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Reaction of the hydrated trichlorides of rhodium and iridium
with hexamethyldewarbenzene gave the complexes, (CsMesMCL3), (M=Rh,lr).
A mechanism for this reaction s proposed.

The dichloro complexes, (CsMesMC2,),, were reacted with a
number of di- and tri-enes in ethanol in the presence of base and
gaQe a variety of pentamethylcyclopentadienyl complexes of M(1) and
M(111). Evidence for a hydrido intermediate Is presented and the
hydrido- and deuterido- complexes, CgMes!rH(D)CaPPh3, were isolated
and characterised.

The isomers endo-H and exo-H pentamethylcyclopentadiene(cyclo-
pentadienyl) rhodium were isolated and showed significant differences
in their properties. Cyclooctadlienes reacted with (CsMesMCi,), to
give csMesM(i,S-Cngz) via the intermediacy of the w-2-cyclooctenyl
complexes CsMesMC2{CgHy3); mechanisms are presented to account for
the observed products. Cyclohexadienes gave the complexes,
CsMesM(1,3-CgHg) .  1,4-Cyclohexadiene was Isomerised to 1,3-CgHg;

the rhodium complex, CsMesRh(1,3-CgHg), was a very active catalyst



for the disproportionation of 1,3-CgHg 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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INTRODUCT | ON

| Metal » Complexes

Organic molecules having electrons in orbitals of m symmetry are
able to form.complexes with transition metals. The linear combination
of atomic orbitals (a.o.'s), which generates bonding w ofbltals, also of
necessity generates antibonding w* orbltals. The w orbitals, which are
occupied and polarisable, may overlap with suitable vacant metal orbitals
while the m* orbitals, which are vacant, may also participate in the
metal-organic bond by overlap with occupled metal orbitals of correct
symmetry. It Is the combination of these ''donor'!' and ''acceptor' inter-
actlons which fs thought to lead to the stability of métal n-complexes.

This so-called ''synergic' mode of bonding can effectively occur
only when the metal Involved has filled or partially filled non-bonding
d orbitals. For this reason metal m-complexes are most numerous for the
groups Vil and Vill metals in ;ow oxidation states.

The vast majority of the m-complexes obey the rngrt gas electron
configuration formallsm and are diamagnetic. This is a consequence of
the filling of all bonding and non-bonding molecular orbitals (M.0.'s).

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

A. Mono-0lefin Complexes

The first olefin-transition metal complex and the first example
in which an unsaturated hydrocarbon ligand is bonded dlrectly to a metal
was Zelse's salt K[CoH,PtC23]°3H,0, prepared in 1827. It was not until
1953 however that Chattl, applying the molecular orbital concepts of

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

1



ethylene bond. His proposal, which survives today as the basis for
bonding theories of w-complexes, Is illustrated in Figure 1.

Ha Hz %

Figure |

In Chatt's model for this square planar d® complex, the ethylene
C—C bond is pérpendlcular to the plane described by the Pt and C% atoms.
The four vacant 5dés6p? orbitals of the metal ile in the molecular plane
and overlap with three chlorine a.o.'s and the n orbital of ethylene to
give a M.0. of o symmetry (the "u'-bond)[Fig. 1(a)]. The filled 5d6p
orbitals of the metal are of correct symmetry to overlap with the vacant
n* orbitals of ethylene [Fig. I1(b)] giving a M.0. of = symmetry.

X-ray studies show that in crystalline [czHuPd622]23,
CZHuPt[HN(Cﬂa)Z]CLZA and [KPt(CzHu)CZ3]-3H205 the ethylene double bond

s, in fact, perpendicular to the coordination plane [Fig. li(a)l.
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In Chatt's treatment the dxz metal orbital is used for back
donation; however, if the ethylene double bond were imagined to lle iIn
the molecular plane then the ny orbital Is of correct symmetry for
overlap with the n* orbitals [Fig. 11(b)]. This latter conformation
Is presumably not observed in the solid state since it Is sterically
less favoured. However Cramer6’7 has invoked such a conformation to
account for the low enérgy barriers to rotation of the efhylene molecule
about the ethylene-metgl bond in some olefin-rhodium cyclopentadienyl
complexes.

Therevls much evidence to support the above type of bonding in
metal w-olefin complexes in which the olefinic C—C bond ordér is
effectively reduced by transfer of electron density from the n- to the
m*-orbital by Interaction with the metal orbitals. Thus olefins exhibit
a decreased Cw=( stretchling frequency on coordination and X-ray studies
often show an increase In the olefiniﬁ bond distances.

The relative contributions of the '‘donor'' and ”accepfor“ inter-
actions to the metal-olefin bond, and the stability of this bond, will
depend on the metal, its oxidation state, the other ligénds in the com-
plex and the substituents adjacent to the coordinated olefinic bond. The
extreme cases of ''donor only'" and ''acceptor only'' bonds are illustrated
In valence bond form in Figure lil. The acceptor only bond Is, in effect,
equivalent to two M-—Csp3 o-bonds, when the configuration about the
carbon atoms s tetrahedral [Fig. 111(b)].

The actual bonding in the majority of olefin complexes will lie
somewhere in between these two extremes. The Pd(11) and Pt(l1) ethylene

complexes would appear to have a bonding which approaches 111(a). However,



H H
H~“~ _-"H H\\ //H
cTsTTT——=—¢( c - C
H - ~~H \x\ w/
' N .
M M
Y'v complex" g complex''
(a) (b)
Figure 111

strongly electron-withdrawing substituents adjacent to the olefinic

double bond such as F, CN and CO are expected to both increase the
acceptor ability and decrease the donor abllity of the olefin. Also,
1'gands with good donor properties, such as élkyl phosphines, transfer
charge to the metal atom,strengthening the back-bonding to other 1igands
such as olefins. Not surprisingly then, the complex (PPh3)2Pt[C2(CN)2]8,
In which the metal is formally In the zero oxidation state and potentially

? very nearly that expected for the o complex

a good donor, has a stFucture
of Figure 111(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 csp3-csp3 single bond [Figure 1V].

Figure IY
|

A similar structure has been observed for the formally Ni(0) com-



plex (Ph3P) aNi (Cqu) ]0.

B. Non-Conjugated Polyolefin Complexes

Chelating diolefins such as norbornadiene, 1.5-cyclooctadiene
and dicyclopentadiene form numerous m-complexes in which the double bonds

11,12,13 14 metal atoms. The

are coordinated to one or occaslionally two
double bonds In these dienes are correctly arranged for chelate complex
formation. The bonding in these complexes is very similar to that of
monoolefins since interactions are minimal. The structures of many of
these compounds have been determined, for example [(l.5~ceH12)Rh02]2]5
has a configuration in which the double bonds are perpendicular to the

plane described by the Rh and two C% atoms [Figure V].
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C. Conjugated Diolefin Complexes

In w-compiexes of organic ligands where conjugation Is present,
the mutual Interaction of the double bonds must be considered. An
analysis 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 plictorially
represented by Vi{a) and VI(b) (analogous to Figure |1l for monoolefins).

The iron atom in butadleﬂe-]6 and cyclooctatetraene-17 iron tri-

carbonyls is equidistant from the four carbon atoms of the coordinated
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diene and the C—C bond distances In this are effectively equal, suggesting
Vi(a) and VI(b) to make approximately equal contributions [Fig. VIi(a)].
However when electron withdrawing substituents are on the diene, increased
back-bonding from the metal Is expected making Vi(b) more important. This
is observed, for example, in the structure of octafluorocyclohexadiene

iron tric:arbonyl'8 [Fig. vii(b)].
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D. Acetylene Complexes

The acétylenlc bond has two mutually perpendicular sets of 7 and
n* orbitals so that, by analogy with olefins, it would be expected that

alkynes can complex with one or two metals via synergic donor and acceptor



bonds. In fact, both types of complex are known'9’2°.

E. w=Allyl Comblexes

There are three ways in which an allyl radical could conceivably

be bonded to a metal.

\ |
(1) via a normal o-bond: ,p===c-—-?--n
o I

(11) via a o- and a n-bond: N /C\ ,

¢ NC
7N\ N

(111) via a donor-acceptor bond between the metal and a completely
defocalised three centre 7 electron system. There are two
stereochemical possibilities corresponding to dihedral angles
of 180° [(ii1i)(a)] and 90° [(i11)(b)] with respect to the plane

contalning the metal and remaining ligands.

M Mo
(a) (b)

The structure represented by (iil) 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 M.0. overlaps for each

of (111)(a) and (111)(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 l|0°2]. Just such a magnitude of non-orthogonality has

been observed in several w-allyl complexes. For example, the w-ally]



ligand In the palladium complex [(wC3H5)Pan]222 is Inclined at a dihedral
angle of 111.5°+0.9° to the PdC,Pd plane.

F. m-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-complexss contain fully conjugated cyclic
1igands which formally contribute from three to eight electrons to the
metal. The metal;here‘usually lles below a planar '‘aromatic' ring épprox-
imately equidistant from all of the carbon atoms. The bonding is
essentially covalent and Is thought to Involve similar interactions to
those proposed by Chétt‘ for metal-olefin complexes. Some examples of
these complexeé'in which the metal is symmetrically bonded to all the

carbons of a cyclic hydrocarbon ligand are given below.

24

"Sandwich' complexes [e.g., ferrocene, (CsHs),Fe)], ''mixed sandwich"
complexes [e.g., CsHsVC7H7] and 'half-sandwich' complexes [e.g.,
(MeyCyNICL,) 2] are all known and many of them are very stable.

In ferrocene, the cyclopentadienyl ring, when bonded to fron, may
be regarded as a radical or an anion depending on the formal oxidation state

we assign to the metal. The sp2 hybridised carbon orbitals of this ring



are used to form M.0.'s which are assumed to be unaffected.by the ligand-
metal bonding. The remaining five 2pr a.o.'s give fiQe delocalised M.0.'s
whose forﬁ and relative energies are determined using the Huckel approx-
imation. The rings are now considered together and ligand M.0.'s of the
same rotational symmetry are combined into g and u palrs depending on the
behaviour of the M.0.'s to inversion through the centre of symmetry. The
resulting ten M.0.'s are classified in the D5d symmetry point group, to
which ferrocene belongs. The metal valence a.o.'s (3d, U4s and k4p) are
also classiflied In this point group. The actual metal-ligand bond will
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 M.0.'s

and metal a.o.'s. It is on these conslderations that the varlous treat-

29

ments™” which have been proposed differ. Although the actual ordering of
the energy levels fn ferrocene lIs uncertain, there is general agreement
on the major sources of the bonding as summarised in the M.0. energy level
diagram (Fig. VIii).

The M.0. 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 basis.

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 "extra' electron, which Is in an antibonding orbital, is readily lost

to glve the very stable metallocinium lons (ﬂC5H5)2M+. These catlons also
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readily react with nucleophiles to give adducts, which now formally have
the metal in the +] state. Thus biscyclopentadienylcobalt(il1) cation(l),
when reduced in the presence of LiA¢H, or NaBH,, gives m-cyclopentadienyl

cyclopentadienecobalt(l) (2) which obeys the Inert gas rule3?,

<@

co’ —— Co

NaBH;,
@ or LIAH, @
[()M = co] [(2)M = Co]

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

complexes such as CsHsFe(CO)zPPh33‘

, and the analogous cyclohexadienyl com-
plexes such as CGHyMn(CO)332, 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™!., They also possess

a reactive hydrogen which may readliy be removed by oxidation with Hy0, in
the presence of acid, or reaction with hydride abstracting reagents such

as the triphenylmethyl catlion and N-bromosuccinimide (NBS). For example,
the oxidation of (2) (M = Rh) wl th H20, in the presence of acid gave

() M= Rh)33 and the reversible reaction of [C5H5Fe(CO)2PPh3]+ is char-

acteristicB':

- - o
@ aBh, =l
Fe < Fe
/ I\, Phst / 1\,
Phgp C 0 Ph3P c 0
0
. -
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Deuteration studies3°

using LIA%D, show that, in fact, It Is the
newly-formed C—H bond that !s 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 organolithium, sodium
cyclopentadienide or Grignard reagents. Thus the reaction of CgHslLi
with (1) (M = Co) ylelds the complex (nCsHs) (CsHsPh)Co(1). These substituted
complexes, unlike the unsubstituted ones, do not exﬁibit the anomalous
C—H stretcﬁlng band. X-ray structural determinations on a number of these

434,35,36

substituted compliexes have been reporte and show, in each case,

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

non-planar ''exo' substituted products.

Ph 36

&

Churchill37 has recently reported the only structural determinatlion
on an unsubstituted complex of this type, m-cyclohexadienylmanganese tri-.

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



13

38

A structural determination” on the Re complex (2) in which the

ring Is substituted and shows the anomalous C—H stretch at 2790 cm™!,
shows conclusively that it is the ''exo' hydrogen which exhibits the pro-
perties outlined above. The reasons why this is so are obscure at

37,39,

present

BH,
[CeMegRe(CO)3]T —>

(N CyclopentadIenyl-Complexes of Rhodium and lridium

Cyclopentadienyl-metal complexes have frequently been synthesised
from the anhydrous halide and sodium cyclopentadienide in THF or CgHgMgBr
In ether or benzene. An alternative route is from cyclopentadiene and a
metal carbonyl or halide in the prasence of base.

These methods have been used for the preparation of rhodium and
iridium cyclopentadienyl complexes. The biscyc10pentadignyl complexes of
these metals are stable only as the cations (ncsHs)zM(lll)+ [(1) M =Rh,Ir]
having the inert gas electron configuration. These were prepared from the

bi,42

M) acetylacetonatesho or the anhydrous trichlorides and Grignard

reagents.

A by-product with formula Rh3(CsHs) ,H was also isolated from this

reaction with Rhcz3h2. An X-ray structural study has now been reportedh3
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4
MX3 + CgHgMgBr - M X

(1) (M = Rh,Ir)

X = Bry , PFg , etc.

on this complex and shows It to contaln an equilateral triangle of Rh
atoms, each bonded to one cyclopentadienyl ring; the remaining CsHs is
bonded equally to all three Rh atoms. The position of the hydrogen is
not known but Is probably sltuated Between the metal atoms.

Reaction of (l) (M = Rh, Ir:X = C2) with sodium borohydride in
aqueous ethanol®! gave the complex (mCgHs) (CsHg)M [(2) M = Rh, Ir). The
rhodium complex (3) was also prepared from the hydrated RhC%3 by the
reaction with NaCsHg in THF followed by addition of sodium borohydride3].
The complexes (2) (M = Rh, Ir) have also been prepared directly from the
anhydrous metal trichlorides with large excesses of CSHSK and C5H633’hh.
The complexes (2) (M = Rh, Ir) show the characteristic properties of
cyclopentadiene complexes, with vC—H__  at 2758 (M = Rh) and 2742 (M = Ir)
cm™l. They are readlily oxidised to (1) (M = Rh, Ir) by Hy0p in the
presence of acid33.

The paramagnetic rhodocene and iridocene M(Il) complexes were
made"2 by reduction of (1) (M = Rh,Ir:X = PFg) in molten sodium. They

are stable only at very low temperatures, at room temperature they dimerise

giving the M(1) complexes (4).

& &

(L) M = Rh, Ir)
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The rhodicenium cation (1) (M = Rh) undergoes the characteristic

nucleophilic attack at the ring with NaCgHg and LIPhhl

reagents In the
presence of zlnc to give the (presumably) exo-substituted complexes
(7CsHs) (CsHsR)Rh [(5) M = Rh; R = CsHs, CgHs). The complex (5) (M = Rh,
R = CgHs) was oxldised by oxygen, or Hy0, in 2N HC2, to the (m-cyclo-
pentadlenyl)(w?phenyl-cyclopentadienyl)rhodium(lII) catIonh]. Reaction

with bromine In n-hexane afforded (CSHSRhBrz)n [(6)]1:

Bl’z
(nCgHg) (nCsHsPR)RR(1) - [@RhBrgln

(6) (X = Br)

as an air stable, Insoluble, dark red solid. This, presumably polymeric,
material reacts.wfth pyridine to glive (ﬂCsHs)Rhczzpy.

Rhodium trichloride hydrate, a compound of uncertain stoichiometry
and unknown structure, reacts with a number of olefins in ethanol to give
[diolefin RhCz]sz. Hexachloroliridate(1V) undergoes somewhat similar
reactions giving [diolefin lrczzlzhé or [dlolefin IrHC22]2h7. These were
reacted with sodium cyclopentadienide to give the m-cyclopentadienyl com-
plexes (7).

[diolefin RhC2],

+ NaCghs - diolefin M (CgHs)

[diolefin IrHC2,], ) '

(Z7) M = Rh, diolefin = (czu.,)zl‘8
bs

1,5-cycliooctadiene

l,S-hexadiene6

b6

duroquinone

(Z) M= lr, diolefin = l,5-cyclooctadieneh7, duroquinm‘-lel'9
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The rhodium and Iridlum carbonyl halides [Rh(C0),C2], and
[Ir(CO)3C2.]n have also been reacted with cyclopentadienide to give the

m-cyclopentadienyl metal(l)dicarbonyls (8) (M = Rh, Ir)SO’SI

[Rh(CO),C co
2CL], . <<:;§-M”’
[1r(co) sl “Nco
(8) (M = Rh, Ir)

~ The rhodium complex (8) (M = Rh) was unstable in alr and dimerised
in ether solution to give [CsHsRh(CO)2]l,. Exposure of solutions of (8)

(M = Rh) to u.v. light gave (C5H5)2Rh2(co)352 and prolonged irradiation

In hexane solution afforded the trinuclear species [(nC5H5)RhC0]352’53.

A number of w-allyl derivatives of rhodium have been reported by

54

Shaw” " which, on reaction with cyclopentadienylthallium afford cyclopenta-

dlenyl derivatives (3), (10) and (6) (M = Rh, X = Cz)

(arice™) TaCsHs
haClz(CO)q -> haClz(a]])u e d Rh(o-al ]) ('n-aI ]) (1TC5H5)

(1) TeCsHs (9)
(11) conc. HC (1) TacsHs L oan. we
(11) dil. Hes RhCg (m=all) (C5Hs)

[ csHsRhX,1,
(6) (X = C2)

(10)

P.m.r. spectra of the l-substltuted allyl complexes indicated
that the substituents are syn. The complex (6) (X = C%) was obtained
as Insoluble, dark brown microprisms, probably dimeric.

An additional route to (10) (all = 1-methallyl) was the addition

*all = allyl or substituted allyl.
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of TaCgHs to the product from the reaction of RhC23°3H,0 with butadiene

(formulated as (Il))sh.
Me Me
e : :q
. ~ \\\ /
RhC23°3H,0 + CyHe =~ ' Rh Rh
3°3H2 4He N

l T2CsHg, CH,CL,

&5

(10)

111 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
unsubstituted ones, in particular, are usually thermaily unstablese.

Much of the current great interest In the reactions of dewarbenzene is

due to the discovery by Schifer®’ that hexamethyldewarberzene (12) (hexa-
methylbicyclo[2.2.0]hexadiene, HMDB) is readily obtained from the bicyclo-

trimerisation of 2-butyne with aluminum trichloride.

Me Me

Me Me
(12)
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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
substltuents. |

Dewarbenzenes, which structurally bear a resemblance to norbor-
nadiene, can form complexes with metals by functioning as chelating
diolefins. The majority of the metal complexes made and studied have

been of HMDB and these are now known for Cr, Mo and w58'59, Rh60’6l,

62 and Pt63’6A. A palladium complex65

Pd of unsubstituted dewarbenzene
has also been reported. In all of these complexes, the dewarbenzene
functions as a chelating diolefin and the bicyclic structure is retalined.
This is shown by their p.m.r. spectra and by an X-ray study66 of the

chromium tetracarbonyl complex of HMDB.

0
0
c /
. c
N
Cr,
'o“ \c

QO wmammee )
o

In some metal complexes the dewarbenzene does not function as a

chelating diolefin but still retains its bicyclic structure. Thus com-

67,68

plexes of Pd and Pt are known in which the ligand (less one hydrogen)

bonds as an allylic moiety. Hexafiuorodewarbenzene also gives complexes

in which the double bonds are not chelating to the metal69.

The bicyclic structure of HMDB was not retained In its reactions

70

with rhodium’™ and platinlumsg compounds under acidic conditions. The

products here are pentamethylcyclopentadienyl- and pentamethylcyclopenta-
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diene- complexes respectively, for example (13a) from ''rhodium trichloride

trihydrate!' and HMDB in refluxing ethano1’?:

(_l_) + RhC233H,0 =+ [CsMesRhCRol,
(13a)

The former reaction was discovered by Dr. Kang in this laboratory
before commencement of the work described in this thesis, whiéh 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 catalysis of biological systems. VYet 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 ghe 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 reacticns to those
involved in heterogeneously and enzymic catalysed systems. Recently,
homogeneous catalyées 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 fajrly 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-Y to an olefin (or an acetylene). The
processes lnvolvéd can be described as

| (1) actlvation, by reaction with the metal, of X-Y;

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

to the metal; and

(111) reaction of XY to give the product in which XY 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.

(1) Activation of the reactant XY by the metal

One of the characteristics of transition metal complexes of
Group Vil in low oxidation state (which can be regarded'as electr&n-
rich molecules) is their ability to undergo reversible two-electron
oxidations. In this context, this is usually accomplished by the
addition of a covalent molecule, X-Y. This process also involves a
change in stereochemistry and, very often, the loss of a ligand from
the original complex.

In general; metal complexes of Group VIII elemen;s in low
oxidation states have coordination numbers of 3 or 4 for d10 (e.g.,
Ni(c0)y, (PhsPY3Pt) and & or 5 for d8 (e.g., (Ph3p)2|}'cocz and

Fe®(C0)5). The most common forms of reversible 'oxidative addition'
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are d10 > d8 and d8 T d6. In the former case, the stereochemistry

changes from trigonal (or tetrahedral) to square planar, for examp]e7]

(PhP) 3Pt° + HCL T [(PhgP) sPtH]TCL™ = PhaP + (PhsP)oPtHCA.

The reversible oxidative addition to d® molecules has been most

4’2,

extensively studie Some well known examples Incldde

PhsP_ Ce Ph3P
N, 3\‘
Ir + XY ==

oc'(/ \\\PPh3 I\\\PPhg

X = H Y =H, co/3

= | = CH374

The exact mode of attack here, whether cis- or trans- is a matter
of dispute still, and depends on the medium and on X and Y. In elther
case, however, the formal oxidation state changes by two and the stereo-

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

75 76

the reactlon with S0’ or oxygen’~ In which case complexes (14) and (15),
which may be regarded either as distorted trigonal bipyramidal, or dis-

torted octahedral, are formed.

(Ph3P)pircOC2 + SO, - pth\\\ ///
/\
£ PPhg
0

(14)
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Ph3P
(Ph3P)2erOC£ + 0, =~ cz...—-lr——o

C PPh
0 3
(15)

Five coordinate d® metals also undergo the oxidative addition
reaction. In this case, loss of a ligand usually, but not always, occurs.
In fact a stepwise procéss probably takes place In the majority of cases,

77,

for example’’:

+
L L L
OC—Ols/ c0 -ii OC\A;'/X X -f- oc\g.s./x
| Nco oc”” 1 “Nco -co 0|
L L L

N

]

N

ll/PPh3 ] 78
Ph3P==—=Co + Hay < (PPh3) 3Co Hy + N

l \PPh3

H

A point of great importance is the number and variety of molecules
which can be activated and oxidatively added in this fashion. |t includes

hydrogen73, oxygen76, hydrogen halides73 74,79

, organic halides , mercuric
halldesso, sulphony! halides81 and many others. The activation of
hydrogen in this way is particularly important in some catalytlc processes
and is thought to proceed via an initial transfer of charge from a filled
metal orblital to an acceptor orbital on one hydrogen. The antibonding o%*

orblital 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-Y. ’

The process occurs most easily for metals in thé zero oxidation
state (i.e., with the higher formal electron density at the metal) and
for the ''5d metals''. Thus an approximate order of the ease with which
the metals undergo this reaction is 0s° > Ir' > Pt“; 0s® > 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 L2l1rCOX (L = tertiary phosphines), the hydrogen82 andl
oxygen83 adducts are more stable when X = | than when.X = C4.

Finally, VaskaSA has shown that the stability of the adducts
(Pth)zerOCQXY is qualitatively related to the electronegativities of
the two parts of X-Y. Thus for XY = CL, the adducts are very stable
whereas for XY = CH3l the oxidative addition reaction is readf!y

reversible.

