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' 'scopz AND cowTBNTss
Reactions of the complexes [C5H95MC12]2 (M=Rh and Ir)
fvith alcoholxc base gave the bridgedihydrides (C H) HCl3
¥ . The hydrxdes reacted readxfy at room temperature
vith cyclic and acyclic-d;olefxns to give ﬂ-allylic complexes.‘
the cyn- isomers be;ng the ones obtaxned when a choxce was’
| available. thn ‘both terminal and internal double bonds .
were - present. additidh .0f M-H occurred, pre‘erentially to
' the tetmxnal double bond. ;_
', The allylic complexes showed varyinq degrees of °
stabilxty tovards redurtxve‘/ximinat1on (by. loss of HCl) and
the. formqtion of 1l,3-diene complexes. Allyls vith onty

‘8yne substitunnts vere staple tawards diene complex-fotmationa

‘Those -with an addit;onal C~2 methyl suhstxtpent vere less stable-

'-and the diene’ complexes could be obtained under moderately

drastxc condltions. presumably via c-allyl intermedxates. A;lyls
vith an anti-methyl or--methylene aubstituent underwent »'-.i
- *reductxve eliminatxon of HCl to give diene complexes | |
spontaneously an; thess, reuctxons vere accelerated by the

e T " “ ii . -‘-‘ .- E y
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_ahlyl cyanidé and some B-diketones are described

presence of triethylamine. .

Kinetic studies thesé'ﬁydride-diene feaciions-

1ndicatad that the reactions ware first-order with reapect

- to the hydride and independent ‘of the nature and concentration‘

of' the diene. Except for 2 5-dimethy1-2 4-hexadiene. 311

hianes studied reacted at the same rate with the same hydride.

ot

The-deuterxdes (CSHQSM)ZDCIB did not show any significant

kinetic isotope effett, These regults suggested that the

.-rate-determinﬁng step of these hydride-diene reactions vas

"'--—._. .
the cleaving of the chloride bridge to create a vacant aite. '

" Hechanisms for the forma:ion and decomposjtion of the_a;lyls ‘

-

oA

are proppsed. f T . |
' Reactions-of [ 5‘4c12]2 'with dibenzylideneacetone,
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INTRODUCTION

1-3 ;

I. Metal w-Complexes
| _ .In 1827 ZQise first prepared the platinum-olefin
_complex, K[cz PtC13] 3H204, known as the Zeise's salt, but
the ability of unsaturated hydrocarbons to form-ﬂ-complexes
vith transition metals began to draw Sttention only in the
1950'9. Since then there has been‘tremenéous gro;th in
interest and activity 'in this subject, not énly because such
complexes involved new'tygés Lf chémical bonding but also
bécause many of tﬁem are active catalystﬁ. or serve as modél

compounda, for gsome industrially important catalytic systems.

The ﬂ-complexes are so Falled because the unaaturated ligands_

use their vacant, antibonding n* orbitals to qccept metal

electrons in addition to forming a "donor” bond by the inter-.

action of the filled;' bonding n orbitals with vacant metal
-orbitals (FPigure 1)}, It is4ihis|COﬁbiqation.of donor and

acceptor interaction which’leads to the stability of metal

n-complexes., . !
-

In these complexes the electrons are delocalised over -

‘both the unsaturated ligand(s) and the metal and the metal
atoms.are often in low “formal“ oxidation states.
The vast majority of n-complexes obey the so called

.-

- . . QL ) .
18- or 16-electron rule~ and are diamagnetic. Exceptions

}

e



h
9

to this empirical rule.arefusually‘unétablg.

s

" #{a) “donor*" bond . . (b} "acceptor” bond

Fig. 1 Bonding in olefir complexes

" A brief discussion of the ma jor’ types of m-

comp}éxes follows.

A, Honoolefin Comglexes6 o7 '

Interaction of monoolefins Hlth transition’ métala
forms b variety of n-olefin complexes. The structures of a
great number of them have been determiﬁed. " Typical exanmples
P ;

such as Zeise's salt, (1) - an? CSHSRh(e 4 (CoFq), (319,

are shovn belov.

v R ' Cl

,,' ~ Pt - C1 . !\ -

N I (2)



v - Non-co jugated dienes such as 1 5-cyclooctad£ene.

(1, 5-COD) and norbornadiane (NOR) usually form metal -
complexns vith both olefinic bonds coordigatad to. £he metal.
‘ag in [Rh(l 5-coom1] (3) 0, and Fd(NOR)Cl (4)

>| s } . LI

L

/Cl\ /
c1f” N

The ahove complexes. where there is no conjugation
; 4

between the olefinic honds in the 1igand. can be regarded as
‘possessing tvo Z-electron ligahds and the. bonding situation

,is aimilar to that 1n thﬂ monoolefiﬂ complexes.

B Allylic cDmplexeslz ,13 ‘;,_ L e f-

) The ullyl Iigand can‘be bound to a metal in ‘three
mé!,_ .". .-.. "‘-“‘-.-a'h‘ . |

*H;/// (1) o-allyl, (or hl-allyi-); e.g. csnssexcﬁ)z(c4u7) (5)
(ii) ﬂ-allﬂé’(or haaallyllz e. g.. (Cjﬂs)zni, (6)
(iii) asymmetric n-allyl: e.g.-c4H7Pd(PPh3)c1. (7) ",

U A S |.$~‘.1 _ .

hd ) B AL

. "
-A '

. ) a - .“. . - . . .

This notation for organometallic compounds was prpposed by
cotton1 The number of cambon atams that are bonded to thg
,metal atom 13 specified by a—ptefix such as. monohapto«(h -).

“dihapto-(h -). trihapto-(h “)v Ptcu _j-f"ﬁ . ;a..-:*"ﬁ‘
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Ty ' The ﬂ-allyl complexes, in which. the n electrons are
gompletely delocalised over the allylic skeleton, ate most
common in metal complexes. The bonding scheme haa been

discussed by Rettle and Hason14

They suggested that two

extremes of-bonding can be postulated, one in which the three
carbons ot the allyl and the metal are coplanar (8&) and. _'f 'i‘,: .
the" other in which the allylic plane is perpend1cu1at (ab) L

to the coordination plane of the metal. }1

*(é_a) L T e

Theoretical cq;culations of varioub overlap integrals S
: L

o
hetween the metal and the allylic ligand lead to the pred{ction N
‘that Fhe interaction ds maximised Eor a dihedral angle of 110° 3:'_°f' |
Thia is in good agreement vith the reeulta of the x-ray ) -

determination on. allylpalladium chloridb dimer (111 5°)161 T



_ \
When' there is a aubetituehtion the terminal carbon of
ca ﬂ-allylic group, two geometrical .isomers, namely the syn-
&nd anti isomersl?, a}e possible._ The designations of eyn
and anti were auggested to denote the position ot the substiq

tuent. R, with respect to the unique middle proton. Ho1

cOEy e
. ‘ ’ s ' Hb v
. “]1ﬁ:;:§1” ( \\]7¢:::§I(/
. Hy B
. , ‘ .-l R i
. M

-8YN= " - - | -anti-‘
(9a) . o . (2b)

: The isomers (Qa) and (Sb) ,can unambiguously be
diat;nguished by their p.m.r. spectra from the cis and trans
'coupling between H, or Hy, and Hg Ha is #1so more shielded _
by the metal and hence appearehat higher tield. | |

C. 1,3-Diene cnmp1exe318

| When double bonds in the olefznic ligand are conjugated,
as in 1 3-dienes. the 1nteraction betwveen the two oleflnic
bonds must be cons1dered -A detailed bonding description between
-these ligands and metals has been. given by various authors19 20,
Plctorially two extreme cases of bonding can be represented
by (10a) and (IOb). L | ’ |
. Supportfror.hoth models can be obtained fromathe
Acrystal structures of diene complexes.' In butadzeneiron

o



(10a) " {10b)
| N\ :

. tricarbonyl. (11). the x-ray determination21 shows that the
carbon atoms of butadiene adOpt ax cis configuration and are
planar;_ The iron atom is equidiatant (2 1.4 0. 04A) from
the four. carbons and . the C~C bond lengths are equal.
lndicating that -both (10a) and (10b) are of approximately

equal importance.

\ \.(-]-'-l.’
_ However,‘with electron-withdrawing substituents on’
the diene. such ag ner‘luorohexa-l 3-dinne in- Fe(CO) (Cpla)
(12). increased backubondxng from the metal is’ expected: the
whole molecule is. then better descrfbed by the structure
(10b) shovn above.J; I '

Some organic moleCules containan more: than two

conjugated dodﬂfﬂ*honds may alao act ‘as tetrahapto-ligands.




. ' o . - L3
as 1n‘cyclooctatetraeneiron tricarbonyls, (13)%, and n-
'cyc10pentadieny1hexakia(trifluoromethyl)benzenerhodium.'

3 - (a)

Such molecules are usually "stereochemically non—.

rigid“zs at higher temperatures.

[

D.-Qxcloggntadienxl Comglexes

The cyclopentadienyl group,’ CSHS’ forms three types
of: - compournds with metal atoms. namely i - ’
(i) cyclopentadienides, e. g.,ae(csﬂs)z. (15)
(ii)»c-cyclopentydienyls.-g.g-_ﬁéfcgﬂs)z. (16)
(iii)”n-cyclopeq:adienflq, e.g._Fe(Csuélz, 612) and
- (CsHsmn(cols, (18) :

Fe ,. T MR- |
&
O & N



. been discussed

The types represented by the ionic beryllium compound,
(15) and the fluxional molecule (16} ere less .common and are
not m-complexes. In the ﬂ-cyclopentadiengls. the metal atom’-
usually lies below the planar S-membered ring. approximately
equidistant from 311 carbon atoms. The M.O. treatment of
bonding in. sandwich compounds such as ferrocene. (17), has

26, 27, Bagically,. the bonding of, this 18-

electron diamagnetic Species is covalent and 1nvoives similar -
inter;Etions to those proposed for metal-olefin complexes. o
The cyclopentadienyl ring, wvhen hound to a metal. is conven-
iently regarded as a G-electron anionic ligand for electron

/
book-keeping purposes. It is also usually considered to

3

occupy three coordinetion sites. <

Because of lower symmetry. the M. 0. description of - -..,f

nonocyclopentadienyls is more complicated27d A simplified

p:qpedure whicb is normally adopted is to considered the local

symmetiy of the CSHSH part of the. molecule to~obtain a descrip-

“tion of ring—mgtal bonding and the local symmetry of the,

p—

¥II. Pentamethylcyclopentadienyl Cbmplexes of Rhodium and Iridium

) benzene, (19), . undergoes ring contraction reactions hith
nrhodium and iridium trichloride hydrate? to give pentamethyl-p"g

‘cyclopentadienyl-rhodium and‘-iridium dimers, (20) ;ﬁ - ‘i.u. 1‘:1%

_metal and other ligands in order to obtain a description for h

their bonding.

¢

: Unde:\acidic conditions in EEthanol, hexamethyldewar- Zf{_-{H




|

e s

[

Hechanistic studies revealed the intermediaqy of (a-sub-‘
ntituted-ethyl)peneamethylcycIOpentadiene (21) which formed
trom (19) with acids, HX 28, 29 Reaction of the diene (21)
vith Hc13.xH 0 (M=Rh and Ir) gave the rhodium and iridium

complexes (20) and dimethylacetal in high yields. \

MCl,. XHZO

HXCH3 - Heoﬁ >

(X=C1, Br, Ove)

o

+ MeCH{(Ove),

cr
- (20)
(a) =Rh- | o ‘
)1z

" The structures of these red or orange, air-stable~

S —— '

complexes vere assigned as shown on the basis of analysxq,_

'molecular veight and. spectroscopic data. They were solubler o

in a variety of solvents and were dimeric in solution. In

'were isolated 'V}',gﬂ.' .

the presence of Lewis baaes, Ly however, the chloride bridges o

could be- cleaved and adducta of the type CB MC;ZL.-(ZQ).
426 :

AT,



+
“-.__\‘_,

quﬂe MC1,); + L 5"’5"‘:129

(20) - (22)

(H-Rh and Irl L-PPh3. CSHSN. p-He 84NH2. ‘etc, )

'.'\ ‘ .%

. Tﬁb\most intereating chemical feature of complexes
(20) was ‘that while the M~-Cl bonds were labile and could be

,displacad by other ligands, the c5HeS-H bonds vere ﬁsually

inért and Pamained 1ntact hroughout the reaction. CFot

example, the >>q3 bond readil underwent metathesis teactions

o
vith halidea, acetqte and trifluo oacetate.

jLiBr ;';‘
> [

28 3 .

L

Ll

(20) -

[c Mg nc12]2§! Agm

'(H:Rh and Ir)

usually anhydrous godium carbonate. " In. most cases, the
. chloride liqands in (20) were either partiar&y displaced

and H(III)-ﬂ-allyl or ﬂ-enyldcomplexes were formed: e. g.,

C_Me. r;\-\"- R '(‘27‘)32
CREA : _

'[CHeHC).zjz. ¥ ) R ' -
20 -
(-"f"’)‘ ' [csﬂesn ]*cx (28)

~ (M=Rh and Irj CAHB’I 3-butad1enes c7H -1 3, 5-cycloheptatrxene)

'}

.



Tt

or were completely displaced tb form H(I)-olefig complexes;

h

@y

. (292
< : 3

_ C,r,?‘ﬂs""ﬁ? ¥

: ' 32
CSMBSH\ L(3_]-) ..

(H = Rh and Ir; CbHB = 1.3- or 1, 4Lcyclohexadienezl

c,n = norbornadzene)

There were also caéés'yheré either or both  types of

comp\\“ 8 éould be isolated from an olefin, depending on the

.:,["

reaction conditions. e.g.,

o o | ' l

C.Me M 32y

- . ‘
; r:) - 2‘5/‘, : 5\c:1-'
[csmeguety], + cgb ° |

st12 < _70° - : - ;
.. \ ! /@ B a4 .
: | CSHGSH | :. (;1) .

(M = Rh and Ir; C.H é -'1.33,.1,4- or I;S—cycloociadiene)

) 81

The interesting features of these reactions veres

‘f(i) MeH was added to the organic ligands in:thé formation of’

thc l-mathylallyl, (27). cyc\pheptadienyl, (28) and
oyclooctenyl. (32), complexess (ii) the 1, 3-cyclohexadiene

Ld -9—1 P i,

11




SRy ’ . .7

X . ' ' 712
' ik - - .

' complexes: (30) vere formed wvith equal tacility from both"

/

1,33 and l.4—cfslohexadiene. and tho dichloride complexes

(20) reacted with equal ease vith either 1,3-, 1,4~ or .

1, Sacyclooctadiene.- To explain (i) a metal hydride inter- A

mediate .was required, vhich would also explain the facile
isomerisation of the dienea (ii). The isolation of
CgMegIrH(C1)PPhy, (34), from the phosphine complex, (22),

‘in ethanol in the presence of a base added support to this

proposul32 L )

“\

c Me_IrCl )Ph + sr.on --—---—-; ‘Qn—-—- cr - -
f . \¥ph o

(22) . ’
(34)

. Reactions of cyclopentadiene with (20} gave produots32

 different from those described above. In ethanol in the
presence of sodium carbonate, twvo complexes. (35;)‘and (gg).

_vere isolated from the rhodium complex (ZOa). The ionic
(35a).evas a sandwich-type complex and was readily identified
by the two singlets in its p.m.r. -spectrum. The covalent

. eoﬁplek. (36).'§as shown by'its p.m‘r; and i.r. apeotta to

be cyclopentadienyl(pentamethylcyclopentadzene)rhodium(I)

vith an endo-hydrogen on the substituted ring. On treatment

‘with sodium borohydride. complex (35&) gave the exo-H isomer.

(37). in high yield32




. . EtoH
[csne ahc12]2 + CgHy |
2€05
(20a) A
o (L

[csnesnh HoJ'c1™ + NaBH,
N s/

\ .

( | ' / | (37)

Raactions of the 1rid1um complex (20b) wvith cyclopen-
tndiene only gave the pentamethyliridicenium complex. (35b),
and under no conditiona wvas the xridium analogue of the endo-~

isomer (36) obtained. i
. .

’ s ot
| @
(C.MecIrcl,), + CiMp mm———s—y | 1pr c”
575 ECla Jy + Cshg — )
!
(20b)
(35b)

The ionic chloride.'(35b). vas again. reduced with
.sodium borohydride and in this case, a mixture of exo-H- |
cyc10pentadieny1(pentamethy1cyc10pentadiene)iridium(I). (38)n
(70%) and cyclopentadiene(pentamethylcyclopentadienyl)-:
Viridium(I), (22),-(39%) was .formed, On greatmeng ﬁith_mi;d

. ; s
/



fvéonvettedfback to the ionic complex, (325)32.

i
{

tetfakiétéifluorophosph

14

g _.

-

:Nchlo:inating ageﬁts, both (38) and (39) we;e.rapidly

- [cgHe 1rC H_ J*C1 '+,NaBH4 — _Ir +
~ (35b)
.- -.-. . “"@\ . (1@_, (1?-)

Reactions of (20) vith -carbon monoxide gave another
type of M(I) complex, namely.thefdicarbon;i(pentametﬁquyclo-
pentadienyl)-rhodium and dridium compi;xes; (59)23'35. I
common Qi?h other typical d8 complexes with the ﬁetal in low
oxidation states, they ‘easily underwent oxidative addition

reéctions36.' g ”

* ’ -

‘ . -
MegRh(CO), + MeT —> [c Me RN (CO) M JHT™ —s

s
(40a) - - (41) ' !
35

C_Me_Rh(CO)(COMe)I
5 5% ¢ :
(42)

- . L ' - 35
{ : _
CS_HQS'IHCOJZ + RSOZCI —-—_—j—bcsﬂeslr(CO)(SOZR)Cl + CO
(a0p) | | (43)
{R=He, Ph, p-ﬂecsﬂq-and p-BrcEﬁé)

A

_’.Rgactionh of thetdichloride complexes, (20), with
the nickel have been studied3?. 1In

. . ;.
”» . ‘
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the rhodium reactibn. Cg SRﬁ(PF3)2, (44a), was the sole .

prodﬁct.‘ However, under similar conditions, the ifidium

complex gave a_mikture_of CSHeSIr(PF3)2._(ﬂﬂp)._?nd o /

ésuésrrF(PF )(PF ).-(45): the latter being defivédlfrqé§;44b)

by an internal oxidative addition involving a trifluorophos-

phine ligand.

PF3

(24)

(a) M=Rh

(b) M=Ir

“The synthesis of péﬁtamethylcyelopentadienyl complexes
of other trans;tion metals from pentamethylcyclopentadlene

or 5-acetyl-1,2,3,4 5-pentamethylcyclopentadiene has also

been repora:ed:’8 39 _ . - v

n,

_ {II.DThe CQegﬁggr} of Hydrido Cbmp}exes of Transition Metalsqo'42

It has been known'for-a iongatime that manyftranéitipn.
metals rich in d electrons are able to activate hydrogen and
this)expli}ns:thé use of Pt, Pd'and Ni as heterogeneous
hydrogenation catalystq?3 _ However, studies of hydrido \
complexea of .transition metals began to advance signifxcantly‘
' on1y~in the early aixtiesJ |

\? ::‘ ‘; .

= R ﬁ ! e
LN . - ) L




A. Preparation ’: N : '

g

The methods commonly employed in the synthesis of
hydrides arei

(1) Reaction with molecular hydrqgénuin

(a) cleavagé_of metal-metal bonds, e.g.,

[n (t:o)5 ], + H

b 44
2 - ~> 2HMn(CO)g

or (b) oxidative addition reactions, e.g.)

Irc1(bo)(pph3 5 }5 — HzIrCI(Co)(PPh ), a5

or (c) dﬁaplacement of. an anionic ligand, e. g.,”

o . a6
RuClz(PFh3)3 + H

————— }{RUCI(PPh3)3.C6H6 + HCl

(ii) Reduction of metal halide complexes by the use of NaBH,
and LiAlH . €. g..u o

N NaBH4 . v
& RNC1(CO) (PPhy), + PPh,. » HRh(CO)(PFhy), 47

3

-

L _ - LiALH,
o mc12(co)2(.mm3_)2

. a8
» H,Ru(CO), (PPh,),

flii) Reactions of alcohols with metal complexes in the
presence of a base, o, g.,
. 49
ItC13(PEt3}3 + EtOH + KOH-—fa'HIrC12(PEh3)3 + CH3CHO
' ' \ (46 )
In a-related reactiod vith cu3cn20u. the hydride ligand- 1n .

(46) was shown to originate: from the a-position of the
alcohol50

g .
(iv) Intramolecular hydride abstractiooy e.g.,

. . .
- .

