rhodtum(tll) (~a). Ltkewtse the reaction 

of (C 5Me5 ,1 rCR.2) 2 (Jlb) with 1 ,3- or 1 ,5-COD at room temperature led, 

after the appropriate working-up procedure, to Isolation of the trtdtum 

analogue (~b) as stable yellow crystals. 

EtOH 

The complexes, (~a) and (46b), were Identified on the basts of 

their analyses, and tn particular their p.m.r. spectra and further 

reactions (see below). 

The p.m.r. spectrum of the Iridium complex, n-C 8Hl31rCR.(CsMes) 

(~b), (100 MHz, benzene) showed resonances at T5.75 (lH, t, assigned 

to H), 6.43 (2H, four line resonance of relative intensities 1:3:3:1 
a 

due to an overlapping double triplet, assigned to Hb), 7.4 (2H, six or 

* seven line multiplet, assigned to He), 7.9 (2H, bm, assigned to Hd)' 

8.14 (6H, bm, assigned to He, Hf, H
9

, Hh) and 8.55 (lSH, s, C5Me5) • 

• bm • broad multiplet. 
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Decoupllng experiments showed that H was effectively coupled only to a 

Hb (J(ab) 7Hz); Hb was coupled both to Ha and to He and Hd (J(ab) 7Hz, 

J(bc,d) 7.5 Hz). The four line resonance of Hb thus arises, at least 

to the first order, by coupling of Hb equally to He' Hd to give a 

triplet which Is split by coupling to H0 • 

Relative lntensfty 3 3 

The observed pattern of resonances Is only compatible with a 

w-2-cyclooctenyl complex (~ and not with a o,n-3- or -4-cyclooctenyl 

complex (either (!!!) or (!!1)). 

D # 
# 

M 

The p.m.r. spectrum (100 MHz, benzene) of the rhodium complex 

w·CeHuRhC.t(CsMes) (~a) appeared s lmfl ar, but here Ha and Hb resonances 



overlapped to give an unresolved multiplet at T6.21 (3H). Other 

resonances were observed at T7.36 (2H, more than five lines, He), 

7.88 (2H, bm, Hd)' 8.43 (6H, m, He, Hf' H
9

, Hh) and 8.53 (15H, s, 

CsHes). Irradiation at the resonant frequency of Ha/Hb Indicated 
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that He was coupled to one of these, but no coupling constants could 

be determined. w-2-cyclooctenyl complexes of both cobalt(l) 141 and 

rhodlum(l) 142 have been recently reported. The p.m.r. data reported 

for these agree well with the present values and exhibit H as triplets a 

and Hb as four line resonances. 

These w-2-cyclooctenyl compt exes, w-CaH13HCR.{CsHes) (~, 

readily gave effectively quantitative yields of 1,5-CODMC5Me5 (43) 

from reactions In ethanol in the presence of sodium carbonate and 

1,3- or 1,5-COD. It thus appeared that (~ was an intermediate (or 

closely related to an Intermediate) In the formation of the 1,5-COD 

complexes(~) from the dichloro complexes {Jl) and 1,3-, 1,4- or 

1,5-COD. 

A detailed study of these reactions was undertaken, together 

with an analysis of the organic by-products by v.p.c. 

(I) The direct formation of 1,5-CODM(C 5Me5) (~ from the dlchloro

rhodlum (Jla) and -Iridium (Jlb) complexes 

The reactions of (C 5Me5RhCR.2) 2 (J.la) with 1 ,3- and 1 ,5-COD 

In ethanol-base were followed over 3.5 hr at 65°; aliquots were 

removed at Intervals, the mother liquids were analysed by v.p.c. and 

the solid residues analysed by p.m.r. for the complexes (!!a), 

w·CeH13RhCt(CsHes) (~a) and w-1,5-CODRh{CsMes) (~a). The results 

are summarised In Figures X and XI and they confirm that (46a) was 
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Figure X 

Reaction of (CsHesRhCt2)2 with 1,3-COD 

-~----•·--•'-----•-1 ,3-COD 

L-----~.:~·====·~==~·====~·=:::;:::::~=:=;Cyc1ooctene 
2 3 4 

Time (hr) + 

(a) Ca -hydrocarbons in the mother liquids. 

./ 
a__.- 1 ,5-CODRhC 5Me 5 

2 3 

Time (hr) + 

(b) Solid residues. 
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Figure XI 

Reaction of (Csf'te 5RhC.t2) 2 wl th 1 ,s-coo 

--.~e-- 1 ,5-COD 

-e- 1 ,3-COD 

-··- Cyc 1 ooc tene 

---·--.... .., ---·w- ---------·--
2 3 4 

Time (hr) + 

(a) Ca - hydrocarbons in the mother 1 fqufds. 

1,5-CODRhC5Me5 

2 3 4 

Time (hr) + 

(b) Solid residues. 



Indeed an intermediate in the formation of the 1,5-COD-complex (43a) 

from the dlchloro-complex (!!a). The results also Indicate that 

w-CaH13RhCt(CsHes) (~a) was formed somewhat faster from 1,3-COD and 

(lla) while 1,5-COD reacted somewhat faster with (46a) to give 1,5-

CODRh(CsHes) (43a). Acetaldehyde and acetal, which were not present ---
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in any signiflcan~ amounts in the ethanol used, were detected in all 

but the first (time • 0 min.) aliquots. The relative amounts of these 

could not be meaningfully assessed and probably depend on the effective 

pH of the reaction. It was also observed that while no isomerisatlon 

of uncomplexed 1,3-COD occurred, an appreciable amount of free 1,3-COD 

was formed during the 1,5-COD reaction; a small amount of cyclooctene 

was detected In both cases. 

The reactions of (C 5He 5RhCt2) 2 with 1,3-, 1,4- and 1,5-COD to 

give the complex 1,5-CODRh(C 5Mes) (43a) were carried out a number of 

times. In each case the volatile products were analysed after comple

tion of reaction (some results are presented In Table 2). Both 1 ,S

and 1,4-COD were lsomerlsed to uncomplexed 1,3-COD, the extent of 

lsomerlsatlon being dependent on the relative amounts of (C 5MesRhCt2) 2 

and diene taken. From reactions with 1,3-COD, however, no isomertsed, 

free dlene was ever detected. Cyclooctene, acetal and acetaldehyde 

were invariably by-products from these reactions. 

Similarly, no lsomerlsatton of uncomplexed 1,3-COD was ever 

observed during the reactions of this with (C 5He5 1rCt2 ) 2 (!lb) to give 

l,S-CODir(C 5Hes) (itb). Although some isomerlsation of 1,5- to 1,3-

COD occurred during the formation of (43b) from 1,5-COD and (l!b), the 

amount was much less than In the corresponding rhodium reaction; 



cyclooctene and acetaldehyde and/or acetal were again produced In all 

reactions. The results are presented In Table 2. 

(II) The formation of the complexes, w-CaHlsMCt(C 5Mes) (46) 
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In the formation of w-C 8H13MCt(C 5Me5) (M • Rh and lr), the only 

significant constituents of the. volatile mixture, apart from starting 

COD, were acetaldehyde and acetal (Table 2). In other words, negligible 

lsomerlsatlon of the free COD used was observed and only the complexed 

dlene was lsomerlsed (that Is, for 1,4- and 1,5-COD). This result is 

also apparent from Figure XI which Indicates that isomerisatlon of 1,5-

to 1,3-COD only occurred after the formation of the cyclooctenyl complex 

(~a). 

(Ill) The formation of 1,5-CODRh(CsMes) (~a) from w-C 8 HiaRhCt(C 5Mes) 

(46a) -
Experiments In which w-CaHlaRhCt(C 5Me5) (46a) was reacted with 

1,5-COD In ethanol In the presence of sodium carbonate showed that lso-

merlsatlon of 1,5- to 1,3-COD occurred (Table 3), the extent of which 

depended on the relative amounts of (~a) and 1,5-COD taken. Again 

cyclooctene and acetaldehyde and/or acetal were formed. 

(tv) The reactions of 1,5-CODM(CsMes) (~with 1,5-COD 

Both the rhodium, (~a), and Iridium, (~b), complexes were 

reacted with 1,5-COD in ethanol In the presence of sodium carbonate. 

After 3 days at 75° the rhodium complex (43a) lsomerised 1,5-COD to 

ca. 5% 1,3- and 5% 1,4-COD; In addition, 15% cyclooctene was obtained 

and dlethylacetal was detected. Similarly the iridium complex (43b) 

lsomerlsed 1,5-COD to ca. 10% 1,3- and 20% 1 ,4-COD at 70° after 3 days, 
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In addition giving 20% cyclooctene and some acetal. The complexes 

1,5-CODH(C5He5) (~were quantitatively recovered after each reaction. 

(v) Decomposition of the cyclooctenyl complexes, w-C 8H 13MCt(C 5Me5)(~ 

Experiments were carried out In which the cyclooctenyl complexes, 

(~a) and (~b), were heated in vacuo and in various solvents In the 

presence and absence of base. The results are presented fn Tables 3 

(H • Rh) and 4 (H • lr). 

The reactions of the Iridium complex, w-C 8H13 1rCt(C5Me 5) (46b), 

were clearer and more easily interpreted. In vacuo or in solution in 

the absence of base a reaction, which Is virtually a dfsproportfonatfon, 

occurred, 

2C 5Me5 1r(C8Hla)C1 + CsHe5 1r(l,S-COD) + ~(CsMeslrC12)2 + C8H14 

(!!§_b) (!!i_b) (Qb) 

Only trace amounts of 1,3-COD were formed. 

In ethanol In the presence of base (triethylamine or sodium 

carbonate) an essentially quantitative reaction involving loss of HCt 

from (!!2_b) took place, 

CsHeslr(CaHla)Ct + Base + 

(~b) 

CsMeslr(l,S-COD) 

(~b) 

Base HCt was Isolated when base was Et3N. 

+ Base•HC! 

In benzene In the presenc~ of triethylamine, an intermediate 

behaviour was observed. The complex (1,5-COD) lr(C 5Mes) (i!b) was 

obtained In greater yield than from the benzene-only reaction but in 

smaller yield than from the ethanol-base reactions. Both cyclooctene 
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and triethylamine hydrochloride were formed. 

The reactions of w-CeHl3RhCt(CsMes) (46a) were more complex, 

appreciable amounts of 1,3-COD being formed In addition to cyclooctene • 

. In vacuo or In ethanollc solution (In the absence of base and 

presence 2r absence of COD), w-CeHl3RhCt(CsMes) decomposed In a similar 

way to the Iridium analogue to give effectively equlmolar amounts of 

(CsMesRhCt2) 2 (J!a) and w-1,5-CODRh(C 5He5) (~a), together with cyclo

octene, In a dlsproportlonatlon reaction. However, even in the solid 

state reaction a little 1,3-COD was formed. 

Cyclooctene was also the major organic product when 

w-CeH13RhCt(CsMes) (~a) was decomposed In ethanolfc solutions In the 

presence of base and absence of COD. When 1,4- or 1,5-COD was present, 

however, 1,3-COD became the major by-product, as previously described; 

more 1,3-COD than cyclooctene was also formed from the reactions of 

w-CeH13RhCt(C5Mes) In petroleum ether or benzene solution (In the 

presence or absence of triethylamine). 

(CsMesRhCt2)a (Jla) was formed In addition to 1,5-CODRh(C5Mes) 

(~a) In all of these reactions except those in which ~-c 8Hl3RhCt(CsMe5 ) 

(~a) was decomposed in ethanollc solution in the presence of sodium 

carbonate. When this was carried out in the presence of COD then 1,5-

CODRh(CsMes) (!!a) was the only complex formed. However in the absence 

of COD, a very soluble purple material was obtained in addition to (43a). 

Attempts to crystallise this purple complex failed; it had an empirical 

formula CsHesRh (~ and showed a single p.m.r. peak due to methyl 

protons at ~8.17 (60 MHz, CDCt3). This material was also formed as a 

minor product In the reaction using triethylamine as base. A different, 
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uncharacterlsed, polymeric (7) material also resulted when the decom

position of w-CaHlsRhCt(CsMes) (~a) was carried out fn petroleum ether. 

(vi) The reactions of (CsMesRhCt,)a (J1a) and w-CeHlaRhCt(CsMes) (~a) 

with cyclooctene 

Experiments were carried out to determine whether the 1,3-COD 

produced In these reactions might arise by reaction of cyclooctene with 

(CsMesRhCt2)2, w-CaHlsRhCt(CsMes) or 1,5-CODRh(CsMes). Thus cyclooctene, 

freed from cyclooctadlenes by preparative v.p.c., was heated with 

(C 5Me5RhCt2) 2 (Jla) and w-C8HlsRhCt(C5Me5) (~a) (2:1 and 1:1 mole 

ratios, respectively) in ethanol In the presence of sodium carbonate. 

The cyclooctene was quantitatively recovered fn each case after reactions 

at 65° for 4 hr. 

The reactions of the triphenylphosphine complexes CsMesMCt 2 PPha (~ 

with 1,3- and 1,5-COD 

The complexes, C5MesMCt2PPhs [(~a), M • Rh; (~b), M • lr], 

were also reacted with 1,3- and 1,5-COD In ethanol in the presence of 

sodium carbonate. These gave the 1,5-COD complexes 1,5-CaH12M(CsMes) 

(~ in good yield only after prolonged reaction at 60° (ca. 12 hr for 

the rhodium complex, ca. 24 hr for the Iridium analogue). On Inter

rupting the Iridium reaction before completion, the hydrido-complex, 

CsMeslrHCtPPhs (~,was detected from Its characteristic double 

doublet at T8.42. 

Deuteratlon Studies 

The rhodium complex, (C 5Me5RhCt2) 2 (Jla), was reacted with both 

1,3- and 1,5-COD In ethano1-d6 in presence of anhydrous sodium carbonate 

to give the monodeuterated complex w-c 8H12DRhCt(C 5Me 5) •. The sample from 



the 1,3-COD reaction was heated In vacuo and the product was shown to 

contain ca. 80% 1 ,S-C8HuDRh(C 5Me 5) and 20% 1 ,S-C 8H12Rh(C 5Me 5) (43a) 

by mass spectroscopy. The two samples of w-CsH1 2DRhCt(CsMe5) were 
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also each reacted with both 1,3- and 1,5-COD in ethanol-do In the 

presence of sodium carbonate and the resulting samples of 1,5-CODRh(C5Me5) 

were analysed for deuterium content in the same way. The complex 

w·CsH12DRhC~(CsMes) from 1,5-COD, when reacted with 1 ,5-COD, gave 25% 

w-1,5-CsHllDRh(CsMes) and, with 1,3-COD, gave 35% w-l,S-CaHllDRh(CsMe5); 

while w·CaH12DRhC1(CsMes) from 1,3-COD, when reacted with 1,5- and 1,3-

COD gave 30% and 35% of 1,S-C8H11 DRh(C 5Me5), respectively. A through 

reaction In which (CsMesRhC12) 2 was heated with 1,3-COD in ethanol-ds 

In the presence of anhydrous sodium carbonate at 65°, gave 55% 1,5-

CsHllDRh(CsMes). In none of these reactions was there significant 

incorporation of two or more deuterium atoms per molecule nor was any 

deuterium incorporated In the C5Me5 ring. It was not possible to 

locate the actual position(s) of the deuterium atom in the 1,5-COD 

11 gand. 

The percentage of l,S-C8H11DRh(C5Me5) In these products was 

determined from the molecular ion (p +) abundances of 1 ,S-C 8H11 DRh (C 5Mes) 

(m/e 347) and l,S-CaH12Rh(CsMes) (m/e 346). For this, a method of 

successive approximation had to be employed since the p + 1 peak of 
' 

the latter contributes to the at)undance of the former and the p - 1 

peak of the former contributes to the abundance of the latter. The 

abundance ratio (p-1)/p for the complex, 1,S-C8H12 Rh(C 5Me 5), was 

obtained from the mass spectrum of an authentic sample of this run 

Immediately after that of a partially deuterated product so that, as 

nearly as possible, similar conditions were operative in both cases. 
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TABLE 2 

Reactions of (CsHesHC.ta)a (!!) with Cyclooctadfenes In Ethanol In 

the Presence of Sodium Carbonate to give w-C 8Hl3MC1(C 5Mes) (~ 

or 1,5-CODHCsHes (~ 

StartIng Complex Conditions Product Products in Mother Lfquorsa 
COD Reactant (mmole) 1 ,5-coo 1 ,4-coo 1,3-COD CaH13 

(mmo1e) (mmo1e) (mmo1e) 

1,5- (13a) {43a) 
( 1 .63) W.5o) 65°/3.5 hr (0.95) 0.17 0 0.29 0.08 
(0.45) (0. 17) 65°/3.5 hr (0 .32) 0 0 0.06 0.02 

1,3- (~) (43a) 
(2.08) (0. 8) 65°/3.5 hr C<r.B5) 0 0 0.85 0.08 
(0.44) (0. 17) 65°/3.5 hr (0. 33) 0 0 0.06 0.02 

1,4-b ( 13a) (43a) 
(0.52) C0.07) 55°/5 hr (0.14) trace 0. 17 0.06 0.02 

1,5- (.!lb) (43b) 
<o .so> (0.125) 68°/2.5 hr (0.24) 0. 19 0 0.02 0.03 

1,3- (13b) (43b) 
tracec (0.80) (0":"125) 6o•/s.s hr (0.26) 0 0 0.5 

1,5- ( 13a) (46a) 
( 1.63) <o."49) 40°/3 hr (0.93) 0.7 0 trace trace 

1,4-b (13a) (46a) 
(0 .24) (0":'"08) 45°/2 hr ('0:'"15) trace 0.07 0.01 trace 

1 ,3- (13a) (46a) 
(2.01) (0":'"5) 40°/3 hr (T:"o) trace 0 1.0 0.02 

1,5- (13b) (46b) 
(0.81) ('67065) 20°/1.5 hr ('0:'"10) 0.63 0 trace 0 

1,3- (13b) (46b) 
(0.90) (0":'"25) 20°/2 hr (MO) 0 0 0.4 trace 

a Acetaldehyde and/or acetal was detected in all of these reactions. 
b The sample of 1,4-COD was shewn, by analytical v.p.c., to contain ca. 8% 

1,3-COD. 
c Observed but not estimated quantitatively. 
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TABLE 3 

The reaction CsMesRh(CsHls)Ct (~a) + C5MesRhC 8H12 (43a) 

(46a) Conditions (43a) Other Products 
ninOle mmo1e (mmole) 

0.23 In vacuo/110°/8 hr 0.11 (13a)(0.06); C8H14+ 1,3-COD 
(li:J) 

o. 17 C6Hs/8o•/8 hr 0.08 (13a)(0.043); CaH1 4(0.032) 
+1,3-COD (0 .OS) 

0.18 C6Hs/Et N(0.17 mmole)/80°/ 0.09 (13a)(o.o48); c8H14 (0.027) 
8 hr +l,3-COD(0.06) 

I 

0.13 C6H6/py(0.14 mmo1e)/80°/6 hr 0.06 C5Me5RhCt2py(0.06) 

0.20 petroleum ether/90°/3.5 hr 0.06 (13a) + unknown polymer 
CSH14(0.06} + 1,3-COD(O.lO) 

0.24 petroleum ether/EtsN(0.29 0.06 (13a) + unknown polymer 
mmole)/90°/3.5 hr CBH14(0.065) + 1,3-COD(0.12) 

+ 1 ,5-COD(O.Ol) 

0.13 Et0H/1,5-COD(0.82 mmole)/ 0.06 (13a) (0.06); 1 ,5-COD(O.S) 
70°/9 hr +1,3-COD(trace)b + CaH14 

(trace)b 

0.45 EtOH/Na2COs/65°/9 hr 0.24 (C 5Me~Rh) (SO) (0.19); 
C8H14 o·.o~)+ 1 ,3-COD(0.03); 
ac. 

0.13 Et0H/Et 3N(0.15 mmole)/73°/ 0.09 (13a) (0.02); (50) (0.02) 
13 hr Et3NHCt(0.12);-c8H14(0.02) 

+ 1,3-COD(O.OOS); ac. 

