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HOTES ON NOMENCLATURE

Structural icomers.exist for many of the dimeric and monomeric
complexes discussed in this Thesis. These are shown in the figures
below, together with the naming conveniions which will be used throughout

the text. (In all cases the carbonyl groups have been omitted for clarity).

N P

- axial, ax.

equatorial, eq.

trang* fac &

mer-trans mer-cis

* names apply even if L's arc different
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' Metalated species such as those shown in I and II are designated
by Re(c0),(1~H) and Re(CO),L(L~H) respectively.
4\ 3!

Yo  ¥o

For the neutral products fonned by the reductlon of cyclo-clefin
catlonlc derivatives of the Group VIA aHQ VIIT metal carbonyls, endo, IIIL, and

exo, IV, isomers are possible:

H

ce(C Q)3




Where formulae are written in the text, the customary abbreviations

‘ _ cp
' Dy
bipy

v triars-

diphos
norbornyl

diars
CHT

q5mcyclopentédienyl

pyridyl

2.2 bipyridyl

tris-1,1,1-dimethylarsionomethylethane
1,2~diphenylphesphinoethane
bicyclo(2,2;1)hept-1-y1;

o-phenylenebisdimethylarsine

cyploheptarienyl

References are given in parentheses, compounds by Roman

nunerals, and oxidation states by Roman numerals in parentheses.



. A study of the reaction between decacarbonyldirhenium and
triphenylphosphane has been completed.Contrary to previous reports, no
paramagnetic complexes could be isolated,valthough they are implicated
in the reaction scheme., The ma jor products of this reaction have been
found $o be mer—trans~HRe(CO)3(PPh3)2 and bis— ax- Rez(CO)g(PPhB)Z; aad
it has been shown that water in the xylene solvent is the source of the
hydride ligand in the former.

' Preparative thin layer chromatography of the residual reaction
mixture resulted in the isolation and identification of a further four
compo nents, and based partly upon the nature of these complexes and
their reactivities a complete reaction scheme has been constructed. The
transient presence of radicals in this sequence has been demonstrated'by
several independant techniques. '

' In seeking to stabilise mononuclear rhenium-centred radicals,
reactions with organophosphanes and phosphites that are approaching the .
extremes of the range of electronically transmitted'effects, as well as
those capable of'shieldiné the metal because of their bulk, have been
investigated. These attempis all failed to provide the nécessany
stabilisation, but experiments with these ligands yielded some novel cyclo—
metalated complexes as opposed-to the hydrides isolated with'triphenyl—
phqsphane. This change is discussed in terms of stereochemistry and the
favoured n&ture of five membered metalation rings. This latter featufe
has been demonstrated in the present work bj proton MR studies.

The generation of Re(CO)S' radicals under milder conditions
has been achieved by the chemical oxidation of the pentacarbonylrhenivm
anion. Although this seyenteen electron complex could not be isolated, its
presence was confirmed by the nature of the isolated reaction pfoducts.

Tne chemical reduction of cations derived from some cyclo—olefin
complexes of the Group VIA and Group VIII metal carbonyls has also been
used to gencrate radical intermcdiates.' However, only diners fermed by
counling of these internediates could be isolated. The gite of
dimerisation is governed by the nature of the highest occupied molecular

orbtital in the radical intemmediate.
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INTRODUCTION

A study of the €F°W1n€ volume of published organometallic chemistry
reveals that much of it overlaps with that of free-radicals(1,2). Not only are
numerous stable species paramagnetlc, but the transient existance of others is
invcked in many reaction mechanisms,

- This chapier is intended to sgerve as an introduction to the literature,
end takes the form of a review of the free~radical organometallic chemistry
of the elemerts of groups IVA 1o VIII; each triad being considered in turn.
In this context, organometallic compounds are taken as those having at least'one
metal—carbonfbond, althoﬁgh.some closely related complexes in which phosphanes
or phosphites are the only ligands are included for completeness.

' The chapler is divided into twe sections: (I) Organometallic
paremagnetic compounds of the transition elements; and (II) Some reacticus of
orgonometallic coinplexes in which free-radicals are involved in the mechanisma
Class (I) may be further divided into compounds in which the unpaired electron
density is localised principally on the metal, I, or on the iigand, IT:

ML ' i .
I : II

The former belong to & wider group which encompasses not only

orgaenometallics such ag Cr[CH(SiMes)Z] (3) but also inorganics such as CPCl3

Stable paramagnetic compounds of these types ave seldom referrcd 1o as-'radicals!
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arbitary decisions on whether a particular example is worthy of inclusion. The
problems associated with attempting to define a set of criteria for conferring
"radical" status on paramagnetic complexes are currently the centre of much

| digccussion (3a). It is felt that either the ability of compoundsto dimerise,
or a ccnsideration of the directional nature of the orbital in which the odd
electron resides may be two possible methods for classifying molecules into
"radical" or "non-radical" species.

Although the_first direct demonstration of the existance of a
transient alkyl free~radical involved an organometallic system of the iype given
in eduation 1 (4) the topic of free-radical chemistry in this field remained
largely neglected until the last decades .

LM+ R e LR | 1
. This observation was made by Paneth (4) during the pyrolysis of
tetramethyllead and the recombination of methyl radicals with metallic lead,
_zinc, antimony, bismuth or Bezyll%um. Further comment on main group compounds is
outside the scope of this work, but reference is made to several excellent
published reviews on this subject (5-8).

In contrast to the present state of affairs in organic chemistry, the
chemical properties of‘odd clectron ofgano-transition metal species arcnot well
. knowm., This is particularly true for the oarbonylé, where the vast majority of
well characterised compounds are epin paired. Nevertheless, a number of
paramagnetic species are otable under ambient conditions, and relevant ligands
include CO; R j olefin; GL -CSH )" or f\ -arene, The complexes themselves may
be neutral, eg V(CO)6, Cr(CH SlHe3)4, Cr[CH(Slie3) ]3, anionic, eg Os(CO)12 ;
cr(cH ulde,)4 ; or cationic eg Cr(q_-ArH)2 +, Both electron delocalisation
from the metal to the organic ligands and steric effects have been invcked to
explain the stability of compounds of this type. The former feature is
rarticularly applicable to ™ bonding ligands, whercas the stability of metal
a2lkyls is ascribed to steric crowding around the metal, thereby preventing
reaction; and to the exclusion of normal decompositicn pathways such as
3 ~elimination. (see for example ref 9).

This is the predominant route for destruction of metal-carben bonds
{10) and is illustrated by cquation 2, '

M = CH,CH R gesseees MH + CH, = CHR e
This reaction can be inhibited if (a) there is a group of the type M~CH, XHR
where X is sy atom that can form a single, but not a double, bond to carbon,
or (b) the B carbon atom in the alkyl chain bears atoms nor group of atoms which:
cannot be as readily trarsferred to the metal as hydrogen. A large number of
groups fulfil these requirements, eg LCH2SnRJ) {CH Mn(CO) ) and {£l-norbornyl).

By analozy with some of tbe chemlqtny of carbon cownounus one ney

expect that free-radical cxganomeLalll species could be gcnor&tcd by the
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following methods:
(a) homolysis of an M~C or li~Mf bond (11)
(b) atom abstraction, as of H from HR»(CO) (l?) or C1 from
cme(co)5
(¢) outer sphere electren transfer oxidation of .an 18
electron species, as in the reaction of
decacarbonyldlmanganese with tetracyanoethylene(l}) or
with ot (14)
(d) electrochemical oxidation or reduction of a stable
18 electron compound, e¢g oxidation of Cr(CO,6
(15) or (q_--CSIIS)Mn\CQ)L2 (14); and reduction of
1(c0), (16) : ‘ :
(e) chemical oxidation and reduction of auions and cations
eg the oxidation of (q_ ~C Hs)Cr(CO)3 ~ with tropylivm
,bromlde (17) or the reductive dimerisation of
(Q,—C6H7)Fe(00)3 by means of & zinc/copper couple {18)
(f) from paramagnetic precursors such as v(C0), or
compounds of Ti(IIL); or by reactions which resals
in oxidation states with eiectrons in a paramagneiic
configuration, )
(g) by the co-condensation of metal atoms with carbon

monoxide in inert matrices at low temperatures (19)

PART I

Sone examples of knownparamagnetic srecies in a particular Grbup
are givea in the tables which preface each éection cf this part of Chapier l.
The designation of oxidation state mey in some cases be somcwhat formal,
and in some irstances it may be more appropriaté $0 describe a molecule as
being derived from a paramagnetic 1igand such as nitroxide.
Group IVA: Titaninm, Zircoriunm, Hafrium
TABLE 1

Paramasmetic species of Group IVA metals

lon Compounds : Reference
l . e
Ti (III) T101 ~Cls )e\sn)2 20
(q, c H )2L1R , .21
(q_wc 3 )2T1h2A1H2 : 2g
(q,~05H5);1H 1
I’I = I\d’ L-L, I‘A ,BI‘ . 23
(q_mc 0. )TL(Q ~Coflg) 24

23(11T) bLQ{*c Iy ) (PP 2o 25
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4 Ti (TIT

The comple (m -C d )TleAlh has been prepared (22) in solution
by rpactlng [(Q ~qr 5)Tlcl] w1th L1A1H4 in THP, presumably according to

equation 3.

[(q ~Cll )T1C1]2 + 2LAAIN) —y 2 (0’ ~CgH 5)2'1':.11 ALE,

+ 2LiC1 3

The dlmcrlc [(q_-C HB)ZTLCI] was prepared beforehand by the
reduction of (n_—Csﬂs)ZTlclz with lithium naphthalenide (Li/Ti = 1) and was
identified by its ESR signal. It has also been reported elsewhere (26)
The synthesis is similar to that reported by Ndth (27) for the preparation of .
(q_~c H. )ZTlH BH, from (q 0515)2T101 and LaBH4, except for the intemmediate
preparation of the dimeric Ti(III) species. _

The structure of this compound has been given as III.

.

,Pi //////fi
T:\ ' /‘Al
H \ H
o

This is based upon that feound for the corresponding tetra-chloro-
compOLnd (q,-CSH5)2T1014AlCI (28), in which toth metal atoms are in
essentially tetrahedral cnvironments llnked by three centre bonds,

The molecule (q?~08H8)Ti(q?—05H5) is an extremely air sensitive
material which must be bandled under vaowum (24,29). Its structure has been
elucidated using X—ray'techniques (30) and it appears to be a "sandwich type"
molecule very similar to (q ~CH )V(q,-C H7) (31). In both of these compounds
the unpaired eleciron is in an alg orbital, which is essentially d 2 in
character. Both rings are planar, and parallel to each other to thhln ¥, 9 .

Di=p ~alkylthio and di~p = arylthio-bis[bis (7 5_cyclopentadienyl) ]
titeniun (III) complexes are known (20) These compounds, with the structure IV
have been "Jnthosxspi by reacking (q_ﬂerE,ZTJ(CO)? with the appropriate

lc(alkylthlo)blg(q'—cyclopunta“le vl)tltdnlun (zv) der1vat1v3‘
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‘I‘i(q5~05H5)2(CO)2 + Ti(r1_5--05}15)2(SR)2

l—ZCO

This reactici can be used as a general synthetic route to titanium

(I1I) derivatives of the trpe (q_nc H )QTIQJX)le(Q,—C 35)2 where X = halogen
(32), 0 or S. Reaction of tltanocnne w1th dis ulphldes is also reported to
give similar products (33).

Thq dimeric compounds IV were prepared by refluxing a toluene
solution of the reagents for some thirty minutes. Rapid evolution of carben
monoxide was observed during the crystallisation of the product. The
particular comrplex IV in which R = Ph if also available via the displacement'
cf chloride from (fu-c Iis)zTi(yC].)2'1‘1(:\?-051{5)2 using Na(SPh) (20).

The bridged dimeraz are generally insoluble in non-coordinating

solvents; but in coordinaling media dissolution seems to occur through bridge

splitting reactions:

| . ' ’:’L‘EC‘;Hi / SR“

IJ‘ FYRIDINE 2 T i

’
4
4
L4

7-CsHg PY
V.

v

It is not possible to isolate products such as V from golutien (32);
evaporation of ‘the browa pyridine solutions or addition of heptane or toluene
alvoys resulis in the geparation of IVo

All of the derivatives of the type IV were found to be paxawaﬁnﬁtlc'
(Table 2) but with redvced magnetic moments. These lower values were taken
as baing o consequence of unpaired gpininteraction via the sulpbur bridges.
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TABLE 2
Magnetic moments of some dimeric Ti (IIT) species
Complex: ‘ - geff/Bl* (T/X)
(q -CSH )2T1(pSPh)2T1(q_ -C sH )2 | 1.43 (291)
(rL -05 )2T1(p506H he)z‘l‘l(q_s c H )2 - 1443 (292) -
(r\-C5H5)2’I‘1(pSE’G)2L:L(f\_5-C Hs)2 : ‘1.13 (295)

% 1B w 0,927 x 10725 an &

The preparative route itself deserves scme comment. It can be
interpreted as the result of an interaction between acidic Ti (zv) and
basic Ti(II) species. This acid/base intermediate VI is not isolated, but
arises as a consequence of reduced electron density at titanium (II) .

corresponding to decreased back bonding to CO.

It has becn demonstrated that complexés such as IV can absorb
carbon monoxide at one atmosphere pressure al room temperature to give
Tl(q —v5-5) (CO)? and Tl(q_-C H,. ) »(5R), in quantitative yields. This
assymetric splitting (topchher w1th supporting mass spectral data) shows
that the complexes tebhave as adducts of the units T:L(q_ ~C H )2 and
L ), (ST) e '

The ESR spectra of a series of Tl(III) thxldes have been stud1ed
(23)s These compounds are -of the general foimula (q‘~C5H ,ATlH M, where
M = Na, Li or MgBr.

~An approximate tetrahedral environment is postulated for the
titaniun atom (34) with the unpaired electron in the d, 2 orbital. Thi
taken to lie along the symmetry axis between the cyclopuntadl ene rings,

bisecting the H-Ti-~ll angle, as shown in VIL.
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e = AT e — >7
H
YiI
These hydrldes may be written as (q, -C H5)211H in the case of

the ionic sodiwn and lithium cempounds, and (Q?"v H,)2T1H2-MgBr for the
more covalent species. The metal—hydro*en 1nte1act10n will becone
progressively more ionic and less directiouzal in geing from Growp IIX to
Group L. o .
‘While tltanzum forms stakble cumpounds of composition (q,-c 31 )2TL
complexes of the type (q'C H )2T1 III)R (R = alkyl or aryl) are extreme]y
unstable zad as yet have not been isolated. In (q, -C H )2 (IlI)C3H5 and
nomologues, the allyl group is T bonded to the metal (3,) It has been ’
suggested that complexes containing the (& -C5H5)2T1 (III) moicty are stable
only if two further coordination sites are occupieds Acccordingly,

(qs c Hr)aTl Cl,, where chlorine forms bridges between the metal atoms, is

a stable entlty. However, since alkyl and aryl groups are far less effective
as bridging lipands, stebilisation of G\,~05H5)2;1R by dimerisation is not
possible. It is believed that this is the reason why compceunds of this latter
type have not been prepared. .

The structure of the paremagnetic molecule(C Ic)3Ti, VIII, first
prepared in 1960 (36) bas recently been reported (37). In this molecule,
 two cyclopentadienyl groups frou five equivalent M~C bonds, while the third
adopts an unusual position in which only two adjacent carbon atoms are at
bonded distances from the mebtale This latter group acts as a "4 electron
ligand, resulting in the complex being overall a 17 electron species. The’
distortion of the third ring is necessary in crder to relieve steric

interaction between the ligands.

( IV)R

2t
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" gr(I11) end BE(ITT)
Litile work has been reported on the paramavnetlc complexes

of these two elements. The reduction of (Q C H )?ZrCl2 with NaFPh, is

reported to yield a product whose ESR spectrwn suvgeuted two equivalent
rhosphorus atoms. The postulated structure. whlch would give rise to such

a pattern is [(q?—C5H5)ZZr(PPh2)2] (2)).



Groun VA: Vanadium, Niobium, Tantalum

TABLE 3

Paramagnetic species of Group VA metals

Ton 3 Compounds Reference
at v(IV) (:15 c H )?,vcn2 O 38
(m -C5H )2V(SR),, _ . 20
_(rx C5H5)2V(K)2 . _
X = SCN; OCN; C¥ 39
(rLD--c5Hs)2v(c.-_—-<:<:6n5)2 40
V(CHzPh) 4 , : T4
) v(cH SiMe,)4 : 42, 39
V(l—norborr:yl)4 43
: v(n§~c8ns)2 | 24
V(rL —C4H; )01, 44
Nb (IV) (o —05H5)2NbH . _ 45
: (n -c 3¢ )2N’bCl2 ' ' 46
(q -c 5Hs ) NbX,
X = scn, 8@1, cN C 39
: (’\. -C H )ngR : 45
To. (IV) - (’\. ~C Hr)QTaC]-p_ ' 47, 45
\ (r?--c:S}{E')QTa&z2 ' o 45
a® v(IIz) ‘ (m H )2vx X = C1, Fh, SR 20, 1
( ) SV(Cs= cc,Hs) ' 40
3 v(II) (f\, -C }15),;\7 ' 48
@ Vo) v(co)g , - 1
o V(m-‘arv ne), : 49
| (f\" C5H3)V(n. 071’ ) | 31
¥e (0) (¢ Hr)Nb(m ~C7Hy) 50

- @ v(0)

hexacarbonyl occupies what may be considerzd to be an unique position in

that this is the only commonly encountered binary carbonyl which has this

In the zero oxidation state, vanadium is paramagnetic, so the

property. It cxists as black crystals, which give yellow—orange solutions.
It is easily reduced hy sodium to give the hexacarbonyl anion.
It was first reported in 1900 by two groups of workers (51, 52).

The preparation was carricd out in diglyme solution according to the
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following scheme: o
100°¢C

VC1, + CO + Na — > Na(diglyme)," V(C0),~
250 atm | _

+H3P04

v(co)6 3 ‘ Hv(cb)6

The dimeric Vz'(CO)12 has been reported (51) as.a blue solid.
. MR and ESRvspectroscopy has confirmed its diamagnetism im both solid in
solution. More recent work has shed doubt on this and it is generally
accepted that vanadium hexacarbonyl is isomorphous with the monomeric
chromiun complex, and has a magnetic moment close to that expected for
one unpaired electron (experimental value 1.81 EM at 20° in toluene or
beﬁ%ene). | , |

Tertiﬁ:y phosphines are ‘also well know to stabilise low oxidation
states, Thus VCl, in THF in the presence of 1,2,biédimethylphosphinoethane

3
can be reduced by sodium _naphthalenide to the deepidbrown zerc—valent

complex V[He P(CH2)2P”62]3 (53) .
" This particular compound is thermally stable but easxly ox1d10ed

in air. Its megnetic moment at 2.10 Bil suggests the spin paired t2 >
configuration. The cvidence is in favour of the compound being an octahedrally
coordinated monomer. Triethyl-, triphenyl- and tri~n-propyl phosphnine form
red-browm complexes of the type V(CO)4L2 on treatment with vanadium
hexacarbonyl (54). These compounds are monomeric end have magnetic moments
of 1,79 Bil; and the presence of cnly one IR band suggests that the phosphine
groups substitute in the irans arrangement. '

Tricyclohexylphosphine reacts with the hexacarbonyl to form the
yellow dimeric complex [V(CO) 2]2 The structure of this molecule is not
known but it may contain phos phlne bridges in which case each vanadium atonm
would be two eléctrons short of the favoured inert gas configuration.
Derivatives of phosphine iftself are also known.

Kirg and Stone, who first prepared (Q —C -H )V(q, H7), IX, in 1959
(55) reported the complex to be paramegnetic with one unpaired electron
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The crystal structure was determined by Engebretsan and Rundle (56)
who confirmed the T sandwich type structure of the molecule. The perpendicular
distance from vanadium to the five membered ring was found to be l 20 R while
that to the seven membered ring was 1.508. All metal-carbon distances were
ecqual within experimental error. This particular compound (also known by
another route (57)) has been studied by ESR and MR (31). 1In the solid state,
the NMR showed two broad lines: one at -310 ppm (with respect to external
water) of line width 15000 Hz for 07H7; and one at ~130 + 5 ppm of line width
12000 Hz for C5H5. ‘
. Sandwich type compounds are also known with condensed arene molecules.

Thus the reaction of vc13 with lithium naphthalenide (LilNp) in TIF

Qlin/VCl3 = 3, corresponding to the stoichiomeiric amount of reagent for .
effecting the reduction of V(III) to V(0)) leads to a dark homogenous solution
exhibiting an ESR spectrum which suggests that only one ring of each naphtalene
molecule is interacting with the ﬁntal (49). At higher ratios of LiNo/V, ‘
for example if L1Np/V = 4, the ESR algnal is practically abtsent. A reasonable
explanation for this observation would be -a further electron transfer from
napht halcnlde anions to the V(O) complex p oviding a pairing of the so far
unpaired electron. - In the range 5<LilNp/V > 6, a new, although relatively
weak ESR spectrum is observed which is attributed to V(~IIT)species.

From these observations it follows that excess LiNp can be used for
further reduotion; and that no ESR signal for this molecule can be detccted
for LiNp/Ve<6 indicates that vanadium camnot be. recucedteyond V(~III).

If the vanedium (IIL) chloride is reduced with lithium anthracenide,
an KSR signal identical to that observed with the naphthalenide anion is found
suggesting that a bisarene compound is alsc formed with anthracene, again

" making use of only one of the outer rings of each molecule.
Dibenzerevanadium, (q§~C6H6)2V, was first prepared by Fischer and
Kbgler in 1957 (58) as follows:
VCl4 + Al + 206H6 AlclJ—e. V(C6H6 25 AlCl4
The orange paremagnetic reaction preduct was then hydrolysed to give

dibenzenevanadium (0) and a derivative of vanadium (V). The compound forms
as red/brown erystals, which, in the absence of air, form stable solutions
in the common organic solvents and water. It may be sublimed in high vacuum
at 120-125° and it melts at 277-8°C. Tts magnetic moment is 1.73 BM and it
exists in tvo crystalline forms depénding upon the method of purification
(viz sublimation-or crystallisaticn).

a? v(r1)
' Phe paramagactic bis (q? uyClO’“ﬂtw&lbﬂdl)V1nOdllm (11) (Vanadocene)

(AS) Las been propared by treating vinadium (I¥) chloride with crecss
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cyclopentadienylmagnesium bromide or sodium cyclopentadienide with rigorous
exclusion of air. If the CGrignard reagent is used the resulting mixture of

. V(QS’..C5H5)2 and (q5-=05}15)21'f1g is sublimed out of the reaction flask, dissolved
in ether, and the magnesium compcund converted to the insoluble biscyclopenta~
dienylcarbo;qylato compound with 002. The vanadocene is then sublimed out as black
crystals in 50% yield. It is reasonably thermally stable, not melting until
167-8°C. '
It reacts during one day with azobenzene in toluene at room tempefat'ure

~to give black/maroon crystals of X in 80% yield (59)

(D 3 —_N
(n, ~C5H5)2V + ;h-m-—~¢ Ph

O (P-CH) N
[.—_% - 55 \\\‘v//,
: . i

Elemental analysis, molecular weight determination and magnetic moment | (1.77 B
Cat é92K) irdicate a mononuclear vanadium'azobezwene‘ complex. It is thermally
stable,.~solub1e in aromatic hydrocarbons, and enters several cxidative
-hydrolylic and displac'emen't reactions giving products in very high yield

( > 80%)..

' H,,0/EtOH N
N/Ph __2/ s PhNIIMHPh |
5_ 7 HC1 VO
(n: C5H5)2V\\J : V(n 05H5)2012
\ N
\Ph 0, or X .
2 2 "2 ___, Ph-N=N-Ph
. . Ivie200~~C=.~C~CO2IrIe

1 CO,He

5 | C/
(n°-C.1;)
NS
({-csn5)/ \C

Ph —~MN=N—Ph +
N Cco

21&9




. 19
Freshly sublimed vanad ocene rescts immediately with carbon
disulphide under anaorobic conditions to form a deep green extremely air
sensitive material XT (60). Although this complex has not been isolated,
preliminary IR and NMR evidence indicate that it should be formulated as
T bonded CS, complex of vanadium (II)

2
al V(Iv) and 4% V(IIT)
The reaction of alkyl or aryl disulphides with bis(qsupyclopentadienyl)

vanadiwa (II) in toluene at room temperature is reported to give, on addition
“of hexane and cooling, green crystals of (ﬂ?"C5H52¥(SR) (20). These complexes
are moncmeric in benzene, and megnetic moments confirmed the derivatives to be
of high spin vanadium (III) ions.
~C.H
@’ 5)

g?;c5H5)2v + 5 RSSR N /////
' o (P~C5tts)

V——SR

R = Me, Et, Ph, PhCH,

One of the more interesting properties of the (“?_CSHS)ZV(SR)
compounds (if R = Ne or Ph) is the reversible addition of carbon monoxide

in bydrocarben solvents,

a -l co

b~
- toluene
-C h ) VSl - CO =

st _CH/\

room temperature

<q

- -1
R 2 Me, PCO w~ 19/'0 cm
~1
i R = Ph; 2 C0 2 19/'3 cm

L similar reaction has recently been ohoeorved and guantitatively evaluated
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for (rL5--C5H5)2'v'I (61).
' It was not possible to say whether the preparation of (q5-05H5)2VSR

_is & one electron oxidative addition, or whether insertion of vanadium into
the S-S bond te give (n?—CSH5)2V(SR)2 is followed by fast redox between V(II)
and V(IV) with ligand transfer. However, the possibility that the synthesis
of G{S-CSHB)ZVSR results from the instability of (Q5~-CSH5)2V(SR)2 has been
excluded. In fact, the synthesis of, for example, (q_smCSHS)2V(SPh)2 can be
quite easily realised., Either the displacement of chloride in (q?~05H5)2V012
by Na(SPh) or further reaction of PhSSPh with (q5~05215)2‘sfSPh gives the same

product: o
(nP=Coflg)VCL, + 2ia(SPh) ———s (~C.H, ) ,V(5Ph),

' + NaCl
(q5-05H5)2V(SPh) + % PhSSPh —— (0 ~C5H,) V(sPh), |

o The electronic coﬁfigurétion of the ground state c¢f (q5~C5H5)2V012
has been studied (38) and the unpéired.electron density found {0 be heavily
leocalised on the metal. The compound may be prepared by allowing vanadium
(Iv) chloride to react with sodium cyclopeﬁtadieqide in diglyme (62, 63).

The corresponding dithiocyenate, dicyanate and dicyanide were then prepared
from the dichloride by appropriate reaction with XSCN, XOCN or XCN respectively
(64). . | A ,

Several stable compounds of the type (q5~csns)2 v-(lI;% (65) bave

been isclated, but none of the corresponding bis alkyls of vanadium (IV) have

been prepared (66). The instability of the (n?-C5H5)2V(IV)R2 molecules, in’
contrast to the titaniﬁm and niobium analogues, has.beeﬁ ascribed to steric
effects, since the atomic radius of vanadium (1,22£)'is smaller than

Ti (1.328) or Wb (1.34f). This lypothesis was tested using the phenylmethynyl

"groﬁp, vhich possesses the minimun steric interacﬁion in the neighbourhood
of the metal, and compounds such asA(r\S-CSHS)z‘J v (c ECCGHS)z,

(q§-05H5)2V (III)(Cssccéﬂs) have successfully been prepared (67). Dimethyl
and diethyl vanadium dichloride have also been reported (68). .

Tetrabenzylvanadiwn, the first example of a vanadium (IV) compouni
with four V-C o bonds has recently appeared in the literature (69). It is
prepares ty fhe reaction between divenzylmzgnesium and VCl4 in pentanc/ether
at ~20°C. The inoreased stability of tetrabenzylvandium whon compared with
alkyl or.aryl analogues is in part due to the absence of (@ —hydrogens which
would bromoté an elimination procesz (70, 10). A similar stabilisation is

noted for V(Cllzsilvle3) 4 (42, 39).

Bridged or fused alicyclic ring systems of appropriate geomeiry are
also rathor inert %o B —~elimination processes, homolysis or nucleophilic

dicplacements of substitusnts bonded to brideehead carbon atoms (71, 72, 73).
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Thus the bicyclo(2.2.1)hept-1-y1 (l~norborayl complexes) of V(IV), XII, and

cther mctals, are siable molecules

V(l—norboznyl)4 has a mégnet;c moment of 1,82 BM indicating 1

L]

unpaired electron.

alo(1v)

The organometallic_chemistny cf nicbium and tantalum is & relatively
new field, and fewer such compounds are known of these two elements than for
vanadiume.

The complex Clsz(q§—CSH5)2 has been reported (74) and in the
temperature range 83-301 X a magnetic moment of 1.63 + 0.01 BM has been .
recorded. This value corresponds to one unpaired electron per molecule. The
black volatile complex is prepared from sodium cyclopentadienide and

niobium (V) chloride in benzene, followed by treatment with HCl:

Nb015 + 5 Cplla ——3 Cp ,Nb + SNaCl + CP

Cp b + 2iC1

———) CpZN'bCI2 + 2CpH

It can also be obtained by successive reactions with isopropylmagnesivm
bromide end sodium cyclopentadienide: ‘

N'bCl5 + iPri{gBr ————————y NbCl4 + MgBrll + iPP

NbCl4 + 2Cpia ————> szNb012 + 2NaCl

The FSR spectrum of dicyclopentadienylniobium (IV) dihydride,
produced in solution by abstraction of a single hydrogen from the diamagnetic

[ .

trihydride (Q)~C5H5)2Hbﬁ3 (75, 76) has recently been recorded (77). The
synthesis is performed Uy pliotolysing & rigourocusly degassed solution of the
trihydride in benzene end cyclepropane in the presence of tert-butyl peroxide

at ~80°C in the cavity of an ESR spcctrometer (18)

' r
(,15--0,\1;10_)21«:b}13 + ‘t-—BuO'M (rrzﬂﬁlls)zl%‘b}{z. + tBuoi
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fi thermal reaction whith produces’pafamagnetic nicbiwn containing
species is observed when isobutylene is mixed with a solution of (QS—CSHS)ZNbH3
" in benzene and cyclopropane at room temperature in a spaled tute (77). The
same material is also generated bty the reaction of (q_~v5ﬂ )2NbH3 with lert
butyl magnesium bromide.

These authors believed this product to be (q_-C Hs)sz(tBu)H, and
thus investigated the synthesis and stability of the corresponding dialkyl
derivatives of dicy¢lopentadienyluiobium dichloride. The preparative route
- used wass ' -

(R~Cx gHg)NBCL, + 2RY ——s (°=C 5HE5) NER,, + YC
Y = Li, MgX

indeed, adding methyllithium or'methyl magnesium bromide to an ethersal
solution of (n_-C H5)2Nb01 causegs the ESR spectrum to change to one which is
unambiguously assigned to (q?—C5Hb)ONb(Me)2 which can be isolated as dark
red crystals., ' R
In contrast to these observations, the a&aition of ethyl- or tert-
butyllithium or a Grignard reagent to a solution of (n -C H ) ,NbCL, readily
cavsed the collapse of the ESR spectrum of the latter w1thou* the appearance
of a new signal corresponding to that of a dialkylniobium (1v) species. It
is concluded that the expected dialkyl »omplexes are guite unstable as shown
previously for sxmllar derivatives of the (q. 05H5)2 i (III) moiety suscepiible
to decomposition by [ ~—elimination (79, £0). '
a*ra (m |
The tantalum analogues of the niobium species descrited above show
"similar behaviour but are generally less reactive {77). Thus photolysis of
-(QS_CSHS)zTaH3 gave a paramagnetic bydride; and a species (ﬂ'CH305H4)2Ta(Me)2
is also Pnown.
(q.~C5h-)2Ta012 is paramasmetic and prepared in an identical fashion
to the niobium species. Its magnetic moment of 1.59 Bi (97-300 K) indicates

one unpaired electron per molecule.



Group VIA: Chromivm, Molybdeun, Tungsten

TADLE_4

Paromagnetic species of Group VIA metals

JTon - , Compounds - Reference
d:Mb (v)‘ (q? c H406H5) (q' 05H5)M0C1(C | 81
a“w (Iv) ' w(c P )5 - 82

Cr(IV) Cr(l---norbomyl)4 : - 43
Cr(CH20Me2Ph)4 : | 83

N Cr(CH2CH20HZCH324 | 84

a’Cr (IIX) | Cr(CH,Silte,) , - A 42
CrRy R = CH(SiMe3)2 ' _ 3

Cr(4 camphyl)y ) = 43

a’Cr (1) ‘ Cr@larene)2+' _ 2

Cr(blsnwphthalene)2 ' 49

Cr(q -C H )(q ~C n8) ' 86

Cr(\_—C H )(q_-cgns) )

| Cr(CHan)L * : ) 87

- Mo. (1) | Mo(q’—b I )(co) (3 OAr) o 88

. ' Mo(CO)z(dlphos)z .89

¥ (1) w(co)z(dlphos)z \ . 89
alcr (~1) cr(CoHe) 5 - ' 49
a?cr (-III) cx(Cy g), | 49
d1Mogv)

Reaction of the hydride complex (q?-csu4c6p ) (q?~c5H5)MoH(céF5)
with’CCl4 gives the chloroanalogue (X = Cl). Oxidation of this forms the

corresponding,dl cation which may be isolated as ito ealt (81):

\
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Similar compounds are known for tungsten (81).

The simple alkyl and aryl derivatives of the heavier transiton
metals are, in general, unstable and poorly characterised; for example
Liw(céizS)5 .
with phenyllithium is a black pyrophoric power (90). However,the preparation -
of Liw(C6F5)5.
to study. When an etheral solution of pentafluorophenyllithium is stirred

.3Et20 has been isolated from the reaction of tungsten (V) bromide
2Et20 has been reported (82) and found to be more amenable

with tungsten (VI) chloride, the solution assumes a green colouration.
‘Removal of the precipitated lithium chloride followed by crystallisation under
an inert atmogphere produced the'bright green dietherate in very high yield.
Controlled thermal decomposition at 100° gave the orange/red W(CéFB)5 as . very
air sensitive crystals. Their mass spectra have been recorded (82)-
a%cr(Iv) | - | '

A similar tetranorborayl complex to that given for vanadium is known
for Cr(IV) (43).

Preliminary X-ray studies and ESR spectra suggest tetrahedral

ye)

arrongement of norbornyl groups. Ligand interrcpulsions would favour this
arrangement., Magnetic data suggest a spin free configuraticn. It is & red/brown
material with pgeff 2.84 B (43), stable in air in isooctane solution and in
0. 1 M HZSO4 in dioxan. T '

A reason for the stabdility of this moleonle spart from those
3

mentioned earlior, is cpinvent from a study of models: it is evident thatl

o1l melecules camnst pentyrate the coordisabicon sphere.
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. Recently, tetra 3g£§fbﬁtyl'chromiun (IV) has been reported (91)
from CrCl3.3THE and ﬁg}j;buiyllithium in pentane via a disproportionation
. reaction. It was isolated by sublination end characterised by esr, UV,
visible and IR spectra. Models show that the four teritiary dbutyl groups
fit snugly around the chromivm atom meking it difficult for them to achieve
the correct gecmetry required in the transition state for 3 ~elimination.

The following complexes have been characterised by ESE (91).

CrM§4.

Cr(iso propyl)4
Cr(gggrbuty1)4
Cr(ggbutyl)4
Cr{cyelohexyl) ,

The ESR epectra of many other tefralkyl chromium species have been
recorded (92). ‘ '

Tetrablb(2-methyl—2~phenylpropyl)chromlum (), Cr(CH2 .ezPh)4,
vas first reported by Mowatl and W1lk1nson (93) and shows remarkable chemical
inertness: in benzene solution it is decomposed by concentrated sulphuric
acid at room tempcrature only after several hours. The molecules form flat
- purple prisms fron pentane at -40 °C. The crystal structure has been reported
(94) and found 1o be & slightly distortcd tetrahedron with a mean Cr-C
dlstance of 2.05 5. '

The ccmpound cr(cH SlLe3)4 is also quite unreactive except towards
OXygen. It is unaffected by most solvents by primary aliphatic and aromatic
amines, ethylene diamine, alkyl and axyl tertiary phosphines, carbon
disulphide, and carbon monoxide at 100 °C and 200 psie Although inert towards
water and dilute mineral acids, coucentrated hydrochloric and sulphuric acids
"give green solutions of Cr (III) ions and tctramethylsilone is lost. Other
reactions with hydrogen chloride, chlorine or nitric cxide bave been described
(42)
a>cr (1I1) -

Tetrakis(trimethylsilylmethyl) chromate (III) ion has been prepared
{42) from a suspension of CrCl3.3TEF and trimethylsilyllithium, The reaction
appears Qualitative, but atiempts to prepare crystalline salts with large
. cations have not proved successful. The solution ma v be oxidisecd in air to
Cr(CHQSiMe3)4. In TH" solution the magnetic moment is 3.7 Bi, measurcd by
‘he Dvans' IHR line shift methcd at 208 K(9 5), and its geomctry is tetrahedral.