16 °¢




. e

51 .

trans-PtCl( Hs)(PPh )2-——--; tcans~nptc1(pph3)2' + CoH,.
2w ..':‘H .fl- ""‘ )

wo . e 6

'
PR

O
~ ]
. -
. ]
. H
-

' Iv} Protonaﬁionﬁof'afmeiel‘coﬁoiex by an oc{d.'ng.;*
. -i- -
. Ni[?'(OEt)3]4 * ux—-——,[ﬂui{P(ost)S} ] 53 o
‘ (x = HSO,, c1, c104. cs3coo) |

s 1 :
i

‘Because otr the amall .mass of h}idrogen, elehental .
.' analgsis are not. re).iable for the determination of the pre- '
,sence of hydride l.igands. A useful technique is infrared
opectroacopy since D(H—H) for'a. heminal metal-hydroge?:
.bond are usually observed in t.he-“l?OOa-F:iOO cm -1 region of .
.' the infraxed. Obsemtion of such .;an absorption band

: together with the corresponding metal-deuteri%m stretch '

[wit.h D(HH)/ D(HD) = ca’ 1.44] provides strong evidence for

&

the presence of a mtal hydfide.. Oomjple.xes wit,h bridging

ohydrides show D(H-H—M) in the range 1000-1500 om- -1 and a / .
. ahitt to J.over frequency by a tactor of ca. 1. 4 is observed . \
on deutemtidn-,_ T L ‘
. Another renable method for the detection ot a M-H >
bond is t.he protm'f} magnetic resonance spectroscomr. )
Transition metal%drideg almost invanably show hlgh fie.ld )
‘_':esonances T 10-30).. 'me p.m.r. method also has the
| advanu%e ‘off showin'g" the number (by ingeqra:tf.ioo) and types .

e - §
Vo . vt i
T




(by chemical shifts) of hydride ligando ’ )
A number of crystal structures. of hyd%ides have
been determlned hy x-ray diffraction; some characteristic

Ry
points are liasted below: -

(i) Despite its small. size, the hydride 1igand ia atereo- :
chemicaliy active ‘and usually olcupies a regular coordination
-site. Howvever, in almost every case; the ligand(a)'adjacent
to the hydride ligand are displaced towards the hydrogen"
owing to its small ‘size. This effect is usually more-
'prominent ir bulky phosphine groups are present. ¥
(i1) The hydride 1igand exerts a strong trana-influences4

| i.e. ligands ‘trans’ to hydrogen are more labile than:similar
ligands cis to hydrogen. Further. metal-ligand . bonds
,trans to hydroqen are slightlyblonger than bonds cis to it;

this is a manifeatation of the trans-influence. B

B. Reaotions of Hetal Hydrides

The reactivity ot transition motal hydride complgxes
varies from metal to metal and also dépends on the other‘
ligands present. Some of them are highly reactive and only
exiat transiently as reaction intermediates. For. hydrides

_which are stable enough to be isorated. the following

‘reactionn aro frequently ohserved.

t* . o -

(i) Dauterium,oxchange reactions"- ' '.--z"

=

'L: The hydride Iiganx in a metal complex ma? undergo
55

deuterium exchango vith a

P B

solvent (e g‘, deuterium oxide

‘.l‘ by s n ‘-...m:..‘.. .‘_ . . L

. . P I"- e . ;
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.or an alcohol.’RODsei; with deutetium57 itself, or with a

57 : g
deuterated olefin <

(11) Reactions with halogen and halogenated hydrocarbons

Haloqen usually displaces the hydride ligand vith
the formation of hydrogen halide and the metal halide.
mmzcmmm2)3 ¥ Br2 — RhBry (AsMeFh, )3 + HBr >8

'Halocarbons also react vith hydrides (reactivity
CClq:MCHC13 CH2C1 ) to give the wetal halide and, ‘
Vsometimes. the halocnrbon vith hydrogen in place of halide. .
trans-HPACI (PEE 3z * cc14---—-» trans-PdCl, (PEt;), + CHCly >°
(iii) Reactions with donor 1199 _

_When a donor ligand such as a tertiary phosphine or
_carbon monoxide reacts vith a hydride complex. hydrogen
halide or hydrogen are sometimes eliminated:

HRhClz(PPh3)2 4, €O~ RhCl(CO)(PPh3)2 + el &
H’Z.F‘e(co)4 + PPh3-————?Pe(CD)4(PPh3) + Fe(CO)3(PPh3)2 + H, 61
In other cases the donor_lioond simply adds or.oisplaces'
_dnothet neut:al ligand;_while leaving the R-H'boﬁdeintact,
62

‘.(Lsphosﬁﬁines, arisines, nitriles an carbon monoxide)

63

‘ Hm(m)s +. 993 --—---) mn(co) (PF3)x

A (xxl-S) L _ |
(1v) Reactions vith unsaturated Eglecules | o o
- Thare ‘has been tremendous growth in interest in the
reactivities of transition-metal hydrides towards unsaturated

.,orqanio molecules over the past ten years hecause of the ’




» relevance of such 1nteractions to 1ndustrial catalytic
| ‘processes. Hydfides form alkyl, allyl (or en-yl), or.
- sinylametal complexes with olefins, diolefinﬁ‘and‘alkynes
respectively. . | ' |

, -~ Chatt and Shav reported the reactions of trans-
.'HPtCl(PEt:,)2 with ethylene or propylene .to give the .
' correspondifg alkyl complexes (47)51 |

_trans- HPtCl(PEt3)2 + H2c=cua-—->t:ans-(nca cH, )ptc1(pa£

L}

3)2
) (R-H, CH3) | Lo (47)

At high temperatures, the complexes (47)decompose and give .

' the sterting materials. | ‘

Ethylene also reects with [HRh(NH3)5]2+ 64 or
'HRhClz(PPh3)2 9 to give the corresponding ethyl. complexes.
-Higher olefins. also insert into H-B bonds "and form alxyl '
'-complexes bot the products are often not isolable because
alkyl ligands containing B-hydroqens readily undergo B-
ellmination (ot H-H) _. the reverse-of the formation'reaction.

Oving togthe higher stability of the resulting alkyl
complexes, isolable metal alkyls are obtained from hydrides
and olefins vith electronegative substltuents. Por example,

: stable tetrafluoroethyl complexes are obtazned from reaction
i'ot tetrafluoroethylene vith Hu(ﬂ-csns)(co}3 (P=Ho and H)
'HRe(CO)s 67, ﬂ?e(n-csn )(c0)2 -B.lsco(co)4_ 9_ and’
HRhClz(PPh3)z 50,- : o | |
| Reactions of hydride complexes vtth acetylenes have'
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" not been studied as extensively. . Among the few examples, .

) 60
3 372 T
5uvith acetylene while HIr(CO)(PPh3)3 gave Ir(CRsCHR)(RCSCR)-

;;HRhCl (PPh,, )2 gave a vinyl complex, RhCl (CHsCH ) (PPh

3 (00)(PPh3)2 (RaCFa, COOHe) from the reactions with hexa-

: fluoro-2- -butyne and dimethyl acetylenedicarboxylate.‘

o Oleflns and acetylenes with electronuwithdrawing
'substituents such as -CN, -COOHe or -CP3 underwent insertion

reactions into one of the Mo{h bonds of ﬂ—CDZHOH ‘to give

é hydrﬁdo-o-alkyl or —a-alkenyl complexes. Hith excess olefin
! or acetylene, £ome of these complexes gave. products of the //ﬁ'

type n-szﬂo(Un) (Unnalkene or alkyne) together with the )
‘stoicheiometrlc amount of the corresponding hydrogenated
’hYdrocarbOns. Héun 1 o L b . o
Con?ugated dienes react vith hydride complexes to”
'torm a- or n~allyls, although the latter are more. stable and
‘nsually isolated. Thus HHn(co) reacted with butadiene to .
give first ﬁh(o-c H7)(C0)5 vhich _then lost carbon monoxlde
on further reaction and gave un(w-c4ﬂ7)(co)4 7;. A serles of
' substituted n-allyl-cohalt tricarbonyl complexes were’ |
prepared by the 1nteraction of HCO(GQ)4\vith some conjugated

72 Hechanlétic stud;es suggested

and non-conjugated diole:ins

that a 1 4-addltion ot Hco(co)4 to hutadiene took place in f*i

. the formation ot the syn- and anti l-methylallyl complexes73 74 :

Tolman has characterised the products o£ the reaction‘

of.- ;mit4 [L-P(OEt)3 or P(OHe)3] with a va iety of. conjugated
"dzenes in solution as n-allylnickel phosphite complexes by

. ‘-
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: 75,76
;;their p.m.r. spectra " . :
: .
HN114 + diene-————& n-allyl--NiL3 + L
5 It is of interest to note that among these ﬂ-allylic
f_complexes, the anti isomers vere kinetically preferred vhile

*. the syn isomers tended to be t:hermodynamically favoured. -

Thus: in the formation of the ﬂ-l-methylallyl cohplexes. the

i syn:anti ratios increased from 12:88 at the initial stage to

f_95:5 at equilibrium. Fbr substituted butadienes, experiments

”‘showed that the ﬂ-allylic products. formed invariably

3 corresponded to Ni-H addition across a terminal douhle bond,

-_suggesting a l,2-addition mechanism. 1f no terminal double
bond‘pas present, as in the 2 4-hexadienes, addition reaction
. occurred at a much slower rate. Non-conJugated dienes such
as 1, 4-penbad1ene isomerised ‘in the presence of the nickel

. hydride to 1,3-pentadiene, which then gave the -1, 3—dimethy1-
_allyl complex?6 trans-l d-Hexadiene was formed c?talytically
as the ma jor product from butadiene and ethylene in a series
lof reactions involving the HN1L4 intermediate75

, Hilkinson and his co-workers found that the normally
racile olefin hydrogenation and: hydroformylation reactions -

' catalysed by RhH(CO)(PPh3)3 did not occur in the presence of ~.

-“conjugated dienes orqallene77 ‘ Instead. the catalyst was

deactivated by the formation of stahle ﬂ-allylic complexes

of the form Hh(allfl)(COJ(PPh The iridium hydride '

3)2
IrH(CO)z(PPh3)2 vas also shown to behaVB similar1y77

Tt . S - ' N




Recently. c1ark et ail, have reported the formation
f of ﬂ-allylic complexea from the interaction ot hydride and '
‘allylic compounds78 The cationic platinum hydride,-(da).
?-reacted with several diallyl ethera at room temperature

according to the folloving equation:

ra

x trana-[PtH(ﬂPPh“’.,:He):2_(ac'e.ton'e)]P?s +# (CHR=CR'CH,),0 ——3

(a8)
[ o H,R .- .
| (,.‘HR' ,
. L, i

0)| PRg~ '

R RN - + RCH,CHR’CHO

(P=PPh,Me: R=H, cﬂ3:,n"'=u._ cu3)

-_-."\, ';‘

' The same products vere also obtained when two molar -
equxvalents af allylic alcohols were used mstead of one
equivalent of the diallyl ethers.

[

IV The Role of’ TTansitxon Petal Hydr1des in Hbmogeneous

Catalxsis

The use of transition metal complexes in homogeneously

*

catalysed processes has. an ever increasing importance in the -,

.chemical industry nowadays. In comparison with heterogeneous
!

'catalysts. homogoneous catal?sts have a number of - advantages
. r::,-.;‘_ !

o

PR
d—




——
. since the reactions usually go under milder qonditions And
are more.aelectiva79 82.‘ ‘Moreover, with the help of certain

:. node1 syatems, the mechaniam of these reactions is more
easily atudied. It is now ggnerally accepted thag_the "
catalytic process iﬁvol§es'the folibwing stepn:a3
(1) Oxidative addition of a molecule A~B to a metal complex.
(ii) Creation of a vacant coordination site on the metal by
loss of a neutral’ ligand. tollowed by the coordination of
the reactant. Y. '
‘-(iii) Rearrangement of groups A,B and Y in the complex to
give an intermediate in which these groups are so placed
as to tacilitate reaction. B
(iv) Reactions of A or B with Y,
. {v) Regeneration of the catalyst wlth the loss of the )
| product AY or BY._' _ . ' |

As a result of intensive investigation over the past
few years, it has ‘now hecome obvious that transition[metal o
_hydrideh areintnrmediate in many. - homoqeneously catalysed

_reactions involving olefins, includxng hy&roqenaQ1on.

_ hydroformylation. isomerisation, deuteration and polymerisa- ¥

tion. Two important roles of transition metal hydrzdes in
 catalytic systems are: - | '

(i) The ability of the hydride ligand to-weaken honds trans
to itgelrrs and hence to 1ncreaae the: rates of reaction.

Q-
(i1} The reaction with unéaturated suhatrates. especially

'ﬂolefins.; R j ;’,_'l:_ﬁf ‘_‘"f“5?{ifﬁ;.“ - ‘f:.

249
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] H!ﬂrqgenation84 . | f ‘ ' | 4

HydrOgenation of olefins 48 one of the moat
thoroughly studied areas in homogéneous catalysis. Among
the many examples, the catalytig qystem involving RhCl(PPh3)3,

(49). Xnown as. Hilkinson 8 catalyit. is perhaps best -
understoodas This compound hydrogenateSroletins such as
'cyclohexene or "l=-heptene convenien%ly under mild conditions-
(25 and 1 atm of' H, ). Studies of the reaction of (49),

86-89

- particularly with hydroqen suggest the,mechénism

'outline¢ in Scheme I1

-S. o
Rhcmzs v ——— Rh2C12P4 .
RhC1P; -

(49)

P S | ,l-‘P. +alkene '
| H

Rﬁhu(cnp_. e TN ) <

| ilkene; :

R . e ‘!' ‘ -

Scheﬁéﬁi;-ﬁﬁPPhé;'stsolﬁent'ahd Rralkyl qroup

[, ——
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While the major route doesfnotAinvolbe RhCles.

' recent kinetic studies by Halpern et al. showed that RhCIP,
vas at least 109 times ad,reaatlve'ﬁova;ds hydrogéq ag -

3 qiéher BhCIPa.ok Hﬁzéfzph 90.' Hence the catqutid activity
of RhCle cannot be overiookgd despite'itdflow_conéentration

in solution.

o

Uhder the same conditiona, acetylenes are also
hydrogenated efficiently by (49) but conjugated dienes are
' not except under pressure. Punctional groups such as keto-
hydroxy-, cyano-, nitro-, chloro-, azo-;\qpters and,carboxylic

/
acids are not’ “affected under mild conditions. Terminal

-,

olefins a:e_hxdrogenatéd’more readily than intgrnal_ones

‘and ;is-oleéihh'are reduéed°fas£er than their trans isomers.
The h?drogénatiﬁn of olefins by other catalysts

~ such as HRuCl(PPh 53 , HRh(CO)(PPh3 3 %! and co(CN)53' 22

has also been reported; | - o

ﬂxdroformzlation93
| “fhe hydroformylation of 6}e£ins to give higher
hldehydes and alcohdls-by Co (co)é or, HCo(CO) ‘has also been K

studied particularly because of the great industrial. xnterést

'1n this reaction. The overall mechanism proposed by Heck

}

and Breslov is shown in Scheme- II._

The rhodium complex RhCl(CO)(PPh3)2 is also an

q‘efrective hydrorormylation catalyst under mild conditlonsgs

"
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. scheme 11~ ‘- - | \

HCo (CO) 4

=RCH,CH,yCHO

" 'H

>~

J5

RCH,,CH, COCo (€0} . RCH,CH,Co ( co)y

| - | o
mrécuzco?o(oo)3 | HCO (CO) 4 (CH, =CHR)

RCHZCHZCQ(CO)q.

Olefin isomerisation

A number of mechanisms have been prOposed for olefin
isomerisat:on catalysed by metab éomplexesg6 The best

authgnticnted involves,thg_gddition and eliminationﬂof H—H
at theudoublé'bohd.of g.cootdinaxed,olétin97*103, giving
. rise to a 1,2-hydrogen shift:

! b - | |
b cn2==cncuza L H_C-CHCH,R
.MH + CHCH,R -——~4—+ — '
c“z"c“z«-___n.uni--:-_,___- . x.-
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| MeCH=CHR _ X
= | | gT——— MeCH=CHR + MH
! MH . \

v Another mechanism-for double bond isomerisation
involves a n-allyl metal hydride intermedlat91°4 -106 and can

be represbnted by the following equations:.

¢

' * AN
cnz-cucnzn + M ——e»—» CH,aCHCH,R &——* H,C | “CHR

. | M
H

-

., CH;-CH=CHR i . ..
— | 5T CH,CH=CHR + M
H . . N

t

Y.luééhlorogp-hydrido-dichlorobis(pentaoethlcyCIopentadienlee

di-rhodium. and -iridium (52)

Tho pkeviously mentioned stoicheiometric’ reactions

of [C Me 3012]2 {20) with mono-, dx-, and tr1-olefins32 ~34

- and the isolation of C.Me IrH(cl)PPh3 (34) strongly.

575
suggcsted the existence of hydrldo complexes. In a hydro-

it vas observed that’ 5: the very beg;nning of the reaction
the colour of the solution changed from red to deep purple
on. the addition of a base such as triethylamine., The rate

of hydrogenation was also greatly increased. From the

purple solution.air stable dark purple crystals were isolated

' that were idontifle&'as ( SRh) HCl3 (52a) on the basxs of

analyala, molecular weight datermination, spectnoscopic
.' ‘\



[ . . .
d ta107’108 as well as an X-ray structural determinationlog.
er similar conditions, the red 1rid1um analogue (52b) vas

also obtainedm7 108

L3

H 'Et N ,/H h)
[cgme Men, ] 23 >~ Ny
292 . N Na |
"(20) g o Cl
- - (52) '
(a)-MaRh - ’

{(b) M=1r.

The crystal structure of (52a) indicated the

1

molecule has precise c, sfmmet » wWith a planer Rh(H)(Cl)Rh
f;' bridge and.the.twofold.axia runping through the two bridging-
; ligands. In;ératomic dimengioﬁs includé‘Ry.t..nh=2.996(l),
.Rh—CI(bridgi;g)=2.437(2), Rh—Cl(terminél)=2.393(2),-ang_
Rh-H(bridéing)=1;85k§)$; Angles within the Rh(H)(Cl)Rh*
brigde are Rh-Cl-Rh';73:20(6), Rh-H-Rh;=103.6(373. and
H~Rh-ClsH-Rh’-C1291.6 (18)°. The short Rh....Rh distance as
well as the small Rh-Cl{bridging)-Rh angle suggested at 1eést
_ somec metal-metal interaction.

The hydrides (52) were shown to be powerful catalysts
for ‘hydrogenation of olefiné at 1-atm and 25°, the irfdiuﬁ
complex (52b) gencrally being more active than its rhodium
analoque (Sza) . |

Functxpnal groups such as keto-, nitro-- or aryl

. were not reduced by theso catalyptg’but their presence on

Athe olefin deactivated it.in varying dégrees towards

v . A
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o

hydrogenation. A number of olefins (4-viny1cyclohexene.

norbornadiene, lpJ-lahd 1,5-cycloocdtadienes, allylbenzene,

A

mgsltyl oxiqé)‘as vell as.diphenylacetylené, which were not
readily hydrogenatéd at ldatm. wvere éﬁficiently reducéd
. under pressure (100 atm, 24°) by (52a), even in the absence

of base. T }" o

Complexes (52) were alao catalysts for olefin

isomerisation. For instance. cis-4-methy1 2-pentene was

e

-—-——‘—"_A'—_'__.
isomerxsgdzby the iridium hydride (52b) to give an .equili-

/

,,br’hm mixture_of 80% of 2-methy1-2-pentene. 10%.0{ Z-methyl-

-

. . | )
l-pentene apnd 10% of the 3tarting’materia1 after qne hour

. 1

at 25°,

€

. The bridged hydrides (52) undergo stoicheiometric

-

reactions with dioleflns .and this thesis is cencerned with
;he d}tails of theBE’reactxons. Hany of the metal complexes
derived from (52) and dienes were stable gnough for
chafacterisatio? and £hesq data..coupled with the kinetic
studies on.th; reactions betvée; the hydrides a;d a vériety
of dienes, provide meéhanistiq information on the intér-
action of M-H bonds qith_unsaturated substrates. .'
Xt-the'samg time, D.S. Gill éf this-Iaboratory.is
investigating the ‘hydrogenation of olefins by.using‘
.(CSMQSH)2HCI3_(gg)ias_homogeneéué c#talysta. ‘Uhdér similar
conditions, these.catalytic reactions may - be cdmpargd and
coﬁtfaaged with ﬁpe_élo#@ly raiaéed stoicheiometric

+
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‘“7reﬁcti6hs with.dioldrihsr ' The coﬁbined'ihtorhatidn wilil _" o,

'

provide a fuller gnderstanding of the reactions of rhodium

and iridium hydtddea.with olefins. e : ; '_'~'~ g
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RESULTS -

’ ' o : . '! 4
I. The Chemistry qf the Hydrido Complexes, (CgMegM),HCl,

(HaRh'and Ir)

The hydrido complexes (csne5H)2H013 (52) could be
- .
obtained in a number of ways. In general. the hydride was
* formed: by reacting stoicheiometrzc—amounte of [CSMe5H012]2 _

"(20) vith a hydriding agent and ‘a base in a solvent,.

Combinations such as (i) hydrogen, triethylamine in
i-h ieopropanol; ({i) sodium borohydride in isopropanoil;.

(iii) potaesiem hydroxiQe in_feopropaﬁeli and (iv).ieoprofll
‘_panol.edd triethy;amihe in behzenelwere all suitabie for the
.prepararioo'of the -hydrido coooiexes-(gg), Hovever it was’

observe& that preparation ofithe rhodium hydride (52a)-by‘

method (ii) and the iridium analogue (Szb) by method (111)

‘usually gave the highest yield (ca. 90% in both cases) and

purity end hence these wvere the merhods of choxce.. The

deuterides (CBHeSHYZDC13;(53).were prepared by method.(i)'
using deuterium instead of hydrogen (See Experimental).

. The hydridochlor;des (52) were. very soluble in
chldroform and methylene chloride, moderately soluble in
benzene and isopropanol and eparingly soluble in ether andh

‘,saturated hydrocarbonSrj In the solid state. these purple _

, (rhodium) and red (iridium) complexes ware stable to air

el



i for an indefinite period of time,

~A. Reactions with organic chlorides

'Chiofinated hydrocarbons sucﬁ.as'benzylichloride;
benzoyl chloride, methylene chloride and chiorotorm weie
- found. to react with the hydrides (52a and b) to give the
dichloro complexes (20a and b). In the dast two cases, the
yields of (ggp-and b) were quantitative. In none of the
‘above cases could thé hydrogen from (52) be detected in an

organic product.- This cpntrasted with the reaction of

f“ﬂgﬁeSIrH(CIJPPh3 (34) with chloroform-d in which CHDCl2 vas
32 ) ]

formed>“, -
CSHesIrH(CI)P_Ph3 + CDCl; —————3 CMe IrCl,PPhy + CHDCL,
(34) ST (22p) .