(i1) Coordination of the olefin to the metal

In addition to their reactions with molecules X-Y, most of these

d'® and d® metal complexes also react with olefins {and acetylenes) to

give T-complexes. For example:

RI
/
C
RC = CR! (Ph3P) Pt —ifl
C
(Ph3P) 3Pt R \RR
\/
C
RoC = CR» (Ph3P) oPt —||
c
4
KR

(R =H, CN, F, etc.)
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Birk et a185 have shown that in this reaction the first step is

a dissoclation

(PhsP)gPt z (PhaP)th + PPhg
(16)

to give a 'coordinatively unsaturated species' (16) which can then add
the further ligand, for example, ethylene or phenylacetylene. The same

intermediate Is postulated to account for the oxidative addition:
(PhsP)sPt + 0, + PhgP + (PhgP),Pt0,

Very similar processes occur in d8 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-
olefins and acetylenes are assumed to occupy one coordination site).

An example of the first type is chlorotristriphenylphosphinerhodium(1)
(17) which reacts with olefins to give square planar rhodium(l) complexes
(19). This reaction occurs in solution (S) by primary loss of a tri-

phenylphosphine ligand to give again a coordinatively unsaturated species

(18)%6.

PhsP PPhy  PhgP PPh 5 >c=== PhP

\ / N b N
Ph3P \ (s)/ I/
(17) (19)

ﬂ

PPhs
/
\

ﬁ—"

~~
—
(o]
—~—

In (18) 1t Is very probable that a molecule of solvent has
replaced the phosphine; however, the solvent is weakly bound and this is

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 (32)87
trans (Ph3P) 51 rCOBr co
' PhaP | C(CN),
- —_— ‘/,Ir-—-"
PhgP”" |  C(CN),
(NC) 5C==C (CN), Br
(20)

The coordination about the metal in (20) can be viewed elther as
distorted trigonal bipyramidal or, if the tetracyanoethylene is thought
of as a bidentate llgand, 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. ,

\ PRRY; co
S Cem( c | co
Fe(CO)s “—m  [l—Feo
/hv C | ~~co
/\ co

A number of metal halides will also react with olefins directly,
one or more halides being replaced. This Is particularly found for

platinum (and palladium), for example, the preparation of Zelse's salt.
PtC2y2™ + CoH, + CoH,PtCRgy + C&

Since the formation of the above olefin complexes involves no
formal change of oxidation state of the d10 and d® metals, these may
still undergo oxidative addition of X-Y. It is this feature which is
vital in the overall catalytic process since if XY can be added without

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

(t1t) Reactions of coordinated XY with the coordinated olefin

It Is usually assumed that reaction of coordinated XY with the
oleflin 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 is In contrast to heterogeneously catalysed
reactions which are usually explalned by invoking two or‘more metal
atoms as the reactive sites.

The most Important type of reactlion is the ''cis ligand insertion'.
in Its simplest form this implies a planar four-centre intermediate, in
which the centres are the oleflinlc carbons, the metal and another atom

or group.

M—X M
\\c{-J--dﬂ/’ \\c c
n——— -a CummmE——
/ AN 7| N
This can occur wlith unsaturated species other than olefins such

as C0, SO,, acetylene 6r RCN. The most detailed studies on this type of

reaction have been of the "insertion' of C0 into metal-carbon bonds
R - M(cO) + L — RcoM(co) L

The reaction of methylmanganese pentacarbonyl with various ligands,

89. It is

L (= CO, PPhg, etc.), has been studied by a number of authors
found that, using labelled *CO, the entering CO is not the one which
appears as the acetyl carbonyl. Detalled studies by Célderazzo‘and

Noack90 have shown that it is the methyl group in fact which migrates

Into a cis-carbonyl.
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In the reverse reaction, decarbonylation of acetyl manganese
pentacarbonyl, cis-methyl migration again occurs.

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.

Chatt et algl have shown that a reversible addition of ethylene
to the platinum hydride (gl) to give the platinum-ethyl complex occurs.
A complex series of equilibrta are however invoked, since it is found
that on elimination of ethylene from (Et3P),PtBr(CD,CH3), both
(Et3P),PtHBr and (Et3P),PtDBr are obtained. All other evidence points
to the fact that elimination of a B-hydrogen always occurs from such

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

(Et3P),Pt(CD,CH3)Br < (Et3P),PtHBr T (Et3P),PtHBr + CyH,

Hzc=CH2 (z_]_)
vt
(Et3P) oPt(CH,CD,H)
vt
CHy
(EtsP),PtDBr 2 (Et3P),PtDBr + ||
‘ CHD

H2C =CH2
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In some cases, for example in the addition of butadiene to a

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

G’Fe(CO)zH + CHy=CH-—CH==CH,
co
— GFe—/-—CO
“SSCH,CH=CHCH4

(22)
_E;:. ’,,CO
-C0 RN,
Me
(23)

In this case, typical of a fairly large class of ''sigma-pi
rearrangements”sz, the o-allyl complex (22) formed by 1,4-addition of
Fe-H to butadiene, rearranges, with loss of C0O, to the n-l~methallyl
complex (23)93

Many other examples of cis-''insertion' reactions are known and
some will be discussed in the following sections. It should be pointed
out however that not all olefin metal hydride complexes react in the
above way. |h some cases, notably [1,5-cyclooctadiene IrHCL,],, 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 heresh. The molecule must also be
quite rigid and non-labile so that a facile rearrangement cannot occur.

One further reaction which occurs between complexed 1igands

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

Information, is the cleavage of metal-carbon bonds by aclds 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). Belldco et a195 obtalned
evidence from a study of the kinetics of the reactioné‘of HCL with
trans-(Et3P) ,PtMeC% and trans-(Et3P),PtPh, that the initial fast step

was the formation of a six-coordinate Pt(1V) intermediate, (EtgzP),PtHMeCz,
and (Et3P)2PtHC£Phg respectively. These arise by oxidative addition of
HCL to the Pt(l1), d8, complexes. The rate-determining step Is the loss
of H-R (CHy, CgHg) to glive (EtsP),PtCes or (EtsP)thczﬁh.

In principle,similar reactions can occur with halogens, e.g.

cis-(Et3P),PtMe; + 1, + trans(EtgP),PtMel + He126

and alcohols, e.g.
RCOCo(CO),, + MeOH ~ HCo(CO), + RCOOMe®’

The reaction of metal carbon o-bonds with hydrogen has, surprisingly
enough, hardly been studied in isolation. However, Parshall98 has obtained
evidence for this type of process in the deuterium exchange:

. H
[ (PhO) 5P] ncéu = [(Ph0) 3P] CoHj

oo w

- - -H
[(PhO) 3P _; ->(|:o — [(PhO)sP] _, —-,Co@

(PhO) yP~—0 (PhO) ,P—=0

Transition Metal Hydrides

A considerable number of catalytic processes involve reactions
with, or transfers of, hydrogen and it is thought that iransition metal

hydrides are formed as intermediates. These intermediates are rather
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reactive and not isolable (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 em™!) and
very high fleld proton magnetic resonances (usually 720 to 30). Only In a
few cases have M-H bond distances been accurately determined but these are
apparently normalsg.

The various preparations of hydrides are given to emphasize that
transition metals may readily form hydrides In the presence of stabillsing
m-bonded ligands. The hydrogen may arise from molecular hydrogen, a solvent
and even from coordinated organic molecules.

(1) Reaction with molecular hydrogen may result in

(a) homolytic splitting, as in oxidative addition reactions
(PPh3) o 1rCOCL + H, 2 (PPhy),IrCOCRH,”3

or (b) heterolytic cleavage

(11} in -
Ru €263~ + Hp T Ru HCRs3™ + HY + C2 100
(11) Reduction of metal halide complexes using, for example NaBH,, LiAgH,

or hydrazine:

NaBH,,

(PhsP) ;RRCOCL + PPhy =3  (PhgP) sRhHCO'C!

(111) From alcohols with a~hydrogens in the presence of base: For example,

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

H
| ol
H
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(PhEt,P) 31rHCL + CH3CHO
(24)
That the hydrogen transfers from the a position of the alcohol

has been shown by using CH3CD,0H as solvent 92,

(Iv) 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 B positions in alkyl complexes:

H—CH,

A !
trans(EtgP) ,Pt(CHs)C = (EtsP)zﬁt--O—-H

€y H
trans(Et3P)2PtHC2w3

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

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

PhyP=—Ir(PPh3) 2L + PhoPem|r(PPh3),Ce 0"

H
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 olefins

are now discussed briefly.

Hydroformylation

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.
RCH = CHy + Hy + €O > RCH,CH,CHO

A numbér of side reactions occur such as hydrogenation, double
bond migration and formation of alcohols. The reaction, also called the
"Oxo'' process, is important industrially for the production of higher
alcohols.

It has been shown105

that under the conditions of this reaction
dicobalt octacarbonyl and hydridotetracarbonylcobalt 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 proposedloe.

Cop(CO)g + Hp, 2 HCo(CO), 2 HCo(CO); + €O

RCH=Cszr
~RCH,CH, CHO » H
Hot 1 _co
"-——Co.-
o H RHC | CO
. co
RCH,CH,C H
CHaCHa \;c';;;'/ I
co” | Sco
1
co RCH,CH,Co(CO) 5
ﬁ§§§“ co 2
RCH,CH,C0Co(CO0) 5

The hydridotetracarbonylcobalt reversibly loses CO to form the
]
coordinatively unsaturated speclies 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 coordinatively unsaturated alkyl complex. _Carbon monoxide
promoted alkyl migration gives an acyl complex which also has a vacant
coordination site and can undergo oxlidative addition of hydrogen with
subsequent cis hydrogen insertion and elimination of the aldehyde pro-
duct. o

Oxidation of Olefins

The reaction of aqueous solutions of palladium(11) chloride with
ethylene has long been known to yield acetaldehyde with deposition of

palladium metal.
CoHy, + PdCZ, + Hp,0 -+ CHaCHO + Pd° + 2HCa

The commercially Important process (Hoechst-Wacker) for the
production of acetaldehyde using this reaction arose from the discovery
by Smidt]°7 that the presence of cupric chloride in solution prevents
formation of palladium metal. Any palladium metal formed is oxidised
to Pd(11) by Cu(ll) and the Cu(l) formed Iis oxidised by air in the
presence of HCL to Cu(ll). A homogeneous catalytic process is thus

established In which only oxygen and ethylene are cohsumed:

CoHy + PdCLy + Hy0 +  CH3CHO + Pd +2HCL
Pd® + 2CuCs, +  PdCf, + 2CuC2

2CuCy + 1502 + 2HCZ g ZCuC,Q,z + H20

CoHy + %0, +  CH3CHO

The Inltial reaction is the formation of an olefin complex,
analogous to Zelse's salt (K[PtC23CoHy]lH20), inhibited by chloride fon.

This w-complex is rapidly hydrolysed (inhibited by acid). Intramolecular
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PdCL, 2™ + CoH, o= [PdCegCoH, 1™ + Co”

CoHy /
CuCe,y

Ho0 -+ -
o - trans[PdCe, (OH)C,H,] + H + Cg
Pd” + H*CL + C2

1 1

ce e
Co —Ppd—H* —— C 4 e Pd e CH,, CH, OH ¥
/ .
+ CH3CHO

rearrangement of the hydrolysis product presumably occurs to give the
favourable cis-planar stereochemistry for ''insertion''. Addition of
Pd-OH to coordinated ethylene (probably the rate-determining step) gives
a o-B-hydroxyethylpalladium complex. This Intermediate then rearranges
by a hydride shift mechanism, giving acetaldehyde and an unstable
palladium hydride species which decomposes to Pd® metal and chloride.
The oxidative addition step is carried out separately‘using Cul(lt).

Homogeneous Hydrogenation

All systems which hydrogenate substrates using molecular hydrogen
are expected (or known) to cleave the hydrogen molecule with formation of
a reactive transitlon metal hydride intermediate. This cleavage may occur
in the three ways of the following catalytic systemsloe.

(1) Homolytic splittling.
2Co(CN) 53~ + Hy, & 2CoH(CN) 53~
(1i) Heterolytic splitting.
Ru'Czs(olefin) 3™ + Hy &= Ru''HC2,(olefin) 3~ + HCy
(1i1) Oxidative additjon.

(PPh3) ,Rh(S)CL + Hy &= (PPhj) ,RhH, (S)C2
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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 Is 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 rhodium(l) complex, (Phj3P)3RhCg, has
been extensively studied and there Is good evidence for the following

86

mechanism

S '
(PhgP) 3Rh €L === (Ph3P),Rh C&(S) + PPhy

a (18)
g
\l
H « o, & H
(s)\éﬁy,PPhs Jo=C INQ] . PPhs
—_" N
H=" | NPPhy S  H”T| \Pph,
) cs
e
s (¢ PPh
e - 1y~ 3
7\c-—c< + (PPhg)pRh Ca(s)  €—— " IRl
H H :.c,‘H...' cl PPh3
g J* I}

The complex (17) Is known to dissociate in solution to give (18)
in which the ''vacant' coordination site Is probably occupied by a solvent
molecule (S). Oxidative addition of hydrogen gives a cis-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 (lZ) in the presence of hydrogen since it coordinates pre-
ferentially to give (PhgP),RhCoH4C2 (19) which will not oxidatively add
hydrogen.

Dimerlsation of Ethylene

The dimerisation of ethylene to butenes using a rhodium(i)

catalyst in ethanol has been studied in detail by Cramer109

, who proposed
the following mechanism. [This includes a chain growth step which Is

thought to occur in important polymerisations of olefins.]

Rh € 233H,0
lCzHg
. H+C2- . - H+CZ- T -
LoRh (CoHy)y =3 [CLRh (CaHy)2] == [CoHsRh CR3C,H,S]
(25) (26)

~butene T CoHy, i
' - =HCL o "m -
[C2pRh (S)CH3CH,CH = CH,] €= [CH3CH,CH,CH,Rh  C23S]

AN

L, = acetylacetonate or CthRh,\\cz",

The evidénCe points to the anionic bisethylene complex (25), being
the active catalyst. This square planar d complex reacts with HC2 by
oxidative addition presumably to give a hydride speclies but which could
not be detected spectroscopically. This infers that cis-insertion
leading to the ethyl complex (26) is extremely rapid. Evidence for (26)
was obtained from low temperature p.m.r. studies and from isolation of
the complex Csy[C,HsRhC23H20], which Is formed on pumping off CpHy from
(26). The rate-controlling step Is the rearrangement by ethyl migration

(cis-"Insertion') of the ethyl complex (26) to the butyl rhodium complex.
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A reverse hydride migration (from the activated 8 position), reductive
elimination of HCL and release of the butene leads to the regeneration
of the active catalyst (25).

Isomerisation of Olefins

The isomerisation of olefins Is catalysed by a wide range of

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

110

bonds. A number of different mechanisms have been proposed however

the clearest evidence yet Is that of Cramerl‘]. He investigated the
rhodium catalysed isomerisation of butenes and put forward a mechanism
involving the formation of a rhodium hydride species and its reversible

addition to the olefin:

m CHZ i
LyRh =——]| == LsRh——CH,CHyCHs
| CH
H
CoHs
1 s
CH3 |
] 1 CH
LsRh =—CH == L,Rh=——r}
| CH
CoHs H |
CHg

While this describes the mechanism superficially, the detalled
proposal, based on the results of deuterium exchange experiments, Is
rather involved. Cramer observed that, for example,'the isomerisation
of l-butene in CHéOD led to isolation of deuterated 1-butene together
with an approximately equal quantity of undeuterated i-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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"hydrido-r-olefinic' scheme.
~ This stepwise mechanism involving initial formation of a hydride

can be successfully applied to eXpla!n many other results in Isomerisation

112,113

reactlions 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-w-allylic intermediate

H
H ! — /'E~\ [ Q... 3 '
RHC-T-C—CHRZ = e ! N cp, = RH2C—C==CR,
M M-H M

Other possible exceptions to the hydrido~-n-olefinic mechanism are

121 and Heo(c0)y''2.

some reactions Involving palladium
While the majority of Isomerisations studied in detail have

been of linear mono-olefins, the Isomerisations of cyclooctadienes (COD)

have received considerable attention too. Whereas cis,ﬁis-l,B—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

cyclooctadiene is complexed as the 1,5-isomer but any free olefin is

present as the 1,3-isomer. Furthermore, both stepwise (Qia 1, 4-cyclo-

octadiene) and mhltlstep processes are possible between these two Isomers.
Bailaru6 has studied the Isomerisation of 1,5-COD with PtC&y(PPh3),,

PtHC2 (PPh3), and PtC%,(1,5-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, SnC2,, was essenfial 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(SnC%3) (PPh3) 5] ,(1,5-C0D), strongly suggest that a hydrido-m-olefinic
mechanism is operative. The detection of 1,4-COD further supports this
stepwise process. This mechanism has also been lnvokgd to account for

l]? that whereas 1,5-COD readily replaces two CO's from

the observation
(8-hydroxyqulnolate)rhddlum dicarbonyl giving the corresponding 1,5-C0D
complex, 1,3-C0OD will give this same complex only in the presence of HCY.
In the absenceFOf HC. a complex Is obtained in which only one of the
carbonyls Is replaced. This indicates that 1,3-COD is not isomerised to
give coordinated 1,5-isomer by a hydride abstraction mechanism (to give
a hydrido-m-allylic species). |

The reaction of excess 1,5-COD with ‘'rhodium trichloride tri-
hydrate' In ethanol gives the complex [(1,5-COD)RhC2]},. 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 stepwisé mechanism

1139

It has been suggested that, in the related reaction of
""RhCe3+3H,0" with 1,3-COD, a stepwise isomerisation mechanism is not
operative since 1,4-COD was not detected as an Intermedlate. The reaction,
with &xcess 1,3-C0D, proceeds to give [(1,5-COD)RhCL], together with
unisohmerised, free 1,3-isomer. The Isomerised diene was recovered by
decomposition of the complex by cyanide. Similar reactions have been
observed with ""1rCeg-kHy0"112 and KoMX,'20 (M = Pd, Pt; X = Cg, Br). A

mechanism involving migration of the double bond by two positions in one

step was proposéd.



RESULTS AND DISCUSSION



RESULTS AND DISCUSSION

_ A. The Formation of Dichloro(pentamethylcyclopentadienyl)-rhodium and

-iridium Complexes: The Ring Contraction Reaction

The reactlion of excess hexamethyldewarbenzene, HMDB, with
RhCL3+3H,0 In methanol at 65° under nitrogen was reported by Dr. Kang
‘of this laboratory to give a nearly quantitative yleld (based on
'RhC£3'3H20) of alr stable red crystals. The product was identified
as dichloro(pentamethylcyclopentadienyl) rhodium dimer (13a) on the baslis
of analysis, further reactions and spectroscopic data. Its p.m.r.
spectrum (60 MHz, CDC%3) showed a single sharp resonance at t8.40 and
did not distinguish between the Rh(!11) complex proposed here and the
Rh(111) complex of hexamethylbenzene, (cGMgsRhcz2f+, proposed by Booth

et al.lz‘

to be the product from the same reaction. Analytical and
Infra-red data were similarly not conclusive and perhaps the most con-
vincing initial evidence for our assignment was mass spectfoscopic.
The red crystals did not melt befow 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 (CsMeuCHth+, corresponding to loss
of HCL from CsMesRhCe™) and 134 (CcMeyCHo'). Fragments at m/e 162
(CeMeg’) and 147 (CeMes') which are prominent in samples containing
hexamethy lbenzene were absent.

Hexamethy lbenzene was, however, formed in substantial 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 Isomerisation
under these conditions In the absence of metal haltde56.

In an attempt to elucidate the mechanism of this rather novel

Lo
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ring contraction reaction, an analysis of the volatile by-products was
undertaken. The solvent and other volatlle 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
majJor component was Isolated and shown to be dimethylacetal by p.m.r.
and mass spectrum; the minor ones were identified mass spectroscopic-
ally as methyl chloride and dimethyl ether. A reaction in which
RhCi3~3H20 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.p.c. analysis showed that the amount of dimethyl-

acetal formed was approximately correct for the stoichiometric reaction

2 + 2 RhC23+3H,0 +  LMeOH
) l |
AN
— Rh + 2MeCH(OMe) 5
) + LHCL + 8H,0
(13a)

When a similar reaction was carried out under heterogeneous
conditions in aqueous solution, the complex (13a) was again formed,
though In much reduced yleld (16%). The only significant by-product
detected from this reaction was acetaldehyde, presumably formed by

the following:
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‘ 90°C ’//Cl\\\'
2 HMDB  + 2RhC23°3H,0
| GI e @

+ 2CH3CHO + LHC2 + H2°

The mechanism by which these ring contraction reactions occurred

122 and Criegee and Gruner]23

remained obscure untll Paquette and Crow
reported the ring contraction of HMDB, catalysed by H'. These workers,
relnvestigating the reaction of HMDB with acid, initially reported by
Schéfer and Hellman56, showed the major product to be the 1-(l-substituted

ethyl)pentamethylcyclopentadiene (27).

+ -
m rHE oy = CHXCH3

(27) Ix = Cz, Br, OMe]

Furthermore some related work carried out in this laboratory on

the formation of dichloro(pentamethylcyclopentadiene)platlnuméh

from
HMDB suggested that the presence of acid might be important in the pre-
paration of Ql;g).

The reaction of (27) (X = C2) with RhC23+3H,0 in methanol readily
gave the product (13a) in high yleld (88%) together with a stoichiometric

amount of dimethylacetal.

2 + RhC23°+3H,0
CHC2CHj3

(‘2—7) MeOH

——p [CsMesRhC2,], + 2MeCH(OMe),
(13a)
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The corresponding heterogeneous reaction in aqueous solution
'gave the complex (13a) (25%) together with acetaldehyde which was
Isolated and characterised by analytical v.p.c. and p.m.r. and mass
spectroscopy. |
The above reactions In methanol were repeated using ''lrC2gs5H,0"
to give orange crystals of dichloro(pentamethylicyclopentadienyl)iridium
dimer (13b), which had propertles similar to the rhodium analogue.
This complex was far more easily accessible from (27) (62%) than from
HMDB (reported by Dr. Kang, 9%). The by-products detected from these
Iridium reactlions were identical to those from the corresponding
rhodium reactions; dimethylacetal was again the signiflicant organic
product.
These results are consistent with a mechanism jn which reaction
with HMDB proceeds via a primary aclid catalysed rearrangement to (329
(X = C2 or OMe In methanol solution). The protons necessary for this
rearrangement are presumed to arise by lonisation of coordinated water

molecule

MCL xH,0 2 [MCR3(x-1)Ha0+0H])™ + H*

It was found, in fact, that 0.1 M aqueous solutlions of the
rhodium and iridium trichlorides had pH's of 2.7 and 2.9 respectively
(observation by Dr. Kang).

In the light of the above observations It seems.clear that the
followlng overall reaction path is operative in the formation of the

complexes (13a) and (13b)
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Hf(MngxHZi:// \\N W o+ ¢

MeOH
‘ CH(OMe) CHg OMe CHC2Me
‘ "M""”

om ) ' Coe

l M CEsSx
A Qo\Me
CHMe H
S—— + v~\‘C-=3Me
1] - Me/

MCs3S, MG

mo . -
2CsMesM C23 ~» [CsMesMC2o]l, +  2C2

+ MeOH
MeHCmmOMe ——> (Me0),CHCH; + H™

The great stability of the pentamethylcyclopentadienyl complexes
provides the driving force for reaction, i.e., for cleavage of the C—C
bond. These reshlts have subsequently been confirmed by other workerslzu;
however they proposed the intermediacy of free pentamethylcyclopentadiene.

A simllar scheme may be written to account for the products
obtalned under aqueous conditions.

These reactions, described above, provide a facile new route to
pentamethylcyclopentadienyl complexes. Such polysubstituted cyclopenta-
dlieny! complexes are otherwise very difficult to make; for example, King

125

and Blsnette prepared a number of CsMesM complexes usfng pentamethyl-

cyclopentadiene, obtainable only by a rather lengthy route.
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B. Introduction to the Chemistry of the Complexes, [C:=MesMC%,],

(M = Rh, Ir)

The general chemical features of the complexes (13a) and (]3b)
were established by Dr. Kang who found that while the CgMes—M bond
was exceedingly stable, the M—C% bond could be cleaved by a number of
reagents. Alllat;empts to rupture the CsMes—M bond with reagents such
as base, cyanide and hydridic reducing agents falled. The M—C2 bond
readlly underwent displacement reactions with lodide 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 compiex (13b)

ﬁz
Ca
R Rh
ca
Nal (136) L
acetone S\\§:OH
[Csﬂeskhlzlz ' ‘ CsMGsRhClzL

(28a) L = PPh3, pyridine, p-toluidine, etc.

The reactions of the iridium analogue have not been studied as
extenslively but appear to be very similar.