Using bulky (Me%uL)?Cq groups, presuned trigonal or distorted
trigonal a3 complexes “R; have been made (96). A typical synthetic proscedure
involved addition of bis(hrimethylsilyl)wethyllithium in dietlyl ether to

. . O
chromivm (III) chloride at 0 C o give bright green air sensitive crystals of
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the trisvsubstituted product. The geometry was cdelermined from ﬁSR studies.
The chromium atom appears to bz very shielded by the ligands, and does not
resct with carbon dioxide or pyridine. However, with one ejquivalent of nitric
oxide in hexanc, a diamagnetic deep red solution is formed, presumed to be
Crit,+}O, (»70 = 1672 cm"l)° Prityl chloride yielded Ph,C* (detected by ESR)
and a purplg solution thought to contain ClCrR3.

If chromium (III) chloride is reacted with 4 camphyllithium, a
Cr(ITI) species XIIT results.

Cr —

Further groups coming iﬁto close apprecach to the metal to give a.
a derivative of Cr(IV) are prevented from doing so by the steric interactions
of the methyl groups. ’
The anslagous reaction of lithium diethylamide with chromiun (III)
_chloride is reported to give tetrakis(diethylamide )chromium (IV), while
the bulkier lithium diisopropylemide gives the corresponding trisamidechromium,
(97, 98).
&er (1) , |
In conirast to the bisnaphthalene vanadium (0) complex, the isoeletronic
cr(I) speciés carmot be obiained directly by adding the correct amount of
lithiun naphthalenide to CxCl,. (Li/Cr = 2) (52). The ESR signal of the
Cr(I) species is, however, observed if the CrCl3 solution is added to an excess
of nsphthaleride anion (Li/Cr >5),.which is then hydrolysed with water and
the chromium cxidised with oxygen (often the amount of oxygen‘present in the
water iz sufficient). ‘ : .
' i Ag DD ziudy of fhe nmized conduich campourds (q?~CjHD)CT(W§”05“6)
and (qwaSHS)Cr(qu07H7)+ has been carried out (85). The paramagnetic complex

XIV has been prepared (99).
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It is an air sensitive material and its ESR spectrum has been recorded (86).
The deep green cyc]openiadienylch“omium tricarbonyl dimer has been
prepared (100) from the reaction cf [(q_—C H )Cx(CO) ] with tropylium
bromide. This oxidation evidently proceeds v1a 01 CSHs)Cr(CO)3 radicals whlch
then dimerise, since ditrepyl is also isclated. It is reported (199) that
sublimation of the dimer yields the paramagnetic monomer which has besen studied
by ESR spectroscopy (101) and for which a distorted structure is recorded.
The monomer is obtained as a'dark green polycrystalline mass which must be
handled under nitrogen.
The proton NMR spectrum of the dimer in toluene—d8 solvent at
25° consists of one very broad resonance (width at half height of 18Hz) at
. ¥ 4416 (102); However, at higher temperatures the line becomes broadere.
At -610, the resonance has narrowed to 1.5 Hz and has shifted to © 5.90.
This behaviour would seem to suggest the appearance at elevated temperalures of
some paramegunetic species, and a temperature dependant equilibrium between '
monomer and dimer has been proposed. In view of the extraordinany length of
the Cr-Cr boud (3,268) this does not seem unlikely (cf 2.923 £ for im~Mn in
lnng(c'))]LO (103)).
d 1;_(1) and W(T)
' Irradiation at -—30O of the metal;métal bonded dimer
[(Q.-C H,. )uO(CO)3]2 yields the paramagnetic monomer which has been spin
trapped with Ar¥0 (83). The uze of Ari0 as a spin trapping agent for metal

NS + T T T A SO, I FOUS IRV, U 2 .2 pe an S TV mver TS
Centriod luuiCadd Lokl oy Lémolysis is h‘gdCi?}piC&d, aad Gailus their

identification by L3R spectroscopy.



The complex Mo(CO)Z(diphos)é (89) reacts with icdine in
dichloromethane at room temperature to give air stable red/black crystals
of [I«lo(CO)z(diphos)2]+I3. This is a paramagnetic material (ueff (soliAd):
1.66 B at 20°C) and conductivity data in nitrobenzene are consistent with
its formulation as a moncimeric complex behaving as a uni-valent electrolyle.
The dicarbonyl tungsten comblex w(co)g(diphos)2 reacts with iodine in
the same manner to produce the red [W(CO)Z(diphos)z]I3, which has similar
properties to those obscrved for the molybdenum species (99). These compounds
moy be considered as either octahedral tri~iodide derivatives of M(I) ox
“an eight coordinate derivative of N(III) such as [I;Q(CO)Z(diphos)le]I.
However, the rather low value of the single IR active carbonyl stretching
mode (1864 cm"l) is consistent with the M(I) formulation.
al, &2 cr(-1), Cr(-III)

Further reaction of bisnophthalene chromium (I) with lithiun

na.pnthalemde is reported to generatcd complexes containing the reduced Cr(-I)
and Cr(-XII) ions (49).

Grovp VIT A: Mancanese, Technetium, Rhenium

TABLE 5

Paramaenetic species of Group VIIA metals

al Re(VI) Re(Me)6 ’ ‘ 104

a3 Mn(IV) . Mn(l-»norbom.yl) 43

a? Mn(Ix) n(C,H IIe)(CO)2 105 -
C(Gue)(l-ferrocenyl) +

; ‘ Mn(_f-O)z(diPnOS)a | 106

é' 1m(0) . 1%1:12(00)10 B 23
Mn(CO)-SBr" _ - o7
Mn(Co) 4(1>Ph3-) - 108
x-an(co)soz.im(co)s 109,110
Mn(CO) 4P(N0Ar) . 11
(P = CO or PPbl‘erz)

T (0) T¢{CO)x 111

Re(0) ' - Re((0) 4P, | |
P = PP by 112
: 113
P = PiiePh, 114
P = Pie,Fh | 115

I@(C(J)s (Axon) . | ' 1l
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al Re(vI)
The green, cryctalline, paramagnetic dl hexemethylrhenium (VL) has
recently been obtained by reaction of tetramethoxorhenivm (VI) with .
.,trimethylaluminium (104). TIn the solid it may be kept indefinately at -20°

but decomposes above 10°¢C to a black residue and metbanes It is noted that

the crystals should be bhandled with.caution since in one case admission of

. nitrogen to a sample in vecuo caused & violent detonation. It is very volatile,
subliming at -30°C at 10"'3 mm Hg and exiremely zir sensitive, In its macs
spectrum all ions ReHe + (n 6~0) were cboerved at bo+h 70 eV and 16 V.
| "‘he ESR spectrum has been recorded (116).

& m ()

In common with the elements hafnium, zirconium, titanium, vanadium,
cbroﬁium, iron and cobalt, manganese forms a stable compound of the tyﬁe MR4
wherevR = l-norbernyl (43). It is a green, gnystalline solid with a magnetic
‘moment of 3.78 BM. The mass spec%rﬁm showed a molecular ion corresponding to
& tetraallyyl complex. o ‘

& un(rT) - | '

The oxidation of a mmber of derivatives of manganese (L) such as
Mn(CO)3(pJ)?Br, n(CO)3(b1py)Br and Hn(CO) (trlars)CIO has Ybeen shown to
lead to complexes of manganese (II) only Ly complete expuls:.on of carboa
monoxide. This behaviour countrastis with the reaction of tromine with
[Hn(CO)3(diarsi]2, which appears to lead to the mungenese (IT) derivative
Wn(COf (diarg)Br (117). It bas recently been reported (118) that the cation '
[Mn(co)2(d1phos)1 * (119,120) readily loses one electron to fom the green
raranagnetic di-cation [Mn(C0),(aiphos),|**. The cxidation from Mn(I) to
¥n(II) is effected by nitric acid, bromine, antimony pentachloride or
potassium permangenate (at pH <<6). The di~cation is most conveniently isolated

‘@S {he perchlorate, which is remarkably stable., However, a sugpension in
acetone is reduced to the manganese (I) species by sodium borohydride. A
trans configuration has been proposed and conductance measurements show the
salt to act as a 1:2 electrolyte. A magnetic moment of 1,808 (independent
of temperature) was recorded, suggesting the t2 Z configuration. ’
~d7 BﬁlSOQ . ' &

Solid state ¥ irradiation at low temperaturcs has been used o
produce new paramagnetic species from decacarbonyldimanganese and bromo-
pentacarbony luanganese (1), (23). "The ESR spcctrum of the product formed an
irradiation of pure powdered Fn (CO)10 at 77X is characterictic of a »P°010v
containing two magnetically equivalent monsanese atoms and one unpaireds
This electron is cenéidered to be largely confined to the o * antibonding
crbital of {he M~ bonde The ESR sigmal cawsed by ¥ irrmadiation of pure

hn(CO) DBr iz one whose paramcters are agein close to the epin only value.



The sublimaticn of ln (CO)lo onto a t/::old finger has béon reported
to yn.eld n(CO)5- radicals (121,122), However, it has subsequently been showm (109
that sublimation in the absence of oxygen gives no detectable ESR signal.
Admission of a trace of oxygen. to the apparatus results in a spectrum similar
to that originally 3351gned to the pentacarbonyl species. This result suggests
that the radical is in fact thePeroxo specles Ozhn(co)s, a proposal supported
by work using 002£CO)8 (109). |

Wojicki and Hallock (123) have shown that the 350 nm photolysis of
an(CO)lo in TiIF (the wavelength. corresponding to the o -» o % transition in
the metal-metal bond (124))produced an orange paramagnetic complex which on
standing at room temperature reverted to the decacartonyl. Addition of the
orange solution to iodine in THP yielded 30-35% ofhnx(co,bI (124) whereas
hn2(00)10 and iodine in THF do not react at ambient tcmperaturu, proving $he
presence of radical spec1es. . -

The 17 electron entity I&n(CO)J has been trapped out of the products
of UV irradiation of either the decacarbonyl or Rlﬁ(u0)5 (R = He or °hCH?)
using nitrosoqurene (11)s :

ﬁ v ""300 - * .
Riin(C0) 5 T, R® +. Mn(CO)5
Both fragments were trapped to give the nitroxides XV and XVI
Ar --n--Mn(co)5 ‘ : R-N-Ar
o° ' o*
Xv XVI-

The photolysis p*ouucts of bis phosphine substituted dimers have
~also been spin tropped (11) Iixamples ares Ln(CO)[P where P e P(OPh)3,
PP113, PifePh,; Plle,Ph; Pbu3, P(C(Hll)3

~Similar radicals have been trapped from the purely thermal
decompesition of [IUn(CO)4]? species, The radical (CH3)CT(O)An(CO) Las
been detected in experiments in which I.n(CO)5 is oxidised by the tropylium
cation (125). It is notewerthy that no paramaenetic species were obtained
from I‘-;na(CO)10 in the dark at 23° due {o the greater activation encrgy needed
to cleave the M-l bond in this case. It appears that increasing the O
clectron density of these exial ligands (in ln,(CO)gl,) while decreasing their
ability to act as T acceptors dees weaken the metal-metal bond, and
thercfore lowers the activaiion energy for its facture. Purther ur~umenb‘
concerning the strensth of the M- bond in various biz axially ”Ubgtltuned
dimers is prescnd sluenhere (126).
Te (0)

The study of paraiag uot;v technedium corp ounds has been governed

by ite scarcity, sizee 1t wos only iscolated oa the gram scale in 1952,
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The compounds T02<CO)10 and ITc(CO)5 have been prepared (127) and characterised,
but no mention was made of intermediate species or radicals of the type
. 'TC(CO) It has since been shown (128) that the Tu(CO)5 radical is formed

by the ﬂ? decay of 99M0(CO)6 and that it displays several of the properties
which would be expected of it. Its stability in the solid Mo(CO)6 matrix is
greater than that of the analogous ﬁn(CO)5 in MnZ(CO)lO (8 hour compared o
1 hour) (128, 129). It seems to be repidly destroyed by nitric oxide if
present during the early stages of the chemical workup and to be somewhat

‘sensitive to atmospheric. oxygen. The Tc(CO) radical reacts slowly with

Mn(CO) to produce a cpecies which is likely to be hpTc(CO)lo and rapidly
with IHn(CO) to give ITc(CO) (128),

It must be emphasised that the concentration of radiocactive .
techneﬂlum compounds produced in the Ho(CO)6 matrix is extremely small; about
10° e aton/mg of Mo(CO)ge This means that no comventional means of study

-are applicable, lMoreovery it is %mpor%ant to note that reactions involving

two Tc atoms are thus not expected, so.the reaction:
2(* TC(CO)B) —> 1102(\'0)10
would not be promlnent.ﬁhen stil) trapped in the no(co)5 lattice, the radical

. Burvives heabing to 110°

Re QO)_

in boiling zylene has been reported to yield Re(CO)3(PPh3)2 (112, 113) and
this has been assigned a trans trigonal bipyromidal structure on the basis
of the single peak at 1934 en~! in its IR spectrun (113)' Its magnetic moment
is reported as 1.7 Bl (113) and it reacts quantitatively with iodine to give
the known ‘trans Re(CO), (”Ph3)2I (131).
The monomeric, paramagnetic crystalline compoand Re(C0)(aiphos), ‘
hags been reported (131) from the reaction of Rcz(co)lo with 1,2-diphocphinocthane

followed by treatment of the rezulting nP(CO)2(dlphO )2 with excess reagent in
Its dipole moment was not recorded due to its low

The reaction between decacarbonyldirhenivm and triphenylphosphine

& sealed tube in vacuo.

solubility,
Re(CO)3(dlpho") has also been reporied. Two strong IR bands and one
weak one agree with a C or 02 structure with the carbonyl groups in the

_ trﬁnﬁ positions, However, it is notewortky that the complex initially reported
as Mn(CO)(dxphos;e (132) has recently been showm by X~-rey crystallography to

be the diameguetic metalated species Hn(C0)(CO-C ¢y P (Ph). CH,CIL,IPh )(dlphcb)

(133) which has the. struciure shown below XVII.



The paremacnetic complex Re(CO)B(PHeaPh)é has been isolated in
low yiel@ from the photochemical reaction of Rez(co)lo with two moles of
PMeZPh'(115). The IR spectrum of this molecule is consistent with a structure
belonging to the Cs point group. . .
Three CO stretching bands are reported for this molecule which
indicatés either trigonal or square pyramidal skeleton. The structure
XVIII is reported for Re(co)3(Px-1e2Ph)2 (115)

iL
\\\\\\\ \\\\\\
TS L \\ L
L g

XIX would 2lso give three bénds, ut it is doubtful whether the formal
distinciion betueen these two has any real meaning. | Pentacoordinated specien

are Imovn to be fluxioual, cid wo XVIIL and XIX are merely representaticas of
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extreme cases. Re(CO)B(PHcPhZ)Z has also been reported (114) and this has the
structure XVIII but once again the assigmment of a particular configuration nmay
be erroncous.

Complexes of the type [RO(CO)3L2]2 (L = FPhy or P(OPh)3) have been
prepared (112). These are stated to be dimeric and diamagnetic in the solid
state but monomeric and paramagnetic in solution. Re(CO)3(PPh3)2 has also
been reported by heating HRe(CO)sP under vacuum (131) and the paramagnetic
Re(CO)5 has been identified by Lappert in the photolysis of the decacarbonyl (88)

The photolylic reaction of ?ez(CO)10 and PBu3 is reported to yield not
on]y Re2(00)8L and Re2(00)9L, but also Re(CO)3L2 (134).

Group VIII: Iron, Ruthenium, Osmium :
TABLE 6

Paramasmetic species of Groun VIIT metals

Ion - ConEoundq ' | Egggggggg‘
4 Fe(IV) Fe(norbomyl)4 | 43
a’ Fe(III) Ferricenium salts' . 135
. | .I'e(olefin)3+ . . 4 : 136
al (ver) | Fe(r -05H ) (05H4N03u* ) | a3
: Fe(n=C 5l ) [C5H COSPh)]" | ' 138
Per;C5H496H4nO ) T ‘ | . 139
Fe(n’ -05H )FC5H co(cor)]™ 140
'Feﬁx -CSH )(CO) (170AT) : 83.
a® Pe(-1) Fe(q ~06H8)(CO) (PPhy)” 141
PC(CO) : 142
Fe(0)/Te(~I) Fe2(00)9" Fe3(C0)y, 142

Fe3(CO)llP(OEh)3 -
RuFez(CO)lz -
Te, (co)apt P(orh)3 2

ra(0)/Ra(~1) Rus(co)12 V-.f - : | 143
.?uG(co)17 , 142
0z (0)/0s(-1) ‘ 0s5(0), , - . . - 143
. 142

* diamagnetic, included for completencss.

Qf;?eQIV} _
In common with mamgr elcmen.tu which bave already received aLtcntlon

the norbormyl derivative or irvon (IV).is also known (43). liowever, his
particular molecule is unique in this series in that the d electrons are

spin paired rosulting ia a diamagnetic confipunrations
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' Ferrocene itself is thermally stable and meltw without dbcomﬂcgltlon.

It is also inert towards hydrolysis, but is very readily 071d1°ed ty iodine

in acid solution to give the ferricenium cation (n5~C YS)? * (143).

This is ncermally isolated as salts with anions such as BP4f. Fritz, Keller
and Schimrzhaus (144) have shown that becau e of too short a spin- lattice
relaxation time the ESR spectrum of Fe@\ -C HS)Z cannot be observed at 77 K.
Ring substitution, however, incrcases this relaxation pcrlod and ESR snectra
of several such derivatives of this cation have beea recorded (145), (146).
Their preparation has been described (147).

d7 Fe(T)

The ESR spectra of a number of radical anions derived from
substituted ferrocencs have been recorded (138). Compounds studied include
benzoylferrccene, p —~toluoylferrocene, p —nitrophenyl ferrocene and
p ~cyanophenylferrocene. ~ These radicals were generated in a medified
elefrolytic cell, full details of which are given in the literature (139).
| In all cases, the observed spectra were symmetrical with respect
to their centre, so it is reasonable to conclude that only one type of
radical is formed during the redugtion, and that other species, generated
through secondary reactions of the radical anion with solvent molecules, are
too short lived te build up to a detectable concentration.

Despite the applications of metallocenes as antioxidants, combustion
control additives, photcprotecting UV absorbers and medicinals, areas which
clearly involve free radical chemistry, it is not until recently that stable
metallocenes have received much atiention.

Yerrocenyl ketones, X{, which have an & -methylene group, msy be
oxidised to the stable paremagnetic semidiones XXI with molecular oxygen in

iSO containing an cxcess of potassiuvm tert-tutoxide (140).

Ry Ry Rs R,
? Q@ R4
C-CH—R, Come
B \O_
Fe > Fe
[oMsO 1

o N )
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This reaction is quite general, and many scmidiones may be prepared
in this way (some 23 are given in refcrence 140)., Their ESR spectra indicate
a rcmarkably small amount of electron spin delccalisation inte the metallocene
ring. The intermediacy of XXII has been postulated, and sieric and electronic

fectors have been found to control the rate of cnolate anion formation (140).

Rs  Ro R Ry .
W= O" 1
Fe > Fe ©
R4 . | R4
1
X1 YL

- Using the same reaction conditions, 1,2-ferrocenyl diketones have been
observed to ccndense upon initial oxidation to form the corresponding
quinenes acdordinb to ths follouing scheme (148)

' The radical species (q -CSH )re(CO)2 has veen detected by spin
trapping techniques (88) from photolysis of [(q ~CsHls )ne(CO) ]

The binuclear [(t\»= )94(60) ] &1s5001atcs in solution to
give a paramagnebtic species (149), and enalysis of the ESR signal over the
temperature range of +40°C~to ~9OOC establishes that the solution state of
thie compounds is fully represented as an equilibrium between dimer and
nonomer. No gas phase data are available, bubt mass spectral studies show
dimer to be present. Solvent effects on the equilibrium were small. Tho

dimer repidly isomerised l-hexane to trans—-2-hexanc at 25 c, and rapidly -

polymerised allene at ?? °c % a solid polymer. It is noteworthy that the
substituted compound (n -C L5) e(CO)2PFh3 docs not dimerise but exists as a
poramsgnetic mememer (140). This munt Bo o remuly of the Ymlkiress of the

phogphine ligend, since monomers where PPh, was replaced by P(OPL)j' Pl%B

3

or PH03 or rue3 all exicted in equilibriuwn with the dimer.



i
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a° Fe(~I), Ru(-I), Os(~I)
‘ Theoretical studies (150) indicate that metal carbonyls with a
" metal-metal backbone have empty low-lying molecular orbitals aszociated with
~this system; one electron redvction of these compounds is therefore expected
to be relatively facile. The addition or removal of an electron from a olosed
shell configuration of polynuclear meial carbonyls is also known to cause
structural distortions (151) and this may prove to be a method for expanding
or contracting metal polyh :dra in cluster compounds.

‘ In oruer to test th,u hypothesis, a number of new radical anions of
the type u(co), MZ(CO) y H3(CO)1? ‘ have been characterised (142). Their
preparation involves alkali metal end/or electrochemical reduction of ﬁhe

appropriate metal carbonyl compound in dry, oxygzen~-free ether solvent. A

nunber cf -substituted metal carBOﬁyl radical anicns have previously been gtudied
bty the electrochemical method of Dessy ot al (152). With most compounds
'reduct1on is repid and reversible. Solutlons of the radicals are stable, but
attempts to isolate solid salts have sb far proved unsuccessful. Ouantitative
' yields of the parent carbonyls are‘obtained when the solutions‘are quenched

with iodomethane, indicating that no gross structural changes have occured vpon

' . reduction. The ESR spectrdl parameters of the compounds listed have been

determineds Fe(CO) F92(00)9:; Fea(CO)lef; Fe ﬂ(CO)llP(OPH)B w3
PuI‘ez(CO)l2 : 3(C_()12 3 033(00)12 ~ and Ru60(00)17 .o
The anion Fe(qé;C6H8)(CO)2PPh3 has been prepared (141) by 1rrad1at1ru
the neutral complex with QCo ¥ rayse. The irradiation was carried out on the'
pure solid, or on glassy beads of frozen solutions at liéuid nitrogen
temocratures. The ESR spectrum was recerded. ' ‘

.Somo paremaenotic conplexes of the remaining elements in Group VIIX (Cohal
-Tridiwa, Nickel, and Platinum)

TABLE 7
Lon 4 | oo SomROuNds Reference
9 . '/ o
aZ Cco(0 152
(0) /r: e (eo)s ;
. " n Sen ] . ‘
1r(0)/12(1) Ir,(00), " 142
Ni(X) ( 1\1(I>R3)3 _
( M(PR3)4E" . 154
pt(I) - : (E = Cyom),, cr,(en),”

benzoguinone or chloronil

M= N3 oor P
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&2 Co(0)

A new paramagnetic cobalt (0) complex,'XXIII, has recently been

reported (153) in which five electron pair donors are coordinated to the

metals
Ph  Ph
O \“P O
Ph P ' S »
1 Co (CO), + 2 OC_, (co) Co/ . 4 COt
R ° MmN BTN s
Ph,P P
0o A .
Fh P
p XXMM

Compound XXIII crystallises from ether/dichloromethane as dark
green column shaped crystals. They are air stéble; but decompose slowly in
.golution. A simple electron count shows the molecule to be a 19 electron
species., The higher carbonyl vibration of “the CO ligand which corresponds
to that of the caticnic complex Co(CO)3[P(06}15)3J2 * (155), and the lower |
 carbonyl vibration of the ankydride group in XXIII are regarded as indicating

that the unpaired electron is heavily delocalised over the phosphine ligand.

Molecular structure of [bis(diphenylphosphino)maleic anhydride)]
tricarbonyleobalt(0)

Various vhosphine complexes of cchalt have been studied (156, 157).
One in particular is formulated as Cq(Ph2P02H4PPh2)2X *%~ which is essentially

a gguare bhaped pyramid of sz symmetry. Its LSR spectrum suggests that the

wnpaired electron is in o largely d_2 2 orbital,
& > X -y
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The ESR spectrum of the radical anion Ir (CO) ~* has been'repcrted
(142). This species is prepared by reduction (elther CﬁGNICul " or '
electrolytic) of the parent carbonyl in thoroughly degassed solvents.

Transient paramagnetic Nickel complexes have been detected (154)
during the expoéure of tyﬁical diamagnetic le species of nickel (0) and
platinum (0) species to known one~electron acceptors. The rapid reduction of
guch reagents as tetrmoyanoethylene (TCNE), dichlorodicyano-pbenzogquinone (DDQ)
and chloranil (CH) was readily indicated by the immediate discharge of the
cqlours.of the metal (0) compounds in solution and the siﬁultaneous appearance
of the XESR spectrum of the corresponding radical anioh. Complexes which have
been treated in this way are NiR,, R = PEty; PPhyj (diphos)z; (PPh3)2(diphos)2
and Pt(PEtS) 3°

Very little ESR work has been carried out on rhodium complexes;
Dessy et al (158) have observed resonances from a cpecies thought to be
(nP~C ol RR(RP=C,IL), ¥ In (=€ sHs) Rh, Keller and Wewersik (159) bave
con31oered the electron to be in the d 2 orbital, as expected. The only ESR
experiment on Ir(II) is that on (q -C H ) Ir where a small hyperfine coupling
is detected (159). '

Sublimation of octacarbonyldicobalt on to0 a cold finger at 77K
yields a paramagnetic species identified from ‘it¥s ESR spectrum as the
tetracarbonylcobalt radical (160)¢ . In the presence of oxygen, the percxy
radidal is obtained. The structure of these radicals haz been discussed.

Bis(qs—oyclopentadienyl)cobalt (cobaliocene), the cobalt analcgue
of ferrocene, can be prepared in a variety of ways, but is most usually
obtained from stoichiometric amcunts of sodium cyclopentadienide and anbydrous

cobalt (II) chloride (161). This recaction is exotherwic and the mixture becomes

4Jdark purple. After heating at reflur to ensure completeness of reaction the
solvent is removed in vacuo and the cobaltocene purified by subliﬁafion at
60°C and 0,1 mm Bz, It fomms purple/black air sensitive crystals which melt
at 173°C. They are readily oxidised to the more stable cobaltocenium ion
[(q -G H ) Co] . lHaving one electron more than ferrocene, cobaltocene
is paramagnetlo gpeff 1,76 B at room temperatare), and so the ready loss of
one electron to attain the more favourable 18 electrcn configuration is not
gurprising. Cobaltocene is insoluble in water and liquid ammonia but gives
red/purple solutions in organic solvents. One of ite mocre interesting reactions
is that with carben tetrachloride, in which the ionic cobaliocenium chloride

is precipitated (162)
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The use of ESR spectrosgopy has shown (163).that in (q?—CSH5)3Ni(CO)29
XXIV, the unpaired electron is in the Tt bonding molecular orbital linking
the three nickel atoms.

*

Dessy et al (164) have reported electrolytic reduction of _
[(co)zmpphz]2 and‘_(qs-CBHB)zNi.Pth]2.In each case, one electron only is added.
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PART II
Many orgnnometallic reaction mechaninms have now been constructed in
- which transient paramagnetic epecies play a vital role. One of the earlier
reports of a free-radical reaction is due to Pauson and Munro (165), although
the presence of radicals was not definitely confirmed. The reaction they
reported was that of [(q7-c7ﬁ7)0r(co)3]+01o 4" with cyanide ion, in which the
ma jor products were found to be XXV and XXVI

with oﬁly minor amounts of the expected @yano complex XXVII.

N

I
Cr(CO)3 | | -

EXVIT

A detailed mcchanism for this unusual rcacticn was not proposed,
but the partial rcmoval of chremiwn was considered sigaificant. In general
terma, it arpearad that atfack by the anion on chromivm in the salt lead to
cleavage with the formation of a Cr(0) complex which then (like zine) reduces
the s2alt to the dimeric species XAV by electrea transfer,. This ceems likely
to bo a rodiecal procems. Similar dimers were obtained when the catien waz

treated with sodiwn asctate, sodavdde, phonyllithivam or benwamide,
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A parallel reductive dimerisation has also been observed using either

zinc (166) or a zinc/copper couple (18), as illustrated in the following

scheme:
Fe(CO),
+ Z0/CuRT,  (cO).F FeCO
18h THF (CO)5Fe i o),
- 70%
ﬂe(c% | . - Fe(CO)3
+ o l‘\
ZofTHE - ~—r |
RT 72h .
S
FelCO),
11% -
Ce IWor Felll
H,O0@ RT,
20MN
-4

89%




The mechanism which has bLeen posiulated for these reactions is

as shown below.

-
2

/,___/"X

. é@o%
}

DIMERISATION

The reaction of decacarbonyl dimanganese'With triphenylphosphine
has been investigated under a number of conditions (108), and both binuclear
and mononuclear products obtained. By carrying out the reaction in an E3R
'oavity it was verified that paramagnetic species were formed during the reaction,
but none were isolable. Basolo and Wawersik (167) have suggested a scheme which
gxplained‘the paramagmetisn but did not include the formaticn of the isolated
trans hydride. The following scheme is more comprehensive, and is due to
Miller and Kyers (108)

Mn,(€0), 0 + PPhy —— Mng(CO)9PPh3 + CO
Mn, (€0) gFFhy + PFhy > I, (CO) 8(Pph3)2 + CO

an(co) 8(PP113)2 + [} PPh3I‘v'In(CO)4 + Win(Co) 4FPhy
PPrL3r(m(co) 4 [H}———— Hin(co) AFPhy
min(co) PRy & FPhy——s }E.m(co)3(91f>h3)2 + CO

where [H ] denotes hydrogen abstrocted Trom the solvent, and not

tripheny lphosphine (159a).
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Although the substitution of HRe(CO) by triphenylphosphane and
other related ligands has been reported (169), no kinetic studies have been
undertaken until recently. Indeed reproducible resultsare apparently
difficult to obtain. Under the mesi rigorous attainable conditions of solvent
and reagent purity, with the exclusion of light, the themmal reaction at 25°C
in hexane under nitrogen of HRe(CO)5 with tributylphosphane exhibited no
change even after 60 days (169). Thus the pemtacarbonyl kydride appears
extraordinarily inert towards substitution via carbon monorxide dissociation or
bydride migration pathways, in comparision with the manganese analogue (170).
Exposure to light, failure to éxhaustively purify the reagents, or other
circumstances, caused the reaction to go to completion at widely varying rates
to yield HRe(CO)4L and HRe(CO)3L2. With triphenylphosphane HHe(CO)4PPh3_
vas formed at similarly erratic rates. Ixposure to air or hydroquinone in
low concentration retarded the reaction. ] ' ‘

These observations suggested a radical pathway for the reaction,

invoking adventitious radicals as initiators (169).

R* + HRe(CO)s : > RH + ‘Re(co)5
'Re(co)5 + L : — LRe(CO)4' +C0
LRe(CO)4' + L ' y Re(CO)3L2’ + CO

Re(CO)4L' + zme(co)5 ey Re(CO)s' + HRe(CO)4L -
P-.e(CO)3L2' + HRe(CO)S —_— Re(CO)s' + HRe(CO)3L2
Re’(co)s— I+ Re(CO)s__mLF-—-——; Re2(co)10—n~an+m

Chain termination involving the fomation of RRc(CO)S, Rez(CO)9
and Re2(00)8L (but probably not Re,(CO) L 4) are all possible,

A variety of polycyclic aromatic hydrocarbons are homogenenocusly
hydrogenated in a highly selectlve manner (171) in the presence of Co (00)8
and oynuh031° gas at elevated temperatures and pressures The operation of
this catalyst, being one of the few known homogenous catalysts for aromatiq
kydrogenation has special intercst. The proposed reaction scheme is given

below (172)



K '
| c.gz(co)8 tHy & 2HC(CO),
R
OO0 :
v + HCO(C 0)4 ;:_
! ,
‘fngl-

HCe(CO), =~

:ec'o(co)4 W Cofco)

-The findings of variocvs cxperimeris using different substrates have
been discussed in tems of this mechanism (172).

Recently (173), the hydrogenation of ot —methylstyrene by
hydridopentacdrbonylnanganese (I) has been studied, and a free radical

mechaniom constructed:
061150(01«13) = CIl, + Irx,m(co)5 e {061150(0113)2, Im(CO)sg

diffusicn - ,( ) . (c0)

e m.(c,), + Ma(co

apart 6’5 32 2
CIL¢ (CHy), + Hn(00). —— ¢ w.cn(cr,), + Mn(Co)
675 372 * 5 075 372 5

C e fast . .
21.111(00)5 —————— 1, (C0),,

[0 DY
b - e

zn van found teo proceed cuaontitatively am determined hy NMR end UV
spectroscepy and CLC analysic, Definitive evidence for thin route was

provided by the cbservation of CLIIP effccts when the reaction was followed
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at 70°C in the probe of an MR spectrometer, spectra being taken at 75 second
intervals over the 90 minute duration of the reaction. The mechanism is '
interpreted in the fomm of the generally accepted “radical pair® route,
involving competition between the back reaction of the geminate radicals to
give the original reactants, and their separation (cage escape) with ultimate
product formation. No evidence was found for the accumulation of detectable
cquantities of the cage-combination product 06H5(CH3)204QQ(CO)5. This compound
has not been reported in the literature and is expected to be unsiable o
decomposition via IIn~C bond homolysis wnder the conditioﬁs of the reaction.

An intense ESR spectrum of isopropyl radicals has been detected by
mizxing solutions of sodium cyclopentadienyl{dicarbouyl)iron and cyclopropy\carbingl
iodido (174): '

l>\/ X + (nk5-~05115)pe(00)2'”Na+

Tg?a?i B e(C0),(n7-Cols)  + WFe(_co)z(f-cB}%)

X= I 70 _ 3075
X= Br gk 3

ESR spectra of similar quality of n -~butyl, sec-butyl and tert-butyl
radicals were recorded in the reaction of the iron anion with the corresponding
icdides, end reaction with tropylivm tetrafluoro borate gave an in%ense signal
due to the C7H7' species. ‘

JTo ¥R spectra were observed in any of these reactions which could
be attributed to orgenometallic radicals, precumably because of the combined
eifects ol short iifcilucs, low sileady state concewiiablons aud the Lrouad

line widths expected for such creciess The mechanism proposed is as follows:
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RX + [(q5-05H5)2r‘e(co)2]‘. , {R' T+ (qﬁc5rx5)pe(05)2}.-

lk Aiff

l 52

Rrre (CO) 2(rf'--c
+ X

A

i R 4+ X 2 ¢ 1 )Pe(C
5 5) + X + (q' 5H5)10(,0)2
The selective removal of halogen ateoms from oerganic kalides using
the paramagnetic [(q5..05H5)Cr(130)2]2 has bezen reported (175). For example,
the dimer reacts in a 13l ratioc with vic—dibaloalkanes in refluxing THF
{t0 produce the corresponding alkenes:
C.HCH—CHC
6 5' IH 6H5 .
Br  Br ’ 6 5

Br ____,_
. Br ~

‘BP Br .
B

‘Be Br .

Br ‘ _ |
—
N

.Br )
Br

Total dehalogenciion occurs in all reactions and the olefins are isolable in
yields exceeding 755 There is no rcaction between the dimer and nmm~vicinal

non~bensy Lic¢ haloalkanes:



: : N T . (T A
C6HSCHBrCHBr2 > CGH CH = CHBr o 13%

5

B ’ . BP
e Br ’ )

v

Br

89%
trans dibromide

of cholesterol bromide .

, The orderiﬁg of reabtivity of metal carbonyl radicals generated b¥
the photoinduced cleavage of metal-metal bonds has been reported (176)
For example, the order with rebp°ct to reaction with l-lodonentane is found to
be Re(C0); > Iun(CO)5>W(CO)3(r\ ~Colls) > Ho(C0)y (0> ~05Hs) > Fe(C0)., (P-C 5is) >
Cs(CO)4 Lt was noted that the ordering of reactlvlty seemcd to correlate
with the lability of the metal-metal bonded complexes. For example, CO(CO) 4
is the least recactive and and 002(00)8 has a labile Co-Co bond, whereas
Fe(CO)r is the most reactive and "iez(CO)10 has a fairly inert metal-metal bond.
This concluulon is clearly a consequence of the grealer energy needed to
“rupture a strong metal-metal interaction. .

The photoinitiation of polymerisation and hydrcgen abshraction by
metal carbonyls has received much attention recently (177). eny trans 1t10n
metal complex/organic halide combinations are photoredc%ive. Among the
carbonyls which have been investigated in detail from %hig point of view are
decacarbonyldimanganese and decacarbonyldirhénium. In systems of this 1ype,
the active species produced photochemically enters into o redox reaction with
the halide, and as a vesult the metal atom attains a higher cxidation stave
while the halide iw converted imto a free-—radical:

1, (00);, —— 2 21 21in(00) "

An(co),n + €Cl s CLj n(C‘O),- + 0013

By replacing the simple balide with a prerormed polyhalide, & wide

variety of prﬂtﬁ bleck and network conolvmcrq hmvo been synthesisede



49

In 1972, it was found (178) thal both decacarbenyldimongenese and
docacarbonyldirheniun are very active photoinitiators for the polymerisation
of lidquid vetrafluoroethylene at —920. The actual initiating species is
though to be (CO)EHnCFéCFz. Other carbonyl complexes such as 033(00)12 and
Ru3(00)12 also show pliotoinitiating properties but are generally less active.
The photoreactions of a great many carbonyl cpecies are given in a published
review (179).