" The rate of decomposition of the iridium hydride

(52b) in chloroform or meéhyiené‘ohloride oolution was.
extremely slow‘at 25°; in chloroform (52b) vas completely
'converted into (20b) in three weeks. For rhodxum. the same
pProcess wvas cd&p}ete.in about three days. Howovor; the | |
rates of decompositioo.were greatly ihcreosedrif tho §olveht
contained hydrogen chloride as impurity or decompositxon '
product. since the acid reacted immediately and stoicheiome-

‘trically with (52) accordlng to the. following equation: L

(C e M), HC13 + Hc1 'H‘: j" ~y [¢5Me5nc12]2 ‘
(s2) oo o T (0 |

" -




o
. It was therefore heceesary to ‘carefully de-acidify all
solvents before use. ’

'.B. Reactions vith triphenylphosphine and carbon monoxide

Hith Lewis ‘bases such as triphenylphOSphine, the
x iridium hydride (52b) underwent a stoicheiometric neaction
: at 25 to give the known phosphine-dichloro (22b)28 nd
phosphine-chloxohydrido (34) complexéa, as shown by their

.

. Pem.r. spectra.

(52b) +I ZéPh3 -4——449
CSHe51r012PPh3- + CSHeSIrH(CI)PPh
(22p) | (34) '
_ In a benzene solutxon at 50 R the iridium hydride
'(52b) reacted with- -carbon . monoxide to give/e 1:1 mixture
-of the dicarbonyl (40b) ‘and carbonyldichloro (54)
complexe%?s " Both products were identified by their p.m.r.
spectra, and by i.r." (strong 1)(00) terminal at 1925,

2000 and 2035 cm'l) identical to the literature values35.

(52b) + CO ~———y -suesxrn(_cnco " csnesrrmz(co)
| (55) - (54)
< & ’ "
. . . | +co, -nci
- - CgMegIr(co), . S , .
| i {(q0b) | o

-

By analogy with the phosphine reaction degcribed above,

it may be assumed that the carbonylhydridochlbride complex ;

s

Sy . .

ST v lwa T
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L.
-

)
C 5IrH(Cl)CO (55), undetected. is formed as an inter-
f_m‘piate which. on reaction with another molecule of. Co,.
eliminates HC1 to give the dicarbonyl complex (40b);
Reactions of the rhodium analogue (52a) wlth tri-
phenylphosphlne and. carbon ‘monoxide were not as well

characterised. 1In the phoephine.reactxon,.the phosphlne-

; dichloro complex (22a) was obtained as the major product
together witﬁla small amount of other unidentified. products..
‘No phosphine-hydridochloro complex. such as CSMeSRhH(Cl)PPhB.
vas ever observed. This accords with the fact that this
complex could not be obtained ezther from C Me. RhCl (PPh

Cs 3
(22a) on reduction. ’ ‘
A mixtore,of uncharacterised products was obtained |
in the cerbon monoxide reaciiqn;'none of which‘cdrrespondeo
to the known rhodiun dlcarbonyl complex (40a)

-C. Reactlone wlth cyc11c diolefins

The hyorxdes (§go'and b) underwent stoicheiometric ’
;eactions with cyclic and acyclic, conjugated and non- -~
conjuqeted. diolefins readily at 25° to give en-yl or . L
allylic complcxes togother with the correspondlng dlchlorxdes
(20a and b) In gsome casee, the en-yl or allyllc complexes
reductively ellm;nated hydrogen chlorlde to give H(I)-dlene
complexcs. The rates of these reactlonq were also studled,

e : .

v
ard detalls are gfveniJllater sections.

(i) 1 3~ and 5-Cyclooctadlcnes‘

Tho complexea (C Me M) HCl -(52a and b) reacted o

~
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| with either 1, 3- or 1, 5-cyclooctadiene (COD) in methylene
'-chloride at. 25° to give the. known naz-cyclooctenyl (32)
and the corresponding dichloro (20) complexes in each case..

Both comnlexes wvere identlfied by their p.m. r. spectra. ' Lo

(CSHESH ) 2HC13 + O .._.....__.)
 (52)

5{csnesucl2]2 + cs”esq” .

(20) : c

. o 32y !

The above reactions vere essentially st01che10metricr

In the 1rid1um reaction, an exact 0. 5:1 molar mixture of
(ZOb) and (32b) was-obtalned: whlle in the rhodium reactlon,
the‘dichloro complex (203) vas present in a quantity sllghtly
“"‘hlgher than expected. This was due to the fact that vhlle

“the rate of decompo§itxon of the iridium hydride was

negllgzbly slov compared to its reactions wlth cyclooctad:enes h

Ql

'in methylene chlorice, the rates.of reactlons or the rhodium
hydride thh thesc}dxolef1ns were ‘only a few tlmea,faster'
than its decompoeition to-(QOa) in the séme éolvent. This
observation was also true for the reactions of (52) wlth

 the other dienes describcd below, . o o .‘\

| The r-z-cyclpoctenyl complexes (32) were obtained with”'“‘"'
equal facillty frou oithor l 3- or l S-COD. " This implied --, .

that 1, 5-COD vas converted via a series. of fast hydrzde



additio:&elimination reactions to the ﬂ;é-éyblooctenyl

1) . . B !
‘complexes. , . i -

 (maGg

Me MCli  M=Rh and, Ir)
e Neither the rates nor the products of these
reactions were'detectably éltgred by the additioﬁ of gn'

equimélar ahount of ttie&h&lamine to the reaction miXtuk?,

'(ii) 1,3~ and X 4—CYclohexadienes

The reagtions of 1, 3- or 1, 4-cyc10hexad1ene (CHD)

Q ' with the hydrides'(SZa and b) also proceeded readily in
| rethylene chlorzde at 25° and gave the Known n—cyclohexa-
1, 3-diene(pentamethylcyclopentadienyl)-rhodium amd -1rid1um
] conplexns (30) as final produnts accordxng to the

fol}ovinq equat;on.

@ Q) o @ —

‘s[csuesumzjz + csuesn-—k Ii_ + HC1 -

(20 L0 T30

o



e

, The reactions were folloved ty‘b}m.r. and it was
observed that for each hydride an'intermedigte (56) |
(transient csﬁesnreaonunce at T 8.31 for rhodium and 8.28
for iridium) wasdforned and uhichfdecomposed readiNy to the
ﬂ-cfcloheXa-ls3-diene~comp1ex (305 Horeover, the ane o

intermediate was detected from both 1,3- and l,4—cyclohexa-l

dienee. All_attempts to isolate the internediateg;(gge and b)
failed since they decomoosed quickly to (30). Because of
the complexity of the spectra, as well as the® low concentra--

" tion of”’ (56) existing’ in the mixture. the structures of

-—

(56a and b) could not be asszgned on the basis of the P .m.r.

B e T

"data However, the 1ow £ie1d triplet (‘35»97, J=6.0 Hz)

vhich was observed for the iridium intermediate (56b) implied
that it was al, 2 3~ trihapto (n-allylic) rather than a '
' I.2,4-trihapto (g,1-en-yl) or a monohapto o—cyclohexenyl

complex.. nLCyclohexenyl complexes of oallaéium havefbeen

111

fairly well documented” ", and it is presumed that -the-

cyclohexenyl complexes.(gée and b) were the intermediates in

-

the readtions with cyclohcxadienes.-

Cs”es"@ —_— csnesutc )+ HC1

S (30) .

v

The fact that (56) [and eventually (30)] were' !
obtained vith equal facility fzom 1,3~ or 1,4 CHD 1mp11ed

thqt_the‘latter diene was isomeriscd to give the' cyclohexenyl_

P I »



o : : .
complex quickly in a similar way to that suggested for the:
.. COD rehcfionsg '

Y '

_The'rate of decomposition of (56) vas'greatly

accelerated 1n the presence of an equimolar amount. of

_triethylamine, and triethylamine hydrogen chloride was .
' ‘observed as the other reaction product. This clearly

lindicates that the décompos;tion involved the evolution of

hydroqen chloride, Thesa reactions cannot be stoicheio-

-~ metric in the absence of the base since the-biberated acid
., “ *_—-{{ -
will cause the following slde-reactlons. o

e .'
a

HC1 + csnesncu ) —";_"_” l1[c:sm=es_)r~:c:1 ] + Cs“m'
(gg) | (20) ‘
. HC1 +- (c e M), HCL, ~» [CsMegMCl, ], + H,

(s2) (20)

(i4i) orbdrnadiene'

The reactions of-the hydrides (52a and b} with -

,norbornadiéne were very wzmilar to the reactions with the

39

cyclohexadienes. For each hydride, an unstable intermediate

vas'detecﬁed (c He peak at 178 130 for rhodium and 8.32 for
.iridium), which then decomposed readily to nge the corres-
. ponding ﬂ-norbornadiene complex (31) 2 Because of their
1nst&bil£ty. the intermediates could nexther be isolated

nor further characteriSed. A norhornenyl complex such as

(§1)'hé8 been reporhedllz, and the 1ntermediates detected

T

Y -

Py

I T
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.

—C1
. .
| s g
(‘§2) + R l;[c MeSHCIlz]z + C5Me MC1(C H,)
ey (s8) . :

: (58) —‘—f——-' Csﬂe H(C7HB_) + HC1

(31)

Again'here addition of triethylamine accelerated
" the decomposition of'the'fﬁtermediaies into (31) and (58a -
and b) could no longer be detéctéd in the presence of a
-stoicheioﬁetric amount of'fhe.base. | '

(iv) Cyclopentadiene '

The rhodium and iridium hydrides, (CgHegM),HCl,4

(52), reacted with freshly cracked cyclopentadiene at 25°
to give the known pentamethyl-rhodicenium and -iridicenium-

chlorides (35)32 toqether with thc dichiloro complexes (20).

(52) + @ — !,[ Me MC1 ] + CgMe MCHS c1
(200 7. (35)

Vo

In Fhe course of the reactions. the n—cyclogentenyl

complexea (59) were observed as unstable intermediates

m



r

;//-prior to the formation of the ionic éomplexes. If

chloroform-g wvas the solvent, CHDC1, was also observed as

the other produét.

He |

Hd |

_Hg cpel, “

Hy — °5”°5”°5“5 C1™ + CH%FIZ
(35) g

(59)

The cyclopentenyl complexes were slightly more
: stable than the n-cyclohexenyl (56{ and the norbornenyl
(58), complexes and the structures of (59) were fairly well
characterised by p.m.r, data.‘ However, all attempts to
isolate . pure (59) vere gnsﬁccessful since the ionic
complexes (35) were éuickly produced eséecially in the
presence of a base.

In a CDCl. solution at 100 MHz, the iridium

-3
cyclopentenyl complex”(§2p) showed resonances at T 5.73

(1H, t, H,), 6.35 (2H, m, Hy), 8.23 (15H, s, CgMeg) and

5
8.31 (44, ¢, H. and H ). Deecoupling experiments showved

that J(a,b)nB o Hz, J{(bh,c or d)=ca. 0.5 Hz and J(c,d)}=18.0 Hz.
The spectrum vas invarxant down to -70° and hence the

molecule did not appear to be taking part in a 0-, 7-

equllibriumr

=G =0 w

[m-CSHeSIrc1£solvent)]
>




H
P
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The analogous'rhodium complex gave a similar p.m.r,
spectrum. .In a CDCJ,.3 solution, complex (§2p)léhowed
resonances at T 5.67 (iH, m, Ha).' 5.93 (2H, m, Hb) and
8.27 (15H, s, Céﬂesl. Those for H, and H, overlapped with
other proton signals in the reaction mixture and hence their
exact chemical shifts could not be determined.’

Studies 6n the further reactions of (59) did not

give conclusive regsults and the mechanism vhereby the

pentamethyl-rhodicenium and -iridicenium éomplexes[(gg)

! - *
_are formed is not understood. It was particularly*purprising

that the known (cyclopentadiene)pentamethylcyclopeﬁ&ad1eny1-
iridium complex (39) was not observed during the »
decomposition of the iridium cyclopentenyl complex (59b) to
glve (35b) ' A

D. Reactions with'acyclic diolefins.

(i) 1,3-Butadiene

The rhodium and iridium hydrides.'(csﬂésl-!)ZHCI3
(52), reacted readily at 25°_witﬁ 1,3-butadi¢ﬁe in benzene
to give a 1:1 mixture of the corresponding dichloride (20)
and the known choro-(ﬂ-syn—l—methylallylJ(pentamethyl-
cyclopentadienyl)-rhodium and-1r1d1umfbomplexes (27)
shown by their p.m.r. spectra {Table 1). The gcometry

(1-methyl syn) was defined by decoupling experiments which

b8

confirmed that J(a,c)=11.0 Hz in (27a) and 10.0 Hz in (gzp)32

~

e,



‘. mh
! Ha
(52) + NI — hcghe mer, ], « cs""s"i - He
- c1.
(20) ' e C, _
(27)

The allylic cooplexes (27) were separated from_(ég)'
by oxtracting the roaction mixture with benzene in vhich
(20) was only sparihgly soihble. Addition of a base such as
rriethylamine had no effect on the.abowe reactions, and the.
complexes, (27) were stable to prolonged heating in ethanol
in the presence of anhydrous sodxum carbonate. There was no

evidence for the formation o! a ﬂ-butadiene complex. .

1

(ii) trans-Piperylene . ‘

The reactions of (CgMe M) ,HCLy (52a and b) vith'
.trans-piperyleneiwtmethylené chloride were followed by p.m.r.e
at 100 MHz. In each case, tvo nev ﬂjailylic complexes,
chloro-fﬂ-syn,ayn-l,3;dimethyla11f1)(pentamethyicfclopenta-
dienyl }-rhodium (or -iridium) (61) and chloro-(n-syn-1- "
ethylallyl)(pentamothyicyclopentadienyl)-rhooium (or -iridium)

(62), were formed in a ratio of 85:15 together with the
f .

corresponding dichloride (20)

The couplsxes (61) and g__y were very soluble in
benzene and etheg and could easily be separated from (20)

It wvas not possible to separate the &ﬁhylic isomers trom each

& .
b ‘ . : 1
'

other ‘by chrowatogrgphx on alumina but the major isomers T '



(61a and b) were 1solated pure by fracrional crystailiqétibn

from ether and petroleum ether. . ST

]

(52)+ /\/\ ._______.. -.-_ “_.Jf"

’, p o ’}l'b
. [c Me uc12]2 + csnesr" -__) Ho + Cq nesr\t ) He
< .-(.20) €L .
Lo : s s o f“z e
i oy
: (62)° .

- Tﬁa éomplexes (61a and ﬁ)‘weré characterised by
analytical data and the stmdctures vere asBigned on the

; hasis o: their p.m.r. ;pectra (Table 1). Both. methyl groups
in the 1 3-dimethy1a11y1 moiety in (61) are 1n the syn L.
positxons as shovn hy the coupling constants. J(a.c) 10.0 Hz
in (Gla) and 9 0 ‘Hz. in (61b) These are close to ‘the value

(11 5 Hz). reported by ‘Tolman ﬁor the f-syn, syn-l 3—

dxmthylallyl-nickel complex (63), .o oL o
. ".T Lt ‘. - .
. \ A H e . T - ' - . L
0y, p S NE———)—H| HSO, .
/:_ H‘ l e : ’
_ (HeO)P Me | . -
S R ¢ -
‘]‘ .?‘ ,_'-‘ ' ' -' 1-

. ouo3"

Co The minor products (62)'could not be isolated.
“Q Hovever an gnriched mixture of (61) and (62) ‘(ratio ca. 2:1)

obtained from-the mother liQuors from recrystallisatlon of '\

S VoL

ot IR o e A W

L



both (Gla) and (Glb) showed P m.r. spectra consistent with

“the presence of (62a) and (62b). .: \

| 'The iridium complex (62b) in methylene chloride '

= showed resonances at15.84 (lH, m. H ), ca.\? 0 (ZH. m, Hb

and Hd). 7.69. [lﬂ, d, J(a,c)alo 0 Hz, J(a b):O. H ], ca. 8 2

(24, mL\ESE;‘B.ZS(ISH. 8, Csﬁespfand 8.86 (34, t.-J(e,fi:?.O'r

~ Hz, Hf]. ,Tnis spectrum is'consistent with the npl-ethylallyl'
:struct e.aqd not witn sﬂsYn;anti-l,3;dimetnylally1 structore
vhich re uires two‘doobfets for the two differentbellylic
methyls. | Decoupling ‘experiments were unsuccessful owing lo
'the complexity of the spectrum ‘arising from the presence of
(61b). ' Hovever, the syn-geometry was assigned to: complex '

y (62b) £ rom considerations of the chemical shifts of Hy and _' S
H by comparison-with the closely related iridium syn-1-

methylallyl complex (27b).

11

v The rhodium complex (623) gave 'a very similar p.m.r.
. spectrum and showed resonances at 76. 02(1H. m, H ). ca. 6.6

ca, a 2 (zn. m, u ) *avao (15u. 8, C_Me 5) “and 8. 34 [3&, t,

5Me .
J(e, f)=7 o Hz. H ] Thus a\similar structure vas expected. |
The presence of triethylamine had no effect on either
. the rates or ‘final products of the above reactions. Foth
allylic complexes (61) and (62) were stable on prolonged |
heating at 65 in benzene in the presence of excess anhydrous

“ 'sodium carhonate or triethylamine.u No isomerisauion‘betseen
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jthem was obeetved Under eimiiar COnditions in ethanol,

.. the rhodium complex (61&) remained unchanged while the

iridium complex (61b) decomposed into unidentified products.

_ In the reactions of the brxdging hydrides (52) with
trans-piperylene. the metal hydride therefore tends to favour,
presumab;y for steric reasons, addition to‘the terminal

double bond rather than the internal one. o

'/ /.'———-) CSHBSH q
W 1
m-H
) i . : _ .
. - 5 5\
Cl
(nnCSMeSHCI enq M=Rh and Ir) : N 5%

- Cbmplexes (61) and (62) wvere also obtained at - 65
from the dichlorides {20) and- the diolefin in ethanol/base

in the same ratzos as from the- hydrides and trans~p1pery1ene‘

at 250;_ This implied that the same species are present in

.each reaction and that’ the directions of addition of H-H was

thermodynamically rather than kinetically controlled.

The mixture of allylic complexes. (61) and (62), 'w

!

vere also . convenxently prepared by stirring trans-piperylene

-‘;with (20) in isopropanol in the presence of sodium. carbonate

”at 25 . Under theee conditions. the hydrides (52) vere. -

' formed in situ and did not need to be isolated.n_

-]
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The fact that no syn,anti-1,3-dimethylallyl
‘ complexeé-wére obeerved even at early atages-of.the

reactions contrasts with the work of ‘Tolman who observed

the syn,anti- isomer as the kinetically preferred product76
o . n )
o . o Me ' +
TN/  milpone)y ]t —— M (——Ni[P(ove)y],
ST Y* H -

Me

(iii).IsoEréﬁe' .
In contrast to ﬁutadiane'and trans-piperylene,
(C H) HCl3 (52;;reacted vith isopréﬁe‘in methyiene
chloride at 25 to give, for each reactxon. stable ﬂ—Byn-
-1 2-d1methy1a11y1-rhod1um(III) or -iridium(III) (64) and

“n-isoprene-rhodium(l) or -iridium(x) (65) complexes together

with the correspdnding diéhlorides (20). The ratio’ (64):(65) 

vas 55:45 for rhodium and 30:70 for : iridium.

(52) )\/ —_—_

[}

e re ucxzjz + cs"es’( ™~

(20)
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.Both. conplexes (64) and (65) vere very soluble in-
" most organic solvents but they could be separated by. column

chromatography on alumina or by sublimation in vacuo. They

%urg characterised by analytical‘and p.m.r. data (Tablea 1
and 2). Since Ha.does not couple with Me, in complexes (64),
Ithiongivec:no hintron wnethér the:rcd (rhodium)-and yellowl
(iridium) 1, zzdimcthylollyl compléxes are syn or anti

isomers. -However, by comparing the chemical shifts of H and’

Me, of (64) vith those of the closely related eyn- -methyl-
allyl complexes (27). it vas concluded that the syn isomers
wvere formed. Both complexes (g_p) and (64b) showed very
similar p.m.r. spectra. e;cept for additional cou;E;ng‘to'Rh
on Me, in (64&) ' | . | |
' The ﬂ~isoprene-H(I) complexes (65) ‘were orange , -

(rhodium) ‘and" yellow (iridium) ‘oily substances ‘sublimakle: o~

‘at 45° and LO‘? mm. The mass spectra showed major ' fa ‘
fragmcnts for (653) at m/e'306'(c5He53hc5H;), 238 (CSHeSRh+l; °
103 (Rh*), 69 (Cshg* oF 68 (CgHg*) and 67 (Cghy"). The iridium L

. complex (65b) gave molecular ion peads at 396, 394 (correspond—

193 L
ing to Csﬂe5 IrCSH8 and CSHB" ‘ Ircsﬂa ’ respectively) »

The p.m.r, spectra 04 (gg) (Table-Z) vere sxmilar

© o thosc"reported for other isoprene complcxes of transition

meta13113._ Presumably due to- the shielding effects of the

motals. Hy, and Hd of (GSa and b) showcd _resonances at higher ‘{_

field than H ¢ and H Decoupling experiments showed that

a’ . -y
: in the iridium cowplex (GSb),,the gcminal couprings were

betailed mass. spectral data for diene complexés are given




very small, vith J(a.a ) and J(d d') both equal to 2.0 Hz.
In the rhodium complex (65a) additional coupling due to-- °

1°3Rh (I=3, 100% abundance) caused the resonances ot H ’ and
Ha" Hy ‘and Hy. -to be split into unresolved. multiplets.
- Complexes {64) and (65)‘vere also obtained by
reacting the dichloro complexes (20) vith 1soprene in
| isopropanol or ethanol in the presence of anhydroussodiufl

carbonate. Under mild conditions (25°. 12 hr.). a mixture ;

- of (64)" and. (65) was obtained.‘ Under more vigorous
: conditions (65° 24 hr.). however. only the M(X) complexes
(65a and b) vere isolated. Heating indiv1dua1 sainples of
(64) in ethyl or ieopropyl aicohol-in the,bresence of
sodium carbonate also‘gave compietefconvereion into the
'ﬂ-iooprene‘compiexesf(ggj..
csue ""Hc1(c5n9) —HEL 5 cgme mM(CgHy)
T (64) T 88
Hhen the above reactions of (64) were carried out
’ An benzene in the presence of sodium. carbonate, they dld
not go. to completion_in 24 hr, and the yield of (65) was |
only 20% for rhodiuo and less than 5% for iridium.: Further-'
more, solutione ot the 1.2-dimethy1a11y1 complexes (6& in

either benzene or methylene chloride gave no detectab

:amounts of the dicne complexes (65)¢ over a peﬁiod of 48. hr.
‘at 250 even in the presence of triothylanine. Hence. ve must-_=*4“'"

conclude that in the reactionsfof isoprene with the hydrides :

-

'.°“-‘-' v




(52a and b), the complexes (64a and b) 'weré. not the
precursora of the complexes (65a and b) unich were formed
lin those reactiona.
A careful study of .the reaction of (52b) with

1soprene in the absence of triethylamine by p.m. r:p

pectroacopy at 100 MHz showed that an unstable intermediate "
'(66b) was formed’ and which: readily decomposed to the

isoprene complex (65b) (see section iv). . The structure of
" (66b), was 1n£erred from its p. m.r. spectrum (Table 1),
particularly the observation of the twvo singlet methyl
resonances at T 8.27 and B 99 which'suggested the presence‘
of gemudioethfle; The higher field resonance was assigned
T to the anti-methyl group since it may reasonably be presumed
to be closer to the metal and hence more shielded. [Other
complexes containing anti-methyl groups also showed ‘resonances
in the 8. 9 - 9 0 region, seec sections (1v). (V) and. (Vi)]
In the presence of stoicheiometric amounts of trxethylamine.-
"the intermediate (66b) vas nOt obeerved and its decompos1tion

into (65b) was greatly facilitated. The CgMeg resonance,

of (66!:) vas accidgntally coincment with that of {64b). |

.2

- .Hea L SHCL L) N .
- CgMegh ——)y—Hy' ———— CglegM—| |
: \ Ha—X o B . )
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The ana-legeus intermediarenrhodium c’&inpiex (66a)
could not be obeerved in the reaction between (52a) and
isoprene under similar conditions. ‘;.' T ‘

The formation bf the iBOprene complexes (65) from o if
{64) under more drastic conditions igilikely'to proceed via '  o ///
the o¢-1, 2-dimethy1a11y1 intermediates té?)(see Diacussion). | .