0.20 Et0H/Na~C0 3/t,5-COD(0.33 0.18 1,5-COD(O.lO) + 1,3-COD(0.14) 
mmole)/ o•1s hr + CaH1 4(0.03); ac. 

ac. acetaldehyde and/or acetal. 

b. observed but not estimated quantitatively. 
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TABLE 4 

(46b) Cond f ti ons (43b) Other Products 
nmole mmole (mmo 1 e) 

0. 11 fn vacuo/95°/5.5 hr 0.064 (llb) (0.026) + CaH 14 

0~22 CsHs/80°/19 hr p. 11 (13b)(0.05) + CfH14(0.09) 
+-1 ,3-COO(trace 

0. 10 CsHs/Et3N(0.11 mmole)/75°/ 0.085 (13b) (0.015) + CaH14? 
18 hr +Et3NHCi 

0. 11 EtOH/Na2C0 3/65°/4.5 hr 0. 11 CaHltt(trace) 

0. 11 EtOH/Et3N(0.11 
24 hr 

mmole)/60°/ 0. 11 Et3NHCR. 
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The results described above can be summarised: 

(I) The dlchloro-complexes, (CsHe5HCt2) 2 (1]9 (H • Rh, lr), reacted 

with cyclooctadlenes to give 1,5-CODRh(C5He5) (~ via the intermediacy 

of the cyclooctenyl complexes, w-C 8Hl 3HCt(C 5He5) (~. 

(II) The Iridium complex, w-CsHlalrCt(CsHes), decomposed relatively 

simply to'give 1,5-CODir{CsHe5) alone or a mixture of this and 

(CsHeslrCt2) 2 ; cyclooctene was the only significant by-product. 

(Ill) The rhodium complex, w-CsHlaRhCt(C 5Hes) (46a), decomposed to 

give 1,5-CODRh(CsHes) alone only In ethanol-base in the presence of 

cyclooctadlene; 1,3-COD was the major by-product and cyclooctene a 

minor one. In the absence of COD, ethano11c solutions of (46a) gave 

1,5-CODRh{CsHes) together with (CsHesRhCt2)2 or (C 5HesRh).n (base present); 

here cyclooctene was the major organic product and 1,3-COD the minor one. 

Similar results were obtained when w-C 8H13RhCt(CsHe5 ) was heated alone In 

vacuum. In non-ethanolic solution In the absence of COD, ~-CaHiaRhCt

{CsHes) decomposed to give 1,5-CODRh(CsHes) and (CsMesRhCt2)2; more 

1,3-COD than cyclooctene was formed. Base had only a minor effect on 

these latter reactions. 

(lv) The complexes, 1,5-CODH(CsHe5) (~ (H • Rh, lr), catalysed the 

lsomerisatlon of 1,5-COD to 1,3- and 1,4-COD In a very slow reaction, 

cyclooctene was the major product here. The low rate of this excludes 

it as a possible mechanism for the formation of 1,3-COD and cyclooctene 

In the above reactions. Also 1,4-COD was never detected from any of 

the other reactions described here. 



In this last respect the results are rather intriguing since 

other authors have observed 1,4-COD during the lsomerisation of 1,5-

to 1,3-COD on metal catalysts. 118 For example, Nicholson and Shaw 
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reported that the 1,4-COD Isomer was formed during the rhodium tri

chloride catalysed lsomerlsatlon of 1,5- to 1,3-COD. Their experiment 

was repeated as a check on the ability of our analytical method to 

detect 1,4-coo. It was found that when 1,5-COD was reacted with 
I 

RhC.t3•3H20 In ethanol at 63° for 30 minutes, giving (1,5-CODRhCt) 2 , 

the composition of the uncomplexed dlene was 1,3- (81%)', 1,4- (7%) 

and 1,5- (12%). This lsomerlsatlon process is thus much faster than 

with (CsHesRhC.t2)2 (Jla). 

A further possibility for 1,4-COD not being detected during 

reactions described here was that, under the conditions used, any 1,4-

COD formed was rapidly lsomerised to the thermodynamically most stable 

1,3-COD Isomer. However the observation that much 1,4-COD was 

recovered after reactions with (C 5He5RhCt2)2 to give either 

w·CaH13RhC.t(CsHes) or 1,5-CODRh(CsHes) Implies that this isomer, if 

formed, should have had a sufficient life-time for detection. 

In order to explain the reactions observed here, three distinct 

processes must be considered. These are, the formation of 

w-CaHl3MC.t(CsHes), the decomposition of thts to 1,5-CODM(CsMes) and the 

slow lsomertsatlon of 1,5-COD by 1,5-CODM(C 5He5). 

The Formation of the w·Cyclooctenyl Complexes w-C 6H13MCt(C 5He5 ) (~ 

By analogy with the reactions of (C 5MesMC.t 2) 2 with some other 

o1eflns In ethanol-base, described previously, it Is reasonable to 

suppose that the Initial step In the formation of w-C 8H1 3HC.t(C5Mes) 
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was the generation of the active hydrldlc species, c5HesHHCt(s) (2!). 

Starting from 1,3-COD complex formation merely Involves the coordination of 

the olefin to this followed by hydrogen migration onto the dlene. This can 

be regarded as a 1,2- or 1,4- addition of H-H and In either case, the 

resulting a-2-cyclooctenyl complex can then rearrange to the w-2-

cyclooctenyl complex, w·CeH13HCt(CsMes) (~ (Scheme 1, m • CsMesHCt). 

Evl dence for thIs comes from the detect I on of acetaldehyde and the 

deuteratlon studies. In particular, although it was not practicable 

to analyse the deuterium content of (~a) derived from 1,3-COD in 

ethanol-d6, the complex 1,5-CODRh(CsHes), obtained from heating this 

In vacuo, was some 80% monocleuterated. 

In order for the w-2-cyclooctenyl complexes w-C8H13HCt(C 5He5) 

to arise from both 1,4- and 1,5-COD, hydrogen shifts must occur. The 

simplest explanation Involves a series of 1,2-hydrogen migrations 

us lng the model of Cramer111 ' 112 • In thIs (Scheme 1), the coordInation 

of the diene Is followed by hydrogen migration to give the en-yl com

plexes (steps d (or f), g). These species can then re-form m-H without 

loss of complexed dlene; this is necessary since the results Indicated 

that tsomerlsatlon of uncomplexed dlene did not occur. This reversible 

addition of m-H Is repeated until the thermodynamically most stable 

w-2-cyclooctenyl complex, w·CeH13HCt(C 5Hes), fs attained. This scheme 

assumes that the hydrogen migration reactions b, c, d, f and g are 

fast by comparison with steps -a, -e and -h. 

Alternatively, a 1,4-hydrlde shift may be Invoked~ This has 

the advantage that possible eliminations to give 1,4-COD would be 

minimised. This fs of particular significance In the decomposition 
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reactions of CsMesRh(CaHla)Ct (below). Examination of models, assuming 

normal bond angles and bond lengths, shows that In one strain-free con

formation, the a-4-cyclooctenyl ligand has a hydrogen at c6 In close 

proximity to the metal. A simple reversible metal-assisted hydrogen 

transfer may then be envisaged as leading to the a-2-cyclooctenyl ligand. 

> 
c 

Both 1,3- and 1,5- transannular shifts are known In cyclooctane 

chemistry and· 1,4-shlfts are also probable; the subject has recently been 

reviewed by Cope et a1. 143 Here, a 1,4-shlft in a cyclooctene derivative 

Is suggested and there does not appear to be a suitable system for com

parison. 

The Decomposition of the w-Cyclooctenyl Complexes, w-C 8H13MCR.(C 5 Me5 ) (46) 

The formation of the complexes, 1,5-CODM(C5Mes), from the decom

position of the w-2-cyclooctenyl complexes, w-C 8Hl 3MCR.(C 5Mes), also 

Involves hydrogen shifts probably leading to the a-4-cyclooctenyl com

plexes (!!!). Either 1,2- (Scheme 1) or 1,4- transannular-hydrogen 

migrations may again be Invoked with restrictions on the former to allow 

for the experimental observation that no free 1,4-COD or 1,5-COD was ever 

formed. Here, these restrictions are that the hydrogen migration steps 

-b, -c, -d, -f and -g are rapid compared to the elimination steps -e and 

-h. 

The overall reaction of (CsMesMCt2) 2 with 1,3-COD to give the 
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complexes 1,5-CODM(CsHes) via the Intermediacy of w-CaH 1 3MCt(C 5Mes) 

(~ Is fairly straight fo~ard on the above scheme. However the 

Intermediacy of(~ In the corresponding overall reaction with 1,5-

COD Is somewhat surprising and leads to a mechanistic problem. This 

Is that the most direct route to the final product is via steps h 

and I (Scheme 1); formation of the observed w-2-cyclooctenyl complex 

requires a series of 1,2-shlfts (or a 1,4-shift) while subsequent 

formation of 1,5-CODM(CsHes) Involves a reversal of these. This may 

be reconciled by proposing a potential energy curve such as Is 

Illustrated In Figure XII for the reaction of m-H with 1,3-COD. 

Similar curves may· be drawn for the reactions of m-H with 1,4- or 

1,5-COD (to give, Initially, a-4-c8H13MCt(C 5Me5) (~) In both cases). 

+ 
Energy 

Figure XII 

Reaction Coordinate ~ 
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Tbe reactions of cyclooctadlenes with m-H In ethanol-base under 

mild conditions leads to (~. At higher temperatures and longer 

reaction times, further reaction of (~ to give (43) via (49) can 

occur. The rate-determining step Is thus the dehydrochlorination of 

a-4-CeH13HC1(CsMes) to give 1,5-CODM(CsHes). 



The results from the decomposition of the Iridium complex, 

w-CeH131rCL(CsHes) (46b), may be rationalised on a fairly simple -
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reaction scheme. The complex (~b) lsomerlses to the a-4-cyclooctenyl 

complex (~b) followed by reductive elimination of HCL to give 1,5-

CODir(CsMes) (Scheme 1, step I, m • CsHe5 1rCL(S)). In the presence 

of added base, the HCL Is removed and l,S-CODir{CsHes) Is obtained 

In nearly quantitative yield (together with Base•HCL when base Is 

Et3N). Othe~lse w-CaH131rCL(CsHes) Itself acts as base In that It 

reacts with HCL to give cyclooctene and (CsHeslrCt2 )2 (llb). 

CsH•51r(CeH13)Ct + C5He51r(l,S-COD) + HC& 

CsMeslr(CeH13)CL + HCL + %{CsHeslrC&2 )2 + CaH14 

It has been shown that w-CeH13HCt(C 5He5) does Indeed react 

readtly with HC.t to give (.!.J.). 

The decompositions of the rhodium complex, w-C 8H13RhC&(C 5He5) 

(~a), were more complex and It is not clear that a definitive 

mechanism can be suggested yet; 1,3-COD was a significant by-product 

In addition to cyclooctene. 

The results of Table 3 may be divided into three groups: 

{a) Decomposition In vacuo, In benzene or petroleum ether with or 

without base, and In ethanol without base. The products here are 

both the l,S-COD complex (!!a) and (C 5He5RhCt2) 2 (Jla), and varying 

pr~ortlons of 1,3-COD and cyclooctene. The observation that no 

Et3NHCt was formed during the decomposition of w-C8Hl 3RhC&{CsHes) 

{~a) In benzene or petroleum ether, In the presence of Et3N, suggests 

that the reductive elimination of HCt described above Is not a favoured 
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reaction under these conditions. The results of the decomposition of 

(~a) In vacuo and In ethanol may of course be partially explained by 

a mechanism such as that proposed above, for the iridium complex, 

w-CaH131rCt(CsMes). However a possible common route for these rhodium 

reactions, which also accounts for the appreciable amounts of 1 ,3-COD 

formed, Is the following. The complex w-C8Hl 3RhCt(C 5Mes) (~a) may 

disproportionate to a w,a-bls(cyclooctenyl) complex (53) and 
: . -
(CsMesRhC£2) 2 (lla) followed by decomposition of (~ In one of two 

ways, giving either 1 ,S-CODRh(CsMes) (~a) and cyclooctene or (~a), 

1,3-COD and hydrogen, by Intramolecular processes. There Is no 

evidence for the evolution of hydrogen and It could well be scavenged 

from the system. In this connection It Is pertinent to note that In 

benzene or petroleum ether where trace Impurities (oxygen or other 

unsaturated hydrocarbons) are more likely to be present, the relative 

amount of 1,3-COD Is far higher than In reactions In vacuo. Base Is 

expected to have no effect on this reaction, In agreement with the 

results. 

2CsMesRh(CaH13)Ct + %(CsMesRhCt2)2 

t!!!.a) (J1a) 

<a> -+ c5Me5Rh(t.s-coo) + c8H1a. 

(!!J,a) 

or (&) --. c5Me5 Rb(.t,s-coo) + 1 ,3-COD + H2 

(!!J,a) 



A dlsproportlonatlon, though not In this direction, has been 

observed for a very similar system by Powell and Shaw144 • 

(b) Decomposition In ethanol In the presence of base and (c) decom

position tn ethanol In the presence of base and free COD. 

In the presence of COD the reaction proceeds to give (~a) 
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only, together with tsomerlsatton of COD (when COD • 1,4- or 1,5-Jsomer) 

to 1 ,3-COD. Cyclooctene, which Is also formed here, Is the major by

product from decomposition In the absence of COD. The observed isomer

lsatlon of COD means that considerable exchange of free and complexed 

dlene must occur and thts Is borne out by the deuteration studies. It 

Is necessary to assume that the w-2-cyclooctenyl complex w-CeH13RhCt(C 5Mes) 

(~a) can transform In two directions either to give (~) (and subsequently 

($ia)) or(~ (Scheme 2), but since 1,3-COD does not form a stable 

complex, exchange occurs. The alternatives are readily understood in 

terms of the potential energy diagram of Figure XII. The differences 

In behaviour of the rhodium (~a) and iridium (46b) complexes, 

w·CeH13MCt(tsMe5), may then be reconciled by assuming that the trans

formation (46b) t (49b) Is more highly favoured by the iridium complex. - -
Possible routes to explain the exchange reactions are summarised In 

Scheme 2. 

A 1,4-hydrlde shift again minimises the possibility of obtaining 

1,4-COD. However a series of 1,2-shlfts (Scheme 1) to explain these 

results Is by no means ruled out, as long as the reverse reaction -e Is 

very slow by comparison with all others. 

Reductive elimination of HCt at some stage Is supported by the 

Isolation of Et 3NHCL from the decomposition of w-CeH13RhCt(CsMes) (~a) 



m-o~· I : 
CR. 

Ot6a) -
' ~-o 

CR. 
(52) -

>. 

Scheme 2 (m • c sMesRh) 

tn ethanol In the presence of Et3N. 
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+ 

(,!!a) 

The cyclooctene formed In these reactions can-arise In a number 

of ways. These Include the reaction of liberated HCR. with 

w·CeH13RhCR.(CsMes) (!!!.a) and the dlsproporttonatlon reaction of (!,tia) 
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outlined previously. However one possibility which fs Indicated by 

the detection of acetaldehyde (or acetal) and the deuteratlon studies, 

Is the replacement of chloride with ethoxtde and subsequent formation 

of a hydrldlc species (54). Further support for thfs solvent partlcl--
patton Is the observation that, tn ethanol In the absence of COD, 

cyclooctene Is the major by-product whereas In non-protonic solvents 
I 

(benzene and petroleum 'ether) 1,3-COD Is the major by-product. 

m(CeHls)Ct t OEt- ! m(CeH13)0Et 

t+ -cH 3CHO 

m(C 8H13) H (2!!) 

+ 
m + CeHla. 

In the absence of free COD, CsMe5Rh (• m) was fn fact isolated 

(~; In the presence of free COD it may react to give 1,5-CODRh(CsMe5). 

The slow reaction of the 1,5-COD complexes, 1,5-CODM{CsMes) 

(~,with 1,5-COD to give cyclooctene as well as 1,4- and 1,3-COD is 

not believed to be significantly involved In the other reactions 

described here. An Important by-product from both these reactions in 

ethanol In the presence of sodium carbonate was dfethylacetal. This 

points to the Intermediacy of a metal hydride, in this case possibly 

an anionic hydride of M(l) formed according to 

I 
C5Me5M (1,5-COD) + EtOH + 

A species of this type will now be able to take part In reactions 
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I 
sueh as are depleted In Scheme 1 (m • CsHesH H). The detection of 

1,4-COD supports the stepwise processes Involving 1,2-hydrogen shifts. 

The scheme proposed by Taylm and Ballar116 for the tsomerlsatfon of 

1,5-COD using a platinum-hydride catalyst Is similar to this. 

The eatalytte eyele may be ended, with liberation of cyclooctene, 

~y reaction with ethanol. 

[CsHesHCaH13]- + EtOH + 1,5-COD 

_ _._ C5He5H(l ,5-COD) + C8H14 + OEt 

The faster rate of tsomertsatlon of 1,5-COD with 11RhCR. 3 •3H 2011 

118 . 
observed by Nicholson and Shaw and eonffrmed here, as well as the 

observation of 1,4-COD in this process, can be understood If it is 

assumed that CsHesRhH•Ct•(COD) is more stable with respect to dissociation 

to CsHe5RhHCt + COD than the corresponding species from the 11RhCR. 3 •3H2011 

reaction. 

6. The Reactions of the Dlmerlc Dlch1oropentamethylcyclopentadleny1-

rhodlum and -iridium complexes (~ with Cyclohexadtenes. 

Preparation and Characterisation of New Complexes 

The rhodium complex, (Jla), was reacted with 1,3-cyclohexadiene 

(1,3-CHD) (45-ss•, 3-4 hr) in ethanol In the presence of sodium carbonate. 