These complexes are new but the cyclopentadienylrhodium halides
[CsHsRhX 1 (6) (X = Ce, Br)kl’sk have been mentioned briefly in the
llterature (see Introduction). The propertles described for these cyclo-
pentadienyl compléxes, (é). agree Qell with those of the pentamethyl-
cyclopentadlehyl ones (12). except‘for_the greater solubility of the

latter.
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In their reactions with olefins, the complexes [CsMesMCRsy]s
(13) often resembled RhCg3¢3H,0, although the former required small
amounts of base, sodium carbonate was usually used. For example:

4s
MeOH

Rhc23'3H20 CzHg CZRh
yz

EtOH
[CsMeskhczzlz + Czﬂq, ————p CsMesRh
N82C°3

EtOH
RhCL3+3H,0 + COD” C2Rh

« EtOH J/
[CsMegRhC2,]; + COD° ———>  CsMesRh{
Na2003
The reactions of [CgMegMCe,], with olefins in the presence of
base effectively constitutes the remainder of this discussion. The
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, (CsMesMC2o)o (13), with Di- and Tri-

0lefins

1. Introduction: Evidence for a Hydride Intermediate

The dimeric dichloro(pentamethylcyclopentadienyl)-rhodium and
-iridium complexes were reacted with a number of olefins in ethano].
These reactlions, in the presence of base (usually sodium carbonate),
gave products of three maln types. All of these compounds described

obey the effective atomic number rule.

1,3- or 1,5~cyclooctadiene.
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(a) Ml complexes formed by complete dehalogenation of (13); e.g.,

op-

"ne . .
(b) M "covalent" complexes formed by partial dehalogenation of (13).
The metal is allylically bonded to three carbons of the ligand derived

from the olefin; e.g.,

ey
/
Me
\
Ce
nm )
() M "ionic" complexes in which the metal is formally bonded to

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

&€

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

&+

X" X = monovalent anion

olefin substrate to give an en-yl complex of M“l. This suggested the
intermediate formation of a metal-hydride.

Further evidence for this intermediate came froﬁ the analysis
of the mother liquors from some of these reactions. |t was found that
acetaldehyde and/or diethylacetal were invariably present. The reactions
of platinum-metal halide complexes with alcohols, to give aldehydes or

126-128 and it has been shown that hydrogen

102,127

ketones, are well known

abstraction is from the d-positlon of the alcohol
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*
The reaction is generally thought to proceed :

-HC2
m—CL, + EtOH ==> m—(C2 —
| (base)

Nt

m—OCHCH3 — m—H <+ CH3CH°
«
H

A slight varlant of this Is also possible

m—C% + Et0 (Hebase) —» m—OCHCH; + C32
. H:
The metal-hydride intermediateAproposéd here, CgMegMHC2(S)

[where S is solvent or olefin], could not be isolated presumably due

to the high reactivity of such a species. However the iridium complex
CsMeserCLPPhs (gg) was obtained from the reaction of CgMeglrCe,PPhy
(28b) 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 |r—H bond largely by

blocking the vacant coordination site.

CsMesirC2,PPhy + EtOH + Hy,0 + base

(28b)
——3 CsMeg!rHCLPPhg

(30)
Some deuteration studies, described later in the section on

reactions with cyclooctadienes [C. 5] also support the intermediacy

*
m represents a complexed metal, MLn'
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of a hydrido-complex.

Chlorohydridotriphenylphosphinepentamethylcyclopentadienyliridium (}g)

The Iridium hydrido-complex, (30), was an air stable, yellow,
crystalline solid and was identifled by analysis and spectroscopy.
The deuterldq-anélogue, CsMes!rDCLPPhs (31), was prepared by a similar
route from CsMes|rCL,PPhg (28b) using ethanol-dg and D,0. No exchange
of coordinated deuterium with water was observed.
| The hydrido-complex showed an intense, rather broad band at
2090 cm™! In the infra-red (KBr disc) assigned to v(ir—H). This was
absent In the spectrum of the deuterido-complex which showed a new

shoulder at ca. 1500 cm™l, assigned to v(lr—D).
[v(le—H) /v(ir—D) = 1.39]

The p.m.r. spectrum (60 MHz, CDCi3) of the hydrido-complex (30)
showed a multiplet at v2.6 (aromatic protons, 15H) and a double doublet
at t8.42 [J(Me-P) 2Hz, J(Me-H) 0.9Hz; 15H], arising from the coupling of
the fifteen equivalent methyl protons to the phosphorus and hydride. A
rather broad doublet at t23.3 (J(H-P) 36.L4Hz) 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, CDC%3) of
the deuterido analogue (}l) confirmed these assignments and exhibited
the multiplet at 12.6 (aromatic protons, 15H) but only a simple doublet
at t8.42 [J(Me-P) 2Hz; 15H].

The hydrido-complex (30) was unstable in solution in alr and
on standing In deuterochloroform (room temperature, | day) reacted to

regenerate (28b).
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csheslruczppha + CDCL3 - CsMesirC2,PPhg + CDHCZL,
(30) (28b)

A small triplet at t4.76, due to methylene cthride-dIIBG, was
observed. |

Attempts to Isolate the hydrido-rhodium 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 (30) with olefins were not investigated but the
phosphine dlchloro;complexes, CsMesMC2oPPhy (28), were found to react
with olefins In a similar way to, though more slowly than, (CgMesMC2,),
(13). This is not surprising since (28b) and its rhodium analogue have
a triphenylphosphine in the reactive site. |f the reactions between
CsMesirC2,PPhg (ggp) and an olefin were interrupted befére completion,

the hydride, CsMeslrHC2PPhy (30), could be detected by p.m.r. spectro-

scopy.

2, Reactions with Butadlene, Cycloheptatriene and Diphenylfulvene

The complexes (CsMesMC2p), (13) were reacted with butadiene,
cycloheptatriene and 6,6'-diphenyifulvene in ethanol in the presence
of sodium carbonate. |n 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 (3&) were assigned from
analytical and spectroscopic data, particularly p.m.r. spectra (Table 1).

The covalent 1-methallyl-rhodium complex (3k4a) was obtained in
effectively quantitative yleld under mild conditions. It was sublimable

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

of the complex, CsMesRhCL(CyHy) (3ka), by extended reaction with sodium
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(Cs"GsMClz) 2 [CsMesMHCQ(S) ]

(34)

carbonate in methanol (or ethanol) at elevated temperatures were
unsuccessful; (34a) was recovered on each occasion. The 1-methallyl
group In (34a) is coordinated as the 'syn" (or trans) isomer as shown
by the coupling constant, J(a,c) = 11 Hz, (Table 1). The complex,
chloro(cyclopentadienyl) (1-methallyl) rhodium CsHsRhC2(CH,CHCHMe) (10),
recently reported by Powell and Shawsh has similar properties to (3ka).

The mass spectrum of this rhodlum complex, (34a), was recorded
and Is presented in the Appendix. The molecular ion peaks at m/e 330
and 328 (CsMeSRhCECuH7+, ca. 8% of the base peak) were observed
together with a major fragment at m/e 292 (C5Me5Rhch5+, 52%), due to
loss of HCL from the parent ion (metastable peak at m/e 259.8).
Fragmentation of the latter lon led to the base peak at h/e 238
(C5M35Rh+, metastable peak for thls transition at m/e ca. 194). Other
major fragmentslweré observed at m/e 275, 273 (csnesahcz+, 32%), 134
(CroHyst, 282), 119 (CoHyy*, 723) and 103 (RWY, 18%).

Simllar en-yl complexes were formed from cyclooctadienes, these

are discussed below (C. 5).
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The reaction of (CsMesRhC2;), with cycloheptatriene in refluxing
ethanol In the presence of sodlum carbonate gave yellow crystals of =-
2,5-cycloheptadienyl(pentamethylcyclopentadieny]) rhodium chloride [(33a);
X = C2]. The iridium analogue (33b) could not be isolated 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 anion, hexafluorophosphate. The rhodium [(33a); X = C2, PFgl
and iridium [(33b); X = PFg] complexes were identified by their analyses
and p.m.r. spectra.

The p.m.r. spectrum of the rhodium complex [(33a); X = C2] Is
given In Table 1; that of fhe hexafluorophosphate salt (60 MHz, CDC23)
showed resonances at 13.52 (1 H, t, Ha), 4.55 (24, dd, Hb)’ 5.41 (2H,
unresolved multiplet, Hc), ca. 8.0 (4H, unresolved multiplet; Hys He)
and 7.96 (15H, s, CsMes). Decoupling experiments at 100 MHz showed that
H, was only slgnfficantly coupled to H (J(ab) 6.5:0.2 Hz), that Hy was
coupled to both Ha and H_ (J(bc) 8.6%0.2 Hz) and that H_ was coupled to
Hb and, sllightly, to Ha'

The iridium complex, w-z,S-C7H9Ir(CsMesz(gjp); X = PFgl, gave
a very similar p.m.r. spectrum: a triplet at 73.33 (IH, Ho» J(ab)

6:0.5 Hz), a double doublet at 4.44 (2H, Hy » J(ab) 620.2 Hz, J(bc)
8.2£0.2 Hz), Qnresolved multiplets at 5.53 (2H, Hc) and 8.2 (4H, Hys He)
and a singlet at 7.90 (15H, CgMes).

Cycloheptadienyl complexes are still rather uncommon however,
where avallable, the p;m.r. data agrees well with the above129-13].
‘The ionlic diphenylmethylcyclopentadienyl complexes, (32), were

obtained In good yield (80-90%) from reactions with 6,6-diphenylfulvene
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in refluxing.éthanol in the presence of sodium carbonate. The chloride
salts of both rhodium and iridium complexes were extremely hygroscopic
and the complexes (32) could only be Isolated in pure crystalline form

as the hexafluorophosphates. The complexes were ideﬁtlfied on the

basis of their analyses 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 PhZCHCSHQMo(CO)3'32, i.e., involving hydrogen transfer from the
§o|vent to 6,6-diphenylfulvene. Welss and Hiibeil33 have prepared the
iron complex, (Ph,CHCsH,),Fe,(C0)y, from diphenylfulvene and iron penta-

carbonyl.

3. Reactions with Norbornadiene and Dlcyclopentadiene

In contrast to the above (CsMesRhC2,), (13a) reacted with norbor-
nadiene and dicyclopentadiene In refluxing ethanol in the presence of
sodium carbonate to give the yellow complexes, (35a) and (36a), In 42%
and 75% yield respectively. These M(1)-diene complexes were sublimable

and very soluble in non-polar solvents.

(CsMes RhC23),

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 llterature

'3h. The

of transition metal complexes contalning these diene llgands
p.m.r. spectrum of the dicyclopentadiene complex (éé) was rather com-
plicated and a full analysis was not possible (Table 1). That of the
norbornadiene complex (100 MHz, CDC%3) showed a broad multiplet at 16.73
(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) 5 Hz, J(H—103Rh) 1.2 Hz), a triplet at 9.17 (24, due to CH,
coupled to both bridgehead hydrogens, J(H-H) 1.6 Hz) and a singlet at
8.12 (15H, CgMes).

The mass spectra of these volatile complexes were readily obtained
at an inlet temperature of 30° (lonising beam strength 80 eV). Unlike
other pentamethylcyclopentadienyl-rhodium compliexes the most abundant
fon from these complexes was ggg_csMeSRh+ (m/e 238). The norbornadiene
complex (§§) gave a mass spectrum in which the molecular lon at m/e 330
was most abundant. Fragments at m/e 329 (CsMesRhCyH, , 41.5% of the base
peak), 315 (p-Me**, 70%) and 303 (CsMesRhCsHs', 13.5%) are consistent with
the proposed structure.

The spectrum of the dicyclopentadiene 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', 4o%), 355 (p-Me',
base peak), 329 (CsMesRhC,H;', 14%), 303 (CsMesRhC5H5+, 91%) and 289
(C13H2°Rh+. 55%). The detalled mass spectra of both complexes are
Included In the Appendix.

CsMesM' (diene) complexes were also formed with cyciopentadiene,

cyclohexadlenes and cyclooctadienes; these are discussed below.

T
p+ denotes the parent or molecular lon to distinguish It from P used to
denote phosphorus.
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L, Reactions with Cyclopentadiene

(a) The Rhodium Complex

Two products were isolated from the reaction of (CsMesRhCLj),
(13a) with cyclopentadiene in ethanol in the presence of sodium
carbonate. One of these, readily soluble in non-polar solvents, was
easily separated from the other, lonic material. The former, covalent
complex was shown to be cyclopentadienyl(pentamethylcyclopentadiene) -
rhodium(l) (37) (54%) and the latter, cyciopentadienyl(pentamethyl-
cyclopentadienyl)rhodium{i1i) chloride [(38a); X = c2] (19%). The
hexafluorophosphate salt [(38a); X = PFg] was obtained by precipitation
from an aqueous solution of the chloride. The complex, [(38a); X = Ce],
was the sole product (76%) from a reactlon of (13a) with cyclopentadiene

in aqueous THF In the presence of sodium carbonate.

(CxMesRhCi,) ,
C5H5 EtOH CSHG
Na2c03
aq. THF
N82C03
" T+ Me 3 T+
I - -
Rh X + Rh X

& &

(38a) (37) (38a)
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The ;nexpected complex, (37), a sublimable yellow crystalline
solid, was ldentified by Its analysis and I.r., p.m.r. and mass spectra.
The p.m.r. spectrum (60 MHz, CDC%3) showed a doublet at t5.12 (CgsHs,
coupled to 103Rh; J(H-Rh) 1.0 Hz), singlets at 17.96 and 8.57 (each 6H,
due to two methyls) and a doublet at 19.67 due to one methyl, coupled
to a hydrogen (quartet at t7.29; J(H-Me) 6 Hz). The hydrogen on a
pentamethylcyclopentadiene ring was presumed to be '‘endo' to the metal
because of the absence of a characteristic low frequency VeH band in its
i.r. spectrum. .There Is good evidence that the low frequency VeH band
(ca. 2750 e¢m™!) exhibited by such compounds is due to exo-hydrogens37’39
(see Introduction and below).

The complexes, (C5Me5RhC5H5)+X- [(38a); X = Cz, PF], were
formulated as suéh on the basis of their analyses and p.m.r. spectra
(Table 1).

The pentamethylrhodicenium chloride [(38a); X = C2] reacted
with sodium borohydride in a benzene-water mixture to give a yellow
benzene-soluble complex, (39a) In 93% yleld. This was identified as
an isomer of (37). Its p.m.r. spectrum showed that reduction had
occurred exclusively at the substituted cyclopentadienyl ring, and
exhibited a doublet at 7t5.05 (CsHs, coupled to 103Rh, J(H-Rh) 1.0 Hz),

a singlet at 7.90 (6H, Mea), a doublet at 8.69 due to‘Mec coupled to

a hydrogen [quartet at t7.18, J(Hd-Mec 6.2 Hz)] and a doublet at 8.84
(6H, Me,, J 0.8 Hz). The latter doublet, due to Me, (or possibly Mea),
protons, could conceivably arise through coupling of these to elther

Hy or 103Rh or through a non-equivalence of the two Me, (or Me_) groups.

No splitting of the quartet due to H, could be observed (100 MHz, benzene).
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The infra-red spectrum of (39a) was identical to that of the
Isomer, endo-H(pentamethylcyclopentadiene)cyclopentadienylrhodium (37),

except for an intense band at 2730 cm™ . This is assigned to VCH due

37

to an exo-hydrogen”’, the presence of which is not surprising since

attack of R~ at a coordinated ring always appears to be exo- (see Intro-
duction). Hydride attack was exclusively at the CsMes ring as shown by

1

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

Mec
| Hg
. - H2° Mep
(CsMesRhCsHg) €4+ NaBHy Rh=
benzene
(38a) (}ge)

‘Synthetlic difficulties have usually precluded the isolation of
endo- and exo- isomers such as (37) and (gg).‘ These two Isomers
exhiblted 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-pentamethylcyclopentadiene was also recorded. The most
abundant lons, observed metastable peaks and the transition Involved
for the latter ere listed in the Appendlix. Harrison_et al.'3 have
reported the mass spectra of a number of methyl-substituted cyclo-
pentadlenes inciuding i,2,#,S.S-pentamethylcyciopentadiene but excluding
the i.2,3,4.5-iscmer. They observed that positional Isomers gave very
similar spectra; thelr 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
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- spectra of the exo (39a) and endo (37) Isomers (Figure 1X) were some-
what similar with major fragments corresponding to (p-H)+ (m/e 303),
(p-Me) " (m/e 289), (CsHsRh)® (m/e 168) and Rh* (m/e 103). A fragment
at m/e 238 (corresponding to C5Me5Rh+), usually very abundant in the
mass spectra of these types of complexes, was notably absent. This,
together with the observation of a major fragment asslgnedbcsHsRh+,
confirmed that these are cyclopentad!enylrhodium complexes. The dif-
ferences which were observed are precisely those expected on the basis
of thelr structures as indicated, and thelr chemical properties (see
below). The exo-isomer (39a) showed a weak molecular fon 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 pentamethylrhodicenium ion (C5Me5RhcsH5)+].
Loss of a methyl from the parent was a much less favoured process for
the exo-isomer (m/e 289, ca. 24% of the base peak) but was the dominant
fragmentattoﬁ mode for the endo-isomer (37) to give (CsHsRhCsMeyH) ™
(40). Both the molecular ion (10%) and CsMesRhCsHs® (m/e 303, 15%)
were of small abundance for the endo-isomer. Further breakdown in
both cases gave rfse to peaks corresponding to C5H5Rh+ (m/e 168),
C3H3Rh+ (m/e 142, very common in the mass spectra of cyclopentadienyl-
metal complexes) and Rh+, and to the characteristic cracking pattern
observed for pentamethylcyclopentadiene itself. The mass spectra of
both isomers are therefore dominated by the high stability of the
positively-charged Rh(111) "sandwich' complexes. The Isomers differ
in the way in which they achlieve this state, the one by loss of hydrogen

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



Figure IX

The Mass Spectra of endo-H and exo-H, CsMesHRhCgHg
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- 14
ol 10}
Rh (32) —_— Rh (40)
m/e 289
A 10}
Rh (39a) —> Rh (38a)
m/e 303

This difference in labillty 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. |t should be pointed out however that Angelici and

Fischerhl

found that reaction of the endo-hydrogen complex (mCgHs)Rh(CsHsPh)
with oxygen, or H;0, in 2NHCL, gave a catlion, [(C5H5)Rh(C5H4Ph)]+, in
which the endo C-H bond had been cleaved.

The exoéisomer was readily oxidised by deuterochloroform and
N-bromosuccinimide (NBS) to the pentamethylrhodlceniuh ion (38a). Thus
a p.m.r. study of a solution of the exo-isomer In deuterochloroform
showed that decomposition to [(38a); X = C2] occurred rapidly, this was
effectively complete after five hours (at ca. 40°). In addition to the

growth of resonances due to (38a) (X = C2), a small triplet at 4.63

(J(H=D) 1.0£0.2 Hz) also Increased in Intensity. The latter was due to
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136

CHOC2, =, formed in the reaction:

exo-H (CsHs)Rh(CsMesH) + CDCoj

(39a) . - |
- —3 [(CsHs)Rh(CsMes)] €2 + CHDC2,

(38a)

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

ether mixture, In the presence of ammonium hexafluorophosphate, to

glve (38a) (X = PFg).

exo-H (CsMesH)Rh(CsHs) + NBS + PFg

(39a) 4 -
— (CsMesRhCsHs) 'PFg  + (CH,CO),NH
(38a)

The endo-H compliex (37), while decomposing much more rapidly
In the solld state in air, was effectively Inert In chloroform solution.
With NBS, halogen and hydrogen chioride, the endo-isomer gave a mixture
of pentamethyicyclopentadlenyl- and cyclopentadienyl-rhodium halides.
Owing to the extreme insolubility of the latter and spéring 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-cyclooctadiene in ethanol in the presence of sodium
carbonate. The relative amounts of these soluble Rh(1) complexes were
estimated by p.m.r. spectroscopy. As the conversion of the dibromides,
(41) and (42), to the 1,5-cyclooctadiene complexes, (43a) and (Lk4)
respectively, Is bellieved to be essentially quantitative, the bromides

(41) and (42) were produced in the ratio 55:45.
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'

HC%,Co
endo-H (CsMesH)Rh(CsHg) = CsHgRhCLZ, + CgMesRhC2,
(37) (42) (41)

lyss

CsHsRhBr, + CsMegRhBr,
(k2) - (41)

.ll »5-cyclooctadiene
CsHsRh(1,5-COD) + CsMesRh(1,5-COD)
. (4%) (43a)

Although reaction of (CgMesRhCiy), (13a) with cyclopentadiene
in ethanol In the presence of sodium c;rbonate gave the complex
(CsMesRhCsHs)Ce [(38a); X = Co] in addition to the endo-isomer
CsMesHRhCsHs (37), (38a) was not an intermediate in the formation of
(37). This was shown by an absence of reaction on prolonged heating
of (38a) with sodium carbonate In ethanol at elevated temperatures.

It Is reasonable to presume that, by analogy with the reactions of
(CsMesMCey) 2 (13) with varlous dienes, the kinetically controlled
product of the cyclopentadliene reaction is cyclopentadiené(pentamethyl-
cyclopentadienyl) rhodium(1) (45a). The actually observed, thermo-
dynamically more stable product, (37), may then arise by isomerisation

of (45a) by an Intramolecular hydride shift.

= P

H
: 1
Rh = Rh=--H

T T Ok

(45a) (37) Me

2
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A similar Intramolecular hydride shift has been postulated to
explain observations In the mass spectrum of CsMeeMnC5H7]37. Rapld
equilibria of this type could explain the formation of both cyclopenta-
dienyl- and pentamethylcyclopentadienyl-rhodium halides from the
reactions of (37) with NBS, C2, and HC2. The intermediacy of (38a),
(Csﬂesth5H5)+Br(Cz)-, cannot however be discounted completely in these
reactions.

(b) The Iridium Complex

The reaction of the Iridium complex (CsMesirCL,)s (13b) with
cyclopentadiene in ethanol in the presence of sodium carbonate was also
carried out. In contrast, no endo-H isomer corresponding to
CSMeSHRh(CSHS) (37) was produced. The only product was the pentamethyl-
Iridicenium cation [(38b); X = Ci], Isolated in crystalline form as the
hexafluorophosphate salt In 88% yield.

Na,C03
(CsMeslrCay)z + CsHg =—>  (CsMeslrCsHs) Tx”

EtOH
(136) | (38b)

The chloride, [(38b);X = C2], was reduced with sodium borohydride
in a benzene-water mixture. Whife crystals, analysin§ for CygHoylr, were
obtained which>resembled exo-H (CsMesHRhCsHs) (39a) in thelr chemical
properties. Thé product reacted with NBS in the presence of hexafluoro-
phosphate lons to regenerate (CsMeser5H5)+PF6- [(38b); X = PF]. It
also reacted fapldly with CDCL3 (1 hour at 40°) to give [(38b); X = Cs]
and CHDC2, (ldentified 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

W37

cm™! assigned to Vey due to an exo-H”’; the remainder of the spectrum was
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very similar to that of the exo-H rhodium complex (39a).

(CsMesirCsHg)TCe™ + NaBH,

CeHe H,0
Hy, HB N7
Ha
Ha
Hy I
TR X
(45b) (39b)

The mass spectrum of the white solld showed fairly weak molecular
ion peaks at 394 (C1sH211231r") and 392 (C1sHp;1%01r") and base peaks at
m/e 393 and 391 (C15H20lr+) corresponding to loss of a hydrogen from the
parent. Lossvof'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 CisHzilr 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(CsMesHIrCsHs) (39b). Resonances which could
reaéonably be assigned to this wére‘present at t5.21 (5H, CgHs), 7.75
(6H, s, Mea), 8.82 (6H, s, Meb) and 8.62 (3H, d, J(Mec-H) 6.5 Hz). This
data is consisteﬁt with that of the rhodium analogue (39a) except that
the quartet expected for the exo-H coupled to Mec could not be detected.
In addition to these resonances the following were observed which are
attributed to CsHglrCsMes (45b) (for clarity,‘ the relative intensities
are considered separately to the above); a doublet at th.37 (IH, HB)’ a
double doublet at‘s.hz (2H, Ha), a doublet tk!plet at 6.72 (1H, Ha)’ a
broad unresolved multiplet at 7.36 (2H, Hb) and a singlet at 8.01 (15H,
CsMes). The assignments were supported by decoupling experiments at
100 MHz; Irradiation at the resonant frequency of H_ reduced the Hy
resonance to a broad doublet (J(ab) 2.2:0.2 Hz). Decoupling of H, pro-
duced a collapse of Ha to a broad singlet (J(ab) 2%0.2 Hz, J(ab')
1.4£0.2 Hz) andvcollapse of H, to a doublet (J(aB) 9.5+0.5 Hz). H, was
coupled to HB and H, was coupled to H, and H (J(bB) ca. 1 Hz).

A comparison of the relative intensities of the resonances
attributed to the two complexes showed that exo-H C5Me5HIrCSH5 (39b)
and CgHglrCgMes (ﬁép) were formed in the ratio 7:3.

Unfortunately there is a lack of detailed p.m.r. data for cyclo-
pentadiene metal complexes. The reported coupling constants agree
reasonably well with the present values for (45b) , as do the t values
for Ha’ Hb and Hu.' However there is a serious discrepancy in the H

B
asslgnment, which has been reported to lie between 16.5-7.5 for some

C5H5-complexes3°’3"'38.