The complex dichlorotris(trivhenylphosphane) rutheninm (II) has
been used as a catalyst for the addition of CCl, to l-olefins (180). The
reaction proceeded smoothly under mild conditions to afford the corresponding
1:1 adductse. The good yields of these products indicated that the catalysed
reaction wes accompanied by lititle telomerisation. Some examples of the

reactions-are give in Table 8.

.

TABLE 8

IExperiments on the addition of CCl4 and CHCl3 {0 l~alkenes (180) -
Alkene Halide - Conditions ~  Adduct/yield %
1~octene coL, ©.80%4n CCLyCH,CHOLCET 5 (97)
1-cctenc CHC1, .1-4.0“/ 15a CHC1,,CH,,CICLC M, 5 (671)
1-ncnene tel, 80°/4n CCL,CH,CHCLCH s 95)

. . ’ % » n T ]
1~hexene cc1, . 80°/4n 0C1,CH,CHO1C jHg (?8)

The reaction mechanism was proposcd ass

1/ ' l/ .
— R = + CCL, —> — k- Cl 4+ CC1
4 /1

/| 3

CC13 # RCH = CH2 - I CHCHZCC].3

I/’ . l/
* CHOL —Rf— 5 TC1CIL.CC — I —
R CH"H2¢C13 + . /}hl Cl | RChCle2C(13 + /\

That the rcaction was completely inhibited by &mall concentrations of-galvin0xyl
was offered a5 ovidence of the presence of redical inbtermediates.

fore recently, the come authors have reported the similar reacilon
of polychlovoncetic acid esters with l-alkomes (101). Tor example,
netlyldichloroacetate uith l-octons at 120°%¢ for 20h gove .nethyl—2y4-~

‘ 'S . . 1 - -
dichlororecancate in 95, yicld:



l/ ‘ :
— Rii— + CHC1,C00CH, —> —Ru——Cl 4 °CHC1CGOCH

= BICHL ¢
CdC'J.COO"ﬂ3 + Cb 13CH = CH2 —_— CGH],:’)CH ILZCHCICOOCH3

+ —-Rlu/-——— Cl
4
'-Pll{-——- -+ Gl
/|
) This rcaction was found to be equally applicable to easily polymeriscd
alkenes such as styrene, acrylonitrile and methyl methacrylate.

" Thereaction between low valent metal complexes and an alkyl halide
belongs to the class knowm culleut:.vely as oxidative additions, and nuch
controversy has ccr\tred on its mechanisme. Recent evidence suggests free-
radical intermediates in many cases. This type of reaction is of m’.dcs;ﬁread

occurence znd is important due to its usefulness in synthesis ard some

13CHCLCH,CHE1C00CHy

catalytic systems. In one of its forms it may be described as:

[11] +  A-B -——-——'-———-7 [11(8)8]

The complex I ray bte neutral or positively or negatively charged, and
+he molecule A-B may be for example, O,y Hyy RX, R3..,1P or RHgX. ‘
Hechanisms involving free—-radicals in this reaction were not ‘orozmucl
until 1972. The addition of an alkyl halide to the al complex [Co(ClI) J
results in a one-clectron oridation of the metal and proceeds via homolilic
 abstraction of halogen (182, 183). TFor a methyl or benzyl halide, an
" organocobalt product is formed: o

[co(cm) ]f‘ & R » [co(x)(c), ]3 + R
[co(cn) ] + R + [ co(n)(cu),]

whereas for other holides a,llxeaca may be fommed in a competing reaction:

[co(CN)5]3"_ - e —-—-——-—-;.[co(n)(cu)b.]3"
+ Ol

Mout of the mocltﬂ"sﬂc work on oxidative addition fo 6_8 complexes has been

concerned with Ir(I), and in particular with troag Ir(CO)Cl(PPh3)2‘
Tr(C0)AL(TER, ), & Wl ——s Tw(0) (10} (01) (1) (PPH3),

An early Iinctic study (lu ) oncgested that the In(I) complex ues

soting zo n ommeleophile din an TI2 reaciioa:
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I = ;r(co)01(PPh3)2.

After 1972, radical chain processes as a means of explaining the
oxidative addition reaction gained support, and such a mechanism was suggested
for the addition of FLCHFCIHBr to frans J::r(cg)cl(m%)2 to give = | T
IrBr(CO)Cl(CHzCHFPh)(PIIe3)'2 (185). The evidence cited for radical
intermediates was (i) initiation by 0, or Bz,0,; (ii) retardation by
hydroquirone and (iii) a reactivity order in which the rate of addition of
halide: was increased by its having electronecative substituents. The
mechanism proposed is now outlined:

Q" + [Ix(1)] ’ » [Ix(11)-0)]
[Tr(11.)-0] + mOT y [BrI{III)~Q] + R°
[rr(@)] + R — [Ix(11) - 7]
[1r(z1) -R]+ RER —s [BrIr(III)-R] + R

Initiation is baslieved to be by some unknown radical Q°, and the
last two equations represent the propagation sequence. Since this mechanism
was first proposed, many other such reactions have been explained by invoking
_ free-radical intermediates (see eg 166, 187). The oxi&ztive acdition
reaction may yields a mixture of several products. For example, Pi( PI%3)3
and IDuBr in toluene at 25° reacted (166) as follows:

—y trans Pt (Br)Bun(PEt3)2

e o5¢h |
P’“(P}Bbg,)_g + nbulr > trens Pt(Br)H(PEL,),
25° ©hoo
ch L5 irans 1>-sz~2(Pm3)2
5

- . Y, n S
arther regetion afforded the dibrenide at the cxpense of Pt (Rr)Du (U—'Lg)e

P L T 0 e L S
Vbbb d Lilass Vil Y e

(@]

L lydrids dncroased 4o o mamimmm and then dealined as it
reacted with more l-bremobutenc to yield the dibronide.
: . - . : - o~
- The use of spin tropping technifues has provided wequivosal prool

. . - . . . . E wren el (634 Ty erp
© of the intomsediocy of radical species in this type. °Ff reaction (L83). When
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the addition of iodomethane, iodomethane d3, and icdocthane to Pt (PPh3)

. 3
was carried out in the presence of ButIIO, strong signals for the _
corresponding nitroxzide Bu.h (R)1HO were observed. Conirol experiments showed

that the szigrals were not derived from either of the reactants nor from either

of the prcdvetss Thies is summarised in the scheme below:

% Cll/dark
P't(PPh3)3 + RX 4 Bu'Ii0 < y  irmediate BSR
S 20° sigmal
5 % 1071 ;R:."cziy €0y 5 x 1073
or Et ;
5 % 107
. [e]
either: CgH /dark/20
or  t 4 PPhy (5x 10 2M)
e 0
C g/ dari/20 |
1. + exces.s X v.n’tii no further | No immediate
colour change . ' 'ESR signal
2. & Bulllo ' T

The proposed mechanism is non chain (188)

P5(PPh,), + RX SO, PEE(PPh,), + R
)y + B 25 rans Pt (X) (R) (FPh,)

2
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Introduction

Decacarbonyldirhenium waé first prepared in 1941 (189) from the
reaction between rhenium heptaoxide and carbon monoxide at 200 aimospheres
pressure and 200%C for 16 hours. The molecules form cclourless monoclinic
crystals of typical carbonyl character, and cryosccpic measuremenis have
showa it to bLe dimeric, It may be purified by sublimation or by
crystallisation. Its decomposition %o the metal and carbon monoxide only,
is complete at 40000. The first proposed structure was one involving

" carbenyl bridges (189):

This arrangement would allow each metal atem to attain the favoured inert
gas configuration of electrons.” On the basis of an infra-red siudy, this
structure wes showm to be incorreet (190) since none of the three obser&ed
gtretching bands lie in the region usually associated with bridging

carbonyl groups (1700~1900 cvfl). The actual frequencies are given in Table 9.

TABLE

1)caao/cm"l for Re?(CO)lo,in iso~octane at 25°C (191)

2071 . c (e 8369v1 mol™> cm~l)
2015 : (42400)

972 - (12300)

The observed dizmapnetisn and IR spactrum of the complex were
originally explained in texms of a pscudo-ring of six carbon monoxide groups
situated betweco the two rheniws atoms, perzendicular to the metal-metal
cuie omd comehon bended o each petal cendire (100),  This pestulate was
short lived however, when it was shown by X-roy diffrscticon work (192) that

the dimeric molecule appoaied as two oCtahedra linked by a rhenium-rhoniwn
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bord of length 3.028. The dimer persists in solution and the vapour phase.

Crystal structure cf

Decacarbonyldirhenium

The first report‘of the‘reéofion between decacarbonyldirhenium
and a tertiary phosphane was by Hieber (193) who found that
Vtriphenylphosnhaﬁe and the carﬁonyl in boiling xylene for 48 hours gave
the diamagnetic [ Re(CO) PPh3]2 When this was repeated in 1965 by Nyman
(113), the major product isolated was the paramagnetic monemer Re(CO) (PP“3)z'
which had & nhvnttlc moment of 1. 7 B, and melted with decomposition &t
197-90. This complex was assigned a trano-tzlgonal bipyramidal structure on
the basis of the single peak (at 1934 cm ) in the carbonyl stretching
region of the IR spectrum and its zero dipole moment. When the reactiion time
was reduced to JO hours, a product meliing at 227-800 was obtained, and
© molecular welghb determination indicated a dimeric specieg, pre"umably that
origirally reported by Hieber, ‘ .

This latter compound was also prepared in high yield (707) bj
+he photochenmical reacfion of the parent carbonyl with triphenylphosphane
in light petroleum (113). Substituted complexes with other phosphane type
ligends have been reported from similar reactions. Thus with diethylpbenyl-
phosphane in'xylene under reflux or photolysis at room temperature the
prodvet [he(CO) (Putq‘h) ]2 is obtained (113). %his compound is reported to
be dismeguetic in the solid state, tut paremagnetic in solution, i.e. laroe’y
dissociated. Other workers have also sludied the reaction of Rc2(00)10
with PPh, (112, 194). Jolly and Stone confirmed Hieber's reported preparation
of the d;meric [Re(CO)/PP’h.]2 and verified Nyman's report (113) that lenger
reaction times lead te a paremzgnebic monomer, altheugh their identification

was merely by comparison with the publiched IR spectrum.



A polynutlear carbonyl of fhcnium has been reported from the
reéction of rhenium heptaszulphide and carben monoxide in the presence of
copper powder (195): |

?OO

Re,Sy R ,2(00)10 +[Ré(CO)4]n
The evidence supporting the structure given for the tetracarbonyl species is
not conclusive, but a tvetrahedron of rhenjum atoms is envisaged. IHowever,
Eubsequent studies by Johnson and co~workers showed the tetranuclear product
to be Hy Re (CO)12 (195a). Nevertheless the original report also states that
the molecule reacts phobochcmlcally with triphenylphosphane and
triphenylphosphite to yield complexes of empirical formulae Re(CO)3L2 (195).
Fagnetic moments in the solid state indicate that the triphenylphosphane
‘ complex is paramagnetic (peff= 1.1 BH) and that the triphenylphosphite
complex is diamagnetic. They égy thus be considered as monomeric and dimeric
respectively. Bbth are monomeric in, benzene, however, and the dissociation
k of the triphenylphosphite species has been checked by measuring its magnetic
moment in this solvent (195). This monomer was found to have a mocnetic
moment of 1.0 Ell. The gomplex Re(’CO)3(PPh3)2 had been previously formulated
as a dimer (196). '

The preparation of Rez(CO)skPPh3)2 and Rez(CO)9PPh3 has also been
reported by Poe'" group (197). It was found that the latter complex could
not be prepared in a similar fashion to its manganese analogue (167) rince
the former was found %o be the ma jor product even with less than two
equivalents of trirhenylphosphane., The preparation was effected by reacting
[Re (CO)4PPh ] with carbon monoxide, kinetic studies (198) having shown that
thls goes to completion at 125 in hydrocarbon solvents and with complex

~3 Me With higher concentrations the

concentrations of the order of 10~
triphenylphosrhane released duwring the reaction prevents it from procceding
to completion, but separatiocn of mono~ and bis— phosphane derivatives is
efficient by chromatogfaphy. The reaction was carried out by passing a

&)

stream of CO gas through a solution of [Re(CO) PPh. in xylene at 130°C

3l
for 30 hours.” Afier this time, the solvent was removed under reduced
pressure and the product separated by chromatcgraphy as described for the
mangenese species (167). ‘ |

. The rcdox behoviour of the group VII metal-metal bended carbonyls
has been the sub ject of some study (199). The electrochemical reduction
paraneters of HQ(CO)lo (H2 = lin,, MnRe or Rez) were compared with those of
the related axisily substituted ”2(C0)8L2 compounds. Irom the electronic
absorption spectra of these complexes, -ihe encrgies of tho<7*°‘* Yrancitions
associzted with the metal~meial boad werc caleulated. Tn Un?(Cq) 10 and

HnRO(CO)lO these enerpics correlate well with the electrochemical resuvlts:



replacement of two axial carbonyl groups by triphenylphosphane weakens the
metal-metal interaction} In contrast, the same substitution into Re (CO)]O
appears to 1ead to an increase in metal-metal bond sirength. The energy

assgociated with the_cfoo"*_tran51t10n hags been found to follow this sequence:
Rey(CO)gL, > Rey(C0)y, > Rey(CO)gL

It is noteworthy that the nonacarbonyl dimer has a weaker metal-mctal bond:
than the parent carbonyl. ”

- The preparation of the paramagnetic species Re(CO)3(PPh3)2 which
" first prompted the current work was reported by Freni et al in 1967 (112).
The reaction was performed in the following manner: decacarbonyldirhenium
(0.33 g) and triphenylphosphane (1.25 g) were heated in boiling xylene (15 ml)
wmder nitrogen for 48 hours. The deep red solution was then concentraied
under reduced pressure to dnyn?ss. The orange éolid residue was dissolved.
in boiling benzene (10 ml) and on addition cof hexane, orange crystals
separated (0.7 g; 85%). This product was found to be soluble in benzene,
xylene and chlerofornm, but insoluble in methanol, ethanol and hexone. Its
IR spectrum as a nujol mullor in benzene solution showed three absorption.
bands.in the carbonyl stretchlrn region, at 2020, 1920 and 1820 cn l. A
dipole moment of 5.1 D was found and this suggested either a square pyranadal
or a trigenal bipyramidal structure, It was found to react with iodine to
give. tIanu-Re(CO)3(PPh3)2

Decacarbonyldirhenium reacts with 1 Z-blsdzphcn;lphornhlnoethane(alfhoc

to yield [01V-Re(co)3(d1pho~)]2, trans~Re(C0)4(diphos), cis-Re(C0),(diphos),
and Re(CO)(diphos)2 (112). In order to isolate well defined products, it

was found necessary to cperate using solid reagents in vacuo, and to keep

I, which is known by another route (131)

the temperature and the reaction time wnder strict control. In fact, when

the reagents wverc rapidl} heated for a short time, two isomeric products,
differing in solubility, were formed. Each had empirical formula Re(CO) (girhos)
ong was diamagaetic, dimeric and a non-clectrolyte; and the other parame gnetic
and therefore considered meonomeric, although due to its low solubility no
molecular veight determination was undertaoken.

The "diamagnetic compound [VJ»Rv(LO) (diphos)], showed three strong
bands in its nujol nmll IR spectram, at 1965, 1905 and 1855 cm l. This
indicoted a C; type structure in which the carbonyl groups are in the cigm—
position, and hexaco-ordination is achieved through formation of the metal-
metal bond. The IR spectrum of the paxﬁmugnctlo specics, where two sirong
bands appear at 1905, 1855 cm -1 and a weak one at 1985 cm 11 "uogQDtCQ a

Gy, structure, with the carbonyl groups in a trans configuration:
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Both of these compounds react with iodine, the first requiring
two equivalents although the prodﬁct is not well defined. Thae “econd is
oxidised by one equivalent yielding +rans Ro(CO)j(dlphos)I, which exhibits
three Jbands in the IR spectrum; one medivm at 2010 and two sirong bands atl
1900 and 1848 em 1. ’

ihen the rcaction between decacarbonyldirhenium and .
disphos is carried out at higher temperatures, the hexacoordinated compound
Re(CO)z(diphos)2 is formed, which appears o be monomeric and paramagnetics
This 17 electron species is reporicd to rezct with acids o giveva_cationic
species together with quantitative evolution of hydrogen (112):

Re(C0),(divhos), «+ ;N Re(CO)é(diphos)2 * s 2,

The mangrnese analogue, mn(CO)z(diphos)z is not known (120); in
the reaction betweoen HnZ(CO)lO and 1,2-bisdiphenylphosphinoethsne en ionic
compound is formed, vhich has been considered 4o be dicarbonylbis(lyZs—biSdiphenyl“
phosphincethane )manganese (I) peniacarbonylmanganate(=I).

The oxideiion of Re(CO),(diphos), with iodine takes place in an
anomalovs ways it weaots with thraé cquivalents of iodine giving
RC(CO) (diphos )01), uhich is diamogmetic and a non~electrolytes Sinog it ié
very wmlike compowids in which %e(IIT) has a coordination number of nine, 1%
is ouggosted that ovidaticn with iodine gives o Re(I) species in which the

"':‘PJ.‘.,:'?Y"I*.T""" thane melotyilis acts \-',’-.b‘ a lu’L’iC}.C’ “kate ‘11:-351‘1’ cne of the two
e



A crystalline compound of formula Re(CO)(diphos)z, moncmeric and
paremagnetic, is formed during the preparation of Re(CO)B(diphos)zls, or
when this latter complex is treated with excess diphenylphosphinoethane at high
temperatures (112), Its dipole moment was not repbrted dus to its low
solubility. It was found to react with ore equivalent of icdine giving
Re(C0)(diphos), I which has also been reported by another route (131).

The basic dimethylphenylphecphane reacts with decacarbonyldirhenium
(115) substituting cis to the Re~le bond. This is in contrast to reaction
with triphenylphosphane in which substitution occurs in the trens positicn
(112, 113, 194, 200). The photochemical reaction with one equivalent of
dimethylphenylphosphane per rhenium atom yields[iRe(CO)4(PM€2Ph)]25
Re(C0),(Plie,Ph), and Re,(C0); (P Ph) . Intermediates such as Re(00)4(Pile Ph),
and [Re((fo)a(PMezPh)z]2 were found to react with the chlorinated solvents
dichloromethane and chloroform in which the crude material was dissolved and
. gently varmed to form halocarbon&lmphosphane complexes such as cis and trans
:.30(00)3(PM92Ph)201. These compounds were, however, formed only in very low
yields of ncrmally less than 10%. Thermal reactions, tended to give similar
products in higher yields although the reaction time was considerably longer.
For cxample, the dlsubstltuted compound [Re(CO) Plie Ph]? was obtaincd in 46%
yield in a thermal reactlon, but only in 4.3% yleld photochemically. The
"~ products of these reactions were readily separated and purified by colwin
chrom;tovraphy. '

The disubstituted products [Re(CO)4 e h]2 appeared to be dimeric
in both solid and solution. The paramagnetic cnmp01nd Re(CO) (Die, Fh), chous.
two strong bands and one mediuvm band in its IR.spectrum in tho carbonyl
-region. This is in contrast to Nyman's reported spectrum for the analogous

triphenylphosphzne complex (113) which exhibited only ome band. There appears
" o0 be 2 descrepancy here, since Freni's group (112) claimed three bands for
this molecule.

. The compound Re (CO) (Pile., Ph)3 exhibits six carbomyl type bands in
" its IR spectrum; four & troab, one medium and nue weak (115). Reactions
carried ocut on this molecule indicate that two carbony;s trang to one cnother
on pne rhenium atom hove been substituted, while cnly one on the other.

The authors considered the local symmetry of each half of the molecule in order
to explain the olsovvcd spectrum. _

On the basis of 3p P.coupled WHR spectra, the following struciure has
been given for Rez(C0)7(Pﬁe2Ph)3:



The unusual patamagnetic species Re("O)S(PMe Ph) has been isolated
(115) from the reaction of decacarhonyldirhenium and Pme,Ph. In this
particular melecule there are six donor ligands around a zheaium (0) al
atom. It shows two weak bands at high frequeacy in its IR spectrun, a
strong band at 1950 cn = and a third wealk band at 1905 cm l.

Decacarbenyldirhenium reacts with methyldiphenylphosphane on
refluxing for 15 hours in xylene solution to preduce the disubstituted
dirhenium con@ound.[Re(CO)4(PMePh2)]2 in only a moderate yield (114).
This compound was isolated and purified chromatcgraphically using alumina,
but no -other products were gceparated in any significant amounts (114). On
the other hand, the photolytic reaction with one meole of PMezPh per rheniunm
atom in cyclohexane yielded five main products which were readily separated
from unreacted decacarbonyl and isolated by chromatograply. The products'
isolated were Rez(CO)9(PMePh2), [Re(CO)4PMePh2]2, two isomers of formula
Re2(00)7(PmePh2)3 and the new cluster ccmpound Re4(CO)1O()MePh2)6. When
decacarbonylderhenivm was reacted (114) photochemically with two moles of
PuCth per rhenivm atom, two wigymmetrical substituted dirhenium complexes
were obtained. In addition to those a paramegnetic complex Rc(CO) (Pllep .2)?
wag isolated in low yield, This iz extremely soluble in all organic solvents,
even petrolcua cither, and is difficult to purify. The bright yellow oily
residue from which the lv(CO)B(IU\Ihq)Z compound could be izolated rescted

. 0 .
with HCL gas at ©°C to yicld $rans Re(CO)B(P“o‘hQ)zfl.
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Thé Rez(CO)BL complexes are oxidised by halogens or by hydrogen
halides to yield both cis~ and trans- Re(CO)ALA species. The sterecochemistry
of these resulting Ro(I) compounds reflect to a certain extent the
arrangement of ligands in the original dimer. Thus trans— Re(C0) YPPh3
species are obiained from Hez(CO)S(PPh )2 (112, 194) and cis complexes from
Rez(CO)e(PLe *’h)z (115) and P02(CO)8(PE ePnz)z (114).

The substitution reaction of decacarbonyldirhenium with
triphenylphosphane has been studied kinetically between 130 and 150 in
decalin (200). The kinetic behavicur iz generally good, and the reaction
shows a strong resemblance to the corresponding manganese system (201).

A general reaction scheme is thought to involve the formation at (O")5M~-C—M(CO)5
species (vide infra)

Samples of reaction mixtures of decacarbonyldirhenium and & large
excess of triphenylphosphane showed the growth with time of a strong band at
1960 em~t. This was considercd consistent with the formation of Rez(CO)G(PPh3)2,
both the phosphine ligands being in axial positions. Peaks at 2106, 2034 and
1998 et were also cbserved, end these were assigned to Ree(CO) PP.13 (201)
The loss of Rez(CO)lo ;«a monitored by following the decrease of its IR
absorption at 2070 em ~« The weaction was first order in concentration of
Rez(CO) 1o¢ and good rate plots were obtained for up to 80-~50% reaction.

Plote of zbsorbance against itime were made for the growth of
abébrpt‘o maxima at 1998 cm l[:Re (CO)9PPh ], and 1960 em -1 [Roz(CO)S(PPh3) ]
for a set of reactions at 150°C and various values of [PPh3] When [ PPh,]

2

- was 50 and 10 mM, the plots were essentially identical, the abscrbance due to0
R62(00)9PPh3 rising to a meximwn affer about 70 minutes and then showing a
steady decline. The absorbance of the bis~phosphine complex rose steadily
t0 reach a maximun after ca 300 minutes. The nonacarbonyl complex is more
rcactive towards furiher subetifution than the mangenese analogue, and ab
lower concentrations of PFh 3 it appears to comprise about 25 %o 307% of the
product after 70 minutes.

Moot of the kinetic results can be readily explained by the slow
formation (governed by a first-order rate constant, kl) of a reactive
intermediate which cen then either revert to the original carbonyl by first
order reaction, or react further o fom products (ky). It wes cstablished
that the reactive intermedisie could not be Re q(co) (and an equivalent of
CO) or a pair of independant Lc(CO)S radicals, alnce if this were 80 k 1
would be a sccond-order rate constant, which was not the case. The fovoured
intermediate was envisared as being the carbonyl brideed species mentioned

earlicse

U
(0’ ) RE e () o ..!’(\,O)
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This is formed by a migration of cne Re(CO)5 group, leaving the other metal
atom co~ordinatively unsaturated ond thus recadily subject to further attack.

. The substitution of a carbonyl ligand by triphenylphosphane was
considered to proceed mainly by this mechanism, but an additional path was
also available. This was completely suppressed by one atmcsphere of carton
monoxide and was therefore, thought to involve easily reversible formation
of R02(00)9 + CO by = dissociative path, a mechaniem fevoured by Basolo‘and
Wawersik (167) for the manganese analogue,

A1l of these features hiave been incorporated into a reaction Scheme (1).
The substitutions can all proceed by formation of the carbonyl bridged
intermediate followed by addition of a reactant molecule at the vacant
co~ordination site. Further reaction involves the lcss of one CO ligand from '
B followed by re-formation of the M-M bond, Loss of CO can occur from either
metal atom. The intermediate D giffers from C in that addition of another
phosphane ligand L, to D, apparently cannot occur since no complex
M2(CO)8(PPh3)2 is knowm with both phosphane ligands attached to the same metal
aten (no doubt a consequence of steric hinderance), Reection via D can,
therefore, give directly only the mono-phosphane complei; On the other hand,
C can undergo either re-formaticn of the Re-Ke bond to form the mono-phosphane
complex, or additien of a furthe}'phosphane molecule to form E. Subsequent
loss of one CO ligand (feaction 9) and re-formation of the M-M bond (reaction 10)
leads to the bis-phosphane complex. The choice between reaction 6 and 8 is
depeﬂdant on the concentration of triphenylphosphane, and endorses whai was
stated earlier concerning the build up of F. |

The retardation by carbon-monoxide of the dscompositions of
. decacarbeonyldirheniwn is accounted for by the reversibility of reaction 2, and
the retardation of the substitutions by the reversibility of 3, 4 and 5.

The ocourence of some cubstitution by & path completely inhibited

by 1 atm. of carbon monoxide is'account for by reactinns 11 and 12.
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SCHETS 1

" The general reactiocn scheme for substitution reactions of Rez(co)lo

Re2(00)9L | ‘ Decomposition products
' ' Re + CO
12 + L - T
0
_(oc)sne-ne(00)4+ co | - (0€) gRe=C-ke(C0), + CO
\\\\11 - : /2
N o . - 0 /
\ ) ‘ ~ Walal .
(OC;BRe—Re(CO)s — (ov)5Re~c %:(00)4
][ 3(+'19
R é—q (co),L. B
(90)5 e~C-Re(C0) ,
. \\ ;
- A
; | g
Co + (OC)4Re~C~Re(CO)4L ¢ "D (oc)sRe-c-Re(co)3L + CO
1
8(+ L)
(OC)SRe~Re(CO)4L
¥ .
0 I

Il .
L(OC)4RG~C~RG(CO)4L E

[ S

) I -
Co + L(OC4)Re-C»Re(CO)3L g > L(OC)4Re—Re(CQ)4L




A kinetic study of the further reaction of Re,,(CO)8(PFh3)2 with
PPh, has been made (198). The reactiénm produces a variety of moncnuclear
species, and the half order kinetics (with respect to Rez(CO)B(PPh3)é)

strorgly euggest a reversible fission process of the type shown below:

Rez(CO)8(PPh3)2 — 2[re(c0) 4PPh3]
Re(CO) 4PPh3 + PPhy ————y Re(CO)3(PPh3)2

The possibility that fuvrther substitution into Re2(00)8(PPh3)

may occur prior to dissociation was not considered by these workers.

2
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This particular aspect of the triphenylphosphane/decacarbonyldirhenium

system is clearly an area of considerable interest. Its complexity makes
difficult the ascigument of a definitive reaction pathway.
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Ixperimental
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2.1.1 Tntroduction and‘isolated produéts
Freni's report of the reaction between decacarbonyldirhenium

~

and trlphenylohovnhane (112) has been discussed in some detail earlier

and the sallent features are summarised below:

Re xylene soln ' '
2(00)10 + PPh3 reflux under Re(CO)3(PPh3)2
nitrogen, 48h
1 : 5 854 yield; orange crystals

purification procedures
(1) evaporate to dryness
(11) dissolve residue in aegauscd benzene and prec:pltabe
©  with hexane

Tollowing the reported purification procedure in the present study,
use of identical conditions resulted in the isolation of either mer-trons—
HRO(CO)3(PP 3)2, LlS“iM~R02(CO\o(11n3)2 or a mixture of these two dependlng
on the rate of cooling or the composition of the benzene/hexane mixture.
The products precipitated were identificd by their very different and

Characteristic infra-red spectra (figures 4 and 6). The total number of

roducts formed in the reaction are listed in Table 10,mzjor components
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being underlined.

TABLE 10

Isolated products from the reaction of Rez(CO)lo and PPh3 in a 1:9 molar ratio

Mass spectral dats *

eq - Rez(CO)9PPh3 | ¥s1; M1884, Nt-ncO(n = 1-9)

bis-ax-Re,(C0)g(PPhy), | 11118, ¥*nCo(n = 1-8)
cis—HRe(CO)4PPh3 M33; M'560, M'-nCO(n = 1-4)

merwtransfHRe(00)3(PPh3)2 us4; M*794, Mtenco(n = 1-3)

fac - HRe(C0);(PPhy ), 1*t794, ut-nco(n = 1-3)

_Re(co)3(PPh3)(06H4PPh2) ' 1s5; Y792, Mt-nco(n = 1-3)

H Re3(CO)12_n(PPh3)n . *

* MS numbers refer to the bar diagrams in Appendix 1

#*  highest mass ion observed was consistent with the formula H Re3(00)7P Lyt

The minor products were isolated by thin layer chromatography. This method
vas adopted since the corresponding column technique met with little
suCCess, In'some instences the separation had to be performed in two
steges; once to isclate a particular band, and then again using a different
eluent system to resolve it into its constituents. . In these latter cases,
72 plates were run in order to give sufficient materiél for the second
separation, In instences when the band concérned contained only one
component, 356 plates were found to yield satisfactory amounts of product.
The appearance of the plate in UV light after eluticn in a mixture of
petrol (bp €0-100°) and ethyl acetate (3:1, V/V) of a sample of reaction
product is shown in Figure L. :

Band 4 was further separated by use of a mixture of petrol and
ethyl acetate (905:0}5 V/V) into the following components: bis— ex— =
Rez(CO)a(PPh3)2 (identified by mass spectrometry and infra-red spectroscopy),
eq~Re, (CO) PPhy (identified by mass spectrometry and infra-red spectroscopy),
Ro(CO) (CeH Plne,\P"h3) (identified  mass spectrometrically) and a very
small ﬂudqtlty of either HRe(CO) 4FPPRy or Ro’CO) (¢4 HLFPh h,). This last
comﬂourd conld not be positively identified bec“uhe 1ts mass spectrum was
of poor guality duc to difficulties involved in handling the very small
gamples of material available. A very small quantity ot 1ac - uuc(b0)3\kkn3)2

was aleo isolated from tlis band.
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FIGURE 1

Band 3 gave three components when separated by the 9.5:0.5 miiture
of petrol and ethyl acetate. Thece were: a compound.whose ma2ss spectrum
showed successive losses of 14 a.m.u. which may have been an impurity in
the xylene; and a very small quentity of unidentifiable material. A
compound giving a cluster of peaks centred at m/e 1015 exhibiting an isotope
pattern choracteristic of three rhenium atoms (see Appendix 1) and
corresponding to a complex of formula H2185Re3(CO)7PPh3 * was isolated.
This was clearly not the molecular ion and thus a positive identification
was not possible., Yor this reason, the molecule is not placed in the
reaction scheme presented in Section 2.1.2, Its formation may be due to
reactions between moncmeric radical species (see Seclion 2.2.3).

The same range of broducts were obtained for a 16 hour reactionv
in a 1:9 ratio and these conditions were adopted ag the "standard reaction"
employed in these investigations. It should be noted that in Treni's
baper'(llz) the quantities of reagents quoted represent i molar ratio of
reactants of 119 and not of 1:5 as kepprted by these workers.

The isolated species were characlerised by spectroscopic methods

end by elemental enalyses whenever the quantities isolated permitved.
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Thn mass spectra are collected in Appendix 1, but the 1nfra~“ed specta are
presented helow,

2081-
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FIGURE 2 cis HRe(CO)4PPh3

TWICURR 3 eg-Re ?(co) PPhy
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‘FIGURE 4 bis-ax -Rez(CO)S(PPh3)2
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2.1.2 Aspects of the reaction and the redction scheme ‘
On the basis of the nature of the isolated products (and

supporting evidence 10 be presented in the following sections)-the scheme

below is proposed for this reaction:

Reg(CO)lo

p \
eq-Re,{CO) P ' [ax - Re2(00)9P]

P

P P

[Rezico)ép4} T [ Rey(¢0);Py] e bis-ax~Re2(CO)8P2\

.
[}
i
!
!
!
3 s 5
i
t
l
1
P i
HRe(C0)3P, < . Hre(C0) P E
' [
|
|
1
1
. |
> Re(CO)3P(P—H) e-—-—E-~—~{§G(CO)4(P~H)]4-—J
P = FPhy

" 8w water in solvent (Section 2.1.6)

Compounds in square brackels were not isolated

T2
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It has been found that the reaction can proceed by either one of
two possible routes. The first of these is predominant when the reaction
is conducted in daylight, and the second when it is conducted in the dark.

Both pathways have common steps up to the formation of
ReZ(CO)S(PPh3)2, via a sequential substitution of the two axial positions
in the parent carbonyl., Under the influence of light, this dimer
dissociates homolytically generating reactive intermediate radicals which
achieve stabilication either by recombinatioh,abstraction of a hydrogen
atom from traces of water in the solvehf (section 2.1.6), or internal
metalation. TFPurther substitution then occurs producing the final
‘bis-substituted hydrido derivative.

In the absence of light  this dissociation does not occur, and it
has been suggested that phosphane substitution strengthens the metal-metal
interaction (199). The energies associated with the o —0o0* 4{ransition
of this bond in Re2(00)10 and Re2(00)8(PPh3)2 have been determined (202)
and are given in Table 1ll. This increase in metal-metal bond energy

presumably excludes disscciation at thermal energies.

TABLE 11
Energies of o—o¥* +transitions calculated from UV data

Energy/kJ mol™t

Complex
Re,(C0)y _ 386
Rez(CO)S(PPh3)2 , ‘ 398

It is therefore proposed that radicals are ginerated via thermal
decomposition of polysubstituted dimers as indicated in the scheme.

The Tact th;t virtually no tetra~carbonyl hydride is detected in reactions
carried out in the dark suggests that the tri-phosphane substituted dimer
is short lived,; and further reaction occurs to give Re2(00)6(PPh3)4 which

then readily dissociates as shownd
The orthe-metalated species is included as being formed via

Re(CO)S(PPh3)2 but the possibility exists that it may also arise upon

dissociation of dimeric specics with attendant elemination of HRe(CO)4PPh3

or HHe(CO)3(PPh})2:
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Ph

Pie=P — Re(CO)s PPh,

ZAN

——> HRe(CO), PPh, +

Re(CO), P | 1
o )4 Phy Re(CO)s(PPhs)C6H4PPh2

a u\\3 —> HRe(éo)3(PPh3)2 +

Re(CO), PPh, | R:z(CO)s(PPh3) CH,PPh,

This mechanism was suggested by Alper's study of the reaction
of decacarbonyldirhenium with thiobenzophenones (203), in which the
photochemical reaction between 'the carbonyl and 4,4'-dimethoxythiobenzophenone‘

was found to give the axially mono-substituted derivative I, in 95% yield as

a- purple 0ils

.OM ' ' Me O N
e '
. Q..
, Re(CO>4
C=5$ +Re2(CO)10 b, | \
Re(CO)5
OMe
OMe

Fyrolysis of I gave the monomeric metalated wpecies as orange crystals in

54% yield after 6 days in boiling toluene:
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However, the only evidence advanced in support of this mechanism
is the fact that some Rez(CO)lo wes found in the pyrolysis products.

This. is cited as being derived by decomposition of the pentacarbonyl
hydride, although it could equally well arise via fecombination of
Re(C0).* radicals produced by homolysis of I.