;J: it 18 assumed ‘that complexes (65) come exclusivelj,

' ,a—....br') .
from (66) under mild conditions, the ratios of (64J to (65) - A

" in the reaction mixtures represent a direct: measure of ‘the.
relative amount of addition of H-H to the two double bonds
oﬁ.180prene. The obéerved ratxos of 55:45 for (64a) to (65a)

E vas found tor the rhodiuq reaction. and a 30:70 ratio (64b): '

v

(65b) vas-qhserved for iridium.

/:-'k/ > Cajed.
o

(m=C_Me_MCL;- M=Rh and I
55 sl :

(iv) 1,1-Dimethylallene _
Reactions -of (C5He5H)2H013 (52) with 1 1-d1methy1a11ene -

at 25° in methylene chlor;de gave the ﬂ*130prene(pentamethy1- r“if;;

e et - B



) t ' . » . . ) .'. , ’
cyclopentedienyl)-rhodium ‘and -iridium (65) together with
“the dichlo:o complexes (20) ALl complexes were identified

by their P m.r. spectra.
|

HI

'(Table 1) that. the reaction proceeded via the n-1, l-dzmethyl—
allyl intermediate (66b) [see section (iii) above]: ‘This

. unstable complex (66Db) elxminated hydrogen chloride readily
to give (65b) and it .could not be observed if a stoichezo—
metric amount of triethylamlne was present in the reaction

nixture. Here again. the rhodium 1, 1~d1methy1a11y1 complex

(66a) could not be detected even in the absence of the base. .

The stable ﬂ-syn-l 2-dimethy1a11y1 complexes (64a

and b) vere not observed in the productsx this rules out
n .

an isomerisation ¢ (gg)«——»(gi).
" The formation of‘the'isoprene complexes (ég)tfﬁgm '
1,1-dimethylallene is an exanple of a doubie bond isomer-

Ll

isation vhich occurs via the unstable (66).

The iaoprene complexes (65) were also obtained from '

the reactions of the dichloro complexes (20) w1th 1,1-
dimethylallene at 25° in isopropanol in the presence of -

anhydrous sodium carbonate. R

? -
I

.{" -‘ A-' . .. . o “:._ l .

[ (-gg) + HeZCac-qlzf—-o !:.[cslsesncrz]z + CgMeM— 3
. (20) (es)
e Inhthe 1ridium'reaction,'it -Wwasg established by p.m.r.
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ort

m-H

(m;CSHQSHCIE MsRh and Ir)

{v) 2,3-Dimethy1butadféne

The rhodium and iridiﬁm hydrides, (csﬂesn)zﬂr:l3 (52),
reacted readily at 25° vigh Z;B-dimebhylbutadiene in
ﬁe@hylene chlbgide to give the.nev'ﬂ-i,B-dimeﬁhylbﬁtadiene-
(pentameth?lcyclopentadienyl)-rhodium(l) and firidium(l),_
{Bmplexea (§§g)'and‘(§§b), ;espeétively.. |

] | M.
| [ ‘ . . | H& \ Meb
(52) +- ,Lqr/ — — ’s[csnesnmzjz + CgMegM——
L o (20) N b
. : _ T a'
(68) ’

These reactions ﬁeke eséentially;stoicheiometric
if- equimolar amount of triethylamine was present at the
beginning of the rééétions.’ The mass spectra of (ggg)
exhibited major m/e beaks at 320 (csﬁesﬁhcéﬂlo+)’-z33

y e : ok . -
(csng53h+), {03 (Rh*iJand 82 (C My, ). - The 1ridiumic0mp1ex o ;

L]

— = aeh
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-

(68b) gave the molecular ifon peake at m/e 410,408 (corres-

193 + 191
ponding to Csnes Ircﬁﬂlo and Csﬂes

+
respectively) but did not show;significant peaks corres-

ponding to CSHeSIr or Ir e

wr

Because of the symmetry of the complexes (68), their '1\

p.ﬁ.r. spectra (Table 2) vere relatively simple. 1In

hY

methylene chloride solution, the broad multiplets at T9.93

(Rh) and 10.27 (Ir) were assigned to H, (due to their
proximiiy to‘the’metals) and the resonahces at T 8.49 (Rh)
~ and 8 34 (Ir) vere attributed tq H,,. Decoupling experimentu
showed that . the geminal protons only coupled slzghtly 'to
each other,‘vith J(a,a*) reing ca. 1.0 Hz in the rhodium
cpeplex aﬁd 1.5 Hz in the iridium'anaioque.

| It wvas obaéfﬁe&'that; during the reaction to give
the iridium(I) complex AﬁBb). an intermediate was formed
which vas formulated as the n-1,1, Z-trimethylallyl cqmplex
(69b) on-the basis of its p.m.r. spectrtm (Table 1). ,The
singlet at T9.00 was aésigned_to Hea.(angi). that at 8.47
- to Meb (syn) and thet,at 8.25 to Qee. Similar}x. the
doublet a£”1'7.22~waa'aes§gned to Hd (anti) and fhae at
6.85 to H, 'jsyn) An intermediate (69a) was also detected
by its cs}'e5 reasonance at T B8.36 in the analogous rhodium

reaction but no e#idence of structure could be obtained

from ‘the p.m,r..spectra%duegto-its low concentration.

However, if thie'intermediate was also m-allylic, it would

l
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. ' ‘ !
be most likely to have the same structure as its iridium

analogue. I }
L Me N
oy — s ELNp
H-rs - Cl |

(maC Me MC13 M=Rh and Ir)

The inéermediates (gg)-resulted from ‘the addftién
of M-H to one of the equivalent double bonds of the diene,
They could not be isolated because they undefwenf‘facile_‘
~elimination of hydrbgen'chloride to give the H(I)-diene
complexes (68), especially in the preéence of triethylamine,
and presumaﬁly by a similar mechanism—to that discussed for
the 1.1-dimethy1a11fi complexes (66) (see biscussion).

The Rh(f)-diehe comple x (68a) was also obtained from
the reaction o' (20a) with 2, 3-d1methy1butad1ene at 25°
in isopropanol in the presence of anhydrous sodium carbOnate.
Under the same conditions, however, the analogous 1r1dium
COmplex (68b) vas formed tOgether with large amounts of
other (unidentified) producta. Pure (68b) couid be obtained
by reacting [CSMQSIrCIZJZ (20b) in benzene with sodium
carbonate and stoicheiometric.amounts.of the diolefin and

{sopropanol, the hydriding agent.
. : . N
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(vi) trans-2-Methyl-l,3-pentadiene

Reaction of (CgMegIr),HCl, (52b) with trans-2-methyl-
1,3-pentadi?ne at 25° gave a mixture of n-2-methyl-1,3—
pentadiene(pentaméthylcyclopehtadienYl)iridium(I) (70b) and
“the iridium dichloro complex (20b). '

H

e
Z

Hd Hc

X Me -

e
(70b)

(52b) + )\/\—-—» %[c HesIrCIZJZ + CoMegIr
(20b) '

The zeaction was stoicheiometric if an equimolar
amount of triethylamine. was present. Complex ' (70b) was .
characterised by its p.m.r. (Table 2) and maés sﬁectra
vhich showed molecular ion peaks at 410 and 408 (corres-
ponding to CSMe51q3Ir A 10* and csueslgllrcsulo+.
regspectively). -

When the reaction was rdlloved by'p.m}r. (100 MHz),
it vas observed that formation of (J0b) was preceded by that
, f )

of the unstable ﬂ-syn-l.1.3~trimethy1a11y1 intefmediate

(71b) Vhich readily eliminated hydrogen chloride to give (70B).

Mey

c.me 2 W ¢ =
sMe It - ) Hg —> CgMeglr—
ca d

/ ‘ 3 -
(71b) © (70B)
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Th;-structura ot_(i&p) (Me, syn-) vas inferred frdm.
its p.m.r. spectrum (Tablel), since J(c,d)alb.o Hz. The
obgervation of two singlets at.‘f8.94(Maa) and B,ZB(Heb)
and a dbuﬁiét at ’KS.SO(Hee) due éo the thrée‘methyl groups
in Qpe allyiic-moiety wvas consistent with the proposed ‘

structure. ,
L o : . s
< In contrast, the rhodium hydride (52a) reacted with

the diolefin to give the stable syn-1 -eéhyl 2-methylallyl
(72a) and the ﬂ-z-methyl 1, 3-pentad1ene-rhadium(1) (70a)

complexes in ca. 1:4 ratio. as vell as [CSMQSRhCI ]2 (ZOa)

(32a) + 4%1‘“4;\\\ —_— | | ‘ '

. e Hy
- . Ha

s{c me RhCL, ], + CSH@S“{_‘ T--) fe.
A 9 Ney

(72a) ¢H3 £

Complexes (70a) and (72a) were separated by chromato-

graphy on an alumina‘colxt,xmn eluted with benzene and ether.

3

The p.m.r. (Table 2) and mass spectra of the yellow diene- .
. . - o+
rhodium complex (70a) [major peaks at m/e 320 (CSNQSRhCGHlo )»

238 (csnesph*). 103 (K" ), 83 (ct.,u11 ) and Bl (c6 g )}were

consistcnt with the asszqncd structure.

i

Complex (72a) vas assiqncd as. the syn isomer since L

”d

“'SYn-l.2-d;mcthy1a11y1-rho¢1um complex (64a). Horeover. the

and H, - had chpmical shifts comparable to the very sxmilar

W

w
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' » B C . ",' ' R o oo ’
oheervatioﬁ of a‘éfinle:'&t 8. BB’(He ). vag in gooh agreement
vith the chemical shitta of H 1nuthe eyn-l-ethybellyl

-complexee (62) L o"
On £0110wing the reaetion by p.m.r. (100 MHz)..
. A
evidence for the existence of another allylic comp;ex (71aL.
K

&

¢ “-"-“,.

‘which was responsible for the tormation of (70a), was
'obtained. This unstable intermediate could not be 1solated

'since ic’ eliminated hydrogen chlorlde readily, especially T \
1n the presence ‘of triethylamine Because of serxous over-

Y v - -

lappan with thPr resonances in the spectrum of the reaction

Y]

mixture; a complete etructural assignment for (71a) could

not be made with certalnty (Table 1). However, two methyl

singletsigp z-g.éq and,8.93 were obse;qedﬁandb;by analogy -
_gvto Qhe‘ieieium féabcfbni it‘was'reasonablezto'asseme a

Syn-l 1 3-trimethyla11yl structure for (713). o

w

The tormation of complexes (70). (71) and (72) in . .

L4

-

-the“hyaride reacteons can thus be explaxned in termg of :he

fel;oying‘qehemes - ‘i T ) .

:/k.v/\ "_""""'"' ﬁsﬂes}{

H-m C e ) &
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2tk ‘CgMegRh — Me
o '.t K ' e
- .rheH . Cl .
Et
(72a)

[mpCSHeSHCI.' ﬁiRh\and'Ir:d“rhacsﬁeSRhCIJ g L St
- —_ _ o | ) |
Addition of. H-H to the terminal double bond of trans-
Z-methyl-l 3-pentadiene eventually gives the H(I)-diene
complexes (70) through the labile trimethylallyl intermediate | .
"(71) : on the other hand, addztion of Rh—H to the 1nterna1
double bond: o- the d1ole£1n gives the thermalgg stable syn-
1- ethyl-z-methylallyl complex (72a). Under no condition was
| the iridium analogue, (72b), obaerved.- Fron the relative '
, yxelds of the rhodium complexes (70a) and (72a) and the : ;
fabsence ot (72b),; it can be concluded that the ‘addition of

H-H'to'terminal'double‘bonds is more £avourab1e than to
-internal ones, especially in the case of-irldium. o
' There was no isomerisation between the allylxc i , : '
'complexes (71a) and (72a).- In methylene chloride. c¢omplex
(72a) vas stable to triethyldhzne at 20°, but the rhodxum(l)
: cowplex (70a)could in tact be formod f£rom (72&) by heating

for. 18 hr. at 65 in ethanol in the presence of sodzum

]

‘carbonate. o : .
Complexes (70a and b) and (72a) could be prepared
mdre c0nven1ent1y from ‘the :eactions of [CSHeSMC12]2 (20)

and trans-Z-methy1—1,3 pentadiene in iSOpropanol in the

presence of*sodxum;ca:honate at 25°.

;
. ' ) I .
A’ . . -
. ) . . o , .

s
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.(Vil) 2, -Dimethyl-z 4-hexadiene

Reactions of (CSHe5H)28C13 (52) with 2, 5-dimethy1-
2,4-hexadiene in methylene chloride at 25° gove stable
ﬂ-z.s-dimethylul,3-hexadiene(pentamethylcyclopentadienyl)a

..rhodium ano -iridium complexes (11)'together with the ;

;zdiqﬂlorides (20).

(52) /J\/\( —_— !s[csnesnm ] + c MegM -

_ ffgg)"'

4

@

Lo . LI

_ The new complexes (73) wvere characterised by ‘analysis,
p.m. T, (Table 2) nnd mass—spectrometrya They gave strong
molecular ion peaks at m/e—34ﬁ—{corr%5ponding to C5He5RhCB ;4 )
‘and at 438, 436 (corresponding to CSHes 93Ircaﬂ14 and

CeMe 1911rC3H14 ’ rcspedtively) in the mass spectra. -

88
In each of the above reactions, intermediates (74a
and b) were observed (transxcnt CSHe5 rcsonance at frB 36
for rhodium and 8. 41 for iridxum) prior to the formation of '

w1

‘the dicne complexes (73). Agai ethe 1ntermed1ates could
not be isolated aince they gaveT(73) readily on elimination .

of hydrogen chloride. As the i termediates vere never

present in high enough concentr txons in the reaction - -

. mixturos, the structures of (74a and b) could not be

. . hd "
] A . ’ . . . . . '.< N .
- L . o B— L . . - , R
R " . I . . '



assigned'from the p. m.r.lspectra. However, it'the COmplexes
(74a and b) are ﬂ-allyls by analogy to all the other reactxons
studied then they must have the 1, l-dimethyl-B isopropylallyvl
structure since this is the only apeciea which can .be derived
!rom an anti- Harkownikoff additionlof M-H to elther one of .

-

the two- equzvalent double bonds.- S | .
The fotmation of complexes (73a and b} which contaxn
‘the 2,5-dimethy1-1.3~hexad1ene ligand from 2.5-d1methy1 -2,4-

hexadiene results from an’ isomerisation of the diolefin:

l’-{-_—ﬂ_l'

(m=csne58c1: M=Rh and Ir)
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. From -the abové~scheme, it mayw(hrther be conélu&ed
that complexes kZﬁP and b) have the syn Qtructures'since
xhe'antircébp;exns (75a and b) would have given-the complexes

(76a and b)"'imd (77a a.nd'lb') and these wvere not observed.

11. Kinetics of the Hydride-Diene.Reactions

(1) Introduction _

Despite the basic ditficulties of a small workable
concentration range, solubility problems and relatively
lov accurac?iin the quantitarive estimation of reactarts
and producta ‘when their resonances overlap, the p.m.r..

- method is videly used in the kinetic studxes of many
'organometnllic react:.ons76 114, 115 | )

' The' kinet1cs of hydrxde-dlene reactzons can provxde
:vital information on the metal hydride addition step. In
the studies ‘'of the. reactions of a termlnal hydrxde, '
‘HNx[P(OFe)3]4H304, vxth varxous dxenes. folman correlated
the half-lives of those reacteons v:th,the eletron1c and
-sterxc effects of the substz;uents on the dienes ‘and a —
reaction mééhanxsm ;;;Jproposed76 _ Hawever, Kinetlc studies
of bridging hydrides have never been reported. In particular,
{nformation was necded on whqther the chloride or the
hydrxdc brxdge of (C; H)2P013 (52) would be the first to ’
break. Such knowledge vas e,sentlal for the eluc1dat10n of
_mechanisms tor the diene react;ons as well as for the
hydrOgenatxon of. olefxns uslng (52) as catalysts. j'n

-

~



' . Table 1 Lo

P.m.¥. data of some allylic complexes of rhodium and iridius®

\
L.

- |
Complex CgMes a Mo EE
C_Me_RhC1C H. (27a) 8.28 5,  6.58 dq 8.40 d
5 5 47 - ' o J(a.b)ﬁ-z _J.(b.a)-"-h-Z,
) (1-methylallyl) . - d(a,c)=11.0
.y ) L.
CoMegIrClCyH, (27b) 8.23 s .6.90 dq 8.47 d
. < J(a.b)ﬁ.s J(b'a)='J.:)
{(l1-methylallyl) o ) J(a,c}=10.0
CoMe PhC1CHy (61a) 8.378 6.68dg  8.43 d
. LT : J{a,b)=6.5 J(b,af=6.°
(1,3-dimethyJallyl) - . J{a,c)=10.0
-CgMesIrClCsHy. (61b) 8.31s 7.08dg .  8.49d
.,_ . J(a'b)=6.0 J(b,a)-'-"_‘,.":
(1,3-dimethylallyl) - J(a,c)=a9.0 -
CMegRNCICHg (62a) ~ B8.30 s  7.25 d ca. 6.6
. . - J{a,c)=11.0 ‘
(l-ethylallyl) _ R
CsMesIrClCsHy (62b) ‘8.25 8  7.69.¢  ‘ca. 7.0
. : J(a,c)=10.0.
(1-ethylallyl)
Cq¥egRhCIC Hy (64a) .~ 8.34 g 6.60 q | 8.47 ¢
. ' . ’ J(a.b)'—'ﬁ.s J(b|a)=6-r
(1.27d1methylally1)
. ‘ . . i )
CoMe IrCIC Hy (64b] © 8,29 8 - .;ioob?;a . 8.53d
- a =0, - J(b, =6,
(1,2-dimethylallyl) e - (B,a)=o




He

6.05 m
J(c,a)=11.0
J{c,d}=11.0

: J(C',E)"'—'-(J.ﬁ

5.91 m

J{c,a)=10.0

J({c,d)=9.5
. J{c,e}=7.0

A

6.28 td

J{c,a)=10.0
" J{Rh,c)=2.0

<

6.07 ¢ .
J{c,a)=9.0

().02' m

A.30 d
J{Rh,c)=2.5

Ha
'7.24 d |
J(dfC):ll.O
7.57 dd
,J(de)=9-5'
J{d,e)=1.5
ca. 6.6 m-
ca. 7.0 _ré:
7.25 8§

J(d,e)x> 1.0

7.66 s
J{d,e)~1.0

6.92 dd
J{e,c)=7.0
J{e,d)=1.5

ca. 8.2 m

ca; 8.2 m

- 6.77 s
J(e,d)= 1.0

L
6.92 s
J(e,d)>1.0

|

8.84 t .
J(f,E)=750

8.86 t.

J(f,e)=7.0

64




Table 1 - cont'd

. | YOH, ‘ ‘
Complex csHeg a } EE

P. . . ' . . ’ . | 127
CgMegIrC1CoHg (66b) 8.29 s 8.99 8 ( 8 s
(1,1-dimethylallyl)
' | . . é - . . I

. ' 8.33 @ 9.00 s 8.47 s
CiMe IrCLCH, , (69b) 8 .