TABLE }
Proton magnetic resonance data for some pentamethylcyclopentadienyl-rhodium

and -iridium complexes.

Complex Ha Hb Hc Hd He CsMes Other
[CsMesRCsH,CHPh, ) TPFE ™ (32a)° L.24 m 4.72 7.94 s pheny1
2.61
[CsMes I rCsH, CHPh, ) TPFE™ (32b)° 4,20 m 4.76 7.87 s phenyl
, 2.62
CsMegRhCLC,Hy (gﬁg)d 6.42 qd 8.36 d 6.04m 6.72 d 7.12 4 8.27 s
J(a-Me)6.2 Hz J(Me-a)6.2 Hz J{c-a) 11 Hz J(d-c)6.6 Hz Jle-c) 11 Hz
J(a-c)1l Hz J{c-d)6.6 Hz
J{c-e) 1 Hz
J{c-Rh)2.2 Hz
[csMesRhC Mgl CL™ (33a)° 3.21 ¢ 4.28 dd 5.38 m 8.26 m 7.91 s
J(a-b)6.0 Hz J(b-c)7.0 Hz
J(b-a)6.0 Hz
[CsMesRhCsHs ] Ce” (§§9)b ‘ - , ' 7.79 s CsHs  b.26 d
: J(Rh-H) 1.0 Hz
[CsMesRhCsHs 1 PR~ (38a) € 7.87 s CsHs 4.51 d
J(Rh-H) 1.0 H2
[csneslrcsusl"c[ (§_8_b)b 7.62 s Css  4.25 s
[CsMeslrCsHs] PR (38b)° 7.76's  CsHs 4.47 s

o>
o



Comp lex

CoMesRhCygHy, (36)°

2 60 MHz in acetone-dg
b 6o Mz in CDC1y
€ 60 MHz in CDyCR,

4 100 MHz in CDC2y

TABLE 1 - cont'd.

C5Me5

8.32 s

Other

CH,
CH

olefin

8.35
7.43
7.84
6.18
6.48
7.02
7.15

3 3 3 8 3 3 =2

L9
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5. The Reactlons wlth Cyclooctadienes

Preparation and Characterisation of New Complexes

" Both the rhodium and iridium complexes, (CgsMesMCL,)p (13),
reacted readily with 1,5-cyclooctadlene (1,5-COD) in ethanol In the
presence of sodium carbonate to give crystals of 1,5-cyclooctadiene-

(pentamethylcyclopentadienyl)-rhodium and =iridium, (43), respectively.

. N82C03 '
(CsMesMCR2) 2 + CgHyp wm———p CsMesM
EtOH }
(13) (43)

As In the other reactions of this type the colourless Iridium
complex (43b) was formed under milder conditions (55-65°, 2-3 hr) than
the yellow rhodium analogue (43a) (60-70°, 3-4 hr). These alr stable,
readlly sublimable M(l) complexes were characterised by analysis and
p.m.r. and.mass spectroscopy.

In addition to the singlet (15H) at t8.23 (M = Rh) and 8.13
(M = Ir), due to the pentamethylcyclopentadienyl group, the p.m.r.
spectra of both (43a) and (43b) showed two broad resonances only, due
to olefinic (4H, t7.05 and 7.23 respectively) and methylenic (8H,
17.94 and 8.12 respectively) protons.

The mass spectra of both rhodium and Iridium complexes, 1,5-
CODMCsMes (5;). were recorded using a sample Inlet temperature of 80°
(lonising beam_stréngth, 80 eV). In agreement with mass spectral data
for other CsMes complexes studied, the Iridium complex (43b) showed a
base peak corresponding to the molecular ion, while CsMeSRh+ was the

most abundant lon for (43a). The mass spectrum of the rhodium complex
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(see Appendix) exhibited a molecular lon peak at m/e 346 (76% of the
base peak). In addition to the ion at m/e 238 (C5Me5Rh+), major
fragments were at m/e 331 (p-Me+, 24%), 329 (CsMesRhC7H7+, 27%), 316
(CsMesRhCeHg ', 123), 303 (CsMesRhCsHs', 7%), 292 (CsMesRhCuHg', 6%)
and 103 (Rh+, 26*). This Is in falr agreement with the spectrum of
CsHsRhCgHyz (44) reported by Ktng]39. The iridium complex, in
addition to ver? large .molecular ion peaks at m/e 436, 434 (p+, corres-
ponding to C1gH272231r" and C8H27191Ir+:respectively), also showed
peaks corresponding to p-CH3+ (m/e 421, 419), p-CHs+ (m/e 419, W17),
p-czﬂu+ (m/e 406, 4O4) and p-C3H7+ (m/e 393, 391). In contrast to
(5;;). no significant peaks corresponding to CgMeglr * or Ir+ were
observed and loss of H, and 2H, from the parent appeared to be
favoured processes'39.

The same complexes (43a) and (43b) were also obtalned with
essentlally equal faclility from the reactions of (13a) with 1,3- and
1,4-COD and the reaction of (lép) with 1,3-COD respectively. The
reaction of (CsMesirC2y), (13b) with 1,4-cyclooctadiene was not
Investigated.

Metal complexes of the chelating 1,5-cyclooctadiene are
extremely common and were also obtained in a number of systems from

45,119.134, The reactions

reaction with 1,5- or 1,3-cyclooctadiene
of 1,l-cyclooctadiene 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 i,3-cyclo-

140

octadiene seems to be 1,3-COD-iron tricarbonyl , prepared photo-

chemically from iron pentacarbonyl and 1,3-COD.



70

It was observed that, during the reactions to give 1,5-CODMCsMeg
(43), an intermediate colour change occurred. This prompted the rein-
vestigation of these reactions under milder conditions. Thus (13a) was
reacted with 1,3-, 1,4- and 1,5-cyclooctadienes at 40-45° in ethanol In
the presence of sodium carbonate. In each case this rapidly led to the
formatlon of a stable red complex, isolated as chloro-w-2-cyclooctenyl-
(pentamethylcycliopentadieny!) rhodium(111) (5§§). Likewise the reaction
of (CsMeslrCay), (13b) with 1,3- or 1,5-COD at room temperature led,

after the appropriate working-up procedure, to Isolation of the iridium

analogue (46b) as stable yellow crystals.

Hp
N82C°3 Ha
(CsMGsHClz)z + C3H12 ——— C5Me5M
| EtOH
(3) - (46)

The complexes, (46a) and (46b), were identified on the basis of
thelr analyses, and In particular their p.m.r. spectra and further
reactions . (see below).

The p.m.r. spectrum of the Iridium complex, n-CgHj3irCa(CsMes)
(46b) , (100 MHz, benzene) showed resonances at 15.75 (IH, t, assigned
to Ha)’ 6.43 (2H, four line resonance of relative intensitles 1:3:3:1
due to an overlapping double triplet, assigned to Hb). 7.4 (2H, six or
seven line multiplet, assigned to Hc)' 7.9 (2H, bm*, assigned to Hd),

8.14 (6H, bm, a#SIgned to H_, He, Hg’ Hh) and 8.55 (I5H, s, CgMes).

*bm = broad multiplet.
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Decoupling experlments showed that Ha was effectively coupled only to
Hy, (J(ab) 7 H2); H, was coupled both to H_ and to H_ and H, (J(ab) 7 Hz,

J(bc,d) 7.5 Hz). The four line resonance of H,_ thus arises, at least

b
to the first order, by coupling of Hb equally to Hc, Hd to give a

triplet which is split by coupling to H,.

b
..”‘ ; ) RN J(Hb - Hes Hd)
,‘ e--/c-;l
““on“‘ ""1\\\‘ ."" ‘..\‘/ J(Hb - Ha)
(o l— <
Relative Intensity - 1 3 3 1

The observed pattern of resonances Is only compatible with a
n-2-cyclooctenyl ¢omplex (47) and not with a o,7-3- or -4-cyclooctenyl

complex (elther (48) or (49)).

(48) (49)

The p.m.r. spectrum (100 MHz, benzene) of the rhodium complex

n-CgHy 3RhCL(CsMes) (46a) appeared similar, but here H_ and Hy resonances
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overlapped to glve an unresolved multiplet at 16.21 (3H). Other
resonances were observed at t7.36 (2H, more than five lines, Hc),

7.88 (2H, bm, Hy), 8.43 (6H, m, H , H) and 8.53 (15H, s,

e’ Hf’ Hg
CsMes). lrradlation at the resonant frequency of H_/H, indicated
that Hc was coupled to one of these, but no coupling constants could
be determined. n-2-cyclooctenyl complexes of both cobalt(l)]h] and

rhodium(1) 142

have been recently reported. The p.m.r. data reported
for these agree well with the present values and exhibit Ha as triplets
and H as four line resonances. |

These m-2-cycloocteny! complexes, m-CgHj3MC2(CsMes) (46),
readily gave effectively quantitative ylelds of 1,5-CODMCsMes (43)
from reactions in ethanol in the presence of sodium carbonate and
1,3- or 1,5-C0D. It thus appeared that (ﬁé) was an intermediate (or
closely related to an intermediate) in the formation of éhe 1,5-C0D
complexes (43) from the dichloro complexes (13) and 1,3-, 1,4~ or
1,5-C0D.

A detalled study of these reactions was undertaken, together

with an analysis of the organic by-products by v.p.c.

(1) The direct formation of 1,5-CODM(C<Mes) (43) from the dichloro-

rhodlum (13a) and -1ridium (13b) complexes

The reactions of (CsMesRhC2y), (13a) 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 solld residues analysed by p.m.r. for the complexes (13a),
w-CgH1 3RhC2(CsMes) (46a) and w-1,5-CODRh(CsMes) (43a). The results

are summarised In Flgures X and XI and they confirm that (46a) was
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Figure X
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80 -
1
+ 60 4 ©
Vol. - ‘\\3\\-_--
g 40 o —t—o—2. ° 1,3-COD
20 -~
-
o ) . Cyclooctene
L____l.-gr- I T '
\ 1 2 3 b
Time (hr) »

(a) Cg = hydrocarbons in the mother liquids.

80 ':' a—" 1,5-CODRAC sMes
[}
Y 6o -'||
* N ‘| Ny --0-- (CsMesRhCL5) 5
bo 9
dn
‘\ X
20 - “ s ‘n"C8H13RhCZ(C5Mes)
A )
- \\°~ /
] ) |
] 2 3 4
Time (hr) -+

(b) Solid resldues.



100

80

Vol.

20

100

80

ko

20

74

Figure XI
'ﬂ‘ Reaction of (CgMegRhC32,), with 1,5-C0D
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(b) Solid residues.
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indeed an intermediate in the formation of the 1,5-COD-complex (43a)
from the dichloro-complex (13a). The results also indicate that
m=CgHj 3RhCL(CsMes) (46a) was formed somewhat faster from 1,3-COD and
(13a) while 1,5-C0D reacted somewhat faster with (ﬂép) to give 1,5-
CODRh (CgMes) (329). Acetaldehyde and acetal, which were not present
in any significan; 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 isomerisation
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 (CgMesRhC2,), with 1,3-, 1,4- and 1,5-COD to
give the complex 1,5-CODRh(CsMes) (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 1,5-
and 1,4-COD were isomerised to uncomplexed 1,3-COD, the extent of
Isomerisation being dependent on the relative amounts of (CsMesRhCg5),
and diene taken. From reactions with 1,3-COD, however, no isomerised,
free diene was ever detected. Cyclooctene, acetal and acetaldehyde
were invariably by-products from these reactions.

Simllarly, no isomerisation of uncomplexed l,3-COD was ever
observed during the reactions of this with (CsMesirCe,), (13b) to give
1,5-CoDir(CsMes) (43b). Although some isomerisation of 1;5- to 1,3-
COD occurred during the formation of (43b) from 1,5-COD and (13b), the

amount was much less than in the corresponding rhodium reaction;
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cyclooctene and acetaldehyde and/or acetal were again produced In all

reactions. The results are presented in Table 2.

(11) The formation of the complexes, m-CgHjaMCe(CsMes) (L6)

In the formation of m-CgH;3MC2(CsMes) (M = Rh and Ir), the only
significant constituents of the volatile mixture, apart from starting
COD, were acetaldehyde and acetal (Table 2). In other words, negligible
Isomerisation of the free COD used was ob#erVed and only the complexed
diene was Isomerised (that is, for 1,4- and 1,5-COD). This result is
also apparent from Figure X| which Indicates that isomerisation of 1,5~

to 1,3-COD only occurred after the formation of the cyclooctenyl complex

(46a) .

(111) The formation of 1,5-CODRh(CzMes) (43a) from m-CgHj3RhCg(CcMes)
(h6a) |

Experiments in which m-CgHj3RhCe(CsMes) (46a) was reacted with
1,5-COD in ethanol in the presence of sodium carbonate showed that iso-
merisation of l,54 to 1,3-COD occurred (Table 3), the extent of which
depended on the-rélative amounts of (ﬁép) and 1,5-C0OD taken. Again

cyclooctene and acetaldehyde and/or acetal were formed.

(iv) The reactions of 1,5-CODM(CcMes) (43) with 1,5-C0D

Both the rhodium, (43a), and iridium, (43b), complexes were
reacted with 1,5-COD in ethanol in the presence of sodium carbonate.
After 3 days at 75° the rhodlum complex (43a) Isomerised 1,5-COD to
ca. 5% 1,3~ and 5% 1,4-COD; in addition, 15% cyclooctene was obtained
and diethylacetal was detected. Similarly the iridium complex (43b)

isomerised 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-CoDM(CsMes) (43) were quantitatively recovered after each reaction.

(v) Decomposition of the cyclooctenyl complexes, m-CgH;3MC2(CcMes) (46)

Experiments were carried out in which the cyclooctenyl complexes,
(46a) and (46b), were heated in vacuo and in various solvents in the
presence and absence of base. The results are presented in Tables 3
(M =Rh) and &4 (M = Ir).

The reactions of the iridium complex, m-CgHj3lrCe(CsMes) (46b),
were clearer Snd more easily interpreted. In vacuo or in solution in
the absence of base a reaction, which is virtually a disproportionation,

occurred,

2CsMeslir(CgHy3)Ce = CgMeglir(1,5-COD) + %(cgneslrczz)z + CgHiy
(46b) (43b) (13b)

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 HC%

from (46b) took place,

CsMesir(CgHy3)Ce + Base =+ CgMeslr(1,5-COD) + Base-HCR
(46b) (43b)

Base HC% was Isolated when base was EtsN.

In benzene in the presence of triethylamine, an Intermediate
behaviour was observed. The complex (1,5-C0D)Ir(CsMes) (43b) was
obtained In greater yleld than from the benzene-only reaction but in

smaller yleld than from the ethanol-base reactlons. Both cyclooctene
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and trlethylamine hydrochloride were formed.

The reactions of m-CgHj3RhCL(CsMes) (46a) were more complex,
appreciable amounts of 1,3-COD being formed in addition to cyclooctene.

In vacuo or in ethanolic solution (in the absence of base and
presence or absence of COD), w-CgHj3RhC2(CsMes) decomposed in a similar
way to the iridium analogue to give effectively equimolar amounts of
(CsMesRhC2,), (13a) and w-1,5-CODRh(CsMes) (43a), together with cyclo-
octene, ip a disproportionation reaction. However, even in the solid
state reaction a little i.3-COD was formed.

Cyclooctene was also the major organic product when
n-CgHy 3RhCL (CsMes) (46a) was decomposed In ethanolic 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
n=CgHy3RhCL(CsMes) In petroleum ether or benzene solution (in the
presence or absence of triethylamine).

(CsMesRhC2,) 2 (13a) was formed in addition to 1,5-CODRh(CsMes)
(43a) In all of these reactions except those in which m-CgHj3RhC2(CsMes)
(ﬁé;) was decomposed in ethanollic solution in the presence of sodium
carbonate. When this was carried out in the presence of COD then 1,5~
CODRh(CsMes) (43a) was the only complex formed. However in the absence
of COD, a very soluble purpie materfal was obtained In_addltlon to (43a).
Attempts to crystallise this purple complex failed; it had an empirical
formula CsMesRh (§Q) and showed a single p.m.r. peak due to methyl
protons at t8.17 (60 MHz, CDC23). This material was also formed as a

minor product in the reaction using triethylamine as base. A different,
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uncharacterised, polymeric (?) materlal also resulted when the decom-

poslition of w=CgHj3RhCL(CsMes) (46a) was carried out in petroleum ether.

(vi) The reactions of (CsMesRhC2,)o (13a) and m-CgH)aRhC2(CsMes) (46a)

with cyclooctene

Experiments were carried out to determine whether the 1,3-CoD
produced in thesé reactions might arise by reaction of cyclooctene with
(CsMesRhCL3) 2, m=CgHj3RhC2(CsMes) or 1,5-CODRh(CsMes). Thus cyclooctene,
freed froﬁ cyclooctadienes by preparative v.p.c., was heated with
(CsMesRhC2,), (13a) and m=CgHy3RhCa(CsMes) (46a) (2:1 and 1:1 mole
ratios, respectively) in ethanol in the presence of sodium carbonate.

The cyclooctene was quantitatively recovered in each case after reactions
at 65° for 4 hr..

The reactions of the triphenylphosphine complexes CsMesMCL,PPha (28)

with 1,3- and 1,5-C0D

The complexes, CsMesMC2,PPhy [(28a), M = Rh; (28b), M = Ir],
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-CgHjoM(CsMes)
(43) In good yield only after prolonged reaction at 60° (ca. 12 hr for
the rhodlum complex, ca. 24 hr for the iridium analogue). On inter-
rupting the lrldium reaction before completion, the hydrido-complex,
CsMes | rHC2PPhg3 (gg), was detected from its characteristic double
doublet at t8.42,

Deuteration Studies

The rhodium complex, (CsMesRhC2,), (13a), was reacted with both
1,3- and 1,5-COD in ethanol~dg In presence of anhydrous sodium carbonate

to give the monodeuterated complex m-CgH;,DRhCL(CsMes) . The sample from
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the 1,3-COD reaction was heated In vacuo and the product was shown to
contaln ca. 803 1,5-CgH;;DRh(CsMes) and 20% 1,5-CgH)Rh(CsMes) (43a)
by mass spectroscopy. The two samples of m-CgHj,DRhCL(CsMes) were
also each reacted with both 1,3- and 1,5-C0D in ethanol-dgy In the
presence of sodium carbonate and the resulting samples of 1,5-CODRh{CsMes)
were analysed fdr deuterium content in the same way. The complex
n=CgH}2DRhCL(CsMes) from 1,5-COD, when reacted with 1,5-C0D, gaveVZSZ
n=1,5-CgH31DRh(CsMes) and, with 1,3-COD, gave 35% m-1,5-CgH;;DRh(CsMes) ;
while w=CgH;,DRhC2(CsMes) from 1,3-COD, when reacted with 1,5~ and 1,3-
COD gave 30% and 35% of 1,5-CgH;;DRh(CsMes), respectively. A through
reaction in which (CsMesRhC2,), was heated with 1,3-COD in ethanol-dg
in the presence of anhydrous sodium carbonate at 65°, gave 55% 1,5~
CgH11DRh(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 CsMes ring. It was not possible to
locate the actual position(s) of the deuterium atom in the 1,5-COD
1igand. |

The percentage of 1,5-CgH;1DRh(CsMes) in these products was
detefmtned from the molecular lon (p*) abundances of 1,5-CgH;1DRh(CsMes)
(m/e 347) and I,S-Calekh(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 agﬁndance of the former and the p - 1|
peak of the former contributes to the abundance of the latter. The
abundance ratlo (p-1) /p for the complex, 1,5-CgH;,Rh(CsMeg), was
obtained from the mass spectrum of an authentic sample of this run

immedlately after that of a partlally deuterated product so that, as

nearly as possible, similar conditions were operative in both cases.



TABLE 2

Reactions of (CsMesMC2z), (13) with Cyclooctadienes in Ethanol in

the Presence of Sodium Carbonate to give m-CgHj3MC2(CsMes) (46)

or 1,5-CODMCsMes (43)
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Starting Complex Conditions Product Products in Mother quuorsa
coo Reactant | (mmole) 1,5-cob  1,4-COD  1,3-COD  CgHs

(mmole) (mmole) (mmole)

1,5- (13a) | - (43a) \

(1.63) (0.50) 65°/3.5 hr  (0.95) 0.17 0.29 0.08

(0.45) (0.17) 65°/3.5 hr  (0.32) 0 0.06 0.02

1 :3' (l_%:) (‘lBa)

(2.08) (0.48) 65°/3.5 hr  (0.85) 0 0.85 0.08

(0.44) (0.17) 65°/3.5 hr  (0.33) 0 0.06 0.02

1,4 (13a) | (43a)

(0.52) (0.07) 55°/5 hr (0.14) trace 17 0.06 0.02

1,5- (13b) (43b)

(0.50) (0.125) 68°/2.5 hr  (0.24) 0.19 0.02 0.03

1,3- (13b) (43b) ’ c

(0.80) (0.125) 60°/5.5 hr  (0.26) 0 0.5 trace

1,5- (13a) (46a)

(1.63) (0.49) 40°/3 hr (0.93) 0.7 trace trace

1,4-0 (132) (46a) |

(0.24) (0.08) 45°/2 hr (0.15) trace .07’ 0.01 trace

] »3- (;'_3_3) (f}_6_a)

(2.01) (0.5) Ao°/3 hr (1.0) trace 1.0 0.02

(0.81) (0.065) 20°/1.5 hr  (0.10) 0.63 trace 0

(0.90) (0.25) 20°/2 hr (0.%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 shown, by analytical v.p.c., to contain ca. 8%

€ observed but not estimated quantitatively.

I ,3"COD.
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TABLE 3
The reaction CsMesRh(CgHy3)Ca (46a) + CsMesRhCgHy, (43a)

(46a) Conditions (43a) Other Products

mmole mmole (mmole)

0.23 In vacuo/110°/8 hr 0.11 (13a)(0.06) ; CgHyy+ 1,3-COD
(1)

0.17  CgxHg/80°/8 hr 0.08 (13a) (0.043) ; CgH;y,(0.032)

+ 1,3-C0D(0.05)
0.18  CgHg/Et N(0.17 mmole)/80°/ 0.09  (13a)(0.048); CgHy,(0.027)
8 hr + 1,3-C0D(0.06)

0.13 CsHs/py(O.lh mmole)/80°/6 hr 0.06 C5M35RhC22pY(0.O6)

0.20 petroleum ether/90°/3.5 hr 0.06 (13a) + unknown polymer
CgH14(0.06) + 1,3-cOD(0.10)

0.24  petroleum ether/Et3N(0.29 0.06  (13a) + unknown polymer

. mmole)/90°/3.5 hr CgH1,(0.065) + 1,3-C0D(0.12)
+ 1,5-c0D(0.01)
0.13  EtOH/1,5-C0D(0.82 mmole)/ 0.06  (13a)(0.06); 1,5-c0D(0.8)
70°/9 hr + 1,3-COD(trace)b + CgHyy
(trace)

0.45  EtOH/NaC03/65°/9 hr 0.24  (CsMesRh), (50) (0.19) ;
Cnguio.d%) + 1,3-c0D(0.03) ;
ac.

0.13  EtOH/Et3N(0.15 mmole)/73°/ 0.09  (13a)(0.02);(50)(0.02)

13 hr Et3NHC2(0.12) CgHyy (0.02)
+ 1,3-€0D(0.005) ; ac.
0.20  EtOH/Na,C03/1,5-C0D(0.33 0.18 1,5-€00(0.10) + 1,3-C0D(0.14)

mmole) /60°/5 hr

ac.

b.

acetaldehyde and/or acetal.

observed but not estimated quantitatively.

+ CBHIQ(O.OB); ac.
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The reaction CsMeslr(CgHy3)Ca (46b) -+ CosMeslrCgHy, (43b)

(46b) Conditions (43b) Other Products
mmole mmole (mmole)

0.11 in vacuo/95°/5.5 hr 0.064  (13b) (0.026) + CgHyy
0.22  CgHg/80°/19 hr 0.11 (13b) (0.05) + CgH,4(0.09)
+ !,3-C00(trace§
0.10  CgHg/Et3N(0.11 mmole)/75°/ 0.085  (13b) (0.015) + CgHj4?