- The metalated complex isolated in this work with triphenylphosphane
was only found in very low'yields. This ic presumably a consequence of
the fact that its formation necessitates the construction of a strained
four membered ring. | ' '

The mcre favoured nature of five membered metalation rings is
well known (204, 205) and can be illustrated by the facile metalation of
PtxgiP(OR)3J2 (B = o~toly1) via a methyl group vather than a site on an
aromatic residue (206). A further example of the enhanced stability of
five membered metalates over four membered systems is the obmzervation that
only 105 of cecarbonylated material III is found even when II is heated in

. 0 .
cotane at 125 for 1.5 hours (207):
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125°

o O

/ , “(CO)‘;‘ / P '—--—Mn(CO)4

i | I

.

The formation of Re(CO) (C,H PPhe)(PPh3) is not thoughlto proceed by

substitution of a carbonyl lngan@/le(co)4(C6H PPhe) by PPh3 as indicated
by the broken line in the scheme, since this reaction with the analogous

mangenese system is reported to give the acyl compound IV (207). As no
compounds were isoloted in the'present work which exhibited organo-type
in their infra~-red spectra, this route does not appear to

-
AN
P
il

carbonyl bands
be relevant to the present study.

A ,
MeMn(CO), + PPh, MeMn(CO)  PPhy = GH,* Mn(CO),

PPh
3

O

« P—-—~Mn(co) PPh,
PR )
Ph

A
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This acyl insertion reaction also serves as another illustration of the g
facile formation of five membered rings. A thermal reaction of
HRe(CO)3(PPh3)2 in boiling xylene to give the metalated complex and
hydrogen, paralleling the evolution of methane indicated above, was shown
not to occur, the bis phosphane hydride being extremely stable under these
conditions, )

No reaction occurred between decacarbonyldirhenium and
triphenylphosphane if it was performed in a solution contained in sealed
evacuated vessel. This observation was interpreted in terms of a ligand
dissociative mechznism which is inhibited as soon as the concentration of

.carbon monoxide builds up to a significant level:

. —— 3 .
Rez(co)10 + PPh, e Rez(CO,9PPh3 + CO

.

I PPh3

»

Rez'(co)8(PPh3)2 + CO

Some confimmation of this was obtained from the fact that when the contenis
of theISchlenk tube were transferred to a vented flask and heated uﬁder a
stresm of nitrogeh the reaction proceeded in the normal manner. Separate
experiments in both the presence and absence of PPh3 at lower temperatures
have shown that the reaction proceeds in the same way in the former, but

no }IRe(CO)5 was detected spectroscopically in the latter, although the
experiments were conducted below the decomposition point of this compound.
This would seem to indicate that homolytic fission of the parent carbonyl
is not an important process, and that phosphane substitution precedes

radical formation. Thus the left hand sequence in the scheme below is

considered the more important:

Re2(00)91>1>h3 — Rez(co)10 — 2Re(CO)5°

/ \

Re2(CO)8(PPh3)2 ‘ . Re(j?)4PPh3
dissociation ' HRe(CO)4PPh3

Some confirmatory evidence for the early substitution steps in
the reaction scheme is provided by the following observations. Reactions
starting with t—ﬁoﬁ(CO)9PPh3 or biSwax~Re2(C0)8(PPh3)2 generated the
same nroduct distribution as those originatineg from the parent decacarbonyl.
A xylene gsoluticn of bis-ax-Te,(CO)g (rrh )? in the absence of any added
reagents ab room temperature in daylight slowly afforded the cis-tetracarbonyl
hydride (ddentificd by $lc comparison with an autheniic gemple). In

boiling xylene solution, with the total exclusicn of light and in {he absonce
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of added triphenylphosphane,.the bis axially substituteq dimer underwent
total themal decomposifion to a brown solid which was devoid of carbonyl
bands in its infra-red spectrum and was considered to contain some rhenium
This result cndorses the scheme, since in the dark JRe(CO) (PPh )
Added trlphﬁnylphospnane saves the octacarbonyl

metal,

is still generated.
derivative from deccmposition by further substitution leading to radicals

and hydrides as indicated. This is consistent with a report in the

literature (198) which examined the substitution reactions of the

A xylene solution of this dimer in daylight under
reflux gave a spectrum corresponding to the ax1al.nonacarbony1 (198), and
this was initially egainst expectations since the tetracarbonyl hydride

was expected, Thie observation suggests that the decomposition via

Re,,(00) gPPliy 2nd the formation of IfRe(CO) 4FPhy are competing reactions, the
latter being normally favoured by the large excess of trlphenylphosphane

Present:

ReZ(CO)9PPh3 + PPhy e Re2(00)8(PPh3)2 + CO
1

['Re(CO)4PPh3]

!

PPhy
HRe(co)4PPh3

FRe (€0) 3 (PP3),

To summarise, in the absence of added triphenylphosphane, the'

equilibrium lies 1o the left hand side, but addition of this reagent

forces the reaction to proceed. Consequently, an excess of carbon

monoxide will suppress the forward reaction,
by the reaction of the octacarbonyl with carbon monoxide (Section 2.1.9).

The isolation of the isomeric pair of tricarbonylhydrides suggests

Thig has been demonstrated

that rearrangement of these complexes is possible, or more likely that

their radical precursors are fluxional.
Barriers to rearrangement vary widely dependlnv on coordination

numbof and the size of the ligands, and non-rigidity is a common feature

of five-coordinate structures (208). A mechanism for isomerisation in

nag been proposed ty Berry (209):

these sys tOﬂb
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The simplicity and high symmetry of this process meke it attractive, and
demonstrates how a pair of axial ligands may be exchanged with a pair of
equatorial groups, passing through a square pyramidal intermediate.
Support for this route has been obtained by a 31P'NHR study of (Me)2NPF4
(210). At ~100° the spectrun consists of the triplet of triplets expected
for a static trigonal bipyramidal structure having the (Me)zN group in an
equatorial position. As the %emperature is raised pseudo rotation becomes
xrapid on the NMR time scale and the pattern of peaks changés to a
"1:4:6:4:1 quintet resulting from coupling of 31p nucleus to four equivalent
fluorine nuclei. 4 | .
2.1.3 The cvidence for radical intermediates

The evidence supporting the inclusion of free radicals in the

reaction scheme is given below:

(i) The rate of the reaction is slowed considerably by the
adnission of oxygen and for this resson the normal
reaction is performed in a nitrogen atmosphere. This

partial inkibition by oxygen of reactions iavolving
free radicals is well known. Ior example, salts of
methacrylic ccid have been subjected to high frequency
’diécharge in hydrogen, and the decay of radical
éoncentration in the presence of oxygen monitored by
1SR spechremetry (211). “he generation of peroxo
species was verified by liberation of iodine from
socidic potasium iodide solution, It was coucluded that
the owveen caused a decline in radical concentration
by an interaction éf the previcusly mnaired electron

spins. No cvidence for an oxidative candn raonciicn

w2 oboervesd.



Others have reported’similar findinge. For
~ example, the interaction of oxygen with
4 yot’ =dirhenyl-/2~ picrylhydrazyl, V, in benzene
has been investigated by studying ESR spectra (212).
The specfzum of the radical in this solvent shcwed
five bands, and interaction with oxygen caused a
significant broadening. Over a pericd of 80 days
the interaction lead to adecrease in the intensity

of the lines as the radicals were transformed into

peroxo species,

. O,N
Ph ,N—N— NO,
O,N
Y

(ii) The free radical trapping agent Galvinoxyl,
VI, was decolourised when added te the reaction

mixture. This test was compared with controls

prepared at the same time in an identical manner

containing only PPhy or Re2(CO)lo
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A xylene solution of bis~ax—Re2(CO)8(PPh3)2 in
the presence of VI was left under niirogen at
roonm temperature in daylight. This was to demonstrate
the inclusion of radical intermediates formed by
photolytic dissociation of the dimer, The red colouration
discharged slowly, but more readily than a dblank
prepared at the same time., No teira—carbonyl hydride
was detected in this instance, and these observations
indicate the reasonably facile photolytic
dissociation of bis—ax—I{ez(CO)8(PI“h3)2.
(iii) An aliquot of fresh reaction mixture initiated the
polymerisation of a 1:1 molar mixture of styrene
- and methylmethacrylate and of methyl methacrylate
alone, reactions known to proceed via radical
processes (213). ‘Control experiments were also run
for comparison, '
(iv) The ESR spectrum of the mixture formed by the reaction
of Bis~ax~Re2(CO)8(PPh3)2 with PPhy has been reported
in the litersture (198). A rather broad signal was
recorded and fine structure was not clearly defined due
to an unfavourable signal/noise ratios However, five
of thé six bands expected for one electron coupled %o
a nucleus of spin,5/2 were discernablg, and this
supports the inclusion of mononuclear rhenium (o)
species. '
(v) The resction was performed in carbon tetrachloride with
a view to producing the known chloro-compounds via
the radical intermediates. However, triphenylphosphane
reacls with the solveatl according to the egquation
below (214) and thus this test was inconclusive.
0,/11,0

PFhy -+ CCl, — Ph. Pt = CCl, ——— 4+ Ph

4 3 > PO + 00012

3

2.1.4 The determination of oroduct distribution

In crder to egtablish a complete study of the reaction between
ke, (€0),, and PPhy it was felt necessary to obtain information concerning
the quantitics of each product generated in this system.

----- &0 VLG

o ronce ape icolated meant that the

determination of the yields of individual components was very difficult,

since geparoaticn Ny prepaiative thin layer chrompbography does not provide
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reliable quantitative results. Indeed, it_was found that recovery from

the plates wxs of the order of only 40«50%. For example, the following

results were obtained from a standard reaction when 0,707 g of reaction
product were applied to the plates.

TLC band number Yield (mg)
8, Re2(CO)m 4.0
T, PPh3 191.5
6, IIRe(CO)4PPh3 ' 2.1
5, Ime(co)3(PPh3)2‘ " 45,0
4, mixture ' 45.4
3, mixture 15.3

- unseparated material ' 68.5

aprea———

371.8 = 52.8% recovery'

*

Prolonged weshing of the silica containing eaph band in chléroform
or other solvents (eg benzéne or ethyl acetate) did not clute any further’
material. It wes this inadequacywhich lead to the evolution of a
spectrophotometric method of'détermining the yields of the two major
components of the reaction mixture (i.e. mer-tranS-HRe(CO)3(PPh3)2 and
bisfax—Re2(90)8(PPh3)2). These two complexes were often precipitated
together in the work up procedure, and their separation by column
chromatography was not st all satisfactorye. The UV method allowed the
calculation of the proportion of each compound in the precipitate,

Figures & and 9 show that the UV spectra of the two complexes have very
different profiles: that of the dimer being dominated by a very strong
band at 299 nm attributed to the o-»c* trensition in the J-M band (191),
end that of the hydricde consisfing of an absorbance at 227 nm due to the
aromitic residues in the phosphene ligand. This means that the absorbaﬁce
of cach at 350 nm is eignificantly different, and this fact was expleited
in the analytical procedure.
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The determination was performed in the following way: The UV
spectrumof the mixture was recorded, and the knowledge of the extinction
coefficient at 350 nm for the pure dimer, the path length, the concentration
of mixture in solution and its absosbance at 350 nm enable the

concentration of pure dimer to be calculated by application of the appropriate

equation. The resulis are given in Table 12,

TADLE 12

*
Yields of Products Based on UV Analysis

% of the Re in

B the system
Yield of “Yield of contained in

Exp No Hﬁe(co)3ﬁgph3)2/g Re2(00)8(PPh3)2/g these cpds
1 0,2422 35.5
2 0,247 . 3.5
3. 0,2756 : ‘ 40.4
4 . 0.318. : 46.4
5 0,2372 0.1603 58.3
6. 0,3443 0.1479 68.7
7. 0,3700 0.0214 5743
8 " 0,1972 0.0534 36.6
9 0,2778 : ' 0.0136 42.5

* .
fromn a "standard reaction®

NOT#: Results 5-9 were determined spectroscopically
In experiments 1-4 only one product was precipitated

The results of experiments 9-9 show a variation which is partly
e. reflection of the limitdtions of this method, which are liste@ below.
1. The moncmeric hydride has a small but finite
abosorbance at 350 nm.
2. Not all of the dimer and hydride are precipitated
as discovered during preparctive tle work up of
the reaction mixture remaining aster removal of

these twn conpounds,



3. The ‘ratio determined in'the precipitate may not be the
same as the ratio in the reaction mixture since the
two complexes may precipitate atv different rates, .

4. Slight variations may have occu&cd concerning the
concentration of water in the solvent affecting
the yield of hydride (Section 2.1.6). Drying the
solvent consistently to the same degree is difficult.

The results of this exercise showed that on éverage the complexes
mer-trans-IlRe(C0) 5 (PPh,), and bis—ax—ReQ(CO)S(PPh3)2 contained some 50%
of the rhenium present, the other components isolated accounting for an
_estimated 207%. This latter figure was arrived at from preparative tlc

results so its precision may not be very high.

2.1.5 The attempted preparation of Re,(C0)4(PPh;),

This dimeric COmplex'occupies an.important position in the
reaction scheme, so attempts to synthesise it were considered necessary to-
verify its proposed intermediacy. |

Two reports concerning its -preparation have appeared in the
literature (112, 215). '

The first of these involved the thermal reaction between Rez(CO)lo
and five mcle equivalents of PPh, in a fashion very similar to that
detailcd for the preparation of Re(co)3(PPh3)2 (112). when this was vrepeated
the product isolated had the same IR spectrum as reported for the hexa-~
carbonyl dimer (one strong.band at 1930 Cm--l in benzene solution) but was
found mass-spectrometrically to be HRe(CO)B(PPh3)2.

The second report described the solid state.reaction between
H}{e(CO)S(PPhS)2 and FPhy in a scaled evacuated tube, but when this was
repcated no rcaction at all was detected. It is interesting to note that

I'reni and co-workers assign identical IR spectra to both the dimeric species
and the tri-carbonyl hydride (215).

2.1.6 The source of hydroren in the hydrido comnlexes

It has been observed (216).that when triruthenium dodecacarbornyl

was heated under reflux in p-ponane, small amounts of the tetranuclear

hydridc; P Ru4(CO)l3H2 . and & - Ru4(CO)12HA (217, 218) were cbtained.

It was initially thousht that the formation of {hese bhydrido clusters indicated;
possible activation of the alkanes by a simple und direct method in a

ProOcess of.hydrogen absbraction. following Uro and Bonati's work with
deuterated triphenylphosphane (15%) which confiimed that this molecules is

not involved in hydrvide Yormation, o similar reaction with the xyleae was
origiﬂally portulzted in the reaction of ﬁc?(CO)lo with PPh3- lore recently

(219) 4lre scurce of bydvozen atoms in the tetranuclear rutheaium hydrides
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was found to be not the alkane solvent but traces of water., In this
present study, some experiments have been performed in which either a
small volume of water oa‘D2O was added to the reaction medium pxiof to
commencement of reflux. Adhering to the normal work-up procedure, the

ma jor moncmeric product in each case was isolated. Both had identical
infra~red spectra in the carbonyl region (Figure 10) but only one (from
the water reaction) showed a high field triplet in the_lH NIMR spectrum for
the Re~H proton coupled to two equivalent phosphorus muclei, (Figure 11).

1935
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' The possibility that the observed difference in the lH NMR spectra
may have been due to an alkane activation reaction giving HRe(CO)B(PPh3)2
followed by a deuterium exchange in the latter experiment with added D20
was considered. If this were happening, then water could nct be taken as
thg source of hydrogen atoms inAthe hydride complexes,

Although X data are not available for HRe(CO)S(PPh3)2 the
unsubstituted hydride is reported to be only very weakly acidic in water
(220). Phosphane substitution is likely to make the proton even less labilé,

by comparison with the observed effects in the analogous cobalt complex.

TABLE 13 (220)

Ké values for transition metal hydrides

Solvent

Complex , Ké
HCo(c0),, | 2 H,0
" _ ~ same as HCl - CHBOH
HCo(C0) ,PPh, 1.13 x 10'7'5 H,0
HMn(co)5 - 0.8x 10 1,0
mze(co)5 ' ~ "v. weakly acid” E,0

Such an exchange reacticn was shown not to occur by the experiment
which attempted to effect this reaction by treating.HRe(CO)s(PPh3)2 with

boiling xylene/D20 for the same length of time as the original reactions

were run. When the solvent was removed and the 1H NMR spectrum of the

solid residue recorded; the high field triplet was still observed.
IV thus appears that water is responsible for generation of the
hydrido complexes, being small enough to come into contact with the metal

atom in the radical species, thereby allowing reaction.
The variation of yields seen in Table 10 mey thus be a result, not

only of the factors mentioned in Section 2.1.4, but also of the amount of-

water present in the solvent. Two conseca tive reactions in the same

solvent (distilled from the first flask into the second under nitrogen)

still resulted in the formation of hydrides, since the amount of water
necded to produce these complexes is very small (<0,017). The fate of
the OH' noiety is uncertain; uo simple rhenivm containing wolecules with
this group were ideﬁtified in the products, It is unlikely that an
analogous Huue(uu)3(rrn3)2 gpecies would be formed because of thie very low

concentrations of free Oi° and °Re(CO)3(PPh3)p radicals available at any

one bime, It is suppested that either they react with the wall of the flasks
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dimerise to give H202 which under the reaction conditions dissociates to
give oxygen and water (which re-enters the cycle); or form other hydroxy
species. The oxygen may be scavanged by the triphenylphosphane, since
0= PPh3 hag been positively identified in the reaction products. The
triphenylphosphane itself was found to be free of this contaminant. Even
~the most rigorous drying of the xylene, and distillation under nitrogen
from lithium aluminium hydride immediately prior to use, stillresulted in
hydride formation. .
‘ Having established the source of hydrogen atoms, a reaction between
decacarbonyldirhenium and triphenylphosphane in.xylene with a large excess

of added water was run. It was thought that this would lead to an

increased yield of hydride, but in practice this was not observed.
'Reaction with water occurs late in the sequence of events, and the yield of
_ hydrido species may be governed by the proportion of parent carbonyl which

decomposes before the first,subétitution. A very large excess of water
(1:1 v/v with xylene) failed togive any reaction since the boiling point of
this mixed solvent was too loﬁ, and it was also unable to maintain the

reagents in solution.

2.1.7 The preparation of cis-IHRe(CO) 4FPhy and its reaction with PPhy

~ This barticular step in the reaction sequence was verified by
preparing the cis~tetracarbonyl hydrido species according to the literature

method (168) and then reacting it with triphenylphosphane under standard

reaction conditions. The reaction proceeded smoothly to give

mer—trans-HRe(CO)3(PPh3)2, the isomer predicted from purely steric
considerations., These aprarently over—ride the trans labilisation effect
of the hydride ion (221) which would tend %o give the mer-cis configuration.
This substitution was quite slow under these conditions needing 24 hours
to go to completion, and this would seey to endorse the intermediacy of
Re(CO)3(PPh3)2 radicals, since even after 16 hours reaction time in the
standard experiment little tetracarbonyl hydride is detected,

An atte&pted synthesis based on the reduction of bis—ax---Rez(CO)B(PPh3)2

followed by acidification failed. This problem has been experienced by

others (222) and is believed to be a consequence of the strengthening of the
Re-Re bond caoused by substitution (199).

2.1.8 The rocaction of Req(CO)IO with P'Ph3 in different mole ratios

The "otandard” reacticn botuwcen decacarboryldirhenium ond
triphenylphosphane eaploved a molar ratie of 1:9 for these reagents, Vhen
the reaction wes perfermed using a l:l ratio, the major produvct ivolated

was qaite different. A colid, crystalline material was obtained wiich had

the infra-red spectrun shown belew ({figure 12)
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FICURE 12

Mass spectral data gave a molecular ion at m/e 884 showing a two rhenium
isotope pattern, and nine losses of carbon monoxide were observed, This
compound was thus formulated as ax-Rez(CO)9PPh3, and that it was isolated
from a reaction which used a low concentration of PPh3 endorses Poe's
report of this reastion in which the same nonacarbonyl derivative was
obtained (200) and its UV spectrum compared favourably with the literature
example (198), Increasing the ratio of rcagents even slightly away from
1:1 lcads to the nommal range of products. It is noteworthy that the |
dimeric nonncarbonyl species obtained from the standard reaction is the
equatorial isomer. This is clearly a less reactive molecule since it

persists to the conclusion of the reaction.

2.1.9 The rcaction of 'bisma,:;—-Rez(CO)B(}’I’}13)2 with carbon moncxide

Thisg resction was performed to verify the stercochemistry of
the isolated nonecarbonyl dimers. In the octacarbonyldéerivative, it is
known that the tuo phosphane groups occupy the axial positicns. Replacemant
by CO of onec of these must therefore give the axial isomer of the nenacarbonyl

The recaction wos carried out by passing a steady stream of carbon monoxide
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through a boiling solution of bls-ax—ﬂcz(co)g(PPh3)2 in xylene. The
reaction proceeded e'noothly to completion to give a product whose infra-red
spectrum was identical to that recorded for the nona-carbonyl complex from
the lgl_reaction. Thig also confirmed the equatorial position of the PPh3
ligand in the Rez(CO)9PPh3 compound isolated from the standard 1:9 reaction.-

2,2 MISCELLANEOUS REACTIONS RELATING TQ THIS STUDY
2.2.1 The reaction of Re,(C0),, with water

The importance of hydrogen as a potentially non-pdluting fuel
is well known and many industrial processes consume large quantities of
hydrogen as their basic feedstock. With the incréasing demandfor this raw
material, and the predictable shortage of hydrocarbons which will arise it
is clear that new, non-fossil sources should be investigated. One of
the more active areas of research is in the production of hydrogen from water

using chemical cycles, which should involve as few steps as poss1ble and

regenerate +the active agent For example (223):
2H,0 + 205 —> 2650 + 1, : " 100°
20508 + /2 0,— Hy0 + 2050, .. 500°
2cs02.-+cs o + 32 0, 700° *
Cs,0 — 20s + 30, 1200°

_ The discovery that water may react with organorhenium radicals
prompted a series of experiments investigating the possible catalytic use
of decacarbonyldirhenium for generating hydrogen from water. Decompositioh
of this dimer probably occurs via a homolytic fission reaction, by analogy
with the reported decompositions of MnZ(CO)lO and MnRe(CO)lo (224), and

the basic concept behind this experiments is given below:

homolyticof1s51on N 2Re(CO)5
1007

Rez(CO)lo
A

HZO

decomposition with
evolution of I, 2HRe(CO)5

The last step in this cycle has becen reported by Illeiber (225). If R92(00)10.
(13) ) decomposition

This

iz heated under nitrogen in xylene'soluticn at retlux
occurs to a grcy residue, preswunmbly conteining some rhenium metal.
decomposition was found o be completely inhibited if the reacticn was
perform~d undar carbon monoxide at one atmosphere pressurc.  This was
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comparéd to a_control run at the same time under nitrogen, and no change
was -noted even at_the.end of the 5 hour experiment,

| It would seem that one of two things may be oécuring. Either
the radicals formed by homolytic fission are stabilised with respect to
decomposition by the carbon ponoiide, and so recombine in an equilibrium

process:
Re2(CO)10 —_— '2Re(CO)5

"or the radicals are reacting with water, and then decomposing with
evolution of hydrogen, since the pentacarbonyl hydride is unstable at
reaction temperature (225)., A similar inhibition was noted in a sealed
evacuated tube experiment, but in this case some decompositibn must occur
in order {0 generate the carbon monoxide which prohibits further reaction. .

The hydrogen generatiQn experiments . employing the rhenium
cycle mentioned earlier were performed in a stainless steel-autocla&e at
ISOOC under a carbon monoxide pressure of 10 atmospheres. A typical. i
charge was decacarbonyldirhenium (0,33g); degassed xylehe (25 ml1) and
D20 (;OO r1l). D20 was used in order to have a definite_peak in the mass
spectrum of the effluent gas. of the desired product, to determine if the
reaction had been successful. Had ordinary water been used then the peak
at m/e2 (H2+) could have arisen from fragmentation of the xylene. The

experimental arrangement is drawn in Figure 13,

valve ' .
T o : ®
waste ) 2
< .
S .
e heating coils
B

[J mercury bubbler

thermocouple

PICGURS 13
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"Affter the alloted reaction time the valve was opened and the gaées vented
through the bubbler. Once the line between the valve and the gas cxit had
been‘flushed, Tl was opened and a sample cof gas collected, Tl was then
closed, the bulb removed and then attached to the inlet of a mass
sPectrometer, for gas analysls. When the spectrum was recorded some D2 and
HD were seen, indicating some measure of success. A peak at m/e 32 (more
intense than that in the blank) was also found. This could in part be due
to dissolved oxygen in the solvent (which is difficult to remove even by
uéing numerous freeze/pump/thaw cycles), or by oxygen formed in the
autoclaves

D0 —— D0° + D'.( —> D, ? )

Y

*op* - )

.

L

: D202 _— D, 0 + ¢ O
)

The intensities of the peaks at m/e 28 and 32 were in the ratio 5:1,

suggesting the presence of air (4:1) with some carbon monoxide making it

up to the observed values. Calculations showed less than a 27 conversion

of D20 tc D2
" also exists that the deuterium may have arisen by a decacarbonyldirhenium

over the 48 houf duration. of the experiment. The possibility

catalysed water gas shift reaction:
€O + D0 —> Dz + 002

The homogeﬁuous catalyst Ru3(CO)12 has been shown to be active in this
conversion (226).

The reason for such a low conversion may.lie in the fact that
two HRe(CO)5 molecules did not have the chance to collide and react, the

reported decomposition below being for pure hydride not a solution (225):

‘.

.> H

2HR<3(CO)5 o + RCQ(CO)IO

A further cause of the failure of this experiment may be the fact
that it was perfoimed in a closed vessel under pressure suppressing the
release of hydrogeh gas. However, if the reaction with water was still
occuring then peaks in the infra—-red spectrum of the reaction mixture due
to DRG(CO)r wonld have been ob bserved, but this was not the cases It
therefore, ceems moet likely that the prodnmlnnnt reaction is recombination

of the Re(CO)5 radicals promoted by the atmosphere of carbon monoxide (preventing

their decomposition).
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Having established that under these conditions very little
reaction with water vas detected, the following question was raised:

In a standard reaction, was the reaction drawn below occuring?

Rez(CO)a(PPh3)2 + Hy0 ——e-2HRe(CO)4(PPh3)
1A

Re2(CO)8(PPh3)2 + Hyt
Step A is analogous to the pentacarbonylhydride reaction described above. .
To answer this question, a normal reaction was run and the gas above it

was analysed by mass spectrometry. A typical charge was Rez(CO)lo

(0.33 g), PPhy (1.25 g), xylene (15 ml) and D,0 (300 p1), and the
reaction was performed in a flask fitted with a condenser and mercury .

manometer, and a sampling deqice as depicted in Figure 14.

FIGURE 14



Gas samples were withdrgwn by using an evacuated bulb as before: with T3
and Ti closed, T2 was opened. Tl was then opened slighﬁly to withdraw a
sample of gas for analysis, and then T2 was closed. Throughout the
experiment, evoluticn of gas was witnessed by a small movement in the
mercury level., The whole apparatﬁs was flushed with nitfogen prior to
commencement of the run. When the gas was examined, no D, was detected, so

it can be tentatively assumed that the above reaction does not take place.
The infra-red spectrum of the reaction mixture confirmed that reaction had
. taken place to give the normal products.

An analogous reactlon has been reported in the literature (227).

H20

Ir,(PF;)g » HIr(PFy),
VII , VIIT

4

F\v + I“I2T

The diamagnetic dimer VII has a metal-metal bond between the two trigonal
bipyrdmidal halves of the molecule,and an infra-red study has revealed

" that even the slightest tracé of water causes decomposition as shown, apparently
at ambient temperatures. The dimer can be regenerated by photolysis of an

ethéreal solution of VIII.

2.2.2 The attempted reduction of fac-Re(CO)B(PPhB)ZCI

The radical species generated under the rather forcing conditions
of the deéacarbonyldifhenium—triphenylphosphane reaction could not be
isolated, so an effort was made to investigate their synthe is ueing milder
reactions. 4 . ,

Collman et al (228) have reported a successful reduction of
chloro «, A3 %, $ —-tetraphenylporphirigtoiron (III) to . B, %, § -

_ tetraphenylporphinatoiron (II) using bis(2,4-pentanedionato)chromium (11)
as a halogen abstracting agent. It was believed that this may provide a
route for the production of Re(CO) (PPh3)q by 2 similer reduction of
Re(CO)3(PPh3)2CI. The proposed outline of the reaction was:

ccl, /el
2 .
Re,(C0),, 4 5 y Re(CO)5Cl

0
' ' \\\ 2PFhy in EOH

~

fac-Re(CO)3(PPh3)2CI

| \[Cr(n)(&C“‘*C)?]2

ne(co)3(}vw3)q
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However, examination of the final product after treatment with the chromium
complex revealed that no reaction had taken place, This presumably reflects
both the increased Re(I)~Cl bond strength compared to that of Fe(III)-Cl,
and the enhanced stability of Re(I) with respect to Re(0) compared to
Pe(III) with respect to Fe(II)

2.2.3 Oxidation reactions of Na+Re(CO)5-

The oxidation of the pentacarbonylrhenium anion as another
possible method of synthesising radicals under mild conditions was investigated.

The general reaction is given below:
Na+Re(CO)5— + B —— Re(CO)g" + R® + NaX

Initially, allyl bromide was uaed as the oxidising agent, but a complex

- reaction mixture resulted which.was believed to contain allyl derivatives
of the pentacarbonylrhenium moiety. This complication has been noted by
others(229). .

When the oxidant was changed to tropylium ﬁexafluorophosphafe, the
rcaction proceeded more smoothly, and although the paramagnetic
ihtermediates were not isolable, their transient existence was inferred by
the nature of the reaction products. That tropylium ion was found more
effective in oxidation is possibly a conéequence of the inability of a
+ropyl radical to react with the organometallic moiety, since no such o
bonded combounds are knéwn. The orange air stable éomplex IX has been

prepared according to the scheme below (230):

coy Ma(CO)s™ MVCO), —B2 Mn(CO),

7

but no decarbonylation to X has been detected

Mn(CO)
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Thus, when a solutiocn containing the pentacarbonylrhénium anion
was treated with an excess of tropylium hexafluorophosphate,
decacarbonyldirhenium was obtained as one of the products. After
extraction of this material into hexane, the residue was examined by infra-red

spectroscopy, ard two strong bands were observed (Pigure 15):

(=]
[=2]
<«
b4

. o FIQUPS 15

The mass spectfum of the product was consistent with the structure
H3Re3(CO)12, which has previously been reported by Kaesz (231). However,
the infra-red spectrum was totally different from that of the literature

example (Iigure 16)

' )

2033
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It was noted that a considerable residue of non-volatile material was left

on the mass spectrometer probe, and it wasg concluded that it was this

material whose infra-red spectrum was recorded, and that the spectrum of

the trinuclear hydride was hidden beneath it. This assumption was

verified by preparing the complex H3Re3(CO)12 by the published method (231) and
recording its mass spectrum (}SI11). This was found to be identical to that
obtained for the hexane insoluble product from the oxidation reaction.

The infra-~red spectrum of the pentacarbonyl anion prior to
oxidation showed no evidence of Rez(CO)lo, and thus the decacarbonyl found
_in the reactlon is a genuine product, and is not present by being "carried
through". This was verified against a "blank" reaction employing identical
conditions but in which no tropylium hexafluorcphosphate was used., In this
case only a minimal,amognt.of'Rez(CO)lo was isolated. It is interesting to
note that no HRe(CO)5 was detected in any of these reactions, which may have
been expected from reactions of the pentacarbonyl radical with water. This
may be due to the fact that dimerisation is more favourable at rocm
temperature or that HRe(CO)5 is susceptlble to attack by Re(CO)5 gpecies,
The cluster compounds are presunably generated by some form of CO elimination
reaction, although the precise ‘manner in which this happens could not be
determined. ' ‘ '

The position and number of the bands in the infre-red spectrum of
the non-volatile material which was obscuring those of the trihydrido
complex suggested that this former préduct was the tetranuclear hydroxy

compound XII.
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This has been reported as being produced, together with XI, in.
a photochemical reaction of Rez(CO)10 with water (232). Under the reaction
conditions, XI was transformed into XIX, so that this latter was obtained
exclusively if irradiation was continued for a sufficient time. The
hydroxo. compound is colourless, air stable, and its simple two band infra-red
spectrum suggests a highly symmetrical structure ( » c=o /cm_1 2021(s) -
_and 1919 (vs) in THF). :

In its 1H MR spectrum (diamagnetic) just one broad singlet at
§ 75 in acetone—d6 is observed (corresponding to the hydroxy protons)
and this slowly disappears in deuterated water. It was found to be
'insufficiently volatile for mass spectroscopic study. All of these
characteristics strongly suggest that the unidentified compound from the
chemical oxidation is in fact this tetranuclear species XII. This was
reinforced by rhenlum analys1s on the re51due remaining after prolonged .
soxhlet extraction to remove Re2(CO)10 and XI.

According to studies of fhe photolysis of ReZ(CO)lo in CCl4
(233) the initial step of the photorecaction appears to be homolysis to give
Re(CO)5 radicals. It is thought that these then react with water in some
manner (with attendant loss of 'CO) to give the polynuclear carbonylrhenium
complexes. '

In ccnclublon, chemical oxidation of Re(CO)5 ions appears to
give radical qpec:.es. The products are identical to those formed by
Re(CO)b species known to be generated by the homolysis of Rez(CO)lo The
polynuclear species in Table10nmy have been formed by a similar combination

rcaction of Re(CO)4P°, intermediates.

2.3 Some Conclusions and Comments
It appears that the Re2(CO)1O--PPh3 reaction has a basic similarity

to that of the analogous manganeseé system (108) in that reactive metal
centre radicals are generated but cannot be isolated.
The complex "Re(CO)3(PPh3)2" reported by Nyman (ll}) is now
believed to have been mischaractierised and to be in fact mer-trans—
HRe(CO)3(PPh3)2, presumably contaminated with some paramagnetic impurity in
this earlier work. The second fomm of ﬁRe(CO)3(PPh3)2" reported by Freni
(112) has not been confirmed, as nothing with an analogous infra-red
spectrum has ﬁoen detected or isolated. Furthermore, it is clear that the
conpound réported as Re2(CO)6(PPh3)4 (112, 215) is alos merwﬁrans~HRe(CO)3(PPh3)4

o, A RYPIRTITIIPAT,

Viitually all of the compounds prepared in this work were thermmally

gtable and ~uulucnﬂ*r volatile to make them amenable to masg spectroscople
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study. Indeed, this technique above all others was most used to determine
the stoichiometry of isclated products.,

UV spectra were recorded on a Unicam SP800 spectrophotometer
using matched 10 mm cells; . ‘

‘ Infra-red spectra were obtained using either a Perkin Elmer
257 or 457 spectrophotometef'calibrated with polystyrene or the integral
Wavenumber marker on the latter instrument. Samples were run normally as
chloroform solutions in Q.1 mm NaCl cells unless otherwise stated.

1H NMR spectra were taken on a Perkin Elmer R32 instrument
operatiﬁg at 90 NHz and 35°C, employing an FP attachment whenever only
“small samples were aveilable or difficulty with effecting solution was
experienced. Resonance positions are quoted on the 5 scale.

Mass spectira were run using an AEI M39 instrument operating at
70 eV with a probe temperature.of lOO-lSOOC.MS numbers refer to the bér
diagrams of the mass spectrum which appear in appendix 1l. Gas analyses'
were performed using a VG-micromass 6 spectrometer.

Preparative thin layer chromatography plates were prepared by
coating degreased 20 x 20 cm glass plates with a 0.3 mm layef of Merck
silica gel (type.PF254) and developed with the appropriate solvent,

compositions of which are given in Table 14,

TABLE 14"
' TLC MIXTURES
No Composition (by volume)
1 80/100 Petrol 3; ethyl acetate 1

80/100 Petrol .9.5: ethyl acetate 0.5

The plates were washed with methanol prior to use.

Décacarbonyldirhenium (Strem Chemicals) and triphenylphosphang
(BDH Ltd) were used as received. Other solid reagents were purified as
considered necessary by standard methods. Solvents were dried, distilled
and degassed by at least three freezg/pump/thaw cycles prior to use.
Reactions were performed under an atmosphere of dry carbon dioxide-and
oxygen~frce nitrogen. Melting points were delermined in open capillaries
and arc uncerrected. Laser Raman Spectra werc recorded for solid samples
using a Jeol JRS~SI instrument. Carbon, hydrogen, phosphorus and halogen
microanalyses were Ly Butterworths, Teddingten, Middlesex.