This readily gave, after the appropriate working-up procedure, good yields 

(70-80%) of yellow, somewhat air-sensitive, crystals of n-1,3-cyclo

hexadlene(pentamethylcyclopentadlenyl)rhodlum(J) (2aa). The iridium 

analogue, (~b), was Isolated from a similar reaction under milder 

conditions (35•, 3-4 hr) as air-sensitive colourless crystals. The 

products (iZ,a) and (iZ,b) were both readily sublimable In vacuum and 



this was the most effective isolation technique owing to their air 

sens It I v·lty. 

The complexes were characterised by analysis and p.m.r. and 

mass spectroscopy. 

The p.m.r. spectrum of the iridium complex, (2ib), {100 MHz, 

benzene) exhibited a double doublet at TS.36 (2H, assigned to H ) , a 

an unresolved multiplet at 7.14 (2H, assigned to Hb), a singlet at 

95 

8.04 (15H, C5Me5) and a broad, unresolved assymmetric two-band 

resonance at 8.48 (4H, assigned to He, Hd). These assignments are In 

fairly good agreement with those given in the literature for other 

w-1,3-cyclohexadlene complexes46 •134• Decoupllng experiments showed 

that Ha was effectively coupled only to Hb (J)ab) 4.2 Hz, J(ab') 1.9 

Hz) and that while Hb was coupled to Ha and He' Hd, there was only a 

slight sharpening of the resonances of He and Hd on irradiation at 

the resonant frequency of Hb. 

The p.m.r. spectrum of the rhodium complex, (2ia), was very 

similar except that H was now observed as a complex multiplet, due 
a 

to coupling with 103Rh (I • %). Resonances were observed at TS.47 (2H, 

m, assigned to H
8
), 7.17 (2H, bm, assigned to Hb), 8.07 (lSH, s, C5Me 5) 

and 8.52 {4H, bm, assigned to He, Hd). Decoupling again showed that 

H
8 

was coupled only to Hb and that coupling between Hb and He, Hd was 
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sma 11. 

The mass spectra of the complexes (Inlet temperature 30°C, 

Ionising beam 80 eV) were also of ln~erest. For the rhodium complex, 

the spectrum (see Appendix) showed a molecular Jon peak at m/e 318 

(31% of the base peak). The base peak was at m/e 238 (CsMesRh+) and 

there were few Ions having an abundance of greater than 5% of this. 

These were the molecular ion peak at m/e 318 and those fragments at 

m/e 316 [16%, (p-H2)+], 303 [12%, (p-Me)+), 181 [5%, (C 6HsRh)+], 158 

[13%, (p-H2)2+] and 103 (8%, Rh+). In addition there were low 

abundance Ions from the normal fragmentation of the 11C5Me 5
11 ring at 

m/e 121, 119, liS, 105 and 103. Two very significant and interesting 

fragments were those at m/e 316 and 158. A metastable peak was 
. + + 

observed at m/e ~314 corresponding to the transition p ~ p - H2 + H2 • 

The ton of m/e 316 Is thought to be (CsMe5RhCsH 6)+ which would not be 

expected, on normal chemical grounds, to be a very stable cation since 

the +2 oxidation state is not common for rhodium. However the fragment 

of m/e 158, assigned to (CsMesRhCsHs) 2+, is a complex of Rh(l II) which 

obeys the Inert gas formalism and Is expected to be very stable. This 

may be Indicative of a correlation between stability of Ions In the 

gaseous and solution/solid phases. Attempts to Isolate salts of such 

a cation using the hydride abstractors NBS and trtphenylmethyl chloride 

In the presence of PF6- were unsuccessful however. 

The mass spectrum of the Iridium analogue (iab) was basically 

quite similar, however, for this the molecular tons were the base peaks, 

In common with other CsMeslr'(dtene) complexes studied (m/e 406, 408 

for C16H2s193 lr+ and C1sH2s 191 lr+ respectively). The formation of 



CsHeslr+ (m/e 326, 328) was again an Important fragmentation as was 

loss of •CHs and H2 from the parent (p-He+, m/e 391, 393; p-H+, m/e 

404, 406). Also large peaks at m/e 203 and 202 [(C5Me51rC6H6)2+] 

were observed. 

Surprisingly, no taw frequency vCH bands due to exo-hydrogens 

were observed In the Infra-red spectra of (2ia) and (aab). 
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The Identical complexes, 1,3-C6H8HC 5Me5 (iia) and (~b), were 

obtained In similar yields from reactions of (Jla) and (l1b) res

pectively with 1,4-cyctohexadlene (1,4-CHD) under effectively the 

same conditions. The lsomerlsatlon Involved in these reactions 

prompted an Investigation of the cyctohexadiene reactions in detail, 

particularly to establish which organic products were formed. The 

results are presented In Tables 5 and 6 and in Figure XIII. 

Metal ~omplexes of 1,3-CHD are fairly common. These include 

1,3-cyclohexadlene(cyclopentadlenyl) complexes of -cobalt145 and 

-rhodium134 and the halogeno- complexes (1,3-CHDRhC£) 2 and (1,3-CHD)21rCt46 • 

Arnet and Petlt146 observed that 1,3-cyclohexadieneiron trlcarbonyl 

could be prepared from both 1,3- and 1,4-CHD. No complexes of 1,4-CHD 

are known. 

The rhodium complex, (CsMesRhC£2) 2 (Jla), was reacted with an 

excess of 1,3-CHD In ethanol In the presence of sodium carbonate. 

The volatile materials were distilled off Into liquid nitrogen-cool~d 

traps In vacuum and quantitatively analysed by v.p.c. using two 

columns. The complex, 1,3-CHDRhCsHes (SSa), was Isolated in the ..... 
normal way. The volatile materials obtained from a series of reactions 

of this type were found, apart from ethanol, to consist mainly of 
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benzene and cyclohexene In approximately equal amounts. Acetaldehyde 

and small amounts of 1,3-CHD were Invariably also detected; cyclo

hexane and 1,4-CHD were never found (Table 5). It was also shown 

that the degree of disproportlonatlon of 1,3-CHD to benzene and 

cyclohexene was a function of the time for which the reaction was run. 

The reaction of (Jla) with 1,4-CHD under very similar conditions 

gave, apart from (~a), a volatile mixture which comprised ethanol, 

acetaldehyde, 1,4-CHD, 1,3-CHD and again cyclohexene and benzene 

(Table S). 

A typical reaction of (CsMesRhCR.2) 2 (Jla) wf th 1 ,4-CHD was 

followed by removing allquots at regular intervals and analysing the 

volatile components by v.p.c. and the soltd residues by p.m.r. spectro

scopy. The results are summarised In Figure XIII. It was observed 

that 1,4-CHD was Immediately and rapidly fsomerised to 1,3-CHD under 

these reaction conditions and that formation of 1,3-CHDRhCsMes did 

not occur until an appreciable amount of 1,3-CHD had been produced. 

Further, the dlsproportlonatlon reaction did not become significant 

until the formation of the complex was almost complete. It appeared 

then that the complex, 1,3-CHDRhCsMes Ciaa), was the active catalyst 

for the dlsproportlonatfon. 

In order to test the latter Inference a number of reactions 

were run In which (1aa) was heated with cyclohexadlenes under various 

conditions. In each case the complex was purified by sublimation 

Immediately before use. The results of these studies are summarised 

In Table 6; these clearly show that the complex (iaa) was Indeed a 

very active catalyst for the dlsproportlonatfon of 1,3-CHD to benzene 
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and cyclohexene but that ethanol and base were necessary co-catalysts. 

However 1,4-CHD underwent dtsproportlonatton much more slowly and 

probably by prior isomerfsatlon to 1,3-CHD. In each case, for ethanollc 

reac tt ons, traces of aceta 1 dehyde were also detected. When he a ted w i th 

ethanollc sodlum·carbonate alone, the rhodium complex (~a) was recovered 

In better than 78* yield. No metal, but an unidentified polymeric(?) 

material and ca. S* of both cyclohexene and benzene were obtained. 

The reaction of the iridium complex, (C5He51rCt2) 2 , with both 

1,3- and 1,4-CHD was also studied in detail, but under milder conditions 

(35°C/4 hr). Analysts of the uncomplexed c6 hydrocarbons from the 

reaction with 1,3-CHD showed that no tsomertsation and very little dts

proportlonatlon occurred at this temperature. However the reaction with 

1,4-CHD showed that considerable tsomerlsatton of free 1,4- to 1,3-CHD 

had occurred, again with little disproportionation at this temperature; 

the latter became more appreciable at 75• /6 hr. Again it appeared 

that dtsproportlonatlon occurred only after tsomertsation. Acetaldehyde 

was invariably a by-product of these reactions. 

The Iridium complex, 1,3-CHDirC5Hes (~b), was also heated with 

a fivefold excess of both 1 ,3- and 1 ,4-CHD in ethanol in the presence 

of sodium carbonate at so• for 21 hr. In both cases the solid and 

liquid reactants were recovered unchanged; neither fsomerlsatlon nor 

dlsproportlonatlon of cyclohexadlenes occurred. This also shows that 

ethanol and sodium carbonate alone do not catalyse the disproportionatlon 

reaction. 

In an attempt to hydrogenate other cyclic dienes, the rhodium 

complex, 1,3-CHDRhCsMes (!ia), was heated with two-fold excesses of 

Mr:MASTER UNIV!:.~Sil y Llt;rtAHI 



both 1,3- and 1,5-cyclooctadlenes at 6o 0 for 2.5 hr In ethanol In the 

presence of sodium carbonate. In the ·ftrst case the reactants were 

largely recovered although 12t of the 1,5-cyclooctadlene(pentamethyl

cyc lopentadienyt) rhodium( I) (!!J_a) and some eye looctene was obtained 

together with traces of 1,3-CHD, cyclooctene and benzene. In the 

reaction with 1,5-cyclooctadlene, extensive exchange of complexed 

dtene led to Isolation of ca. SOt of 1,5-CODRhCsHes (~a) together 

with liberation of appreciable amounts of 1,3-CHD; 1,3- and 1,4-

cyclooctadlenes were also detected together with some cyclooctene 

and a trace of cyclohexene. 
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The results of the reactions outlined above reveal the following 

main features. 

(I) The 1,3-CHD complexes (~were formed with effectively equal ease 

from both 1,3- and 1,4-CHD. 

(II) 1,3-CHD was never lsomerised to give 1,4-CHD In any of these 

reactions. 

(ttl) 1,4-CHD was lsomertsed during reactions with (C 5He5RhCt2) 2 (Jla) 

to give both free and complexed 1,3-CHD. Since the 1,3-CHD-rhodlum 

complex (iaa) was seen to be relatively Inactive for this fsomerfsatfon, 

It must have occurred during formation of 1,3-CHDRhC5He5 (55a). In fact 

a substantial amount of 1,3-CHD had to be formed before formation of 

(2ia). Presumably a similar consideration holds for the Iridium 

reactions where this tsomerlsatlon appeared to be faster. 

(tv) During the reactions of both 1,3-CHD and 1,4-CHD with (C 5He5RhCt 2) 2 

(Jla) the dlsproportlonatlon products, cyclohexene and benzene, were 

formed. For 1,3-CHD this dlsproportlonatton was shown to be catalysed 
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by the 1,3-CHD-rhodlum complex (~a), with both ethanol and base acting 

as co-catalysts. The dlsproportlonatlon products from 1,4-CHD were 

formed by prior lsomerlsatlon to 1,3-CHD. However a small degree of 

dlsproportlonatlon during formation of (.22) cannot be ruled out, 

particularly for the Iridium complex, (SSb), which was itself inactive -
for both disproportion and isomerisation reactions under the conditions 

used here. 

The predominant rhodium reactions may be represented: 

EtOH 

----·· X Na2C03 
cs~~esRV + y-xO 
EtOH I Na2co3 

x csHesRhct2 +YO· x csH•s~+. O + !y-x-•>0 
EtOH I Na2co 3 

In view of the above it seems reasonable to separate the Isomer-

isatlon and complex formation from the disproportionatlon reaction. 
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TABLE 5 

Reactions of (CsMesHCt2) 2 (~ with Cyc1ohexadtenes 

In Ethanol In the Presence of Sodium Carbonate 

to give 1,3-CHOHCsH~s <w 
Starting Complex Conditions Product Products in Mother Ltquors8 

CHD Reactant (mmo1e) 1 ,3-CHD 1,4-CHD C5H1o CGHs 
(mmo1e~ (mmo1e~ (mmo1e) 

1,3- (Jla) (Ha) 
(1.44) (0.24) 48°/5.5 hr (0 .36) 0.08 0 0.40 0.44 

1,4- (.!la) (SSa) -(0. 72) (0 .12) 47°/4 hr (0. 16) 0.02 0.32 0.06 0.06 

1,3- (J.lb) (21,b) 

(1.44) (0.24) 35./J.s hr (0 .40) 0.84 0 0.04 0.04 

1,4- (.!lb) (.22,b) 

(0. 72) (0.12) 35°/3.5 hr (0. 16) 0. 18 0.24 0.02 0.02 

8Acetaldehyde and/or acetal was detected t n a 11 of these. 



TABLE 6 

lsomerlsatfon and Dfsproportlonatfon of Cyclohexadfenes 

Catalysed by 1,3-CGHaRhCsHes (~a) 

Volume % 
Dfene Condf tfons <&a) recovered C6H10 C6H6 1,3-CHD 1,4-CHD 

% 

1,3-Cyclohexadfene Et0H/Na2C03/55°/5 hr 85 45 45 trace 0 

EtOH/55°/4 hr 85 16 16 70 0 

n-hexane/Et3N/66°/6.5 hr 96 0 0 100 0 

n-hexane/66°/6.5 hr 100 0 0 100 0 

THF/65°/21 hr 95 6 6 90 0 

1,4-Cyclohexadiene EtOH/Na2C03/60°/4 hr 85 6 6 11 63 

none EtOH/Na2C03/60°/J hr 78 4 4 0 0 

acetaldehyde 

trace 

trace 

trace 

trace 

0 
~ 



The Mechanism of the Formation of the Complexes (~ and Concomitant 

lsomertsatlon of Free 1,4-CHD to Free 1,3-CHD 

104a 

By analogy with the reactions of (CsHe5HCt2) 2 (~ with other 

olefins In etha~ol In the presence of base, It seems likely that the 

Initial step here Is the formation of a reactive hydrtdo-species (2.!) 

(CsHesHCt2)2 + EtOH 
(Jj) 

base 
--~· CsHesHHCt(S) + CH 3CHO + HCt 

(51) -
where (S) may be solvent or an olefinic double bond. The detection of 

acetaldehyde Is In agreement with this hypothesis. By comparison with 

the reactions of (Jj) with cyclooctadlenes, when an Intermediate n-2-

cyclooctenyl complex {~ was Isolated, It Is expected that this hydride 

would react with cyclohe~dlene to give an Intermediate n-en-yl complex: 

chloro w-2-cyclohexenyl(pentamethylcyclopentadlenyl)-rhodlum or -Iridium, 

(~. 

However, no such Intermediate was observed In these reactions. 

This may be due to (~ being formed In undetectable concentrations 

or not being formed at all. The results represented In Figure XIII 

show that there was no detectable change In the concentration of 

(CsHesRhCt2)2 (l!a) over the first 40 min. of reaction despite the 

occurrence of a substantial amount of lsomerlsatlon of 1,4- to 1,3-

CHD. Since n-2-cyclohexenyl complexes are known for other 
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147-149 metals, e.g., palladium • (~ Is probably not formed here. A 

small concen~ratlon of hydride Is probably formed which is the effective 

catalyst for lsomerlsatlon. 

As Figure XIII shows, the concentration of 1,3-CHD, ca. 60% of 

that of (CsMesRhCt2) • was appreciable before complex formation occurred. 

This would appear to Indicate that while lsomerlsatlon and exchange are 

rapid processes there Is a rate-determining step prior to complex forma-

tlon. The most reasonable explanation Is that one of the hydrido-species, 

(57) or (51) (Scheme 3). undergoes Joss of HCt in a slow step to give - -
1.3-CHDMC5He5 (&} or an active 11C5Me5M11 (22.}; the latter may then react 

wl th free 1.3-CHD to give (ll,). 

/Ct 
m.;.... H 

-HCt(base)i~ 
slow ·CgJ 

m-o 
(&) 

0 

Scheme 3 (m • CsHesH) 



The Mechanism of the Dlsproportlonatlon of 1,3-CHD 

The results Indicate that only 1,3-CHD Is dlsproportionated 

during these reactions and that the complex 1,3-CHDRhC5Me 5 (2fa) Is 

the most active catalyst for this. 
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It has long been recognised that dlsproporttonatlons of this 

type occur on solid noble metal cata1ysts 150 •151 • Since decomposition 

of (ifa) did not lead to precipitation of metal during these above 

reactions, a similar heterogeneous rhodium-metal catalysed reaction 

Is not operative here. Lyons 152 has recently reported the homogeneously 

catalysed dlsproportlonatlon of 1,4-CHD (but not 1,3-CHD) to benzene 

and cyclohexane. Of the soluble lr(l) and I r(lll) complexes used, 

(PhsP)21r(CO)hallde was by far the most active but required much more 

vigorous conditions than were employed here (80°, 90-180 hr). 

A possible mechanism for dlsproportlonatlon Is the direct 

transfer of two hydrogens from complexed to uncomplexed (or loosely 

complexed) 1,3-CHD. 

C5He5Rh ~ C 5Me5Rh~ 

c5He5Rho+ 0 - c5MesRV 
The facile loss of H2 observed In the mass spectrum of (~. 

lends support for such a mechanism. However, the results of the 

various studies on the dlsproportlonatton reaction (Table 6) clearly 

Indicate that both ethanol and base are essential co-catalysts; this 



Is Incompatible with the above mechanism. The detection of trace 

amounts of acetaldehyde In the ethanol reactions again points to the 

Intermediacy of a rhodium-hydride species. 

While there Is no conclusive evidence, the most reasonable 

mechanism Involves an anionic hydrldlc species (2!,). This Is similar 

to the scheme proposed for the 1,5-cyclooctadlene decomposition to 

cyclooctene and 1,3- and 1,4-cyclooctadlenes by (~. 

CsflesRh!(J + Eto" .- CsflesRh
1D 
'OEt 
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The following series of reactions (m • C5He5Rh-) may then occur. 

tO 
1,3-CHD 

& - m-o 
H 6 

-c 6H, T +1 ,3-CHD +1 ,3-CHD 1 -CsHlo 

m:D ...,.._ &-q 0 I H 

In this scheme two c, rings are coordinated to the metal and a 

series of (metal assisted) hydride transfers from one ring to another 
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occurs. No hydrogenation of cyclohexene was observed, probably because 

It Is too weakly complexed and Is displaced rapidly on formation by 1,3-

CHD. No appreciable reduction of the 1,3-CHD to cyclohexene (other 

than by dlsproportlonatlon) was observed and this Is readily rationalised 

by supposing that the various hydride transfers are rapid compared to 

formation of the hydrldlc species (58). Thus only a small fraction of -
the complex (SSa) will actually be Involved as a catalyst for the dis--
proportlo~atlon. 