(1.1,2—trimeth?f511y1)

(71a) 8.4l 8/ 6.93 s  8.40 5

CgMe RhCIC H, | |
 (1,1,3-trimethy1a11y1;,- ‘ [;a - | 5
CiMe IrCICH, | (71b) B.378 8.94 8 ©8.28 g

(1,1,3-trimethylallyl) ’
fFSMESRhCICGHII (72a) 8.;6 s 7.2? 8 6.80 s

'(l-ethyl-z-methylallyl)

a‘All Spectralvere;ecordgdlat 100 MMz in CH2c12 solution Wit T
TMS as internal referepce.- Chemical shifts in 7 scale.
Coupling constants in Hz. l_,

b In CDC14 sgiution. ‘

€ see text. . ‘ . ' ?

AN
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. ) .- . _: "\
He | Ha He ~ B
5.89 dd " 7.35 dd 6.96 dd -
J(c,d)=10.0" J{d,c)=10.0 J{e,c)=7.0
J(c,e)=7.0 - J(d,e)=1.0" J(e,d)=1.0
8.25 8 7.22 d : 6.85 d
J{d,e)=1.0 J(e,d)=1.0
/
Cc C Cue
[ %
6,05 d  6.67 m . 8.50 d
J{c,d)=10.0 J(d,c)=10.0 J(e,d)=6.0
J(d,e)=6.0 .
« I ’ R X‘ # | \
B.30 d 6.69 t 3116‘5 . B.88 t -

J(Rh,c)=1.5  J(d,e}=7.0 J(f,e)=7.0
- f . \



Table 2 -

"p.m.r. data for some dienc complexes of rhqdium and iridiumr

L)

| H H_,
Complex CoMeg _a
. " 8.51
Cgunsphcsua (Qﬁg) Q.O? -] 3.85 m | m

“J(a,a")=2.0 - J(a',a)=2.0
' J{a',c)=1.0

C

sMegRhC.H o (68a)  8.138  9.93m 8.49 s, br
J{a,a")sl.0 J(a’,a)xl.0"
CsVegIrCoH, o (68b) 8.09 8 . 10.27 m .34 4 -
: : J(a,a*')=1.5 J{a',a)=1.5
] . ’ E—
CsyesRhC H10 (229) 8.14 9.97 m -~ 8.6 m
CSMESIrCBHlo (720b) - 8.08 s 10.28 m B.42 m
‘ J{a,a")=2.0 J{a’,a)=2.0
" ’ - J(a,c)=l.0 J(a*,c)=1.0
b | )
CSMeSRhCBH14 (73a) 8.14 g 9.54 m .+ B.46 m
csne IrCBH14 {73b) 8.07 s 10.26 m ~ B.42 dd
- J(a*,a)=2.0
J{a’,c)=1.0
a

All Spectra wvere recorded at 100 MHz in CH2012 solution
using TMS as internal reference. Chemical shifts in

T scale. Cbupling constant in Hz,

3




\

W t
8.22 5.77 ¢ 9.92 m
J({c,d)=7.0
J(c,d*)=7.0
B.16 5.86 dd 10,41 dd
J(c,d)=6.5 J(d,c)=6.5
J(C.d')"-‘f’-o J(d.d.)=2-0
8,22
8.18
8.249 5.91 d 9.40Q@m
J(c,d)=7.0 q"
B.1B 6.04 @ 10.00 an .
(c,d)=6.3 - J{d,c)=6.
. “"J{d,e)=0.
!
8.25 5.74 d 9,20 td
J{c,d)=8.0 J({d,c)=8.0
' J(d.e)=810_«'
J(Rh,d)=2.0
B.18 5.92 d 10.12 dd
J(c,d)=6.0  J(d,c)=6.0
' J(d,e)=8.0
b In C u/nlsblu*ion
6 b g k‘ "
c

A

dl

8.0 m
J(d‘,c?:é.o

B.21 dd

J(d*,c)=6.0
J(d*,d)=2.0

6

Others

Hel 8.84 d
J(e,d)=6.0

ﬁé: 8.83 d°
J(e.d).‘:boo
H.: ¢ )
Hf: 8.91 d
f 8.854d
H.t c
HS: 9.01 d
f g.98 4
J(f,e}=5.0

#ot observed due to overlapping with other signals.

8

and
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The kinetics of the hydride-diene reactions were
studied by p.m.r. at a given temperature. Detailed procedures
are given in the Experimental secté?n. Since the pentamethyl
resonances of the reactants and prodhcts were readily iden-
t.i{ieq by their chemical shifts, quantitative estimation of
the c0ncentrations of these species could rquily be made
by integration over those singlets in the p.m.r..specﬁra at
specified times. This method of estimaﬁion had the great
advantage over that using other resonances in that the
intensc Csbws singlets made auantitative estimation of .
complexes in low concentrations more accurate,

In most cases, the reactions were followed at 310°K

. . . [
vhere they were rcasonably slow., In cases where M(I)-

.

diene complexes‘wérq'formcq, a stoicheiometric amount of
triethylamine was added at the beginning of éach run to
; N

v

clirinate the undesirable side-reactions. )
The rate data of these kinetic runs in graphical form
are given in the Appendix,

(1i) Order of the hvdride-diene reactions .

L33

By using 1,5-cyclooctadienc as a model diene,)\it was
. shown that the disappearance of the hydride resonance
followed first-order inetics and.was independent of diene

concentrations as indicated by the following cquation:

- afxular = x[uu][dienc]® ¥
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Plots of loq(a/a-x}\ra =initial concentration of
hydride and x=concentration of hydride at time t) against t
vere linear over at least four half-lives, indicating
firgt-order dependence on the hydride, Moreove;. the
observeﬁ reaction }étes were unchanged for hydride to diene
ratios over the range 1:10, 1:5, 1:2, 1:1, }40.,5 and 1:0.25
~ {sce Appendix); showing the indebendence of reaction.rate
on the diene concentration.

(iii) Effect of different sdicnes

The first-order rate constants for the reactions of

stoicheiometric amounts of (CSHQSH)ZﬂC13 (52) with different”

]

10
(b)/
8 F
. (a)
Q
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[+
~
I/
o3
O *
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2. L

o]
1 :‘l i . " 1 "
' 2000 4000 6000 8000 (s)

-

Fiq. 2. First-order plotq for the reactions ()2)+1 5.COD
b) Ir.
in Cuiqu at 310°K. (a) Rh: (b)

T v
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dienes in methylene chloride at‘310°K could be determined
from the slope of log(a/a-x) versus .t {me plots and typiéal
" examples are given'in Figure 2. The caiculated ratf |

constants are presented &n Table 3.

Table 3’

First-orqer rate constants for the reactions of (52)

(0,033 mmol) and dienes (0,033 mmol) in CH2C12 at 310°K .
107, (s=1)
Diene \
Rh , Ir
- ' ‘ A d

1,5-Cyclooctadiene . 1.5 + 0,2 ‘ v7.5 £ 0.8
1,3-Cyclooctadiene 1.3 + 0.2 7.2 + 0,8
1,4-Cyclohcxaafene 1.5 + 0.2 7.8 + 0.8
Isoprene 1.3 + 0.2 7.4 + 0.8
2,3-Dimethylbutadiene 1.4 + 0.2 8.0 + 0.8 .

in the above tablé, kl'sdwe{F.the rate constants
‘or the formation of the allylic complexes. In the iridium
ruactiogs. these were “he same as those for the disappearance
0! the hydrido complex (52b) which couid be obtained
directly ffom the slope of those first-order .plots. In the
rhodium reactions, ho;evnr, the case was sliqhtly more 4
crorplicated. Since the rate constant }or the formation of

an allylic complex, k,, and that for the decomposition of

.(52a) in methylene chloride, k,, were roughly ot the same

-




-order, the latter reactlon could ‘no longer be neglected.

" Tvo ¢ompet1ng reactxonskoccurredx . ; !
| N insertion products +
. S (e Me.sRhCI ] o
: o dlene
(fs”‘?sﬂh)z“cla - e, - f%k_ .
o+ (52a)°  CHyCI™ o .
Y .- . | ‘EGSMQSRhClsz
. , \-’ . N
Y ‘Sipce the decomposition Qf;(iga) to (20a) also
. P N wasity o 116
_followed first-order Kinetics, it canféa51IY. . shown ,
. °» ' . . '. Y : ,
that: . - . 3 . T,
S ,w'='k1 %‘kz : ‘ '
13 : 'V . *
and, kl- insertion. producy(s) '

‘:‘, v"'li '\ _,Eé ' [dlChJO:lZe_h' QZ ; .' yi  : e o .

.uhere‘k3i§ the rate constan; for the dlsEQpearahce of the -
. ' . ' . ! :
hydride'complex (52a) and [dichloride]d is the'.concentration
[CSMeSRhClz]z (ZOa}d‘prmed in: the decomposition reaction, .
1 e, the dif’erence bptween thevtotal cnncentratlon of’ (ZOa)_
d‘that of the 1nsortion product(s) at t1qp t. S}nce Ko

could be calculated from a ‘1rst-‘rder plot as’des bgﬁ

.
refore, it follovs that L3 is qhuen by the f@llowxng
\ .‘ .' L R ' . N . . ‘ ." . . . * -
. equation:. .. - . PR '
B A s -
- ' . T s . .. ’ . . . . iy
& . - ! ,_. -\ [1nsertlon4roduct(s)]
. Y . .‘
ﬁ . .. 1 I: k k . _'!_ .
o e [1ﬁ§brtlon product(s)] + [d1chlor1de33
-\-' ’ ‘ . cLr } o R . . . L
’ r, :7!' ’ . T ' : - l \
‘. .!-_ ‘. ! o+ i '\‘! ¢ - -
- | .q:@‘- ) 8 v . . ..-' 4 ) . #
;'." . ) G e o® - ~- " LI . L o .

ul

3
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- vhere the terms in square brackets could: be determlned by

the integrals ‘of the C Mes resonances of relevant complexes.

;/,/{E'can be seen !from Table 3 that, for each hydrlde,

o o \
.the rates of hydride—dlpne reactlons are essentially the
\ 1
same for different dxen s. The average k,'s vere (1.4 + 0.2)
-4 -1, N
x 107" s7" (rhodium) and (7.6 4 0.8) x 107 71 (iridium).”

3

These ° corfesponded to hajtf- llves of ¢a. 5,0 x 10° s (rhodium)

2
and 9.1 x 10" s (1r1d1uml l%e avera?e value of k, in ’

S
metia}eno chlorldeat 310 k was (2.5 +\0 3)\x 10 -5 s'l.-j

i -

For other %;enes such as 1,3- clohexadlene, nor-

] e " . ¢

borﬁadiene, cyclopentadJene, trans-p1p.ry1ene. 1,1- dlmeLhyl-f
allene and trans- 2—methy1 1 3-pentad1ene, sem1~quant1tat1ve
estzmates of the t% of these ré’/tlons by the'peak—helght

., method also showed that the reactlon rates.were 1ndependent -

o' the nature of therdlene - Howéyer. the rate of reaction

between {C Meg Ir), HCY (52b) an? 2, 5-d1methyl 2, 4—hexad1ene

3

was ca. three times slower than the reactlbns of (52b) with

"any othcr dione doscrlbed above. The analogous rhodium

- reaction was too slow to be convenlently studied by the

p.m. r. "method: at 310%k, \The rates Q‘ reactxons between

\l(‘d'

Toroblems of volatility.

o

7 L)

'(CrHéSM)éﬂci {52) -and butadxene were not studled, ow1ng to
o 5 : .

9
-

(1v) ‘Ef fect o‘ trzothylamzne /

+

'Qe ef‘ect of trzethy lamine on the st01che10metr1c
{

hydrlde—dibne reartlons is. qummar1sed in Table 4 ;e

-
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3 b .
Tab;e q ., J
Effgct of triéthylamine‘on,the reaétions of (52)°
' (0.033 fmmol) and diolefins-(0;033 mmo1 )3 f
Reaétion -  'frie£by1aﬁine (mmol) | loﬂkl (s'lf
(52a) + 1,5-CoD oo .+ 1.5+0,2
(52a) + 1,5-cop 0.033, 1.5 x 0.2 , ‘
(52a) + 1,4-CHD "\ s 0,017 | 1.5 +0.2° |
(iga) +.1,4~CHD ' 0.033 1:5 + d.i' " ,
(52a) + 1,4-CHD - _0.066 * 1.4 £ 0.2 .
(éga).+‘lsdpreﬁe | ,():033r o 1.3 + 0.2° )
(52b) + 1,5-CoD _ 0 _ o 7.5 + 0.8
(s2b) + 1,52cop 0.033 7.3 1+ 0.8 ]
(§gp)'+ 1,4-CHD 0.033 | 7.8 + 0.8+«
(52b) + 1,4-cHD ' | 0.165 7.6 + 0.8
- (52b} '+ lsoprene | 0.033 7.4 + 0.8 » g
'(ng) + Isoprene - 0.066 o 7.5 + 0.8

Reactions were carried out at 310°K in Ci{qu2
. 2 , _

b Yo ", - .t - o ‘ ' . V . -
In1t1a1 rate T ,' ' b

It is obv1ous from Table 4-that - ‘triethylamine has

»

no o{ﬁect on the rates ob the hydrlde-alene reactlons that"

a

were expmzncd and it was assuped that the same conclusiow
could also be applled to the other d1enes descrlbed.
The rates of decomp051t10n ‘of the cycllc en-yl and

. . - t-
allylie complexeq 1nto the diene complexes were not studied : o

» Y R . B " ..
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quantitatively but quélitative observations made. it clear

that they were greatlﬁ enhanced in the presence of the base.

(v) Effect of solvent

Because of solupiliby problems, the rateés of these
hydr{de-diéné reactions\vere only studied in methylene

'chloridé. cthroform-d and benzene solutlons. Using

» ,
summarised in Table 5.

N .

First-order rate constants for the reactions
or'(csqésn)znc13 (0.033 mmol) and 1,5-COD

(0.033 mmol) in different solvents at 310°K

\- T
- .o
o . 104k1 (st
Solvent (dielectric constant ) -
: c ' ; Rh Ir
CH,C1, (9.08) ' 1.5 + 0.2 " 7.5 + 0.8
. < | s ,
cacl, (a.81°) - 0.4 + 0,05 . . 2.6 + 0.3
‘ ] ‘ T
1-0 -
CGHS (2f28) c. | - )
. o . ' o : o . ' '
2 At 293 K . ' SN

b LA o L |
Value for CHCIB i : . .

c” Reaction too slovw to be convenxehtly studied by. p m.r. .
‘at 310 K

d Estimated ra el t% of th1s reactlon‘ >7200 s \

s
.
-~




It can be seen that, for both hydrldes' the rates

L of the hydrlde-dlene reactions decrease w1th decrea51ng

solvent\polarlty (1.e. dielectric conStant) This probably

76

'1mp11es that the activated intermediate was more polar than '

the starting materials.

{vi) Competitioc reactions . ‘ : . | .

Since the kinetics o:_hydrxde-dlene reactYons do not
dlstlnquish the rplat1vc rate for 1nd1v1dual dienes, it-
was of interest ;o‘ficd out whether EHe‘hydrides show
different reactivities towards \various diepés whcn,thef are

present in the same reaction mikture. The results of these

. competition reactions are summanised in Table 6.,




Table 6

Results of competition reactiqnsa’k
_ "lc 'Aliylic-and diene-proguctsd !
Reactants~ (molar ratio) D )
- (molar ratio)

(§g§) + isoprene + .1,5-COD +1Et3N _(gﬂp) + (gé;j + (32a)

(111.25:1.25:1) - (0.3210.2510.45)

(52a) + isoprene ; 1.3-CHD‘+ Et3N (64a) + (65a) + (30a)

(111.25:1.05¢1) . (0.30:0.25:0,45)
.f§ga) + isoprene + PPL + Et3N (gﬂp) +. (65a) » (élg)ﬂ+ (62a)
(111.25:1.25:1) (0.2910.2010,42:0,09) B

(52a) +'isop;ené + 2.3-DﬁBD + E£3N (6da) + (55a) +-(§§a)~

(1:1.25:1.25:1) - . (0.30:0.23:0.47)

~

+ .

(52b} + isoprene + 1,5-COD " Et4N (64h) + (65b) + (32b) .

(1:1.2511.2511) . - (0.14:0.34:0.52)
. L - N T
. (52b) + isoprene + 1,3-CHD + Et N  '(64b) + (65b) + (30b) .
- N - . ‘i {-
.
(101.25:1:25:1) (0.15:0.37:0.48)
(Egb} + isoprene + PPL + EL N _ {64b) + (65b) + (61b) + (62b)
(1:1.25:1.25:1) '  (0,17:0.36:0.42:0.05) _ .
. ff! \'. ‘ ,

(52b) + isoprené -+ 2,3-DMBD + étBN (64b) + (65b) + (68b)

(1:11.251:1,2511) . (0.15:0.37:0.48) . .




Y . ° . . ‘ N )
,)’ . Table 6 - cont'd
Re;ctioné_were carried out in CH,CL, at 310°K
Accuracy of results + 10%

PﬁL = trans- piperylene
DHBD

dzmethylbutadlene

Yy
d (30) CSMeSM(l 3-cyclohexad1ene)

¢

: " (32) = CSMeSHC1(ﬂ 2-cycloocteny1)

A.
=

) = CSMeSMCl(syn syn-1, 3-d1methy1a11y1)
)

o

ESMeSMCI(syn l-ethylallyl) x

-
41

B "'l’jaj @ g

= CSHESHCl(syn-l 2-d1methy1a11y1)

=~ CSHeSM(1sqprene)

) é C Me M(Z,B-dimethylbutadiene)

( 5

[

“The above results clearly demon;?féted that, when
. ‘

twe dienes were reacted with a deficiency of the hydrides,

P

* +'no discrimination occurred between them.

(vii) Activation parameters . ." .

Using 1,5-COD as a model diene, the effegt of

f temperature on‘the first-order rate .constants for the
‘ 2 ] ‘ ) B
hydride-diene recactions is given in Table'7.

' T e

- ay

'As
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Table 7
/_ ® First-order rate constants for .the reactions of" ,
j.:.- (CSHGSH)ZHCIB (0_.033 mmol‘_) and 1,5»C0D {0.033 mmol)..
' in CHZ(.:]'Z at various temper ureﬁs |
Rh C Ir |
Temp. (°K) ¢ 10%;(s71)-+  Temp. (°k) 10 klcs“l)'
.&'. = - .
324.0 6.0 + 0.8 . 310.0 7.5 + 0.8
322.5 ° 5.0 + 0.6 305.0 5.0 + 0.5
318.5 3.3 + 0.4 302.5 3.2 + 0.3
314.5 ""1.9 +.0.2 . 296.0 1.3 + 0.2
308.0 « 1.0 + 0.1 - 288.0 '0.53 + 0.08 '
A logarithmic plot of ky (Table .7) against 1/T
yie“l'ds the cxperimental;activation energies and the
activation 'parameters were éaléulated from the Eyring
equation.for reactions'p&rformed in solution.
- -E_/RT- As¥/R
Kgoln = fﬁ e 2 e
and; AH# ="l-:a - RT. The parameters are shown below:
Rh . Ir . ‘
P L ‘ . i -
E, .. 22.9 ¢ 2.5 kcal mole”’ 22.0 3 2.§ kcal ndle 1
: . . : o -1
AH* 22.3 + 2.5 Kkecal moleé~l 21.4 + 2.5 kcal mole .
As*  4+Bewm. - - ~4s8e.u




(viii) Kinetics of (CSHegM)zbciB (53)

The rates of reactlons between (CSMeSM) DC14 (53)

wlth varibus dienes were also studled and the results are

given in Table 8,

- Table B8

First-order rate constants for the reactions of
(CSMESH)jDCI3 {(0.033 mmol) ahd dienes (0.033 mmol)
. : < O., .

in CH,Cl, at 3107K

L. ‘ . s loqkl(s—l
_ Diene ‘ .
_‘ Rh Ir ,
' 1
I’S“COD . . 1.4 1 0-2 7-4 + 0 8 -
L,4-CHD = 1.6 + 0.2 ., 1.8xo0.8 o
Isoprene © 1.7 + 0.2 . 7.6 + 0.8

2,3-DMBD 1.6 + 0.2 ’ _ 7.8 + 0.8

Comparison of the above rate constants with those
given in Jable 3 showed that the deutcrides (53) of both
rhodium and iridium reacted at the same rates as the

corresponding hydrides with dicnes,
. e * - .

1

1

IIl. Migcellancous Reactions

{A) (Dibenzviideneacetone)pentamcthylevelopentadienyl-

rhodiur (1) (73)117

In contras t~to the ronvonglonal bondxng in qulnone

Eomplexes,of trans 1t10n mefals wherc both’ doubln bonds

(Y]




s

are coordinated to the pne metal atom, in the zero;vqlent
complexes of palladium, sz(dba)B.solvate (dba = dibenzyli-
'déﬁ&acétone}, the dibenzylidenecacetone has been shown by -
X-ray s't'udies'18 to have one double bond of each dba co-
ordinated to one palladium, while the dtﬁer double bond of
each dba was coordlnated to the other pallad;um, both metal
atoms being trlgonally coordlnated overall. Pd(qpa)3 is
'reported to have only, one double bond of each dba coordinated
“to trigonal Pd(O)119

However, dka can bond as a 1,4-diéﬁe to a single
m;EST"Stom despite the large patential restraints arising
from non-bkonded interactions between the two hydrogens (H,)
on. the double honds.’ ;n‘éthanolic sodium carbonate,

(C54eqPhC1, ], (20a) reacted with dha to give red crystals

of (78).

| 3 y
‘ Ph Ph
. _H b

(20a) + PhCH=CHCOCH=CHPh ——3 C.le Ph
Hy”

(78)

The new complex wvas characterised by elemental
arnalysid and its structuge :hs ¢stablished {rom its p.m,r.

tpectrum (Tabkle 9). This showcd,'in'addition.to the phenyl
' {

“hydrogens and Cyteg resonance, douklets at T 5.17 (Ha) and

6.47 (1) [3(a,b)=11.C Hz ] which were further split

(J=ca. 1 H%) by coupling to IOBWh (1=%, 100%), Iﬁ

| . I !
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82

uncomplexed dba @he resonances of li{a and Hb were- observed

at T2.22 and 2,92 and J(a,b) was 16.5 Hz. The large

upfield shif; in these resonances on complexation together
wvith the change ‘in J(a,b) aé well as the gbséfved coupling

to Rh showéd that dba ﬁa§ complexed to the metal through

its double bonds, Th}s structure hés recenglf been confirmed
by an‘x—fay determination_on (zg)lzo.