Manipulations and transfer of air sensitive golutions were

facilitaled by the use of the coupled vacuun/nitrogen line sketched in

Mipure 17.
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This enabled the reaction apmaratus to be evacuated or pressurised without .
exposure to the air. Transference of solutions using hyperdermic tubing
and "suba-seal" caps was effected by applying slight vacuum to the
receiving flask, The mercury manometer was incorporated .as a

aafety device should the nitrogen line be a001donta1Ly opened to the vacuum

line,
Preparative reactions were normally run without precautions

against daylight. '
Preparation of mer—trans—HRe(00)3(PPh3)2 and RG(C0)3(PPh3)(CGH4PPh2)

by reaction of Re,(€0),, with PPh,

Decacarboryldirhenium (0.33 g7 5.07 x 10 -4 mole) and
triphenylphosphane (1.25 g; 4.77 x 10 -3 mole, mole ratio 1:9) were
dissolved in xylene (15 ml) and heated under reflux for 48 hours. After -
this time the solwent was removed invacuo to give an-orange residue. This
was dissolved in boiling benzene (10 ml) and cooled to 60°, Hexane was
then added to just induce crystallisation, and the mixture was then cooled
in ice. The cream powder was collected, dried in vacuo, and crystallised
from‘benzene/hexane to give white flakes, Q2422 g (45.31§3based on
HRG(CO)3(PPh3)2), mp 210d; v C=0 (benzene and chloroform) 1935(s) om >
(Jigure 0 ); tound € H%.0%, 13.00, b3) 31 3 Pyite regquires C 53463, 13,000
Msd4, ' 794, 15enCo (n = 1-3); U MR ~5.06 (triplet, J;, g 18 Ha). Rawan
spectrum, 2020 (s), 1920{s), 1780 (s) om = compared_fav;urably with

—

<y

n
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literature values (168). The orange filtrate was concentrated to an oily

" residue, This was extracted with hexane (2 x 10 ml) and the then solid
residue crystallised from diethyl ether to give colourless lozenge shaped
crystal, 29 mg (5,14 based on Re(co)3(c6H4PPh2)(PPh3)) mp 203°%; v C=0
2018 (s), 1933 (m), 1900 (m) om ~L. mss, 1 792, M- 1 €O (n = 1-3)
Preparation of bis—ax—Rez(CO)S(PPh3)2 by the reaction Qf Re2(CO)10 with PPhB*

A solution of Rey(C0);, (1.0 g 1.5 x 107 mole) and PFh,
(3.75 g, 0.0143 molej mole ratio 1:9) in xylene (45 ml) was heated under
reflux for 16 hours. After this time, the solvent was removed in vacuo, the
"residue dissolved in hot benzene and precipitation induced by addition of
hexane.. The white powder was crystallised from benzene/hexane to give
white plates 0.318 g (200 based on Re,(C0)g(PPhy),) mp 239-41°%; v Cc=o0,
2010 (w), 1960 (vs) om .; found C47.75, H2:70 Cy,H,,0P Re, requires
€47.20, H2.687. 1y mim 2.60 (malt) UV (CH3CN) X max 300 nm ( & 31863),
330 (inf) (17647). ' |
The isolation and identification of products from a "standard reaction”

A mixture of Rez(co)lo (0.33 g, 5.07 x 10 4'mcle) and PPh3
(1. 25 gy 4.77 x 10~ -3 mole; mole ratio 1:9) in xylene (15 ml) was heated
vnder reflux for 16 hours., The solvent was removed in vacuo and the residue
taken up in a little chloroform and applied to 36 prep tlc plats and eluted in
mixture 1, to give a plate whose appearance is depicted in Figure 1. The
bands were scraped off the plate and the silica washed using chloroform.
Filtration and concentration of the filtrate afforded the product. Infra-
red spectroscopy of each fraction was used initially to provide a guide as

to its nature. Band 8 gave a spectrum consistent with it being Re2(00)10

and tris was verified mass spectrometrically.

Bznd 7 was unreacted PPh3.
Bend 6 gave four peaks in the terminal carbonyl stretching 4

region at 1966 (s), 1978 (vs) 1993 (s) and 2081 (m) cm "~ identical in
fact to those reported for 010—HRe(CO) PPh, (168); 1153, 1* 600, 1*-nCO (n = 1—4)

Band 5 was mer— trans~HRe(CO) (Pﬁh3)2
Bands 3 and 4 gave complex infra~red spectra, and were concluded

to contain several compounds which hed to be resolved using a different
eluent system.

Band 2 was identifi¢ds by mass spectroscopy and the comparison
with an authentic sample 4o be triphenylphosphane oxides

Rand 1, which did not move from the baseline, did not exhibit any
carbonyl bands ~nd was considered to be composed of metal containing
decomnosition products and perhsps some polymeric material,

Separation of the cemponents of bands 3 and 4 was effected using

miviure 2. The firot was resolved into three bands and each of theae was
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removed from the plates and isolated in the usual manner. One of these
gave an inconclusive mass spectrum due to the paucity of the sample.
Another gave a spectrum which showed successive losses of 14 a.m.u. which
suggested that this was possibly some organic impurity in fhe xylene
(losing CH2 groups). The third fraction was the polynuclear species )
mentioned earlier, and the highest mass ion observed was clearly not the
molecular ion. There was insufficient material to record its infra4red

spectrum and thus positive 1dent1flcatlon of this particular compound

was not possible.

Band 4 was also separated using mixture- 2, and in this case five
components were eluted,'four of which were positively identified. These
weres: eq-Rc2(00)9PPh3 (rs1), bis-ax_Rez(co)8(PPh3)2 (identified by inf;a—
red spectroscopy), and Re(CO)s(PPhS)(PPhQC6H4) (identified by mass
spectrometry). The fourth could have been- either an isomer of'HRe(CO)4PPh3
or Re(CO)4(PPh C6H4), but the mass spectral data was not of sufficient
quality to confim the formula. Fac- HRe(CO) (PPh )2 was also isolated.
The preparation of 01s—dﬂe(CO) PPh, (168) and its reactlon with PPh,

under standard oondltlons- .
Sodium amalgan was prenared under nltro en-using clean sodlum

(0.25 g) and mercury (27 #). A solution of Rez(CO)lo (23/ gy 3.85 x 10
mole) in THF (35 ml) was added carefully with stirring. The solution became
clear orange (due in part to the formation of yellow Re(CO)5~ ions and red
polynuclear anions (234)). The reaction was left at ambient temperature

for 4 hours to ensure completion. After this time, the spent amalgam

was run off and the THI® solution concentrated slightly. This was then
acidified with syrupy phosphoric acid (20 ml; 905) and the hydride isolated
by vacuum distillation into a trap of liquid nitrogen temperature. The
infre~red spectrum of the clear distillate (2015 (s) 2006 (s) cm™ , see

Appendix 2) confirmed the prescnce of the pentacarbonyl hydride by
The total distillate was then

-3

compariscn with the literature values (235).
allowed to react with excess FPhy in benzene (60 ml) at room temperature
for 3 hours. The mixture was then concentrated in vacuo to give a mixture
of cis HRe(CO) TPn (identiiied by infra-red spectroscopy) and PPhs. These
were separated by preparaﬁive thin leyer chromatography in mixture 1 to
give cis-HRe(C0) PPh3 as white air stable crystals,v =0, 2081 (m), 1993 (s),
1978 (vs), 1966 (s) cm 1; found € 47. 38, H3.05 Gyt 60 Phie requires C 47.14,
12,857 . ' :

this sample of 01onuuﬁ(bo\ kﬁu- was then dllowcd to recact with

P.T:-‘h3 in beiling zyleae in the normal fqehion, and the reaction followed hy
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infra-red spectroscopy. After 24 hours, none of the original hydride

wvas detected, and one new band had appeared at 1935 cm-l; This very
characteristic spectrum with a broad shaped peak (Figure 6 ) was

attributed to mer—trans-HRe(CO)3(PPh )2, the expected product. Since this
reaction was performed using an unknown quantity of HRe(CO)5 (due to its
air sensitivity making manipulation dlfflcult) no yield data are available,
but it is obvious from the infra-red spectra that the reaction goes to
completion. '

The preparation of Re(CO)3(PPh3)201 and its reaction with (Cr(II)(acac)2)2

1. Preparation of Re(CO) Cl

A solution of Re (CO)lo (2.0 g 3 m mol) in cc1, (100 ml) was
cooled in ice for at least one hour with stirring. When thoroughly chilled,
‘a genfie stream of chlorine was passed through the solution for 30 minutes.
_ A fine white powder formed. This was filt;red and extracted with
chloroform. The suspensibn obtéined'was filtered, and the filtrate
"concentrated to give pale yellow crystals 0.562 g (267 based on
Re(co)501) mp > 250°%; v C= 0; 2046 (s), 1992 (s) om L,
2. Preparation of Re(CO)3(PPh3)2011

vRe(CO)SCl (0.2°g; 5.5 x 1074 mole) and PPhy (0.29 g 0.0011 mole,
mole ratio 1:2) were dissolved in absolute ethanol (50 ml) and heated at
reflux under'nitrogen for 2 hours. After this time the recaction vessel was
cooled 1n ice to give white crystak, 0.399 g (86.97 btased on Rc(CO)S(PPh3)201)
mp > 250 i v C=0; 2034 (vs), 1958 (s), 1905 (s) cm 1,
3. Preparation of bis(2,4~pensanedionato)chremium (II) (236) and its

reaction with Re(CO) (PPh3)201. ' |

CxCl5. +61,0 (0.319 g, 0.0011 mole) was reduced using zinc
(0.85 g, 0.013 ¢ at) in C.HC1 (1 ml) and water (15 ml) %o give a sky blue
golution of Cr(II) ions. This was filtered onto a slurry of sodium
acetate (anhydrous, 1.375 g, 0.016 mole) in water (15 ml). The mixture
immediafely became dark blood red. After standing for 15 minutes at room
temperature, the precipitated chromium (II) acetate was filtered, and
treated with 2,4-ventanedione (0.5 ml: 0.486 g, 0.0041 mole) in water (10 ml).
The resulting red-brown air sensitive solid was then filtered, and pumped
dry. It vas then treated with benzené (10 ml) and a solution of
129(09)3(}’1’113)201 (0.39 gy 4a7 x 10”7 mole) in benzene (5 ml) added. The
reaction vas wansed briefly and then left at toom temperature for 5 hours.
An aliquot was removed and it was found to.be unaffected by air. Illexane was
then added to induce precipitation and the flask left in the icevox overnight.
A crop of while cryctals were filtercd off, dried in vacuo, and cxamined by

infra-red epoctroscopy in benzene solution. This +ndlcatcd that no
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reaction had taken place and this was verified by comparison of spectra
obtained from an authentic sample of starting material, and by microanalysis;
found C 56.47, H 3.78, C1 4.41, C C10 P oRe requires C 55.44, H 3.65,

Cl 4.27%

The polvmerlsatlon of methylmethacrylate at room temperature

3930

This was one of the tests used to confirm the presence of
radicals in the reaction scheme., Thus Re,(C0),, (0.33 g5 5.07 x 10
mole) and PPh3 (1,25 g, 4.77 x 10 -3 mole; mole ratio 1:9) in xylene (15 ml)
was heated under reflux for 2 hours. After this time an aliquot (1 ml)
was taken and added to destablised methylmethacrylate. After some days,
this material has polymerised convincingly into a solid reéidue, whereas

-4

a control reaction run concurrently was still a mobile liquid. A similar
. .preparative route was employed for the copolymerisation of styrene and
methylmethacrylate. : .

. The reaction between Re,(C0),, énd PPhy in a 1:1 mole ratio

hez(CO)ld (0.325 g3 5 x 10"4 mole) and PPh3 (0.131 g, 5 x 1074 mole)
were dissolved in xylene (15 ml) and heated wader reflux for 19 hours.
Examination of the reaction mixture by tlcshowed a cieaner recaction mixture
' than the usual 1:9 mole ratio qxpefiment, and no formation of HRe(CO)3(PPh3)2.
The solvent was removed in vacuo, and the residue applied to preparative
it plates and eluted in mixture 1. Thé ma jor band was ccllected in the
usual mamuer to give off-white crystals, 0.150 g (33.7)% based on R62(00)9}’?113:
» C=0 2100 (s); 2080 (w); 2060 () 2030 (w) 2000 (vs) 1940 (vs) om -l
founds € 36,67, I L7%H52 1" 884, M'-nCO(n = 1—9) Cort50gPhe, requires
C 36,67, E 1.7%

The rcaction of bls—ax—Rez(CO)B(PPh with CO (ref 198)

3)2
Bis—ax~Re2(CO)8(PPh3)2 (0.143 g5 13 x 1074
in xylene (65 ml) and heated under reflux while a steady stream of CO gas

was passed through it. After 16 hours, the solveni was removed and the

mole) was dissolved

residue examined by infra~red spectroscopy. This showed a very strong
band at 2000 cm + and a weaker one at 1940 cm-l; confirming the axial
stereochemistn§ of the nonacarbonylderivative produced in the 1:1 mole
ratio reaction.

The solid phase reaction betwecen I{Re(CO)3(PPh3)2 and PPh3

This reaction has been reported (215) to yield ReZ(CO)é(PPh3)4-
Thms a mixture of MRe(C0)3(FPhy), (0.3 gy 3.8 x 107 4 mole) and Prh, (0.3 ¢,
l.1 x 10 -3 mole) were heated in s sealed evacuated tube at 230° for 3 hours,
during which time the melt became a tan colour. yollow1nb the reported
worit-iup precedure, the tube was allowed fo cool to room'temperaturc and then
opencd. Benzene (10 ml) was then added, giving a clear orange solution.

Phis waz filtercd to remove a little inscluble material, and absolute
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ethanol (10 ml) was added to the filtrate, On cooling, a cream powder was
precipitateds This was isolated, and crystallised from benzene/hexane
to give vhite flakes (55 mg), melting point and mixed melting point
demonstrated these to be HRe(CO) (PPh3)2. 'No reaction had therefore cccured.
Preparation of tropylium hexafluorophosphate '

A solution of triphenylmethyl hexafluorophosphate (3.0 g, 0.0077 mole)
in methylene chloride (40 ml) was treated with a solution of cyclohepta-l,3,5-
triene (1.0g, 0.0011 mole) in methylene chloride (10 ml) with stirring at

room temperature, A buff precipitate formed immediately but the reaction

was left for 30 minutes to ensure cémpleteness. The product was then
-isolated by filtration and dried in vacuo to give a tan powder 1.50 g (82.5%
based on C7H7+PF6-) 1R (KBr disc) 3020 (w), 1480 (s), 850 (vs, PF, moiety) em™ L,
The product appeared slightly deliquescent so was stored in a dessicator over
lithium aluminium hydride. . - .
Reaction of Re(CO)5 Nat with trepylium hexafluorophoophate

Sodium amalgem was produced under nitrogen from clean sodium
(0.05g, 0.0022 g atom) and mercury (6 g). To this was added a solution of
Re,(60), (0,137 g, 2.11 x 10™% mole) in TP (10 ml). After 4 hours stirring
at room temperature, the yellow solution was siphoned off and Yreated with
tropylium hexafluorophosphate (0,lg; 4.3 x 1074 mole) in THP (20 ml). The
reaction was left at room temperature for 2 hours, and then concentrated
to dryness. The yellow residue was extracted with hot n-hexane (5 x 20 ml)
the exiracts were combined and concentrated to drynegs to give an off white
powder, 81 mg (597 vased on Rez(CO)lo) v C=0, 2070 (s), 2010 (vs), 1965 (S)
en L 1t = 650, #*-ncO (n = 1-10).

he hexane insoluble residue was pumped for 2 hours at room

temperature, to give a buff solid 80 mg, mp > 200% v €=0 2000 (m), 1890 (s,br),
» O-1, 3500+(w) om~Y; MS11 N* 894, 1t = n €O (n = 1-i2)(H3Re3(CO)12).As'
described in Section 2,2.3, it was found that the major product whose
infra~red bands were observed was [(HO)RG(CO) ] |

Tt was found that both Rez(co)10 and H Re (CO)12 could be removed
from the tetrenuclear complex by prolonged extractlon in. a soxhlet
apparatus using n-hexane. The residue in the thimble showed no pther products
in itstlcafter 4 hours extraction. The residue was then analysed for
rhenivm by Headridgos method (237). Iound Re 61.6%, 12H4916ﬁe4 requires
64.67% The slightest irace of Hoﬂ(co)lo in the sample would account for the
error in the microanalysis, '

A conﬁrol experiment periorwed in an identical maaner to thal Just
described but without the addition of tropyliuvm ion resulted in the
isolation of 5 mo of Re (CO)lO, clearly indicating thal it is & genuine
reaction prodnct, and that rCu‘htlon of this complex by sodium amalgam io

very cfficient.
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The construction of 2 calibration graph for rhenium analysis

tanaard solutions of ammonium perrhenate in the molarlty range
5x 10 -4 to 1l x 10 4 were prepared in water, and the absorbance of each
at 228 nm determined, TFrom these data a graph of absorbance vs concentration

was plotted allowing the determination of rhenium in an unknown. The

analysis of an unknown is cérried out by first digesting a known weight with

“hot perchloric acid to oxidise the rhenium to rhenium (VII), then making the

solution up to a known volume with water and measuring its absorbance at

228 nm. Consultation of the calibration curve then allows calculation of

percentage rhenium. The UV spectra and calibration curve are given in

Figures 18 and 19.
Preparation of H3Re3(CO)12 (231)

ReZ(CO)lo-(l.Q £y I;Q x 1073 mole) was treated with NaBH, (2.8 g;
0.074 mole) in THF (40 ml) undep nitrogen at reflux temperature for 20 hours.
The supernatant liquid wasbtransferred through hyperdérmic tubing into = '
second flask and the red solution concentrated to dryness to give a solid
cake. This was then treated with syfupy phosphoric acid (6 ml; degassed
by péssing nitrogen through for 2 hours, in freshly distilled and degassed
cyclohexane) and heated under reflux for 5 hours. After this time, the
mixture was subjected to licuid/liquid extraction with cyclohexane, The
eXtranS were then dried (CaClz) and concentrated to dryness. The residue
vas extracted with hexane (to remove unreacted R°2(CO)10) to leave a buff
solid which gave white flakes from cyclohexane, 95 mg (117 based on
Hyke,(€0)1,) mp 225 d; v C=0, 2093 (a), 2030 (vs), 2008 (s) 1983 (m) cm I,
found € 16.33, H 0.41, C 101,01 pRey requires C 16,05, H 0.34%. Msl1, M' 894,
1fenCo (n = 1-12).

-
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3 THE REACTIONS OF Re2(CO)10 WITH OTHER PHOSPHANES AND PHOSPHITES

3.1

3.2

3.3

RESULTS AND DISCUSSION
3.1.1 Introduction

-3.1.2 Rez(CO)lo + triphenylphosphite

3.1.3 R;Z(CO)IO + tri(gftolyl)phospyite

3.1.4 Rez(CO)10 + tri(p-chiorophenyl)phosﬁhite
3.1.5  Re,(C0),, + tri (g_-tolyl)phosphaﬁe
3.1.6 ﬁez(éojlo +‘§ri(p-toly1;phosphane

3.1.7 Re2(00)10 + tri(cyclohexyl)phosphane

3.1.8 Rez(CO)10 + bis(diphenylphosphino)

maleic amhydride
3.1.9 Miscellaneous reactions

SOUE _CONCLUSIONS AND COMMENTS

EXPERTIENTAL
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3.1,1 Introduction

' The experiments of Section 2 of this Chapter lead to the conclusion
that 17 electron species exist as transient intermediates in the'reaction
between Re2(CO)lo and PPhB, but that their isolation was not possible.
In.seeking to stabilise these mono-nuclear rhenium centred radicals, the
reactions of Rez(CO)lo with a range of organophosphanes and phosphites
that are approaching the extremes of the range of electronically transmitied
and steric effects have been investigated. It is important to realise the
s?ereochemistry of phoephorus containing ligands may have significant
eiectronio consequences and vice versa., Ifor example, increasing the angles
between substituents will decrease the percentage of s character in the
bhosphorus lone pair orbital and changing the electronegativity of atoms can

'affect’band distances. Thus electronic and steric effects ére intimately
related, ahd difficult to separate in a pure way. Their different modes

" of action are sketched below: *

R R | R

NSNS

P : : P

The values of these parameters for a wide range of phosphanes
and phosphites have been determined by Tolman (238). The magnitude of the
electronic factor is based upon the position of one of the carbonyl
~stretching bands in the infra~red spectrum of Ni(CQ)3L, electron withdrawing
groups causing a shift to higher waveanumber. This particular nickel complex
is chosen since its preparation is easily carried out at room temperature,
and its infra~red bands are sharp and can be measured to + 0.1 cmwl. The
magnitude of the ghifts afa given in Table 15.

TABIE 15, (238)

Electronic narameters for some phosphaves and phosvhites

v 0:0 /c:m-'l By

mi (o) , | 2066.8 0
Ni(CO)3L: L = P(p~tol)3 206647 -0.1
- L= P(o—tol)3 ' 2066.6 ‘ 0,2
L = P(C Hy,)n 205644 ' ~10.4
L = PPh; o 2068.9 A + 2.1
L = I, 2033.2 41644
L= P(O~o~tol)3 ' 2084.1 - +17.3
I P(oph,)3 - 2085.3 4185
L= P(prﬁlﬁéﬁ4>3 2089,3 . +22,5
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The measurement of the size of a number of phosphane and related
compounds hag also been carried out on a standardised basis (238),
: thg concept of ligand cone angles. This is defined a3 the angle

subtended by a surface which just contains all three groups on the

using

phosphorus atom, while maintaining three fold symmetry. This is depicted
. in Figure 20 which shows the relevant angle 6

FIQURS 20

The distance of 22.8 nm was chosen since this represents the distance
between phosphorus and nickel centres in trans-bis(phenylethynyl)bis
(trietlylphosphane)nickel II (239). Values of © for the ligands used in

L]

this work are given in Table 167,
TABLE 16

Ligand cone angles (238) -

Ligand o O [degrees

PH3 871 + 2
P(OPh)3 | 121 + 10
P(0-pC1C, 1 4)3 | 121 4+ 10
.PPh3 . 145 ¢+ 2
P(p~tolyl), | 145 + 3
P(O~3ftolyl)3 165 + 10
1)(06}111)3 179 + 10
P(2~toly1)3 194 + 6

It was believed that electron releasing phosphanes would make the
radicals more "1&~electren like" and therefore more slable, while the size
of the ligand sl d nrotect them from further attack, Flectron withdrawine
substitvents weuld tend 4o make the metal more "lb-electron like" and
therefore possibly susceptible to some interesting oxidative addition type

reactions,.
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However, in all the experiments performed, the‘desired stabilisation
was not achieved, but a range of novel metalated species have been prepared.
The formation of these is discussed with reference to the ring size of the
metalated product, and bulkiness of the 1lgand.

3.1.2 The reaction between Re?(CO)10 and triphenylphosphite

Triphenylphosphite was the first compound to receive attention
in this part of the work since it would provide informétion concerning the
importance of electron withdrawal nn the stability of radicals produced in
this type of reaction. The experiments were performed under identical
_conditions wifh identical molar ratios to those used for PPh3, and the

products isolated are given in TablelT7 ..
) | , TABLE 17~

Products isclated from the reaction of ReZ(CO)10 with P(OPh)3

Product ' Tdentification
ax-Rez(CO)gL ) S mass spectrometry "
. bis—ax—Rez(CO)SLz . MW analysis; IR; ~“PMIR, UV
mer&Re(CO)3L(L~H)l _ mass spectrometry -
fao~Re(CO)3L(L~H) ‘ o 4 IR; MS; analysis

minor product - _ ' inconclusive

The minor product, although.it could not be positively identified,
was shown not to be HRe(CO)4L by comparison of its infra-red spectrum with
the literature example (168), The important point of note in these isolated
compounds, is the exclusive formation of metalated species rather than '
hydrides. This can be rationalised by invoking enhanced stability for the
radicals by ,removal of unpaired electron density from the metal, so that
they are not so susceptible to solvent attack. Their lifetimes would
therefore, be sufficient +o allow the aromatic nucleus to adopt the correct
geometry for ring closuve thereby generating the metalated complex. Two
possible sterecchemistries are available for the isolated nonacarbonyl
derivative, but since no infra-red data are available an assignment cannot
be made. It may have been the equatorial isomer (by analogy with the complex
isolated from the standard triphenylphosphane system) or some axially
substituted material wﬁich had not yet undergone further reaction. The |
metalated species identified only by mass spectromeiry is assumed to have mer-
comfirmration sinee this is 1he only available alternative to the fac~
arrangement. It was considered to have ihe forner sterecchenistry since i%
had very diffevent thin layer chromatography characteristics firom its mer

jigoncrs. The formation of these cyclic species is presumably enbanced by
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the production of a sterically favoured five membered rihg, XIII, which has
been discussed earlier (Section 2.1.2) |

It must be borne in mind that the above results do not allow
complete exclusion of the alternative m?chanism in which the metalated
species is formed by elimination of HRe(CO)5 or cne of its derivatives as
discussed for the triphenylphosphane reaction (Section 2.1.2). It is
reported (168) that hRe(CO)4P(OPh)3 is a themmally sensitive material,
dec?mp051ng at 135 to a yellow guin Dissociation of Rez(co)(L3 may thus
give Re(CO)3L(L—H) but the-coproduct,.nre(co) L, decomposes before it is
able to react with more phosphite to givg the apwarently stable
H’le’CO)3P(O'Ph)3 5 (168). It would perhaps be for this reason that no
hydrides have been detected.

The wnfru—rcd spectra of the two maJor products are shown in
Figures 21 and 22,, The pOSlthﬁ of the main absorbance band in the spectrum
of Rc2(00)8[P\0‘h) J as moved 0 a higher wavemuber (1984 cm~ ) This
is because the former ligand is a better 77 acceptor and_ a poorer ¢
donor than PPhB. This resulis in decreased electron density at the meial,
and so back denation into the CO antibondinv orbitals is decreased. This
catses the bond order between carbon and oxygen to increase and cons equently
it absorbs rediation of higher energy. The solution infra-red spectrum
of the dimer (and a1l cther bis axially substituted complexes prepared in
this 101k) exhibits cne very °Lronu and one weak band in the carbonyl
stretchlng region indicative of Dld symmetry (240). This spectral pattern
is well established, having been observed previously for all the known
phosphianc substituted an(co) L, species (241), and the validity of the
gie O”h“ﬁjéul assicnent Las bccn denonstrated by Feray crystal data of

b~~«cc«‘nﬂ( )glrut 1)9 (242) and mn2(00)8(Pﬁcph2)2 (243).
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Despite an intensive search, no evidence was found for the
formation of the intermediate metalated species Re(CO)4(L—H) It is
suggested that Re(CO), L(LPH) is formed by phosphite substitution into
Rez(CO)B[P(OPh)3]2 iollowed by facile dissociation of the more highly
substituted dimer to give the metalated species directly, rather than by
substitution into Rn(CO) (L~H) Some evidence supporting this suggestion
is gained from the fact that phosphites tend to replace more CO groups than .
PPh3, since the former are better 7T acceptors. The smaller size of the
trlphenylphosphlte group (Tablel6’) may also help in this respect.

A report in the literature (195) discusses the homolytic dissociation
of bis—ax-Rez(Co)s[P(OPh)3]2 in benzene solution, and this was investigated
by ‘molecular weight determination in this medium., The value measured clearly

'deméhstrated that the dimeric molecule persists in solution,

- 3+1.3 The reaction of Re,(C0),,, with tri(e~tolyl)phosphite

Six membered rings are of such widespread occurence in chemistry
that it was initially believed that this would be the most favourable
arrangement in metalation reactions. In order to investigate this a
reaction with tri(o-tolyl)phosphite was studied since such a hexacyclic
configuration would be possible if bonding to the metal were via the methyl
grouﬁ on the aromatic residue. Thus; a 1:9 molar ratio mixture of sz(co)lo
and. trl(o—tolyl)phosphlte was heated under reflux in xylene solution for
15 hours. After removal of the solvent in vacuo, the oily residue was
geparated by preparative thin layer chromatography énd the sole major 5and
collected. Its infra-red spectrum (Figure 23.) strongly suggested the
bis—ax-Rez(CO)8L2 species, and this was confirmed by microanalysis.

zoaojfj)
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~ When the same reaction was run for 52 hours, a different unique
ma jor band was seen on the plates. This was isolated in the usual fashion
to give a monomeric species of molecular weight 972 (mass specfroscopically).
A signal due to a proton bonded to rhenium could not be detected in its
1H NMR spectrum showing that the compound was not a hydride., The spectrum
demonstrated two multiplets'of peaks as shown in figure 25, Integration
suggested a metalated complex with bonding through a site on a phenyl ring
rother than through a methyl gfoup,'demonstrating the favoured nature of the
five membered ring. Only two losses of carbon monoxide were seen from
the molecular ion, but infra~red date (Figure 24) and microanalysis confirmed

ithat this particular compound was fac—Re(CO)3L(L-H)

-
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In similarity to the triphenylphosphite reaction, no evidence was
found for formation of Re(CO)4(L-H)‘despite careful work up procedures and
careful monitoring of the reaction by infra—red spectroscopy with time.
Presumably one further substitution into Ré2(00)8L2 is possible and this
must occur in one of the eight equatorial positions. It is thought that
this dimer then dissociates in a similar manner to that described in the
literature (203) to give Re(CO)3L(L-H) and Hre(CO) AL the latter decomposing
under the prevailing conditions. A final possibility is that substitution
proceeds to give Re2(CO)6L4 which then dissociates to give a pair of
Re(CO)3L2 radicals which then metalate with attendant evolution of a
‘molecule of hydrogen. ‘The successful design of specific experiments to
confirm which mechanism is actually occuring has not been achieved.

3.1+4 The reaction of Rez(CO)10 with tri(p-chlorophenyl)phosphite

Trom Table 15 it can be seen that inclusion of a chlorine atom

- into the aromatic residues of P(OPh)3 further increases the electron
withdrawing nature of the ligand, With this in mind, this reaction was
performed with a view to isolating'a-“lé electron like" species. However,
 reactions using this ligand gave complex mixtures. A dimeric bis axially
substituted dimer was isolatedy but with difficulty. It was identified
by microanalysis, and by cémparison of its UV and infra-red spectra with

those of authenticated dimers. Figure 26 shows its infra~red spectrum.

© )
S
N
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No other products were found even after a reaction time of 100 hours.

3.1.5 The reaction of ReQ(CO)lo with tri(o-tolyl)phosphane

In order to investigate the role of cone angle on metalation
reactione, experiments were conducted using tri(o-tolyl)phosphane. The
large size of this ligand was also considered as a potential menas of
protecting the radical complexes from further attack. Thus, a 1:9 moclar
ratio reaction was run in xylene solution under reflux for 23 hours.
Removal of solvent and application of the solid residue to preparative thin
" layer chromatography plates revealed one band only. This was isolated
in the usual fashion and identified by mass spectrometry, infra-red
spectrescopy, microanalysis and PMR spectrometry to be Re(CO)4(L—H). The
infr/'a-red and FIIR spectra are given in Figures 27 and 28. Integration of
the latter demonstrated that metalation had occured via the methyl group,
thereby generating the favoured, five membered ring. The free ligand has
 a sharp singlet for the methyl protons and if bonding were via the ring _
then this signal may be expected to persisi in the spectrum of the produét.

As can be seen, the pattern changes slightly.

2080+
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_even in this instance, the metalated product was isolated.
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The two signals in the aiiphatic region in the PMR spectirm of
the product arise from metalation causing the three methyl groups to be

split into a group of iwo and a methylene unit. The two methylenic

. protons couple to each.other to give a pair of doublets, but the outer two

peaks are lost in the baseline noise. The same metalatzd species was

obtained from reactions in the dark, or when using different mole ratios
of reactants. In a 1l:l1 ratio reaction, the product was expected to be

ax Re2(00)9L by analogy with the triphenylphozphane reaction. However,
The gross cone
angle of this ligand (194% 6°) (238) and the fact that no dimeric species

were obtained suggested the following mechanisms

Re,(C0); + L — axReZ(co)9L + COT

A

HRe(co)5 + Re(CO)4(L~H)

~

Axial substitution of ome carbon monoxide molecule occurs, but then the

‘extreme size of the phosphane ligand forces the equatorial carbonyls

adjacént to it towards those on the second rheniwm atom. The metal-metal

bond then ruptures to relieve the strain, giving the radicals Re(vo)
and RG(LO)4 + Generation of the final metalated complex is {then thought

to proceed via formation of IIRe(CO)5

| PN
L —Re pe— —> |[L—Re-----Re— — — Re - ~=-- Re —
/|L 4 A ™ |
' ]
<
o~ _ | | b
" | 7
—_.R,e/‘---: C ~—H--\Re..__. -———é— - Re -—-C — + HRC(CO)
N H' l / " / -l__l 5
| Hy | |
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Examination of models shows that the methyl group is in just the correct
position to interact with the rhenium atom, as indicated, without straining
any bonds or causing the IIGMHdS to adopt unfavourable configurations,
; This reaction was perfommed at 125 in an NMR tube in order to
determine if H’Zt(CO)5 could be detected, as this would verify the schenme,
Eowever, since the tube needed to be sealed, no reaction was detected,
presumably due tc inhibition caused by the carbon monoxide released during
the early stages of the reaction, This conclusion was endorsed when the
cgntents of the tube were transferred to a vented flask and heated in the
usual way. The reaction then proceeded normally to give the metalated
species, identified by its infra-red spectrum.
. o The reaction was also run in a vented flask at 950. This is
below the decomposition point of the pentacarbonylhydride complex and it
. was hoped that sufficient quanf@ties of this material would accumulate to
allow its detection by infra-~red spectroscopy. However, no reaction was
noted even after 17 days. ,
Verification cf this proposed scheme is therefore difficult,
but it seems reésonable in view of the fact that the same product is
obtained from reactions us1ng any ratio of reagents, in daylight or in the
dark, . '
In the light of experiments detailed earlier (Section 2.1.6) in
whlch water was shown to be the source of hydrogen atoms in the hydrido
compleyeq isolated, the possibility that the preparation of metalated
complexes with this ligand was due to the solvent. being particularly dry .
was considered., This gquestion was answered hy running the experiment in the
presence of added water (O.6ﬂ v/v with xylene). In solvent of this
composition, the sole product was again the metalated complex, demonstrating
the facility of this reaction over hydride formation, and also the fact
that after discociation of the dimer the two radicals do aot diffuse apart.

| - This direct formation of a metalated species with this ligand
has been noted in the literature (207). Whereas Memn(CO)5 reacts with PPh3
to give Xfern(CO)[P'_‘h3 which is metalated only at the temperature of boiling
toluene,the reacticn of thn(CO)r with tri(o~tolyl)phosphane proceeds under

much milder condiations dlxcctly to the ring closed compound:

'MEM“@C%;+ 44fi5\ LN \j/»\CHz

[ CH
>~/ 3 P r'fin(c:O)4 Gy
& Wi -
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3.1.6 The reaction of Re,(()O):’O with tri(p~tolyl)phosphane

This reaction was ihvestigated in order to study the role of
electronic effects in metalation mechanisms, Tri(p~toly1)phosphane has
the same magnitude of electronic parameter as tri(o—tolyl)phosphane, but
a ﬁuch small cone angle, and can only metalate via a four membered ring.

When a standard 1:9 ratio rzaction was carried out the principal
products isolated were bis—ax—Rez(CO)SL2 and mexbtrans-HRe(CO)3L2,
L;P(p-tolyl)3, paralleling those obtained for {riphenylphosphane itself.,

! It is thus apparant that steric effects are far more important

than electronic effects in determing whether metalation will occur or not.

3.1.7 The reaction of ReQ(CO).10 with tri(cyclohexyl)phosphane

-

Reactions with this particular 1§gand were performed since the
_alkyl group is electron donatiﬂg (see Tablel5') and it was believed that
this would make the central metal more "18-electron like" and therefore
perhaps allow its isolation. The fairly large size of the ligand may
also offer some protection égainst subsequent reactions,

The investigation was proupted by an unpublished report (244)
concerning the photochemical reaction of an(CO)lo with tri-n-butylphosphane
which produced a green solution exhibitivg an ESR signal which decayed with
time but couid be regenerated on'further photolysis. (When this was repeated
in this work (section 3.1.9), however, hydrido type compounds, not zadicals,‘
were isolated). ,

From & standard 1:9 molar ratio reactiog of Rez(co)lo with
4ri (cyclohexyl)phosphane, the major products isolated were bis—ax-Rez(CO)sLQ
and merutrans-HRe(CO)3L2. The infra~red spectra of both of these compounds

(pigures29. and 30) fitted into th> pattern associated with cach type of

molecule,
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The fact that no metalated species were observed in this reaction with a-
ligand of appreciable cone angle (179i 100) appears surprising oan first
_eight. Although a five membered ring is theoretically possible (via the ¥
carbon atom) it would appear that the flexible cyclohexane ring never

attains the correct conformation for metalation to occur. This is

demonstrated pictorally below:

) _Metaléticn cain only occur if the ring adopts the position depictad'
in XIV. This is a high energy state due to steric-crpwding, and the ring
normally relaxes to the position shown in XV. This rclieves the interactions
between the hydrogen atoms at the § position and the carbon monoxide
groups on the metal, In such a position, metalation is obviously impossible
As this phosphane has a large cone angle, these resulis indicate that
metalation does not arise simply as a result of gross steric effects, but
also requires of the ligand the ability to bring the potential metalation
site close to the metal. In rigid systems such as tri(p~tolyl)phosphane
this confizuration is easily achieved, but with flexible ligands, metalaticn
is by no meahs a definitely predictable rcaction. The cone angle scems of
little importance in terms of ability of ligands to undergo this reaction,
but possibly plays a vital role in determining the mechanism by which these
It does become a significant consideration when

molecules are fomued,

deciding on the nunber of ligonds which can be accommodated around a single

rheniwn abtom in an cctahedral environmment. .