1,4-CHD underwent lsomerlsatlon and dlsproportionatlon with (SSa) 

under these conditions but very much more slowly. It Is likely that 

this non-conjugat~d dlene only complexes very weakly to the metal. The 

Iridium complex, 1,3-CHDirCsHes (iab), did not catalyse these reactions 

under the same conditions but there was some evidence that lsomerlsatton 

and dlsproportlonatlon did occur at higher temperatures (75°). 
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D. Summary and Conclusions 

The pentamethy1cyc1opentadleny1 -rhodium and -Iridium chlorides 

have been shown to be useful probes for the Investigation of the 

mechanisms of a number of reactions Involving dl- and trl-enes. 

These reactions were carried out In ethanol In the presence of 

base and Involve the Intermediacy of a metal hydride species. With 

butadiene, cycloheptatrlene,dlphenylfulvene and cyclooctadlenes, 

CsHe5RhC~(C~H7), (C5Her5HC 7H9)+, (C 5He5HC 5H~CHPh2)+ and C5He5HCR.(C 8H13) 

were formed respectively. With norbornadlene and dlcyclopentadtene, 

(CsHesRhCR.a)a gave CsHesRhC7He and CsHesRhC1oH12• complexes of rhodium( I). 

Complexes of both rhodlum(l) and frldtum(l), CsHesH(1,3-C6He) and 

CsHesH(l,S-CaHla), were also obtained from (CsHesHCR.2) 2 and cyclohexa

dlenes and cyclooctadienes. The (CsHesHCt2h complexes reacted with 

cyclopentadlene to give (CsHesHC 5H5)+; In addition the endo-H isomer of 

CsHesHRhCsHs was also formed In the .rhcqlum reactions. Both cations 

(CsHesHC 5Hs)+ reacted with borohydrlde to give the exo-H C5He5HHC 5H5 

complexes; in the Iridium reaction C5He5 JrC5H6 was also formed. The 

decomposition of all these cyc1opentadlene complexes have been studied. 

The formation of CsHesH(l,S-CaHl 2) was shown to proceed via the 

,..-2-cyclooctenyl complexes C5He5HCR.(C8H13). During this latter reaction, 

lsomerlsatlon of l,S- and 1.4-CaHla to 1,3-CaHl2 occurred; some cyclo

octene was also formed. The complexes, CsHesH(l,S-CeHl2), were catalysts 

for the slow lsomerlsatlon of 1,5- to 1,3-CeHl2 ; both 1,4-COD and cyclo-

octene were also formed. 

The formation of CsHesH(1,3-C6He) was accompanied by lsomerfsation 

of 1,4-C&Ha to 1,3-C&Ha. The complex, CsHesRh(1,3-C6Ha), was a catalyst 



for the dfsproportlonatton of 1,3-C6He to benzene and cyclohexene. 

This reaction was co-catalysed by ethanol and base. 
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Mechanisms for these various reactions are proposed: it fs 

concluded that hydridic intermediates are involved in the complexation, 

lsomerisatlon and disproporttonation reactions. The actual processes 

Involved are very complex and small changes, either in conditions or 

olefin or metal, appear to cause significant changes in products and 

mechanism. In general:, h011ever, the reactions of the rhodium and 

iridium complexes were very similar, differences presumably reflect 

d f ffer i ng rates and stab I 1 i ty constants. 

Mass spectra of many of these complexes and of some others, 

largely tetramethylcyclobutadlene-metal complexes, prepared by Dr. Bruce, 

have been determined; tentative interpretations are suggested. This tool 

is potentially of great use In determining structures of organometallic 

complexes but care must be exercised in drawing conclusions on the basis 

of this evidence alone. 
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Melting-points: These were determined using a Thomas Hoover capillary 

melting-point apparatus and are uncorrected. 

Molecular weight measurements: These were obtained mass spectroscopically, 

except where indicated. 

Infra-red spectra: These were recorded as potassium bromide discs, or In 

benzene or chloroform solution, on a Beckman IRS and a Perkin Elmer 337 

grating spectrophotometer. 

Nuclear magnetic resonance spectra: These were run on Varian A60, T60 and 

HAlOO spectrometers using tetramethylsllane (TMS) as internal reference. 

All decoupling experiments were carried out on the HAlOO instrument. 

Mass spectra: These were taken on a Hitachi-Perkin Elmer RMU-6A spectro

meter. The organometallic complexes were introduced by means of a sample 

injection probe at the minimum temperature which gave adequate vapour 

pressure. 

Vapour phase chromatography: Analyses were performed with a Varian Aero

graph 2048 instrument, preparations with a Varian Aerograph A90-P3 

instrument. 20% Carbowax 20M on 60/70 Chromosorb W analytical (9'611 x1/811
) 

and preparative (lO'xl/411
) columns were constructed using stainless steel 

tubing. 

Solvents: Reagent grade solvents were used. Petroleum ether refers to 

the fraction collected over the range 30-60° , the ranges of higher 

boiling fractions used are indicated where appropriate. For reactions 

studied by v.p.c., spectroscopically pure solvents were used. 

Reagents: 1(1-chloroethyl) (pentamethy1cyclopentadiene) was prepared as 

described by Paquette and Krow122 and by Criegee and GrUner 123. 
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All oleflns used In the preparation of new complexes were distilled 

before use. The purity of the cyclooctadienes and cyclohexadienes used 

were checked; where necessary·they were purified by v.p.c •• All these ole-

fins were stored under nitrogen In the cold. 1,4-Cyclooctadlene was pre

pared using the method of Craig et a1} 53 , final purification being by 

preparative v.p.c. on a carbowax column. The product was analysed by 

v.p.c. and found to be better than 86% pure, approximately 8% of 1,3-

cyclooctadtene being present. The p.m.r. spectrum in deuterochloroform 

showed resonances at T4.5 (4H,m), 7.22 (2H,m), 7.72 (4H,m) and 8.52 (2H,m) 

and agreed with that recently reported by Moon and Ganz154. 

RhCt 3 •3H20 and lrCt 3 •5H20 were commercial samples supplied by 

Johnson, Matthey and Mallory. 

Experimental Technique: In experiments In which the products were analysed 

by v.p.c., the volumes of solvent and of olefin were accurately measured 

out. On completion of the reaction, all solvent and volatile products were 

distilled from the reaction flask at 10-2 mm into liquid nitrogen-cooled 

traps. All the metal complexes remained behind. The contents of the traps 

were analysed by v.p.c •• A known volume of solution was injected into the 

chromatograph; the peaks obtained were compared with authentic samples, 

both to Identify the material in question and to estimate its concentration. 

All reactions were carried out under an atmosphere of nitrogen, 

dried by concentrated sulphuric acid and anhydrous silica gel. 

DICHLOROPENTAHETHYLCYCLOPENTADIENYLRHODIUH DIHER (Jla) 

Reaction of hexamethyldewarbenzene with RhCi 3 •3H20 in methanol 

A mixture of RhCt 3 •3H20 (4 g.) and hexamethyldewarbenzene (HMDB, 

1.0 g.) in methanol (100 ml.) was refluxed, with stirring, under nitrogen 
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for 17 hr. The reaction mixture was filtered while hot and the solid 

washed, first with a little methanol then thoroughly with ether to 

remove hexamethylbenzene. The solvent was removed from the filtrate 

under vacuum giving a deep red oil. A little acetone was added, the 

solution was cooled In solid C02-acetone and filtered to give additional 

solid which was washed with methanol and ether. The combined solids 
' 

were recrystallized from chloroform-benzene to give 4.10 g. (87%, based 

on RhCt3•3H20) of (CsMesRhCt2}2 as dark red crystals, m.p. >230°. 

The complex was soluble in chloroform, moderately soluble In 

methanol, ethanol, methylene chloride and tetrahydrofuran, but insoluble 

in carbon tetrachloride and hydrocarbons. 

This experiment was repeated many times on different scales to 

determine the volatile products, and the reactions were run both in 

sealed systems and. under a solid C0 2-acetone condenser. In the former, 

the seals were broken in the inlet system of the mass spectrometer; in 

the latter, the volatile products were distilled off into a liquid 

nitrogen-cooled trap, in vacuo, at completion of the reaction and analysed 

by v.p.c. The.mass spectroscopic and analytical v.p.c. studies led to the 

identification of one major component only, dimethylacetal, and two minor 

components, methyl chloride and dimethyl ether. These two minor compon-

ents were also Identified as products from the reaction of RhCt3•3H 20 

with methanol In the absence of HMDB. The dimethylacetal was isolated 

by preparative v.p.c.; Its p.m.r. and mass spectra were Identical to 

those of an authentic sample of dimethylacetal. 

The distillate from a reaction in which 2.03 g. RhCt 3 •3H 20, 3 g. 

HMDB and 20 ml. of methanol were reacted for 24 hr., was analysed quanti-



114 

tatlvely for the acetal by v.p.c. The distillate was found to contain 

between 40 and 50 ~t. dlmethylacetal per ml. methanol compared to an 

expected value of 40 ~1/ml. 

Reaction of RhCi3•3H20 with Hexamethyldewarbenzene in Water 

RhCt 3 •3H20 (500 mg.) and HMDB (1 g.) were added to 15 ml of 

water in a flask equipped with a nitrogen inlet and a reflux condenser. 

The outlet of the condenser was connected to two liquid nitrogen-cooled 

traps to avoid loss of any highly volatile products. A stream of 

nitrogen was passed through the reaction mixture which was heated to 

75° for 10 hr. On completion of the reaction, the outlet of the system 

was closed and the traps allowed to warm to room temperature. The outlet 

was then connected via a liquid nitrogen-cooled trap to the vacuum line 

and the first few ml. of liquid which distilled Into the trap collected 

for v.p.c. analysis. 

The solvent was removed from the reaction mixture under reduced 

pressure. The oily residue was extracted with chloroform and the extracts 

dried over anhydrous sodium sulfate. The solvent was removed and the 

residue washed with ether, to remove hexamethylbenzene. Recrystallization 

of the residue from chloroform-benzene gave 96 mg. (16%) of (C 5MesRhCt2)2 

as dark red crystals. 

V.p.c. analysis of the distillate collected showed the only signi

ficant product to be acetaldehyde. This was confirmed by measurement of 

the p.m.r. and mass spectrum of the material. 

Reaction of RhCta•3H 20 with 1-(1-chloroethyl)pentamethylcyclopentadlene 

In methanol 

A mixture of RhCt3 •3H20 (1.485 g.) and 1-(1-chloroethyl)penta-
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methylcyclopentadlene (941 mg.) In 20 ml. of methanol was stirred under 

nitrogen at 60° for 23 hr. The reaction mixture was worked up as des

cribed above to give 1.523 mg. (88%) of (CsMesRhCt2)2 (13a). 

Quantitative v.p.c. analysis of the methanol distillate showed 

approximately 25 )JR.. dlmethylacetal per ml. methanol compared with an 

expected value of 30 lJR../ml. 

Reaction of RhCt 3•3H 2 0 with 1-(1-chloroethyl)pentamethylcyclopentadlene 

in water 

Hydrogen chloride gas was passed through a solution of HMDB (1 .5 

g.) in 25 ml. of methylene chloride for 1 hr. The solution was stirred 

at room temperature for a further 5 hr. when the solvent was removed 

under reduced pressure affording a brown liquid, crude l-(1-chloroethyl)

pentamethylcyclopentadiene. A mixture of this together with RhCt3•3H 20 

(1 g.) in 20 ml. of water was stirred under nitrogen at 85° for 11 hr. 

with liquid nitrogen-cooled traps connected to the outlet of the apparatus 

as described above. Two ml. of distillate were collected, at completion 

of the reaction, for v.p.c. analysis. 

The reaction mixture was worked up as above to give 296 mg. (25%) 

of (C 5Me5RhCt2) 2 (!Ia). 

The aqueous distillate was analysed by v.p.c. The major product 

was Isolated by preparative v.p.c. using a collector Immersed In solid 

C02-acetone. The p.m.r. spectrum of this material showed It to be 

acetaldehyde. 

DICHLOROPENTAMETHVLCVCLOPENTADIENVLIRID!UM DIMER (.!.lb) 

Reaction of lrCR.a•5H 2 0 with 1-(1-chloroethyl)pentamethylcyclopentadlene 

In methanol 
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A mixture of lrCi3•SH20 {380 mg.) and l-{1-chloroethyl)penta

methylcyclopentadfene (SOO mg.) In methanol {10 ml.) was refluxed under 

nitrogen for 13 hr. The volatile products were collected by distillation 

into a liquid nitrogen-cooled trap In vacuo. The remaining solid was 

washed with methanol and ether and recrystallized from chloroform-benzene 

to give 243 mg. (62%) of orange crystals of (C 5Me 5 1rCt2) 2 (llb), m.p. 

>230°. 

Dfmethylacetal was detected in the methanol distillate by analy

t I ca 1 v • p • c •• 

Chlorohydrldotrlphenylphosphinepentamethylcyclopentadienylirldium (I I I) 

(30) 

Dlchlorotriphenylphosphfnepentamethylcyclopentadienylfridium {28b) 

was obtained in 84% yield from a reaction of (C 5Me5 1rCt2 ) 2 (llb) (157 mg., 

0.197 mmole) with triphenylphosphine (155 mg., 0.592 mmole) in ethanol. 

(f) C5Me 5 JrCt2PPh 3 (100 mg., 0.151 mmole) was added to a stirred 

solution of sodium carbonate (25 mg., 0.236 mmole) in 2 ml. of dlsti 11ed 

water and 4 ml. of ethanol. The mixture was heated to 45° under nitrogen 

for 21 hr. The yellow precipitate was collected, washed with a little 

ethanol and much water and dried in vacuo over phosphorus pentoxlde. 

This gave 82 mg. (0. 131 mmole, 87%) of fine yellow needles of C5Me 5 1rHCi(PPh 3) 

which showed a strong band (vir-H) at 2090 cm-1, m.p. 223-228° {decamp., 

10-2 nm). 

Analysis. Found: C, 53.31; H, 5.39; Ci, 5.47; P, 4.81%. Calculated for 

C2aH3 1CtlrP: C, 53.70; H, 4.99; Ci, 5.66; P, 4.95%. 

It was stable to afr in the solid, moderately stable in ethanol 

but decomposed fn benzene (slowly), chloroform and methanol and was there-
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fore difficult to recrystallize. 

In deuterochloroform the complex showed the p.m.r. spectrum 

reported In the results section. When the solution was allowed to stand 

for one day at room temperature It was observed that the characteristic 

peaks of (~) disappeared with replacement by those of C5Me 5 lrCt2 PPh3 

(28b). In addition a triplet appeared at T4.76 (J(H-D) ca. 1.0 Hz) due 

to CHDCt2. 

(tt) CsMeslrCR.2PPh3 (150 mg., 0.227 mmole) was also reacted 

with anhydrous sodium carbonate (100 mg.) in 10 ml. of absolute ethanol 

at 50° under nitrogen for 60 hr. The reaction mixture was filtered to 

give 51 mg. (0.082 mmole, 36%) of CsMeslrHCtPPh3 (30). The filtrate was 

taken to dryness and the yellow residue washed with water and vacuum 

dried to give a further 86 mg. (0.137 mmole, 60%) of crude product (30}. 

(ttl) A suspension of CsMeslrCt2PPh3 (28b) (100 mg., 0.151 mmole) 

tn 5 ml. of absolute ethanol was reacted with triethylamine (24 ~t., 

0.171 mmole) at 60° under nitrogen for three days. The reaction mixture 

was filtered and the pale orange precipitate washed with ether giving 

recovery of 30 mg. (0.045 mmole) of C5Me5 1rCR.2PPh 3. The filtrate was 

taken to dryness, the pale orange residue extracted In deuterochloroform 

and its p.m.r. spectrum recorded. This showed the presence of triethyl

amine hydrochloride {ca. 15 mg., 0.11 mmole), CsMe5 lrCt2PPh3 (ca. 13 mg., 

0.020 mmole) and C5Me 51rHCR.PPh3 (ca. 42 mg., 44%). 

Ch1orodeuteridotripheny1phosphinepentamethy1cyclopentadtenyllridlum (I I I) 

(1!) 

A suspension of C5MeslrCR.2PPh3 (50 mg., 0.075 mmole) was reacted 

with anhydrous sodium carbonate (12 mg., 0.113 mmole) In 0.5 ml. of 
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deuterium oxide and 1 ml. of ethanol-d6 at 45° under nitrogen for 4.5 hr. 

The reaction mixture was worked up, as In the corresponding reaction above, 

to yield 44.4 mg. (0.071 mmole, 94%) of C5Me 5 1rDCtPPh 3 (Jj) as pale yellow 

crystals, vlr-D at 1500 cm-1. 

Chlorohydridotrlphenylphosphinepentamethylcyc1opentadleny1rhodlum(ll I) 

All attempts to prepare this complex by the methods given above 

afforded dark brown decomposition products which were not characterised. 

Chloro{l-methallyl)pentamethylcyclopentadlenylrhodlum(ll I) (34) 

u-Dich1orobls(ch1oropentamethy1cyclopentadlenylrhodlum) (!la) 

{200 mg., 0.32 mmole) and anhydrous sodium carbonate (220 mg.) in absolute 

ethanol {25 ml.) were stirred at room temperature while butadiene was 

passed in a slow stream through the suspension. After 5 hr. the orange 

solution was filtered and the solvent removed under reduced pressure to 

leave an orange solid. This was recrystallized from benzene-petroleum 

ether (b.p. 80-100°) to give chloro(1-metha11yl)pentamethy1cyclopenta

dlenylrhodlum (~) {222 mg., 0.68 mmole, 89%) as orange needles, m.p. 

133-135° {decomp.). The analytical sample was sublimed at 110°/10- 3 mm. 

Analysis. Found: C, 51.34; H, 6.49; Ct, 10.70%; mol. wt. 328, 330. 

Calculated for C14H22CtRh: C, 51.29; H, 6.40; Ct, 10.84%; mol. wt. 328, 

330. 

Solutions of this In methanol or ethanol together with anhydrous 

sodium carbonate were refluxed, both with and without the passage of buta

diene, for periods of up to 1 day. In each case the complex (~) was 

recovered unchanged. 

~-3,5-Cycloheptadienyl(pentamethylcyclopentadienyl)rhodlum chloride and 



hexafluorophosphate (33a) 

A mixture of (CsMesRhCt2) 2 (243 mg., 0.40 mmole), anhydrous 

sodium carbonate (250 mg.) and cycloheptatrtene (500 mg., 5.4 mmole) 
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in 40 ml. absolute ethanol was refluxed, with stirring, under nitrogen 

for 2.5 hr. The yellow solution was filtered, the solvent removed in 

vacuo and the residue was washed with a little ether to leave a yellow 

solid. Recrystallization from methylene chloride-petroleum ether (b.p. 

80-100°) afforded 236 mg. (0.64 mmole, 77%) of yellow crystals ((33a), 

X • Ct), m.p. 186-189° (decomp.). 

Analysis. Found: C, 55.52; H. 6.56; Ct, 9.59%. Calculated for 

C17H24CtRh: C, 55.67; H, 6.60; Ct, 9.67%. 