18 hr + Et3NHCR
0.11 EtOH/NayC03/65°/4.5 hr 0.1 CgHyy (trace)
0.11 EtOH/Et3N(0.11 mmole) /60°/ 0.11 EtgNHCR

24 hr
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The results described above can be summarised:
(1) The dichloro-complexes, (CsMesMC2z)2 (13) (M = Rh, Ir), reacted
with cyclooctadienes to give 1,5-CODRh(CsMes) (43) via the intermediacy
of the cyclooctenyl complexes, m-CgHj3MC2(CsMes) (46).
(11) The iridium complex, n-C8H13IrC£(CSMes), decomposed relatively
simply to'give 1,5-CODIr(CsMes) alone or a mixture of this an&
(CsMeslrC2,) 2; cyclooctene was the only significant by-product.
(111) The rhodium complex, m=CgHj3RhC2(CsMes) (46a), decomposed to
give 1,5-CODRh(CsMes) alone only In ethanol-base in the presence of
cyclooctadiene; 1,3-COD was the major by-product and cyclooctene a
minor one. In the absence of COD, ethanolic solutions of (46a) gave
1,5-CODRh(CsMes) together with (CsMesRhCL,), or (CsMesRh) (base present);
here cyclooctené was the major organic product and 1,3-COD the minor one.
Similar results were obtalned when w=CgH;3RhC2(CsMes) was heated alone in
vacuum. In non-ethanolic solution In the absence of COD, w-CgHj3RhCa-
(CsMes) decomposed to give 1,5-CODRh(CsMes) and (CsMesRhC23)2; more
1,3-C0D than cyclooctene was formed. Base had only a minor effect on
these latter reactions.
(iv) The complexes, 1,5-CODM(CsMes) (43) (M = Rh, Ir), catalysed the
Isomerisation of 1,5-C0D 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 posslble 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.
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In this last respect the results are rather intriguing since
other authors have observed 1,4-C0D during the isomerisation of 1,5-
to 1,3-COD on metal catalysts. For example, Nicholson and Shaw”8
reported that the 1,4-COD isomer was formed during the rhodium tri-
chloride catalysed isomerisation of 1,5- to 1,3-COD. Their experiment
was repeated as a check on the ability of our analyticai method to
detect 1,4-COD. It was found that when 1,5-COD was reacted with
RhC23°3H,0 iIn ethénol at 63° for 30 minutes, giving (1,5-CODRhCL),,
the composition of the uncomplexed diene was 1,3- (81%), 1,4- (7%)
and 1,5~ (123). This Isomerisation process Is thus much faster than
with (CsMesRhCLy), (13a).

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 isomerised to the thermodynamically most stable
1,3-COD Isomer. However the observation that much l,ﬁ-COD was
recovered after reactions with (CsMesRhC2p), to give either
m=CgHj 3RhCL(CsMes) or 1,5-CODRh(CsMes) implles that this isomer, if
formed, should have had a sufficlient life-time for detection.

in order to explaln the reactions observed here, three distinct
processes must be considered. These are, the formation of
n=CgH; 3MCL(CsMes) , the decomposition of this to 1,5-CODM(CsMes) and the
slow isomerisation of 1,5-COD by 1,5-CODM(CgMes) .

The Formation of the w-Cycloocteny! Complexes w=CgH,3MCe(CcMes) (46)

By analogy with the reactions of (CgMesMCi,), with some other
olefins in ethanol-base, described previously, It Is reasonable to

suppose that the initla) step In the formation of n-CgHj3MCL(CsMes)
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was the generation of the actlve hydridic species, CsMesMHC(s) (51).
Starting from 1,3-COD complex formation merely involves the coordination of
the olefin to this followed by hydrogen migration onto the diene. This can
be regarded as a 1,2- or 1,4~ addition of M-H and in elther case, the
resulting o-2-cyclooctenyl complex can then rearrange to the r-2-
cycloocteny! complex, m-CgHj3sMCL(CsMes) (46) (Scheme 1, m = CgMesMCZ).
Evidence for this comes from the detection of acetaldehyde and the
deuteration studies. In particular, although it was not practicable
to analyse the deuterium content of (ﬁég) derived from 1,3-COD in
ethanol-dg, the complex 1,5-CODRh(CsMes), oktalned from heating this
in vacuo, was some 80% monodeuterated. |

In order for the r-2-cycloocteny! complexes n-CgH;3MCL(CsMes)
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
using the model of Cramer]]]' 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 diene; this is necessary since the results indlicated
that Isomerisation of uncomplexed diene did not occur. This reversible
addition of m=H Is repeated until the thermodynamically most stable
n=2-cyclooctenyl complex, w=CgHj3MCL(CsMes), is attalned. This scheme
assumes that the hydrogen migration reactions b, ¢, d, f and g are
fast by compaflsén with steps -a, -e and -h. ‘

Alternatively, a 1,4-hydride shift may be invoked; This has
the advantage that possible eliminations to give 1,4-COD would be

minimised. This Is of particular significance in the decomposition
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reactions of CSMeSRh(C3H13)C£ (below). Examination of models, assuming
normal bond angles and bond lengths, shows that in one strain-free con-
formation, the o-4-cyclooctenyl ligand has a hydrogen at Cz; in close
proximity to_thé metal. A simple reversible metal-assisted hydrogen

transfer may then be envisaged as leading to the g-2-cyclooctenyl ligand.

Both 1,3- and 1,5- transannular shifts are known In cyclooctane
chemistry and 1,4-shifts are also probable; the subject has recently been
reviewed by Cope et al.‘h3 Here, a 1,4-shift In a cyclooctene derivative
Is suggested and_the}e does not appear to be a sultable’system for com-

parison.

The Decomposition of the r=Cycloocteny) Complexes, m-CgH;aMCe(CcMes) (46)

The fo}matlon of the complexes, I,S-CODM(CsMes), from the decom-
position of the w-2-cyclooctenyl complexes, m-CgHj3sMC2(CsMes), also
Involves hydrogen shifts probably leading to the o-l-cyclooctenyl com-
plexes (49). Elther 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-C0D or 1,5-COD was ever
formed. Here, these restrictions are that the hydrogen mlgration steps
b, -¢c, =d, ~f Qnd -g are rapid compared to the elIminatldn steps -e and
~h.

The overall reaction of (CsMesMC2,), with 1,3-COD to glive the
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Scheme 1 [m = CgMegMC2(S)]
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complexes 1,5-CODM(CsMes) via the Intermediacy of m-CgHj3MC2(CsMes)
(46) is fairly stralght forward on the above scheme. However the
intermediacy of (46) in the corresponding overall reacflon with 1,5-
COD Is somewhat surprising and leads to a mechanistic pfoblem. This
is that the most direct route to the final product is via steps h
and | (Scheme 1); formation of the observed m-2-cyclooctenyl complex
requires a series of 1,2-shifts (or a 1,4-shift) while subsequent
formation of 1,5-CODM(CsMes) Involves a reversal of these. This may
be reconélled by proposing a potential energy curve such as Is
I1lustrated In Figure XI| 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, o-k-CgH,3MCe(CsMes) (49) in both cases).

/N

+
1,3-Cod

4 —"\

QM d

(49) Mﬁ]
aly (43)
(46)

Reaction Coordinate -

-
L TN
Py

Figure X!

The reactibns of cyclooctadienes with m-H in ethanol-base under
mild conditions leads to (46). At higher temperatures and longer
reaction times, further reaction of (46) to give (43) via (49) can
occur. The rate-determining step is thus the dehydrochlorination of

o-4=CgHj 3MCL(CsMes) to glve 1,5-CODM(CsMes) .
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The results from the decomposition of the iridium complex,
m~CgHy3lrc2(CsMes) (46b), may be rationalised on a fairly simple
reaction scheme. The comp lex (ﬂép) Isomerises to the o-4-cyclooctenyl
complex (49b) followed by reductive elimination of HCL to give 1,5-
copir(CsMes) (Scheme 1, step I, m = CsMegirCe(S)). In the presence
of added base, the HCL is removed and 1,5-CODIr(CsMes) Is obtained
In nearly quantitative yleld (together with Base*HC% when base is
Et3N). Otherwise w-CgHj3lrCa(CsMes) itself acts as base in that It

reacts with HC2 to give cyclooctene and (CsMeslirCey), (13b).

CsMeslr(CgHy3)Ce =+ CsgMesir(1,5-COD) + HCe

CsMesir(CgHya)Ca + HCR ~+ X%(CsMeslirCRz)y + CgHyy

it has been shown that w-CgH;3MC%(CsMes) does indeed react
readily with HC2 to give (13). _

The decompositions of the rhodium complex, m-CgHj3RhC2(CsMes)
(46a) , 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 produ&ts here are
both the 1,5~COD complex (43a) and (CsMegRhCey), (13a), and varying
proportions of 1,3-COD and cyclooctene. The observation that no
Et3NHC2 was formed during the decomposition of m-CgH;3RhC2(CsMes)
Qﬂ§§) In benzene or petroleum ether, in the presence bf Et3N, suggests

that the reductive eliminatlon of HCL described above Is not a favoured
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reaction under these conditions. The results of the decomposition of
(46a) In vacuo and in ethanol may of course be partially explained by
a mechanism such as that proposed above, for the iridium complex,
n-CgHy31rCa(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 n-CgHj;3RhC2(CsMes) (46a) may
disproportionate to a ﬂ.o-bis(cyclooctenyl) complex (53) and
(CsMesRhC2y) ; (13a) followed by decomposftion of (53) In one of two
ways, glving elther 1,5-CODRh(CsMes) (43a) and cyclooctene or (43a),
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 tolnote that In
benzene or petroleum ether where trace impurities (oxygén or other
unsaturated hydfocarbons) 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{(CgH13)Ce + %(CsMesRhC2,), + CsMesRh
(46a) (13a) (53)

(53) =~ CsMegRh(1,5-COD) + CgHyy

(43a)
or (53) —» CsMesRh(1,5-COD) +1,3-COD + H,

(43a)
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A disproportionation, though not In this direction, has been
observed for a very similar system by Powell and Shawlhh.

(b) Decomposition In ethanol in the presence of base and (é) decom-
position in ethanol In the presence of base and free COD.

In the presence of COD the reaction proceeds to give (43a)
only, together with isomerisation of COD (when COD = 1,4~ or 1,5-isomer)
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-
isation of COD means that consliderable exchange of free and complexed
diene must occur and this is borne out by the deuteration studies. It
Is necessary to assume that the m-2-cyclooctenyl complex m-CgHj3RhC2(CgMes)
(46a) can transform in two directions elther to give (49) (and subsequently
(43a)) or (52) (Scheme 2), but since 1,3-COD does not form a stable
complex, exchange occurs. The alternatives are readily understood in
terms of the potentlial energy dlagram of Figure Xli. fhe differences
in behaviour of the rhodium (46a) and iridium (46b) complexes,
m-CgHisMCR(CsMes) , may then be reconciled by assuming that the trans-
formation (46b) I (49b) is more highly favoured by the iridium complex.
Possible routes to explain the exchange reactions are summarised in
Scheme 2.

A l.kéhydrfde shift agaln minimises the possibility of obtaining
1,4-COD. However a series of 1,2-shifts (Scheme 1) to explain these
results is by no means ruled out, as long as the reversé‘reactlon -e |Is
very slow by comparison with all others.

Reductive elimination of HC: at some stage is supported by the

isolation of EtzNHCL from the decomposition of w-CgHy3RhC2(CsMes) (46a)



1,4-Shift
—
m
"
u/
m
/ |
Ca
(46a) ¥
H
[
T ——
CL

(52)

Scheme 2 (m = CgMesRh)

in ethanol in the presence of Et3N.

92

The cycloo;tene formed In these reactions can arise In a number

of ways. These Include the reaction of 1iberated HCL with

n~CgH13RhC2(CsMes) (46a) and the disproportionation reaction of (L6a)
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outlined previously. However one possibility which is indlicated by
the detection of acetaldehyde (or acetal) and the deuteration studies,
Is the replacemént of chloride with ethoxide and subsequent formation
of a hydridic species (éﬂ). Further support for this solvent partici-
pation is the observation that, In ethanol in the absence of C0D,
cyclooctene is the major by-product whereas in non-protonic solvents

|
(benzene and petroleum ‘ether) 1,3-COD is the major by-product.

m(CgH13)C2 + OEt™ 2 m(CgH;3)OEL
++ ~CH3CHO

m(CgHy3)H (54)
+
m + CGHIH

In the absence of free COD, CsMesRh (= m) was in fact isolated
(50); in the presence of free COD It may react to give 1,5-CODRh(CsMes) .

The slow reaction of the 1,5-COD complexes, 1,5~CODM(CsMes)
(43), 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 bresence of sodium carbonate was diethylacetal. This
points to the Intermediacy of a metal hydride, in this case possibly
an anlonlc hydride of M(1) formed according to

[}
CsMesM (1,5-COD) + EtOH -+ | CgMesM + HY + CHgCHO

N\

H

A speclies of this type will now be able to take part in reactions
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such as are depicted in Scheme | (m = CsMesM'H). The detection of
1,4-COD supports the stepwise processes involving 1,2-hydrogen shifts.
. 116

The scheme proposed by Tayim and Bailar for the isomerisation of
1,5-C0D using a platinum-hydride catalyst Is similar to this.
The catalytic cycle may be ended, with liberation of cyclooctene,

by reaction with ethanol.

[CsMesMCgHy 3]~ + EtOM + 1,5-COD

~~——p CsMesM(1,5-COD) + CgH;, + OEt

The faster rate of isomerisation of 1,5-COD with ''RhCg3°3H,0"

e and confirmed here, as well as the

Qﬁserved by Nicholson and Shaw
observation of 1,4-COD in this process, can be underétood If it is

assumed that CgMesRhH+CL+(COD) Is more stable with respect to dissociation
to CsMesRhHCL + COD than the correspondlng species from the ''RhC23+3H,0"

reaction.

6. The Reactions of the Dimeric Dichloropentamethylcyclopentadienyl-

rhodium and -iridium complexes (13) with Cyclohexadienes.

Preparation and Characterisation of New Complexes

The rhodlum complex, (13a), was reacted with 1,3-cyclohexadiene
(1,3-CHD) (45;55°. 3-4 hr) in ethanol In the presence of sodium carbonate.
This readlly gavé; after the appropriate working-up procedure, good ylelds
(70-80%) of yellow, somewhat air-sensitive, crystals of =n-1,3-cyclo-
hexad iene (pentamethylcyclopentadienyl) rhodium(i) (55a). The iridium
analogue, (55b), was isolated from a similar reaction under milder
conditions (35°, 3-4 hr) as air-sensitive colourless crystals. The

products (55a) and (55b) were both readily sublimable in vacuum and
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this was the most effective isolation technique owing to their alr

sensitivity.
: H
Hp d
Hp
CsMesMCi, + CgHg -+ M
H
(13) " (sz) e Ma

The complexes were characterised by analysis and p.m.r. and

mass spectroscopy. |

 The p.m.r; spectrum of the iridium complex, (55b), (100 MHz,
benzene) exhibited a double doublet at t5.36 (2H, assigned to Ha)’
an unresolved multiplet at 7.14 (2H, assigned to Hb), a singlet at
8.04 (15H, CsMeg) and a broad, unresolved assymmetric two~-band
resonance at 8.48 (4H, assigned to Hes Hd)’ These assignments are in
fairly good agreement with those given lh the literature for other

n-1,3-cyclohexadiene complexesk6’13h.

Decoupling experiments showed
that H_was effectively coupled only to H, (J)ab) 4.2 Hz, J(ab') 1.9
Hz) and that while Hb was coupled to Ha and Hc’ Hd, there was only a
slight sharpening of the resonances of Hc and Hd on irradiation at
the resonant frequency of Hb.

The p.m.r. spectrum of the rhodium complex, (égp), was very
similar except that Ha was now observed as a complex multiplet, due
to coupling with 193Rh (I = %). Resonances were observed at t5.47 (2H,
m, assigned to‘Ha). 7.17 (2H, bm, assigned to Hb)’ 8.07 (15H, s, CsMes)
and 8.52 (4H, bm, assligned to Hc’ Hd). Decoupling again showed that

Ha was coupled only to Hb and that coupling between Hb and Hc, Hd was



96

small.

The mass spectra of the complexes (inlet temperature 30°C,
lonising beam 80 eV) were also of interest. -For the rhodium complex,
the spectrum (see Appendix) showed a molecular ion peak at m/e 318
(31% of the base peak). The base peak was at m/e 238 (CsMesRh™) and
there were few lons 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-H)*1, 303 [12%, (p-Me)*], 181 [5%, (CoHgRM)¥1, 158
(133, (p-H,)2*] and 103 (8%, Rh*). In addition there were low
abundance ions from the normal fragmentation of the ''CsMes'' ring at
m/e 121, 119, 115, 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+ + Hy.
The ion of m/e 316 is thought to be (CsMeSRhcsH5)+ which would not be
expected, on normal chemical grounds, to be a very stable cation since
the +2 oxlidation state is not common for rhodium. However the fragment
of m/e 158, assigned to (CsMesRhCgHg)?*, is a complex of Rh(111) which
obeys the Inert gas formallism and is expected to be very stable. This
may be Indicative of a correlation between stablility of ions in the
gaseous and solution/solid phases. Attempts to isolate salts of such
a catlon using the hydride abstractors NBS and triphenylmethyl chloride
In the presence of PFS- were unsuccessful however.

The mass spectrum of the Iridium analogue (55b) was basically
qulte similar, however, for this the molecular lons were the base peaks,
In common with §ther CsMegir'(diene) complexes studied (m/e 406, 408

for CrgH233931r" and CygHz339%1r" respectively). The formation of
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CSMeslr+ (m/e 326, 328) was again an important fraghentatlon as was
loss of *CH3 and Hy from the parent (p-Me+, m/e 391, 393; p-H +, m/e
Lok, 406). Also large peaks at m/e 203 and 202 [(CsMes!rCgHg)2*]
were observed. |

Surprisingly, no low frequency VeH bands due to exo-hydrogens
were observed in the infra-red spectra of (55a) and (55b).

The identical complexes, 1,3-CgHgMCsMes (55a) and (55b), were
obtalned in similar yields from reactions of (13a) and (13b) res-
pectively with 1,4-cyclohexadiene (1,4-CHD) under effectively the
same conditions. The isomerisation involved in these reactions
prompted an investigation of the cyclohexadiene reactions in detail,
particularly to establlish which organic products were formed. The
results are presented in Tables 5 and 6 and in Figure Xii!.

Metal complexes of 1,3-CHD are fairly common. These Include
1,3-cyclohexadiene(cyclopentadienyl) complexes of -cobaltl“5 and

~-rhodiuml3* and the halogeno- complexes (1,3-CHDRhC2), and (1,3-CHD)2|rczh6.

Arnet and Pet:it:”’6

observed that 1,3-cyclohexadieneiron tricarbonyl
could be prepared from both 1,3- and 1,4-CHD. No complexes of 1,4-CHD
are known.

The rhodium compiex. (CsMesRhCL3) , (13a), was reacted with an
excess of 1,3-CHD in ethanol In the presence of sodium carbonate.
The volatile materlals were distilled off Into liquid nitrogen-cooled
traps In vacuum and quantitatively analysed by v.p.c. using two
columns. The complex, 1,3-CHDRhCsMes (55a), was isolated in the

normal way. The volatile materlals 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 disproportionation of 1,3-CHD to benzene and
cyclohexene was a function of the time for which the reaction was run.

The reaction of (13a) with 1,4-CHD under very similar conditions
gave, apart from (éép). a volatile mixture which comprised ethanol,
‘acetaldehyde, 1,4-CHD, 1,3-CHD and again cyclohexene and benzene
(Table 5). |

A typlical reactlion of (CsMesRhC2y). (13a) with 1,4-CHD was
followed by removing aliquots at regular intervals and analysing the
volatile components by v.p.c. and the solid residues by p.m.r. spectro-
scopy. The results are summarised in Figure XIlI. It was observed
that 1,4-CHD was immediately and rapidly isomerised to 1,3-CHD under
these reaction conditlons and that formation of 1,3-CHDRhCsMes did
not occur until an appreciable amount of 1,3~CHD had_beén produced.
Further, the disproportionation reaction did not become significant
until the formation of the complex was almost complete. |t appeared
then that the complex, 1,3-CHDRhCsMes (55a), was the actlve catalyst
for the disproportionation.

In order to test the latter inference a number of reactions
were run in which (ggp) was heated wlith cyclohexadienes under various
conditions. In each case the complex was purified by sublimation
Immediately before use. The results of these studies aré summarised
in Table 6; these clearly show that the compliex (55a) was Indeed a

very active catalyst for the disproportionation of 1,3-CHD to benzene
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Figure X111
Reaction of (CgMegRhC2,), with 1,4-CHD
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and cyclohexene but that ethanol and base were necessary co-catalysts.
However 1,4-CHD underwent disproportionation much more slowly and
probably by prior isomerisation to 1,3-CHD. In each case, for ethanolic
reactlons, traces of acetaldehyde were also detected. When heated with
ethanolic sodium carbonate alohe, the rhodium complex (§§9) was recovered
in better than 783 yleld. No metal, but an unidentified polymeric (?)
material and ca. 5% of both cyclohexene and benzene were obtained.

The reaction of the iridium complex, (CsMesirCiy)a, with both
1,3- and 1,4-CHD was also studied in detall, but under milder conditions
(35°C/h hr). Analysis of the uncomplexed Cg hydrocarbons from the
reaction with 1,3-CHD showed that no isomerisation and very little dis-
proportionation occurred at this temperature. However the reaction with
1,4-CHD showed that ﬁonslderable isomerisation of free 1,4~ to 1,3-CHD
had occurred, ajain with little disproportionation at thls temperature;
the latter became more appreciable at 75° /6 hr. Again it appeared
that disproportionation occurred only after Isomerisation. Acetaldehyde
was invariably a by-product of these reactions.

The iridium complex, 1,3-CHDIrCsMes (55b), was also heated with
a fivefold excess of both 1,3- and 1,4-CHD in ethanol in the presence
of sodium carbonate at 50° for 21 hr. In both cases the solld and
liquid reactants were recovered unchanged; nelther isomerisation nor
disproportionation of cyclohexadienes occurred. This also shows that
ethanol and sodium carbonate alone do not catalyse the disproportionation
reactlon. |

Iin an attempt to hydrogenate other cyclic dienes, the rhodlum

complex, 1,3-CHDRhCsMes (229), was heated with two-fold excesses of

MeMASTER UNIVERSITY LIBRANRY
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both 1,3- and I.S-cyclooctadienes at 60° for 2.5 hr in ethanol in the
pres?nce of sodium carbonate. In the first case the reactants were
largely recovered although 12% of the 1,5-cyclooctadiene(pentamethyl-
cy;lopentadienyl)rhodlum(l) (43a) and some cyclooctene‘was obtained
together with traces of 1,3-CHD, cyclooctene and benzene. In the
reaction with 1,5-cyclooctadiene, extensive exchange of complexed
diene led to isolation pf ca. 50% of 1,5-CODRhCsMes (43a) together
with 1iberation of appreciable amounts of 1,3-CHD; 1,3~ and 1,4-
cyclooctadienes were also detected together with some cyclooctene
and a trace of cyclohexene.

The results of the reactions outlined above reveél the following
main features.
(1) The 1,3-CHD complexes (55) were formed with effectively equal ease
from both 1,3~ and 1,4=CHD.
(11) 1,3-CHD was never isomerised to give 1,4-CHD in any of these
reactions.
(1i1) 1,4-CHD was isomerised during reactlons with (CsMesRhC2,), (13a)
to give both free and complexed 1,3-CHD. Since the 1,3~CHD-rhodium
complex (55a) was seen to be relatively Inactive for thls isomerisation,
it must have occurred during formation of 1,3-CHDRhCgMes (55a) . In fact
a substantlal amount of 1,3-CHD had to be formed before formation of
(558) . Presumably a similar consideration holds for the fridium
reactions where this isomerisation appeared to be faster.
(1v) During the reactions of both 1,3-CHD and 1,4-CHD with (CsMesRhC;),
(13a) the disproportionation products, cyclohexene and benzene, were

formed. For 1.3-CHD this disproportionation was shown to be catalysed
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by the 1,3-CHD-rhodium complex (55a), with both ethanol and base acting
as co-catalysts. The disproportionation products from 1,4-CHD were
formed by prior isomerisation to 1,3-CHD. However é small degree of
disproportionation during formation of (§§) cannot be ruled out,
particularly for the iridium complex, (55b), which was itself inactive
for both disproportion and isomerisation reactions under the conditions
used here.

The predominant rhodium reactions may be represented:

. EtOH
x CgMegRhCe, + vy x CgMegR @ + y-=x
N82c03
EtOH l Na,C04
-X -X
< ) 220
x CgMesRhCe, +y+x CsMe5R+z© + (Y-X-Z)O

EtOH 1 Na;C03

. z
x C5M35Rh+-;-O *'z'@

In view of the above it seems reasonable to separate the isomer-

isation and complex formation from the disproportionation reaction.