-
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3.1.8 The reaction of Re,{(C0)y, with bis{diphenylphosphino)maleic arhydride

A report has appeared in the literature describing the preparation

of the sfable 19-~electron cobalt complex XVI

_C02

~

Stabilisation is achieved by delocalisation of the unpaired electron over
" the phosphane ligand XVII, thewreby making XVI more "18-electron like",
The reaction between this ligénd and decacarbnnyldirhenium was investigated

as part of the general search for stable crganorhenipm radicals., XVII was
prepared according to the published method (245) and fully characterised.
Its IR spectrum (figure 31 ) was identical to that reported in the
literature (245).
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- The first reaction between Rez(co)lo and XVIIwas'performed using
a 1:1 ratio of reagents in xylene solution under reflux in a nitrogen
atmosphere, Shortly after heating had begun, a dark red spot XVIII was:
detected on tlc, No Re,(C0),, was found after 2%hours and the reaction
was halted after this time.  The appearance of thetlc plate (developed

in mixture 1) afier this time is shown in Figure 32.

@ ligand
) @ orange spot XIX
D red spot XVIIX
—é% baseline material XX
FIGURE 32

The red band XVIII ﬁas isolated by colwm chromatography on silica as a
dark red solid. Its infra-red spectrum (Figure 33) was very similar indeed
to that recorded for ax—Reg(CO)9PPh3 (Figure 12) so it was postulated

that XVIII was the analogous nona—carbonyl derivative. That it is formed
first in the reaction tends to support *his view. Its microanalytical data
showed it to exist as a solvate, but a particular formula bearing n
molecules of solven®t could not be proposed since the petroleum ether
solvent contained a range of hydrocarbons. The faster moving crange spot
XIX was also isolated by preparative tlc.Its infra~red spectrum (Figure34)
strongly resembled others found for the bis-axially substituted dimers.

The nature of the base-line material XX was not known at this stoge.
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. The lH NMR spectrum of XVIII revealed a trace of petrol adhering
to the material, but no proton bonded to rhenium could be detected,
endorsing thé earlier assignment based on infra~red data. The microanalysis
was - slightly outside the normally acceptable range for organcmetallic
spécies due to the solvert which could not be removed despite prolonged
pumping. '

From the experience gained from previous experiments on the
substitution recactions with organophosphancs and phosphites the structural
assignments of XVIII and XIX were considered quite valid. No other products
wére isolable from this particular reaction, nor from others employing a
1:4 ratio of carbonyL/ligand. Presunably decomposition takes place after
the second substitution to give molecules devoid of CO ligands.

. The production of the two characteristic dimeric species was
always accompanied by the precipitation of-a powder which varied in colour
" from dull orange to buff. This-material did not move ontlc when eluted
with mixture 1., The Qeny first reaction carried out between XVII and
Rez(co)lo lead to the separation of a pale yellow powder which gave the
solution infra-red spectrum depicted in Figure 35. This was devoid of all
organic type carbonyl bands which bight have been expected had the product

contained only phosphane ligand molecules.
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The mass spectrum of this material (Ms12) suggested the formula Re4014(00)l,,,
by comparison with earlier work (246). The isotope pattern for the '
molecular ion cluster matched that calculated for Re 4Cl 4 (Figure 36)

endorsing the structural a;signmen't.

1SOTOPE PATTERN FOR RE4 CL4 CLUSTER (CAL.CULATED)
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Microanalysis confirmed the presence of chlorine, but because the sample
could not be completely freed from the petrol used in the preparation,
the results were inconclusive. Nevertheless, th> similarity in mass spectra
and infra-red spectra seem Yo strongly indicate the identity of this sample.
‘ The mechanism by which a tetranuclear cluster compound could be
formed by such a reaction could not be elucidated, but the presence of
chlorine atoms strongly suggest that the sample of XV was not entirely free
from the dichloromaleip.anhydride used in its synthesis. This was verified
by a reaction of Re2(CO)lo‘with dichloromaleic anhydride whichyielded a
light brown solid whose infra-red spectrum (Figﬁrej?ﬁ) was extremely similar

to that recorded for the product obtained in the previous reaction.

D
s
(<2}

Qe

“Phis wmmsual reaction prompted further study, since its presence
raised some uncertainties concerning reaction flo Rez(CO)lO with XVII. :

A reaction of Re (co)lo with maleic anhydride was performed in -
the belief that, by ewalogy with the dichloromaleic anhydride example, a
tetranuclear hydfido cluster would result. Indeed, when this reaction was
performed in a 1:5 mele ratio of carbonyl 1o anhydride in xyleﬁe under
reflux, an'appreciable quantity of a red powder was precipitated. The
infro~red spectrum of this (L&~urc38') was very similar indeed to that
" recorded for the other precipitates obtained in this type of experiment, and

ols0 t0 that oblainced for the tetranuclear hydroxy compound XIT (Figure 15).
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No signals were detected in the 1H NMR spectrum from 10+ ~20% and the mass
specfrum was inconclusive, It is tentatively proposed that the compound
isolated in the reaction with maleic anhydride is a polynuclear hydroxy
compound, formed by réaction with traces of free acid in the former. A
report has appeared in the literature describing the compound H4_Re4(CO)12
(247) as a dark red powder, but the precipitates in this work did not have
the same infra-red spectrum as that quoted for this tetfanuclear_hydride.
The rhenium content was analysed and found to be 67.5%. However, the value
required for H4Re4(CO)12 is 68,65 and for the anzlogous hydroxy compound
64.68%, so this was not helpful. Products showing identical infra~red
spectra 1o that of the red powder from the maleic anh:dride//Rez(CO)lo
system were obtained from reactions of the carbonyl with succinic anhydride,
succinic acid and siccinimide. An unequivocal structural assignment to
these compounds could"thus not be made. They have very limited solubility
in a range of solvents, and are non-volatile, properties which largely |
preclude spectral characterisation. Very weak bands in the OH stretéhiﬂg
region were seen 'in the KBr disc spectra of the precipitates, which would

seem 10 partially endorse their assignment as polynuclear hydroxy compounds.

3.1.9 Miscellaneous Reactions

3,1,9.1 The photochemical reaction of Mn,(CO);, with tri-n-butylphosphane

A communciation by Brown (244) bad indicated that if a hexane
solution of decacarbonyldimanganese and tri-n-butylphosphane is irradiated .
by UV light, a green solution is obtained which exhibits an ESR spectrum
which disappears with time, but which can be regenerated by further
irradiation. When this experiment was repeated in this study, no green
-colour was observed, but a buff solid began to precipitate. This was
isolated by first concentratihg the reaction mixture to dryness and then
geparating the major component by chromatogrephy. The infra-red spectrum
exhibited by the major product (Figure 39) was very similar‘to that
reported for mér—-’crans-—-lmn(lCO)3(PMePh)2 (240).
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1940-

¥IGURE 39

A second band was isolatedby tlc showed this to be a mixture of the hydrido’
complex and one other product. The infra-red spectrum of this mixture gave
two strong bands in the carbonyl stretching region; one due to the hydride;
and the other, at 1550 cm-l, which was assigned to bis—ax—an(CO)8(PBu3)2
by comparison with In,(C0)g(Pic, Ph), (240).

It was thus concluded that this experiment gave products analogous
to the thermal reaction of ReQ(CO)lO with_PPh3. These were obtained despite

- the most careful drying of solvenis.

3.1.9.2 infraured dzta on the reactions of Re?(CO)lO with PPh3 and P(OPh)g

The reactions'of ReQ(CO)lo and PPh3 or P(OPh)3 werelmonitored .
by the following decline in intensity of the band at 2070 cm ~ with time.
The reactions were carried out in daylight, using identical conditions and
ratio of reagents. It was found that the phosphite (being a poorer o donor)‘

reacted less rapidly with PGQ(CO)]O than PPh3.” This oObservation may account

for the consideralie build up of ReZ(CO)9L found when the decacarbonyl is
reacted with bis(diphenyiphosphino)maleic anhydride, a molecule is huowa to
be very clectren withdrawing.

The graphs of absorbance against {inme are given in Figure 40
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3,2 SOME COHCLUSIONS AND COMMENTS

. The reactions of decacarbonyldirheniwn with various phosphanes
and phosphites have generated metalated species whenever tranéition state
geometries which can lead to five membered rings are attainable. Reactions
with tri(o~tolyl)phosphane and tri(p—toLyl)phosphane, which possess
identical electronic paraméters, have shown that this is not a very

important consideration in deciding whether a metalation reaction will occur

or not. In the reaction with tri(cyclohexyl)phosphane, the products isolated

parallel those of the triphenylphosphane reaction. This is because the
stereochemistry of the transition state is extremely specific, and hydride

) formation is more facile.
The over-riding factor which enables certain ligands to undergo

metalation reactions is the ability to brlng the metalation site close

to the metal centre.

3e3 EXPERIMNENTAL
The details given in Section 2.4 apply icre, in particular the

fact that all preparations were carried out under nitrogen.Vields of
products are given, but it must be borne in mind that separations by
preparative thinllayer chromatography are not likely to give reproducible
results due to differences in operating conditions. Phosphanes and
phosphites were purified by standard tecnnlqueb ag appropriate,

The reaction of Rez(CO)lo‘with P(OPh)3

Re,(C€0);, (0.66 g, 0.00101 mole) and P(OPh)3 (2.4 m1, 2.842 g,
0.0091 mole) were heated together in xylene (25 ml) under reflux for 175

hours. After this time, the solvent was removed in vacuo and the oily

residue extracted with n-hexane., Concentration of the extracts gave white

crystals, 172 mg (157 bascd on bis-ax-Re (Co)8[p(oph)3]2); mp 157_80 v C=0

2020 (w), 1484 (VS)Cm'l ; Tound C 43320, H 2.50, P 5.41; 044 30014P2q9
reqaires € 43.50, H 2.49, P 5.09%; “"RNKR (CDCl Y- 117.9 ppn (s) (wrt
external H,PO, ) (compotible with the bis-axial aos1gnmcnt)

The hcxanc insoluble materizl was separated by prcparative thin
layer chrematography (using mixture 1) into three components. The first
gave a furthcr crop of blu’&u—RGQ(CO)S[P(OPh)g]p. The second gave a N
V €=0 1980 (vs), 1962 (s), 1912 (w) om
C3q} 290QP2Re [ne(CO)3L(L—H), = P(OPh)B] ,
087; 158, MY 8%, 1ten(Co) (n = 1-3) showed

‘.
Uy {(Cil,Cif) yAmax 310 am ( € 14001), 230 (152
3

o
colourlecs solid, mp 130~173
found C 49. 41, I 3.21, P 5.95,
requires ¢ 52,70, H 3.26, P 6.
contamination with some aimer;
275 inf (12410). The last band gave a wixture shown mass spectrometricully

10 be Re(00),L(1-1) end Rey(CO)gL

50),
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A report has appeared (195) claiming that the Eis-axially
substituted dimer Rez(CO)S[P(OPh)3]2 dissociates in benzene solution,
and the magnetic moment of the monomer has been measured., To verify
this, the molecular weight of the dimer in this solvent was measured.

An experiment was designed employing a themmocouple and a
vservoscriba racorder to enable small depressions of the freezing point.

of a benzene solution to be measured. The fomula bélow was used to

calculate the molecular weight of‘the solutes

W = K x 1000 x W,

>

T x hl
] - where W, = mass of solute
wl mass of solvent

and T

depressibn of.freezing point observed

The value of the constant K was determined using solutes of known
molecular weight and found to be 26437 for this particular apparatus.

The depression of freezing point was read dircctly from the servoscribe

print out:

- oummt  CwmS  mmmme  matn SR v i mee dtamt G | . ot . m—— m— ——

Ik —> SOLUDLION

SOLVETT
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. Using this system, employing an DIS/Mdrikold" slush bath as
coolant, a molecular weight of 1364 in solution was found for
,Rez(CO)S[P(OPh) ] against the calculated value of 1214 thereby confirming
1ts dimeric nature. Hecwever, this technique was not widely use in this
study, prlmarlxy because appreciable amounts of solute were needed to
ensure a meanlngful depression of freezing point.

The reaction between Rez(CO)lo and tri(0-tolyl)phosphite

A mixture o,flReZ(CO)10 (0.33 g4 5.07 x 10 4 mole) and trl(o-tolyl)
phosphite (1.61 g, 0.0046 mole) was heated in xylene (15 ml) under reflux
for 16 hours. After this time the solvent was removed in vacuo to give
a solld in an oily residue of unreacted phosphite. The infra-red spectrum
of this mixture gave one very stronb band in the region asscciated with the
" bis axially substituted dimers. The res1due was separated using preparative
thins lqyer chromatography and the two most intense bands isolated., One
of these major components was unreacted phosphite and the other a white
g0lid which gave white needles form hexane, 245 mg (37.8% based on
bis~ax-Re (CO)8L2), mp 197-9°; v €=0, 2030 (W), 1983 (vs) om ; found
C 46.82, H 3.26, P 4.80, C5OH42014P2R82 requires C 46.22, H 3.23, P 4. 77p,
uv (CH3CN) N o 317 nm( € 14823), 288 (15341), 275 (inf) (13200).

When the reaction was allowed to proceed for 52% hours a different
ma jor product was isolated by preparative thin layer chromatography, as
off white crystals, 150 mg (1675 based on Re(C0),L(1~H)) mp 109-11% v ¢ =0,
1982 (s), 1968 (vs), 1915(n) on™'; found C 57.99, K 4.70, P 6.69,

C 45H4109PHRe requires C 55.55, 4.21, P 6.37%; 159, it 972 Hr-n(co)
(n=1,2; 3rd Joss not detected, slight contamination by Re2(00)8L2),
Yy (C,Cl ) no sigaals below 08 (ie no Re-H functlon), 7.01 (mult, 23H),

2,03 (mult, 18 H).
The reaction of Re2(00)10w1th trl(o-tolyl)phocnhane

ke, (C0)1 (0.33 & 5.07 x 10 4 mole) and tri(o~tolyl)phosphane
(1.45 g, 0.0047 mole) were heated together in xylene (15 ml) under rei]ux
for 23% hours. The solvent was then removed in vacuo to give a crvuballlne
solid. This was taken up in a little chloroform and separated by preparative’
thin leyer chromatography using mixture 1 as eluent. The major brnd was
isolated (faint traces of two others were seen but were not further ‘
investigated) to give white crystals 125 wmg (G115 based on Re(CO)4(L~H)); mp )
174~5%; v caso, 2080 (s), 1975 (vs), 1925 (s) cm"l; found C 50.14, ¥ 3,38,
P 5 48y C,.H,,0,PRe requires C 50,00, H 3.33, P 5,16%; Ng10, ut 600,
1{ —nCo (n : ) 45; b (CDCI3) 7.0 (mult, 12H), 2.42 (malt, 8H). A
© pinilar product wss obtained in a 1:1 ratio reaction, or in reactions

performed in light or darkness, in yields of {the same order.
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The reaction of Re,,(co)10 with tri(p-tolyl)phosphane

A solution of Re,(€0);, (0.33 g, 5.07 x 10™% mole) and
tri(p-tolyl)phosphane (1.45 g, 0.0047 mole) in xylene (15 ml) was heated
under reflux for 16 hours, After this time, the xylene was removed in
vacuo and the residue taken up in hot benzene. Addition of n~hexane and
cooling induced the precipitation of a crcam coloured powder which was
thought to be a mixture of HRe(CO)3L and Re (CO)8L by comparison of
1ts infra-red spectrum with that recorded for the mixed precipitates often
obtained in the Ieﬁ(CO)lo /PPh3 reaction, The two components were separated
using preparative thin layer chromatography (with mixture 1 as eluent). One
band gave a product whose infra-red spectrum (1)C==O, 1935 (s, br) cm~1)

. was identical in position and shape to that recorded for merhtrans-HTe(CO) (PFh«,
ST, M 878, H'-nCO (n = 1—3) i

The other band gave qn infra-red spectrum consisting of one very
strong band at 1958 cm-'l and one weaker one at 2000 cm"1 which suggested
that this prdduct was the bis axially substituted dimer. Peaks in the
mass spectrum of this compound centred around m/e 1161 were seen (calculated
value for Re2(00)8L 1202) but excessive baseline noise made accurate
counting impossible. Nevertheless, the strong resemblance of its infra-red
gpectrun to others shown positively to be dimers, and the isolation of
merhtrans~HRe(CO)3L2, suggests that the assignment made iz valid.

The reaction of Rez(co)lo with tri(cyclohexyl)phosphane

A mixture of Re,(C0);, (0.33 &, 5.07 x 1074 mole) and
tri(Cyclohexyl)phosphane‘(0-987 gy 0.0035 mole) in xylene (15 ml) was
heated under reflux for 20 hours. The solvent was then removed in vacuo
and the residue taken up in xylene and precipitation induced with
methylated spirits. This was repcated several times to give white crystals,
80 mg (147 based on bis~ax~Re,(C0)gl,) mp 248%; v ¢=0, 1997 (vw), 1951
(vs) en™; found C 44,34y H 5.525 P 5.10, G, 0gP Re, requires C 45.68,
H 5.71, P 5.35% UV (CH;0N) A pp 295 mm (€ 3976), 247 (inf) (9764).

lhen the rcactlon was run for 24 hours, a new band (at 1933 om )
had appearcd in the infra-red spectrum of the reaction mixture. This )
corrésponded to the development of a new spot on the tlc plate of the reaction!
and this wos isolated by preparative t11n layer chromatography to give
cream crystals, v C=0 1933 (s, br) cm MSG, Mt 830, 1t-nco (n=1-3),

(HRe(CO)B[P(CGHll)SJQ).

The ronction of Rc?(CO)l with +ri(p=-chloronhenyl)phoanhite

(Co)lo (0.33 g, 5,07 x 1074 mole) was treated with _
tri(p-chlorophenyl)phosphite (1.86 g 0.0044 mole) in xylene (15 ml) and
-~ the solution heated vnder refiuc for 16 hours. Tle showed (and infra-red

spectreogeony confimied) that very little decucarbonyl remained after this
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time. One major spot was visible on the plates and this was isolated in
the usual manner, to give white crystals, 110 mg (167 based on '
bis-ax-Re,(C0)gL,) mp 150% ¥ =0, 2060 (w), 1968 (vs) em™; found

C 40.71, H 1.94, C1 14.41, P 4.29, C, H, C1,0, P Re, requires C 37.12,

H 1.68, C1 14.94, P 4.49/%. The UV spectrum had an identical profile to
those recorded for the other dimers, although extinction coefficients are
not available. '

' The preparation of bis(diphenyiﬂhosphing)maleic anhydride (XVII)

All manipulations were performed under nitrogen

‘ The maleic anhydride derivative was prepared according to the
. literature report (245). Thus diphenylchlorophosphane (13 g, 0.0843 mole)
in freshly distilled di-n-butyl ether (freed of péroxides by the standard
procedure (248)) was treated with sodium wire (5 g; 0,22 g atom) and heated
under reflux with stirring for 4 hours. After this time the reaction
mixture had attained an intensé yellow colour due to the precipitated _
salt Na PPh2 . It was allowed to cool to room temperature and then treated
with trimethylchlorosilane (9.15 g; 0,084 mole) and warmed gently for 1%
hours, The yellow colour discharged quite rapidly, to give a clear
supernatant over the precipitate of NaCl. This, and unreacted‘sodium,
was removed by filtration. The filtrate was then treated with dichloromaleic
anhydride in di-n-butyl ether and on cooling, a yellow powder precipitated.
This was colleéted by filtration, and appeared air stable, The crude
product was crystallised from €0~100 petrol to give golden yellow needles, .
2.64 g (13.47) mp 147-8 o; infra~red spectrum has been given previously
(wzguro 31); UV (CH;C0)A 1y 372 mm (21311.9), 260 (inf) (5037.9); M™ 4665
Y omm (CDCl3) 7.32 (mult) found C 72.73, I 4.49, P 12,99, Cogtlon03Ps

requires C 72,10, H 4.29, P 13. 3074
The veactida of Rcz(vo)lo wlthvblo(diphenylphosphino) maleic anhydride, XVII

A xylene sclution of R62(00)16 (0.33 gy 5.07 x 1074 mole) and
XVIT (0.23 g, 4493 x 104 mole) was heated under reflux for 2% hours.
xamination of the tlc plate of the reaction mixture showed only two
products (Figure 306). The slower moving of these two was isolated by
chronatograpby on a gilica colum (23 x 2.5 cm) using mixture 1-as eluent.
A red solid was isolated which had very similar bands in the carbonyl |
region to those recorded for the aX“ng(CO)OPDh3 complex (Figure 12);
the infrored spectrum has been shown previously (Firure ?3) The faster
running orange band was collected and yielded a very small quanﬁity of
orange solid,v C=0 2050 (vw), 1965 (vs) et suggesting the bis-axially
éubﬁtitutcd occtacarbenyl derivativey fbund C 49.94, H 3.05, P(4}[0014P4R0

tewuires € 50,32, i1 2.62%
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Precipitation of a yellow powder (mp 90—10) also occured if
reactions were run for longer periods with the view to increasing the
yields of the characterised products. No organic type carbonyl bands were
seen in the infranred.spectra of these precipitates (9 c=0, (CHCl3)

2020 (m), 1910 (m, dbr) cm-l; us 12 u* 1216 u*t-12 CO0). These data
appeared very similar to those for an authentic sample of Re4(CO)12Cl4
Microanalysis endorsed this conclus1on, and confirmed the presence of
chlorine. However, as the sample was isolated as a petrol solvate a
particular formula could not be deduced from the microanalytical figures.

The reaction of Re2(CO)io with maleic anhydride -

A solution of Rez(CO)lo (0.33 g, 5.07 x 10~4 mole) and maleic
anhydride (0.25 g, 0.0025 mole) in xylene (15 ml) was heated under reflux
for 2 hours. After this time a copious red-brown precipitate had appeared.
Heating was continued for a further 4 hou;s, and then the reaction was .

halted. The precipitate was collected by filtration and dried in vacuo
to give a red powder 140 mg; v C=0 (He,C0) 2015 (m), 1900 (vs, br) em o
Similar products .were obtained with succunic anhydride or succinimide.

4 CONCLUIIONS
The reaction between decacarbonyl dirhenium and triphenylphosphane

appears to follow a similar course to that of the manganese system in that
freﬁ radicals are implicated in the Reaction Scheme but cannot be 1so]ated.
The ccmpounds Re(CO) (PPh3)2 and Re (00)6(PPh3)4 cculd not be prepared by
the literature methods (112, 215) and it is believed that the form of
"Re(CO) (PPh )2" reported by Nyman (113) was incorrectly assigned. Waen
Nyman's experlmnpu vas repeated, the main product isolated exhibited the
same infra~red spectrum, but was shown by mass spectrometry and‘lH MIR
‘epectroscopy to be the corresponding hydrido complei. '

Traces of water in the reaction medium have been shown to be
responsible for the formation of the compounds, and this has been endorsed
by experiments. in which'DQO was added to the xylene solvent prior to reflux.

Ixperiments with other tertiary phosphanes and phosphites have
yielded results which fit into the rationalisation proposed for the

reaction of Rez(CO) with Prha. The most significant of these is the
O -

exclusive productiofi of metalated species.
a favourcd five membered ring, including the central metal atom, can be

Theze are generated whenever

Phnunhawvo which may potcntlally posgess such features may
since the vonnjw«ﬂ transition atate

formed,
noveortlial oo N\wb 1wrr"r\1 An ""r\f' [als]
noeverihindens give Iy T EF D

stercochenietry for metalativa is o kigh energy ctate, and only one of a

runbher of favourable oriunlﬁfwﬁno available to the ligand., Thig has

been demonstaeied in reachione using trxu(cynlo%r'vl)pbouphdwc



143

A reaction of decacarbonyldirhenium with bis(diphenylphosphino)
maleic anhydride produced an unexpected polynuclear complex, a reaétion which
could be repcated as easily using maleic anhydride itself. Despite.some
considerable effort, the mechanism by which these complexes are formed
could not be elucidated.

The radical Re(CO)S' has been generated )y the chemical oxidation
of the pentacarbonylrhenium anion, but it was not isolable, Its_existance
was demonstrated by the nature of the reaction products, which parallel
 those of this radical when produced by photolytigalky induced homolytic
fission of Re,(C0),qe
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1., INTRODUCTION

The oxidation and reduction of organometallic anions and cations

are two potential methods of generating odd-electron species and it was

for this reason that these reactions were investigated. IT the

reesonable assumption is made that most of the sﬁbstratcs comply with the
inert gas formalism, then oxidation will generate a seventeen electron
molecule, and reduction one containing nineteen valence electrons. If the
dimerisation of the radicals produced is a facile reaction, then the
structure of the product will reflect the site of maximum unpaired

electron density in the monomer. Thus, in the reduction of (q?-CYH7)CT(CO)3 *
by zinc dust (165) a ligand bridged dimer is obtained, suggesting that

the lowest wnoccupied molecular orbital, (LUMO), of the cation is essentially
ligand based. On the obhor hand, the oxidation of (q?—CSHS)Cr(CO)3 -

(100) leads to a dimeric species containing a metal-metal bond,.resulting erm
the fact that the highest occupied molecular orbital (10i0), of the anion

is largely mctallic in charucter. These reactions are illustrated belows



146

-e” »
cr(co)3 'Crlco
L. 3] .
Ce
. oc” T\ f"\c
C \ Co
So Sc
| © 0
_ - ‘
+e”
G{co), - Cdeo),
cr(co c,(co)

This introduction is concerned primarily with those reactions of
organomnetallic cations and enions that generate radical species’ which then
achieve stability by dlmoxl sation (thereby adhering to the definition of
"radical quoted in Chaptcr 1), However, a brief coverage of the reductiom
of organic cations is presented first. ‘ '

The first remort of a reductioa of a cation to a radical is by
Conant and ccnwggkeps (2A9) who effecteg this {type of reaction between [

and cold voanadivm (IL) chloride solutions:

~ 4\\\. . /Q}\?\__‘ 4
O e v, ey O I0)
H !\ ’{:f;\ R N /,~ R vty v )} 4 (\ . \ ’/
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The solid precipitate could be isolated and wos fouad to be stable in air
for a number of hours. When it was'diésolvéd in chloroform, however, the
colour discharged rapidly and bixanthyl was recovered, These workers
found that under strictly anaerobic conditions a maximum of one mole
equivalent of vanadium (IIL) ions was needed to effect the reduction.
Further work from this group (250) resulted in similar findings

(Table 18); dimeric species being isolated if their redical precursors

were too reactive to exist as discrete entities,

TABLE 18 (250)-

Reduction of organic cations

Substrate ',_ Reductant Product

() ) ey,

- Pa
H  OH ' H
O | vel,
‘. o ' . ) O
Ph -
vel, Ph..

OH
®) ,<::>

Tﬁis gubject has been the topic of a more recent study by

Bowie and Feldman (251). It has been reported that in agueous solution,
tropylium'cgticn is reduced quantitatively to ditropyl by chromium (II)
icn (252), and Okamobo and co-workers have ctudicd this reaction in detail

253). This latbter group employed aqueous hydrochloric acid as solvent,
and demonstrated that chleoride ion acts as a bridging wnit in the electron
transfer, and that the rate of reduction by chrumous ion incre=ses towards
a mﬁximum with incressing chloride ioa concentration. They also
concluded that in the abscnce of a bridging anion, & weter molecule in

L
Y

the co~ovdination sphere of the chromium ion acte as the agency ler the
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electron transfer (254).

A The kinetics of the reduction of a number of organic cations (II-
VII) by chromium (II) have been investigated (251) '

-

I m
I\
v

Ph
o0

X

Yi

X=H Y= O0CHy . X =5

X = 0CH Y= H ‘

3

When aqueous acidic solutions of these catiohs were treated with
chromium (II) chloride, the expected dimeric species were obtained in very
high yieldé. The stoichiometry of the reaction was determined by
allowing an excess of chromium (L) to react with the salt and titratiﬁg
the surplus chiromiun ions. It was again found that one mole of each
organic cation is fully reduced by one mole of chromium (1) ion.

4Th§ simplest scheme which accounts for the formation of free
redicals and dimeric preducts is the electron transfer reaction.( eqn 1)

e1d the radical aasociation (eqn 2):

+ 24 34

" 4+ Cr =2 k' + Cr
210 == R2 , 2

However, an alternative mechanizm has been surgpested by Kechi and Davis

(?55) who siludied the chromima (1) rrduction of benzyl holides, and
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found that in aproiic media the only reaction product was dibenzyl, The
reaction intermediate, detected spectroscopically, was found to be the
organochromium ion (PhCH2)0r2+ ( A max 360 mp, (255)) which has been
reported elsewhere (256). In the reactions described by Bowie and

Feldman, dimers could thus arise by a similar mechanism:

B 4 cr?t ——s R® 4 Crot slow
R* 4 Cpot — ROTST fast
rert + R >+

— s RR 4 Cr fast

This route was considered inadmissable, however, since in protic
solvents the organochromium ion is reported to react to give hydrido

species (255):

-

34

A — QH + Cr : fast

2+ + H

RCr
and as Bowie and Feldman found no hydrides in their‘experiments,wthe'
mechanism outlined in equations 1 and 2 was favourd.

The reaction between cyclohepta~1,3,5~triene and chromium or
molybdenum hexacarbenyl was first reported in 1958 (257), when it was

noted that {the hydrocarbon ligand remains intact:

Cllg + 1(00), AR, (a%opmghn(co), + 3¢0
. VIII
M_(c:o)3
I

A reaction between dicyclohoptatriene and moiybdenum hexacorbonyl for a
limited time formed the monomolybdermum tricarbonyl complex in which a metallic

residue vas attached to one ring only. A longer reaction time produced
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the complex IX with two metal carbonyl residues:

In this early paper, attempts to prepare compounds with the tropylium
cation bound to the metal atom proved abortive. _

The first successful synthesis of (q?—C7H )I-Io(CO)3 * was
reported by Dauben and Honnen in 1958 (258). Their preparation employed
a general synthetic route to tropylium ions (259) involving hydride ion
abstraction by triphenylmethyl carbonium ions. Thus, equivalent quantities
of VIII and triphenylmethyl fluoroborate in methylene chloride réacted.
immediately to give a crystalline precipitate of (17—C7H7)MO(CO)3 +BF4_,

X, M = o

BF~
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Some aspects of the chemistry of these particular types of
cationic complexes have been pursued further by Pauson and Munro (165).
These workers studied the interactions of the cation with nucleophiles,

reactions which may be expected to belong to either one of the following

fjpes:
Hode 1: (Q7-c7117)cr(co)3 X — (r€—-C7H7X)Cr(CO)3

Mode 23 (Q:T-C?ILI)C'I‘(.CO):S e X — (,{’-07H7)Cr(co)2x + CO

Mode. 1 agsumes that the positive charge resides largely on the seven
. mem@ered ring and that anions add to this as they do free tropylium ions.
This is not an unreasonable suggestion, since an electron count shows that
the ring must be a six electron donor if the metal is to remain in the
zero oxidation state (d6). This was the mode of reaction most frequently
encountered by Pauson and lunro (165), using a wide range of nucleophiles
such as SH ; ~Clle(COEt),; Bu'"; TC= CPh; ~Ole; CH(COzIJt)Z (165, 260).
The related complexes, Gl 7H7)M(CO)3+ (M = Mo, w) react with
halide and pseudohalide ions to give products of the type 0\'-C H7)M(CO)2X
(M = Mo, X = NCO, NCS, Nyj M = W, X = €1, Br, NCO, N3) (263). A reaction
1n1t1a11y belleved to proceed by mode 2 is the interaction of cyenide ion
with (q hcszzé)l'kn(oo)3 *(261);

- . 6 ’ .
(\16_(; HFn(C0)y * 4 O —>  (q~C4H,)in(C0) 6 + €O

Subsequent re-examination, however, has revealed that the reaction proceeds
in two stages, viz ring addition in the usual ex0~position, followed by
facile rearrangement (262). The intermediate XI has been isolated,
mesitylene being substituted for benzene to facilitate study of these
molecules by lH IR spectrosoopy; This molecule may thén be~ converted

to the bis—carbonyl complex by heating in solution (262).

Mn(CO)3

XL
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Besides establiching that tropylium metai carbonyl cations may
react in the expected way with nucleophiles, Munro and Pauson (165) also
observed unusual‘products in the reactions 6f the cation with cyanide ion.
Although the expected ring bonded cyano derivative was isolated in lbw
yield, the two main products had compositions corresponding to the
mono~ and the bis~tricarbonylehromium derivatives of bi(cycloheptatriene),
(XII, M = Cr, and XJII): '

1

M(CO), . | CelcO), cc(cq)3
XL X

The structure of the latter was confirmed by its formation upon reducticn
~of the cation by zinc metal. To test whether the alkalinity of the cyanide
solutions accounted for the formation of the dimeric products, the salt

was treated with sodium hydrogen carbonate. In this case, XII (M = Cr) and:
XIII were again obtained, and subsequent investigations revealed that
dimeric products could be isolated by reacting the'cation X (M =Cr)

with a variety of reagents. These expericments are summarised in Table 19 .

TABLE 19 (165)

Reagont Solvent Reaction time/h.  XIT, M=Cr  XITI
NalCO, (%s) H0 0.25 21% 41%
NaOAc (1=) NeOH 1 (reflux) 297 41%
Nalfil, (2= ) vaiig 16 10% 547
PhLi (1.5s=) Et,0 | 16 127 337%
PhCONH, (1= ) F,0 6(80°) 237 457%
HC1 (Xs; 2N) H,0 1 (reflux) 153 49%

% at ambient temparature unless stated otherwise.

No mcchaniom wos preposéd for these reactions, but some type
of electron lransier rodve was cnvisagel. olmilars rvaucitive couplings

have been repcrhed clsewhere (263); tbus the reaction of ( Ty w(co), T
g 1 3
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with KOCN gave not only the monomeric (q?—C7H7)w(NCO)(CO)2, but also the
dimeric derivative XIT (M = W).
Cyclohexa-l,4~dicne reacts with pentacarbonyliron to give
. tricarbonylcyclohexa~l,3~dieneiron, XIV (264):

© + Fe(co)5 —_ (E_‘Fe(co)3 + 2C0
' _ XV

. The dienyl cation, xv; can be prepared by the reaction of the diene
complex with triphenylmethyl fluoroborate (265), and gives products of
the type XVI with the nucleophiles Clle  and Cl .

Fe@ZC»3 .

34 . - Y= OMe;CN

Lewis et al (265) have demonsirated that the qatioh XV can react with a -
wide range’ of other nucleophiles such as water (in the presence of sodium
hydrbgen carbonate); pyrollidine; methyllithium or acetylacetone, to

 yield XVI, Y = OiH, NC4HB' Me or CHAC,. '
The reaction with methylmagnesium iodide is of particular
interest ags far as radical type reactions are involved, since instead of

| giving XVI, Y = Me, the dimeric complex XVII was obtaineds

(oC),Fe » ~Fe(CO),

XVI
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This is analogous to the cyclcheptadiene complex which has been reported’
by Pauson (266);

Zn‘
| (OC)3F3 1 Fe(CO')3
o Fe(CO)3

This latter compound has also been prepared by treating the cation with
sodium hydroxide (166). | |

i The reduction of syn-l-methylpentadienyl tricarbonyliron cation,

XVIII, has been studied (166) and its preparation is outlined below.

. ,’\\‘ +
, . ( |
T Felco), | | - Feco),
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Treatment of the alcohol complex XX with perchloric acid affords syn- Q?— ~
methylpentadienyltricarbonyliron perchlorate (XVIII) in quantitative yields.
Other salts such as the tetrafluoroborate and hexafluorophosphate are also
feadily available from the reaction of XX with the appropriate acid,

- By analogy with the related cyclopentadienyltricarbonyliron cation
(166a), the five sp2 hybridised carbon atoms of the dienyl ligand in
XVIII are assigned the completely cissoid configuration shown.

, The reduction of this particular cation by zinc metal is a
particularly interesting reaction. The crude product is found to contain
two icomers in equivalent amounts, and these have been shown to be

diastereoisomers of 5,6-~dimecthyl-l,3,7,9-decatetraenchexacarbonyldiirons:

-

T

CH-— m

Although a quantitative separation has not been achieved, some
805 of the reaction mixture was accounted for in the terms of the isolated
isomers, and the infra-red spectrum of the remaining material suggested
that it éonsisted largely of these two compounds. .