The i.r. spectrum of (78) showed a single, very
strong ijtcoi at 1562 cm~1 (CHCls solution) which was at
considerably lower frequency than in free dba. '

The complex (78) was modergtely stable but slowly
decomposed in chloroform to give (20a) and free dba. On-
hcyﬁinq with 1,5-.C0D (50°, laﬁhr!) decomposition occurred to ’
give unidentified products; none of the known CSHeSRh(l.S-COD)
(33a) was obtained. 1In contrast, (78) reacted with dimethyl_
acetflpnedicartoiylatc undefrthése conditions to give a
éuantitafive yieldhﬁguthc ;bent ﬁenzcne" complex (79}, which

had previously been obtained from [CgregRh(OAc),.H,0 Ju(25a)

and the écetylene under hydquanZI.

. , R
(18) + RC=CP ————» CgMegRh —f |
. R R .

(R=COO0Me ) B (719} J

Attoempts to prepare the iridium analogue of (78)
under simjlar canditions were unsuccessful.

.
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!

(B) ﬂ-Chloro(syn-l-cyénoa11y1)pentamebhylcyélopentadienyl-

rhodium and ;iridium,(gg}

]

The previously described reactions of metai hydrides
and dienes represent one of the several general methods of
preparing m-allyl éomplexes. Another ﬁain route to this
type of compounds is by using moﬁo-olefins as Startingq

materials and a typical example is:

r

- H

-—-—-._.." —
+ PACl, - ( — PdC1 + HC1

2

The yields of the allylic tomplexes were improved if

hydrogen chloride was removed By.a hase. T;uji et al.

observed that. olefins with electron-withdrawing £-substituents
such as -COR and -COOR where the P-hydrogens were acidic

would readily eliminate HCl to .give the ﬂ;allylic complexesl2?,
Rractions similar in principle occurred when allyl cyanide

/
vas reacted with [C.¥e _MCl,], (20) in acetone with sodium:
575 2-2 '— @

‘

carhonate to give high yields of the --syn-l-cyanoallyl

complexes (RO,

] l Hb
Ha
- ! -— W M.
(20) + CH,=CHCH,CN — Cs""sl - ) H,.
’ a1 @
CN o,
(80) ‘ |

° :
.The red (rho%&pm) and yellow (iridiem) complexes

—— o )
wiore characterised by blemental anatyaid and their structures

vere established from the p.m.r. data (Table 9)., Dbecoupnling
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.

. . p .
experiments showed that J(c,d)fﬁas 10.0 Hz in the rhodidk,

complex (80a) and 9.0 Hz in the iridium analogue (80b) and

-

therefore the complexes had the syn configuration. -
Under similar conditions, allyl chloride redcted - .
w\ " : t .
with [CSHeSRhCl,z:]2 (202°) to' give a mixture of four complexes.

Attempts to separate this mixture were unsuccessful and ;

hence their structures could. not be ascertained. All’

o
[

J . . '
appeared to b,_e\‘allyllc complexes, with C,-_:’Me5 resonances T
: C - . . ‘ . ' ’
(CH2C12._100 MHz) at T8.08, 8.19, B.23 and q.33;1 Other

wvorkers have obtained dimethyl l,S-hexadieng'complexes from

123

reactions of methallyl chloride “but this did not appear

to occur q§re as the products were different to the 1,5~
hexadiene complexes (84) synthesised indépendqntly {see
section D below):

(C) Preparation of some f-diketone complexes of (pentamethyl- T

cyclopentadienyl)-rhodium and -iridium

(i) Reactions with 2,4-pentanedione _

The M-Cl bonds in [EMesMChy by (égl have been shown
to.be labile and the chlorides can be partly or wholely
rubstituted hy a variety of ligands (see Introduction,
-snctfbn‘il). The formation of mono~ and bis-acetylacqtonqﬁo

coriplexes of rhodium and iridium further illustrates the same

pn'int . ! . . ;
At 250. LCGHQSHC12]5 (20) reacted with a basic

solut jon of acetylacetone (acacH) to give the mono-acetylacet-

onato complexes (B1) in high yields.

f ‘ ) - ' : ‘!..L_
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v . ™ \
/ : _ CHy a. : ’ n
. -HC]. . b /0 ¢ . - . N H
0 “
(2 ) + acacH —;——-—> CSMGSIM\Q Hb _—
3 ’ " = 1
¢ CHy L e
(1)~ 2@ ™ '

’ . PR . v

w ) The chloride ligand .in"the iridiym-gompléx}égib) L

could. further be.&isplaced by anmother acac” ,unit to form fhe -

bisacetylacetonato complex (825)‘under piolohged‘reactionl

l . *

and in the presence of excess 1i’%gand.

o

. 3 a ‘ L -
oo . acac~ o
CSHeSMCI(acac)-—~—————+ CSMeSF\\ ) ’
< H
., {(B1). , .
—_— ¢ q- .
c HBC\ /C\. /CH3 c .
R c” | c,
I H,
d
, 0 ol
(B2) )

i

Complexes (Rla and b) and (82b) were characterised

by olehental analysis and their structures Pqtﬂb11€hcd by

B.m.C. anhle 9). The p.f.r. spectrum of (82b) indicated

that two types of acac liganpds worexpresant}in thQ‘COmp;ex ;i'
as shown in the above structure. ' Decouplinq.exppriments

chowed that .".r,‘C and ‘Hd coupled weak I‘y to each c;th%.\r

[i(c,d)=0.6 Hz]. The p.m.r, spectrum of (82b) in é-C6H4C1§

'mna ossnntsalry uncﬁanqod f;om +352 o +l20°. indipating the . —_

'vo different acac units were not exchanging in this tempera-

~

*ure ranage. Decomposition occurréd at higher temperatures.
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lhdor aimilar conditions. the analogous rhodium

' cohplex (g_g) vas formed but it could not be isolated pure
qince it decompoaed fairly rapidly into unident}fied products.

.. 1t8 presence in the reaction mixture was- inferred from the

P

pum.r. spectrum ‘of, the-mixture in CBHG solution. This gave

resonances at 7 4. 97(1H, 8,. Hb)' 5. 59(1H. d, Ju3 0 Hzﬁ‘Hd).
'7 97(63, 8. H }. B.14(6H, s, H ) and 8. 75(15H, g,

) 5"s)
vhich vere consistent with the proposed structure. X
(ixl Roactions with Hexafluoroacetylacetone

. Reactions of [CSMesl‘Clz]z (20) with hexafluoro-

acetylacetone'(hfacﬂ)-in acetone in the presence qf-sodzum'0

carbonnte gave high yields ‘of C Me MCl(hfac) (83)..

N . -HCl .
(20) '+ hfacH S csuesr\o

(83)
) -Ibe nev complexes weré\character;sed by elemental

1H and 19? n.m.r data (Table 9). No couplxng

_anaiyafs.
betveen tho CF3 groups and H o& the hfac mozety was observed.'
Cbmplexah (BBa and b) vere solublo in many organxc solvents,
particularly ncctone. and remained stable in solution even
"at elevated temperatures. No. bishexaf1uoroacety1acetonato
complexes coulé Qé obtained or detected from tho reactions
of. [QSHeSMCLZJZ (20) ‘and’ excesa Heach. évén under drastic

'conditions.- -

-
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(D) Reactions with 1, S-hexadxene |

Preliminary results shoved that [C5Me5MC12]2 (20)
reacted readily at 65° in etharolic sodium carbonate with
1, S-hexadiene to give a single complex (an) for each meEal.
'The aolubility and volatilxty as well as the . lack of a
chloride ligand (Beilstein s test) indlcated that (84a and b)

'uere rhodium(1) and iridiun(r) complexes.

' P.m.ry data showed that (84a and b) were not 1,3-diene’

complexcs because of the absence of high field resonances in

"~ the. tetramethylsilane reglon vhich are/n§5511y obserVed for
suqh complexes (Table 2) However, broad resonances at
'ra 50-7 50.. (vxnylic protoqs) and'multlplets at T7.8-8.8.-

' (methylene protons )  together w1th-CSMes 51nglets at ~8.37
(Rh} and 8. 3& (Ir) (C'6H6 solut1on)~were conslstent Ulth the

. 1,5-diene structur9123-124, .'

+

(84)

Reactrpn of (C,Heslr)1§C13 (52b) vzth 1, S-hexadiene
in- CM2C12 at 25 also proceeded readily and a mxfture of
products includinq (Bdb) vas obtalned._ Further work is
needed to clarx!y the identities of these products and

nechanism for the formation of non-conjugated diene ,
' 3,

'rb;-ﬁ B

complexes such.as (gg).

Wb



.. (peoaq)

, - g 92°¢
.

ST o0t6=(2'P)C

= P SZT°L

0'T=(P'ud)C’

- 0°0Ta(2°P)r
- PP 66°9
.ﬂacuna..u -
.. —
ozuo Py .

7 -

9 0o=(p*d)r

P pI°8.

0°6=(P*d)r
0°L=(q*a)r

0°0Ts (eI

wLz's

0'Z=(2\y)r

*0T={pP‘D).
‘L=(q*o)r .
O'gI=(w‘d)r.
LA AL

-

-

“H

-

-uxcansoo &fﬂvauﬁ vca um § poy s ASU DWOS 30

6

OAABF

. ...
s 08V 5 ¢1°g
s 18°'b . '8 60°8
’ -~
» T . »

A © 8 00°8
0°L={2'Q)r  0°0T=(2‘®)r
o*z={®iq)r- -Q'zm(qle)r
PP LS 9 PP 1L
. 0= pri=(qre)r
O*T=(R'qir  OVZI=(d'e)p
" PP Lb'G PP L9°9
0'T=(q‘W)r . o d.,n.smww.
0°TI=(®‘q)r O0°'1i=(q‘e)r
PP LP'9 PP LIS

A’ 1: N

~8 £2*0

s 16°'8

nuuv

CXWN

!

" (qQz8) _ . _
Z(oeoeya1anSy
(ate)
5.5

(2®0R) DIAT AN"D

(owvow) 1oy

—_

b

v

aammu D

(N'H uvﬁu»mm&nmu

\\

.\.

omu

(N : 2)toud’ exmo

.

thu )
(vqp)uy oxmu

.xoﬁmaou.

. -

(eT6) -, . ,.W
owabuso’



- R : - ) . -

- - . ‘pavpuras €

1530 TeW183IX3 3O PY2Ys.dn q
S o CE S B o, : . . ‘pawpuuis -pRuISIUT .

 se ocn:uwhnuosuuuou ocﬂai n:z 00T Iw u:oﬁuaaou.maonu _.m.« _ﬁovhouuu. PION _uuu__Um..an ‘I*wu zﬂ 194 B
L ot oL -7 * . . ’ . .- . ’ . , ' a S

oo . : . . - ! - : . 1=

- Ty
. i

S - LT o - g (qe8)

s 009 1810 - = - s 60'v ®-IY°E (ow3u) 1oa1%ar%)

Fl

\ - ‘,.. .. 1l "P . i | / . : N ° A AR Aclmv .. . \

- . . . S .. 1 - I . , . ) it .
o quLEtst B - - - = 81’y © 90 .,u-uzydo:mmozmu..
e wmEs o P % % T W SRy T e

S . | Pa3ucO - & b..nn,oh. . )



ez Wl S A - ER . R .
R : - - by
= - B -
N ) h N . .
- v - . . s -
B ) oo - . :
. T T L i .
- N i . ..
e > -, . . . . B \n
= - - . . N
E ‘ ]
- Lo . . -, . .
. . . . _— - . . . .
[ . B . .o
s .. - .
.1 " - h o, . . . i .
v R ) . . . "
) : - ~
- -
= ° - R [ .
- . . .
o . . . 1 . . _

P
. 2
. . z
- - . - - o N
. . .
. R - _
. N - . . .
- * " B
A 8 P . - » . .
. - .- . . .
N N . N
- Lo N - )
. : . -
. - N . Al *
. . .
N . L 1 _ . .
.- i R ) X .
T . M - -
. - . . ! . . .
. . . )
. - . R \
- - - * - .
. M - . - L]
. P
N - a . .
- ) . -t .
: . . . . Y .

.
i

DISCUSSION

- - - . -
* oA - v . .
. R - A .

N - ’ - - - -

- . . .

; . . . N .
. - . _ .
. - . — ) N - H R - .
- = . . . .
. - . ~
. B f
i : * ) - - " - -
< - N ,
- - . - . .* . N

. . . . . . . . ..

. - . . - . - - -

) * b : - . . )
- ) " 1 . Mt . -
- - - . 3 . - - .
- - - - N . .
- - ~ .3 . . - . .
N ] . . .
. . . : .
L] H R
. LI ?
- . * - . - N <y
- - . - -, .
- - - * . N . . )
' - + -



- . . H o , \ . ) . , , s . . ! .
LT - P e S \ T i o~88. . -
‘ PR . . a ' - . “ ' B *
' ° s - " o L - . . .

f

;lil.,§gggg£x, ' .'*," ;‘ , e , = " _"“,H |
. The results ol the reactxons of’ (CSHeSM}2HC13 (52)

vith diolefins can be summat1sed as follows. ST A ".';

-

A. The fornation of allxlzc.complexes

.

(1) The hYdrides (52) are intermediates in the formation ,.
of ﬂ-allyls and ﬂ-enyl complexes 4and therefore also of the;'
ﬂ-diene complexes) frpm the dlolefins and (e SFCIZJZ (20)

(2) The hydridcs (52) react v1th dlenes such as 1,5- 1'.
CYclooctadiene, 1 4-cyclohexad1ene, dlméthylallene and -:‘ :‘. :z.q”
2 S-dimethyl-z 4-hoxadxene to nge ﬂ-a11y11c ¢0mp1exes in |

; which isomerisation (by hydrogen-migration) has occurredu
| (3) Bases such as triethylam1ne pldy no role in the
'ormation of the<ﬂ-a11yl or o,ﬂ-enyl complexes. but promote_;
the formation of H(I)-diene complexes in all cases. frOm the =
ﬂ-nllyl or c.ﬂ-enyl complexes. | | s

/ (4) The reactxons of the 1ridium hydrlde complex (52b)

rescmble those of the rhodium hydrzde (52a) except for

) ——
-

' trans-z-methyl-l,3-pentadiene where the rhodiui, but not the
fridium, syn-l-ethyl-z-pethylallyl complex is formed and . .

isoprene. where Ir”H shows greater preterence for addlng

l'b'

to the dlsubepdtuted double bond than Rh—H.

- (5) Addition of M-H to acvclic 1, 3-d1enes is probably

t

1 Z-rather than 1, 4-.' o o S - 313:‘_.
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I

. reactions (average 7.6 x 10 ) are approx;gg&giz\f;:e
times as large ag those for the rhodium reactions {ave ge

B, ﬁln”“ic results

-

LY

(6) Nhen both terminal and 1nterna1 double bonda are '

L}

present in the diene, addition of H-H to the former is.

_favoured.‘ The effect is thermod&namic rather than kinetic

since trans-pipery&ene gives 85%. of ‘the 1;3-dimethy1a11y1

conplex (61) andfﬁsxyot the l-cthylallyl c0mp1ex (62) both at ['

- 25° and .at 65°. - .. . .
A N RN .
(7) The addition of M-H to double bonds usuhlly follows

tha Harkownikof? rule. %kg ma jor exceptiona are 1,1-
. -'-.,r

)dimethylallene and 2 S-dimethyl 2,4~ hexadiene ‘where

: Harkounikotf addition cannot y1eld m-allylic complexes.

(8) Hhere a. choioe is p@gsible, only ‘the syn allyllc
iaomers ari* tonned . ' , L e

(1) The reactions of (csﬂesn)2HC13 (52} with diolefins’

are flrst~ordd% wlth:espectto the hydride and - zero-o:der
g

i

/

v

vith respect to the didlefin. Except tor 2, 5-d1methy1 2, 4- - \

hexadiene, all dienes react at the same rate with the same
',"? C .

hydride..

(2) At 37°'-the !irst-order rate constants’ for the iridxum
.4 ]

-

1. 4 x 10'4 S ) o
y
(3) The rate of. reaction increases when the solvent

polarity incrensea.

(4) These rdactions show negliqible deutefium isotope

v [
1 . . . ' . a9
v -y

.
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etfect when (C H)zp(;l3 (33) is used in place of (CiMeghM),HCl4
(52). | " |

o o - . sy | -
; (5) The hydiideelare qulte undisbrimiqating in the presence
.ot'ﬁvo diolerins'an¢ equel-emodnts of bothialiylic eompiéxes
:aré‘rrvays ﬁormed . Co . . . .

.(6) Small and negntive values for As*are obta1ned ;for
these hydrlde-diene reactions.

c. The formation of 1, 3-dzene complefbs from allxllc comglexes

(1) Under the conditions studied, the 1, 3-diene complexes
are always formed from ﬂ-allylic 1ntermed1ates ‘by ellmlnatlon
of HCI. No evidence- has obtaxned for direct formatlon of
the H(I)—diene complexes from H(I) specxes and the dzene.
“(2) n-Allyls with substituents in oﬁly the syn - positlons
‘are thermally stable, far’ example, the syn-l-methylallyl
(27) and syn.syn-l 3-dimethy1a11y1 t61) complexes do mot :
_undergo eliminatlon of HCl to g;ve 1 3-&1ene complexes even /
| at 65° in ethanol and in the presence;of base.
(3)'Afuethy1ﬁsubstituent at the cehtral-carbon (c-2) of
the allylic moiety makes the syn isomers thermally less:
stable vith respect to elxminationnof HCL. This is pr\sumably
duo to steric hindrance. For example, the syn-l 2-
dimethylallyl (64) and ayn-l-ethy} Z—methylallyl (77a)
‘ Complexos give the 1 3-d£ene complexes on heatxﬁg, preSumably
- via a syn-anti equilibrlum ot the a-allylic 1ntermed1ates.

(4) Allyls vith a pptentxal cisozd a1, 3-d1ene skeleton

ool



|
. (i.e, those with a, l-methyl or -methylene group anti)
undergo {acile reductive elimination of HCl to g1ve H(I)-

‘diene*conplexns. - . - . R

(5) The allylic and en-yl complexes can be classified “
i
into three groups vith respect to thexr readinees to form

) .
diene comploxos: ,' ' e C TNy e
(i) those that never give diene complexes: the syn-l-

' oethylallyl.(QZ). syn.syn-1,3-d;methy1a11y1 (61) and syn~
llethyiallyi (62) oomplexes. | |

(i1) those that give: diene complexes only ‘under ﬂalrly
drastic condltions: the syn-1, 2-d1methy1a11y1 (64) \syn-l-
ethyl Z-methylallyl (72a) and ﬂ-z-cyclooctenyl (32) COmpleKQS-

(111) those that give diene complexes spontaneously: _
the 1, l-dimothylallyl (66), 1,1,2-t 1methy1a11y1 (69),, ! ;' .
syn-l 1,3- trimethylallyl (71). syn-1, 1-d1methy1 -3-isopropyl- - o
allyl (74), n-cyclohexenyl (56) and norbornenyl (58)
complexes. In thege cases. the .rhodium complexes also
: undergolrodetive elxmination more readzly than their iridium
aoalogues. B - > | |

L -

[

II..The.Pormatioo-o{ the Allyls

—ty

- M. Hature of the ihtermeﬂiate

Since the bridged hydridos (CgMe H)ZHC13 (525,

reacted at the same rate with all the dxenes (except for.
—

2r5-dime;hy1-2, -hexadxene) and the rates vere xndependent

e P

v —
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of the dione conc.entrations. the rate-deutermning step in
the hyd:ide-diene reactions mnﬁt be the breaking of one of‘
the bridges to create a vacant co-ordmation site for the
incoming diene.- ’

- The, AS*, being small and negative (-4 e.u. for both
rhodiurn and iridium), «i&dxcates that’ the reaction mechanism
does égg involvq.the géneration_ot two or more particles;
‘that, is b;)th the H- and Cl-bridges ‘a:"'t‘a' not‘ cleaved inlthe
'fomation of the activated species. | |
The dependence of reaction rates on solvent polanty

agrees with the-proposal of a polax mono-—bridged mte;- :

mediate.,
- 1. S 4ay €l diene
w1250 u
, ) H‘\CI/"}I{ *——— H\ I/T -— Nno reactltan
H. . ’ : _ ' .
H:: f\“ : e
(ot gl -
P C1

3 \\m R TR cl:1 - 0
;o o - H

'/H\Pll . — l‘!/ \H e T(ai{lyl)
L ~ | |

5 €1 diene ci

© (85) h )

meotetically, it would be poss:.ble for exther the
M-Cl-M Or the ?--H-H bridqe to be c{eaveﬁ. However. if the
hYdride bridge vere opened, then the diene and the hydride,
. vould be -attachod to different metal atoms (path 2), and no

' simplq insertion reaction could take place.



[ ’ : -_—

It vould theretore -appear more logical that the

H-CI-H hridqe breaks and this suggestzon is supported by.
the kinetics ahown by the deuterides (c M)ZDC13 (gg).