‘Reactlions of (CsMegMCL,), (13) with Cyclohexadienes

in Ethanol in the Presence of Sodium Carbonate

TABLE 5

to give 1,3-CHDMCsMes (55)
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Starting Complex | Conditions Product Products in Mother Liquorsa
CHD Reactant (mmole) 1,3-CHD  1,4-CHD CgH;o CgHg

(mmole) (mmole) (mmole)

1,3- (13a) (55a)

(1.44) (0.24) 48°/5.5 hr  (0.36) 0.08 0 0.40 0.44

1,4- (13a) | (55a)

(0.72) (0.12) 47°/4 hr (0.16) 0.02 0.32 0.06 0.06

(1.4b) (0.24) 35°/3.5 hr  (0.40) 0.84 0 0.0k  0.04

1,4- (13b) (55b)

(0.72) (0.12) 35°/3.5 hr  (0.16) 0.18 0.24 0.02  0.02

aAcetaldehyde and/or acetal was detected in all of these.



TABLE 6

Isomerisation and Disproportionation of Cyclohexadienes

Catalysed by 1,3-CsHgRhCsMes (55a)

Diene Conditions (55a) r;covefed CeHio CGH:b?TQTE:L 1,4-CHD acetaldehyde
1,3-Cyclohexadiene EtOH/Na,C03/55°/5 hr 85 45 bs trace O trace
EtOH/55°/4 hr 85 16 16 70 0 trace
n-hexane/Et3N/66°/6.5 hr 96 0 0 100 ] -
n-hexane/66°/6.5 hr 100 o o 100 0 -
THF/65°/21 hr 95 6 6 90 0 -
1,4-Cyclohexadiene  EtOH/Na,C03/60°/k hr 85 6 6 1 63 trace
none EtOH/Na,C03/60°/3 hr 78 b 4 0 o trace

7ol
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The Mechanism of the Formation of the Complexes (55) and Concomitant

Isomerisation of Free 1,4-CHD to Free 1,3-CHD

By analogy with the reactions of (CsMesMC2,), (13) with other
olefins in ethanol in the presencé of base, it seems likely that the

initial step here Is the formation of a reactive hydrido-species (51)

base
(CsMesMCL;) 2 + EtOH mmmem=y CsMesMHCL(S) + CH3CHO + HC2
(13) (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 (13) with cyclooctadienes, when an Intermediate w-2-
cyclooctenyl complex (46) was isolated, it Is expected that this hydride
would react Qlth cyclohexadiene to give an intermediate m-en-yl complex:

chloro w-2-cyclohexenyl(pentamethylcyclopentadienyl)-rhodium or -iridium,

(56).
-G-n\ (56) .
)

However, no such intermediate was observed in these reactions.
This may be due to (56) being formed In undetectable concentratioﬁs
or not being formed at all. The results represented in Figure Xii|
show that there was no detectable change in the concentration of
(CsMesRhC2,), (13a) ovﬁr the first 40 min. of reaction despite the
occurrence of a substantial amount of Isomerisation of 1,4~ to 1,3~

CHD. Since n-2-cyclohexenyl compliexes are known for other
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metals, e.g., palladlum”ﬂ-“'s. (56) is probably not formed here. A

small concentration of hydride is probably formed which is the effective
catalyst for isomerisation.

As Flgufe X111 shows, the concentration of 1,3-CHD, ca. 60% of
that of (CsMesRhC2,) , was appreclable before complex formation occurred.
This would appear to indlicate that while Isomerisation and exchange are
rapid processes there Iis a rate-determining step prfor to complex forma-
tion. The most reasonable explanation Is that one of the hydrido-species,
(57) or (51) (Scheme 3), undergoes loss of HCL in a slow step to give
1,3-CHOMCsMes (55) or an active ""CsMesM'' (50); the latter may then react

with free 1,3-CHD to glve (55).

O ¢

C2
mé_.ﬂ ——— m
> B
-QO1 1
c
m/;_zu 3 mn” :

-HCy (base) C

slow l. (s7)

m
(55

o

Scheme 3 (m = CgMegM)
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The Mechanism of the Disproportionation of 1,3-CHD .

The results indicate that only 1,3-CHD Is disﬁroportionated
during these reactions and that the complex 1,3-CHDRhCsMes (55a) is
the most act}ve catalyst for this.

It has long been recognised that disproportionations of this
type occur on solid noble metal catalysts'so'lsl. Since decomposition
of (55a) did not lead to precipitation of metal during these above
reactions, a similar heterogeneous rhodlum-me;al catalysed reaction
Is not operative here. L.yor:s]sz has recently reported the homogeneously :
catalysed disproportionation of 1,4-CHD (but not 1,3-CHD) to benzene
and cyclohexane. Of the soluble Ir(l) and Ir(11!) complexes used,
(Ph3P)21r(CO)halide was by far the most active but required much more
vigorous conditions than were employed here (80°, 90-180 hr).

A posslble mechanism for disproportionation fs the direct

transfer of two hydrogens from complexed to uncompliexed (or loosely

complexed) 1,3=CHD.

5M¢5Rh§——-—> c 5M35Rh-o + O

sueskh O — C 5"65'"!-@ ©

The facile loss of H, observed in the mass spectrum of (55)

lends support for such a mechanism. However, the reéults of the
various studies on the disproportionation reaction (Table 6) clearly

Iindicate that both ethanol and base are essential co-catalysts; this
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Is Incompatible with the above mechanism. The detectlon of trace
amounts of acetaldehyde In the ethanol reactions agalin points to the
intermediacy of a rhodium-hydride species. |

While t__here Is no conclusive evidence, the most reasonable
mechanism Involves an anlonic hydridic species (§§).‘ This Is similar
to the scheme proposed for the 1,5-cyclooctadiene decomposition to

‘cyclooctene and 1,3- and 1,4-cyclooctadienes by (43).

csnesnh+ Et0” g2 CoMeshh /

0,

/

OEt |

— CsMesRh + CH3CHO

| (58) ]

s

The following series of reactlions (m = CSMesRh-) may then occur.

-CeHe +1,3-CHD  +1,3-CHD |  -CgHyg
»@ O

b
O 2

In this scheme two Cg 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 disproportionation) was observed and thls is readily rationalised
by supposing that the various hydride transfers are rapid compared to
formation of the hydridic species (§§). Thus only a small fraction of
the complex (§§§) will actually be involved as a catalyst for the dis-
proportionation. ’

I;M-CHD underwent Isomerisation and disproportionation with (55a)
under these conditions but very much more slowly. It is likely that
this non-conjugated diene only complexes very weakly to the metal. The
iridium compiex, 1,3-CHDIrCsMes (55b), did not catalyse these reactions
under the same conditions but there was some evldence.that Isomerisation

and disproportionation did occur at higher temperatures (75°).
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D. Summary and Concluslions

The pentamethylcyclopentadienyl -rhodium and -iridium chlorides
have been shown to be useful probes for the investigation of the
mechanisms of a number of reactlons involving di- and tri-enes.

These reactions were carried out in ethanol In the presence of
base and involve the intermedlacy of a metal hydride species. With
butadiene, cycloheptatriene, diphenylfulvene and cyclooctadienes,
CsMesRhCL(CyH7) , (CSMeISHCﬂ‘lg)*, (CsMesMC sH,CHPh,) T and CMesMC2 (CgHy3)
were formed.respectlvely. With norbornadiene and dicyclopentadiene,
(CsMesRhC23) ; gave CsMesRhCyHg and CsMesRhCigHiz, complexes of rhodium(l).
Complexes of both rhodium(l) and Iridium(l), CsMesM(1,3-CgHg) and
CsMesM(1,5-CgH;2) , were also obtained from (CsMegMC2,), and cyclohexa-~
dienes and cyclooctadienes. The (CsMesMC%;), complexes reacted with
cyclopentadiene to give (C5Me5MC5H5)+; In addition the endo-H isomer of
CsMesHRhCsHs was also formed In the rhodium reactions. Both cations
(CsMesMCsHg) T reacted with borohydride to give the exo-H CsMesHMCsHs
complexes; in the Iridium reaction CsMeslrCsHg was also formed. The
decomposition of all these cyclopentadiene complexes have been studied.

The formation of CgMesM(1,5-CgH;,) was shown to proceed via the
n-2-cyclooctenyl complexes CgMesMCL(CgHy3). During this latter reaction,
isomerisation of 1,5- and 1,4-CgH;, to 1,3-CgH;, occurred; some cyclo-
octene was also formed. The complexes, CsMesM(1,5-CgH;2), were catalysts
for the slow Isomerisation of 1,5 to 1,3~CgH;,; both 1,4-C0D and cyclo-
octene were also formed.

The formation of CsMesM(1,3-CgHg) was accompanied by Isomerisation

of 1,4-C¢Hg to 1,3-CgHg. The complex, CsMesRh(1,3-CgHg) , was a catalyst
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for the disproportlonation of 1,3-CgHg to benzene and cyclohexene.
This reaction was co-catalysed by ethanol and base.

Mechanisms for tﬁese various reactions are proposed: it is
concluded that hydridic intermediates are involved in the complexation,
isomerisation and disproportionation reactions. The actual processes
involved are very complex and small changes, either in conditions or
olefin or metal, appeér to cause signiflicant changes iﬁ products and
mechanism. In generalQ however, the reactions of the rhodium and
iridium complexes were very similar, differences presumably reflect
differing rates and stability constants.

Mass spectra of many of these complexes and of some others,
largely tetramethylcyclobutadiene-metal complexes, prepared by Dr. Bruce,
have been determined; tentative interpretations are suggested. This tool
is potentiaily 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 spectroscopicaily,

except where indicated.

Infra~red spectra: These were recorded as potassium bromide discs, or in

benzene or chloroform solution, on a Beckman IR5 and a Perkin Elmer 337
grating sbectrophotometer.

Nuclear magnetic resonance spectra: These were run on Varian A60, T60 and

HA100 spectrometers using tetramethylsilane (TMS) as internal reference.
All decoupling experiments were carried out on the HA100 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 204B instrument, preparations with a Varian Aerograph A90-P3
instrument. 20% Carbowax 20M on 60/70 Chromosorb W analytical (9'6''x1/8")
and preparative (10'x1/4") 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) (pentamethyicyclopentadiene) was prepared as

122 123

described by Paquette and Krow and by Criegee and Gruner

11
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All ojeflns used In the preparation of new complexes were distilled
before use. The purity of the cyclooctadienes and cyclohexadlenes 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-Cyclooctadiene was pre-
pared using the method of Craig et a1}53, final purificatlon being by
preparative v;p.q. 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~
cyclooctadiene 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 Ganzlsh.

RhC23+3H,0 and 1rCg3+5H,0 were commercial samples supplied by
Johnson, Matthey and Mallory.

Experimental Technigue: In experiments in which the products were analysed

by v.p.c., the volumes of solvent and of olefin were accurately measured
out. On completl&n of the reaction, all solvent and volatile products were
distilled from the reaction flask at 1072 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 ldentify 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 siilica gel.

DICHLOROPENTAMETHYLCYCLOPENTAD IENYLRHODIUM DIMER (13a)

Reaction of hexamethyldewarbenzene with RhC23+3H,0 in methanol

A mixture of RhC23¢3H,0 (4 g.) and hexamethyldewarbenzene (HMDB,

7.0 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 oll. A little acetone was added, the
solution was cooled in solid COy~-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 RhC23+3H,0) of (CsMesRhCy), 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,-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 ldentified as products from the reaction of RhCR3+3H,0
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. RhCe3+3H,0, 3 g.

HMDB and 20 ml. of methanol were reacted for 24 hr., was analysed quanti-
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tatively for the acetal by v.p.c. The distillate was found to contain
between 40 and 50 u%. dimethylacetal per ml. methanol compared to an
expected value of 40 ue/ml.

Reaction of RhC23*3H»0 with Hexamethyldewarbenzene in Water

RhC23+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 avold 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 temberature. The outlet
was then connectea 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 (CsMesRhC%j) 5
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 RhC23-3Hzp with 1-(1-chloroethyl)pentamethylcyclopentadiene

In methanol

A mixture of RhC23+3H,0 (1.485 g.) and 1-(1-chloroethyl)penta-
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methylcyclopentadiene (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 (CsMesRhC2,), (13a).

Quantitative v.p.c. analysis of the methanolvdiétillate showed
approximately 25 uf. dimethylacetal per ml. methanol compared with an
expected value of 30 ug./ml.

Reaction of RhC23+3H,0 with 1-(1-chloroethyl)pentamethylcyclopentadiene

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 liqulid, crude 1-{1-chioroethyl)-
pentamethylcyclopentadiene. A mixture of this together‘with RhC23+3H,0
(1 g.) In 20 ml. of water was stirred under nitrogen at 85° for 11 hr.
with liqulid 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 reactibn mixture was worked up as above to give 296 mg. (25%)
of (CMegRhC2,), (13a).

The aqueous distillate was analysed by v.p.c. The major product
was isolated by preparative v.p.c. using a collector immersed in solld
CO,-acetone. The p.m.r. spectrum of this material showed It to be

acetaldehyde.

DI CHLOROPENTAMETHYLCYCLOPENTAD IENYLIRIDIUM DIMER (13b)

Reaction of IrC2s°5H,0 with 1-(1-chloroethy!)pentamethylcyclopentadiene

In methanol
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A mixture of I1rC23°5H,0 (380 mg.) and 1-(l-chioroethyl)penta-
methylcyclopentadiene (500 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 (CsMeslrC2y), (13b), m.p.
>230°,

Dlmethyiacetal was detected in the methanol distillate by analy-

tical v.p.c..

Chlorohydridotriphenylphosphinepentamethylcyclopentadienyliridium (111)
(30)

Dichlorotriphenylphosphinepentamethylcyclopentadienyliridium (28b)
was obtained in 84% yleld from a reaction of (CsMestrCsy), (13b) (157 mg.,
0.197 mmole) with triphenylphosphine (155 mg., 0.592 mmole) in ethanol.

(1) CsﬁeslrczzPPha (100 mg., 0.151 mmole) was added to a stirred
solution of sodium carbonate (25 mg., 0.236 mmole) in 2 ml. of distilled
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 muﬁh water and dried in vacuo over phosphorus pentoxide.
This gave 82 mg. (0.131 mmole, 87%) of fine yellow needles of CgsMes!rHCL(PPhy)
which showed a strong band (vlr-H) at 2090 cm~!l, m.p. 223-228° (decomp.,
1072 mm).
Analysis. Found: C, 53.31; H, 5.39; C%, 5.47; P, 4.81%. Calculated for
CogH31CLIFP: €, 53.70; H, 4.99; c2, 5.66; P, 4.95%.

It was stable to alir in the solid, moderately stable in ethanol

but decomposed in 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 atvroom temperature It was observed that the characteristic
peaks of (30) disappeared with replacement by those of CgMeslrCL,PPhg
(28b). In addition a triplet appeared at t4.76 (J(H-D) ca. 1.0 Hz) due
to CHDC2y.

(11) CgMeglrCe,PPhy (150 mg., 0.227 mmole) was also reacted
with anhydrous sodlum 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 CsMes|rHCAPPhs (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).

(111) A suspension of CsMes|rC2,PPh3 (28b) (iOO mg., 0.151 mmole)
In 5 ml. of absolute ethanol was reacted with triethylamine (24 ut.,
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 CsMeslirC2,PPhsy. 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), CsMeg!rC2,PPhy (ca. 13 mg.,

0.020 mmole) and CgMeslrHCLPPhy (ca. 42 mg., 44%).

Chlorodeuter idotriphenylphosphinepentamethylcyclopentadienyliridium (I11)
(31
A suspension of CgMeslrCa,PPhs (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-dg at 45° under nitrogen for 4.5 hr.
The reactlion mixture was worked up, as in the corresponding reaction above,
to yleld 44.4 mg. (0.071 mmole, 94%) of CgMesirDC2PPh; (31) as pale yellow

crystals, v, _p at 1500 cm™1,

Chlorohydridotriphenylphosphinepentamethylcyclopentadienylrhodium(||1)

All attempts to prepare this complex by the methods glven above

afforded dark brown decomposition products which were not characterised.

Chloro(l-methallyl) pentamethylcyclopentadienylrhodium(il1) (34)

u-Dichlorobis (chloropentamethylcyclopentadienylrhodium) (13a)
(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 flltered 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(l-methallyl)pentamethylcyclopenta-
dienylrhodtum (34) (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; C2, 10.70%; mol. wt. 328, 330.
Calculated for CyyH>,C2Rh: €, 51.29; H, 6.40; C2, 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 (34) was

recovered unchanged.

n-3,5-Cycloheptadienyl (pentamethylcyclopentadienyl) rhodium chloride and
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hexafuorophosphate (33a)

A mixture of (CsMesRhC2,), (243 mg., 0.40 mmofe), anhydrous
sodium carbonate (250 mg.) and cycloheptatriene (500 mg., 5.4 mmole)
in 40 ml. absolute ethanol was refluxed, with stirring, under nitrogen
for 2.5 hr. The yellow solution was filtered,vthe solvent removed in
vacuo and the residue was washed with a little ether to leave a yellow
solid. Recrystailization from methylene chloride-petroleum ether (b‘p.
80-100°) afforded 236 mg. (0.64 mmole, 77%) of yellow crystals ((33a),
X = C2), m.p. 186-189° (decomp.).

Analysis. Found: C, 55.52; H. 6.56; C2, 9.59%. Calculated for
C17H24CoRh:  C, 55.67; H, 6.60; Ca, 9.67%.

(CsMesRhC2,) 5 (304 mg., 0.49 mmole) was reacted with cyclohepta-
triene (600 mg., 6.3 mmole) as above to give a crude sample of
[(m-C7Hg)Rh(CsMes) JC4.  This was extracted in 5 ml. water and treated
with ammonium hexafluorophosphate to give w-3,5-cycloheptadienyl(penta-
methylcyclopentadienyl) rhodium hexafluorophosphate, as bright yellow
needles, after crystallization from chloroform-benzene, m.p. >260°,
Analysis. Found: C, 42.94; H, 4.97%. Calculated for Cj7Hy,FgPRh:

C, 42.88; H. 5.04%.

n=3,5-Cycloheptadieny! (pentamethylcyclopentadienyl) iridium hexafluoro-

phosphate (33b)
This salt was obtained In virtually quantitative yleld by reaction

of (CsMesirCfy)z with cycloheptatriene and sodium carbonate In ethanol at
50° for 1 hr. Treatment of the crude chloride salt with ammonium hexa-
fluorophosphate, as described above, gave the white crystalline solld

(33b), m.p. >200°.
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Analysis. Found: C, 36.22; H, 4.04%. Calculated for CjyyHoylrFgP:

C, 36.12; H, L. 24%.

IAJ-D[phenylmethylcyclopentadIenyl(pentamethylcyclqpehtadienyl)rhodium

hexafluorophosphate (32a)

A mixture of (CsMesRhC2,), (120 mg., 0.20 mmole), anhydrous
sodium carbonate (IOO 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
hexaf luorophosphate immediately gave a thick pink precipitate. This was
collected by filtration, washed with a little water and dried in vacuo
to glve 1,1-diphenylmethylcyclopentadienyl (pentamethylcyclopentadienyl)-
rhodium hexafluorophosphate from hot ethanol gave pale brown crystals,
m.p. 99° (decomp.).

Analysis. Found: C, 55.66; H, 4.92%. Calculated for C,gH3gFgPRh:
C, 54.75; H, 4.89%.
The product was readily soluble in acetone and ethanol but only

moderately so In chloroform.

1,1-Diphenylmethylcyclopentadienyl {pentamethylcyclopentadienyl) iridium

hexaf luorophosphate (32b)

This complex was prepared from (CgMeslrCL,), (84%) In the Identical
manner to that used for (ggg). 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 C,gH3oFglrP:

C, 47.80; H, 4.27%.

n~Bicylo[2.2.1]heptadiene(pentamethylcyclopentadienyl) rhodium(1) (35)

To a suspension of (CsMesRhCLy), (40O mg., 0.64 mmole) and
anhydrous sodium carbonate (400 mg.) In absolute ethanol (40 ml.) was
added nor-bornadiene (bicyclo[2.2.1]heptadiene, 900 mg., 9.8 mmole).
The reaction mixture was refluxed with stirring undervnitrogen for 24 hr.
The orangé solution was allowed to cool, filtered and the solvent
removed underireduced pressure giving a mixture of yellow crystals and
a red oil. Extraction of this with ether and filtrationbgave a pale
orange solution and unreacted (CsMesRhC%3)> (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 m-bicyclo[2.2.1]heptadiene(pentamethylcyclopentadienyl)-
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°/1073 mm.

Analysis. Found: C, 62.44; H, 6.96%; mol. wt. 330. Calculated for

C17H23Rh: C, 6]:82; H, 7-022; mol. wt. 330.

Dicyclopentadiene(pentamethylcyclopentadienyl) rhodium(1) (36)

(CsMesRhCLy) » (250 mg., 0.47 mmole) was reacted with dicyclo-
pentadiene (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
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could be sublimed at 50°/10~3 mm.
Analysis. Found: C, 64.83; H, 7.22%; mol. wt. 370. Calculated for

CooHa7Rh: C, 64.86; H, 7.30%; mol. wt. 370.

Reaction of u-dichlorobis(pentamethylcyclopentadienyi)rhodium(]13a)

with cyclopentadiene

a. In ethanol

A suspension of (CsMesRhC%,), (LOO mg., 0.64 mmole) and anhydrous
sodium carbonate (400>mg.) in absolute ethanol (75 ml.) was stirred at
L5° 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
petrpleum ether at -78° to give endo-H pentamethylcyclopentadiene(cyclo-
pentadienyl) rhodium(37) (250 mg., 0.82 mmole, 54%), m.p. 80-82°. This
complex was veEy soluble in organic solvents and unstable to air in the
solid state. The analytical sample was sublimed at 25°/1073 mm.
Analysis. Found: €, 59.12; H, 6.80%; mol. wt. 304. Calculated for
CisHaRh: €, 59.22; H, 6.96%; mol. wt. 304,

The cream solids obtalned from filtration of ethanol and ether
solutions above, were washed with ether and crystallized from methylene
chloride-benzene. This afforded cyclopentadienyl (pentamethylcyclopenta-
dienyl) rhodium chloride ((38a)X = C2) (85 mg., 19%) as cream crystals.

This was converted into the hexafluorophosphate ((38a)X = PFg) with
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aqueous ammonium hexafluorophosphate, m.p. 270°.
Analysis. Found: C, 40.34; H, 4.51%. Calculated for CysHyoFgPRh:
c, 40.21; H, 4.69%.

b. In tetrahydrofuran

A suspenslion of (CsMesRhC2,), (304 mg., 0.49 mmole) and sodlum
carbonate (300 mg.) In THF (100 ml.) and water (20 ml.) was warmed to
Lo° under nitrogen. An excess (2 g.) of freshly cracked cyclopentadiene
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 resldue was crystallized from chloroform-benzene to
give cyclopentadienyl(pentamethylcyclopentadienyl)rhodium chloride
((38a)x = c2) (250 mg., 0.74 mmole, 76%), identical to that prepared
above. It was also converted into the hexafluorophosphate salt.

The product ((38a)X = PFg) was insoluble in cold or hot water,
chloroform and benzene, mo&erately soluble in acetone and methylene

chloride and very soluble in pyridine.

Exo-H pentamethylcyclopentadiene(cyclopentadienyl) rhodium(1) (39a)

Sodium borohydride (total amount, 800 mg.) was added in portions
over 36 hr. to a well-stirred solution of [(nCsH5)Rh(CsMes)iCe ((38a)
X = Cc2) (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 pentamethyl-

cyclopentadiene(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°/107 3mm.
Analysis. Found: C, 58.76; H, 6.91%; mol. wt. 304. Calculated for
CisH2i1Rh: C, 59.22; H, 6.91%; mol. wt. 304.

This complex was stable to alr In the sollid but decomposed rapidly

in halogen-containing solvents.

Reaction of exo-H Pentamethylcyclopentadiene(cyclopentadienyl) rhodium(39a)

with Halogenating Agents

a. With CDCL,

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 (392a) and their replacement
by those of the pentamethylrhodicenium chloride ((38a)X= C2). The reaction
involved was effectively complete after 5 hr. (40°). |In addition a triplet
appeared at t4.63 (J(H-D) 1 Hz), due to CHDC%,.

b. With N-Bromosuccinimide

A freshly sublimed sample of exo-H(CsMesH)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-bromosuccinimide (50 mg., 0.28 mmole). A pale brown pre-
cipitate appeared immedliately which was collected by filtration, washed
with a 1lttle water and methanol and dried in vacuo. This material (25
mg., 0.06 mmole, 51%) was identical to a sample of pentamethylrhodicenium

hexafluorophosphate ((38a)X = PFg).

Reaction of endo-H Pentamethylcyclopentadiene(cyclopentadienyl)rhodium
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(éz) with N-Bromosuccinimide, Chlorine and Hydrogen chloride

N-Bromosuccinimide (120 mg., 0.67 mmole) was slowly added to a
stirred solution of endo-H (CsMesH)Rh(CsHs) (37) in petroleum ether
(4 m1.) and methanol (2 ml.). A deep red precipitate (86 mg., a mix-
ture of CsMesRhBrp (41) and CsHgRhBr, (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-
cyclooctadiene (224 mg., 0.2] mmole) were refluxed 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.
sbectrum of this in CDCL3 was run and compared with the spectra of
authentic samples of the two 1,5-cyclooctadiene complexes, CsMesRh(1,5-COD)
(43a) and CsHgRh(1,5-COD) (k4). 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 (éz) to afford, in these cases, the dichlororhodium

complexes CsMesRhCL, (13a) and CsHsRhCL, (6).