(C 5Me 5RhCt2) 2 (304 mg., 0.49 mmole) was reacted with cyclohepta

trlene (600 mg., 6.3 mmole) as above to give a crude sample of 

[(w-C?Hg)Rh(CsMes)]Ct. This was extracted in 5 m1. water and treated 

with ammonium hexafluorophosphate to give w-3,5-cycloheptadlenyl(penta

methylcyclopentadlenyl)rhodium hexafluorophosphate, as bright yellow 

needles, after crystallization from chloroform-benzene, m.p. >260°. 

Analysis. Found: C, 42.94; H, 4.97%. Calculated for C17H24F5PRh: 

C, 42.88; H. 5.04%. 

w-3,5-Cycloheptadienyl{pentamethylcyclopentadienyl) iridium hexafluoro

phospha te {~b) 

This salt was obtained In virtually quantitative yield by reaction 

of (CsMeslrCt2)2 with cycloheptatrlene and sodium carbonate tn ethanol at 

50° for 1 hr. Treatment of the crude chloride salt with ammonium hexa

fluorophosphate, as described above, gave the white crystalline solid 

{33b), m.p. >200°. 
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Analysts. Found: C, 36.22; H, 4.04%. Calculated for C17H24IrF6P: 

C, 36.12; H, 4.24%. 

1,1-Diphenylmethylcyclopentadfenyl(pentamethylcyclopentadienyl)rhodlum 

hexafluorophosphate (J!a) 

A mixture of (CsMesRhCt2)2 (120 mg., 0.20 mmole), anhydrous 

sodium carbonate (100 mg.) and 6,6-diphenylfulvene (211 mg., 0.96 mmole) 

in absolute ethanol (15 ml.) was stirred under nitrogen at reflux temper

ature for 2.5 hr. The deep red solution was filtered, the solvent 

removed in vacuo and the oily residue washed with ether. This was then 

dissolved in water (5 ml.) and the solution filtered to give a cloudy 

dark orange solution. Warming and addition of excess solid ammonium 

hexafluorophosphate immediately gave a thick pink precipitate. This was 

collected by filtration, washed with a little water and dried in vacuo 

to give 1,1-dtphenylmethylcyclopentadienyl(pentamethylcyclopentadienyt)

rhodium hexafluorophosphate from hot ethanol gave pale brown crystals, 

m.p. 99° (decamp.}. 

Analysis. Found: C, 55.66; H, 4.92%. Calculated for C2eH3oFsPRh: 

C, 54.75; H, 4.89%. 

The product was readily soluble in acetone and ethanol but only 

moderately so In chloroform. 

1,1-Dtphenylmethylcyclopentadtenyl(pentamethylcyclopentadienyl)lrldium 

hexafluorophosphate (J!b) 

This complex was prepared from (C 5He 5 1rCi2) 2 (84%) In the identical 

manner to that used for (i!a). Recrystallization was similarly from hot 

ethanol affording fine cream crystals, m.p. 244° (decomp.). 
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Analysis. Found: C, 47.89; H, 4.58%. Calculated for C28H30 F6 1rP: 

C, 47.80; H, 4.27%. 

~-Bicylo[2.2.1]heptadiene(pentamethylcyclopentadienyl)rhodium(l) (35) 

To a suspension of (CsMesRhC12)2 (400 mg., 0.64 mmole) and 

anhydrous sodium carbonate (400 mg.) in absolute ethanol (40 ml.) was 

added nor-bornadiene (bicyclo[2.2.1]heptadlene, 900 mg., 9.8 mmole). 

The reaction mixture was refluxed with stirring under nitrogen for 24 hr. 

The orange solution was allowed to cool, filtered and the solvent 

removed under reduced pressure giving a mixture of yellow crystals and 

a red oil. Extraction of this with ether and filtration gave a pale 

orange solution and unreacted (CsMesRhC12)2 (35 mg., 0.06 mmole). The 

ether solution was evaporated to dryness to leave a pale orange solid 

which, after crystallization from petroleum ether at -78° gave yellow 

crystals of ~-bicyclo(2.2.1]heptadlene(pentamethylcyclopentadleny1)

rhodium (35) (180 mg., 0.55 mmole, 42%), m.p. 120-128° (decomp.). 

This compound was very soluble in organic solvents and could be 

sublimed at 45°/l0-3 mm. 

Analysis. Found: C, 62.44; H, 6.96%; mol. wt. 330. Calculated for 

c17H23 Rh: c, 61.82; H, 7.02%; mol. wt. 330. 

Dicyclopentadiene(pentamethylcyclopentadienyl)rhodium(l) (36) 

(CsMesRhC12)2 (250 mg., 0.47 mmole) was reacted with dicyclo

pentadtene (500 mg., 3.8 mmole) in refluxing absolute ethanol (30 ml.) 

in the presence of anhydrous sodium carbonate (250 mg.) for 3.5 hr. The 

reaction mixture was worked up as described above to give 263 mg. (0.71 

mmole, 75%) of yellow crystals of (36), m.p. 116-118° (decomp.). This 



could be sublimed at 50°/lo-3 mm. 

Analysis. Found: C, 64.83; H, 7.22%; mol. wt. 370. Calculated for 

C2oH27Rh: C, 64.86; H, 7.30%; mol. wt. 370. 

React ion of ]J-d i ch lorob Is (pentamethy 1 eye 1 open tad i eny 1} rhod I um(U.a} 

wtth cyclopentadlene 

a. In ethanol 
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A suspension of (C 5Me 5RhCt2) 2 (400 mg., 0.64 mmole} and anhydrous 

sodium carbonate (400 mg.) in absolute ethanol (75 ml.) was stirred at 

45° under nitrogen. An excess of freshly cracked cyclopentadiene (1 g.) 

was slowly added while the mixture was heated to 60° for 2 hr, after which 

the solution was cooled and filtered to give a pale yellow filtrate and a 

pale brown solid. The yellow solution was taken to dryness under reduced 

pressure and the yellow residue extracted with ether. Filtration of this 

gave a cream solid and a yellow filtrate. Removal of the solvent from 

the filtrate afforded yellow crystals which were recrystallized from 

petroleum ether at -78° to give endo-H pentamethylcyclopentadiene(cyclo

pentadienyl)rhodlum(37) (250 mg., 0.82 mmole, 54%), m.p. 80-82°. This 

complex was very soluble in organic solvents and unstable to air in the 

solid state. The analytical sample was sublimed at 25°/10- 3 mm. 

Analysis. Found: C, 59.12; H, 6.80%; mol. wt. 304 .. Calculated for 

C1sH21Rh: C, 59.22; H, 6.96%; mol. wt. 304. 

The cream solids obtained from filtration of ethanol and ether 

solutions above, were washed with ether and crystallized from methylene 

chloride-benzene. This afforded cyclopentadienyl(pentamethylcyclopenta

dlenyl)rhodlum chloride ((~a)X • Ct) (85 mg., 19%) as cream crystals. 

This was converted Into the hexafluorophosphate ((38a)X • PFs) with 
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aqueous ammonium hexafluorophosphate, m.p. 270°. 

Analysis. Found: C, 40.34; H, 4.51%. Calculated for c15H2oF6PRh: 

C, 40.21; H, 4.69%. 

b. In tetrahydrofuran 

A suspension of (CsMesRhCt2)2 (304 mg., 0.49 mmole) and sodium 

carbonate (300 mg.) In THF (100 ml.) and water (20 ml.) was warmed to 

40° under nitrogen. An excess (2 g.) of freshly cracked cyclopentadlene 

was added In portions to the stirred mixture which was heated to 50° for 

21 hr. The pale brown solution was filtered and the mixed solvent removed 

under vacuum. The residue was crystallized from chloroform-benzene to 

give cyclopentadlenyl(pentamethylcyclopentadlenyl)rhodlum chloride 

((1!!_a)X • Ct) (250 mg., 0.74 mmole, 76%), identical to that prepared 

above. It was also converted Into the hexafluorophosphate salt. 

The product ((1!!_a)X • PF6 ) was Insoluble in cold or hot water, 

chloroform and benzene, moderately soluble in acetone and methylene 

chloride and very soluble in pyridine. 

Exo-H pentamethylcyclopentadtene(cyclopentadienyl)rhodium(l) (39a) 

Sodium borohydride (total amount, 800 mg.) was added in portions 

over 36 hr. to a well-stirred solution of [(~c 5H 5 )Rh(CsMe 5)]Ct ((38a) 

X • Ci) (100 mg., 0.29 mmole} in a mixture of water (5 ml.) and benzene 

(10 ml.) at room temperature. The bright yellow benzene layer was then 

separated and the aqueous layer washed with successive portions of benzene. 

All the benzene fractions were combined and the solvent removed under 

reduced pressure. Extraction of the yellow crystalline residue by ether 

followed by filtration and removal of the solvent gave exo-H pentamethy1-

cyclopentadlene(cyclopentadienyl)rhodium(39a) (84 mg., 0.28 mmole, 93%), 
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m.p. 106-107° (decomp.). The analytical sample was sublimed at 25°/l0- 3mm. 

Analysts. Found: C, 58.76; H, 6.91%; mol. wt. 304. Calculated for 

C1sH21Rh: C, 59.22; H, 6.91%; mol. wt. 304. 

This complex was stable to atr In the solid but decomposed rapidly 

In halogen-containing solvents. 

Reaction of exo-H Pentamethylcyclopentadiene(cyclopentadienyl)rhodium(39a) 

with Halogenating Agents 

a • W i th C OCR. 3 

In deuterochloroform the complex (39a) showed the p.m.r. spectrum 

reported in the results, immediately after making up the solution. When 

the solution was allowed to stand, a change occurred quite rapidly with 

the disappearance of the peaks characteristic of (39a) and their replacement 

by those of the pentamethylrhodicenium chloride ((38a)X= Ct). The reaction 

involved was effectively complete after 5 hr. (40°). In addition a triplet 

appeared at .4.63 {J{H-D) 1 Hz), due to CHDCt 2 • 

. b. With N-Bromosuccinlmlde 

A freshly sublimed sample of exo-H(C 5Me 5H) Rh(CsHs) (39a) (33 mg., 

0.11 mmole) was dissolved in methanol (3 ml.) and petroleum ether (1 ml.). 

To this stirred solution was added excess ammonium hexafluorophosphate 

(50 mg.) and N-bromosucclnimide (50 mg., 0.28 mmole). A pale brown pre

cipitate appeared immediately which was collected by filtration, washed 

with a little water and methanol and dried in vacuo. This material (25 

mg., 0.06 mmole, 51%) was Identical to a sample of pentamethylrhodtcenium 

hexafluorophosphate {{~a)X • PF6). 

Reaction of endo~H Pentamethylcyclopentadlene(cyclopentadlenyl)rhodtum 
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(37) with N-Bromosucclnlmide, Chlorine and Hydrogen chloride 

N-Bromosuccinimide (120 mg., 0.67 mmole) was slowly added to a 

stirred solution of endo-H (CsMesH)Rh(C 5Hs) (37) in petroleum ether 

(4 ml.) and methanol (2 ml.). A deep red precipitate (86 mg., a mix

ture of CsMesRhBr2 (~ and C5H5RhBr2 (42)) formed Immediately and was 

collected by filtration, washed with ether and dried. 

This red solid (84 mg.), sodium carbonate (80 mg.) and 1,5-

cyclooctadlene {224 mg., 0.21 mmole) were reftuxed in ethanol (20 ml.) 

for 2 hr. The resultant pale yellow solution was cooled, and all the 

solvent removed In vacuo to leave a pale yellow solid. The p.m.r. 

spectrum of this In CDCLs was run and compared with the spectra of 

authentic samples of the two 1,5-cyclooctadiene complexes, C5Me 5Rh(1,5-COD) 

{43a) and C5H5Rh{1,5-COD) {~. By Integration it was established that 

the yellow solid contained approximately 55% (43a) and 45% (44). 

In a similar manner to N-bromosuccinimide, chlorine and hydrogen 

chloride reacted with (Jl} to afford, in these cases, the dichlororhodium 

complexes CsMesRhCLa {Jla) and CsHsRhC£2 (~). 

Cyclopentadienyl(pentamethylcyclopentadienyl) iridium hexafluorophosphate 

(38b) 

A mixture of {C 5Me5 1rCt2 ) 2 (215 mg., 0.27 mmole), anhydrous 

sodium carbonate (200 mg.) and absolute ethanol (75 ml.) was stirred 
I 

under nitrogen at 40°. An excess (1 g.) of freshly distilled cyclopenta

diene was slowly added to the mixture which was heated at 50° for 1.5 hr. 

The pale yellow solution was filtered and the solvent removed under 

reduced pressure to give a yellow oily solid. Washing with ether and 

recrystallization from methylene chloride-benzene afforded hygroscopic 
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cream crystals of cyclopentadtenyl(pentamethylcyclopentadlenyl) Iridium 

chloride ((38b)X • Ct). 

These were dissolved fn water and converted to the hexafluoro-

phosphate salt ((~b)X • PF6), (255 mg., 0.48 mmole, 88%), a white 
! 

crystalline material, m.p. >260°. 

Analysts. Found: C, 33.76; H, 3.46%. Calculated for C15H2 oF61rP: 

C, 33.53; H, 3.72%. 

Reaction of Cyclopentadlenyl(pentamethylcyclopentadlenyl) Iridium chloride 

(~b) with Sodium Borohydrlde 

Benzene (15 ml.) was added to a solution of ((C 5Me 5) lr(C 5H 5 )]C~ 

(~b) (110 mg., 0.26 mmole) in water (5 ml.) and the mixture stirred at 

room temperature under nitrogen. Excess sodium borohydrlde was then 

added In portions over a period of 48 hr. The reaction mixture was 

worked up in the same manner as described for the exo-H rhodium complex 

(39a) to give 82 mg. (0.21 mmole, 81%) of white crystals of the product, 

m.p. 91-97° (decomp.); presumably a mixture of the complexes exo-H 

pentamethylcyclopentadiene(cyclopentadienyl)iridium (39b) and cyclo

pentadiene(pentamethylcyclopentadienyl) iridium (45b), were obtained. The 

mixture was sublimed at 25°/lo-3 mm. 

Analysis. Found: C, 44.51; H, 5.12%; mol. wt. 392, 394. Calculated for 

C1sH21Ir: C, 45.79; H, 5.38%; mol. wt. 392, 394. 

The product In deuterochloroform showed the p.m.r. spectrum 

discussed in the results, immediately after making up the solution. This· 

altered rapidly (1 hr at 40°) and was replaced by that of cyclopenta

dlenyl(pentamethylcyclopentadienyl)irldium chloride ((38b)X = C~) 

snowing singlets at t4.18 (SH) and 7.68 (15H). In addition, a small 



triplet, due to CHDCt2 at T4.68 (J(H-D} 1 Hz) was observed. 

The mixture of sublimed Iridium complexes, (39b) and (45), 

(34 mg., 0.08 mmole} was reacted with N-bromosucclnimlde in methanol 

and petroleum ether in the presence of ammonium hexafluorophosphate 

as already described. This gave cyclopentadienyl(pentamethylcyclo

pentadienyl) Iridium h~xafluorophosphate ((38b)X = PF6) (28 mg., 0.05 

mmole, 62%) Identified by its p.m.r. spectrum. 

1,5-Cyclooctadlene(pentamethylcyclopentadienyl)rhodlum(l) (43a) 

Method A 
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A mixture of (C 5MesRhCt2) 2 (200 mg., 0.33 mmole) anhydrous 

sodium carbonate (200 mg.} and 1,5-cyclooctadiene (352 mg., 3.3 mmole) 

In absolute ethanol (5 ml.) was stirred at 70° under nitrogen for 3 hr. 

The reaction mixture was allowed to cool and the volatile products dis

tilled off in vacuo. The yellow residue was crystallized from ether at 

-78° to give the 1,5-cyclooctadienerhodium complex {43a) (183 mg., 0.53 

mmole, 80%), m.p. 160-163°. The analytical sample was sublimed at 

60-70°/10-3 mm. 

Analysis. Found: C, 61.97; H, 7.79%; mol. wt. 346. Calculated for 

C1aH27Rh: C, 62.42; H, 7.86; mol. wt. 346. 

Treatment of this with HCi under a variety of conditions always 

regenerated the dichloro-complex (J1a). 

Method B 

This complex was obtained in Identical fashion using 1,3-COD 

{66% yield of recrystallized product) or 1,4-COD (92% yield) in place 

of 1,5-COD. The products were Identified by their p.m.r. spectra as 

we 11 as by m. p. 
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Method C 

The 1 ,5-cyclooctadlenerhodium complex (43a) was also obtained In 

good yield (ca. 90%) from reactions of 1,5- and 1,3-COD with dichloro

(trlphenylphosphJne)pentamethylcyclopentadienylrhodium (29a) under 

similar conditions. A reaction time of 9 hr. was required here. 

1,5-Cyclooctadtene{pentamethylcyclopentadienyl) iridium(!) (43b) 

This was obtai~ed as a white crystalline solid in an Identical 

fashion from the dfchloro-irtdi~m complex (llb) and 1,5-COD (73% yield) 

or 1,3-COD {85% yield), m.p. 163-166°. The product was sublimed at 

70-75°/10- 3 IM\. 

Analysts. Found: C, 50.22; H, 6.39%; mol. wt. 434, 436. Calculated 

for C1 8H27 Ir: C, 49.63; H, 6.25%; mol. wt. 434, 436. 

This 1,5-cyclooctadienefridium complex (~b) was also prepared 

from dichloro(trippenylphosphine)pentamethylcyclopentadi~nyllridium (~b) 

and 1,5- or 1,3-COD under similar conditions. A good yield of (43b) 

(>60%) was only obtained after 2 days at 60°. The crude product from a 

reaction of {28b) with 1,5-COD at 60° for 9 hr was shown, by its p.m.r. 

spectrum, to contain (~b) (ca. 45%) together with some chlorohydrido

{trtphenylphosphine)pentamethylcyclopentadienyliridium (30) (ca. 30%). 

Chloro-(w-2-cyclooctenyl) (pentamethylcyclopentadlenyl)rhodrum(lll) (46a) 

Method A 

1,3-Cyclooctadlene (399 mg., 3.7 mmole) was added to a suspension 

of (CsMesRhCi2)2 (215 mg., 0.35 mmole) and anhydrous sodium carbonate 

(210 mg.) in absolute ethanol (5 ml.) and the mixture was stirred at 

42° for 2 hr. The volatile components were distilled off in vacuo and 
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the deep red residue extracted with ether. The ether solution was 

filtered and the solvent removed to give the deep red, crystalline 

w-2-cyclooctenyl complex (46a} (260 mg., 0.67 mmole, 96%), which was 

recrystallized from n-hexane; decomp., without melting, ca. 127°. 

Analysis. Found: C, 56.71; H, 7.26; Ct, 9.23%; mo1. wt. 423 (osmo

metric In chloroform}. Calculated for C1aH2aRhCt: C, 56.49; H, 7.37; 

Ci, 9.26%; mol. wt. 383. 