In gener&l, a ‘large kinetic isotope effect should be

L]

observed if the rate-determining step involves the breakiqg

of a M-H-or the making:of a C-H bond*. - Since a negligible

isotope efcht was ohserved when the hydrides and deuterides

were compared (Tables 3 and 8), it may be concluded that

~ step in the entire reaction sequence.

the cleavhge of M-Cl=M bridge in (gg)ris the rate-determining
| The dihydride [C IrHCl]2 (86), which contalns C

two bridging hndride ligands, has recently been prepared

+

-(86)
r
30

'and charattcrised by D. S Gill of'thxs Laboratory He

" found that Lhis dihydride did not react with typxcal

diolefins to qive the a}lylxc c0mplexes under the condltlons

used in the work described here (CH2C12/20-30°). This agrees

‘1

The lack of discrim;nﬂtion of the intermediate towards

“dizfqrent dienes shovn by the CompetitiOn reactions

1

indicates that formation of -the C~H bond cannot be a siow

stop. o
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vith the conclusion presented here that it is much more
difficult 'to break th&Ir H-Ir than the Ir-Cl Ir bridge m
order to greate the vacant site.

The small ﬁh-c;-Rh aﬁgle‘of 73.2° found in
(CSHeSRh)2HC13 (239)109 is also an indication of strain.in
the ‘chloride bfidge-since M-Cl-M angles for bridges in
binuclear square-planar or'octahedfal species are typicall}
ca. 90°. o o L

' B. Reactions with acyclic 1,3-dienes

In the reactions of HNi[P(OHe)334 HSO,~ with
1, 3-dienes, Tblman obsekved that formation of the anti
lsoweés ygs kinet1c§11y p:q;er;ed and suggested that the
rotation"bf th; diene into a ciéoid configuration occurred
' as NiH was'deFdVGQ Lo : . |

Since the anti isomers were not observed for any of
the allylic cbﬁplexes formed from the reaqtions-of
(CSHESH)ZHC13 (52) with acyclic 1,3-dienes (and where both -
the l-gyn and the l-anti-methyi*or -methylene could, 1n
principle, be formed), it,may be presumed that the dienes
react. in the transoid configuration. 'The formﬁtion of the
8Yﬂ~1.2Ldimethy1a11yi compiex (64) from isoprene can be
illust}ated as  shown in Scheme V. o

The reason for the dienés to'réact'with (§5) in a
,transoid COnfiquxation is likely to be stezic, as even in |

the bridge-Opened intermedlate (85) the vacant site will ”

o
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, ¢ ¢ |
’ LN ] R | ’
152) T—==(85) T/ \T — r|1 " 4. MCl,
0 'r l,' l_". Cl . .
F :
. S ( |
: v oo H ‘ S -
* ! Y
—= cgMesM - ))- He © 5[c5Me5Mc12]2
Cl L\ By
. ar H
T (ed) . (209

Scheme V. The formatign of the syn-1,2-dimethyilallyl’

come!exztgﬂ)

~— ) . . ) F
bé/érowdod by the methyls of the Csr‘e5 rinqs and the M-Cl.

The possibility that the acyclic 1, J-dienes reacb
in cisoid form to give the antx-substxtuted allyls Uthh »
then rapx#ly isomcrise to the syn form is uhl;kely in view
of theaptohable mechantsm of dgcomposxt}on of the allyllc
complékes to the diene complexes discussed ﬁefow. :

Given that the acyclic 1,3-dienes react in the
transoid con? ‘ormer, it is/mqst likely that. M-H adds 1, 2-

to a douﬁle bond as shown in Scheme V. The alternative,

-1 4-addition, is unlxkely to occur to a transoxd molecule

since the distance 1setoo great. for. M-H to span. [It may
also be noted that no*complexes are known where a.l, 3-diene

is bonded to one metal atom in a transoid conformatlon.]



: o the otﬁéi hhniﬂ it is not impossible that in the caaes

: described by Tolman. and for the additions of H-H to cyclic
1 3-dienen described here. al, 4-add1tion of EﬂH,;Q phe |
diene doos occur* > a T {

‘.
e

. In the reactions involving dienes vith both termznal

- :‘and intemal double bonds. the hydrides (sz) ‘showed marked

preterence for addition to the 1&%5 nindered terminal double
"banda. Thus a, mixture of 85% of the 8yn,syn-1, 3-d1methy1- _
allyl (61) and 15% of the syn-l-ethylallyl (62) complexes
vas.obtalned 1n.the reactions of (CSMeSH)2Hq13 (52) with, .
o trnns-piperylene. Tﬁe effect contrailing the iSomér.diET»"
'.tribution in these cases is likely to be- thermodynamlc .

'rather than kinetic since reactiogg at 250 [(c Me M) HC13

;diene in CH2c12] and at 65° [(csuesnc12)2 + dzene in alcohol-:

base] gave the same mixture of products in identlcal ratios.
: 'oSinilarly, a mixture of gO% of the syn-l 1, 32 tr1-

nnthylallyl (71a) and 20% of the syn-l-ethyl-Z—methylallyi

' .(723) complexes vas obtained which arose from the addﬁtion

. of Rh-H of (SZa) to' the te:mxnal and internal double bonds

“of Z-nethyl-l 3-pentad1ene respect1ve1y. Reaction of the © .

.
<A

The high yields and mild conditions of thé reactions:
' make it unlikely that rree radical attack is occurrlng
and the host probuble transition state is a four-centre

s
v

Oﬂe‘-‘ . .



. I »o .
.

7

97.
'1ridiﬁN'ﬁyéride (SZbi with the same dienqﬁindeed gave nnly
',the 1,1, 3- trlmethylallyl (71b) complex. . |
. . The xeactions o! (52) with acyclic ‘1, 3-dienes n
‘having tqrminal ‘dalible bonds vith either one or two
suhstituentd. such as iBOprene. showed less discriminatieu
Por tha rhodium hydride. the nroducts correspondzng to
‘addition—tu the tvo different double bonds 'of isoprene. are )
approximately equal while for’ the 1ridium reactlon, the more
substjtuted {in classxqal terms; “more baszc") double bond
vas the more favoured site. | ‘ L
_ It is likely that the‘preaominant'factoqlgoverning
_the’igonef gidttibdﬁ onufn‘ﬁhe rgactions of (CsHeéH)éHClé
‘ (52) with asy;metrin%;;;nuslisléteric. Since intefnal'
-double bonds are more hindered than term;nal ones ih a - o
crduded internediate such as (85). insertzon to the terminal
double bonds is more favouredu On the other hand, aosmall
Suhsﬂituent such as a 2-methyl on a terminal double bond ’ 5
does - nnt secm td.exert a ve;y»large‘effect,uang the{rate-df
attack is. not very diffLrent':o.;;Qt.on;ﬁhejmnnosubstitnted

doublo bond. - e o ca e

.‘ | n",

c. Reactions with cyclxc dienes

The cyclic d;enes reacted in the same manner ds the
acyclic onos;.except thatrthe ing constrained them to glve \

the (unstablc) antx-l,Baisomerss Isomerisatzon was also .

. obaerved for ‘the cyéléhgiadienes and'the,cyglooc;adlenes.

+*
. a

fg 

”~



111, The Forma:ion of the Diene comploxes
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. ' »
\

A Decdmposition o: allyls- with an ant:\methyl substituent

L)

o ~ Kllyls vith a potential or actual anti methyl group

undergo (acile reductive elimination of HCl to-give H(I)-

diene complexes; A typical example is illustrated by the

decpmposition of the 1, l-dimethylallyl complex (66) to the .

isoprene comﬁ&ex (65)

1Y

A_reaction pathway "that. 1{iconsxstent with the'data

o is shovn in Scheme Vi. Here the decompoa1t10n of (66) is

initiated by.the ‘formation of the c-allylzc 1ntermediate

. vith the cisoid arrangement (87) shown. This is followed by

a concerted process involving a hydride trans:er from the

THesM
Fa B

o

(sai.f

1M | e

’

.

Scheme VI.

Me : : o
\ Cé’\\! ;
rava R
H ’/?\-\k‘\—/c’l\.
. (87) ’
A + HC1 -
‘4 S P

(65)- -

Thefdecohpositiop 0{_thool,;7dimeohylo;1¥¥

complex (66)

.
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- anti—mothyl to the metal and displacement of Cl by the double

27 bond to giva the 1onic intermediate (88) Elimination of
~ . f
. L

~HCl givea tqe iaoprene complex (65)
| BVidpnce in favour of the latter part of this
process. and in particular. the ionieaigfermediate (88),
comes from the vork of Johnson et al.li who reported that
- on addition ot acids contaxning weakly complexing anions,

ZH-D exchanqe occurred via a cation of this type.

Q) e w@

H(D)

SN ] CpRh-Q +~:_—-__-, “ete.

‘Purther suppo}:' for the intermediacy of an ionic
[CSHeSH(H)(diehe)]+ COMplex comes from the observatxon that
better ‘yields o‘ the isoprene (64) and 2-methy1 1,3- '
pentadione (70a) complexes are obtalned from the syn-1, 2-
dlmethylallyl (64)“and yn- -ethyl—z-mcthylallyl (72a) .
Complexos. respectively. in a polar solvent such as ethanol
' than in a 6on-p01ar solvent. such as benzene.

Intermediates such as (89} and (90) are 1es§

-

‘-attractivo aince they vould also appear to Pr°V1d9 a path

for the direct " formation of the isoprene complex from a

hYdridochloride-dxene 1ntermediate by eliminatlon of HCl

"and without qoi"qv*ﬁﬁeuqh the allylic form (see below)



" H~—M—Cl"

NE | | Her M= C1
: /'.'\' , . /1N
© o (89) . . (90).

L The'déCOmpoofFlons'of the 1,1,2-trimethylallyl (69),

tho dyn-l.l?B-trlmethylallyl‘(Zl). and the syn-l,l-dimethyl-

' 3-isopropylally1 (74)léomplexes into the M(I) 2, 3adimeupy1q

hutadiene (68). the 2-methyl-l 3-pentadiene (70) and the
) t

2, S-dimethyl 1, 3-hexad1ene (73) complexes. respectively,

are postulated to. proceed by a sxmilar mechanism.

. The fdrmation of csue Hh(zsoprene} (g_p) at 25°

V.Slnce the-l.l-dimethylallylrhodlum complox (gg;)

'could‘not'be'ohservéa-in the reaction between (52a) and
i . . . o ' . .

. isoptoné. this raises the question whether or not_the direct

. formation of (65a) in this reaction proceeds’'via a diffe;ént o

roogoq' o |
" There are two plaugiple mechanisms which can be
consldered here.' - - a o .
(1) It was suggested ‘that, in the formation of
Me Rh (1, 3-cyc10hexadieno) (30a) from [C5"¢Sﬂh°1z]2 (20a)

in othanol/baso at elevated temperature;{/(zoa) was trans-

formed in a slow, reaction into an intermediate,

CSHBSRh(solvcnt). vhlch then reacted with 1, 3-CHD to give

' complex (30a)

! 33 | S N -
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- i base
[°5”°5Rh°12]2 —_— [CSHeSRhH(Cl)(solvent)] —

- 1,3-CHD
[csnesnh(?o;vent)] ——* CgMecRh(C HB

o | ,ﬂf o L (30;3“- <:

.'Ib is, however, unlikely that C.Me cRh(solvent) is

'

5
forued during the course of the hydride-dlene reaction at

252 in a. poorly coordxnatinq solvent and in the absence of

A base,,aince if this were‘the case.,the analogbus reaction
with bqtadfgne.and tranéibipe}ylene shodid'a156 have given
Rh(I);;iehﬁ complekes.. These were never observed there.
Moreovar. the other reactions of the hydrides Vlth dlenes
that have been studied indicate that an allylic 1ntermed1ate
is alvays formed prior to the correspondlng diene complex | .
and 1t is ‘unlikely that the rhodxum-1soprene reaction can

g0 by a cowpletely different mechanism.

| (2) The 1, 2-additxon of Rh< H'to the‘mono-substltuted
doﬁblghbond of a cisoid isoprene unxt could give the anti- h
1.2-di;e£hyla11y£ Eompléx (21;) wvhich would be expécted to
;ndetgo dehfdﬁochléfinatibnltatﬁér easily to afford the

4soprenc'qoqplexes{
\. :. —————ly Cs‘!esth

" ‘=HCL ~\' ‘
r "'H \ . ’ c1 .

(91a) o (65a)

(;hycﬁsgsﬁhcli



- Neither of these vere observed

, S '. .. 102
i ‘ Thero vas, however. no evidence for the formationu
of (E?a) as an intermediate during .the reaction. and the
possibility of (67a) being present in kinectically significant
hut undetectable amount could also be ruled out since the
analoqous butodiene reaction would have given first the .
_anti- 1-metny1511y1*ano hence the Rh(If—butadiene.complex.
f ?uthermore. since the 1, 1-dimethy1a11y1irid1um
| cowplex (66b) was detected during the reaction of isoprene
vith the iridium ‘hydride, it is loqi;al to presume that the
rhod {um complex behaves similarly. '

C. Decomposition of the syn -1, 2-d1meth1}a111__(64) and

gyn- -ethy1-2-methv1a11y1 {72a) comglexes

Allylic comp;exes such as. (64) and (72a) undergo
reductive elimination o! HC1l to give. H(I) diene complexes
only at higher tempereEETes. A comparison of these complexes
vith those vhich gave diene complexes readily suggested
that'this 1ncreased stability is iikely to ‘be due to the
lack of an anti substituent on the allyl here. However, the
anti n!iquration. (92), can he obtained by twisting a' C-C

’

bond of the c-ailylic intermediate (67) (Scheme VII). 1

subgequent reaction follows the: path depicted in Scheme V1.
Studies on substituted ﬂ-z-methylallylpalladium
chloride cowplexes indicated that allyls with, bulky

substituents on the terminal carbon atoms were often formed

: o



B or the subatituent on tha 2-carbon of the n-allyl llgan

(R'H. m) 't l_ K .-" v : ‘ . , .. ‘. . '. . §

Schome VII. The syn-anti rearrangement..

'with these aubstituents 1n the less stable anti configurat1onr
;The activntion energy ‘of the ﬂ-O—ﬂ rea:rangementfto the syn
.. contiguration increaseg vith the hulkiness of the’ substituent.
The ditterence in energy hetween the anti and syn cdnfigura-
'”tions deere&sed vith increaaing ;ize of the substituents,on
..the terninal and middle carhon atoms These ohservations ' K
- vere explained by aasuming that there vere nonpbonded inter-
'actions betvcen tha substituents on, the-terminal carbons
.of the ﬂ-allyl liqand and dither other 1igands on the metal
d125 |

| It is probable. ;heretore, that in- complexds (64)
and (718)r non-honded interactiona betveen the substztuents
on the 1. and z-darbOn atons ‘o the allylic ligand provide |

. the drlving torce !or tha syn-anti rearrangement.

,3-dimet§zlallz (61) nd gxg-l-ethxlallxl (62) mglexes
Tht conplaxas (27). (61) ‘and (62) did not nge 1, 3-
It followa "

..dieno complexna aven under drastic conditions.

PR S o -, .
A ' - Lo . : ’
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) nay also be extended to explain the ready decompositxon

'(56b) vere only ohservsd as. unstable intermedxates.

troé/sections A and C that thc factors contributing to the

' stability of such coupiexss are prohably the absence of
_ anti-l- and Z-alxyl substituents on the a11y1 ligand. Hhen
- there ls no. Z-eubutituent the}ﬂifterence in enerqies hetween

the syn and anti torns of the Sbove complexes is very largg

and it is. theretore. exttemely ditticult to obtain the ant1

,'!soeers vhich are necsssary in order that elimination of

. ) | /
HC1 may occur S - D S ‘

The decomgggition of gxclic allzlic comglexes |
(1) The !ornation of CSHeSH(l 3-cyclohexadiene) (30) .

The general ideas concerning-the stability of the

P

-;acyclic allylic couplexes summarised in sections A. C and

"_ot the cyclohexenyl complexss (56) into (30).; In ‘the.

COﬂPIexes (56) the 1 3-substituents (CH2) must both be

”anti and hence it 13 not surprising that both (56a) anp

The tornation of csnesu(1, -cnn) (30) can, then be

L

represonted by the mechanism shoun in Scheme VIII.

o
SR
e
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A
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(2) Tha dccompoaition of the cyclopentenyl complexes (59)
Tho daconposit , of (59) is less straight-forward '

than that ot tho cyclohexenyl complexea (56) as the 1 3-diene

'y , '

conplexns wore not datected or isolated. It vas also observed I

that the cyclopentanyl complexna (59) uere nore.stable th?n
conplexns (56]. Thil ia probably due to the o-cyclopentenyl

'ring beinq twisted in Juch a manner that ahstraction of

-

.hydrida fron an antl methylene grdup by the metal to give the
ionic hydrido—cycIOpentadiene intérmediate (92) is .not ‘
. easy. [It is normally presumed that for the B-eliminat;on to

' oc?ur.,d tour-centre planar transition-state is needed127 ]

(35) | S A

‘SChcne I;; The decoupqsition of the . cyclopentenyl.complex (59

. A I e . .X R " f . e : . . "._ N ,"
P “."_ ) Lorava v L aet . : [
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uou.vaf. it ia. 1?:'c1c$f vhy (92) does not eliminate
HC1 to give the cyclonontadiono complexes (39 ¢ iridium'
.one ot which is knovn.‘ One mechanism for the foI:agion of
(35) fro- (59) il shown in 5chome Ixr It is baaed.on the
oboorvation that vhen (59) 13 generated in cnc13. the’
notnlloceniun ions (35) ve:e tormed toqether vith CHDC1,.

.Hoqeve (35} is also formod from (59) in other solvents,

bly involving loss of H2 in the reaction. '
(3 Tho%qtahillty of tho ﬂ-z-cyclooctenyﬁtcomplexes (32)
 The’ cyclootenyl ‘complexes, c5H955c1(C3H13) (32)
do noé\g{agin e HCl at. 25 to give 1,3~diene complexes.
‘even{in the presenco of excess triethylamine.‘ Molecular 4
| models of. these compounds 1ndicate that the methylene protons
at the allylic,parbons ot the a-cyclooctenyl intermediate {(94) o
hend avay from the netal. making the abstractxon of a hydride -

'rom these methylone groupe extremely'difficult and therebv
L ’ . : - . . oo i 4

£

| (94)',;“,'-;v.m

"

-eliminatir? the possibility of formxng a1, 1-cyclooctadiene »
| cOSPlox. ‘AS. tnr ao oan bo ascertained. Fe(co)3(1 3.cob) was

the only-oxanple‘ot a totrahapto 1, 3-C¥¢1°°ctad1e“° eransition

netal conplex . ) LTy :

B. wocrner ‘von Gustorf and J c. Hogan. Tetrah?d. iette;s.
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Hovever, the'cyclooctenyl comﬁhexes (327 give the
s-con couplexas (33) at 65 in ethanol/bas$. ' The mechanism

of this reactlon. whlch may 1nvolva either a aerias of

1, thydrogen shifts or a 1 4-transannu1ar shilt. ‘has been

' éiacussed previously | o A
) o " !

(4) The decomposition of the orbornenyl complexes (58}
. Thevdhcoupositionmot he norbornenyl complexes (58)

into diene complexes is simila_ to. those of allylic complexes.

diacussed above. The abst:ac ion of 'an endo hydrogen from
theHS-nethyleﬁq grdup,by\_ e metal can proceed relatively

easily and may be represented by the mechanism in Scheme X.

v ’ Lo l ‘l". " '. ‘ . - g - ’l '¥ ‘. -L_ i ‘ (2) .
Séhemo'xg*_Tbejdb¢buppsitio, |

._h:ofnthé norbornenyl ?omplg;es (29’_7*'
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(Dibpnzx}ldeneacetone)pentamethylcxclopentadienyl-
rnodium(u (18) |

Tho dlbengylideneacetone {dba) molecule contains a
carbonyl group in iaﬁltion -t0 the two olezinic doublé bondﬁgga
'nd it is potentially capable of complexing to transition

' metals 1n‘di$£q;eot ‘ways.- The twa prin i 1 conformers of

" dba are:
‘ H Ph H, H,  Ph
b b
N \./ \ 7
ot ¥
w1 I I
NoFT ‘\xca}:‘%ﬁ Bl e Nt N
H/ . "-" cl H
i I\
.0 o
(A) s-cis. s-trans } ' - (B) ﬁ'Cis' s-cis

The geometry 0‘ conformer (A) means that only one of ‘the two

_ carboq-carbon double ‘bonds can coordinate to one metal atom.

The crystal structure of Pdé(dba)34cuc13 118 shows that

each of the dba molecules has confo;matzon (A) and that each

'0' t.ho three dba no).ecules im coordmated to two metal atoms.
c Holocular modelo .of the symmetrzc conformer (B) show

'that. for a planar molecule, non-bonded interaction between

G
the tvo hydrogens Hb are subotantial. t m;ght therefore

ion ot both olefxnic double bonds to-one

metal atom ip unlikely. However. both spectroscop:.c117 ond

appear that coordinan

-X-ray structural datalzo “hdicated that the,coordinated dba

molecolo had the symmehric conzormation (B) in complex (78)

The x-ray crystal daha also ahowed that the £1ve

.‘:f [
N - . R
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'dimothyl acetylenedicprboxylnte uas caused by this strain.

3 T : 109"

\ ) . .
L . ) -

C3
méthyl grouﬁs on. thb‘ﬁlanhr.cyClobentadienyr'ring were bent

v
.. avay from the Rh aton.AThls bdnding ‘of the methyl groups. was

attrihuted to. a result ¢ small amounts of carbon s character
c’ / "
in the Rh-c bonds zathﬂr*than"to gt&ric crowd;ng.
/

Thc two double ‘bonds of dba in (78) were parallel to
the csnes planes and this provided a favourable condition
tor maximum overlap with the matal orbitals. at the expense
of the severe crovdind ot the H,. aboms The two equivalent
doubie bonds had an averaqb bond length of 1. 411(9)A. which
vas in agreement vith the results from a number of other
metal-olefin cowplexealzg

The 1nner portion of the dba molecule was boat-shaped,

f

vith the c(1), 0 and hoth the Hb_atqms out of the plane avay

-,

fron the Rh atom.. . ?:'

S The c-0 bond 1ength of 1. 236(7)A vas normal and did
f

.not correlate vith the polarisatiqn of this bond. expected

on the basis of the low C-0 stretching frequency.