The two isomers, A and B, gave identical infra-red and lH NI
spectra, but had melting points differing by 20°C, and are presumed to
arise through the dimerisation of lemethylpentadienyliron tricarbonyl
free-radicals. e preponderant formation of only two isomers is note- .
worthy, for litervally scqrés of different compounds could conceivably arise
throush 1he random coupling of the various frce—-radicals which aean be
vrritdon follcwivﬁ ~ddition of sn elactron to the cation XVITT, Tt womld
anpear that the reaction proceads almost oxclusively through dimevisation

of XXIII, which could be reasonably preduced in the following marnmer:



156

37N 4 5
m e H.C 2 ; 6 — C>-—_—=/—\ >02—_3/_l—\\6
: H H.C .
X XX XXM

In the intermediate XXI, the double bond is not expected to be coordinated
to the iron atom, since if it were the inert gas rule would be violated.
Free rotation. about the'3,4 siﬁgle bond to giveXXII and hence XXIII is
therefore possible. A similar path leading to a structure having the
unpaired electron on the terminal methylene carbon would be less likely
due to steric consideration. The inductive effect of the methyl gréup
may also be an unfavourable factor in & structure such as XXIV since it
would lead to a decrease in bonding via back donation from iron to the.

allyl system when compared to XXII:
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This mechanism would serve to expiain the observed sgkeletal structures of the
two dimeric complexes. However, the radical species XXIII together with its
enantiomer, may hypothetically couple to give rise to six different dimeric

products of the type XXV, two meso and four racemic:

If, however, the reasonable assumption js made that the methyl group and
the dieneirontricarbonyl grdup are fixed trans about the CZ-C3bond.in
XXIII (and in its enantiomer), and furthermore that ihe radicals combine
witﬁ the bulky metallic moieties opposed to each other, then only two
dimeric products will be formed. Not only does this then account for the
observed number of isomers, but it also allows a prediction to be made as-
| to the stereochemistiry of A and B. Thus, the mesd structure XXVI will be

favoured over'XXVII. Similarly the racemate will have structure AXVIII:

. E H £
H% \.__._/ / \\ I /
. | H,.
/TN 7\
H/ \T _—\\_;—/
E E
XS pi

E=Fe(CO),
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2 curious reaction ensues upon treatment of the cation XXVIII .
with potassium hydroxidé. When conducted in a MeOH/NeZCO mixture, the
reaction yields, as the major organometallic product, the same mixture as
produced when XXVIIT is treatcd with zinc dust. Lesser amounts of iron
hydroxide and XXIX are formed.

/

;GHLCHOH-—/T\
Fe(co)s Ho_—Fe(CO)3
XXX O
XIX

-

The dimeric material accounts for 307 of the cation employed but when
the reaction is conducted in water, the alcohol XXIX is the only product
th

the formation of these dimeric complexes would involve attack of hydroxide

®

dimers being present only in {races. One reasonable explanation for

ion at the ircn atom of XXVIIIL thereby producing the neutral species XXIXa.
Th:.s then decomposes generating iron o:::.des, but in this process elecirons
are transferrcd to further molecules of XXVIII thereby producing radicals
whioh dimerise in the mannecr aescmbeq ecarlier.

The reaction between dienylirontricarbonyl cétions and nitroso-
derivatives is resported to give nitroxide radicals which have been

detected and characterised by ESR spectroscopy (26ba):

IS

ﬁ QNO ’—% JTFQEB)CH?— T@

FQ(CO 'e)

pievdn
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However, because the spectra were poorly resolved, no data were available
for distinguishing between the two possible nitroxide radicals XXX and

XXXI.
: An early report of an oxidation reaction generating radical

species is given below (257):
2t (co)5 + C7H7Br —> Gy Hy, + NaBr + nnz(co)lo

The reaction is quantifative and pointed to a usefule route to dimeric
molecules, ' '

| Cyclopentadienylcarbonyl complexes of a number of transition
metals reported during recent years have been shown to undergo a variety
of reactions. 'Two methods have been reported for the preparatlon of
[(1 ~Cglls =)cr(co) ]2. partial cxidation of the hydride HCr(CO), (q’ —~CH )
(267), and the reaction of bis(cyclopentadienyl)chromium w1th carbon
monoxide (268)., Both of these, however, suffer from the dlsadvantage
that they require the handling of pyrophoric intermediates, and,
furthermore, the latter method resulis in very low yields.

A more convenient method has thus been devised (100):

. ’ + -
2CSH6 + 2Na ——> 2Na  + 205H5 + H2

NaGp '+ Cr(C0) delyme . 3c0 + (;L-CH ;)er(c0),  Na

+ C7H7Br
5
[(x ~05}15)Cr(co)3]2 + Cy iy, + Ya Br

This is an enalogsous reaction to the oxidative coupling of the manganese
anion mentioned earlier, - The oxidation is effected by tropylium bromide,
and that ditropyl is produced endorses the view that the zeaction proceels
by a radical process. '

Some unusual magnetic resonance properties of the dimer have
been reported (102). The proton NUR spectrum of [(Q,—c i )Cr(CO)3]2 in
toluene--d8 solvent at 2; consists of one very broad resonance
( 291 = 18 ) at ¥ 4.16. At higher temperatures this line becomes
broaucr, but at ~h1 y the resonance has narrowed 1o a width at half height
of 1.5 lz, and has chitted to ¥ H.00. f(n a mixea solvent, acetonc ¢6~uulunne
dG in a 131 wmtio at -61” tho spectrum consists of two narrow lines at
T S5.3%0and 5.55. An shown below, as ihe temperature riscs, these two

. ; . v . 0
signales broaden and Tinally ccalesce.  The singlct then sharpens until ~11
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after which it tends to broaden again.

et
CHz

The broadening is reversible and cannot therefore, be attributed
to the apvearance of paramagnetic decomposition products. It is most
likelythat increasing temperatures generate small concentrations of some
paramagnctic species in equilibriuvm with the dimer, This has been

explained by a simple dissociative mechanism:

[(l5~051{5)0r(c0)3]2 —_— 2 (/1_5—05II5)C1‘(CO):;

In view of the extroordinary length of the Cr-Cr band (3.288 (275)), this

does not seem unreasonables
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2. CATTON REDUCTION REACTIONS

2.1 Results and Discussion

'!‘ 2.1.1 ' ‘The preparation of the complexes
7 Y +. Y
(n C7H7)A(CO)3 PF, (M = Cr, Mo or
W)and their reduction by Cr(II) ion

. 2.1.2 The stereochemistry of the reduction

products, -
2:1.3 The reduction of ('\,5"0 6H7)Fe(co)3 +PF6-
2.2, Experimental

" 23 Spectra
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2.1.1 The preparation of the complexes (q?-C,{H?)M(CO)3 +PF6- (M = Cr, Mo or W)

and their reduction by Cr{II) ion

Although the substitution of three carbonyl ligands in the
parent hexacarbonyl by the hydrocarbon can be effected directly (257) the
reactlpn was found to be accompanied by considerable decomposition, and
in the tungsten case virtually impossible (26%). It was thus found more
productive to perform the synthesis via the acetonitrile complexes,

(CH CN)3II(CO)3 (270)." These compounds are obtained in better than 90%
yleld by prolongedheating of the carbonyl in acetonitrile under reflux
(270). Since acetonitrile, like diglyme, is a ligand which has very little
pT - 4 bonding ability, it is readily displaced by various olefins, and
- thus provides an easy method'for synthesis of the clefin derivatives.

The three complexes .(r\_6—C7H8)M(CO)3 are all air stable, red
crystalline materials exhibiting infra~red spectra characteristic of a
fac arrangement of carbonyl ligands in an octahedral environment,

(iigures 41, 42., 43).

The 1H MR spectrum of 9yclohepta—1,3,5~tfiene is shown in
Figure 44. The .high field triplet is assigned to the methylene group which
is oscillating too repidly on the IR time scale at 35° to display two-
disérete signals. Co-ordination to the metal effectively blocks this
movement, and so the spectra of the olefin derivatives consist of four
resonances as shown invFigures 4%, 46 and 4

‘The yellow air sensitive material (CH3CI‘I)E«I(CO)5 was isolated
from the reaction mixture during the preparation of (Q§“0758)W(CO)3' Its
infra~red spectrum (Figure 48) showed the two strong bands associated wiih
a monosubstituted hexacarbonyl species. Tungsten hexacarbonyl itsclf is
known to be rather inert (269) so substitution of one carbonyl group may
be expected to give a derivative with similar stability. Further
substitution results in a molecule which can undergo facile reaction with ‘
the hydrécarbon, and for this reason no bis- or tris-acetonitrile species
were isolated. , ,

The couversion to salt is ea 31Ly'achieved by reaction of
(qé_c7ns)n(co)3 (1i = Cr, Yo or w) vith triphenylmcthylhexafluorophospbate
(259). , |

The 1 HiR spectra for the chromium and molybdenum salts have
boen recordoed (“‘Furbo 49 and 50 ). Doth showed a singlet resonance in the
aromntic regiem, confivming the nlanar, cyﬁmctrical nature of the seven
neinvered ring. .

Chrceminn (II) wos ehezen a@ the reductant in these investigations

a3 it can ouly provide one clectron in its cxidation to the more stable



chromium (III) specier. When the salts are reduced, several products

can be envisaged, depending upon the site of maximum unpaired electron
density. These could be (i) a radical~like monomer, XXXII; (ii) a dimeric
species such as XXXIII; (iii) a dimer XXXIV with a bridging carbonyl
group, or (iv) a ligand bridged dimer XXXV:

r - e r— -
o
| C
! Iﬂ/
McOl; | - €7 e b
L , o (®)
XXX | XXXIT

Og C// M \_O,/M\C;O B , M(c:o)3 M(co)3

Tn the case of the three dimers. the metals obey the inert gas rule.

When the sky Blue solution of chromiwn (II) ions was run into
solutions of the cycloheptatrienyl cations,.a gréen colouration was
obtained immediately. That this was due to the oxidation from Cr(II) to
Cr(III) and not just the effect of mixing the blue and yellow solutions
was verified by UV spectroscopy in the following manner. A very dilute
solution of Cr(II) wes prepared and its UV spectrum recorded. After
addition to a sclution containing an excess of the organometallic cation,
the specfrvm was recorded again, and comparison of the two provided .
cvidence for the cxidation to Cr(IIL), since the two chromium ions exhibit
different spectral characteristics (Figur0554q,55,, and 55 ).

Considzrable difficulty was expericnced in preparing the tungsten
cycloneptatyienyl tricarbenyl derivative meaning that only small quantitie;ﬁ
of the salt wore aveilable for reduction. Nevertheless, the reacticon with
Cr(1L) ion generated a product which could be cextracted from the agueous

R 1 YRS PR 2 T By . . ;
R L cthow b iwo o 1&:\,4‘ vo_l_"'!‘!‘lcn. N’l_\ :o]ld_ ?I‘Q(}.‘J_",t

PO e S NP T R S
L\-LL\JUJ-OLL LCLLWa J.u.uO R

was isolated, vubt it is tewlatively acmuned that the tungoten complex

behaves in o cimiler noecner Yo ids chromium and wmolybdenmun congencrs.
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The products of the reduction of the chromium aﬁd ﬁoLybdenum
cations were found to be dimeric with the structure XXXV, and their
stereochemistry is discussed in Section 2.1.2. These findings confirm
the view that the unpaired electron is sited primarily on the olefinic
ring. It is unlikely that (q6-c7H8)M(co) 3 Would be generated by a
reaction of this radical with water, since the tropyl radical in aqueous
.solution is known to give exclusively ditropyl (252). If the maximum
wnpaired elctiren density were on the metal, a hydrido species of the

type (q7~07ﬂ7)MH(CO)3 Qould be envisaged as a possible reaction product.

2,12 The stereochemistry of the reduction products

~ The infra~red spectra of the chromium and molybdenum dimers
are shown in Figures 57 and 58. Both exhibit the pattern typical of a
fac arrangement of carbonyl ligands in an octahedral complex, and no bands
dué/to bridging carbonyl groués were detected. However, as a means of
distinguishing structural isomers this particular‘spectrosodpic technique .
is nét very ugeful, v |
Structural isomers can arise by combination of two radicals of

a different configuration, and the conceivable products are given below:

E

exX0o--CX0 endo—endq

H

(’-‘:*- E= M(CO) 4
\

exo=cndo
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These structures are based upon the reasonable assumption that the radicals
will combine with the buiky metal tricarbonyl groups distant from each
.other, resulting in their being on the opposite side of the rings to the
‘bridge in the dimer.

‘ Stereochemical studies of a wide range of organic molecules have
been executed with the aid of proton magnetic resonance spectroscopy.

Such studies are almost invariably based upon the relationship between
bond angles (or more.accurately dihedral angles between hydrogen atoms on
adJacent carbon atoms) and vicinal coupling constants.

Vicinal coupling is defined as the interaction betwcen nuclei
bound toAcontiguous atoms, i.e. a coupling across three bonds. A number
of factors have been found to affect the magnitude of vicinal couplings,
thé most important of these being the angle subtended by the two C-H
bands when viewed along the CLF axis (@, the dihedral angle): .

Kazplus {271) has predicted an empirical relation between ithe dihedral

~angle and the vicinal coupling constant J (H~C—C~Hl) which is generally

expressed in the forms: .
8.5 cos- 8 ° . 60°
§ o5 cos” & = 0.2 0" =« © <« €0
J = ( ‘
( 9.5 0082 6 - 0,28 90° =« o = 180°

Othex factors may alco afTect the value of the vicinal coupling constants,

- PN oy e L U S ry S B2 PP
[V R T B T B R VEVEC RN R SuCii vl varly I TC uw.u&x.

A v
[sRER1tts:

Vv men t!w’»‘.k PN 3 ,4..,,,,,_"
J.d [ t«\/‘ .A.d.v N

of the Xarslng equatione These pertubations may be due to:
11) electronesativity of substituents

(ii) the orientation of substituents
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(iii) hybridisation of the carbon atoms
(iv) bond lentbs
(v) bond angles

The graph below is derived from the Karplus equation and demonstrates that J
will be largest when the vicinal protons are trans-coplanar, slightly

smaller when'they are cis~coplanar, and zero when they are at right angles.

l 10 -
8
_ J H_H, 6
Hz 4

1 1 1
o O 9
N T ©

100
1201
140+
160+
80
2

[
B < >

It was originaliy velieved that a study of the proton MNMR spectra of the
dimers wouid yield information concerning the stereochcecmistry of these
comnlexes by measurement of coupling constants for the multiplet derived
from the bridgehead protons and application of the Karplus equation.
However, as can be seen from Figures 59 and 60 %he signals consisted of
complex muliiplets, so structural information could not be obtained in

this manner. The spectra obtained can be rationalised by considering

the structure XXXVI:
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' The protons Hl3 and Hl4 are in a fixed position with respect to

H7H12 and H,H., 50 the triplet derived by coupling of Hl3(H14? with
6(H7 12) will have a unique coupling constant. The dihedral angle

‘between H13 and H14, however, is changing continually due to rotation
about the bridging bond, so the coupling constant of the signal of H14
coupldd to H13 will be of variable magnitude. These factors together
result in the multiplet detected for the bridghead protons.

Pauson has . reported the 1H NMR spectra for both endo- and exo—

isomers of tricarbonyl-T-propargylcyclohepta—l,3,5-t rienechromium (272),

and the e are reproduced below. o -
| cuc
! ; m'ii"
o o/ o S
o : 3 - - M)
: - \CHz—-
; C=CH

Has Hs  Hg

o b

, ©
e Haa | CCH “CH-
Hos |k, I
| Nl
,U i i

N.m.r. spectra of (a) the 7~proparylcycloheptatnene (Id), and of
its two tricarbonylchromium derivatives [(b) cndo -complex;
(¢) exo-complex]

It can be seen that the signals duz %o Hl and H6 of each isomer
differ in shane and pesition, and a consideration of these provided
information concerning the s@ereochemistry of the dimers.

In the complex [(q?~C7H7)Cr(CO)3]2, the sigmal due to the
protong nl and I, appears as a iriplet and in a similar position to the -
cquivalent protons in the exo— iscomer discussed by Pauson (272).
Furthermore, the resonances of protons H3 and H4, and H, and H5 also
compare favourably with the publiched data for the exo- complex. These
likenesgmes wonld scem to indicate that the chromium dimer at least bhas

the exo-exo confijfuration:
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(oc)cr- P

The 1II NMR spectrum’of [ (Q'G-C'(H:'I)M'o(co)3]2 (Figure 60 )'
however, is too poorly resolveh to allow similar comparisons to be made,
'If a structural assignment can be made at all, it would appear that this
dimer exists as the endo-endo isomer, although reasons for this variation

from the chromium analogue are not apparent.

- ! . 1 . )
fhe mass spectra of exo- and endo-7,7 "bls(l,3,5_oyclohoptatr;cnyl)m
tricarbonylchromivm have been recorded (273), and are shown in the figure

belows
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Fig. 1. Mass spectra of exo- and endo-7.7"-bi(1,3,5-cycloheptatrienyltricarbonylchromium
(50 eV; ihe spectra are normalized with respect to the isotope distribution of the ions). ’

It appears that loss of an endo substituent only occurs after complete
decarboﬁJlation. However, 31nce the mass spectra of both the chromium
‘and molybdenun dimers (uo 16 and 17) had characteristics of both izomers
it wae not possible to use this technique to elucidate the structure

of the dimers. Others have found mass spectrometry to be an inappropriate

means for distinguishinn between stercoisomers in this series (273a).

2.1.3 The reduction of (q -C H7)te(CO)3 PB6

The reduction of (q’~C He )"‘e(CO)3 * by chromium (II) ions

proceeds according to the follow1n~ scheme (274)

cr
— —_—

Fe fe
/1IN AN )

Z2C0 + rcarrangement

\\__
/
\

N
O

Lur,dnvl groups ormited for clarity
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The isolated>produqt has two bridging carbonyl groups, although‘there is
no reason, on the basis of the inert gas rule, why the intermediate species
with two terminal carbonyls per iron atom should not be stable., IPurther
work from this laboratory has shown, ho';v'ever, that reducticn of

i (q?—CSH5)Fe(CO)2L (L= P(OPh)3) does not lead to a dimeric compound

but to a hydrido complex according to the scheme below:

. — 1
Zn/Cu couple ’
Fe Na'Np in Fe
/I AN acetone /l \L
L L _
, acetone
vacuum:
e
. /Fe\ ' | FC\H
NI |
L .
Carbonyl groups ommited for clarity’ Ie= P(OPh)3

The nineteen electron intermediate is not stable, znd aprarently undergoes
an alkspne activation reaction with the acetone solvent to give the mcre
stabie 20 electiron hydride. Attempts to remove the solvent from this
complex by pumping always lqad t0o the eighteen electron compound by loss
of a carveiyl ligand. ' '

The reduction of (Q?“CGH7)FG(CO)3 +PF6" therefore has a direct
analozy in these reacticns. The product of its reduction could thus be
cithér a ligand bridged dimer, a metal-metal bonded dimer XXXVII or a
hydrido éomplex formed according to the following scheme:

'
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+. ™ _ Te
ce*t
7 _Fe ée.//
/\
. Fe Fe :
/N AR '
e N . l
. 1 O
Ao
e——Fe
Fe Fe / \/

Carbonyl gréups ommited fox
Fe ' Fe : clarity
\\ ' Fe
XXXV .

In the event, the isolated product was found to be the ligand bridged
dimer (XXXVIII) similar to those obtained for the chromium and
molybdenun compounds, indicating that in (d?~C6H7)Fe(CO)3 * Lhe LUNO is
ligand based. Reduotlon therefore occurs at thls site rather than at
the metal atom., In 01 -C )Fe(CO)3 * the reverse appears to be true
since the dimeric product cont.la" a metal-metal bond.
X=ray crystallographic studies on bis(1,3-cyclohexadiene)-
monocarbonyliron (275) have shown that the bonding of the olefin lizand
to the iron aton stazbilises a non-planar conformation of the six .
membercd ying. The molecule can thus be regarded as a substituted
butadiene complex of iron. It would not seem unreasonable to assume that
a similar bi-planar geometry cxists in the dimer, and {this would ngc three
stere01somers analozous to the cycloheptatrienyl chromiun and molybionvm "

complexes:
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E
E , E
endo—-endo E exo—~endo
exo—~exo0 X Ee Fe(C 0)3

The 1H R spectra of exo a'nd endo-sbustituted derivatives of

cyclohexadienyliron tricarbonyl have been fspor’ced (276), but as can be
seen from Pigara 61, 'bhe specbrum of the dimer was poorly resolved 50 a
‘definite assignment of stereoohemlstry could not be made. The H MR

‘spe'ctrum for the S ) dimer, XXXI¥X, has been reported, however,and the

quoted resonance positions (265) agree well with those found in thim work.

-

4 yer3 1o 1
literaturcs 2,62 5,18 1.10  1.82 §
found: 2.95 5'21 ’ 1.10 ) ’ 1.'(2 s .la_l;ci)'_:__r'i;

iy
 The red: w‘ion of ((L” -G sl Lz)b‘c((‘()) * . by ‘chromiua (IT) ion thus parallels

that of UL - L 1) e {00 \\ T by mine discussed earlier (2G6),
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2.2.Exverimental

Details of the instrumentation used in this section are the
same ag thosé given in Chapter 2. The Group VI metal hexacarbonyls
(strem Chemicals) were used as received, as was the cyclohepta—l,3,5-triene
'(KochpLight Ltd). Acetonitrile was "Spectroscl Grade" (Hopkins and
Williams) and was dried (Linde 4A molecular sieves) and distilled before
use. Other solid reagents and solvents were purified by standard
techniques. Triphenylmethylhexafluorophosphate (Fluorochem Ltd) was
used as received.v A1l preparations and handling of intermediates were
fcarried out under nitrogen, although the firal producis were air stable.
"Infra-red spectra were recorded for chloroform solutions using O.l mm
NaCl cells unless otherwise states. Quoted 1H NIR resonance positions

are on the & scale. )

Preparation of (q'~C H8)Cr(CO)3

A solution of hexacarbonylchromium (4.7g, 0.0213 mole) in
.;acetonitrile (150 ml) was thoroughly degassed and then heated under reflux
for 24 hours. The eolvent was then removed in vacuo to give an extremely
air sensitive yellow solid residue. -This was ‘then treated with cyslohepta~-
1,3,5~triene (9.84 g, 11.09 ml, 0.107 mole) in hexane (100 ml) and the
mixture ﬁeated under reflux for 2 hours. After this time, the solvent was
removed and the residue recrystalllsed from petrol (bp 80—100) to give red
needles, 1,71 g (35.6/5 based on (q ~C,Hg)Cr(C0)5); mp 131-2 °© €=0,

1977 (s), 1910 (n), 1680 (m) ew™; found C 5165, H 3.69, CyHeCro,
requires C 52,86 I 3.08%; MS 13, MY 228, 1*-ncO (n = 1-3); “H MR (ce1,)
6.05 (br, 21), 4. 83 (br, 2H), 3.35 (br, 2), 3. 00 (br, 1), 1.75 (br, 1),
Preparaticn of (q 7H])Cr(uo),) 1«‘6"

A solution of (r&~C H )Cv‘(CO)3 (1.50 g, 6.5 x 10~ -3 mole) in
methylene ohlorlde (100 ml) was treated with triphenymethyl hexafluoronho phate
(4.0 ¢, Q.Oll mole) in methylene chloride (20 ml). The mixture was heated
under re{flux for 10 minuvtes and allowed to cool to room temperature. The
precipitated salt collected in:ltlatlon and dried in vacuo to give a buff
powder, 1.70 g (69.9% bazed on (q,~LYH7,Cr(CO) PF ) v €=0 (acctone)

2060 (vb., 2030 (vs) em l; lI il (Aceton O—dG)() 89(01wrlei)

The reduction of (q7~u7h7)0r(00)2 Iﬁ6~ Ly CI\II)

(R

A gioy blue golution of Cr(If) ioas uas prepared by reducing

Crely 61,0 (357 &3 0014 mole) with zine (6,05 g: 0.091 g aton) and
o .

concenitrated hydroehleric acil (8 ml) in water(10 ml). This was thoen

-3

added to o soluticn of the wald (0.9, L.34 x 10 7 wele) in watcr/TKF
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(1:1 v/v, 20 ml), and the mixture left at room temperature for 30 minutes.
After this time, the précipitate was isolated from the green suberunatant
liquld, and dried in vacuo to give a red powder, 118 mg (38.7/ based on .

| (r\_-C7H7)Cr(CO) )i mp > 250; v 0=0; 1982 (v3), 1924 (m), 1694 () o s
,MS 16 M* 454, M'=nCO(n = 1-6); H NIR (CDC13), 5.95 (mult, 1H), 4.77

(mult, 2H), 3.27(mult, 28) 1.23 (mult, 1H); found C52.88 H 3.02, C,.M; 401- Og
requires C 52,86, H 3.08%

Preparation of (QF—C7H8)M0(CO)3

E . A solution of hexacarbonylmolybdemum (5.26 g, 0.0213 mole)

in acetonitrile(150 ml) wac thoroughly degassed and then heated under
‘reflux for 24 hours. vThe solvent was then remcved in vacuo and the bright
yellow solid residuc treated with cycloheptarl,3,5~triene(0.79 g; 0.106 mole)
in-hexane (100 ml) and heated under reflux for 2 hours. The deep red
solution was filtered and the:filtrate concentrated. The concentrate was
then applied to a siiica columh (30 x 3 cm) and eluted with an equivolume
mixture of petrol (bp 80-100) and toluene. The fast running red band was
collected 1o give a dark red solid, 850 mg (16.9% hased on
(qé_c738)mo(co)3). A small sample was recrystallised from n~pentane to give
.red needles mp 97~8°; v C=0 .1981 (vs), 1914 (s), 1880 (s) cm~1; S 14,

ut 274, 1Wrnco (n = 1-3); Y mir (cpc1,)  6.10 (mult, 21), 4.95 (mult 2u),
3.69 (mult 21) 3. 10 (mult, 1H), 2,60 (mult 1H). _
Preparatlon of (q,—C d7)uo(00)3 PP,

A solution of (q'—C dg)uo(co)3 (800 mg; -3.1 x 10~ -3 mole) in
methylene chloride (100 ml) was treated with trlphgpylmetthhexafluoro~
phosphate (3.0 g; 0.0083 mole) in methylene chloride (20 ml), and the
mixture heated under reflux for 20 minutes. The precipitate was collected
and dried in vacuo at room temperature to give a rust colcured powder,

0.750 g{ 50.1% based on (r{’-—c H.])I-IO(CO)?) “"mvé"); vC=0 (acetone), 2070 (=),
2015 (s) on ;T R 6,57 (Sln"let)
The reduction of (Q{”C )“0(03)3 PP6 by Cr(II) -

A solution of chromiwa (II) ions was produced by reducing
CI\,13 6H n (2.25 gy O. 0084 mole) with zinc (3.8 g, 0.057 g atom) end .
Concenoxaoed hydroohlorlc acid (7 ml) in water (10 ml). This was then added
to a solution of ('L"C }L7)ho(CO Pb ~ (440 mg; 0.0016 mole) in Tm/mtnr
(1:1 v/v, 20 wml) and &n immediate green colour resultced. After 35 minutes
at room tewmperature, the precipitate was filtered to give a red powder,
150 mg (52.4% based on (Q7--C,H;,)Ia-icv(GO).2 5). A small sample was
recrystallised Trom chloroform io gjve ;méll red needles, mnz'QfOO;I) cz0
| 1950 (vs), 1530 (5), 18388 (1) em ; found C 44.18, 1 2,71, 0“311/‘O°Oh _
requires C 44,29, H 2,585 TH R (DHSO dG)G.YS'(mult, PH), G431, (mult, 21)



175

5.20 (mult, 2H),1.68 (mult, 1H); Ms 17, u* 546, Mt-ncOo (n = 1-6).
Preparation of (qF-C7H8)W(CO)3

A solution of hexacarbonyltungsten (1.05g; 3.1 x 10-'3 mole) in
‘methylene chloride (50 ml) was thoroughly degassed and heated under reflux
for 40 hours. The solvent was then removed, the yellow solid residue

treated with cyclohepta~1,3,5~triene(2 ml; 1.775 g, 0.019 mole) in

n-hexane (50 ml) and then heated under reflux for 16 hours. After this

time the solution was filtered hof and the filtrate concentrated to small
Qolume. This was then applied to a silica column (35 x 3 cm) and eluted with
.mixture l.

The first yellow band gave unreacted cyclohepta-l,3,5-triene,
idgntified by comparison of its infra-red spectrum with that of an authentic
sample, ’ . o |

The second, dark red, band gave red needles, 63 mg (7% based on

_(q'-c H8)q(co) ) mp 115-6 d; v €=0, 1990 (vs), 1918 (s), 1880 (s); found
C 33.31, H 2.14, C H803W requires C 33, 33, H 2.22%; 1H NMR (CDClB),

6.01 (mult, 2K), 4 ..76 (mult, 2H), 3.52 (mult, 2H), 3.18 (mult, 1H) 1.25
(mat, ). M5 15, B 360, NT=nCO (n = 1-3).

' The last, yellow, band, gave a yellow solid, 47 mg (3% based
on'w(CO) CH CN) This was further purified by sublimation in vacuo at
110° to yleld yellow plates, 15 mg, mp 67-8d; v C=0 (n-hexane), 1945 (vs),
1929 (n) e l, s 18, nMT365, 11*~5C0. This material is unstable in air
over a period of 48 hours, '

Preparation of (q?—C7H7)H(CO)3 +PF6"

This reuction was perfomed only on a qualitative basis. Thus,
a solution of (q_—07;8)u(00)3 in methylene chloride (50 ml) was treated
with triphenylmethylhexafluorcophosphate in methylene chloride (20 ml) and
the mixture left at room temperature for 35 minutes. The precipitated
orenge powder was collected and dried in vacuo. » C=0 (acetone), 2070 (vs),
2000 (vs)em . ) '
The reduction of (n7~C7H7)W(CO)3 * PP by Cr(II)

A solution of chromium (IL) ions was produced by reducing
CxCly. 61,0 (0.5 g3 0.0018 mole) with zine (0.85 g; 0.013 g atom) and
concentrated hyozo hloric acid (5 ml) in water (5 ml). This was added to .
a solutica of (n -o{vl)w( o), ‘ppé (220 mg; 0.00043 mole) in u?o/wnw
(1:1 v/v; 10 ml) to give a cle¢r green solution. Mo precipitation occured
Cbut a red colouration Was lmparted To gicthylether when this was used to
extract the coucous mediuwm, indicating that some reaCuxon had occured,

Attaapts to icolate the preduct foiled.
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The reduction of (rLs—-CGH?)Fe(CO)3 + FG- by Cr(II)

C6IL7)Fe(CO)3 *“'6“ (1.0 g; 0.00274 mole) in

A solution of (-
water (20 ml) was treated with a solution of chromium (II) ions produced
by Zn/1C1 reduction of CrCl3.6H20 (4.5 gy 0.016 mole). The resulting
mixture =mas warmed gently for 30 minutes and then filtered to remove

particles of zinc. The filtrate was extracted with diethylether

(3 x 25 ml1), the extracts combined, dried (CaClz) and concentrated to
The yellow gum was then applied in toluene solution to a silica

dryness,
colum (20 x 2.5 cm) and eluted in a mixture of toluene and petrol (bp S0-100)

(1:1 v/v ratio). The fast running yellow band was collected and the
gwﬁ which was isolated slowly solidified to give yellow plates, 100 mng
(16. 6,0 based on (1 -06117)1’(3(00)3 5)s v C=0 2030 (vs), 1970 (vs, br) cm -1

M5°19, K'Y 438, #t-nC0 (n = 1~6); 4 mr (CDCl3) 5.21 (mult), 2.95 (mult),
1,10 (mult), 1.72 (mult). )

L

2.4 SPICTRA
- The spectra referred to in the earlier part of this section of

Chapter 2 are presernted belows
| Illustration

4a _ ' (mr—c H8)Cr(CO)3 IR
" 42 . (. ~C 1‘8) o(C">) IR
43 : (lLé-C Hg): J(c,o)3 IR
) 4 C7H8 4 NHR
45 (n-c 7Hg)Cr(Co)y pH3
6
46 (q ~C 118) o/CO) . NMR
47 (,L(’.-c Hg )i (cO) 3 NHR
48 uecm:(co) IR
49 ('L =CH )Cr(CO) 6' MR
50 ('L ~C. TL,)”O(CO) PR i
51 (,L ~C. 1{7)61‘\(‘0) Jﬂ6" IR
52 - (m ~Co Il )'70(00,3 Py, IR
53 o (o -»c7}11)nr(co) 3 p;..é I,R
54 Cr "aq S i)
55 cr>tag uv
56 2+/Cr3+ aq uv
51T [(,L(..c,, ILY\"r(CO)S]Z IR
58 [(,t -c/ {)“0(60)3]9 IR
59 ' [{ fL-"C IL,)(r(CO)l],) NMR
60 , [(,L -(‘7N )“o(cf),ﬂ WHR
61 [(,Lm\,.»l Yie(CO), 12 MR

s (=0, e (o0} it
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3. ANION OXIDATION REACTIONS

3.1 Results and Discussion

3.2 Experimental
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3,1 Results and Discussion .
A *eport has uppeared in the literature (102) discussing the

dissociation of [(m ~C5H )Cr(CO)3]21n solution into radical spec1es The
preparatxve route to the dimer involved oxidation of the anion (q ~CoH )Cr(CO)
with tropylium ion to give the metal-metal bonded dimer and dltrole.

The oxidation of (q_-C H7)Mo(CO)2 was thus investigated to
determine whether an analogous dimeric species could be prepared, anl if thlq
_were possible, to study its dissociation and the reactivity of the radicals

i
so produced. In the event, the oxidation failed to give a stable product which

could be characterised. The probable reaction scheme is given below:
-] L8 hA. C I‘ 'f‘-
(q’ C7H7)LO(CO)2 ii st 4+ LT P

PRGPh A +  aitropyl (q_—C H7)MO(CO)2 ————— decomposition
icentified by
I.R. spectroscopy [(q?-C7H7)Mo(CO)2]2 ———-s decomposition

The precursor was prenared by treatlng a solution of (Q -C H.?)do(co)3 PF6
with Nal to give (q’—C st )AO(CO)ZI in better than 90) yield. The iodide va
then reduced with sodium amalgam (277) to give (Q,~C H7)AO(CO)2 wat and the
anlon subsequently isolated as the +eiranhenglarson1um salt,

The kinetics of the reaction of the cation with iodide ion hav

recéntiy been investigated (278), and the following mechanism proposeds

- K (a5
(’L -CTH,?,\I VOR *oyx o mi( =01, ) (C0)y  fast
A

X ” k
k

6
1 ( rf-C,{I-IYI? (co), % f;__j{? M(q -07}171) (co) 3

co t
0 -2
acetone
- k3
M(Q7"C7H7>(CO)21 + acetone XY= acetope

M= o or W

The structure of intermediate A has been given ag 1@
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3.2 Bxperimental

The preparation of (q?—c7n7)Mo(CO)QI, its reduction with Na/lg and

gubsequent oxidation with tropyllum ion
A solution of (o ~CH, 1o (00) *PFE” (270 mg, 6.5 x 10™4 mole)
in acetone (15 ml) was treated with Nal (0.10 g, 6.6 x 10 -4 mole) under N

The reaction mixture became dark green with gas evolution. After stirrinz

at rcom temperature for 3 houro, the solvent was removed to give a black~gréen

' solid, 220 mg (92.8% based on (q ~C4H, )110(C0) 5T}, » € =0 2020 (vs), 1969
(sy dr) cm ~1 (1% (277) (‘L"C H7)IIo(CO)201 2023 (vs), 1975 (s) om ).

| This solid was then treated with sodium amalgem (1.4 g, 1%),

and infra-red spectroscopy confirmed that all the starting material had

. been consumed within 10 minutes. Aftef 1 hour the solution was siphoned .

. off the excess amalgam and cbncentrated to a red solid. This was extracted

into water and transferred to an aqueous Solution of tetraphenylarsonium

chloride. An immediate buff coloured precipitate formed which was isolated

by filtration, and dried in vacuo 0.178 g (46.6% based on (r\_-C7H7)Mo(CO)2

FPh AsT; v C=0 (KBr disc), 1930 (vs), 1860 (s) cm l. A sample of
(WV—C7H7)M0(CO)2 Ph4Aa (0.1 g3 1.61 x 10 -4 mole) in methanol (10 ml)

was treated with tropylium hexafluorophosphate (0.038 g; 1.6 x 10 4 mole).

An immediate white precipitate formed which was collected and dried to give

75 mg (87.6 based on Ph4As+pF6"),-v (kBr disc) 810 (s, P-Fstr), 1490 (s)

cm-}. The filtrate was concentrated %o a red solid {70 mg), devoid of any

type,of caroonyl 1igands as Cemonstrated by infre~red spectroscopy.
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4-COHCLUSIOKS AND COMMENTS
The chemical reduction of cations derived from olefin complexes

of the -Groups VIA and VIII metal carbnnyls has been found to yield ligand
brldged dimers of the first~formed radicals, but the stereochemistry of these
compleyes could not be conclusively deduced. The oxidation of an anionic
gpecies has led to 'an extremely air sensitive product which could not be
isolated nor characterised.