Cyclopentadieny! (pentamethylcyclopentadienyl) Iridium hexafluorophosphate
(38b)

A mixture of (CsMeglrCs,), (215 mg., 0.27 mmole), anhydrous
sod fum carb?nate (200 mg.) and absolute ethanol (75 ml.) was stirred
under nltrogen 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 olly solid. Washing with ether and

recrystallization from methylene chloride-benzene afforded hygroscopic
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cream crystals of cyclopentadienyl (pentamethylcyclopentadienyl)iridium
chloride ((38b)X = Cg).

These wére dissolved in water and converted to the hexafluoro-
phosphate salt ((38b)X = PFG)?(ZSS mg., 0.48 mmole, 88%), a white
crystalline material, m.p. >260°.

Analysis. Found: C, 33.76; H, 3.46%. Calculated for CysH,gFglrP:
C, 33.53; H, 3.72%.

Reaction of Cyclopentadienyl(pentamethylicyclopentadienyl)iridium chloride

(38b) with Sodium Borohydride

Benzene (15 ml.) was added to a solution of [(CsMes) Ir(CsHs)]Cs
(38b) (110 mg., 0.26 mmole) in water (5 ml.) and the mixture stirred at
room temperature under nitrogen. Excess sodium borohydride was then
added in portions over a period of 48 hr. The reaction mixture was
worked up in the same manner as des;ribed 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

pentamethylcyélopentadiene(cyclopentadienyl)iridium (39b) and cyclo-
pentadiene(pentamethylcyclopentadienyl)iridium (Egp),.were obtained. The
mixture was sublimed at 25°/1073 mm.
Analysis. Found: C, 44.51; H, 5.12%; mol. wt. 392, 394. Calculated for
CigHaylr: €, 45.79; H, 5.38%; mol. wt. 392, 394.

The pro&uct 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-
dienyl(pentamethylcyclopentadienyl) iridium chloride ({38b)X = C%)

showing singlets at t4.18 (5H) and 7.68 (15H). In addition, a small
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triplet, due to CHDCL, 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-bromosuccinimide in methanol
and petroleum ether in the presence of ammonium hexaflqorophosphate
as already described. This gave cyclopentadienyl (pentamethylcyclo-
pentadienyl) iridium hexafluorophosphate ((38b)X = PFg) (28 mg., 0.05

mmole, 62%) identified by its p.m.r. spectrum.

1,5-Cyclooctadiene(pentamethylcyclopentadienyl) rhodium(1) (43a)

Method A

A mixture of (CsMesRhC2,), (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
CigHa7Rh: €, 62.42; H, 7.86; mol. wt. 346.

Treatment of this with HCL under a variety oflconditions always
regenerated the dichloro-complex (13a).
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-C0D. The products were identified by their p.m.r. spectra as

well as by m.p.
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Method C

The 1,5-cyclooctadlienerhodium complex (ﬁép) was also obtained In
good yleld (qa. 90%) from reactions of 1,5- and 1,3?COD with dichloro-
(trlphenylphosﬁhine)pentamethylcyclopentadienylrhodium (29a) under

similar conditions. A reaction time of 9 hr. was required here.

1,5-Cyclooctadiene (pentamethylcyclopentadienyl) iridium(l) (43b)

This was obtained as a white crystalline solid in an identical
fashion from the dlchléro-iridium complex (13b) and 1,5-COD (73% yleld)
or 1,3-COD (85% yield), m.p. 163-166°. The product was sublimed at
70~75°/10"3 mm.

Analysis. Found: C, 50.22; H, 6.39%; mol. wt. 434, 436. Calculated
for CygHpzir: €, 49.63; H, 6.25%; mol. wt. 434, 436.

This 1,5-cyclooctadieneiridium complex (ﬂép) was also prepared
from dichloro(triphenylphosphine)pentamethylcyclopentadienyliridium (28b)
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 (43b) (ca. 45%) together with some chlorohydrido-

(triphenylphosphine) pentamethylcyclopentadienyliridium (30) (ca. 30%).

Chloro-(w-2-cyclooctenyl) (pentamethylcyclopentadienyl) rhodium(111) (46a)

Method A

1,3-Cyclooctadiene (399 mg., 3.7 mmole) was added to a suspension
of (CzMesRhCLjy), (215 mg., 0.35 mmole) and anhydrous sodium carbonate
(210 mg.) in absolute ethanol (5 ml.) and the mixture was stlrred at

42° for 2 hr. The volatile components were distilled off in vacuo and



129

the deep red residue extracted with ether. The ether solution was
filtered and the solvent removed to give the deep red, crystalline
n-2-cyclooctenyl complex (ﬁég) (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; C&, 9.23%; mol. wt. 423 (osmo-
metric in chloroform). Calculated for C;gHpgRhC2: C, 56.49; H, 7.37;
" CL, 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 solld state and in solution.

On treatment with hydrogen chloride in benzene, this complex
decomposed to the dichloride (13a) and cyclooctene (observation by
Dr. C. White).

Method B

The identical complex was obtained from 1,3-C0OD (98%) and 1,4-
COD (96%) when these olefins were reacted with (13a) under the above
conditions.

Method C

(46a) was also obtained In high yield ( 80%) from both 1,3~ and

1,5-C0D and (13a) in the presence of triethylamine as base. Triethyl-

amine hydrochloride was also detected by p.m.r. spectroscopy.

Chloro-(n-2-cyclooctenyl) (pentamethylcyclopentadienyl) iridium(111) (46b)

A mixture of (CsMesirC,), (199 mg., 0.25 mmole), anhydrous
sodium carbonate (200 mg.) and 1,3-cyclooctadiene (342 mg., 3.16 mmole)
in absolute ethanol (5 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; C%, 7.53%; mol. wt. 532 (osmometric
in chloroforﬁ). Calculated for CygHpgColr: C, 45.81; H, 5.97; C&, 7.51%;
mol. wt. 472,

The properties of the product were similar to those of the anal-
ogous rhodium complex above.

The idenfical complex was obtained in quantitative yield from
1,5-COD when this olefin was reacted with (lép) under the above conditions.

It was also obtained in 88% yield from 1,5-COD and (13b) 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 9'6" x 1/8'" stainless

steel column packed with 20% Carbowax 20 M on 60/70 Chromosorb W at 110°,

A. Reaction of dichloro(pentamethylcyclopentadieny!)-rhodium (13b) and

-iridium (13b) dimer with cyclooctadienes

(1) Under vigorous conditions [(13) -+ (43)]

The reactions between (CzMesMC2,), and 1,3~ (M = Rh, Ir), 1,4~
(M = Rh) and 1,5-COD (M = Rh, ir) in ethanol in the presence of sodium
carbonate at 60-70° (M = Rh) or 55-65° (M = Ir), 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.

Detai led 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-distilled
1,5-C0D (200 pg, 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. (CsMegRhCg,), (308 mg.,
0.50 mmole) and anhydrous sodium carbonate (300 mg.) were added and the
flask was thdroughly 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 CDC23 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
(CsMesRhC2,), (300 mg., 0.49 mmole) and 1,3-cyclooctadiene (250 u%., 2.01
mmole), (Figure X ).

(i1) Under mild conditions [(13) - (46)]

The reactions of (CsMesMC2;), with 1,5- (M = Rh, Ir), 1,4 (M = Rh)
and 1,3-COD (M = Rh, Ir) were carried out in absolute ethanol in the

presence of sodium carbonate at 40-45° (M = Rh) or 25° (M = Ir) to give
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the m-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 m-2-Cyclooctenylrhodium(111) Complex (L46a)

A summary of these reactions is presented in Table 3.

(1) In ethanol in the presence of base and cyclooctadiene

A mixture of w=-CgHj 3RhC2(CsMes) (46a) (75 mg., 0.20 mmole), anhy-
drous sodium carbonate (70 mg.) and 1,5-cyclooctadiene (40 uf., 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
mmole, 92%) of yellow crystals of (1,5-COD)Rh(CsMes) (43a).

A similar experiment, under milder conditions (56°/2 hr), resulted
In recovery of ca. 81% of (46a) together with ca. 19% of (43a); no
appreciable amount of isomerisation of the free diene was observed in this
case.

(11) In ethanol in the presence of base

A representative example of this was the reaqtion of
(r-CgHy3) RhCL(CeMes) (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-rhodium 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 C;gH;sRh: C,
50.44; H, 6.34%.

A simllar.decomposition of (46a) (50 mg., 0.13 mmole) in absolute
ethanol (2 ml.) in the presence of triethylamine (21 ng., 0.15 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 (CsMegRhC2,), (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 (1,5-COD)Rh-
(CsMes) (43a) (ca. 30 mg., 0.087 mmole, 67%) and CsMesRh (50) (ca. 4 mg.).

(i11) In ethanol In the absence of base

A solution of m-CgHj3RhCL(CsMes) (46a) (50 mg., 0.13 mmole) and
1,5-c0D (100 u%., 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 apprbximately equimolar
mixture of (CsMesRhC2,), (13a) (0.058 mmole, 44%) and (1,5-COD)Rh(CsMes)
(43a) (0.058 mmole, 44%).

(1v) In benzene solution both with and without base

A solution of w-CgHj3RhCe(CsMes) (46a) (77 mg., 0.202 mmole) in
benzene (2 ml.) was stirred at reflux under nitrogen for 8 hr. The
volatile organié 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 (CzMesRhC2,), (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%), (CsMesRhC2,),
(ca. 13 mg., 0.021 mmole, 20%) and some unreacted starting material
(46a) (ca. 11 mg., 0.03 mmole).

The complex (46a) (75 mg., 0.196 mmole) was reacted with tri-
ethylamine (23 uf., 0.163 mmole) in benzene (2 ml.) in a manner similar
to the abqve. The readtlon mixture was worked up also as above with
very similar results.

A solution of (46a) (49 mg., 0.13 mmole) and pyridine (11 ug.,
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 preciplitate
washed with benzene and ether and drled to yield 24 mg. (0.062 mmole,
4L8%) of CsMesRhCLypy. The filtrate contained effectiQely pure
(1,5-cOD)Rh(CsMes) (43a).

(v) In petroleum ether (b.p. 80-100°) both with and without base

A solution of m-CgHj3sRhCL(CgMes) (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 fcund 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 (CsMesRhCL,), and an

unidentified (polymeric) material.
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The reaction of (46a) (100 mg., 0.262 mmole) with triethylamine
(40 ue., 0.277 mmole) 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 m-2-cyclooctenylrhodium complex (46a) (101 mg., 0.288 mmole)
was heated at li0°/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 (CsMesRhC2;), (39 mg., 0.063 mmole, 44%)
together with a small amount of uncharacterised (polymeric) ﬁaterial.
The ethereal solution was taken to dryness to leave yejlow crystals of

the 7=1,5-COD rhodium complex (43a) (39 mg., 0.113 mmole, 40%).

C. The Decomposition of the m-2-Cyclooctenyliridium complex (46b)

A summary of these reactions is presented in Table 4.

(i) In ethanol in the presence of base

A mixture of m-CgHy3lrCa(CsMes) (46b) (54 mg., 0.114 mmole) and
anhydrous sodium carbonate (50 mg.) in absolute ethanol (2 ml.) was stirred
at 65° under nitrogen for 4.5 hr. The mother liquor was distilied off;
v.p.c. analysis showed only trace quantities of cyc]oocﬁene 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)!r(CsMes) (43b) (51 mg.,
0.116 mmole).

The comﬁlex (46b) (50 mg., 0.106 mmole) was reacted with triethyl-

amine (16 u&., 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
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filtered off and dried to yield (1,5-COD)Ir(CsMes) (43b) (10 mg., 0.023
mmole, 22%). The solvent was removed from the filtrate under reduced
pressure; extraction of the residue with ether afforded én additional
amount of (43b) (38 mg., 0.087 mmole, 82%). Triethylamine hydrochloride
(16 mg., 0.116 mmole) was obtained as pale yellow, etﬁer-insoluble,
crystals.

(i1) In benzene both with and without base

Triethylamine (16 u%., 0.110 mmole) was added to a solution of
m=CgHy3lrCe(CsMes) (46b) (50 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 shawed the presence of (CsMeslirCj),
(ca. 4.2 mg., 0.005 mmole) and triethylamine hydrochloride (ca. 3.8 mg.,
0.028 mmole).‘ The filtrate from the reaction mixture wa§ taken to dryness
in vacuo and the pale orange residue extracted with deuterochloroform and
its p.m.r. spectrum recorded. Thls showed (1,5-C0OD)ir(CsMes) (43b) (ca.
37 mg., 0.085 mmole, 74%), (CsMeslrC2y), (ca. 7.3 mg., 0.009 mmole) and
a trace (1-2 mg.) of unreacted starting material.

A solution of (46b) (102 mg., 0.22 mmole) in benzene (2 ml.) was
refluxed under nitrogen for 19 hr. The volatile material was collected
by distlllation In vacuo; analysis 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 equimolar amounts of (CsMeslirCf,), and
(1,5-coD) Ir(CgMes) .

(111) In the solid state in vacuo
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1

The cohplex w-Canglrcz(Csﬁes) (53 mg., 0.112 mmole) was heated
at 95°/1073 mm for 5 hr and the volatile product collected in a 1iquid
nitrogen trap. The solid reaction products were worked up as in the
corresponding reaction of the rhodium analogue to yield (1,5-C0D) Ir(CsMes)
(28 mg., 0.064 mmole, 56%) and (CsMesirCL,y), (21 mg., 0.026 mmole, L6%).
The volatile product was shown by p.m.r. spectrum and v.p.c. to be cyclo-

octene.

D. Deuteration Studies

All apparatus and anhydrous sodium carbonate used were carefully
dried In vacuo. 1,3-COD (100 n2., 0.82 mmole) was added to a suspension
of the dichlororhodium complex (13a) (60 mg., 0.10 mmole) and anhydrous
sodium carbonate (60 mg.) in ethanol-dg (1 ml.), and the mixture stirred
at 45° for 3 hr. The product (A) was worked up as described previously
to yield the deuterated m-2-cyclooctenylrhodium complex (46a) , (45 mg.,
61% after crystalllization from n-hexane).

Samples (20 mg.) of this material (A) were heated in ethanol-dg
in the presence of 1,3~ and 1,5-COD and anhydrous sodium carbonate and
the w-l,S-COD-rho&ium complex (43a) obtained in the usual manner.

Another sample (30 mg.) of this material (A) was decomposed in
vacuo to give the n-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 (13a) with 1,5-C0D
in ethanol~dg in the normal manner. _

Samples (20 mg.) of this material (B) were heated In ethanol-dj
in the presence of 1,3- and 1,5-COD aﬁd anhydrous sodium‘carbonate and

the 1,5-COD-rhodium complexes (43a) obtained in the normal way.
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I,3-COD (100 pr., 0.82 mmole) was added to a éuspension of
(CsMesRhCL,) , (69 mg., 0.11 mmole) and anhydrous sodium carbonate (60 mg.)
In ethanol-dg and the mixture was stirred under nitrogen for 6 hr at 60°.
The deuterated 1,5-COD-rhodium complex (43a) (51 mg., 69%, after purifi-
cation by sublimation) was Isolated In the manner described previously.

These samples of (5}9) were each purified by sublimation and
analysed mass spectroscopically. From the cracking pattern it was clear

that deuterium had only entered the Cg ring.

E. Reaction of 1,5-Cyclooctadiene with the 7-1,5-Cyclooctadiene-rhodium

(43a) and -iridium (43b) Complexes

The freshly recrystallised w-1,5-COD-rhodium complex (43a) (87 mg.,
0.25 mmole), sodium carbonate (80 mg.) and 1,5-COD (80 n%., 0.65 mmole)
were heated in ethanol (3 ml.) at 75° over 3 days. The reaction mixture
was cooled andiali volatile materials distilled in vacuo. The distillate
was analysed by v.p.c. and was shown to contain diethylacetal, cyclooctene
(4 pe./mi., 15%), 1,5-€0D (18 pp./mi., 75%), 1,3-COD (1 pe./ml., 5%) and
1,4-cop (1 uz./ﬁl., 5%). The involatile solid residue was shown to be
the complex (43a) recovered quantitatively.

In a similar reaction, the iridium complex (43b) (81 mg., 0.19
mmole) and 1,5-COD (50 ug., O.4]1 mmole) were heated wikh sodium carbonate
In ethanol (3 ml.) for 3 days at 70°. Analysis of the volatile products
showed them to coﬁtaln diethylacetal, cyclooctene (10 yug., 20%), 1,3-COD
(6 ug., 10%), 1,4-coD (12 pg., 20%) and 1,5-COD (25 ug., 50%). The com-

plex (43b) was again recovered unchanged.

F. Reaction of the Dichlororhodium Complex (13a) and the m-2-Cyclo-
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octenylrhodium Complex (ﬂép) with Cyclooctene

A sample of cyclooctene was purified by preparative v.p.c. A
portion of this (84 ug., 0.646 mmole) was added to a suspension of
(CsMesRhCe,) , (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 volatile products showed that cyclooctene was recovered;
no cyclooctadienes could be detected. The purple (polymeric) reslidue
could not be characterised. |

A similar reaction of cyclooctene (18 yug., 0.14 mmole) with
m=CgHy 3RhC2(CsMes) (50 mg., 0.13 mmole) and sodium carbonate (50 mg.) in
ethanol (2 ml.) again resulted in recovery of the cyclooctene. The solid
residue was a mixture of (1,5-COD)Rh{CsMes) and an unchafacterised

(polymeric) material.

G. Reaction of 1,5-Cyclooctadiene with ""Rhodium Trichloride Trihydrate"

This reaction was carried out in the manner described by Nicholson
and Shawlla.

A mixture of RhCL3°3H,0 (200 mg., 0.76 mmole) and 1,5-COD (200
ul., 1.63 mmole) in absolute ethanol (5 ml.) was refluxed under nitrogen
for 1.2 hr. This gave a yellow precipitate of (1,5-CgHj,RhC8), 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-C0D had been converted to 1,3-COD. Trace amounts of
cyclooctene and acetaldehyde were also found.

The compound RhC23+3H,0 (200 mg., 0.76 mmole) and 1,5-COD (500

uL., 4.07 mmole) were similarly reacted in ethanol (5 ml.) at 63° for

0.5 hr. Analysis of the volatile products, in this case, showed the
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presence of all -cyclooctadlienes (1,3-, 81%; 1,5-, 12%; 1,b4-, 7%).

m-1,3-Cyclohexadiene (pentamethylcyclopentadienyl) rhodium(1) (55a)

A mixture of (CsMegRhC2y), (150 mg., 0.24 mmole), anhydrous
sodium carbonafe (150 mg.) and 1,3-cyclohexadiene (115 mg., 1.44 mmole)
in absolute ethanol (4 m1.) 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 pale brown oll. A crystalline solid, 1,3-cyclo-
hexadlene(peﬁtamethylcyclopentadienyl)rhodium (55a) (110 mg., 0.36 mmole,
75%), m.p. 47-48° was sublimed out of this at 25°/1073 mm.

Analysis. Found: C, 60.36; H, 7.35%; mol. wt. 318. Calculated for
CigHzaRh: 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

(13a) (0.25 mmole) and 1,4-cyclohexadiene (0.72 mmolé),

Reaction of m-1,3-cyclohexadiene(pentamethylcyclopentadienyl)rhodium (55a)

with N-Bromosuccinimide

The complex 1,3-CHDRh(CgMes) (53 mg., 0.16 mmole) was dissolved
In petroleum ether (2 ml.) and methanol (2 ml1.) and a solution of
ammonium hexafluorophosphate (70 mg.) in methanol was added. N-Bromo-
succinimide (80 mg., 0.47 mmole) was slowly added to this stirred mixture
to glve a dark orange precipitate. Thls was collected by filtration,
washed with a 1ittle ether, and dried to yield (CsMesRhBry), (41) (48 mg.,

0.07 mmole, 86%).
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n-1,3-Cyclohexadiene(pentamethylcyclopentadienyl) iridium(1) (55b)

1,3~Cyclohexadiene (115 mg., 1.44 mmole) was added to a suspension
of (CsMeslrCey), (191 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 (§§9) above, to yield the white
crystalline Pridium complex (55b) (160 mg., 0.40 mmole, 83%), m.p. 65-67°,
which was sublimed at 25°/1073 mm.
Analysis. Found: C, 47.24; H, 5.44%; mol. wt. 406, 408. Calculated for
CigHaslr: C, 47.15; H, 5.68%; mol. wt. 406, L08.

The product decomposed falrly rapldly in air in the solid state
and in solutién. |

The same complex was obtained (66%) from (13b) (0.24 mmole) and

1,4-cyclohexadiene (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 cyclohexadienes, cyclohexene, benzene, cyclohexane,
deithylacetal and acetaldehyde. Analyses were performed on a 9'6'" column

of 20% Carbowax (75°) and a 5' column of 5% SE30 (45°).

A. Reactlion of dichloro(pentamethylcyclopentadienyl)-rhodium (13a) and

-iridium (13b) dimers with cyclohexadlenes

The reactions of (CsMesMC%y)s with cyclohexadienes at 45-55°
(M = Rh) and ca. 35° (M = Ir), 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.

Detalled reaction study

Absolute ethanol (20 ml.) was pipetted into a.50 ml. flask
equipped with a butyl rubber stopper and a condenser. 1.L4-Cyclohexadiene
(400 ug., 5.0 mmole) wés added, the solution stirred, and 0.2 ml. taken
as a reference Sample for v.p.c. studies. The complex (13a) (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 buty! rubber seal at intervals using a
syringe. In each case, the mother liquors from the allquots were

collected by dlst!llation In vacuo (1072 mm) into liquid nitrogen-cooled
traps. The residues were extracted with deuterochloroform and their p.m.r.
spectravrecorded. - The mother 1iquors were.analysed by v.p.c.

The results are presented in Figure Xl11.

B. Reactions of w-1,3-Cyclohexadiene(pentamethylcyclopentadienyl)rhodium

(55a)

In all of these reactions the complex (55a) was sublimed Immediately
before use. The results are presented in Table 6.
(1) The complex 1,3-CgHgRh(CsMes) (55a) was heated alone and with 1,4-
cyclohexadiene (lh absolute ethanol, in the presence of sodium carbonate)
and also with 1,3-cyclohexadiene in various solvents (ethanol, n-~hexane
and THF, with and without bases).

In a typical reaction (ggg) (85 mg., 0.27 mmo]e) and 1,3-cyclo-

hexadiene (48 u%., 0.504 mmole) were dissolved In absolute ethanol (3 mi.)
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and the solution was heated at 55° for L hr under nitrogen. The volatile
products were collected by distillation into liquid nitrogen-cooled traps
at 1072 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 yleld effectively pure 1,3-CgHgRh(CsMes) (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.

(t1) 1,5-Cyclooctadiene (80 ut., 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-
hexadlenes, cyclohexene, cyclooctadienes and cyclooétene. The light brown
residue was extracted with ether, the solution filtered and the solvent
removed affording a dark yellow olly-solid (96 mg.). Quantitative
analysis of this mixture by its p.m.r. spectrum showed that it comprised
ca. 51% 1,3-CgHgRh(CsMes) and ca. 49% 1,5-CgHjoRh(CsMes) .

The reaction of (55a) (135 mg., 0.425 mmole) with 1,3-COD (106
uL., 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 (55a) (ca. 88%) and 1,5-CgH;,Rh(CsMes) (ca.
12%) .

C. Reactlions of w-1,3-Cyclohexadiene(pentamethylcyclopentadienyl) iridium

(55b) with Cyclohexadienes

1,3-Cyclohexadiene (70 u2., 0.74 mmole) and anhydrous sodium car-

bonate (50 mg.) were added to a solution of (55b) in absolute ethanol (3 ml.).
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After stirring at 50° under nitrogen for 21 hr, both 1,3-CHD and (55b)
were recovered unchanged.

The reaction of (55b) with 1,4-cyclohexadiene was carried out
In an entirely similar manner to the above. Starting materials were

agaln recovered unchanged.



APPENDIX

Mass Spectra of Some Organometallic Complexes

Included in this appendix are mass spectral data for some
organometallic complexes of rhodium, 1ron 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 abundanées (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-
mlnafions of organometallic compounds. Because of thls, 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 defermined), it is felt that a

detai led discussion of these spectra is not justified.