The product was very soluble in chloroform and benzene and 

moderately so in petroleum ether, ether and n-hexane. It was stable 

to air both In the soltd state and in solution. 

On treatment with hydrogen chloride in benzene, this complex 

decomposed to the dichloride (J1a) and cyclooctene (observation by 

Dr. C. White}. 

Method B 

The Identical complex was obtained from 1,3-COD (98%) and 1,4-

COD (96%) when these olefins were reacted with (lla) under the above 

conditions. 

Method C 

(46a) was also obtained fn high yield ( 80%) from both 1,3- and 

1,5-COD and (Jla) In the presence of triethylamine as base. Triethyl

amine hydrochloride was also detected by p.m.r. spectroscopy. 

Ch loro- (w-2-cyclooctenyl) (pentamethylcyc lopentad I enyl) l rid I um{ Ill) (46b) 

A mixture of (CsMeslrCt2) 2 (199 mg., 0.25 mmole), anhydrous 

sodium carbonate (200 mg.) and 1,3-cyclooctadiene (342 mg., 3.16 mmole) 

In absolute ethanol (S ml.) was stirred under nitrogen for 1 hr. at room 

temperature. The dark yellow reaction mixture was worked up as in the 
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corresponding reaction with the rhodium complex to give a quantitative 

yield (242 mg., 0.51 mmole) of a pure yellow crystalline solid (46b). 

After recrystallization from n-hexane, it decomposed at ca. 95° without 

melting. 

Analysis. Found: C, 46.25; H, 5.96; Ct, 7.53%; mol. wt. 532 (osmometric 

in chloroform). Calculated for C1aH2aCtlr: C, 45.81; H, 5.97; Ct, 7.51%; 

mol. wt. 472. 

The properties of the product were similar to those of the anal

ogous rhodium complex above. 

The identical complex was obtained in quantitative yield from 

1 ,5-COD when this olefin was reacted with (llb) under the above conditions. 

It was also obtained in 88% yield from 1 ,5-COD and (.!lb) In 

ethanol (50°/3 hr) in the presence of triethylamine. 

V.p.c. Analysis on the By-products from the Cyclooctadiene Reactions 

The organic products from the reactions to be described were 

analysed by v.p.c. for cyclooctadienes, cyclooctene, diethylacetal and 

acetaldehyde. Analyses were performed using a 9 1 611 x 1/811 stainless 

steel column packed with 20% Carbowax 20M on 60/70 Chromosorb W at 110°. 

A. Reaction of dichloro(pentamethylcyclopentadienyl)-rhodium (!lb) and 

-Iridium (llb) dimer with cyclooctadienes 

(J) Under vigorous conditions [(.11) + (43)] 

The reactions between (C 5Me 5MCt2) 2 and 1,3- (M = Rh, lr), 1,4-

{M • Rh) and 1,5-COD (M • Rh, lr) in ethanol in the presence of sodium 

carbonate at 60-70° (M • Rh) or 55-65° (M • lr), which have been previously 

described, were repeated on several different scales. In each case the 
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mother liquors at the end of the reaction were collected and quantitatively 

analysed by v.p.c. Results from these experiments are summarised in Table 

2. 

Detailed Reaction Study 

(a) With 1,5-COD 

Absolute ethanol (10 ml.) was pipetted into a 50 ml. 3-necked flask 

equipped with a butyl rubber stopper and a condenser; freshly-dlsti lled 

1,5-COD (200 ~t, 1.6 mmole) was added and the solution stirred. 

A sample (0.2 ml.) of this solution was removed with a syringe and 

used as reference sample for the v.p.c. analysis. (C 5Me 5RhCt 2 ) 2 (308 mg., 

0.50 mmole) and anhydrous sodium carbonate (300 mg.) were added and the 

flask was thoroughly purged with dry nitrogen. The flask was then Immersed 

in an oil bath at 65° and the contents stirred. Aliquots (0.5 ml.) were 

removed at intervals with a syringe via the butyl rubber seal, and distilled 

into liquid nitrogen-cooled traps In vacuo. The solids remaining were 

taken up in CDCia and analysed by p.m.r.; the volatile materials were 

analysed by v.p.c. as previously described. The results are presented in 

Figure XI • 

(b) With 1,3-COD 

This was carried out in a manner similar to the above using 

(C 5Me 5RhCt2 ) 2 (JOO mg., 0.49 mmo1e) and 1 ,3-cyclooctadiene (250 ~t., 2.01 

mmole), (Figure X ). 

(il) Under ml1d conditions [(.!1)-+ (46)] 

The reactions of (CsMesMCt2) 2 with 1,5- (M = Rh, lr), 1,4- (M = Rh) 

and 1,3-COD (M = Rh, lr) were carried out in absolute ethanol in the 

presence of sodium carbonate at 40-45° (M = Rh) or 25° (M = lr) to give 
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the w-2-cyclooctenyl complexes (46a) and (46b). In each case the 

volatile products were collected and analysed quantitatively using v.p.c. 

The results of some of these are presented in Table 2. 

B. The Decomposition of the w-2-Cyclooctenylrhodium(l I I) Complex (46a) 

A summary of these reactions is presented in Table 3. 

(I) In ethanol In the presence of base and cyclooctadiene 

A mixture of w-CaHlaRhCi(CsMe5 ) (46a) (75 mg., 0.20 mmole), anhy

drous sodium carbonate (70 mg.) and 1,5-cyclooctadiene (40 ~t., 0.33 mmole) 

in absolute ethanol (2 ml.) was heated at 60° for 5 hr under nitrogen. The 

volatile products.were collected and analysed by v.p.c. Appreciable iso

merisation of 1,5- to 1,3-COD was observed together with a little cyclo

octene. The yellow residue was extracted with ether to give 63 mg. (0.18 

nvnole, 92%) of.yellow crystals of (1,5-COD)Rh(C 5Me 5) (43a). 

A similar experiment, under milder conditions (50°/2 hr), resulted 

in recovery of ca. 81% of (46a) together with ca. 19% of (43a); no 

appreciable amount of isomerisatton of the free diane was observed In this 

case. 

( i i) In ethanol l n the presence of base 

A representative example of this was the reaction of 

(w-CaH 1a)RhCi(C 5Me 5) (46a) (159 mg., 0.42 mmole) with anhydrous sodium 

carbonate (150 mg.) in absolute ethanol (3 ml.) at 60° for 22 hr under 

nitrogen. The mother liquor was distilled off and analysed by v.p.c. 

This showed the presence of cyclooctene and a little 1,3-COD. The solid 

residue was extracted with ether to give, after filtration and removal 

of solvent, a purple solid (117 mg.). This was sublimed at 60-70°/10- 3 

mm, to give a sublimate of yellow crystals of the 1,5-COD-rhodlum complex 
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(43a) (92 mg., 64%) and leaving a purple involatile residue (50) (27 mg.). 

Analysis. Found: C, 50.26; H, 6.16%. Calculated for C1oH1 5Rh: C, 

50.44; H, 6.34%. 

A similar decomposition of (46a} (SO mg., 0.13 mmole) In absolute 

ethanol (2 ml.) In the presence of triethylamine (21 ~t., 0. lS mmole) at 

73° under nitrogen for 13 hr gave a purple solution. Cyclooctene was 

again the major volatile product together with a little 1 ,3-COD. Extraction 

of the purple residue with ether gave a pale brown ether insoluble solid 

(28 mg.) Identified by Its p.m.r. spectrum as (C 5Me 5RhCt2h (ca. 11 mg., 

0.035 mmole, 27%) and triethylamine hydrochloride (ca. 17 mg., 0.12 mmole, 

80%). The purple, ether-soluble, material was comprised of (l,S-COD)Rh

(CsMes) (43a) (ca. 30 mg., 0.087 mmole, 67%) and C5Me 5 Rh (SO) (ca. 4 mg.). 

(iII) In ethanol In the absence of base 

A solution of ~-CaHlsRhCt(CsMes) (46a) (50 mg., 0.13 mmole) and 
I ' ---

1 ,5-COD (100 ~i., 0.82 mmole) in absolute ethanol (2 ml.) was heated at 

70° under nitrogen for 9 hr. The only organic products were 1,5-COD 

(recovered) and trace amounts of 1,3-COD and cyclooctene. The orange 

organometallic residue (38 mg.) was extracted with deuterochloroform and 

its p.m.r. spectrum recorded. This comprised an approximately equimolar 

mixture of (C 5Me5RhCt2 ) 2 (~a) (0.058 mmole, 44%) and (1,5-COD)Rh(CsMes) 

(43a) (0.058 mmole, 44%). 

(tv) In benzene solution both with and without base 

A solution of ~-CaHl3RhCi(CsMe5 ) (46a) (77 mg., 0.202 mmole) in 

benzene (2 ml.) was stirred at reflux under nitrogen for 8 hr. The 

volatile organic product contained 1,3-COD together with a smaller amount 

of cyclooctene. The reddish-brown residue was extracted, first with ether, 

then benzene, to leave (CsMesRhCt2) 2 (14 mg., 0.023 mmole, 23%). The 
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extracts were each filtered and the solvents removed under reduced 

pressure. P.m.r. spectral studies on the products showed them to 

contain (1 ,5-COD)Rh(CsMes) (ca. 29 mg., 0.084 mmole, 42%), (C 5Me 5RhCt2) 2 

(ca. 13 mg., 0.021 mmole, 20%) and some unreacted starting material 

(46a) (ca. 11 mg., 0.03 mmole). 

The compl~x (46a) (75 mg., 0.196 mmole) was reacted with tri

ethylamine (23 JJi., 0.163 mmole) in benzene (2 ml.) in a manner similar 

to the above. The reaction mixture was worked up also as above with 

very similar results. 

A solution of (~a) (49 mg., 0.13 mmole) and pyridine (11 JJi., 

0.14 mmole) In benzene (1 ml.) was stirred at reflux under nitrogen for 

6 hr. The reaction mixture was filtered and the dark yellow precipitate 

washed with benzene and ether and dried to yield 24 mg. (0.062 mmole, 

48%) of CsHesRhCt2PY· The filtrate contained effectively pure 

{1 ,5-COD)Rh{CsMes) {~a). 

(v) In petroleum ether {b.p. 80-100°) both with and without base 

A solution of ~-CaHl3RhCt(C 5Me 5 ) (46a) (85 mg., 0.222 mmole) In 

petroleum ether (80-100°) (3 ml.) was stirred at a bath temperature of 

90° under nitrogen for 3.5 hr. The volatile products were distilled 

off, analysed quantitatively by v.p.c. and found to contain 1,3-COD 

together with a smaller amount of cyclooctene. The dark orange residue 

was extracted with ether; the extract contained (1 ,5-COD)Rh(CsMes) (43a) 

(ca. 21 mg., 0.06 mmole, 30%) and a little unreacted starting material. 

The ether-insoluble material (69 mg.) was a glassy red substance whose 

p.m.r. spectrum showed It to be a mixture of (CsMesRhCt2)2 and an 

unidentified {polymeric) material. 
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The reaction of (46a) {100 mg., 0.262 mmole) with triethylamine 

{40 'IJR.., 0.277 nvnole) in petroleum ether (80-100°) (3 ml.) was carried 

out in an identical manner to the above, with very similar results. 

(vi) In the solid state, in vacuo 

The ~-2-cyclooctenylrhodium complex (46a) (101 mg., 0.288 mmole) 

was heated at 110°/10- 3 mm for 8 hr and the volatile products collected 

in a liquid nitrogen-cooled trap. The volatile material was shown by 

p.m.r. spectrum and v.p.c. analysis to be mainly cyclooctene together 

with a little 1,3-COD. The solid residue was washed with ether to leave 

a dark brown solid, shown to be (CsMesRhCR.2 ) 2 (39 mg., 0.063 mmole, 44%) 

together with a small amount of uncharacterised (polymeric) material. 

The ethereal solution was taken to dryness to leave yellow crystals of 

the ~-1,5-COD rhodium complex (43a) (39 mg., 0.113 mmole, 40%). 

c. The Decomposition of the ~-2-C¥clooctenyliridium complex (46b) 

A summary of these reactions is presented In Table 4. 

{ i) In ethano 1 in the presence of base 

A mixture of ~-CaH13JrCR.(CsMes) (46b) (54 mg., 0.114 mmole) and 

anhydrous sodium carbonate (SO mg.) in absolute ethanol (2 ml.) was stirred 

at 65° under nitrogen for 4.5 hr. The mother liquor was distilled off; 

v.p.c. analysis showed only trace quantities of cyclooctene and 1 ,3-COD. 

The white residue was extracted with ether, filtration and removal of 

the solvent gave a quantitative amount of (1 ,5-COD) I r(CsMes) (43b) (51 mg., 

o. 116 mmole). 

The complex (~b) (50 mg., 0.106 mmole) was reacted with triethyl

amine (16 'IJi., 0.110 mmole) in absolute ethanol (2 ml.) at 60° under nitrogen 

for 21 hr. The white crystals which had separated out of solution were 



filtered off and dried to yield (1,5-COD)Ir(C 5Me 5) (43b) (10 mg., 0.023 

mmole, 22%). The solvent was removed from the filtrate under reduced 

pressure; extraction of the residue with ether afforded an additional 

amount of (~b) (38 mg., 0.087 mmole, 82%). Triethylamine hydrochloride 

(16 mg., 0.116 mmole) was obtained as pale yellow, ether-insoluble, 

crystals. 

(II) In benzene both with and without base 

Triethylamine (16 ~£., 0.110 mmole) was added to a solution of 

w-CsHlal rCt(CsMes) (~b) (SO mg., 0.106 mmole) In benzene (2 ml.). This 

was stirred at 75° under nitrogen for 18 hr. The pale orange crystals 

which separated out of solution were collected, washed with ether and 

the p.m.r. spectrum recorded. This showed the presence of (CsMeslrC£2) 2 

(ca. 4.2 mg., 0.005 mmole) and triethylamine hydrochloride (ca. 3.8 mg., 

0.028 mmole). The filtrate from the reaction mixture was taken to dryness 

In vacuo and the pale orange residue extracted with deuterochloroform and 

Its p.m.r. spectrum recorded. Thts showed (1 ,5-COD) lr(C 5Me 5) (43b} (ca. 

37 mg., 0.085 mmole, 74%), (CsMeslrCi2) 2 (ca. 7.3 mg., 0.009 mmole) and 

a trace (1-2 mg.) of unreacted starting material. 

A solution of (~b) (102 mg., 0.22 mmole) In benzene (2 ml.) was 

refluxed under nitrogen for 19 hr. The volatile material was collected 

by dlstt llatlon In vacuo; analysts by v.p.c. showed the presence of 

cyclooctene and only a trace of 1,3-COD. The orange residue was taken 

up In deuterochloroform and Its p.m.r. spectrum recorded. This showed 

the presence of approximately equtmolar amounts of (C 5Me 5 1rCt2)2 and 

(1,5-COD) lr(C 5Me 5). 

(J t t) In the sol td state In vacuo 
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The complex w-CaH131rCt(CsMes) (53 mg., 0.112 mrnole) was heated 

at 95°/lo- 3 mm for 5 hr and the volatile product collected in a liquid 

nitrogen trap. The solid reaction products were worked up as In the 

corresponding reaction of the rhodium analogue to yield (1,5-COD) lr(C 5Me 5) 

(28 mg., 0.064 mmole, 56%) and (CsMe5 1rCt2 ) 2 (21 mg., 0.026 mmole, 46%). 

The volatile product was shown by p.m.r. spectrum and v.p.c. to be cycJo

octene. 

D. Oeuteration Studies 

All apparatus and anhydrous sodium carbonate used were carefully 

dried tn vacuo. 1,3-COD (100 ~t., 0.82 mmole) was added to a suspension 

of the dlchlororhodium complex (l!a) (60 mg., 0.10 mmole) and anhydrous 

sodium carbonate (60 mg.) in ethanol-d6 (1 ml.), and the mixture stirred 

at 45° for 3 hr.· The product (A) was worked up as described previously 

to yield the deuterated w-2-cyclooctenylrhodium complex (~a), {45 mg., 

61% after crystallization from n-hexane). 

Samples (20 mg.) of this material {A) were heated in ethanol-do 

in the presence of 1,3- and 1,5-COD and anhydrous sodium carbonate and 

the w-1,5-COD-rhodium complex (43a) obtained in the usual manner. 

Another sample (30 mg.) of this material (A) was decomposed in 

vacuo to give the w-1,5-COD-rhodium complex (43a). 

A sample {B) of deuterated w-2-cyclooctenylrhodium was also pre

pared from a reaction of the dichlororhodium complex (!la) with 1,5-COO 

in ethanol-d6 in the normal manner. 

Samples (20 mg.) of this material (B) were heated in ethanol-do 

in the presence of 1,3- and 1,5-COD and anhydrous sodium carbonate and 

the 1,5-COD-rhodium complexes (43a) obtained in the normal way. 
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1,3-COD (100 ~i., 0.82 mmole) was added to a suspension of 

(CsMe 5RhCi 2) 2 (69 mg., 0.11 mmole) and anhydrous sodium carbonate (60 mg.) 

tn ethanol-d 6 and the mixture was stirred under nitrogen for 6 hr at 60°, 

The deuterated 1,5-COD-rhodlum complex (43a) (51 mg., 69%, after purifi

cation by sublimation) was Isolated In the manner described previously. 

These samples 9f (43a) were each purified by sublimation and 

analysed mass spectroscopically. From the cracking pattern It was clear 

that deuterium had only entered the Ca ring. 

E. Reaction of 1,5-Cyclooctadlene with the ~-1,5-Cyclooctadlene-rhodlum 

(~a) and -iridium (!!b) Complexes 

The freshly recrystalllsed ~-1,5-COD-rhodium complex (43a) (87 mg., 

0.25 mmole), sodium carbonate (80 mg.) and 1,5-COD (80 ~i., 0.65 mmole) 

were heated tn ethanol (3 ml.) at 75° over 3 days. The reaction mixture 

was cooled and all volatile materials distilled in vacuo. The distillate 

was analysed by v.p.c. and was shown to contain diethylacetal, cyclooctene 

(4 ~t./ml., 15%), 1,5-COD (18 ~t./ml., 75%), 1,3-COD (1 ~t./ml., 5%) and 

1,4-COD {1 ~t./ml., 5%). The involatile solid residue was shown to be 

the complex (iia) recovered quantitatively. 

In a similar reaction, the Iridium complex (43b) (81 mg., 0.19 

mmole) and 1,5-COD (SO ~i., 0.41 mmole) were heated with sodium carbonate 

In ethanol (3 ml.) for 3 days at 70°. Analysis of the volatile products 

showed them to contain dlethylacetal, cyclooctene (10 ~i., 20%), 1,3-COD 

(6 ~i., 10%), 1,4-COD (12 ~1., 20%) and 1,5-COD (25 ~i., 50%}. The com

plex (43b) was again recovered unchanged. 