" ¢ The nén-bonded Hye oo iy, distance of 1. 33(9)a of the
toordinated dbn molecule vas extremely short. However. the
C(l)-CQ&)-C(3) and - C(l)-C(d)-C(S) angles vere opened up
from. the normql 120 to 127. 2(6)° to lessen’ this non-bondzng

interaction. Uvernil. the dba molecule was severely strained

and presunably the reactivity of c He'Rh(dba) (78) towards

" ‘ . N . . . . N . . F]




Tbc ﬁllxl g!ﬁnige ggactions o - '7 ,-'“5;"

Tho :oactionl of allyl cyanide with [csﬂesﬂc12]2 (20):{.

teprnaadt a general nethod ot preparing allylic compiexes

' :ro- nohooletina vith ekectron-withdrauing a-subatituents. -

., .-"’ (20) '. o . . ) 'o !‘CJ_

- . K
roeo . ' . -.,

N . ' N . . .
2 - ’ B L - - .
it LT ] . L

tcsm mznz caz-cacuzw — csms;t

' ‘ . LN
-7 ' g ° . T )
L, . O (D . (30). .

¢

° h

" I ] L

Hw'hnalagy to the reactions reported hy other

‘

uorkersl2 e 1t is likely that olefins vith -COR .or —COOR ®

.uubstituents at B positiona will give stab}e allylic

RO
0

‘ .t
B,

complexns on :uaction vith 120)-
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- 337 grating spectronhotometer.:-

Reagonta
_'before uso and wore stored under'nitrogen ih the cold._f

to removevrosidual hydrogen chlorxde.

e,
.

“"_'_-wznmmn e

.Melting-ggints: Thoso vero determined by using a Thomas Hoover
'capillary neltinq-point apparatus and were uncorrected.

_‘Holecular veight measurementa: Thase vere  obtained mass

speotronetrically. except vhere indicated.

: 1nfra-red spectra:- These were recorded as potassium bromide

discs. or in Nujol mulls. on a Bockman IRS or a Perkin Elmer

'-?‘

"tra: These wvere run‘on‘Var{an

Nucloar ma‘netic resonance s

| Aseociaten 360, TGO. DPBO and HAlOO spectrometers us1ng

totranethylsilané (THS) as 1nterna1 standard. ALl decouplxng

expetinents vote.carried out on the HAIOO instument. The

rﬁntensities vore eotimated by integration over the C Mes

resonnnces of the conplexos “and the cOncentrations were quoted ,
to- their noaroot 5%._:n7 ff' |

nnss agggtra These uero taken on a Hitachx-Perkxn Elmer

.‘RﬂU;GA spectromoteg,'_’wfn ”;'.,;_ w_i;.ﬁ> | |
‘§2i!2222' Roagent gtada solvents vere used.: For reacticns

Qstudieﬂ by n m.r., opectranalyzed solvent \were’ used.

”ethrlene chloride uas paased th:ough an alumxna column

and kept - th broun bottles ove: anhydrous sodium carbonate

All oﬂofins used in the reactions were dxstilled '

—-——r

__,r




1;2
Eyclopentadiene vas trenhly cracked and used imediat.ely every
tine.«duitrogen (cortified quality) vas: dried by. passing
through concentratod sulphuric acid . and phosphorus pentox;de.
Hydrates of rhodium and iridium trichlorides vere commerci;l

_ sanples supplied by Johnson. Hatthey and thlory. Ltd.

: Alunina (BO-ZQQ oesh) uns aupplied by Fisher. -

gzggrimontal tecggique; All reactions at elevated temperatures

© . were carried out - under a nitrogen atmOSphere..

Analzsehs'vuicroanalyses vere carrzed out by A.B..Gygli.
TDrODtO- and b? 3 M. Heade. Hassachusetts. Analytical da;a
'.are presonted in Tabla 11.-» - . ' o :, | |

_ Dichloro(“ tameth 1 clo' ntadie' 1)-rhodium _and ~iridium

dinors (20) T

_ The dichlororconplexes (20) ‘were prepared from the
hYdratoo of rhodium and 1ridium trichlorides and hexamethyl-
‘ Davar-henzene or 1-(1-chloroethy1)pentamethylcyclopentad1ene
in nothanol as deacribed in the orig;nal paper3;.  '

L)

p-Ch1oro-n-hydrido—dichlorobis(pentamethylcyclooentadlenv1)-

dirhodiun and -diizidium (52)

'rhe bridged hyd:idoa (52) were ﬁrepared' from the |
Y of methods - N

precursor dichloro couplexos (20) by a variet

' 88 previouoly dcscribedlos (See alsoJResulta)

]

| dirhodive and -difrfdfum (53) © v
T e N e g
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‘ N
A nixtu:e oz [csﬂﬂsﬂhﬂz]z ‘(0. 3lg, '0.50 mon,
.triethylanine (IOQpl. 0. z} mmol) and dry: benzene (50 ml) vas .
-~kept 1n an air-tight flank and the reaction vessel was then - |
. evacuated and tlushed with ¢ P. grgade (99.5% D min.)
-deuterium (tvice). Tha whola nixture vas kept closed and
stirted at 25 for 2A hr. Tha rasulting purple soLution Las-
evaporated to dryness and the residue vas recrystallised
'fron benzaue and petroleum etheri(b.p. 30-60 ) to glve
(csuesmn)zncx:, (53a) (0.20g, 0.34_mmol, 68%) as dark purple
| crystals.'_. S I o | ij
| ' The iridium complex (53b) vas also prepared by this '

| nethod 1n similar yield. e
v . ) :
.Rnaction ot (csyesn)28c13 (52) uith butadiene

Butadiene vas passed thréugh a solution of o

" (c !-!e mnzuma (52) (o 109, 0. 17 mnol) in benzene (25 ml) |
at 25o for 2 S’hr Evaporaiion of the solvent gave a. brown
s01id vhlch was identi!ied by pim.r. pectroscopy as a '
0. 511 molar l;ixl:ure ot [c, MeSRhCJ.ZJZ (20a) and L,
CqMe 5RhC1{h-1-nethy1a11y1)’(273) ' '

_ ‘ A nixture of [csne51r012]2 __P} and' 053951101-
(ﬂ-l-nethylallyl) (27b) in 0.5:1 molar ratio vas also. ’;;.
obtained trOn tha reactian of (CSHeSIr)ZHCI3 (52b) and

butadiene under identichl conditiona....‘__;__\w K ‘u e

v R R I
R
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: Rnactiona of (csaesn) HCI3 (52) vith dioletins '

' Thc reactiona of (csuosu)zuc13 (52) with various
.‘diones vere fonowod by p.m.r. opectroacopy at 100 MHz.
fln ouch experinont. ( H) HCl3 (52) (19 6 ng, M=Rh;

25.0 mg. H-Ir; 0 033 unol) vaa accurately veighed into an

n.m.r. tube . To this was added 0. 40_n1 of hydrogen

- chlorido-troo spoctranalysed methylene chloride, containing

tetrauothylailano as internal standard, and the stoicheio-
netric amount of diene by . ‘means of syringes.' In tases

whoro H(I)-diene complexas vere rormed as ‘tinal products. |
triethylaoine (4. 6'p1, 0 033 mmol) vas added to the -
-reaction nixturo-at the beginning of the reaction. The y
tube was then soaled. vigbrousiy shakon and’ quickly placed
finto the spectrouoter probe.‘ The p.m.E. . spectrum was _

recorded at intervals o! time. The prodhcts vere ldentlfied

b? conparison vith the p.m.r. spectra of the pure complexes.
o CTs IR

Kinatic noasuroments L '}' SR

All xinotic data vore - recorded on a yarian Assoczates‘ S

““‘A—GO n.m.r. spectrometer equipped vith a Hodel v-6057 Varzablc'

' Teﬂperaturc Systom.l In oach kinotic run. the sample vas |
:Frepared as descrihed in the prewious section. The spectro-‘
.‘ueter ptobe was preset at a constant temperature whlch was

. calibrated vith a. coppor-constantin thermocouple-” Rate’ data.

'ivcro obtained by following the change in intensltyn estimated fiii:

: h* integration (twico),‘of the CSHeS resonances of thc

‘l .



e s

reactant and productjconplexns until at leaat 35% of the :

‘raaction vas conpletad. T e

'_Chloro(«-syn, syn-1,3-dimethy1a11y1)(pentamethylcvclo- (

pentadienyl)-rhodium and -iridium (61)

B mpansion of [csmsnhmz]z (20a) (0. 30g, 0.49 mmol),

-;-ianhydrous aodiun carbonate (0 15g. excess) and trans-pzperylene

| {0.3. -1. exceas) fn ihopropanol (25 ml) vag’ stirred at 25 '

' .for 18 h:._ Bvaporation of the solvent and extractxon of the

-residue vith’benzene yieldeq the mixtufe of syn,syn-l'a-

dinethyia11y1 fﬁip) anu syn-l-ethylallyl (62a) complexes 1n

. a ratio 85s15 raspectivaly (eaqimated by p.m.r.). The maJor
'Product (61a) isolated as red crystala (0. 209, 62%) by - 1L
i!ractional fec:y&tallisation (twiCQ) of the mixture from

"‘ether and patroleum ether (b.p. 30-60 ).‘ H R 135 137°
'(dﬁcowp.). 0 ___' oo ,_',

" The' yellow iridium complex (61b) wvasg: prepared in

s 60% yield sinilfrly.' M.p.,123 125° (decomp.).‘

Theso complexas were only sliqhtly soluble in saturated

: hydrocarbons and vary solnble in most other organic solvents,_

' .They vure stable to air 1n the solid state and in solution.

rhodim and -h'idium (54) |
A nixl:ure of [csnesm\clzjz (20&) (o 409. 0.65 mmoi)

.'anhydrous sodium carboaate (0 ZOg, excessp in iBOpropanol

’.- . l ” A,: . '. . ] .“V ] o ) ’ ‘ "v'r_.. T
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(30 nl) waq airrad at 25 tor 18 hr. Rnnovaljéf the solventl
and extraction of thc residue with benzene yielded a red )
nolutlon which contained both tha 1soprene-nh(1) complex (65a)
as well as the Rh(TII) 1 2-dimethy1a11y1 cOmplex (64a) as
shown by p n.r.f The nixture vas- then chromarOQraphed on
-alumina. Thc Rh(I) complex vas eluted as a. yellow band ‘with
| henzene.‘ The Rh(III) complex could be obtained by elutxng
the column with ethgr and evaporation of the ethereal eluate
yielded thn allylic complex as red crystals (0. 25g. 56%) .
The analyticalfsample vas . recrystallised from ether and
petroleum ether (b.p. 30-60 ) M, p. 163 165 (decomp ).

'; The yellow iridium analogue (64b) was obtained in 33%
yield by a similar procedurefexcept for shorter react1on time‘

(8 hr.). H.p. 152-155 with dex

| Tha chloro(n-syn-l-erhy1-2-nethy1a11y1)(bentamethyl-
CYCIOpentadienyl)rhodium complex (72) vas also’ prepared in
135 Y101d by the above procedure. The red crystallxne '

compound (72) had m.p. 145-147° vith decowposztxon.

p-‘v" i

e. nql‘Zadimethvlall lrcom lexes (64)

Decom sition 6: th

Rhodium _. ._ _
| a solution of. csuesnhCJ(csug} (64a) (o 07g, 0.2 mmol)
s in henzane (15 ml) vas heated ‘at 65° under nxtrogen for

18 hr. .Tho solvent was removea to 1eave a reddish-brown

t

. 801id vhidh vas nhoun hy p.m.r. to contain 1arge1y the

unrcacted atarting nnterlal,(64a) (75%) together w1th

He Rh(.isoprcno) (65&) (1516) and [csnesnhmz]z )20a) (5%) ,-~"

: 5
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sodium carbonate. a nearly quantitative yield of

4

Furthor heatinq gnva soxe. unidentified decouposition

, products vlth -oro (20&) and 1053 (643)..

o Sinilarly. tha rhodiun complex: (64a) (0 07g. 0.2 mmol)
deconposed in bonzane ‘(15 m1) in tﬁe preaenco of triethylamine

(0.3:m1, 2 nmol) at 65° qndor nitrogen to give: the same

(65%). csnesm:usoprene) (65a) (20%) and [csuesﬁhCIZJZ (20a)

B (7 ss) after 18 hr. .

Undot sinilar conditions, (643) decomposed in
othanofH sodiun carbonate to give only CSHL Rh(iﬂoprene)
(65&) and sooo (20%) unid%ntified products.’_ ‘
B. Iridium ¢H _ | . |

| Only a traco of csneslr(isoprene) (65b) could e
obtainod by hoating a benzeno solutign\of CSHeSIrC1(c Hy )
(64b) ah 65° tor 18 hr. with or without triethylamine. The
Pr0duct vas-comprisqd largely of unreacted starting mater1al

. /
Hovever. undor similar conditions in ethanolic -

CSHe Ir(isoprene) (65b) wan oﬁtained f:om (64h).

Proggration of. H{I!-diene comglexes

. Tho ﬁh(I) and Ir(I) comploxos of isoprene. 2-methy1--h

F —

1, 3-pentad1ono. 2 S-diuothyl-l 3-hexadiene and the Rh(I)

°°ﬂ91ex of 2 3-d1nothy1hutadiene as well as CSMeSIr(nor-, -

bornadieno) (31b) voro obtained by a similar proceduxe and.

. - A\P.
B A By P .. i :
SR S . SN . .

| nixture ot products in diftoront rhtioat CSHBSRhCI(CSHQ) (64a)

LA
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a’typical exporinent is given below. The individﬁ#l.:éaction
xpnditionl. yielda$and m.p.'s aro qiven in Table LO;'
nnalytical data aro'preacntcd in. Table 11.

A nixturo of [csﬂasthIZ]z (an) (0.30g, 0. 49 mmol)
and isoprene (1 0 ml. excess) was stirred in ethanol (20-m1)-

© at 65° under nitrogen for IB-hr. in the presence of anhydrous

© sodium’ carbOnata (0 159, exceas). “The vblatile COMponenté_.
‘vere reaovod in vacuo and the residue vas extracted thh

';hhngdne Tho benzane ioluble traction was then chromato-
graphed ‘on alumina and avdporation of the benzene eluate
“ QIV! an. oily product. Sublimation at 45° d 10“‘3 mm of this
: oil gavu the annlytically pure. Rh(I)-isoprene complex. |
The iuqyrene comple#as (65) as well as the Rh{I)-
2-'0th71-1 3-pentadiene complcx.(?Oa) vere also ‘obtained as
_ lidc-pvoducts 1n the preparations of the allylic complexes
- (64) and (723). respectively. ' ' - -,
' All di-no conplexea vere soluble in. most comman ' '
OrQaniv solvants. They'were fairly stable ta air in the.

lolid statc hut deconposed slowly in solutions.

o . - ¢ . -
4 .

tadienyl)iricium(I) (68b)

2 J-Dinath lbu*adiene(nentamethvlb clopen
| A,g?xturo of. [Csueslrc12]2 (20b) (o. 209.‘
2 3-d£wothy1butadzene (5o‘p1. 0. 25 mmol) isopropanol (0. lsﬁnl. ~q S

.‘2 0 lﬂﬂl) and ttiothylanine (0 3 nl, 2 1 m-ol) in benzene
5° for 24 hr. to give a greenish-yellov

25 l'l'lmOJ.)n

s

‘ (30° nl) wts ltirr.d at 2

aolution vhich vaa thon evaporated

.,'An‘

-
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to. drynesa. The realdud vas extracted»vith benzene and
:chrOuatoqraphed on alunina. Evaporation of the benzene
eluate gave ; yellow oily suhltance.. This vas sublimed at
459 and 10” 3 mm to yield the pale yellow crystalline

complex (0 129. 56%) H.p.'55~57° (decomp.). .
.P . o N - ‘ . ! - .
Dibenz iidbnéacatdhe methylcyclopentadienyl )rhodium (1) .

(78)

+

A nixture of [c Me, RhClzj (20a) (o 30g, O. 49 mmol), *
dibenzylideneacetona. (dha. 0. 319, 1.3 mmol) and anhydrous
sodium carbonato (0.10&) in‘ahsolute ethanol {20 m1) vas .
stirred at 55° under nitrogen for 2 days. volatile components
-vnre diatilled off in vacuc and the orange-red residue was
'extracted vith acetone.. Evaporation of this filtcred acetone’
nolution gave a red residue uhich ‘was chromatographed on.
'ulunina. Excesn dhn and somﬂ organic side-products vere | |
renoved fron the nixture "by. eluting the column with benzene;
and ether; Jhe desirad complex vas’ eluted vith acetone as

a rcd :olution uhich. upon concentrating and cooling. deposited
rod crystais of (zg) (O 19g, 42#). fhe analytical sample

. vas recrystallised £ron acetane “and ether: dt decomposed at

'160° vithout nalting-m ] o

'and -iridiun (nu}

. Allyl cyanide (0 2 ml. 2 5 mmol) vaa added to a
| 5 , N
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I )
suspension ot [c 5Rhc12]2 (0.20q, 0 32 mmol) and anhyqrous

gsodium carbonate (0 lg) in acetone (35 ml) and the mixture
wvas atirred at 65° under nitrogen cor 18 hr. ' The volatile

' cooponants were distilled off in vacuo and the remaining

red solid wvas extraoted vfth a mixture of acetone and

ether (1:4 v/v)  The extract gave the orange, crystalline
'cyanoollyl complex (BOa) (0.17qg, 75%) upon evaporatxon.'
After recrystallisotion from 8C8t0ﬂ9x§nd ether, this complex
- melted at 196-199° with decomposition.

P The iridium analogue (BOb) was obtained in 90% yield
by’ the reaction of [csvesxrcizj2 '(20b) with aliyl cyanide -
and oodium carbonate in- acetone at 50° for 2 hr.: Recrys—
'tallisation o‘r the érude product from acetone and ether
‘,aftorded yellow crystals of . the iridium complex (80b):

-‘:nrp. 194 197° (decqmp-!-

.CﬁloroSacetxlacetonoto)gEgntamethxlgxologgntaoienzl)-
rhodium and-dridium (81) .,. | “a |

‘ 2 4-Pentanodione (O 1 ml. 1 mmol) was added to a
_suspension ot (e Hesnhc12]2 (20a). (0. 209. 0,32 mmol) and
.aﬂﬁydronstsodium carbonate (0. 10g) in acetone (25 ml) and the

'nixture was kepb stirring at 25° for 4 hr. The solvent was

removed in.wacuo £rou the . rosulting orange—red solution and
' the residuo wao éxtractod vith benzene to: give a red
solutioo. _Eva poration of thia solution and aubsequent

~:. rﬂctyaqoilisotion froo cetone and ether.gava red prystals

.h
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of‘the‘acetjlacetonato Eonplex iglp) (0.17g{ 70%); m.p.
170-173° (decomp. ). | | |

Tho-iridinn analogue (Bibi vas prepared by a similar.
pethod: except !or nhortar reactionotime (1 hr.). The
product vas recr¥ntallised tro:'ucetone and petroleum ether‘

(b.p« 30-60°) to qivn .yellow crystals of (81b) which melted
at 172»175° (decomp.)l yield 65%. ‘

: 1sacetzlacetonato(Egntamethzlgxcloggntadiegx1)iridium (82b)

“A mpenaion of. [csnesxrmz]z (20b) (0.25g, 0.32 mmol),
anhydrous hodiun carbonate (0 15g) and 2, 4ﬁggntanedione Ve
(0.3 =1, 3 ‘meol) in acetone (30 m1) was stirred at 25° for .

30 hr. The resulting mixture vas evaporated,to dryness and

'the residue wvas extracted with benzene. Subsequent evaporation

b

and recrystallisation fron acetone and petroleum ether (b.p
.

30-60%) gave yellow crystals ot the bisacetylacetonato

| cowplex (82b) (0 lag, 55%): m. p. 143.145° (decomp.).l

tanedionato (

-'1‘1 1 s_s 5_hexafluor

_ met gxlgxclogggtadianxl)-rhodium and -iridium (83)

A mixf.ure of fcsnesnhCIz]z (20a) (0.30g, 0.49 mmol},

aﬂhydrous sodium carbonate (0.15g) and hexafluoroacetylacetone

(0. 6 nl) 1n acetono (35 ml) vas stirred underfnltrogen at

' acatone and petroleum ether tb.p.

reflux~£or 24 hr,. The volatile components were distilled

off in vacuo and -the orango residue wvas extracted with benzene.

Subsoquent reaovai of solvant and recrystallisation from
30-60°) yielded this complex
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o . .
i

(83a) as red crystals (0 30gq, 63%): m.p. 198- 201 (decdmp ).

| Thc red iridium complex c83b) vas’ prepared in 60%
yield hy an 1dentica1 wathod from [CSMGSIrC12]2 (20b) and : .- \
-, haxatluoroacetylacetone.. After recrystallisation from

acetone and petroleum ather - (b.g 30-60°). the analytical

sanple maltad at 193-196° with decomposit}qn. ’ ' ;
. * ’
k- '
- N
. ,, ’
- | : » ‘.\
. ‘ -]
: ;
"
i S : '
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B

Hlal -poctra ot so-a dieno conplexos

Includod in thil tublo arg nasa spectral data for

- sooe dicne conploxns ot rhodium and iridium.‘ These spectra

‘ worc rocorded at an electron boao strength of 70 eV. The

‘ nassos.of tho nnjor ions. togothcr vith tﬁeir abundances

(exproased as a pcrcentage{ot tha most abundant ion} are

1istedz vhcre appropiate, tha probable formulae are 3531gned.
lmcme of t.bo nnited invootigations here, it. is t'elt. that.

. #etailod discussion of th;ae spectra is not justzfled. : —
Csneskh(isoprhno) !

: !£3f~;j :.ﬁ_” Rnlative Ahundance -ff! | Ass;ggmenﬁ
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APPBNDIX

Kinetic data for the hydride-diene reactions
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