A. Pentamethylcyclopentadienylrhodium complexes

The mass spectra of the Rh(l) complexes, CcMesRh(diolefin),
are presented where diolefin is (ethylene)z, 1,5-hexadiene, 1,3-cyclo-
hexadiene, norbornadiene, 1,5-cyclooctadiene and dicyclopentadiene.
Also included are the spectra of 1,2,3,4,5-pentamethylcyclopentadiene
and the r-1-methallylrhodium(l1]) complex, CsMesRhCLC H.

*
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 mo)ecular weights.,

For the majority of these complexes, the base péak corresponded
to the lon, C5M_e5Rh+ (m/e 238); fragmentation and complete loss of the
other m-bonded ligands were favored processes. The éxceptions to this
. were exhibited by the complexes of norbornadiene and dicyclopentadiene.
The stability of the nCp-M+ entity to fragmentation in the mass spectro-
meter appears to Se a general characteristic of cyclobentadienyl-metal
complexeslss.

Other general features were the appearance of fragments of mass
corresponding to the pentamethylrhodicenium (CsMesRhC5H5+, m/e 303),
C5H5Rh+ and Rh* jons. Those complexes of cyclic diolefins of >C, showed
a major peak at m/e 329, assignhed to the tropylium containing fragment,
C5Me5RhC7H7+. The spectrum of the bis ethylene complex, CsMesRh(C,Hy) 5,
like that of CSHSRh(CZHg)2156, showed a stepwise loss of ethylene

similar to the loss of CO's from metal carbonyl complexes]55.

The loss
of HCL in the mass spectrometer observed here for the l-methallyl complex,
CsMesRhCL(CyHy) , has also been reported for some chloro-m-allylic com-

157

plexes of palladium and rhodium All attempts to reproduce this result

on a preparative scale were unsuccessful.

1,2,3,4,5-Pentamethylcyclopentadiene

m/e Relative Abundance "~ Asslignment
136 A CroHy"
121 - 100 CoHygt
119 | 16  CgHyy T
107 6 gyt
106 9 CoHyo”
105 35 CgHg ™

104 2 CeHg
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m/e Relative Abundance Assignment
103 , 4 CeHo ™
93 | 14 CoHq
91 16 CoHo"
79 - 10 C6H7+
77 10 CeHs '
65 | ! CsHs ™
55 2 CyH, "
53 3 CyHs®
51 2 CyHst
43 2 C3Hy "
4 3 CaHls
39 3 C3Hs"
Metastable Transitions
Approximate
m/e Process
17 CoHis® = C9H11+ + Hy
107.7 CioH1gT =+ CgHyz® + +CHg
101.1 . CeHo'  + CgHyt  + Hy
91 C9H13+ - C3H9+ + CHy
89.2 CHgT  + CoH,t +  Hy
85 CigHis® =+ CgHyy®  +  CoHy
71.5 Colyzt > CoHg™  +  CoH,
69.6 CoHyyt  + CoHyT  + CoMy
63.9 » CoHgT  + CgHg®  +  CHy
59.5 , CeHgt + CgHyT +  CoHy
56.5 CgHgt =+ CgHs®  +  CoHy,
46.5 CoH,t o+ CgHsT  + CoHy
CsMesRh (CoHy) 2
m/e Relative Abundance . Assignment
294 7.5 CsMesRh(CaHy) "

266 24,2 CsMesRh(CoH,) T



n/e

238
237
236
235
234
233
232
231
230
229
221
218
205
168
154
142
136
135
134
133
131
130
129
12
119
ny
115
105
103

91

79

77

65

53

Relative Abundance

100
5.4
17.6
5
9.5
3.6
5.8
3
4,2
2
2.4
2
2.1
]
2
1.2
1.7

3
5.8

3.3

13
6.2
2.6
b5
2.8
3.8

Assignment
CsMesRh™

CsHsRhY

C3H3Rh+

CoHys™
CoH1y™
CoHg
CoHy™
CgHg
Rh
C/Hy
CeHs
CsHs
CyHy

+ + 4+ + o+
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m/e ~ Relatlve Abundance ~ Asslgnment
51 3.1 | CyHs™

Metastable Transitlions

Approximate
m/e Process -

213.2 o CsMesRh(CoHy)™ » CsMesRh® + CoMy

Supplied by Dr. J. W. Kang.

CsMesRhCeHyg

m/e - Relative Abundance Asslgnment
320 . 48.8 CsMesRhCgH o™
318 | 2.6 CMesRhCgHg "
305 1.7 p-Me"

303 5.9 |  CgMesRhCsHs '
279 1.6 CMegRhC gHs "
238 | 100 CsMesRht

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 CsHsRh™
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m/e Relative Abundance - Assignment
134 : 4.6
133 h.7
121 3.9  CgHig’
119 | 7.6 ' CoH1r"
17 1.9 | CoHg™
15 | 3.1  CoHyt
105 3.7 CgHg™
103 | 13 ~ Rh"
97 b7 CoHys™
95 | 6.1 CoHitt
93 2.3 C7Hg"
91 5.6 CoH,"
83 5.3 CeHn
81 6.9 CeHg ™
79 4.2 CeHy ™
77 4.5 CeHs
69 8 CsHg™
67 9.5 CsHy"
65 2.7 CsHs™
57 | 6.1 C,Hy
55 9.4 CyHy
53 5.6 CyHs"
5 2.7 CyHs™
43 9.1 CaH, "
N 1.2 C3Hs”
39 9.5 C3Hs™
Metastable Transitions
Approximate Process
m/e e
289 CsMesRhCgHyo® + CsMesRhCsHg' + CHy
177.1 CsMesRhCgHigt + CsMesRh®™ + CgHig

*Supplied by Dr. J. W. Kang.
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CsMesRhCgHg (55a)

m/e Relative Abundance Assignment
318 | 3] CsMesRhCeHg
316 : 12.9 CsMesRhCgH "
303 5.9 CsMesRhCsHs
238 100 CsMesRh*

237 7.8

236 22

235 8.9

234 13.1

233 3

232 9.1

231 3.8

230 6

223 5.9

221 4.8

218 3.8

205 ' 3

181 5.2 | CeHgRh™

180 3.9

168 | 2 CsHsRh*

158 13 (CsMesRhCgHg) 2t
142 1.5 CgHgRhT

119 1.9 CoHyy™

ns | 2 CoHo'

105 - 2.1 CoHg ™

103 8.1 Rh*

91 1.8 CoHy T

79 2.1 CeHy '

77 2 CeHs '

Metastable translitlions

Approximate

Proces
m/e ocess

314 CsMesRhCgHg' + CsMesRhCgHg' + Ha
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Approximate

m/e Process
289 CsMesRhCgHg' + CsMesRhCsHs' +  +CHg
179.2 CsMesRhCgHg® + CcMesRh™ + CgHg
CsMesRhC7Hg (35)
n/e Relative Abundance - Asslignment
330 - 100 CsMesRhC,Hg ™
329 1.6 CsMesRhCHy T
315 69.6 . CsMesRhCgHsg'
303 13.4 . CsMesRhCsHs"
289 3.2
252 : 32.2 CyiHi7RAT
250 13.1 Cy1HisRAT
248 3.6
238 ' 55.2 CsMesRh™
237 86.6 C1oH14RhT
236 46.7
235 26.1
234 23.8
233 15.8
232 18.7
231 1.6
230 B 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 " CgHeRhT
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m/e Relative Abundances Asslignment
180 ' 3.9

169 | | 7.6

168 10.8 CsHsRR™
165 15 (CsMesRhCyHg) 2F
152 7.2

151 4.9

142 7.2 C3H3Rh™
119 - | 8 ' | CoHyy '
s | 7.8 CoHo*
107 5.8 CeHyy”
105 | 6.2 CgHy'
103 | 16.2  RRT

97 : 7.1 CMyy"
95 8.2 CoHyy "
91 18.4 Gy
83 8.2 CeHyy
81 ’ 9.1 CeHg

79 6.1 CeHy ™
77 7.2 CeHs™
69 12.3 CsHg "
67 | 7.8 CgH, ™
65 10.1 CoHs™
57 10.4 CyHg"
55 18.2 CyHy "
53 6.6 CyHs
51 5.2 C,Hy
43 14,1 C4H,"
h 26.2 C3Hs'
39 17.4 CaHg™

Metastable Transitions

Approximate

Process
m/e

301 _ CSMesRhC7H8+ - C5Me5RhC5H5+ + <CHj3
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Appr:?;mate Process
248 C1iHyRhT = € jH sRRT + Hy
223 | C1iH7RhT = CygH14RhT +  +CHs
CsMesRh(1,5-CgHy o) (43a)
m/e Relative Abundance Assignment
346 o 75.7 | CsMesRhCgHyo
343 - 9.6 CsMesRhCgHg
331 24,4 ~ CsMesRhCyHg"
329 26.6 | CsMesRhCoHy "
317 7.5
316 1.9 CsMesRhCgHg "
303 6.7 CsMesRhCsHs
292 6.2
252 | 1.5
238 | 100 CsMesRh™
237 19.8
236 27.3
235 19.6
234 21.8
233 1.9
232 14.8
© 231 8.9
230 9.8
221 | 6.6
219 4
218 : h.9
205 7.1
204 b.5
181 7.1 CeHgRh™
180 5.7
172 ; 15.5 (CgMesRhCgHy ) 2F

168 | 5.7 CsHgRR™
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m/e Relative Abundance Assignment
158 : 4.7

157 6.3

155 5.2

154 | 5.3

142 | b4 C3HgRh™
135 4

133 3.5

129 - 4.4

19 8.8 Colyy”
15 5.6 CoH,*
105 7.1 CoHg '
103 25.8 rRRY

91 | 1.7 CoHy
79 12.3 CeHy
77 1.8 CeHs
67 | 5.2 CsHy ™
65 7.1 CsHs”
55 5.8 CyHy
53 12.1 CyHs
51 5.3 CuHs™
4 o 32.2 CaHs™

CaHs™

39 19.5

Metastable Transitions

Approximate‘ Process
m/e —
+ +
3]3 CSMesRhc8H12 g C5Me5RhC-;H9 + 'CH3
302 | CsMesRhCoHg® > CsMesRhCgHg' + +CHg
289 CsMesRhCgHy,  + CsMesRhCgHgt  + CoHg
164 | CsMesRhCgHy, + CsMesRh® + Cghy,p

CsMegRh(CyoHp ) (Qé_)

m/e Relative Abundance © Assignment
+
370 oo 79 CsMegRhCgH2
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m/e Relative Abundance Assignment
369 ' 49.5 CsMesRhCyoH 1T
367 3.2  CsMesRhCyoHg'
355 ' 100 CsMesRhCoHg
353 | 6.2 " CxzMesRhCgH,t
329 13.5 CsMesRhCoHy
327 1.5

303 92 CsMesRhCsHs ™
289 ' 54.8

238 . 7
237 | 5.5

236 o n

235 15

234 12.5

233 18

232 12

231 | 10.5

230 ; 1

229 6

221 , 8

219° 6

218 6.5

169 10

168 17 CsHsRh™

165 10

152 - 19

151 1.1

12 8.5 CoHys

119 | 15 CoHyy T

17 7.8 CoHg™

15 13 CoHy

105 14 CgHg'

103 18.5 Rh*

93 12.2 CoHot

91 26.2 CoH,"
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m/e Relative Abundance Asslignment

83 ‘ 31

81 36 CeHg ™

79 20 ce“7+

77 | 20.5 CeHs'

69 45 CgHy™

67 42 CsHo "

65 14.5 CsHs

57 34 CyHo"

55 68 CyHy

53 18 CyHg'

43 | 46 C3Hy"

i 81 CgHg™

39 N 22 CaHst

Metastable Transitions
Appr;?;mate Process
34 CsMesRhCyoHya' + CsMesRhCgHg® +  +CHy

CsMesRhCa(C,H7) (34)

m/e Relative Abundance ' Assignment

330 2.2 CsMesRhC37 (C,H7) Y
328 6 © CMegRhCL35(C,4H,) T
292 52 CsMesRhC,Hg™
275 7.6 CsMegRhCe 37+
273 . 23 CsMegRhCe 35+
238 _’ 100 CsMesRh™

237 | 32.2

236 30.8

235 17.5

234 16.1

233 : 10.2



158

m/e Relative Abundance Asslgnment

232 1.2

231 8

230 ' 7.6

221 4

219 3

218 5

206 3

205 5

204 4

181 3.2 CeHgRh™

180 3.3

168 2 CsHsRh ™

157 b

156 3

155 5.2

154 L.7

146 6

142 3 C3H3Rh

136 6

135 6

134 . 27.8

133 12

129 | 5 |

121 10 CoHys®

119 72 CoHiy ™

17 : 7.2 Cs“s+

115 8 CoHy'

105 12 CoHy'

103 17.5 ~ReY

93 5 CoHg"

91 20.8 CoH,"

79 , 7.2 CeHy"

77 12 CeHs
.

65 7 ' CsHs
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m/e Relative Abundance Assignment
57 7  CyHe'
55 ‘ 1.3 CyHyT
51 13.5  CyMs'
43 9 CaHo "
b 19  CaHs'
39 ' 24 CaHyt

Metastable Transitions

Approximate

m/e Process

259.8 CsMesRhCR (CyH7) Y + CcMesRhCuHg' + HC2
194 CsMesRhCyHg + CgMesRh® + CyHg
13 * CoHo™ > CoHyt + Hy

105.7 CigHy1y + CoHyy ¥ + <CHj
101.1 . CgHg ™ > CgHyt + Hy

89.1 CHgt > CHT o+ Hy

69.6 oMyt > CoHyt + CoHy

B. Some Complexes'of lron and Cobalt

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
assligned on the basis of analytical and other spectroscopic datalss.

iron~contalning fragments in these spectra were usually readily
identified from the characteristic isotope pattern of Fe.

Molecular lons were observed for all but the cobalt complex,
CyMe,Co(C0),I; for this, the spectrum corresponded to the derivative
(CyMeyCol) 5, pfesumably 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 carbonylvllgandslss,
These studies Indicate that caution must be exercised when

159

assigning structures on the basis of mass spectra The tetramethyl-
cyclobutadiene complexes show loss of C,Me, fragments so that mass
spectroscopy did not distinguish between a cyclobutadiene and a bis
alkyne complex; CquqFé(CO)3 is unlike CqHuFe(C0)3160 in this respect.
The mgthyl substituted 1igands here show a marked tendency to lose Hj
and even ZHZ; during which complicated rearrangements must occur. The
complex, ClngqNIFe(co)a, was shown by an X-ray study to have both
tetramethyl -cyclobutadiene and -metallocyclopentadiene r!ngslG]. How-
ever, its mass spectrum showed lons corresponding to the fuslion product
CgMeg and its fragments. This fusion of two coordinated rings may well
be thermally induced.

The méss spectrum of the di-iron complex, CyMe,Fe,(C0)g signi-
ficantly 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-cobélt comp lex,

CsHsCoCyMey, agéin demonstrated the high stability of a 1r-C5H5M+ entity

In the mass spectrometer,

co
7
CgH,,Fe(CO) ;5 GG Fe—co0
N co
m/e Relative Abundance Ass Ignment
248 36.5 CgHiaFe(CO) 3t
220 37 CgHy,Fe(CO) 2"

192 34.5 CgHyoFe(cO) ™t



m/e

164
162
148
138
136
134
124
122
110
108
96
95
91
84
83
82
81
77
7
65
56
53
51

Approximate

m/e

195
168
160
140
133.6
88.9
73.9

Relatlve Abundance

100
9k
16.5

4.8
L
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 Translitions

CaleFe(CO)s+
CaHyoFe(C0),*
68H12Fe+
CgHyoFe(co)*
CoHyaFe”
C7H9+
CgHyoFe’
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Assignment
CgHyoFe’
CSHIOFe+

CgHyoFe(CO) 52t

CQHGFG.'.
+
CgHi2

c7”7+
Fecot

CeHs

CsHst
Fe

CyHs '
C4H3+

Process

+ +

¥ + + ¥

CoHyoFe(C0),* + o
CgHyaFe(c0)™ + co
CgHioFe’ + Hy
CgHypFe™ + €O
C/HgFet + CH,
CoHy' 4+ Hy

CuHgFe® + CyuHg



c8H12Fez(C0)5

n/e

388
360
332
304
276
248
220
218
216
192
166
164
162
138
137
136
124
123
12}
112
110
109
108
107
106
105

95

93

91

84

81

= ’,CO
; Fe=—CO
\\CO

Fe
c/é\c
0
0
Relative Abundance

0

15.2
28.9
24.8
23.2
86.8
100
77.7
24.9
15
15.2
26.8
29.5
42.7
1.1
14
L6
20.3
11
23
62.1
66.2
15
21
19.9
20.8
17.2
13.9
56.2
61
14
12
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Assignment
CoH12Fea(C0)g"
CgHyaFeq (CO) 5
CgHyoFe,(€0),"
CgHyoFeq (CO) 5"

CgHioFe, (CO),"

CgHyaFe, (€0)™

CgHiaFes” or CgHyaFe(C0),™
CgHigFes” or CgHygFe(C0),”
CgHgFe,” or CgHgFe(C0),"

| CgHyoFeCO”

CQH6F82+ or CuHGFe(CO) 2+
CgHypFe”
C8H10F8+

CgHyoC0"
CgHy2Fe, (C0) 2¥

C,Hgco™
Fe,” or Fe(c0),”
CiHgFe

+
CgHy2

c7“9+
c7”7+
FeCO+
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ELE : Relative Abundance Assignment

79 | 25.1 CeHyp ™
77 27.2 CHs™
67 10.2 |

65 18 CoHs™
63 | 8.5

57 10

56 , 69.9 Fe'
55 | 14.5 CyH,"
54 . 9.8 CyHg ™
53 | 24,6 CyHs "
52 13 _. CyHy ' -
51 S 24 CyHyT

Metastable Transitions

Approximate Process
m/e
334 | CgHiaFea (C0)gT + CgHinFen(CO)s™ + €O
306 CgHyaFen (C0)s™ + CgHyoFe,(CO),™ + co
250.5 CoHioFea(C0)3 > CgHyaFen(CO),” + €O
222.8 | CeHioFea(CO)," + CgHypFe(CO)™ + cO
195 CgHioFen (CO)T  + CgHyoFep,” + €O
57 CgHyoFent > Fe,® + CgHysp
C1gHauNIFe(CO) 3 G——Ni@*
F
V4 ~
m/e Relative Abundance € g o Assignment
416 | 5.2 C16H2,NT50Fe56 (c0) 3"
b1y 14.8 C16HauN158Fe56 (C0) 5+
388 6.5 C16Ha,N160Fe56(C0),"
386 16.6 Cy6Hau,Ni58Fe56(C0) "
360 6.3 C16H2uN160Fe56 (o)™
358 15.2 Cy6HauN158Fe56 (cO) ™

332 5.2 C16H2gNi60F356+



n/e

330
328
326
324
322
300
298
272
270
2k6
244
218
216
201
187
186
162
147
136
133
131
13
117
115
14
105

91

77

57

56

55

54

53

51

Relative Abundance

15.1
28.1
35.5
16.5
13
8.5
7
5.8
12
A
4.8
64
k7
21.5
8.5
6.2
70
100
7.5
10.5

1

9.5

6.5
12.4
15

6.5

7.2
8.4

4.5
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Assignment

CygHayN158FeS6+ @ ¢, H,, NiBO0FeSE+ @
C16HaoN160Fe56* & ) H,,NI58Fe56+ @
C1gHooN158Fe56* @ € (H gNiBOFe56* @
CreH1gNT58Fe56% & ¢ H NiBOFeS6t @
C,gHigN158Fe56* @

CigHzuFe’

C1oHygFe’ @

+ a
CigHay

+
CisHay

+
CizHyg

+
C11H1s
+
CgHy,CO0

CoHy,y
CoHg
CoHy
CyHgN158
CgHg
C7H5
CeHs'

Fe

CyH7
CyHg
CyHs
CyHj

+ 4+ + +
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a - assignment on the basis of accurate mass determination.

* - structure Indicated by an X-ray study

Approximate
m/e

359
304.3
187
174.9
172.3
133.4
88.9

CygHayFe (co) 4

m/e

384
356
328
300
298
272
246
244
218
216
214
201
150
188
186
162

o®

0

161

Metastable Transition

/7\
C

¢

Process
CIGHZ“NI5°Fe55(CO)3+'* C15H24N358F656(50)2+ + CO
C16Ha,NT58Fe58(c0)™ » CygH,,NI58FeS6t 4+ Co
+ +

CieH2y + CysHap  + +CH3

C1HauFe’ > CyoHigFe’ + CyMg
+ +

CisHa > CyyHy1g + +CHj
+ +

STLIT + CyiHys  + <CHg

0 CoHo " > CiHy" + Hy

0 .
Relative Abundance

3
19
51
50.5
31.4

100

65.7
17.1
5.6
10.7
h.2
4.6

Assignment
C1eHayFe(c0),”
C,gHzuFe(CO) 3"
C1gHayFe(C0) "
C16HouFel(co)™
C1gHaaFe(c0)”
C1eHauFe’

Cy,H gFeCO”
C12HgFeCO™
C1oH gFe’

+
CieHay

+
CisH2)

4+

CiuHis
+

SPLIT:




n/e

161
150
147
136
133
119
115
110
105

91

84

77
56

53

Approximate
m/e
302.5

247
225.5

193.2

175

133.3
88.9

CgH12C0(C0) 51

588
480

or

Relative Abundance

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

CreHauFe(C0) 37
Cy6HoyFe(cO)t
C16Ha4Fe(C0),*
C1gHauFe(CO),
CyoH, gFe(cO)™
CreHauFe’
CaMyg

CoHg'

L0

(EF-—CO'*J

\co

Relatlve Abundance

43.2
33.4
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Assignment

+
C11H1s

+
CgH12C0

: +
CoHyy
C4H5F3+

c7“7+
Fecot

Cs”s+
Fe'

CyHs

Process

L R S B

+ ¢+

CreHayFe(C0),” + €O
CigHauFe™ + €O
CigHouFe™ + 2C0
Clsﬂzq(C0)2+ + Fe
Ci,H gFe” + €O
CiHigFet + CuHg
CitHis™ + CHy
CH,t + Hy

Assignment
(CgHyaCol) T
(CgHyz)Copl,”



m/e

465
421
8
372
352
350
310
294
279
201
186
167
166
165
164
151
128
127
13
109
108
107
106
105
93
9l
79
77
67
65
63
59
55
53
51

Relative Abundance

1.6
16.4
1.6

- B !

o

1

N N O O OV

WO &~ W =N

w
N

[+
N O O & & DN

100
76
24,
68.

21.

= o8 o8 o o

o O

16
30.8
23.2

167

Assighment
CgHyaColyt
(Cop1,) ™"
CgHyaCo(c0) 17

C8H12COI+ or (C3H12COI)§+
CoHgCol™

co-17*
CgHyaCo

C7H3CO+

CQHGCO‘*

+
CgHiz

C7Hg
CoHy
CeHy
CeHs

+ + + +

+

CsHs

Co

CyHy ™
CyHst
CyHs?



Approximate
m/e
391.6
264.5
205.4
136.6
89.1
80.2
63.8
46.5

Caleco(Csﬂs)

Metastable Translitions

(C3H12COI)2+

CgHyaCol™
CgHyaColy”
CgHyzCo™
C7H9+
CaHin"
c7”9+
CoHy "

m/e
232
231

230
217
203
189
178
166
165
164
163

151

138
137

_c,_@

Relative Abundance

100
30.8
27.2
77.6

8.2
2
10.4
4.5
18.2
16.4
2.9
10
4.3
5.2

168

Process

C3H12C0212+ + CgHio
CoHgColt + «CH,
CgHiaColt + 1
C7H8CO+ + CHy

CoHY 4+ Hy
CoHg'  + oCHg
CeHs'  + CH,
CsHs®  + CoHy

Assighment
CgHy2Co(CsHs) ™
p-H

p-Hy "

p-CH3"

+
p-CaHs

CyHgCo(CsHs) ¥

C3H12C0(05H5)2+
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m/e Relative Abundance Assignment
124 92 CsHsCo'
13 5 |
112 4.3
11 | 5.8
07 3.8
105 7.
98 . 12.3 C3HzCo
97 4.7
91 8 CoH, "
86 6.2
85 b
84 L.5
79 3.6 CHy ™
77 4.6 CeHs'
65 4.6 CsHs™
59 46 co
53 7.4 CyHs'
51 3.5 C Cyhs’

Metastable Transitlions

Approximate

m/e Process

203 Cy3H 7Co" > CypHi4Co° + +CHyg
177.8 | C13H16C0" + C1H100" + CoHy
136.7 CgHy2Co(CsHs) Y+ C HgCo(CsHg) T + CuHg
118.3 C13H5Co™ + CgHygCo' + +CsHg
105.1 C1oH1uCo™ > CoHgCo™ + CshMg

86.4 CyHgCo(CsHs)®  + Co(CsHg)® + CuHg
77.4 co(Cghg)* > Co(C3Ha) ™ + CoH,
46.5 CoHoyt > CsHs' + CoHy
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