. The different products oﬁtained by reactions of various
nucleophiles with (ﬂ,“c H7)M(CO)3 * (11 = Cr, Mo, W) is of some relevance

to this study. Thus reaction with, for example, methoxide ion generates

a ring substituted derivative, but reactions with halide and pseudohalide

. ions give products in which the planar cycloheptatrienyl ring persists and
a carbonyl ligand is displaced. At first.-sight, these alternative modes

of attack might suggest that one-electron reduction should occur at either
the metal or the seven-membered ring, whereas the products isolated suggest
the latter to be the case. It is noteworthy that a recent study of reaction
of (q_—c H7)“(CO) (M = ilo, W) with iodide ions indiqates that even in
these cases, initial nuclcophlllc attack occurs at the ring and that the
meta]~1odo complex is formed subsequently from the intermediate

(r\ -C 117):)“(00)3 '

. "~ It therefore, appears that one electron reduction reactions of
organcmetallic cations parallel the reactions of these complexes with
nucleophiles. Thus, the salient feature of such réactions is the nature
of the LU0 in the cationic substrate, those of (q_~C H.T)h(CO)3 (i = Cr, lo,
W) and (Q,*C 1 )“9(00)3 being principally ligand based, whercas those of
(q ~Cg s ) 8(00)2L (L = €Oy P(OPh);) are principally of metallic character.
This 1s summarlsed in the following exampnles:

(carbonyl groups ommited for clarity)

.= 5H;Cile (Co2

e, vef 165

1),
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Zn or

Crl"

ref 165,
this work

N = Olle;CX;
OH., ref 265

this work

ref 279
Few
% H
/)\ - ref 274
Fe— Fe
Y o
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APPENDIX 1

The Mass Spectra of the Compounds Discussed in Chapters 2 and 3

Mass spectrometry is becoming increasingly important in the
characterisation of new compounds. In this respect the complexes prepared
in Chapters 2 and 3 were found to be gocd subjects for this type of study,
'Being both volatile and thermally stable. Part 1 of this Appendix covers
those compounds discussed in Chapter 2 and Part 2 those in Chapter 3.
Isotope patterns for the various clusters of metal atoms are also
ﬁresented, and in many bases the molecular ion, and ions formed by
éubsequent loss of carbonyl ligands, were seen to have this arrangement.
Nass spectrometry provided a convenient and positive methed of analysis,
which when considered together with infra~red spectroscopy served fo
completely characferise the material.

PART 1

-
.

No report has appearéd in.the literature discussing the mass

- gpectra of phosphane or phosphite derivatives of decacarbonyldirhenium,
although that of the decacarbonyl and the pentacarbonylhydride are knowm
(280). 1In the latter, it was found that competitive loss of carbon
monoxide molecules and the terminal hydride ligand occurs, and this can
lead to confusion over the Qxact determination of fragmentation pathways
since the metal is polyisotopic. In complexes containing bridging
hydride units, loss of H* does not occur until several carbonyl moieties
have been lost. ,

The mass spectra of both the equatorial and the axial isomers of
Reg(co)g(PPh3) are given in Figures 1 and 2. The greater abundance of
molecular ions for the axial isomer is taken to be a ccasequence of
reduced steric strain experienced by the metal-metal bond in this
configuration, Substitution into the equatorial site would force the
equatorial carbonyl lizands on the second metal atom away from their
preferred po:ition‘so this dimer would be more likely to decompose before
detection. Thus, all of the ions from the equatorial complex are reduced
in intensity.

The spectra of the three bis—substituted hydrides (mer-trans
HRe(CO)3L2, L = FPhy, P(061{11)3 and P(o«-‘tolyl)3; Yigures 4, 6 and T) showed |
a tread of molecular icn abundancve paralleling the variation of the
electronic parameters for these ligands (238), The origin aud measvrement

of this paramcter has been discussed earlier (section 3.1.1).



1.2

‘Relative abundance of M+

in HRe(CO)3L, L v/em™t (238)
| 92,16 P(06H11)3 | 2056.4
' 58,82 P(o-tol:)3 2066.7
1.1 PPhy 2068.9

This sequence has been rationalised in the following way.
puring the interaction .of the bombarding electron and the molecule,
bonding orbitals have been found to be most readily excited and to
therefore, preferentially emit an electron (281). 1In the mononuclear
hydrides,‘the electron is thus lost from a back~bonding 717 +type orbital.
Electron-releasing ligands will to a certain extent serve to make up this
electron—-deficiency, and.therqfore, help..to stabilise the ion with
respect to fragmentation. Molgcular ions for hydrides which possess such
'groups will therefore be in greater abundance than those that do not.

In the case of the metalated complexes fac~Re(CO)3L(L—H),

L = PPhy; P(OPh)3; P(0-otolyl); Figures 5, 8 and 9) a different feature
hag been invoked to rationalise the abundances of the molecular ions
observed in the speotralof the three complexes. The Table below presents

the salient data;

Abundance of MV in

Re(CO)3L(L~H) : L o v/Cm"l (238)
23.34 PPhy o 2068.9
56,45 - P(0-o=tol)y 2084.1
12.90 - - P(0Ph), | 2085.3

The tri(o-tolyl)phosphite and tri(phenyl) phosphite complexes
are directly comparable since the meialation ring in each contains the
same number of atoms. Detween these two a similar trend to that noted
for the hydridc complexes is found: as the value of the electronic paramtter
increases, ihat is, as the ligands secome poorer o° - donors, SO the
abundance of the molecular ion declines. The iriphenylphosphane complex
appears out of seguence, but this is assumed to be a consequence of the
strained nature of the metalated ring, causing more facile fragmentation

of the molecule, reculting in a reduced molecular ion abundance.



Part 1.1

Mass Svectra of Compounds discussed in Chanter 2

The molecular weights of the fragments observed in the mass

185

spectra are based on the isotope Re,

-listed below:

Spectrum number

= ON T S WD

10

11
12

-

TSOTOP:} PATTERNS

' fao-Re(CO)3L(LmH), L = PPh,
'merhtrans~HRé(CO)3'P(C6H
' merutrgns—HRe(CO)3L2, L = tri(p-

The spectra presented are

Complex
eq—Rez(CO)9PPh3
ax—Rez(CO)9PPh3
cis—HRe(CO)4PPh3

merbtrans—HRe(CO)3(PPh3)2

3
11)3 2

tolyl)phosphane
fac—Re(CO)3L(L-H), L = P(OPh)3
fac—Re(CO)3L(L~H), L = tri(o-
tolyl)phosphite

Re(CO)4(L~H), L = tri{ o-tolyl)-
phosphane

HyRey(C0)),

Re,C1,(C0),,

The isotope patterns were calculated by substituting the

natural abundances of
(a + b)n where n is the number of metal
Isotope pattern for one rhenium atom
/e
185
187
Isotvope patterh for two rheniuvm atoms
‘ m/e
370
372
374

e (37.07%) end

Isotone nattern for threé rhenitum atoms

n

Ut
oo
-~ Ui 10

S N

AN B N2 B W |
B

18
7Re(62.93‘,’§) into the formula

atoms being considered.

RI
58.9
100.0

RI
29.5

100.0
84.9

e

11.5
50.9
100.0

5640
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SPECTRUN 1

n/e

884

856

828

800
2
744

' 76
688

660

] 632
447

262

259
531
503
415
447
262

1325

eq Re2(00)9(PPh3)

RT
0.987
1.75
0.87
1.75
2.63
5.26
1.75
2.63
0.88.
4439
6.14

100,00

3e51
4.39 -
2.63
s
6.14
100.00

VeWk

Assignment
Re2(CO)9(PPh3)+
Re2(CO)8(PPh3)+
Rez(CO)Y(PPh3)+
Ree(CO)é(PPh3)+
Rez(CO)S(PPh3)+
Rez(CO)4(PPh3)+
Rez(CQ)3(PPh3)+
Re,(€0),(PPh,)*
Rez(CO)(PPh3
Re2(PPh3)+

.Re(PPh3)+

-+
PPh3

Re(CO)4(PPh3)+

_Re(co)s(PPhB)+

Re(CO)?(PPh3)+
Re(CO)(PPh3)+
Re(PPh3)+

+
PPh3
Re(co)5+~
further frasment ions from
this species were not
detected

1.6
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RELATIVE ABUNDANCE
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SPLCTRUM 2 ax-Rez(CO)g(PPhS)

még , RI | ‘ Assirnqggi
i 884 15.38 Re2(00)9(PPh3)+
| 856 15.38 Rez(CO)g(PPh3)+
828 115.38 »Rez(co)7(PPh3)+
800 15.38 Rez(CO)é(PPh3)+
172 . 38.46 Rez(CO)S(PPh3)+
144 18.46 Rez(CQ)4(PPh3)+
716 , 6,15 Re2(CO)3(PPh3)+
588 - 10.77 Rez(CO)Z(PPh3)+
| 660 6.15 Rez(CO)(PPh3)+
g 632 80.00 _Rez(PPh3)+
447 | 53.85 " Re(PPh3)+
262 67.69 ; PPh3+
559 54,62 Re(co)4(PPh3)+
531 61.54 - Re(CO)B(PPh3)+
503 "26,15° Re(CO)e(PPh3)+
a5 4.62 - Re(co)(PPiny)*
447 , 53.85 C Re(PPh3)+
262 67469 PPh3+
365 3.08 Re(co)S*
297 6.15 Re(co) *
269 6,15 Re(co)_,;+

further losses in this sequence not detectable
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FELATIVE ABUNDANCE
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SPECTRUM 3

mfe_
560
532
504
476

- 448
441

262

445
427
399
371
370
293

483

cis-HRe(CO)4PPh

RL_
23.44
42.19

 57.81

7.81
60.94
37.50

100.00

1.56
12,50

1.56,

4.69
18.75
46,88
10.94

1.12

Assipnment
HRe(CO)4PPh3+
HRe(CO)3PPh3+ '
HRe(CO)QPPh§+
HRe(co)PPh3
HRePPh,*
RePPh3%
PPh3‘+

HRe(CO)4PPh2+

-HRe(CO)BPPhé+

HRe(CO) ,PPh,*
HRe(CO)PPh,,*
HRePPh,*
RePPh,"
RePPh+

further peaks in this pathway negligible in RI

559
- 531
503
415

262

3.13
23.44
32,81
31.25
56.25

100,00

Re(co)4pph3+
Re(CO)3PPh3+
Re(CO)2PPh;+
Rg(co)PPh3
RePPh,t

3

+
PPh
Fhy
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RELATIVE ABUNDANCE
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SPECTRUM 4

447
262

793
765
137
109
447
262

meretransHRe(CO)3(PPh3)

RI
11.11
19.05
22,22
14.29
19.05
15.87

100.00

23.81
126,98
39.68
12,70
15.87
"100.00

lletastable ions observed:~

194
166
138

110.

793
137

—> 766
—> 165
— 137
— 709
—> 765

— 109

Ry
1e
gty
ity
1*

Mx*

2
Assienment

HRe(CO)3(PPh3)2:
HRe(CO)Z(PPh3)2
HRe(CO)(PPhS)é+
HRe(PPhé)é+
HRePPhé
ReP?f3'
PPhy"

o+
Re(CO)3(PPh3)2+

-Re(CO)Z(PPh3)2

Re(CO)(PPh3)2+
Re(PPhé)D+
RePPE3
PPh,
738.9
764,01
763.00
708,00
737.9
682.06

1‘14



1.15

RELATIVE RSUNDANCE
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SPECTRUM 5

n/e

192
164
736
708

446 -

261

530
502
474
446
261

441
262

Re(CO)BP(P—H)

.}-{-I .
23.34
31.75
37.50
25,00
16,67
45.83

0.88
4.17
5483
16.67
45.83

8,33

100.00

P = PPh

Assigmment

Re(CO)3P(P—H)+
Re (C0),,P(P-H)"
Re(CO)p(p-H)*

ReP(P-H)"*
Re(P-H)*
(p-i)*

Re(CO)3(P—H)+
-Re(C0), (P~H)™
Re(co0) (p-n)*

Re (P-H)*
+

(p-H)

RerPph,t

+
PPh3

3

1.17
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- RELATIVE ABUNDANCE
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RELATIVE FBUNDANCE
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SPECTRUM 6 HRe(CO)3P2 P = P(CéH

1103
- n/e . R | Assipnment
830 92,16 HRe(Co)3p2+ :
802 43.14 HRe(CO) ,P,"
174 1 HRe(CO)P,"
146 23.53 HReP,"
466 7.84 HRept
465 . 5.88 Rept
280 , 82,35 pt
g g1 33.33 Re(co)2P2+
773 ‘1 "Re(CO)P,*
745 21,57 ReP,"
465 5.88 RePt
280 . 82,35 pt
747 35429 HRe(CO),P*
719 58,82 ' HRe(00) P
691 5.88 HRe (CO)PT
663 1 HRePt

‘The major decomposition pathway can be traced by use of

metastable peak analysis:

830 ~ 802 T M | 17449
802774 R , T46.9
T14-146 Ix 719,01

746466 oI 291,09
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RELATIVE ABUNDANCE
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" SPRCTRUM 7

n/e

878

876

850

48

822

820

194

192

mer—trans HRe(CO)sPé P = p4<:::>>CH3)3

RI
58.82

11.76

.52-94
29.41
IOG:OO
58.82
11;76

5.88

1.23

Assienment
HRe(co)3P?+

Re(CO)3P(P—H)+
\ o o+
HRe(co)2P2
Re(C0) P (P-i1)*
HRe (CO)P,"
Re(CO)P. (P-H)*
HRePé+

ReP(p~1)*
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RELATIVE ABUNDANCE
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SPECTRUM 8 4 Re(CO) 3P(P--H) P = P(OPh) 3
n/e | - R ‘ Assignment
888 | 12,90 Ro(CO)3P(P—H)+
850 1.61 o Re(C0),,P(P-11)*
832 11.29 | Re(CO)E(P~H)+
804 | 1.61 Reé(P;ﬁ)+
i 495 17.74 _R;P+ |
3io 1oo:oo pt
578 | " 8.06 Re(CO)3(P—H);
550 3Té3 Re(CO)2(P—H)+‘
522 o 51.61 Re(c0) (p-u)*
494 11.29 rRe(P-H)T

309 17.74 p-i*
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SPECTRUM 9

912

944

916

888

536

351

621

1,28

Re(éo)3P(P-H) P=P { o_jgjb)B.

Me
_RT : Assinnment
'56.45 Re(CO)3P(P—H)+A
3.23 | jRe(CO)zP(P-H)+
72.58 Re(CO)P(P;H)+
‘, 1 . " Rep(p-u)* |
6445 Re (P~1)*
806 (p-m)*
: 10.2i o | Re(CO)3P+
16.13 1e(c0) P*
6.45 re(co)p*
14.52 ~ Rept
100.00 pt
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SPECTRUM 10 : Re(CO)4(P~H) P = P4<:;::>)3

cH,
600 ;.  21.28 | | Re(co)4(P~Hj+
572 34704 - Re(Co)3(P—H)+
544 | . 10.64 | Re(C0),,(P-1)"
516 : 21,28 ) © Re(co)(p-H)"
488 | 21,28 Rre(p-u)*

Me mMe

303 o 89.36 " @_ P @

91 65.96
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SPECTRUM 11

m/e
894
866
838
810
782
754
7126
698

670

642
614
586
558

808
180

152
124

696

665
640
639
611
583
. 555

il Re3(CO)12

RT

L

7.14
10.71
10.71
46.43
28.57
39.29
28,57
32.14
28.57
39.29

‘21.43

28,57
32,14

10,71
© .14

T1.14
10.71
1.14

T.14

10.71

1

28.57
10.71

357

H
H3Re3(CO)5

A;s'ggment
Re,(uO)l2
H Re3(CO)11
3Re3(co)10
HyRe (co)9
H3Re (c,o)8
H Re3(CO)7

3
JReq (co)6

o+

3Re3(CO)4
HyRe, (€0),"
3Re3(co)2+

-
H3Re3CO

peaks are also seen in this spectrum due to carbonyl losses from

Rez(CO)lo (irt 650), which mey have been present

oe a trace impurity.
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200

688

Re4(CO)12014

RL
2.27

. Not observed

2.27

2.27.

4435
455
2.27
4.55

4.45

4,55
4455

4.55

2.27

4.55
13.64
4.55
4.55

Assignment
Re,C1 (CO)12

Re 014(00)10
Re,C1, (co)
Re 014(00)8

'Re401 (o), +

4

e,Cl (co)6
014(co)5+
014(00)

+
Re401 (co)3+
491 (00)2

4 4(C°)+
4°

4

+

1,

Re 013(00)6+'
Re 01(00)8
ReyC15(c0) +
Re 01 (co)2
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1.40
PART 2

The mass specira of comrounds discussed in Chapter 3

The nonomeric and dimeric complexes dl»cussed in Chapter 3
all gave straightforward mass spectra. The expected isotope patterns
for the metal clusters were observed for the molecular and daughter iozs,

and m/e values are calculated using the isotopes 52Cr, 98Mo, 184w and
56
Fe.

The spectra of the complexes (qémC7H8)M(CO)3 (M = Cr, Mo or W)
are presented in Figures 13-15. The spectrum of the chromium complex .
is simple showing successive losses of carbon ﬁonoxide, followed by loss
of cycloheptatriene to give cr* as the base péak. In both the molybdenum
and tungsten compounds, however, the Bonds between the metal and the

hydrocaroon ligand are stronger, so peaks due to metal containing ions

derived from C7H810 are seen.

In the dimeric species, several modes of fragmentation are

possible; loss of six carbonyl ligands; dissociation to give
(q7mC7H7)M(CO)3 * and finally loss of 2(CO) )y from the molecular ion.

In both the chromium and molybdenum complexes, ions representing all
three pathways were detected. The base peak in both spectra was due
to the tropylium ion. The very low abundance of ions in the sequence
1t-nco (n = 1-6) is presumabiy a conscquence of the facility of the loss
of this particular moiety.
- Part 2.1

The mass snectra of the olefinic derivatives

The spectra presented in this section are listed below:

Spectrum number Complex
13 - (q_6-C7H8)Cr(CO)3
14 S _ ' (rL6-c HS)I-IO(CO)3
15 | (f{’_c7ng) #(C0)5
16 _ o [(Q =C1L Yer(CO) 3l
17 ~ [(16-071;, 110(C0)5] 5
18 (ncm),.(co)

. 19 [(Q.'Céh )”9(00)3]2



ISOTOPE PATTHRNS

Cluster n/e RL Cluster n/fe RT
Cry 50" 5.15 Wy 180 0.46
\ 52 100,00 : : 182 86.19
53 11.40 : | 183 47.00
54 2.84 ' 184  100.00
. 186 92,72
Cr, 100 . 0.26 A ‘ '
102 10.26 W, f 364 28,58
103 1.10 . 365 31,16
) 104 100.00 f 366 T4.83
105 22,73 - 367 . 36416
106 . 5473 ' 368 100.00
107 0.65 | 369 - 33.54
| 370 71.34
Mo, 92 66,61 312 33.09
.94 . 38,02+ - .
95 66,11 | Fe, 54 6.35
96 69,51 56" 100.00
97 39.78 | 57 2.39
98 100.00 53 0,36
100 40.72.
| _ Fe, 108 0.40
‘Mo, 184 15.69 - : 110 12,69
' 186 17.92 111 0.30
187 3.4 112 '100.00
188 - 37.86 113 4.78
189 36.55 114 0.77
190  100.00
191 66435
192 81,80
1193 66,35
194 65.75
195 65.75
195 20,04
197 28,14
1668 28,81 -

200 C 5487
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ISOTOPE PATTERN FOR TWO TUNGSTEN ATOMS
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SPECTRUM 13
m{l 13
228

200

172

92

91

52 -

. | . 1.46
(q§~c7H8)Cr(co)3

RL Assigmment
3;.56 C7H80r(co)3+

| 10.07 c7H80r(co)2+
20.81 C7H80r(CO)+

97,99 o C7H80r+

‘30.87 | | 0735*

. 13,15 C7H7+

100,00 | crt

metastqble Yransitions detected:

228 —> 200

172 — 144.

o 17 5 . 43

bix 120.56
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SPECTRUM 14

214
246
218
1190

92

91

164

137

(10 Hig)tio(Co)

3.67

‘26,19

47.15

100.00

2.62

2.62

Assignment

o+
C7H8MO(CO)3

071181.-10(00)2*
c

7}181-.10(00)+

+
C7}18IvIo

+
071{8 ,

+
07 H'I

csﬁémd*

07}18;-.10((;0)3‘*+
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SPECTRUM 15
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360
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g2
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RL

—— -

. 20.00

10.00 -

12,22

88,89

12;22.
14444
18.89
55456

100.00

1

1.50

Assignment

c,{st(co);

C7H8W(CO) ;

| c7H8w(co)+

o+
C7H8W

ot
C5H4H

| g
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‘C7Hé1

o
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SPECTRUIL 15

n/e
454
426
398
370
342
314
286
234
182

318
290

262 -
234 -

227

199

171
143

52

[(q?-c7n7)0r(co)3]2

RI .

1.04
0.42
042
1.04
0.42
1.25
1.21
13.20
1

100.00

*

1.88
6-30
1.04

13.20

. 39.4

44.7

"50.00

60.5

66,10

Assiggment
+
0141{14Cr2(co)6

+
Oy 4y 407, (C0)

+
014H14Cr2(00)4

+
014}{1401‘2(00)3

+
014H14Cr2(co)E
Cl4Hl4Cr2(CO)

+
014H14Cr2

+
Cl4H14$r

c,
- 14734

C7H7

.+
014111401«(00)3

. +
Cy 4 ,C2(00),

0143140r(co)+

P
014§14Cr

¢ +
07H7Cr\00)3+
C7H7Cr(CO)§

C7H7Cr(CO)

+
.C7H7Cr

crt

1.52
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SPECTRUM 17

546
518
. 490
© 462
434
406
378

- 364
336
308

280 .

. 182
. o1

273
245
217
189
191

[(;L6—c7}L( )I-ﬁo(cd) 3]2

-
04356
 0.044
10,089
0.267
0.267
0.267
0.80

2.311
0,267
0.711
7.56
8. 44
100,00

C7.13

11.78
11.56
16.00
11.78
100.00

1.54

Assipnment
€y 1Ly 4o, (C0) e
Cy 1y 41.102(09) 5*
Cy 4 jH10,(CO) 4"“
Cy gy o, (CO) 3*'
C, 48 410, (CO) o
Cy 48 41.102(00)+
Cy 4y 4M‘02+

o fomy
Cy 4ty 4l.m(co) 3

' +
Cy 41,10(00)2

) -+

: 7o+

Cy i, Mo

c, u, *
14°14

74

Mot

+
C7H7Mo( C0)4

'C7H7Mo(CO)2+

(;71171./10(00)+

s
C7H7§o
C7H7
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SPECTRUM 18

n/e

365
337
309
281
g 253

225

184

(Mecn)w(co)5

T :
12.2

2.44

© 10,98

T.32

7.32

17,07

51.22

semple contaninated with W(QO)6:

352
324
296
268
240

212

184 _

5,76

58454

160.00

53.66

53.66

51,22

Aséigggent
(MeCN)w(CO)5+

(MedN)w(co)4f
(Mecu)*.r:(cok)j.+
(Mecﬁ)w(co)z'+
(MeCN)w(bo)+

(e )ut

. w.'.’

w(co) st

w(co)5+

'w(co)4f

u(co)g*

w(co),"
w(co)*t

wt

1.57
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SPECTRUM 19

ofe

438
410
382
354
326
298
270
214
212
156
154
7
56

[« rl4-C 6H7 YFe(CO) 3] 5

RI
10.31
21,62
18.92
10.81
16.22
13,51
48,65
29,78
21,62
29.73
51.35
51.35
.100.00

metastable trensitions observed:

438
" 410
382
354
326
298

—_
—
—_
—
—_—

N

410
382

354

326

298
270

1% 383.8

1o 355.9
I* 328,05
1% 300.21
I 272.4

I‘I* 24—4 . 6

1.59

As sienment

. ;‘ ..l.
012H14_1e2(co)6

012H14Fe2(00)5+
012H14Fe2(co)4f
C12H14Fe2(C0)3+
012H14Fe2(00)2+
012H14Fe2(00)+
Oy Hy 4Pe,”
Cy oty 4Fe+
Cyotyotie
+
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APPRNDIX 2

o

MISCELLANIEOUS SPECTRA

Spectrum Ne. Illustration

63 : Reg(co)10 IRV

64 HRe{CO) 5 IR
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3.1
APPIDIX 3

COURSES ATTWNDED DURING THE PERIOD OF THIS STUDY IN
FULFILMINT 01 CNAA REGULATIONS

Nuclear Magnetic Resonance Spectroscopy : 12 lectures

Mass Spectrometry - 6 lectures

Thermo~Grovimetric Analysis — Kingston | 1 day 1976
:Patents in the Chemical Industry - Kingston o 1 day 1976
- Advarices in Catalysis by Transitibn Metals - Kingston A 1 day 1977

Chemical Aspects of Electron Spin Resonance

University College, Cardiff _ ‘ 11-14 April 1978

During the period of this study I have attended some 30 colloguia on
var;ous chemical topics given by internal and external speakers at
Kingston. I have delivered two colloguia at Kingston Polytechnic, and
one at the South Eést ¥ngland Postgraduates lieeting at Cambridge

~ (10-11 March 1977) | ' |
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FREE RADICAL INTERMEDIATES IN THE REACTION OF DECACARBONYLDIRHENIUM

AND TRIPHENYLPHOSPRAME

By David J. Cox and Reg Davis *
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(School of Chemical and Physical Sciences, Kingston Polytechnic,
Penrhyn Road, Xingston upon Thames, Syrrey, KTl 2EE), =
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(Received 12 January 1977)

There has recently been much interest in the production and
identification of metal-centred free radicals (1). Stable l7-electron
transit}on metal species have been reported by a number of workers, however,
some of these have subsequently been shown to.be diamagnetic complexes (2,3).
Our interest in such compounds, as reactive interwedlates, has led us to )

reinvestigate the preparation of {Re(CO)s(PPhy)a}(I){4,5).

‘We have repcated the reaction repoxted to yield (I), which involves

heating Re3 (CO) 1o 2arnd PPhy {(1:5 mole ratio) in refluxing xylene for 45 h. in )

daylight. In ouxr hands the reaction follows a diiferent course. Following
the reported work-up procedure, we isolated either 1,2-Rez(CO)gq{(PPhj3)z (III)
or mer-HRe (CO) 3 (FFhy)y (VI) or a mixture of t.;xese two depending on the
composition. of the benzene/petroleum spirit solvent system and the rate of
cooling. 'I‘.ll.c. examination of the liquor after crystallisation showed the
presence of a ‘zange of other proddcts and preparative t.l.c. of this mixture
yielded the complexes shown in the scheme (except cobplex XII; vide infra).
These vere icdentified by standard spectroscopic and analytical techniques.
On the basis of the isolated products and the following obsefvations, we

suggest that the reaction follows the scheme shown below.  Some of these

cbservations implicate free _x'adical internedlates_in the reaction sequence.
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, 302 Free Radical Intermediates

Re2(CO) 10 )
. . - .
! P .
ax-Re; {CO)sP eq;nez (CO) P . . - ' .
) (X11) (11) —— .. s
:' ’ N P . . .

Rez (CO) P2 ~r. {Re2 (CO) 424} ——g"{Rez (CO) 6P }

(11I1) (x) (x1) o o
| U
{re (cO) 4P} R {Re (cO) 3P}

cls- & trans-'HRe (CO) WP —2% mer- & fac- HRe (CO)sP2 ~ Re (CO) 3 (CeH4PPh2)P
. (v & V) : (VI & VII) - (vin

P = PPhy § = golvent
Compounds in { } brackets were not isolated
Direct evidence for the presence of fzee radicals comes from inhibition
of the reaction by oxygen and the trapping agent, galvinoxyl, the ability of
,  the reaction :n.txg\n:e to inltiate polymerisation of a 1:1 mixture of methyl . i
methacrylate and styrene, a reaction known to proceed by a free radica?.
mechanism {6) and the e.s.r studies of Pog gt_ﬂ._.(ﬂ . Separate experiments . ) ' :
in both the presence and absence of PPhy at lower temperatures have shown the
reaction p:oceeés in the same manner in the former, however, no HRe(CO)s is
observed in the latter although the experiments were conducted Below the
. decorap;)sition point of this compound, This indicates that homolytic
fission of the parent carbonyl is not an important process in this reaction
and that phosphine substitutign precedes radical formation. We suggest that
the hydrides are formed by, react;on of the unstable. radicals with the solvent .
© as demonstrated by Ugo and Bonati (8) and experiments performed in xylene,
heptane and benzené under identical conditions implic‘ate aliphatic ratﬂer
than aromatic hydrogen atoms in h&dride formation.

Although VI and VII may be formed by substitution inte IV and V {we have

found that the separate reaction of IV with PPhy glves VI), the intermediacy : :

or ey

e ka



Free Radical Iutermediatea .

of the Re(CO)31{PPh3)2. radical provides the most.viable route to VIII.
Eowever, we cannot éotall; exclude formation of VIII by elimination of a
metal hydrido-compiex from either of the prop%sed intermediates X and XI (9)..
We invoke these highly substituted dimers and their thermal degradation to I,
as reaction of Rez(C0)319 and PPhs in the dark yilelds all broducts except
1V and V. Reactions car:ieé out at room temper;ture with u.v. irradiation
- . . .
or, nore slowly, in daylight, yield the full range of products. This
suggests that scission of III is a purely photo-induced p;oces; and formation
of 1 does not procezd by substitution of “Re (CO)4PPhj-. Attempts to isolate
X ané XI have not been successful and we belleve the previous reports of
XI (5, 10) to be in errxox, the conpound reported, in fact, being VI.
Reaction of Rez{CO):g and PPh; in’an équimolaz ratio ylelded the axial
isomer, Xi!, as the maln product, however, only the previously unreported
c;uatorial isomer, 11, is igolated from'tﬁg 1:5 mole ratio reaction. This
probably reflects a lower reactivity for II compared with XII, by viitue of
'cis-labilisation ani steric effects {11). Complex XII, isolated from the
1:1 reaction and nr:pared by the alte;native route of Fawcett et al (12),

undérwen: very rapil reaction with PPhy, &ieldinq the full range of products
except XII. The reactivity of III with PPhy was also exanined independently
and fits into the scheme.

A polynuclear compiex'was alsé isolated from the 1:5 reaction in
quantities sufflcleat only for mass spectx;l analysis, The highest ion
observed cozreépond: to HzRe:((_:Oh(PPh;)+ and as this is clearl§ not the
molecular ion, we are unable to ccmpletgly characterise this product and h;ve.
therefore, not atterpted to placelit in the scheme,

This study, therafcre, shows a parallel to that observed for the
reaction of Mnz2{CCYyy and PPhy, in that reactive metal-centred radicals are

generated but carnot be isolated. A kinetlic study of certain aspects of

this rcaction (7) are broadly in agreerment with our findings. However,
we sugcest that the main product observed in that study and reported by Nyman
(4) is VI rather then I. We ave unable to confirm the isomeric form of I

‘reported elsewvhare (5), as we have found nothing with an analogous infrared
- . .

spectrum te that cbserved earlier.
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W2 are investigating other possible routes to stable metul—centred‘ftee

radicals.
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’

We recently reported a detailed study of the reaction between Re2(C0)10
and PPh3 (1), in which we were unable to isolate the metal-centred free
radical, Re(CO)s(PPha)é', although -evidence was presented for its existence as

a reactive intermediate. In an attempt to stabilize radicals of this type

.

we have studied the reaction of Re2(CO)lo with a range of organo-phosphanes

and phosphites.

To date there are ro completely characterised stable mononuclear
l7-électron cémple#es in the group VIIb triad, however, there is irrefutable
evidence that the complex, Co(CO)sL (L = bis(diphenylphosphino)maleic
anhydride) is a stable 19-electron monomer (2). In this case, it is likely
that the electron-withdrawing natufe of the anhydride group lowers the
unpaired electron density at the metal atom, thereby making the metal more
M18-electron-like™, In our previous study of the Re2(C0)lO-PPh3 system,
metal centred radicals were observed to undergo rapid hydrogen abstraction
reactions, thereby yielding 18-electron metal hydrides. 1In seeking to
stabilise mononuclear rhenium-centred radicals, we investigated reactions
with organo—phosph;nqs and phosphites that are approaching the extremes of
the range of electronicaliy transmitted effects, as well as those capable
of shielding the metal atom because of their bulk (3).

In reactions involving triphenylphosphite (I), tri-o-tolylphosphite (11)
and tri—Efch;orophenylphospbire (I11) (L),.the product isolated in each case,
after a thermal reaction of 16 to 20h. in refluxing xylene, vas

l,2—diaxial—Re9(C0)RL?. In the case of I, a small amount of axial-
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670 Reactions of Decacarbonyldirhenium

Re2(C0)gL, as well as the metalated species‘Re(Co)aL(L—H), was also isolated
from the reaction. A similar metalated species was forme& by II after

ca. 50h. reaction time, however no products other than the dimer were

isolated with III even after a 100h. reaction period. In none of these
reactions were any hydridometal complexes formed, in complete contrast to the
reaction with PPh3. It might therefore be inferred that electron-
withdrawing phosphite ligands stabilise radicals of the type Re(CO)uL- or
Re(C0)3L2& with respect to hydride formation by lowering the unpaired electron
density at the metal atom, but that the increase in their life-times is only
sufficient for them to achieve the correct geometry for ring closure to yield
the metalated complex. However, there will be an increased propensity
toward metalation in the case of these phosphites, due to formation of the

sterically favoured five-membered ring (4). N.m.r. evidence indicates that

metalation occurs at the aromatic ring_rather than thé methyl group in the
case of II, ‘Despite an extensive searéh, we could find no evidence for
the formation of expected intermediate metalated species, Re(CO)q(L—H)

(L‘= 1, II)f. It is, therefore, suggested that Re(CQ)sL(L—H) is formed by
phosphite substitution into Re2(C0)8L2,.followed by facile dissociation of
the more highly substituted dimeric product to yield Re(CO)3L2-, wﬁiph then
undergoes ring closufe rather than by direct dissociétion of Re2(C0)8L2,
ring closure of the radical so produced, folilowed by phésphite substitution
into the complex Re(CO)u(L—H).‘ This is in agreement with our findings for
the reaction of Re2(CO)‘10 and PPh3 (1). .

. In order to investigate the importance of metalation reactions for
phosphane ligands, the ;eaction with tri(o-tolyl)phosphane (IV) was studied.
Although the metalated compound Re(CO)sL(L-H) (L = fPhs) is only a minor
product of the reaction with PPh, (1), IV yields exclusively Re(CO)u(L-H)-
N.m.r, evidence‘indicates metalation at a methyl group rather than an
aromatic ring, as has been observed previously with & related ligand (5).
That-Re(CO)aL(L~H) is not observed is presumably due to the extreme bulk of
v (3). For comparison, tri-(p-tolyl)phosphane (V) reacts with Re2(C0)lo
under idenﬁical conditions to yield ReQ(CO)aL2 and‘_rggg_—HI-{e(CO)aL2 (L =V) as

the principal products. It is worthy of note that V has a much smaller
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cone angle than IV and is incapable of forming ayfive-membered metalated
‘ring. That we have been unable to identify any other product in the
thermal reactions of IV and RQQ(CO)lo in either daylight or the dark, must
cast some doubt on the formation of Re(CO)u(L—H) via dissociation of
ReQ(CO)BLQ. The alternative mechanism, suggested by Alper (6), of
HRe(CO)5 elimination from a very labileAdimer, Re2(CO)gL, may operate in
this case, especially in view of the extreme bulk of the ligand (cone angle
of IV = 19u°, c.f, PPh3 and V both have the value of 1u5°),

Finally, ;hile ligands such as I and II, may act as a good means of
lowering the electron density at the metal' atom in radical species such as
Re(CO)st-, this would make these complexed more "1l6-electron-like" and
therefore more likely to undergo oxidative addition reactions, The
metalation reactions observed may be classified as a type of oxidativeA

addition. In seeking stability for these radicals we bave studied the
reaction of Rez(CO)i0 and tri(cycloﬁexyl)ph?sphane (VI). This ligand
should increase the electron density at the metal (3), thus making it more
"18-electron like", its relatively large cone angle (170°) should protect
the metal from hydrogen abstraction reactigns and its steric requirements
for metalation are extremely specific and therefore make such internal
reactions unlikely. However, thermal reaction of Re2(C0)lo and VI (L)
yield Re,(CO) L, and mer-HRe(CO)4L, as the main reaction products. Ve,
therefore, do.not believe it iikely that stable 17-electron species of
the type discussed above will be isolated,
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