F. Reaction of the Dtchlororhodlum Complex (lla) and the ~-2-Cyclo-
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octenylrhodlum Complex (~a) with Cyclooctene 

A sample of cyclooctene was purified by preparative v.p.c. A 

portion of this (84 ~1., 0.646 mmole) was added to a suspension of 

(C 5Me 5RhC.t2 ) 2 (100 mg., 0.162 mmole) and sodium carbonate (100 mg.) In 

ethanol (4 ml.). The mixture was stirred at 65° for 4 hr under nitrogen. 

Analysis of the VQlatlle products showed that cyclooctene was recovered; 

no cyclooctadlenes could be detected. The purple (polymeric) residue 

could not be characterised. 

A similar reaction of cyclooctene (18 ~R.., 0.14 mmole) with 

n-CaH 13RhC1(C 5Me 5) (50 mg., 0.13 mmole) and sodium carbonate (50 mg.) in 

ethanol (2 ml.) again resulted In recovery of the cyctooctene. The solid 

residue was a mixture of (1,5-COD)Rh(C 5Me 5) and an uncharacterlsed 

(polymeric) material. 

G. Reaction of 1,5-Cyclooctadiene with 11Rhodlum Trichloride Trlhydrate11 

This reaction was carried out in the manner described by Nicholson 

and Shaw118• 

A mixture of RhCR.3•3H20 (200 mg., 0.76 mmole) and 1,5-COD (200 

~1., 1.63 mmole) In absolute ethanol (5 ml.) was refluxed under nitrogen 

for 1.2 hr. This gave a yellow precipitate of (1,5-CaH1 2 RhC.t) 2 but the 

reaction was not complete at this time. The volatile products were 

collected In the usual manner and quantitatively analysed by v.p.c.; 

all of the free 1,5-COD had been converted to 1,3-COD. Trace amounts of 

cyclooctene and acetaldehyde were also found. 

The compound RhC13•JH20 (200 mg., 0.76 mmole) and 1,5-COD (500 

~1., 4.07 mmole) were similarly reacted In ethanol (5 ml.) at 63° for 

0.5 hr. Analysts of the volatile products, In this case, showed the 
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presence of .!.ll-cyc1ooctadlenes (1,3-, 81%; 1,5-, 12%; 1,4-, 7%). 

w-1,3-Cyc1ohexadlene(pentamethy1cyc1opentadieny1}rhodlum(l} (55a} 

A mixture of (CsMesRhCt2}2 (150 mg., 0.24 mmole), anhydrous 

sodium carbonate (150 mg.) and 1,3-cyclohexadlene (115 mg., 1.44 mmole} 

in absolute ethanol (4 ml.) was heated, with stirring, at 48° for 3.5 

hr under nitrogen~ The mother liquor was removed in vacuo and the 

greenish-orange residue extracted with ether. Filtration, and removal 

of the solvent gave a pa.le brown ol 1. A crystalline solid, 1 ,3-cyclo

hexadtene(pentamethylcyclopentadienyl)rhodium (2aa) (110 mg., 0.36 mmole, 

75%), m.p. 47-48° was sublimed out of this at 25°/10- 3 mm. 

Analysts. Found: C, 60.36; H, 7.35%; mol. wt. 318. Calculated for 

C1GH 2aRh: c, 60.38; H, 7.28%; mol. wt. 318. 

The product decomposed slowly in air in the solid state and in 

solution and could not be crystallized from solution. 

The same complex (64%) was obtained in identical fashion from 

(l!a) (0.25 mmole) and 1,4-cyclohexadiene (0.72 mmole). 

Reaction of w-1 23-cyclohexadlene(pentamethylcyclopentadtenyl)rhod!um (55a) 

with N-Bromosuccinlmide 

The complex 1,3-CHDRh(C5Me 5) (53 mg., 0.16 mmole) was dissolved 

In petroleum ether (2 ml.) and methanol (2 ml.) and a solution of 

ammonium hexafluorophosphate (70 mg.) In methanol was added. N-Bromo

succlnlmlde (80 mg., 0.47 mmole) was slowly added to this stirred mixture 

to give a dark orange precipitate. This was collected by filtration, 

washed with a little ether, and dried to yield (C 5MesRhBr2 ) 2 (~ (48 mg., 

0.07 mmole, 86%). 
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~-1,3-Cyclohexadlene(pentamethylcyclopentadlenyl)lridlum(l) (55b) 

1,3-Cyclohexadlene (115 mg., 1.44 mmo1e) was added to a suspension 

of (CsMeslrCt2) 2 091 mg., 0.24 mmole) and anhydrous sodium carbonate (200 

mg.) in absolute ethanol (4 ml.). This was then warmed to 35° with 

stirring under nitrogen for 3.5 hr. The pale yellow solution was worked 

up in the same manner as described for (5Sa) above, to yield the white 

crystalline iridium complex (2ib) (160 mg., 0.40 mmole, 83%), m.p. 65-67°, 

which was sublimed at 25°/10-3 mm. 

Analysis. Found: C, 47.24; H, 5.44%; mol. wt. 406, 408. Calculated for 

C1 6H23 tr: C, 47.15; H, 5.68%; mol. wt. 406, 408. 

The product decomposed fairly rapidly In air in the solid state 

and in solution. 

The same complex was obtained (66%) from (Jib) (0.24 mmole) and 

1,4-cyclohexadlene (0.72 mmole) at 35°. 

V.p.c. Analyses on the By-Products from the Cyclohexadiene Reactions 

The organic products from the reactions to be described were 

analysed by v.p.c. for cyclohexadlenes, cyclohexene, benzene, cyclohexane, 

detthylacetal and acetaldehyde. Analyses were performed on a 9 1611 column 

of 20% Carbowax (75°) and a 51 column of 5% SE30 (45°). 

A. Reaction of dlchloro(pentamethylcyclopentadlenyl)-rhodlum (Jla) and 

-iridium (J1b) dlmers with cyclohexadfenes 

The reactions of (CsMesMC12)2 with cyclohexadlenes at 45-55° 

(M • Rh) and ca. 35°.(M • Jr), which have been described above, were 

repeated on different scales. In each case the volatile products were 

collected by distillation In vacuo and analysed by v.p.c. 
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The results are presented In Table 5. 

Detailed reaction study 

Absolute ethanol (20 ml.) was plpetted into a 50 ml. flask 

equipped with a butyl rubber stopper and a condenser. 1.4-Cyclohexadiene 

(400 ~1., 5.0 mmole) was added, the solution stirred, and 0.2 ml. taken 

as a reference sample for v.p.c. studies. The complex (!Ia) (500 mg., 

0.81 mmole) and anhydrous sodium carbonate (500 mg.) were added and the 

system purged with nitrogen. The flask was then immersed In an oil bath 

at 45° and the mixture stirred at 44-48° for 4 hr under nitrogen. Aliquots 

(0.5 ml.) were taken via the butyl rubber seal at intervals using a 

syringe. In each case, the mother liquors from the aliquots were 

collected by distillation In vacuo (lo-2 mm) Into liquid nitrogen-cooled 

traps. The residues were extracted with deuterochloroform and their p.m.r. 

spectra recorded. The mother. 1 lquors were analysed by v.p.c. 

The results are presented in Figure XIII. 

B. Reactions of w-1,3-Cyclohexadiene(pentamethylcyclopentadienyl)rhodium 

{.2.2_a) 

In all of these reactions the complex (55a) was sublimed Immediately 

before use. The results are presented in Table 6. 

{i) The complex 1,3-CGHaRh(CsHes) (~a) was heated alone and with 1,4-

cyclohexadlene (In absolute ethanol, in the presence of sodium carbonate) 

and also with 1,3-cyclohexadlene In various solvents (ethanol, n-hexane 

and THF, with and without bases). 

In a typical reaction (~a) (85 mg., 0.27 mmote) and 1,3-cyclo

hexadlene (48 ~1., 0.504 mmole) w~re dissolved In absolute ethanol (3 ml.) 
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and the solution was heated at 55° for 4 hr under nitrogen. The volatile 

products were collected by distillation Into liquid nitrogen-cooled traps 

at 10-2 mm and analysed using v.p.c. The reddish-brown oily residue was 

extracted with ether, the yellow solution filtered and the solvent 

removed to yield effectively pure 1,3-CGHaRh(C5Me5 ) (72 mg., 0.22 mmole, 

85%). The ether Insoluble residue, a dark-red oil, was soluble In chloro

form. This (polymeric) material could not be characterised. 

(It) 1,5-Cyclooctadiene (80 ~t., 0.65 mmole) and anhydrous sodium carbonate 

(100 mg.) were added to a solution of (55a) in absolute ethanol (3 ml.). 

The mixture was heated at 60° under nitrogen for 2.5 hr. The volatile 

products were collected and analysed quantitatively by v.p.c. for cyclo-

hexadtenes, cyclohexene, cyclooctadienes and cyclooctene. The light brown 

residue was extracted wtth ether, the solution filtered and the solvent 

removed affording a dark yellow olly-soltd (96 mg.). Quantitative 

analysts of this mixture by Its p.m.r. spectrum showed that it comprised 

ca. 51% 1,3-CGHaRh(C5Mes) and ca. 49% 1,5-CaH12Rh(CsMes). 

The reaction of (55a) (135 mg., 0.425 mmole} with 1,3-COD (106 

~t., 0.825 mmole) was carried out in a manner similar to the above, the 

reaction time being 3.5 hr. The volatile products were collected by 

distillation In vacuo and analysed by v.p.c. and the solid products (130 

mg.) were shown to comprise (2aa) (ca. 88%) and 1,5-CaH12Rh(CsMes) (ca. 

12%). 

c. Reactions of w-1 13-Cyclohexadiene(pentamethylcyclopentadfenyl)frldlum 

(~b) with Cyclohexadlenes 

1,3-Cyclohexadiene (70 ~t., 0.74 mmole) and anhydrous sodium car

bonate (50 mg.) were added to a solution of (SSb) In absolute ethanol (3 ml.). 



After stirring at 50° under nitrogen for 21 hr, both 1,3-CHD and (SSb) 

were recovered unchanged. 

The reaction of (~b) with 1,4-cyclohexadiene was carried out 

in an entirely similar manner to the above. Starting materials were 

again recovered unchanged. 
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APPENDIX 

Mass Spectra of Some Organometallic Complexes 

Included in this appendix are mass spectral data for some 

organometallic complexes of rhodium, Iron and cobalt having poly

methyl-substituted organic ligands. These spectra were all recorded 

at an electron beam strength of 80 eV. The masses of the major ions, 

together .with their abundances (expressed as a percentage of the base, 

or most abundant, ion) are listed; where appropriate, the probable 

formulae are assigned. The metastable transitions which were 

observed are also given. 

Mass spectrometry, long a well-established tool in organic 

chemistry, is at an early stage of development for structural deter-

mlnatlons of organometallic compounds. Because of this, and also 

because of the limited investigations here (i.e., accurate masses of 

most fragment ions and the energetics of the various ionisation and 

fragmentation processes were not determined), it is felt that a 

detailed discussion of these spectra is not justified. 

A. Pentamethylcyclopentadienylrhodium complexes 

The mass spectra of the Rh(l) complexes, C5Me 5Rh(diolefin), 

are presented where dlolefln is (ethylene) 2 , 1,5-hexadiene, 1,3-cyclo

hexadiene, norbornadlene, 1,5-cyclooctadlene and dlcyclopentadiene. 

Also Included are the spectra of 1,2,3,4,5-pentamethylcyclopentadlene 

and the w-1-methallylrhodlum(lll) complex, C5Me 5RhCtC 4H7 • 

+* A parent or molecular ion, p , was observed In each case 

* + + + The molecular ion has commonly been designated M or P , p Is used 
here to avoid confusion with metal or phosphorus. 
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allowing accurate determination of molecular weights. 

For the majority of these complexes, the base peak corresponded 

to the Jon, Csf'te5Rh+ (m/e 238); fragmentation and complete Joss of the 

other w-bonded ligands were favored processes. The exceptions to this 

were exhibited by the complexes of norbornadtene and dicyclopentadiene. 

+ The stability of the wCp-H entity to fragmentation in the mass spectro-

meter appears to be a general characteristic of cyclopentadienyl-metal 

complexes 155• 

Other general features were the appearance of fragments of mass 

corresponding to the pentamethylrhodicenlum (C 5Me 5RhC 5H5+, m/e 303), 

+ + CsHsRh and Rh Ions. Those complexes of cyclic diolefins of >C7 showed 

a major peak at m/e 329, assigned to the tropylium containing fragment, 

+ CsMesRhC7H7 • The spectrum of the bis ethylene complex, CsMesRh(C2H4)2, 

like that of C5H5Rh(C2H4) 2
156 , showed a stepwise loss of ethylene 

similar to the loss of CO's from metal carbonyl complexes 155 • The loss 

of HCt in the mass spectrometer observed here for the 1-methallyl complex, 

CsHesRhCt(C4H7), has also been reported for some chloro-w-allylic com

plexes of palladium and rhodium157• All attempts to reproduce this result 

on a preparative scale were unsuccessful. 

1,2,3,4,5-Pentamethy1cyclopentadiene 

m/e Relative Abundance Assignment -
136 71 C1oH16 

+ 

121 100 CgH13 
+ 

119 16 CgHll 
+ 

107 6 CaHll 
+ 

106 9 CaHlo 
+ 

105 35 C8H9 
+ 

104 2 CaHa 
+ 



!!!L! 
103 

93 
91 

79 
77 
65 
55 
53 
51 

43 
41 

39 

Approximate 
m/e 

117 
107.7 
101.1 

91 

89.2 
85 

71.5 
69.6 
63.9 
59.5 
56.5 
46.5 

m/e 

294 
266 

Relative Abundance 

4 
14 

16 

10 

10 

4 
2 

3 
2 

2 

3 

3 

Metastable Transitions 

CgH13 + 

C1oH16 
+ 

C8H9 
+ 

CgH13 + 
+ 

C7H9. 

C1oH1s + 

CgH13 
+ 

C9H11 
+ 

C7H9 
+ 

C8Hg + 

C8H9 
+ 

C7H7 
+ 

Relative Abundance 

7.5 
24.2 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Process 

CgHll 
+ 

CgH13 
+ 

C8H7 
+ 

C8H9 
+ 

C7H7 
+ 

CaHu 
+ 

C7H9 
+ 

C7H7 
+ 

CsHs + 

CsH7 
+ 

CsHs 
+ 

CsHs 
+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 
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H2 
•CHg 

H2 
CH4 

H2 

C2H4 

C2H4 

C2H4 
CH4 

C2H2 

C2H4 

C2H2 

Assignment 

CsMe5Rh{C2H'+)2+ 
C5Me 5Rh{C2H4}+ 
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m/e Relative Abundance Assignment 

238 100 CsMe 5Rh + 

237 5.4 
236 17.6 
235 5 
234 9.5 
233 3.6 
232 s.8 
231 3 
230 4.2 
229 2 
221 2.4 
218 2 
205 2. 1 
168 1 C5H5Rh + 

154 2 
142 1.2 C3H3Rh + 

136 1.7 
135 3 
134 5.8 
133 8 
131 4 
130 3 
129 5 
121 2.6 CgH13 

+ 

119 31.3 CgHll 
+ 

117 2 CgHg + 

115 3 CgH7 + 

105 4 C8H9 
+ 

103 13 Rh+ 

91 6.2 C7H7 + 

79 2.6 CsH7 + 

77 4.5 CsHs + 

65 2.8 CsHs + 

53 3.8 C4H7 + 



!!!L!. 
51 

Approximate 
m/e 

213.2 

Relative Abundance 

3.1 

Metastable Transitions 

* Supplied by Dr. J. W. Kang. 

c5He5RhC 6H1o * 

m/e Relative Abundance 

320 48.8 
318 2.6 
305 1.7 
303 5.9 
279 1 .6 
238 too 
237 13 
236 22.8 
235 13.2 
234 13.8 
233 7.8 
231 9.6 
230 6.6 
229 6.8 
221 4.2 
219 2.5 
218 4 
205 3.8 
180 3.6 
179 2.9 
168 2 

Process· 

Assignment 

+ 
C4H3 

Assignment 

+ C5H5Rh 
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134 
133 
121 
119 
117 
115 
105 
103 
97 
95 
93 
91 
83 
81 
79 
77 
69 
67 
65 
57 
55 
53 
51 
43 
41 
39 

Approximate 
m/e 

289 

177.1 

150 

Relative Abundance A.ssignment 

4.6 
4.7 
3.9 
7.6 
1.9 
3. 1 
3.7 

13 
4.7 
6. 1 
2.3 
5.6 
5.3 
6.9 
4.2 
4.5 
8 
9.5 
2.7 
6. 1 
9.4 
5.6 
2.7 
9. 1 

11.2 
9.5 

Metastable Transitions 

Process 

+ + C5He5RhC 6H10 + C5Me5RhCsH6 + CH4 
+ + C5Me5RhC 6H10 + C5Me5Rh + C6H10 

* Supplied by Dr. J. W. Kang. 



c5He5RhC 6H8 

m/e 

318 
316 

303 
238 

237 
236 

235 
234 
233 
232 
231 
230 
223 
221 
218 
205 
181 
180 
168 
158 
142 
119 
115 

105 
103 
91 
79 
77 

Appre»<lmate 
m/e 

314 

<&a) 

151 

Relative Abundance Ass f gnment 

31 
12.9 

5.9 
100 

7.8 
22 

8.9 
13. 1 
6 
9. 1 
3.8 
6 

5.9 
4.8 
3.8 
3 

5.2 
3.9 
2 

13 

1.5 
1.9 
2 

2. 1 
8.1 
1.8 
2.1 
2 

Metastable transitions 

Process 
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Approximate Process m/e 

289 + . + 
•CH 3 C5Me5RhC6H8 + C5Me 5RhC 5H5 + 

179.2 + + CsHs C5Me5RhC 6H6 + C5Me5Rh + 

CsMe5RhC7Ha (,ill 

m/e Relative Abundance Asslsnment 

330 100 C5Me5RhC7H8 
+ 

329 41.6 CsMesRhC 7H7 + 

315 69.6 C5Me 5RhC 6H5 
+ 

303 13.4 C5Me5RhC 5H5 
+ 

289 3.2 
252 32.2 c11H17Rh + 

250 13. 1 C11 H15Rh + 

248 3.6 
238 55.2 CsMe5Rh + 

237 86.6 C1oH14Rh + 

236 46.7 
235 26.1 
234 23.8 
233 15.8 
232 18.7 
231 11.6 
230 13.8 
229 6.7 
223 5.2 
221 10 
219 5.8 
218 7.2 
205 6.8 
204 5.6 
194 5.2 
193 5 
192 6.7 
181 4.8 C6H6Rh + 
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m/e Relative Abundances Assignment 

180 3.9 
169 7.6 
168 10.8 C5H5Rh + 

165 15 (CsMe5RhC 7H8) 2+ 

152 7.2 
151 4.9 
142 7.2 C3H3Rh 

+ 

119 8 C9H11 
+ 

115 7.8 C9H7 
+ 

107 5.8 CaH 11 
+ 

lOS 6.2 CaH7 
+ 

103 16.2 Rh+ 

97 7. 1 C7H13 
+ 

95 8.2 C7H11 
+ 

91 18.4 C7H7 
+ 

83 8.2 C6H11 
+ 

81 9. 1 C6H9 
+ 

79 6. 1 CsH7 
+ 

77 7.2 CGHs 
+ 

69 12.3 C5H9 
+ 

67 7.8 CsH7 
+ 

65 10. 1 CsHs 
+ 

57 10.4 C4H9 
+ 

55 18.2 C4H7 
+ 

53 6.6 C4Hs 
+ 

51 5.2 C4H3 
+ 

43 14. 1 C3H7 
+ 

41 26.2 C3Hs 
+ 

39 17.4 C3H3 
+ 

Metastable Transitions 

Approximate Process m/e 

301 + + + •CH 3 C5Me5RhC 7H8 + c5Me5RhC 6H5 
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Approximate Process m/e 

248 + + C11H17Rh -+ c11 H15Rh + H2 
223 + + C11H17Rh -+ C10H14Rh + •CH3 

C5Me 5Rh(1,S-CeH12) (~a) 

m/e Relative Abundance Assignment 

346 75.7 C5Me 5RhC 8H12 
+ 

343 9.6 C5Me 5RhC 8H9 
+ 

331 24.4 C5Me5RhC 7H9 
+ 

329 26.6 C5Me5RhC 7H7 
+ 

317 7.5 
316 11.9 C5Me 5RhC 6H6 

+ 

303 6.7 C5Me 5RhC 5H5 
+ 

292 6.2 
252 1.5 
238 100 C5Me5Rh + 

237 19.8 
236 27.3 
235 19.6 
234 21.8 
233 11.9 
232 14.8 
231 8.9 
230 9.8 
221 6.6 
219 4 
218 4.9 
205 7. 1 
204 4.5 
181 7. t C6H6 Rh + 

180 5.7 
172 15.5 (C5Me5RhC 8H10)2+ 

168 5.7 C5H5Rh + 



158 
157 
155 
154 
142 
135 
133 
129 
119 
115 

105 
103 
91 
79 
77 
67 
65 
55 
53 
51 
41 

39 

Approximate 
m/e 

m/e -
370 

313 
302 

289 
164 

Relative Abundance 

4.7 
6.3 
5.2 
5.3 
4.4 
4 
3.5 
4.4 
8.8 
5.6 
7. 1 

25.8 
11.7 
12.3 

11 • 8 
5.2 
7. 1 
5.8 

12. 1 

5.3 
32.2 

19.5 

Metastable Transitions 

155 

Assignment 

Process 

+ C5Me 5RhC 8H12 ~ 
+ C5Me 5 RhC 7H9 + •CH 3 

+ C5MesRhC7H9 
C5Me 5RhCaH 12 

C5Me 5RhC8H12 

Relative Abundance 

79 

+ 
~ C5Me5 RhC6 H6 + •CH 3 

~ C5Me5 RhC6 H6+ + C2H6 
+ 

~ C5Me 5Rh + C8H1 2 

Assignment 
+ C5Me 5RhC 1oH12 
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m/e Relative Abundance Asstsnment 

369 49.5 C5MesRhC 10H11 + 

367 3.2 C5Me 5RhC 10H9 
+ 

355 100 C5Me 5RhC 9H9 
+ 

353 6.2 CsMesRhCgH7 + 

329 13.5 C5Me 5RhC 7H7 
+ 

327 1.5 
303 92 C5Me 5RhC 5H5 

+ 

289 54.8 
238 7 
237 5.5 
236 11 
235 15 
234 12.5 
233 18 
232 12 
231 10.5 
230 11 

\229 6 
221 8 
219' 6 
218 6.5 
169 10 
168 17 C5H5Rh + 

165 10 
152 19 
151 11 • 1 
121 8.5 CgH13 

+ 

119 15 C9H11 
+ 

117 7.8 C9 Hg + 

115 13 CgH7 + 

105 14 C8H9 
+ 

103 18.5 Rh+ 

93 12.2 C7H9 
+ 

91 26.2 C7H7 
+ 



m/e 

83 
81 

79 
77 
69 
67 
65 
57 
55 
53 
43 
41 

39 

Approximate 
m/e 

341 

C5Me5RhCR.lC 4H7) 

m/e -
330 
328 
292 
275 
273 
238 
237 
236 
235 
234 
233 

Relative Abundance 

31 
36 
20 
20.5 
45 
42 
14.5 
34 
68 
18 
46 
81 
22 

Metastable Transitions 

(~ 

Relative Abundance 

2.2 
6 

52 
7.6 

23 
100 
32.2 
30.8 
17.5 
16. 1 
10.2 

157 

Assignment 

C6H9 
+ 

C6H7 
+ 

CGHs 
+ 

C5H9 
+ 

CsH7 
+ 

CsHs 
+ 

C4H9 
+ 

C4H7 
+ 

C4Hs 
+ 

C3H7 
+ 

C3Hs 
+ 

C3H3 
+ 

Process 

Assignment 

C5He5RhCt 37 (C4H7)+ 

C5Me5RhCt 35 (C4H7)+ 

C5He5RhC 4H6 
+ 

C5He5RhCt3 7+ 

C5Me5RhCR.3s+ 

C5He5Rh + 
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m/e Relative Abundance Assignment 

232 11.2 
231 8 
230 7.6 
221 4 
219 3 
218 5 
206 3 
205 5 
204 4 
181 3.2 C6H6Rh + 

180 3.3 
168 2 C5H5Rh + 

157 4 
156 3 
155 5.2 
154 4.7 
146 6 
142 3 C3H3Rh 

136 6 
135 6 
134 27.8 
133 12 

129 5 
121 10 CgH13 

+ 

119 72 C9H11 
+ 

117 7.2 C9H9 
+ 

115 8 CgH7 + 

105 12 C8H9 
+ 

103 17.5 Rh+ 

93 5 C7H9 
+ 

91 20.8 C7H7 
+ 

79 7.2 CsH7 
+ 

77 12 CsHs 
+ 

65 7 CsHs 
+ 
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57 

55 
51 
43 

41 

39 

Relative Abundance 

7 
11.3 
13.5 
9 

19 
24 

Metastable Transitions 

Approximate 
m/e Process 

259.8 
194 

113 

105.7 

101. 1 

89. 1 
69.6 

CsMe5RhCR. (C4H7) + 

C5He5RhC4Hs + 

CgHg + 

C1oH14 
+ 

C8H9 
+ 

C7H9 + 

CgH11 + 

B. Some Complexes of Iron and Cobalt 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ C5He5RhC 4H6 + 

C5He5Rh + + C4H6 
+ 

H2 CgH7 + 

CgHll + •CH3 + 

CaH7 
+ + H2 

C7H7 + + H2 
+ C2H4 C7H7 + 

HCR. 

The complexes, the spectral data for which follows, were supplied 

by Dr. R. Bruce of this laboratory. They all contain tetramethylcyclo-

butadiene or derivatives of this. The structures which are given were 

assigned on the basts of analytical and other spectroscopic data 158 . 

Iron-containing fragments In these spectra were usually readily 

Identified from the characteristic Isotope pattern of Fe. 

Molecular Ions were observed for all but the cobalt complex, 

C4He4Co(C0) 21; for this, the spectrum corresponded to the derivative 

(C4He4Co1) 2 , presumably formed from a thermal reaction. All attempts, 

under a variety of conditions, to reproduce this result on a preparative 

scale, were unsuccessful. 
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The carbonyl-containing complexes exhibited the characteristic, 

facile, stepwise loss of all carbonyl 1igandsl55. 

These studies indicate that caution must be exercised when 

assigning structures on the 'basis of mass spectra 159 . The tetramethyl

cyclobutadiene complexes show loss of C2Me2 fragments so that mass 

spectroscopy did not distinguish between a cyclobutadlene and a bis 

alkyne complex;· C4He4Fe(CO) 3 is unlike C4H4Fe(CO) 3160 in this respect. 

The methyl substituted ligands here show a marked tendency to lose H2 

and even 2H 2 , during which complicated rearrangements must occur. The 

complex, C16H24NfFe(C0)3, was shown by an X-ray study to have both 

161 tetramethyl -cyclobutadiene and -metallocyclopentadiene rings • How-

ever, its mass spectrum showed ions corresponding to the fusion product 

C8Me8 and Its fragments. This fusion of two coordinated rings may well 

be thermally Induced. 

The mass spectrum of the dt-iron complex, C4Me4Fe2(C0)6 sfgnf

+ flcantly showed a fragment of m/e 112, assigned to Fe2 • This may 

indicate some metal-metal interaction in the complex. 

The fragments observed for the cyclopentadienyl-cobalt complex, 

C5HsCoC4Me4, again demonstrated the high stability of a ~-CsHsM+ entity 

in the mass spectrometer. 

/co 
CsH12Fe (CO) 3 }Qf- Fe- CO 

'co 

m/e Relative Abundance Asstsnment 

248 36.5 CaH12Fe(C0)3+ 

220 37 C8H12Fe(C0) 2+ 

192 34.5 CaH12Fe(CO)+ 



164 
162 
148 
138 
136 
134 
124 
122 
110 

108 
96 
95 

91 
84 

83 
82 
81 
77 
71 
65 
56 
53 
51 

Approximate 
m/e 

195 
168 
160 
140 
133.6 
88.9 
73.9 

Relative Abundance 

100 
94 
16.5 
4.8 
4 
6 

16.5 
8.4 

71 
16.4 
14.5 
10 
9.6 

15.8 
11.6 
16 
10.3 
6.6 
5.4 
5.6 

83 
9.2 
5.6 

Metastable Transitions 

Process 

Assignment 

+ C8H12 Fe 
+ c8H10 Fe 

161 

CaH 12Fe(C0) 2+ + CO 

CaH 12Fe(CO)+ + CO 
+ -+ C8H10 Fe + H2 
+ 

+ CaH12Fe + CO 
+ -+ C7H8Fe + CH 4 

+ 
-+ c7H7 + H2 

+ 
+ C4H6 Fe + C4H6 



388 
360 
332 
304 
276 
248 
220 
218 

216 
192 
166 
164 
162 

138 
137 
136 
124 

123 
121 

112 

110 

109 
108 
107 
106 
105 

95 
93 

91 
84 
81 

~Fe/c~o 
~'co 

Fe 
c""' 1 'c 

0 c 0 
0 

Relative Abundance 

15.2 
28.9 
24.8 
23.2 
86.8 

100 
77.7 
24.9 
15 

15.2 
26.8 

29.5 
42.7 
11. 1 

14 
46 
20.3 
11 

23 
62.1 
66.2 
15 

21 

19.9 
20.8 
17.2 

13.9 
56.2 
61 
14 
12 

Assignment 

+ C8H12Fe2 (C0)6 
+ C8H12Fe2 (C0) 5 

C8H12Fe2 (CO)'++ 
+ C8H12Fe2 (C0) 3 

C8H12Fe2 (C0) 2+ 
+ C8H12Fe2 (CO) 

162 

C8H12Fe2+ or CaH1 2Fe(C0) 2+ 

C8H10 Fe2+ or c8H10 Fe(C0) 2+ 

c8H8 Fe2+ or C8H8Fe(C0) 2+ 
I + 

CeH 12FeCO 
C4H6Fe2+ or C4H 6Fe(C0) 2+ 

+ C8H12Fe 

c8H10 Fe + 

+ c8H12co 

c8H12Fe2 (co) 2+ 



79 
77 
67 
65 
63 
57 
56 
55 
54 
53 
52 
51 

Approximate 
m/e 

mL!. 
416 
414 
388 

386 
360 
358 

332 

334 
306 
250.5 
222.8 

195 
57 

Relative Abundance 

25. 1 
27.2 
10.2 
18 

8.5 
to 

69.9 
14.5 
9.8 

24.6 
13 

24 

Assignment 

+ CsH7 
CsHs + 

Metastable Transitions 

Relative Abundance 

5.2 
14.8 
6.5 

16.6 

6.3 
15.2 
5.2 

Process 

C8H12Fe2 (C0) 6+ + 

C8H12Fe2 (C0) 5+ + 

,., ..... 
0c C C0 Assignment 

0 
Cl6H24Nt 6°Fe56 (CO)a+ 
C1sH24Nf 58 Fe56 (CO)s+ 
C1sH24Ni 6°Fe56 (C0) 2+ 
c16H24Nr 58Fe56 (co) 2+ 

c16H24Nt 6°Fe56 (co)+ 
ClsH24NrssFeSG(co)+ 

Cl6H24NJ60Fe56+ 

163 
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m/e Relative Abundance Assignment 

330 1 s .1 ClsH24NtSBFe56+ a, C 16H22N ;60Fe56+ a 

328 28.1 ClsH2oNt60Fess+ a, ClsH22Nt58Fe56+ a 

326 35.5 ClsH2oNt5BFe56+ a, ClsHlaNt60Fe56+ a 

324 16.5 ClsHlaNisaFess+ a, ClsHlsNi60Fe56+ a 

322 13 ClsHlsNJSBFeSG+ a 

300 8.5 
298 7 
272 41.8 C1 6H24 Fe + 

270 12 
246 4 

244 4.8 
218 64 C12H18 Fe + a 

216 47 C1sH24 
+ a 

201 21.5 C1sH21 
+ 

187 8.5 
186 6.2 
162 70 C12H1a 

+ 

147 100 C11H1s 
+ 

136 7.5 C8H12CO + 

133 10.5 
131 9 
119 11 CgHll 

+ 

117 7 CgHg + 

115 9.5 CgH7 
+ 

114 6.5 C4HsNJ58 

lOS 12.4 C8H9 
+ 

91 15 C7H7 
+ 

77 6.5 CsHs 
+ 

57 6 
56 7.2 Fe+ 

ss 8.4 c4H7 
+ 

54 7 C4Hs + 

53 8 c4H5 
+ 

51 4.5 C4H3 
+ 
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a - assignment on the basis of accurate mass determination. 

* - structure Indicated by an X-ray study161 • 

Approximate 
m/e 

m/e 

384 
356 
328 
300 
298 
272 
246 
244 
218 
216 
214 
201 
190 
188 
186 
162 

359 
304.3 
187 
174.9 
172.3 
133.4 
88.9 

Metastable Transition 

0 

p:/ 
1 re, 

I oc c co . 
0 Relative Abundance 

3 
19 
51 
50.5 
31.4 

100 
5 
3 

65.7 
17.1 
s.6 

10.7 
4.2 
4.6 
5 
4 

Process 

Assignment 

C1sH24Fe(C0)4+ 
C16H24 Fe(C0) 3+ 

C16H24Fe(COh+ 
C16H24 Fe{CO)+ 

C16H22Fe(co)+ 
+ C1sH24Fe 

+ C12H1sFeCO 
+ C12H16FeCO 

+ C12H1sFe 
+ 

c1GH24 



mL!. 
161 
150 
147 
136 
133 
119 
115 
110 
105 
91 
84 
77 
56 
53 

Appro.xlmate 
m/e 

302.5 
247 
225.5 

193.2 
175 
133.3 
88.9 

C8H12Co(CO) ai 

m/e 

588 
480 

or 

166 

Relative Abundance Assignment 

8 

5 
9.3 

10.7 
3.5 
3.6 

3 

3.7 
4 
4.3 
4.2 
3.1 

8 

3.2 

Metastable Transition 

/co 
Co -I 

'co 

Process 

C1sH24Fe(C0)3+ ~ C1sH24Fe(C0)2+ + CO 
C16H24 Fe(CO)+ ~ C16H24 Fe+ + CO 

+ + C1sH24Fe(C0)2 ~ C1sH24Fe + 2CO 

C1sH24Fe(C0)2+ ~ C1sH24(C0)2+ + Fe 

Cl2HlaFe(CO)+ ~ C12H1afe+ + CO 
+ + C16H24 Fe ~ C12H18Fe + C4H6 

+ + C12H1s ~ C11H1s + •CHg 
+ + C7H9 ~ C7H7 + H2 

Relative Abundance Assignment 

(CsH12Coi) 2 + 

(C 8H12)Co2Ja+ 
43.2 
33.4 
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mL!. Relative Abundance Asslsnment 

465 1.6 
421 16.4 C8H12Col 2 

+ 

418 1.6 

372 5.9 (Co2 12) + 

352 4.6 
350 4.6 C8H12Co(C0) 2I+ 

310 1.8 
294 16.2 + CeH 12Coi or (CeH12Coi) ~+ 
279 2.6 C7HgCol + 

201 4.7 
186 9.2 Co- I + 

167 4 C8H12Co + 

166 9.6 
165 15.2 
164 10 
151 7.2 + C7H8Co 
128 3.2 
127 2.4 

113 6.4 + C4H6Co 

109 21.6 
108 55.6 CeH12 

+ 

107 24.2 
106 8 

105 13 
93 100 C7H9 

+ 

91 76 C7H7 + 

79 24.6 CsH7 
+ 

77 68.8 CsHs 
+ 

67 17.6 
65 21.6 CsHs + 

63 8.4 

59 8.4 Co+ 

55 16 C'+H7 + 

53 30.8 C4Hs 
+ 

51 23.2 C4H3 + 



Approximate 
m/e 

m/e 

232 

231 

230 

217 

203 

189 

178 

166 

165 

164 

163 

151 

138 

137 

391.6 
264.5 
205.4 
136.6 
89. 1 

80.2 
63.8 
46.5 

Metastable Transitions 

Relative Abundance 

100 

30.8 

27.2 

77.6 

8.2 

2 

10.4 

4.5 

18.2 

16.4 

2.9 

to 

4.3 

5.2 

Process 

Assignment 

+ p-H 

+ p-CH3 

168 

C4H6Co(C 5H5)+ 

C8H12Co(C 5H5) 2+ 
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m/e Relative Abundance Asslsnment 

124 92 C5H5Co + 

113 5 
112 4.3 
111 s.8 
107 3.8 
105 7.4 
98 12.3 + C3H3Co 

97 4.7 
91 8 C7H7 

+ 

86 6.2 
85 4. 1 
84 4.5 
79 3.6 CsH7 

+ 

77 4.6 CsHs 
+ 

65 4.6 CsHs 
+ 

59 46 Co+ 

53 7.4 C4Hs 
+ 

51 3.5 C4H3 
+ 

Metastable Transitions 

Approximate Process m/e 

203 + c13H17Co + 
•CH 3 -+- C12H14Co + 

177.8 C13H1sCo 
+ + 

C2H4 + C11 H12Co + 

136.7 C8H12Co(C 5H5)+ + C'+H 6Co(CsH 5) + + C4H6 
118.3 + + 

·CsHs C13H1sCo + c8H1oCo + 

105. 1 C12H 14Co 
+ + 

+ C7HaCo + CsH6 
86.4 C4H6Co(C5H5) + 

+ Co(C5H5) + + C4H6 
77.4 Co(CsHsJ+ + Co(C 3H3)+ + C2H2 
46.5 C7H7 

+ 
+ CsHs 

+ + C2H2 
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